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Abstract

The conformal anomaly is the distinguishing feature of a conformal field theory
as a two-dimensional quantum field theory. Recently, it also appears in confor-
mally covariant random geometry. This thesis studies the conformal anomaly
mathematically as a real determinant line bundle over infinite-dimensional
moduli spaces of Riemann surfaces with analytically parametrized boundary
components, summarizing three works of the author on this topic. As an intro-
duction, the conformal anomaly is presented in the context of mathematical
physics and probability theory, including a detailed breakdown of the relevant
geometry of sewing operations involving said Riemann surfaces.

The main results of the contained works are, respectively, the derivation
of the Virasoro algebra from the conformal anomaly, generalizations of loop
Loewner energy for Schramm-Loewner evolution, and a universal property for
real one-dimensional modular functors. The latter is an abstraction of the real
determinant line bundle inspired by Segal’s definitions in the complex case, to
which assumptions of locality and modular invariance are added. The main
tools developed are results on complex deformations of the unit circle, which
come with a local composition law integrating the Lie algebra of complex-valued
vector fields on the unit circle. Since complex deformations act on the moduli
spaces by deformation of boundary components, the real determinant line
bundle pulls back to a central extension of the Lie algebra, which facilitates the
algebraic study of the conformal anomaly.
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Chapter 1

Introduction

Very specifically, conformal anomaly refers to the following functional:

1 1 1
S0, 9) = Tor //E (2|VgU§ —I—Rga)dVg + o /az kgo ddy. (1.0.1)

It is defined for o € C*° (3, R), where (3, g) is a compact surface with a smooth
Riemannian metric g and possibly with boundary. In the equation, V4, Ry, and
k4 are, respectively, the divergence, the Gaussian curvature, and the boundary
curvature with respect to the metric g.

In the larger scheme of conformal field theory (CFT), the conformal anomaly
may also be called Weyl anomaly or trace anomaly, and it is an integral part
of the theory. As the main subject of this thesis, I relate several perspectives
on the conformal anomaly: The formula above, the Virasoro algebra, and
the real determinant line bundle — axiomatized as a real one-dimensional
modular functor. I also relate the conformal anomaly to recent developments
in conformally invariant random geometry. This thesis does not cover the
perspective of chiral CFT, related to the complex determinant line bundle
[Seg04, Hua97, Hen24].

This thesis presents an overview of two articles and one manuscript,

[MP25a] Sid Maibach and Eveliina Peltola. “From the conformal anomaly to the
Virasoro algebra”. In: Proceedings of the London Mathematical Society
130.4 (2025), €70040.
DOI: 10.1112/plms.70040,

[LM25] Yan Luo and Sid Maibach. “Two-Loop Loewner Potentials”. In: Interna-
tional Mathematics Research Notices 2025.11 (2025).
DOI: 10.1093/imrn/rnaf133,

[MP25b] Sid Maibach and Eveliina Peltola. “Universality of the conformal anomaly”.
2025.

Chapter 1 is an introduction the general topic from the perspectives of theoretical
physics and random geometry. I also discuss the main objects of the included
works: Weyl transformations, sewing operations on moduli spaces of Riemann
surfaces, and the real determinant line bundle. This provides a common setup
for the results in the included works summarized in Chapter 2, highlighting the
contributions of the author.


https://doi.org/10.1112/plms.70040
https://doi.org/10.1093/imrn/rnaf133

2 CHAPTER 1. INTRODUCTION

1.1 Anomalies in quantum field theory

I would like to start with a short introduction to my work from the perspective
of theoretical physics. For details, see the physics works [Fra99, Pes19, Mus20,
Tal22, EI23], and the mathematical introductions [Gaw99, Sch08, GKR24].

The central objects of most classical, that is, non-quantum, physics are the
equations of motion. In the Lagrangian formalism, these are derived from a
variational problem of an action functional, which is a real-valued function
S : & — Ron astate space £ which is a set of functions, or more generally, a set of
sections of a bundle over space-time — a smooth (pseudo) Riemannian manifold
(2, g). Many theories of quantum physics may be viewed as the “quantization”
of their classical counterparts. In quantum mechanics, this procedure is called
canonical quantization, and it yields a Schrédinger equation, whose solutions
form the Hilbert space of quantum states of the system. Carrying forward from
here, the transition from quantum mechanics to a quantum field theory is a
further construction, called second quantization.

Other approaches, such as the path integral formalism, attempt to define a
quantum field theory directly from the classical action functional. In this thesis,
we mainly take this perspective, since we are motivated by the quantum physics
arising from statistical mechanics, and since it has recently been established
in mathematics for a particular non-free quantum field theory called Liouville
conformal field theory. Indeed, by the end of this section, I specialize to
two-dimensional Euclidean conformal field theory, which is the setting for the
conformal anomaly.

Here, we assume already that the theory is Euclidean, that is, it does not
have a time component, such that (X, g) is just a Riemannian manifold. The
Fuclidean path integral approach to “quantization” departs from the idea of
finding an exact minimizer of the action functional S. Instead, a measure on
the state space £ is defined such that more weight is given to states ¢ € &
whose action S(y) is closer to the minimizer. With respect to this measure,
one is interested in the moments and correlations of observables — such as the
value of the field or its derivatives at a certain point. If F': £ — R is a product
of such observables, then the path integral takes the form

“(F), :/SF(@ e~ 75 Dy ()7, (1.1.1)

where D,(¢p) is supposed to be a “uniform” measure on the state space £, and
h is the Planck constant. To specify what is meant by the latter, one usually
analyzes symmetries of the classical system. For example, if the classical action
functional is invariant under translations in X, it makes sense to require the
same translation symmetry for Dy(¢), which in finite dimensions characterizes
the Lebesgue measure. Usually, a measure with all the required properties
does not exist. It is the quantization of the classical symmetries and controlled
breaking of their constraints on the choice of the measure Dy(¢) that leads to
anomalies. Before addressing anomalies in more detail, I would like to illustrate
the path integral approach with an analogy in probability theory.
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ISW/O0 %
OSSO0
Figure 1.1: Discretization of (X, g) with lattice constant §. The discretized field

assigns values p(z) to vertices « € ¥5. Displayed are values %1 like in the Ising
model [CHI15].

|Ecample 1.1.1 (Gibbs measures). In probability theory, or statistical mechan-

ics, one often considers a discretization X5 of compact X, that is, a finite graph.
The parameter 6 > 0 in X4, for instance a lattice constant as in Figure 1.1, is
chosen such that X is recovered as 6 — 0. The state space £ comes with a
product measure of a probability measure ug on a fixed target space F, which
is put, for example, at each of the finitely many vertices = € ¥s. In this setup,
an analogue of the Euclidean path integral is well-defined, and is called a Gibbs
measure, with (unnormalized) expectations

(F)s = . F(p) e P55 T dps(e(@) (1.1.2)
s T€EX;

of functions F' on £5. Here, the inverse 5 = % of the temperature 7" > 0 of the
system plays the role of the factor % Possibly, the measure pug has discrete
support, such as in the case of the Ising model, where p(z) takes values +1,
in which case the integral becomes a sum. The discretized action functional
S5 usually needs a specific dependence on § in order that a continuum theory
can be obtained in the limit § — 0. A probability measure is obtained by
considering indicator functions F' = 14 for events A C &,
(La)s

Py(4) = 20 (1.1.3)

The normalization factor Zs = (1) is called the partition function of the system.
Its continuous analogue takes a central role in this work, and keeping a discrete
approximation in mind often leads to useful heuristics.

Returning to the question of symmetry, and the “uniform” measure Dgy(yp),
we observe that in the discrete version (1.1.2), the product measure is maximally
symmetric with respect to the graph, that is, symmetric under all permutations
over vertices. There may, however, be additional symmetries of the action S
with respect to the value of the fields ¢ called gauge symmetries, also to be
reflected by the measure. If the expectation values (1.1.2) are to converge as
& — 0, further dependence on § might need to be introduced not just to Ss — S
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but also to the measure, or to the observables F'. The consequence is that the
“uniform” measures Dy () in the path integrals (1.1.1) might not be able to
preserve all the symmetries of the action functional. It is a general observation
in physics that in every way of quantization, there is the possibility that a
symmetry of the classical physics is not quite preserved in the quantum physics.
Such mild forms of symmetry breaking in quantum physics are called anomalies,
and they take many forms — see [Pes19, Chapter 19] for an overview.

lEcample 1.1.2 (Projective representations of Lie algebras). One of the math-
ematical notions related to anomalies, prevalent in the canonical quantization
in quantum mechanics, is that of projective representations of Lie algebras
and their correspondence to Lie algebra central extensions. A continuous (Lie
group) symmetry in classical mechanics leads to a (usually unitary) repre-
sentation of the Lie algebra g on the Hilbert space #. This representation
p: g — gl(H), however, might be a projective representation, that is, p is a
Lie algebra homomorphism only up to a cocycle 2 with values in the center of
al(H),

p(X.Y]) = [o(X),p(V)] + RX.Y), X.Yeq. (1.1.4)

In the case of finite-dimensional unitary representations of finite-dimensional
Lie algebras, projective representations may always be lifted to actual repre-
sentations of a Lie algebra central extension of g by the cocycle 2, see [Hall3,
Proposition 16.46]. More generally, a central extension of g by an abelian Lie
algebra b is a Lie algebra g and an exact sequence

{0} —bh—§—9— {0}, (1.1.5)

such that the kernel of the map § — g is contained in the center of §. Central
extensions, in turn, are in one-to-one correspondence to the Lie algebra coho-
mology H?(g,h). The cocycle 2 above is obtained by identifying the center of
gl(H) with b. In this work, we consider the case h = R, which corresponds to
the cocycle acting by multiples of the identity 13 in Equation (1.1.4). Note
that for finite-dimensional simple Lie algebras, we have H?(g,R) = 0. In CFT,
however, we are confronted with an infinite-dimensional Lie algebra, which is
the Witt algebra introduced in Section 1.3.2; and its unique central extension
by R which is the Virasoro algebra.

In mathematical physics, another approach to quantum physics abstracts the
properties of the path integral to a category-theoretical framework by working
with a family of manifolds instead of the fixed space (X, g). The family of action
functionals Sy, 4(¢) additionally depends on the space, and the fields ¢ € £(X)
are defined on the respective space (e.g. as a sheaf). One usually considers
a local family of action functionals, that is, with the restriction property for
certain U C X,

S5,9(9) = Su, g0 (lU) + S2\v, gls o (PIs\)- (1.1.6)

Then, the path integral (1.1.1) has interesting properties with respect to de-
composition of (X, g) into regular submanifolds with boundary — leading to an
axiomatization in terms of a functor from a cobordism category to a category
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Figure 1.2: Two morphisms in a category of two-dimensional cobordisms are
composed by gluing their in and out boundary components.

of vector spaces, ideally Hilbert spaces. Since the introduction by Atiyah and
Witten for topological quantum field theory [Ati88, Wit91], by Segal for CFT
[Seg04], and also by Kontsevich, there have been many developments in this
direction, and we only sketch the most basic idea.

A category of cobordisms of dimension d has manifolds of dimension d — 1
as objects. If two objects are boundary components of a d-dimensional manifold
Y., separated into two components 0y, % and Oyu X, then the manifold X is a
morphism from 0i,% to Oy X in the cobordism category. Depending on the
physical theory under consideration, the precise manifold structure can differ, be
it smooth or Riemannian manifolds, eventually with extra structure, or as in the
case of two-dimensional CFT, Riemann surfaces. A composition of morphisms is
defined by “gluing” two manifolds along their respective incoming and outgoing
boundaries; see Figure 1.2. If the cobordism category is concrete enough, this
can be achieved by pointwise identification of the boundary components. In
Section 1.3, we consider an alternative “sewing operation” in the case of Riemann
surfaces up to isomorphisms, where boundary components are identified via
parametrizations of the boundary components by certain reference manifolds —
additional information that is part of every morphism.

The anticipated functor maps the objects, or boundaries, to vector spaces of
boundary conditions ¢|gs; of the fields, and cobordisms to linear maps between
the “in” and “out” vector spaces, where the path integral (1.1.1) with given
boundary conditions is the matrix element for the operator,

A(0%) = Hoyx, AX) : Ho,» — Ha, . x- (1.1.7)

I mention this functorial axiomatization, because there is a possibility for
anomalies also here. Namely, the composition of the linear maps A(X) may only
be projective in the sense of Example 1.1.2. Similar to the Lie algebra setting,
such projectiveness may be compensated on the cobordism side of the functor by
extending the cobordism category. This yields an object, which in the context
of two-dimensional CFT is sometimes called a modular functor. The goal of
this work is the mathematical study of the conformal anomaly, the anomaly
common to all CFTs as exhibited by the formula in Equation (1.0.1), as a real
one-dimensional modular functor, a notion that is defined in Section 1.4.3.
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Figure 1.3: A conformal map preserves angles but distorts lengths. In two
dimensions, conformal maps are biholomorphisms.

1.2 The conformal anomaly

Being an anomaly associated with conformal symmetry — the change of lengths,
yet fixed angles — the conformal anomaly can have a global or local character.
On the one hand, there are globally conformal maps such as automorphisms of
Riemann surfaces, Mébius transformations of the Riemann sphere C, and their
higher-dimensional analogues.

lﬁcample 1.2.1 (Scaling covariance). One important family of Mdbius trans-

formations are global scaling transformations, which are of particular interest in
statistical mechanics at critical temperature. There, it exhibits an anomaly with
respect to scaling. For example, the observable ¢(z), which just evaluates the
field ¢ at the points z € C, is scaling covariant if the (unnormalized) two-point
correlation function (p(z)¢(w)) in the Euclidean metric gy on C is such that,
for A > 0,

(p(z/Ne/N)gy _ (P(2)e(W))rzg, _ an (9(2)0(w))g,
= =\ : (1.2.1)
Zgo Zx2g, Zgo
where the constant A is called the conformal weight or scaling dimension. Note
that Equation (1.2.1) implies scale invariance for A = 0, but otherwise the scale

invariance is broken in a very specific, anomalous way.

On the other hand, there are infinite-dimensional conformal symmetries, in
which the scale-change of the metric is position-dependent [BPZ84, Pol81].
Such symmetries are called Weyl transformations, and we introduce them in
Section 1.2.1. Then, in Sections 1.2.2 and 1.2.3 we see how Weyl transformations
pertain to CFT and random geometry.

1.2.1 Weyl transformations

Let (X,g) be an Riemannian manifold, for now of general dimension d > 1,
with smooth metric g. A Weyl transformation is a local rescaling of the metric
g by a positive smooth function €2? formed by o € C*°(X,R), resulting in a
new metric €2?g. Geometrically, the transformed metric €2 g measures lengths
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Figure 1.4: The basic quantities of two-dimensional Riemannian geometry have
simple transformation laws under Weyl transformations. See Equations (1.2.4)
and (1.2.5).

differently, while angles stay the same. Note that the scaling transformation in
Example 1.2.1 is a special case of a Weyl transformation where the function o
is constant.

|Ecample 1.2.2. Let gy = dzdz = da? + dy? denote the Euclidean flat metric
in the complex plane C with respect to the standard coordinate z = x = iy.
Given a conformal transformation, for instance a biholomorphism F': {2y — 9
between domains in the complex plane Q1,Qy C C, the pullback of gg by F is

F*go = e2loglFl g (1.2.2)

which is a Weyl transformation with o = log|F'(z)| where F'(z) = 0,F(z)
denotes the Wirtinger derivative. See Figure 1.3.

Most quantities in Riemannian geometry have relatively simple transforma-
tion laws under Weyl transformations. Let g = g; da? ® dz® denote the metric
tensor in coordinates z',... 2% on 3, and ¢’ the pointwise inverse matrix.
For instance, the positive' Laplace-Beltrami operator, or simply Laplacian, is

defined by

d
1 .
Ay = ——= E dj+/det(g)g"* o, g € Conf(%). (1.2.3)
I Vdet(g) 5= !

Acting for example on C*°(X, R), the Laplacian transforms as
Dy [ =72 (Bgf +(d=2) g(V,0,V,f)),  [ECH(SR). (1.24)

The factor (d—2) already hints at the particular interest in Weyl transformations
on surfaces, d = 2. In this case, the volume form dV, and Gaussian curvature R,
also have simple formulas for the change under Weyl transformations. Moreover,
if ¥ is orientable and has a non-empty boundary 0%, the boundary volume

IThe positivity of A4 refers to the fact that with this sign convention, the spectrum of
eigenvalues of Ay on a compact manifold ¥ is discrete and non-negative.
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(a) Brownian motion (b) Gaussian free field (c) Brownian loop mea-
killed at the boundary. with Dirichlet boundary sure winding once around
condition. an annulus.

Figure 1.5: The conformally invariant objects of random geometry.

form df, and the boundary curvature k; have analogous properties,

dVezoy = e2ngg, Re2oy = eiQ‘TRg + Ao,

i B (1.2.5)
dle20 g = €7dly, ke2oy = €77 (kg + Nyo),

where N, denotes the (outward pointing) normal derivative at the boundary.
Notably, the combination A,fdV; of Laplacian and volume form for f €
C* (%, R) is invariant under Weyl transformations on surfaces. More advanced
observations of this kind lead to the essential conformally invariant objects in
two-dimensional random geometry.

1. Brownian motion (BM). As an operator on more general function spaces,
—%Ag is the infinitesimal generator of the canonical diffusion process on X,
also known as Brownian motion. If Dirichlet boundary conditions are used,
the BM is killed at the boundary. The conformal invariance is a special
property in two dimensions. In the complex plane C, to keep things simple,
it states that if B; is a BM with starting point zg € C, and F': U — C a
conformal map on a domain U C C, then F(B) is, up to reparametrization
of the time, again a BM started at F(zg), and defined until the exit time
of B, in U, see [Le 92, Chapter 2] and [Dav79].

2. Gaussian free field (GFF). The Gaussian free field is a random distribution
on functions on a compact Riemannian manifold (¥, ¢) in any dimension.
One way to define the GFF is as a random series over an orthonormal basis

of eigenfunctions eg, e1, e2,... of Ay with Dirichlet boundary conditions,
and eigenvalues A\g, A1, Aa, ..., where the coefficients are normal random
variables with mean zero and variance 2*. On orientable surfaces, d = 2,

X
the GFF is invariant under Weyl transforrrjlations of the metric, see [GRV19,
Lemma 3.1] for a proof and a more detailed construction of the GFF. Note
that for 90X = (), the coefficient of the constant eigenfunction ey with
eigenvalue Ay = 0 needs to be replaced by a Lebesgue measure.

3. Brownian loop measure (BLM). The Brownian loop measure (BLM) is
an infinite measure on the set of continuous loops in a Riemannian sur-
face (X, g). It may be defined from BM with respect to A, started at
zo € X by first disintegrating it with respect to the endpoint z; € ¥ after a
fixed time ¢ > 0. This yields a measure called the (unnormalized) Brownian
bridge on paths from zy to z1 in time t. Then, a Brownian loop rooted at
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2o is obtained from setting z; = zp and integrating over the time ¢ € [0, c0).
Finally, the (unrooted) BLM is obtained by integrating over z; using the
volume measure dV;. See [LW04] for a detailed definition in the plane, and
[WX25] for an introduction to the construction on Riemann surfaces, and
a proof that BLM is invariant under Weyl transformations.

The conformal invariance of these objects in two dimensions makes it natural
to regard them as being defined on Riemann surfaces, which may be viewed as
Riemannian surfaces up to Weyl transformations.

1.2.2 Conformal field theory

A conformal field theory (CFT) is a special type of the quantum field theory as
discussed in Section 1.1. The local conformal symmetry, that is, symmetry under
Weyl transformations, of a CFT exhibits an anomaly through the formula (1.0.1)
called the conformal anomaly. Here, we make this precise by covering an
axiomatic definition of CFT.

A CFT implements a special type of observables, the primary fields ¢(z),
each of which comes with a constant A € R called conformal weight or scaling
dimension (not to be confused with the Laplacian A,). In terms of the path
integral (1.1.1) one takes products F' = ¢1(z1) - - ¢n(2,) of primary fields
with conformal weights Aq,..., A, as functions on the space of fields. In
mathematics, we often interpret the expression

(91(21) - dn(2n))g € R, (1.2.6)

just as a notation for function, the correlation function, of the parameters
Ay, ..., A, and distinct points z1,...,2, € 3. The defining property of the
primary fields is Weyl covariance

(61(21) - Bn(2n)hezog = LD T Lima 8 7E) (4 1y (), (12.7)

which is the essential axiom of CFT as in [Gaw99]. The constant ¢ € R is called
the central charge, and it determines the strength of the conformal anomaly. If
the correlation functions are normalized by the partition function Z, = (1), like
in the probability measures (1.1.3), the conformal anomaly S? (o, g) in (1.2.7)
of the ratio cancels. Thus, the conformal anomaly is fully captured by the
partition function.

Example 1.2.3. Consider a Weyl transformation by the constant function
o(z) = A. Since Vyo = 0 and by the Gauss-Bonnet theorem, the conformal
anomaly (1.0.1) takes the following simple form,

5%, 9) = ﬁ (//2 R, AV, + /82 kg deg> = % x(2), (1.2.8)

where x(X) is the Euler characteristic of X. J
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® © o o
(a) Chordal SLE as an interface of the (b) Loop SLE as the outer boundary
Ising model; see [CDHKS14]. of BLM; see [Wer07].

Figure 1.6: Schramm-Loewner evolution (SLE) is a measure on self-avoiding,
globally conformally invariant curves with a fractal structure controlled by the
central charge in the range ¢ € (—oo, 1].

1.2.3 Conformal covariance in random geometry

Based on the conformally invariant construction of Brownian motion (BM),
Gaussian free field (GFF), and Brownian loop measure (BLM) briefly introduced
in Section 1.2.1, there are constructions in random geometry which break the
conformal symmetry in a mild way, only exhibiting the conformal anomaly.

1. Schramm-—Loewner evolution (SLE). Using the theory of Loewner chains
and BM, stochastic Loewner evolution or Schramm-Loewner evolution
(SLE) is originally defined as a family of random simple curves between
two points on the boundary of a simply connected domain [Sch00]. In this
setup, it has the conformal invariance property that if ¥ : U — V is a
Riemann mapping, the pushforward of the SLE measure of curves between
21,29 € QU is the corresponding SLE measure of curves in V between F'(z1)
and F'(zg). Since we do not treat Riemann surfaces with marked boundary
points or corners in this work, it makes more sense to consider the loop
version of SLE, see [Wer07, KS07]. As a family pf, with ¢ € (—o0,1] of
measures on Jordan loops v in C, loop SLE is uniquely characterized by a
conformal restriction property involving BLM; see [BJ24]. The restrictions
to simply connected domains U involve the central charge c,

dpg(v) = Tycu €2 0 dug (y), (1.2.9)

where A* denotes the renormalized total mass of loops touching two sets
under BLM; see also Section 2.2 where we relate it to the conformal anomaly.
The real-valued function on such loops called universal Liouville action or
Loewner energy, see [TT06, Wan19), is sort of an action functional for loop
SLE, or to be precise, an Onsager—-Machlup functional [CW23]. Here, we
define the unnormalized version called the Loewner potential,

— log detc Agi. . (1.2.10)
detg A

/H(’Y) detg AQ\DQ

9lpy
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Figure 1.7: A collar chart acting as a real-analytic boundary parametrization
with negative orientation.

The distinction between Loewner energy and potential was made in [PW23].
Whereas the latter is unnormalized, the energy is

™ () = 12(H(y) — i%fH(n)). (1.2.11)

Zeta-regularized determinants of Laplacians det¢ Ay, appear again in
Example 1.4.2, where they are related to the conformal anomaly. They are
also related to BLM, see [Dub09, APPS22] and Section 2.2.

2. Gaussian multiplicative chaos (GMC). The exponential of the GFF X,
with coefficient v € (0,2) is defined by a certain renormalization [Kah85]

2
Mg = lim e 7o, (1.2.12)

This quantity, called Gaussian multiplicative chaos, may be regarded as
a random scaling factor in Weyl transformations. The resulting random
volume measure M, ., dV, satisfies the Weyl covariance

2
M2y dVizey = 30290, AV, (1.2.13)

see [GRV19, Section 3.2], which induces the Weyl covariance (1.2.7) of
correlation functions in the probabilistic construction of Liouville conformal
field theory [GKR24] with central charge given by ¢ = 1 + 6Q? and

_ 2
Q=2+3%

1.3 Computing with Riemann surfaces

One way to define a Riemann surface is as a smooth manifold 3, possibly with
boundary, and a choice of conformal class. The latter is an equivalence class of
smooth Riemannian metrics on X, where two metrics g; and g» are considered
equivalent if they are related by a Weyl transformation g, = e2?g; for some
o € C*(3,R) as introduced in Section 1.2.1. For a given Riemann surface, we
denote the surface and the conformal class by the same symbol, say 3, and if
we are explicitly using the conformal class, we denote it by Conf(X). If ¥ is a
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Figure 1.8: Two surfaces are sewn along their boundary components as parame-
terized by ¢ and &.

closed Riemann surface, 9% = {), by the variant of the classical uniformization
theorem concerning metrics, there exists a unique constant curvature metric in
the conformal class Conf(X) of curvature —1, 0, or 1 depending on the Euler
characteristic. On compact Riemann surfaces with boundary, there are two
ways of uniformizing the metric; see [OPS88].

e Type I. Constant curvature and geodesic boundary components.

o Type II. Zero curvature and constant boundary curvature.

In the case of negative Euler characteristic, that is, in the cases

g>2, org=1andb>1, org=0and b > 3, (1.3.1)
the theory of genus g Riemann surfaces with b boundary components may be
phrased in terms of hyperbolic geometry.

In an equivalent definition, a Riemann surface with boundary is a smooth
manifold 3 with an atlas such that the charts take values in the closed upper
half plane H = {z € C|Im z > 0}, or equivalently, the closed unit disk D =
{z € C| |z| < 1}, and such that the transition functions are biholomorphic. The
definitions are equivalent by considering the conformal class of the flat metric in
the charts, which, as shown in Example 1.2.2, is preserved by biholomorphisms;
see also [Jos06].

We are particularly interested in collar charts, that is, complex-analytic
charts whose domain is a neighborhood of a boundary component, mapping it
real-analytically to the unit circle S = {z € C| |z| = 1}. The inverse of such a
chart is a real-analytic parametrization of the boundary component by S! as
depicted in Figure 1.7. Let ¥; and Y5 denote two Riemann surfaces, both with
at least one boundary component, and moreover, ¢ and £ such real-analytic
parametrizations of one boundary component each, which we assume to be
negatively oriented (see explanation below). We define the sewing operation on
Y1 and X5 along the parametrizations ¢ and £ as the result of a construction of
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Figure 1.9: The conformal class contains metrics that induce smooth conformal
metrics on the sewn surface.

a new Riemann surfaceQ
21 o0 22 = (21 U 22)/,\,, (132)

where the relation ~ identifies the respective boundary components pointwise
through the equivalence relation generated by ((z) ~ £(J(z)) for z € St. The
insertion of the inversion J(z) = % ensures that the interior of the surfaces are
aligned opposite of the unit circle in the new chart (U (Jof) of the sewn surface
31 00 Yo, see Figure 1.8. The complex-analytic atlas on 31 oo X5 is generated
by charts of 3; and ¥y away from the seam, and a new chart across the seam
formed by joining the parametrizations into (' L (€0 J)~!: ¥ co ¥y — C.

In terms of the conformal classes of 31, 35, the conformal class on the
sewn surface Y1 oo Ys is the conformal class of a metric ¢ = g1 U go where
g1 € Conf(X;) and g; € Conf(X;) chosen such that ¢ is smooth. Such a choice
can always be made by applying an appropriate Weyl transformation. In the
collar charts (~! and €1, the metrics g1 and g» are of the form (*g; = €2°1dzdz,
and (*gy = €292dzdz, where dzdz is as in Example 1.2.2. By applying Weyl
transformations, we can find g; and g» in the conformal class such that o
vanishes and o3(2) = log|J/'(2)| = —2log|z|, and thus &, J*(*g; = go. This
means that, we make the metric flat near the boundary, as depicted in Figure 1.9.

In the definition the sewing operation (1.3.2), choices were made as to which
boundary components surfaces are sewn, and which charts are used as boundary
parametrizations. To establish the sewing operation as an algebraic structure
on the entirety of Riemann surfaces, we use a notion that keeps track of these
choices by enumerating the boundary components and including the choice of
parametrization for each boundary component. The full definition reads as
follows.

Definition 1.3.1. A Riemann surface with analytically parametrized boundary
components (%,(1,...,() is a connected compact Riemann surface ¥ with
b boundary components enumerated 013, .. .,0p%, and parametrized by real-
analytic maps ¢; : S' — 9;% with negative orientation. J

2T use the notation using the infinity sign for sewing from Vafa [Vaf87] and Huang [Hua97]
to distinguish it from the topological gluing operation often denoted #.
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(a) The unit disk. (b) A capped pair of pants.

Figure 1.10: The unit disk as a Riemann surface with analytically parametrized
boundary component has the role of a cap in the correspondence to closed
Riemann surfaces with special coordinate neighborhoods.

Given enumerations of boundary components and their parametrizations, we
denote the sewing operation identifying 9;%; with 0xX2 by X1 joorXs. Instead of
analytic boundary parametrizations, other choices of regularity include smooth
[Hen24], quasisymmetric, or Weil-Petersson quasisymmetric [RSS17]. We also
consider the case of closed Riemann surfaces, b = 0. Next up, we have the first
example of a surface with nontrivial boundary.

Ecample 1.3.2. The closed unit disk D = {z € C | |z| < 1} with the boundary
parametrization J(z) = 1/z defines a Riemann surface with a single analytically
parametrized boundary component (D, J). See also Figure 1.10.

The unit disk has a special role, because it is used to transition to the equivalent
notion of a capped Riemann surface, obtained by sewing b unit disks to a given
surface ¥ as in the Definition 1.3.1,

Z@Dzﬂloolﬂ)) boolD. (133)

See also Figure 1.10. The choice of negative orientation of the boundary
parametrizations is such that these parametrizations extend to conformal maps
¢j:D — Y ooD where 1 < j < b on the closed unit disk, and not, as would
be the case with positive orientation, anti-conformal maps. Remembering
these conformal maps allows one to recover the surface with boundary X by
“cutting out” their images. See [RSS17] for more details on this correspondence.
The notation with the underline as in Equation (1.3.3) stands for a multiple
application of sewing operations, which may be used in this work from time to
time, and is always explained in the respective context. Note also that we have
to relabel the boundary components in some lexicographic order after applying a
sewing operation. Sometimes, especially when applying many sewing operations
in sequence — since the sewing operation is associative — it is more convenient
to postpone this relabeling until after the last sewing operation is applied. For
example, in the case of b = 2, we should have written (X 1001 D) 1001 D instead
of ¥ 1001 D 2001 D.

If the surface is of genus 0, then the capped surface (1.3.3) is a topological
sphere, and thus biholomorphic to the Riemann sphere. Applying such a
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Figure 1.11: An isomorphism of a pair of pants embedding it into the Riemann
sphere.

biholomorphism F' : X oo D — C to just ¥ yields a Riemann surface F'(X) which
is a subset of C with boundary parametrizations F o (y,..., F o(p,, also called a
“sphere with tubes” in [Hua97]. Since in this case, the boundary parametrizations
determine the surface uniquely as a closed subset in C, we use the notation

(-,Fol,....,Fo(), (1.3.4)

where the dot stands for the closed subset of C bounded by the images of S*
under the boundary parametrizations.

The biholomorphism F' above is an example of the more general notion
of isomorphism of Riemann surfaces with analytically parametrized boundary.
Given two such surfaces, (X1,(1,...,¢,) and (29,1, ...,&p, ), an isomorphism
F' from one to the other is a biholomorphism £ : 3; — X5 such that ;o
F =¢for 1 < j < by = by. In particular, it preserves the labels of the
boundary components. This implies that there are very few isomorphisms for
b # 0 compared to automorphisms of compact Riemann surfaces without the
fixed boundary parametrizations. In fact, since for an automorphism F' of
(2,¢1,...,Cp) we have (j o F' = (;, the identity theorem implies that F' = 1.

1.3.1 Moduli spaces

So far, we have considered Riemann surfaces with fixed modulus, that is, a fixed
conformal class. It turns out that the moduli spaces, that is, the sets of Riemann
surfaces with fixed topology up to isomorphism, come with geometric structure
on their own. Leaving the boundary parametrizations from the previous section
out of the picture for now, the moduli spaces, which we denote by Mg,b fixing
the surface topology, are well-known finite-dimensional orbifolds, see [Mir06,
Wol09] and references therein. However, since in this work we study properties
of the sewing operation (1.3.2), we introduce moduli spaces M, |, of Riemann
surfaces together with enumerated and analytically parametrized boundary
components,

genus g Riemann surfaces with
Mgy = b analytically parametrized boundary (1.3.5)

components (Definition 1.3.1) / isomorphism
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Figure 1.12: Reparametrization of a boundary component by an orientation-
preserving real-analytical diffeomorphism ¢ € Diff}"(S') of the unit circle.

with the notion of isomorphism as defined at the end of the previous section. If
(%,(1, .-, ¢p) is a Riemann surface with analytically parametrized boundary
components as in Definition 1.3.1, we denote the equivalence class in the moduli
space by

(3,15, 6 | € Mgp. (1.3.6)

I find that this notation is quite amenable to computations, as shown in the
examples following in this section.

E(ample 1.3.3. The closed complement C \ D of the unit disk with analytical
boundary parametrization given by the identity 1:z— z is isomorphic to
D = (D, J) through the isomorphism J: z +— 1/z,

D=[D,J]=[C\D,1] € Mo,:. (1.3.7)|

In contrast to the case without boundary parametrization, the moduli
spaces Mg p, are infinite-dimensional. This may be understood by considering
reparametrizations of boundary components by the infinite-dimensional Lie
group Diff3"(S') of orientation-preserving real-analytical diffeomorphisms of
the unit circle. Given a surface, a choice of boundary component 1 < j < b,
and a diffeomorphism ¢ € Diff"(S'), we denote such a reparametrization by

(E,CMH'»Cb)Td): (EaCh"'aCjoqba"'aCb)' (138)

Since each real-analytic diffeomorphism extends to a biholomorphism on an
annular neighborhood of S', reparametrization descends to a right action of
Diff}"(S') on Mgy denoted [, (i, ..., Cp) xp = X,¢ye0¢ 00, C). In
Section 1.3.2, I provide more details on these actions in the context of complex
deformations of S', which generalize the notion of diffeomorphism.

lgcample 1.3.4. Let [D, (] € Mg 1 be any disk with analytically parametrized
boundary component. By a Riemann mapping F': D — I, we put it into the
standard form

[D,¢]=[D,Fo(]=Dx¢e Mo, (1.3.9)
where ¢ = JoF o ( € Diff{"(S') is a real-analyttical diffeomorphism. J
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Figure 1.13: Self-sewing of a standard annulus A; * Ry with twisted boundary
component results in a torus with geodesic seam.

In [MP25b], we define a geometric structure — a Frolicher structure gener-
ated by smooth curves — on the moduli spaces Mg . See also the summary in
Section 2.1. A curve in Mg}, rooted at ¥y may be thought of as a one-parameter
deformation ¢t — X; of ¥y. These geometric structures are precisely such that
the sewing operation (1.3.2) descends for 1 < j < b; and 1 < k < by to smooth
functions

Mghbl X Mg2,b2 - Mg1+g2,b1+b272
(21722) — 21 j Xk 22.

Let me also mention the self-sewing operation, which is defined analogously
to Equation (1.3.2), except that it identifies two boundary components of the
same surface,

(1.3.10)

Mgp = Mgi1p-2

(1.3.11)
Y 05k .

Notably, the self-sewing operation provides a way to obtain genus 1 surfaces
from genus 0 surfaces.

E(ample 1.3.5 (Self-sewing of annuli). Sewing the two boundary components
of an annulus results in a torus

T = 01,2 Ae Ml,O; Ac M072. (1.3.12)

Both the annulus and the torus come with (type I) flat metrics. In Section 1.4.3,
we are interested in the case where these metrics agree via the embedding of A
into T'. Since the embedding is conformal and the flat metric is unique, this
depends on the annulus metric extending smoothly over the seam inside 7". This
is the case if the seam is a geodesic with respect to the flat metric on 7', and
the parametrization is of constant speed. See Figure 1.13 for an example. This
defines the set of annuli with geodesic property, M%?Sd C My,2. Basic examples

are the standard annuli for 7 > 0.
Ar=[{zeCle? <[z <1}, T, e 1] e M, (1.3.13)

and Ar xRy € M%?;d where one boundary parametrization is twisted by a
rotation R(z) = €'z for § € R. Any other annulus with geodesic property is of
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Figure 1.14: Pants decomposition of a hyperbolic surface, highlighting one
possible A- and S-moves each.

the form
Ar+Roxdx(Jogp~ " 0J) (1.3.14)

for some diffeomorphism ¢ € Diff§"(S') which cancels in the sewing opera-
tion (1.3.12).

Surfaces of higher genus may be obtained by combining several genus 1 surfaces.
This is important for the inductive procedure used in the proof of the main
theorem in [MP25b]; see also Theorem 2.3.1.

lEcample 1.3.6 (Hyperbolic surfaces). If g and b are such that the Euler
characteristic is negative, see Equation (1.3.1), there is a unique hyperbolic
metric (type I) in the conformal class of any surface ¥ € Mgy, If ¥ has a
representative (X, (1, ..., (p) such that each parametrization has constant speed
|06¢;(e1?)], in the hyperbolic metric g, we call X itself hyperbolic. Note that
this gives a notion of boundary length

2w
1;(8) = / 0p¢;(€'?)]4d0, 1< j<b. (1.3.15)
0

We denote the subspace of hyperbolic surfaces of Mg by Mg,yg . Note that
MP® = Mg for g > 2. Any hyperbolic surface $ € Mg’yt'f can be constructed
from a finite number of hyperbolic pairs of pants Pi,..., Pyg_24b € Mgfg .

Collectively denoting them P, the sewn surface
S=oP (1.3.16)

is called a pants decomposition if the boundary lengths of each pair of sewn
boundary components agree. By oo we denote the 3g—3+b sewing operations on
the pairs of pants, each of which either sews a pair of boundary components from
two separate pairs of pants, or self-sews the boundary components of the same
pair of pants. Note that even though we only consider pants decompositions
with geodesic seams, there is an infinite number of inequivalent decompositions
related to the homotopy classes of the seams. One way to move between pants
decompositions is by A- and S-moves, see [HT80, Hat99] and Figure 1.14, to
which we come back in Section 2.3.
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(a) The vector field ¢3. (b) The tangent vector  (c) The perpendicular vec-
field al. tor field by .

Figure 1.15: The Witt algebra realized by vector fields on the unit circle.

1.3.2 Complex deformations of the unit circle

The diffeomorphism group of the unit circle with real-analytic regularity
Diffy"(S') already appeared in Equation (1.3.8) where it acts on the mod-
uli spaces Mg} in b ways by reparametrization of one of the b boundary
components. It is an infinite-dimensional Lie group whose complexified Lie
algebra is the Witt algebra typically defined in terms of generators £,,,

[y lm] = (n— M)y, n,m € Z. (1.3.17)

The Witt algebra may be realized as a Lie algebra Vect?(S?) of complex-valued
vector fields on the unit circle by setting

b, = —2"T10, (1.3.18)

in the standard coordinate z in S* = {z € C||z| =1}. To a vector field
v € Vect?(S') we associate a function v(z) such that v = v(2),, for example,
£y (2) = —2"*1. Then, the usual Lie bracket on Vect{(S!) is

[v,w] = (V'(2)w(z) — v(z)w'(2))0., (1.3.19)

where the prime denotes the derivative in z. A computation shows that this
Lie bracket agrees with that of the Witt algebra (1.3.17) via the generators
(1.3.18) which span the Lie subalgebra C[z,271]0, C Vect®(S') of Laurent
polynomials.

The space of vector fields Vecty"(S!) has another set of generators over R
given by the following vector fields, respectively, tangent and normal to S*,

|l L bt
=" W=

1.3.20

R pL_ bt o (1.3.20)
" 2 " 2 '

See also Figure 1.15. Before complexification, the Lie algebra of Diffin(Sl)
is isomorphic to the Lie subalgebra of Vect®(S!) of all tangent vector fields,
which we denote by Vect®"(S!), since in the coordinate 6 on S! defined by
2 = ei% they become al(ei?) = ie!?sin(nf), and bl (el?) = iei? cos(nf), where
the rotation by ie'? takes the real-valued functions of # to tangent vector
fields. Identification of the Lie algebra of Diff}"(S') with tangent vector fields
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Figure 1.16: The flow of ¢3 after a small time, resulting in a complex deformation
of the unit circle.

Vectz"(S!) has a natural geometric interpretation since the exponential map is
given by intagration of the the flow equation of a vector field v € Vecty(S!)

0D, (t, 2) = v(t, Dy (t, 2)), D,(t,2) = 2, (1.3.21)

until ¢ = 1. Note that this exponential map is where we start seeing the
particularities of Diﬁin(Sl) being an infinite-dimensional Lie group. It is
well known that the exponential map is not surjective, that is, not every
diffeomorphism is the finite-time flow of a fixed vector field; see [Mil85] for a
counterexample. Note that if the vector field in Equation (1.3.21) is allowed
to be time-dependent, this changes the situation and now any diffeomorphism
can be reached at time ¢ = 1. This observation is essential for the infinite-
dimensional geometric structure that we put on Diffin(Sl) and related spaces
in [MP25b]; see Section 2.3.

Another infinite-dimensional particularity is the absence of Lie’s third theo-
rem — not every infinite-dimensional Lie algebra is the Lie algebra of an infinite-
dimensional Lie group. This is the case with the Witt algebra Vect{'(S!). In
other words, there is no Lie group that is the complexification of Diff{"(S')
[Lem97]. However, it still makes sense to integrate the flow equation (1.3.21)
for general complex-valued vector fields v € Vect?(S!), at least, up to a small
positive time. Again, it is useful to also consider time-dependent vector fields
v =v(t, 2)0,. Then, by the real-analyticity of v in z, the flow ®,(¢, z) is a real
analytic map of S! into the complex plane. The flow starts with the identity
map ®(0,2), and as time increases, it deforms the circle @, (¢, S') within the
complex plane. Therefore, we call @, (¢, z) a deformation of the unit circle in the
complex plane, or just a complex deformation. See Figure 1.16 for an example.
Abstracting from the flow equation, we define the set of complex deformations
as follows:

¢ : S* — C\ {0} positively oriented around 0,
Defc(S!) = { and extending biholomorphically to an annular (1.3.22)
neighborhood A of S such that S* C $(A)

Note that a choice was made here to make every complex deformation invertible
by requiring that ¢! extends conformally back to the unit circle. The homotopy
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Figure 1.17: A complex deformation acting on a surface, adding and subtracting
area near the boundary component.

condition is such that the definition is compatible with the slightly different one
in [MP25a), see also Section 2.1, where the unit circle is deformed within the
infinite cylinder S! x R.

If the image ¥ (S!) of a second complex deformation 1 € Defc(S!) is
contained in an annular domain® A C C\ {0} for ¢, then they may be composed
into a third complex deformation ¢ ot € Defc(S!). This yields a partially
defined, but associative and invertible composition law on Def¢(S'). Since for
two flows ®,(t, z) and P, (s, z) of time-dependent vector fields v and w may
be composed to @, (¢, Py (s, 2)) for t,s > 0 small enough, the set of complex
deformations comes with a local composition law, not quite forming a Lie group
since the multiplication is only be defined for complex deformations close to
the identity. The smooth structure on Defc(S!) is the aforementioned Frolicher
structure, and the composition law is smooth with respect to this structure. See
[MP25b, Section 1] for more details. Note also that the structure of complex
deformations is closely related to the concept of pseudogroups going back to
Lie [LE93] and Cartan [Car04]. The tangent space at 1 € Defc(S') is, analogous
to the case of Diff¥"(S'), the Lie algebra of vector fields Vect®(S!), that is,
the Witt algebra. However, since we are in the infinite-dimensional setting,
this statement requires more care, and the details can be found in [MP25b,
Section 1] as well.

@mark 1.3.7. Even though Defc(S') is not quite a local Lie group (since
both complex deformations need to be close to the identity to make them
composable), the following remark concerning the notion of isomorphism for
local Lie groups still applies. On the one hand, “local” isomorphisms only need
to be invertible in a neighborhood of the identity. In this case, the category of
finite-dimensional local Lie groups is equivalent to that of finite-dimensional
Lie algebras, so there is generally not much reason to consider this category
of local Lie groups except in some proof of Lie’s third theorem. On the other
hand, if the isomorphism of the local Lie group is required to be “global”, there

3The topological restriction of the domain being an annulus around 0 is sufficient for
the uniqueness of the composition. Other domains may result in multivalued compositions
subject to the choice of analytic extension of ¢ around singularities.
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are many more local Lie groups, even finite-dimensional ones, which do not
extend to global Lie groups. In the case of complex deformations, Defc(S?!)
retracts to its subgroup of rotations, and is thus not simply connected. Hence,
it makes sense to consider neighborhoods of not just the identity, but including
all rotations, for example, like in our computation of the group-level cohomology
in [MP25b, Section 2].

As already introduced with Equation (1.3.8), the diffeomorphism group
Diff3*(S') C Def(S') acts on the moduli spaces Mg, in b ways by repara-
metrization of the boundary components. This action extends to the complex
deformations, which can, in contrast to the diffeomorphisms, change the moduli
of the surface as well by adding and subtracting from the surface near the
boundary component. Letting “ - ” stand for the deformed surface, we define

(27<17~-~7<b)>}<¢: ( '7<17"'7<jo¢7"'7Cb)' (1323)

See the illustration in Figure 1.17. However, just like how the composition
of Defc(S?) is only defined locally, this action is only local. The following
obstructions can prevent X % ¢ from existing.

1. The part of the deformation ¢(S') N (C\ D) cutting into the surface is
outside the radius of convergence of the boundary parametrization ¢;.

2. The deformations would cause boundary components to intersect.

The observation that for ¢ = @, (¢, - ) with v € VectZ"(S!) there always exists
some enough small time ¢ such that the deformed surface (1.3.23) exists shows
that the action still differentiable, yielding an action of the Lie algebra. This
action is essential to our construction of the Frolicher structure on moduli
spaces.

The following list of special types of complex deformations demonstrates
their versatility.

1. Rotations. Already mentioned above, the rotations
Ro(z) =€z,  0eR, (1.3.24)

form a subgroup of Defc(S?).

2. Scaling transformations. Another one-dimensional subgroup of Defc(S?!) is
given by the scaling transformations

Sc = {ST CoC 2 e 2, ‘ TE R} . (1.3.25)

The scaling transformations with 7 > 0 are related to the standard an-
nuli (1.3.13) by

Ar=[{zeCle? <|z[ <1}, J, .)€ MES, (1.3.26)

also in the sense that X *8r = ¥ joo1 A.. See also Figure 1.18.

3. Mobius transformations. More generally, any Mobius transformation F' :
C — C such that F(S') winds around 0 in positive orientation is a complex
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(a) A scaling transformation and the (b) The action of a contraction extends
corresponding annulus. the surface.

Figure 1.18: Examples of complex deformations and their properties.

deformations. In particular, we do not consider the inversion J(z) = 1/ to
be a complex deformation. The conjugation Jo¢~! o J of ¢ € Defc(S?),
however, is a complex deformation, and it is often useful since

(31 %) jook Tg = X1 jo0p, (B2 % (Jog ™! 0J)). (1.3.27)

4. Contractions. We call complex deformations that map S* inside the open
unit disk contractive, denoting their set by Defp(St) C Defc(S!). General-
izing Equation (1.3.26), they are associated to annuli

@)=+, J, ¢]€Moa,  ¢€Defp(Sh), (1.3.28)

with the property that the sewing of annuli corresponds to composition of
contractive deformations. Note that the action of contractive deformations
¢ only adds to the surface, and thus X * ¢ is always defined; see Figure 1.18.

5. Univalent functions. Some complex deformations extend conformally D or
@ \ D. The former are just univalent functions and have the property that
their action preserves the uniformized representative of genus 0 surfaces in
Equation (1.3.4).

1.4 The real determinant line bundle

Since a Riemann surface comes only with a conformal class, a new mathematical
tool is needed to describe objects with conformally covariant dependence on
the metric — objects like CFT and SLE. Note that the conformal class had
too many degrees of freedom in the first place, since conformal covariance is
fully characterized by the quantity S (o, g). The determinant line bundle is a
construction that retains precisely this information. The idea originates from
the work of Friedan and Shenker [FS87] in the context of CFT, and Kontsevich
and Suhov [KS07] in the context of SLE. Further details are also spelled out in
the work of Benoist and Dubédat [Dub15, BD16]. This section summarizes the
presentation in [MP25a].
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Figure 1.19: The sewing operation of real determinant lines.

1.4.1 Construction

The real determinant line of central charge ¢ € R over ¥ is a quotient space of
R+ X COnf(E),

Detg, (¥) = {Alg]| A € Ry, g conformal metric on X}, (1.4.1)

where the first component A € Ry represents the conformal anomaly picked up
by any previous Weyl transformations applied to the current metric g € Conf(X).
We only keep track of the metric up to the information needed to consistently
carry the factor A through several Weyl transformations. More precisely, we
identify any two pairs by the equivalence relation

Ae g] = (AeSSt(@:9)[g], (1.4.2)

defining the equivalence classes A[g]. The well-definedness of this relation follows
from properties of the conformal anomaly S? (¢, g), namely, the cocycle property
for two Weyl transformations 01,09 € C*(3,R), and g € Conf(X),

S?(01,9) + SY (02, €27 g) = SY (01 + 02, 9). (1.4.3)

Detailed computations are carried out in the Sections 2.5, 3.1, and Appendix A
of the article [MP25a], reproduced in Appendix A of this thesis. The real
determinant line comes with an R -linear structure

Algi] + A2lge] = (M1 + X2 ecsg(”’gl))[gl], go = €% gy € Conf(%), (1.4.4)

making it a one-dimensional real half-line.

The sewing operation (1.3.2) on Riemann surfaces ¥; and 35 extends to
the real determinant line bundles bilinearly by joining the metrics of the two
parts of to surface

- 00 - : Detf, (¥1) ® Det§ ($1) — Detg () 0o Xa) 1.45)
Alg1] ® A2[g2] = ArAz[g1 U ga).

Note that generally the metric g; LI go might not be smooth across the seam.
However, by applying a Weyl transformation to the metrics near the boundary,
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representatives can be found such that g; LI go becomes smooth — see Figure 1.9
and Figure 1.19. The independence of choice of such representatives is a direct
consequence of the locality of the conformal anomaly, see [MP25a] for details.

Remark 1.4.1. One might as well use R instead of R, in the definition of
Detg, (¥), Equation (1.4.1), and then the linear structure in Equation (1.4.4)
turns the determinant line into a one-dimensional R-vector space, which is the
arguably more natural object for a line bundle. However, we observe that the
scalar relating basic elements of the form [g], [¢**g] € Detg, (%) is positive, that

is, ¢°S2(7:9) > 0. This has the advantage that an R;-bundle is always a trivial
bundle, which is as expected since the only nontrivial structure of the real
determinant line bundles Detg L s encoded in the sewing isomorphisms. On
the contrary, the complex determinant line bundle Det¢ that applies to chiral
CFT [Seg04, Hua97] is a line bundle over C, and might have nontrivial holonomy.
The relationship between this complex determinant line bundle is yet to be
studied, but is expected to be Detg, = |Detg |, that is, the real determinant
line bundle is the absolute value of the complex determinant line bundle. This
fits into the CFT framework, where a chiral and anti-chiral CF'T — holomorphic
and anti-holomorphic — are combined to obtain a full CFT. Beware that this
is an oversimplification since the combination does not happen at the level of
partition functions, but rather one has to consider the spectrum of the chiral
CFT and combine the modules of the Virasoro algebra at each level, giving a
much more complex relationship between partition functions.

A trivialization of Dety, over My is a section
Z : Mg — Detg, (Mgp) (1.4.6)

of the R -bundles Detg, (Mgp). A family of trivializations for each genus g and
number of boundary components b is collectively denoted Z. At a given surface
Y € Mg, a trivialization encodes a conformally covariant quantity — given a
metric g € Conf(X), we obtain a number Z,(X) € Ry that is the coefficient of

Z(8) = Z,(Z) [g] € Detg, () (1.4.7)

with respect to the basis [g] € Detg, (2).

|E<ample 1.4.2. Relating to previous sections of this work, there are several
natural ways to trivialize the real determinant line bundle:

1. CFT partition functions. As the notation suggests, the family of partition
functions of a given CFT over all surfaces defines a trivialization

Z2(%) = Z,(2)[g] (1.4.8)

of Det§+, where c is the central charge of the CFT. This definition is
independent of the choice of metric g € Conf(X) by the Weyl covariance
property (1.2.7).

2. Zeta-reqularized determinants of the Laplacian. Already mentioned in Sec-
tion 1.2.3, the zeta-regularized determinant of the Laplacian is defined as
the derivative of the analytic continuation of a spectral zeta function [RS71].
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Figure 1.20: Two standard annuli are sewn after one boundary component is
reparametrized by a diffeomorphism ¢ € Diff3"(S'). The cocycle (1.4.11) is a
measure of deformation due to the reparametrization, especially with respect
to the trivialization by uniformized metrics.

the

The resulting real number dete Ay, exhibits Weyl covariance under con-

formal change for 0% # 0,

gls

det, Ae%gl): det Aglz (1.4.9)

— (2 50(0.9) ,
kgdl,

1 1
edr azkezagdee2ag et Jos

Without the normalization, this anomaly is better known as the Polyakov—
Alvarez anomaly formula [Pol81, Alv83, OPS88]. For a closed surface, the
anomaly formula still holds, but one needs to exclude the zero eigenvalue
in the definition of det; Ay, and normalize by the volume instead, see
[LM25, Appendix B]. One may think of det: Ay, as the partition function
of the free boson CFT, defining the trivialization

< dEtC Agb:

o7 Jos Fodly

) 2 [9] € Detg (%) (1.4.10)

of the real determinant line bundle.

Uniformized metrics. Another way to produce a trivialization of Detﬂchr is
to pick a metric go(X) in the conformal class of each surface ¥, resulting in
[90(2)] € Det, (¥). Uniformized metrics type I or type II make interesting
choices for this type of trivialization. For instance, in [MP25a], see also
Section 2.1, we use the cylindrical metric on annuli. With respect to this
type of trivialization, the coefficients A in A[go(X)] may be interpreted as a
measure of deformation due to sewing operations. See Figure 1.20.

Given any trivialization Z of Detf, , the sewing isomorphisms (1.4.5) define
cocycle on pairs of surfaces and boundary labels by the equation

Z(S1) joor Z(52) = Wk Er2) Z(%) 00y, Ty). (1.4.11)

Since the constants A in an element A[g] € Detg;, (¥) are always positive, we

can

denote the coefficient on the right-hand side as the exponential of a real

number QJZ (21, 22) € R. This formulation has the advantage that, considering
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Figure 1.21: Illustration of the definition of the real determinant line of a
complex deformation relative to a standard annulus.

the associativity of multiple sewing isomorphisms, we obtain additive cocycle
identities such as

Q7(31,52) 497, (S100 52, B3) = Q7 (51, 8200 83) + 97, (32, 53), (1.4.12)

corresponding to the sewing of three surfaces Y1, 3o, 3o such that X3 attaches
to Xs. In fact, by considering the sewing operations along the various boundary
components, and also self-sewing, we find many cocycles and cocycle identities,
which are spelled out in detail in Section 3.4 of [MP25b]; see also Appendix C.

1.4.2 Central extensions of complex deformations

In this section we explain how through the action of complex deformations
on a surface ¥ € Mg, by deforming a boundary component 1 < j < b, see
Equation (1.3.23), the real determinant lines Detg, () and Detg, (X +¢) pull
back to the complex deformation ¢ € Defc(S*). The idea is that the action of
the real determinant lines would result in a map

Detg, (¥) ® Detg, (¢) — Detg (3 ¢). (1.4.13)

Anticipating such an action, we define the determinant line of ¢ relative to X
and j, such that ¥ * ¢ exists, as follows,

Detf, (¢,%, ) = Detg, (2% ¢) ® (Detf, ()", (1.4.14)

where the V stands for the dual. One way to view the idea behind this definition
we take the real determinant line of the deformed surface X * ¢ and then “divide
out” that of the original surface Y by tensoring with the dual of the real
determinant line; see also Figure 1.21.

@maﬂf 1.4.3. The construction in [MP25a] uses annuli, and in particular the
standard annulus Aq, for the construction of the central extension, which goes
back to Segal [Seg04] for the complex determinant line bundle, and was also
used by Huang [Hua97, Appendix D]. In [MP25b], we find that instead of an
annulus, as above, any surface ¥ € Mg, and boundary components 1 < j <b
may be used in this definition. This yields the same central extension, but it
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Figure 1.22: Construction of the isomorphisms (1.4.16) relating real determinant
lines of complex deformations relative to various surfaces.

— Dby,

simplifies the action of the central extension on v € Detﬂi+ (2). In this setup,
the action essentially replaces v by a where a @~ € Detﬁ’R+ (¢, %, 7). Especially
Y. = D has the advantage that D* ¢ is always defined, leading to a global
trivialization

Zp1(9) = Z(D4¢) ® (2(D))” € Detfy, (v, D,5), (1.4.15)
given a trivialization Z of Detg, (Mo,1). J

By defining the real determinant line of ¢ in the way of Equation (1.4.14),
the question presents itself how Detg, (¢,%,j) depends on ¥ and j. The
locality of the conformal anomaly (1.0.1) suggests that, somehow, it only sees
a neighborhood of 0;X. Indeed, by identifying two surfaces ¥; and ¥ in a
neighborhood of boundary components 9;%; and 0;X2, see Figure 1.22, we find
isomorphisms Igl’i ¢ Detg, (#,%1,j) — Detg (¢, £2,k), which are natural in
the sense that

5 =1pss) and IS oIS =150 (1.4.16)
See [MP25a, Section 3.3] and [MP25b, Section 3] for details on these isomor-
phisms. By identifying elements of real determinant lines of complex deforma-
tions with respect to different surfaces through the isomorphisms, we define
surface-independent real determinant lines

Detg, (¢) = || Detg, (¢, E,j)/(1.4.1(i). (1.4.17)

Y * ¢ exists
These form an R, -bundle over Defc(S?), fitting into the exact sequence
0 — Ry — Detg, (Defc(S")) — Defe(S') — 0, (1.4.18)

where the map R, — Detg, (Defc(S')) maps into Detg, (1), which may be
represented, for instance, by Detg, (D) ® (Detg, (D))", which in turn is isomor-
phic to Ry by evaluating the first component in the second (said map is the
identity after composition with the evaluation). The sequence (1.4.18) becomes
a central extension of Defc(S!) by Ry after introducing the composition law %
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Figure 1.23: Tllustration of the composition law % of the central extension.

on real determinant lines of composable complex deformations ¢, € Defc(St).
This composition law is most concretely explained in terms of representatives
of Dety (¢) and Detg, (1), see also Figure 1.23. Let Detg, (¢) be represented
by Detg, (£ ¢) @ (Detg, (X+¢))", and let « @ 3" be an element of this tensor
product. The other real determinant line Detg, (¢/) may then be represented by

Det§, (1,5 # ¢, j) = Detg (L1 (0 1)) @ (Detg, (Zx9))"  (14.19)

involving ¢ as well, and any element of this tensor product can be taken of the
form v ® ¥ where @V () = 1. For such representatives, the composition law is
defined by

(@®pY)*(y®a’) =728, (1.4.20)

which one can think of as evaluating the first component of the left-hand side
[ . .
of * in the second component of the right-hand side.

Trivializations of Det§+(Def¢;(Sl)), such as those of the form in Equa-
tion (1.4.15) above, define cocycles on Defc(S!) by

Zsj(9) % Zs () = ™50V Z5 (¢ 0 ). (1.4.21)

Then, in [MP25a] we compute the corresponding Lie algebra cocycle, see also
Theorem 2.1.1. In [MP25b], we compute the cohomology H?(Defc(S!), R) of
all cocycles on Defc(St). Also in [MP25b], we generalize the construction of
this central extension to the setting of a real one-dimensional modular functor,
a notion defined in the next section.

1.4.3 The functorial perspective

In this section, I make an effort to put the conformal anomaly as described by
the real determinant line bundle into a category-theoretic perspective. However,
instead of narrowing down the precise categories and functors, my goal is to list
abstract properties of the real determinant line bundle, which can then be used
to select an appropriate setting. In the work [MP25b], see also Section 2.3 and
Appendix C, it is shown that the real determinant line bundle is characterized
just by these properties.
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First, we identify the overall structure of the real determinant line bundle.
As an R-bundle over the moduli spaces My, it assigns a fiber Detg, (%)
isomorphic to R to each surface ¥ € M, . If we regard this as a functorial
assignment with respect to the composition of cobordisms — the sewing opera-
tion defined in Equation (1.3.10) — we expect that there is a way to compose
the fibers of any two surfaces. Indeed, such isomorphisms are defined by the
Equation (1.4.5). Just this structure may be called a real one-dimensional
modular functor, building on terminology in [Seg04, Bak01], and also in [Hua97]
used in the context of vertex operator algebras. In this context, complex
modular functors as considered with any dimension. Let us define the real
one-dimensional case as follows.

Definition 1.4.4. A real one-dimensional modular functor E consists of R -
bundles
E(Mgp) — Mgp,  gb=>0, (1.4.22)

and bilinear maps called sewing isomorphisms,

E
AU E(Mghbz) X E(Mgz,bz) - E(Mg1+g27b1+b2—2)7

E
k- BE(Mgp) — E(Mgi1p-2),

(1.4.23)

which are linear isomorphisms on fibers. They extend the respective sewing
operations - joor -, and oo; - including associativity

E E E E
+ j00k (+ 100m +) = (+ jOOK *)1%0m -, (1.4.24)
E E E E
004,k ( S ) = (Ooj,k: . ) 1Om (1425)
E E E E
00jk (1m +) = Xrm (04K ), (1.4.26)
and symmetry
E E
a ;oo B = koo a
’ ! a € E(Mg, b,), B€EMgp,) (1.4.27)

O%j’k o = O%k’j « J
In [MP25b] we include Frolicher smoothness into the definition, a property to
which we come back in Section 2.3. In fact, the notion of bundle is meaningless
here since we did not even have a topology on Mg, so far — for now, assume
that bundle just means fiber bundle with whatever regularity is given to the
moduli spaces and the sewing operation. In the specific case of F = Detﬂch, the
bundle structure may be defined by a global trivialization; see Example 1.4.2.

So far, the real determinant line bundle clearly is a real one-dimensional
modular functor. Part of the significance of the article [MP25a] is the verification
that Detg . is nontrivial as a real one-dimensional modular functor. Indeed,
for different ¢ € R, we show that the real one-dimensional modular functors
defined by Detg . are not isomorphic. See also Theorem 2.1.1 in Section 2.1,
and the comments in [MP25a, Section 1.3] for this specific application of the
theorem. The notion of isomorphism used is the following.
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Definition 1.4.5. An isomorphism of real one-dimensional modular functors
¥ : E — D consists of R;-bundle isomorphisms

Ugp: BE(Mgp) — D(Mgp),  gb>0, (1.4.28)

preserving the sewing isomorphisms, that is,

E D

\Ilg1+g2,b1+b2—2( A ) = ‘Ilgl,bl( : ) Ok \I’gz,bz( : ), (1.4.29)
D E

o0k Ueb( ) = Vgr1p2( 00k ). (1.4.%

Again, the notion of bundle isomorphisms should follow the respective regularity
of the modular functors.

Contrary to the complex case, where literature [Seg04, Hua97] suggests
that the complex determinant line bundle should be unique up to choice of a
central charge, we find that in the real case more properties of Detg . need to
be axiomatized for uniqueness to hold. Below, I make a few observations about
the real determinant line bundle, attaching a name to each property. Then,
definitions of the generalized properties satisfied by Det]‘fQ+ follow.

1. Locality. Note that the definition of Dety () only depends on the con-
formal class of the surface, but not on the boundary parametrizations.
Therefore, we can identify the fibers over surfaces related by reparametriza-
tion. In other words, Detg . (Mg,b) descends to the finite-dimensional

moduli space Mg,b. Also, none of the trivializations in Example 1.4.2 de-
pend on the boundary parametrizations — in this sense, they are pullbacks
via the projection

Detf (Mgp) — Detf (Mgp), (1.4.31)

of a corresponding trivialization of the latter. We call such trivializations
reparametrization invariant. Note that the sewing operation - joor - on the
moduli spaces M, p,, like in Equation (1.3.2), only involves the boundary
parametrizations at j and k. The same holds for the sewing isomorphisms
of Detﬂ‘i+7 since the new metric only needs a local modification on the seam
to become a smooth metric, and by locality of the conformal anomaly, this
change can be made in a neighborhood of the seam. The latter justifies the
name locality for the property that the sewing isomorphisms factor through

y vk
moduli spaces Mél,bl and Mg, .,
boundary parametrization only at the jth and kth boundary component.
Another way to express locality is as reparametrization invariance of the

cocycles,

whose elements respectively carry a

07 (Z1 50, 52) = Q7 (Z1 50, T), ¢ € Diff{"(SY), 1#j. (1.4.32)

See [MP25b, Section 3.4] for more details.

2. Flat metrics and modular invariance. By sewing the boundaries of an
annulus A € My 2, we obtain a torus T' = o019 A € My If Z(A) =
[90(A)] is the trivialization of Detp, (A) in Example 1.4.2 using cylindrical
metrics, and the seam inside the torus T is a geodesic, then the sewing
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operation induces a flat metric on the torus. See Figure 1.13. The case
of annuli and tori is special in the sense that, because of their vanishing
Euler characteristic, and by Example 1.2.3, the conformal anomaly vanishes
for constant Weyl transformations. Hence, the scale of the flat metric on
01,2 A does not change the element [go(A)|7] € Detg, (00 x A), making
all conformal flat metrics on a torus equivalent. Therefore, here we find
a property that could be called modular invariance stating the following:
If a torus has two decompositions T' = 0012 A = 0012 B such that both
seams are geodesic, then

90(A)lr] = [g90(B)lz] & Detg, (T). (1.4.33)

The significance here is that the geodesic seams can belong to different
homotopy classes. To find an equivalent abstract property, the question
remains how to algebraically characterize the trivialization Z(A) = [go(A)]
on the semigroup of annuli My 2. Any reparametrization invariant trivi-
alization W of Detg, (Mo 2) is related to Z by a function f: Ry — R of
the modulus 7(A),

W(A) =D Z(4), Ae Mgo,. (1.4.34)
The trivialization Z on standard annuli A, has the additivity property
Z(Ar) 1002 Z(Ar,). = Z(Ar, 47, )- (1.4.35)

This implies the following equivalence, making the function f additive in
the modulus,

Q‘lﬁ,/Z(ATl?ATQ) =0 <~ f(Tl + 72) = f(Tl) + f(TQ). (1436)

This condition constrains the possible functions to f(7) = A7 for some
A € R. Finding a further condition that forces A = 0 is slightly more
involved, and we state it as a cohomological condition. The left-hand side
in Equation (1.4.36) implies that the cocycle Q}/‘,/AT’l((bl, ¢2) on complex
deformations ¢, ¢ € Defc(S!) is relative to the subgroup of scaling
transformations. In [MP25b, Section 2] we compute the relevant relative
cohomology groups. On the one hand, we find that for the Lie algebra
cocycle WK/A,J =D Q}/‘,/Ar,l there is some hy € R such that

wiy 1 = cImwer + hy Imwier + da, (1.4.37)

where « is a Lie algebra 1-cycle relative to diffeomorphisms and scaling
transformations. On the other hand, we know from [MP25a, Theorem 1.1],
see also Theorem 2.1.1, that the Lie algebra cocycle wﬁ Al for the cylin-
drical trivialization equals ¢ Im wgr precisely, not just up to coboundary,
and therefore has hy = 0. By the definition of the trivializations of
Detg, (Defc(S')) induced by Z and W, see Section 1.4.2, the difference
between the respective Lie algebra cocycles for Z and W is given by the
Lie algebra cohomology differential of the derivative

B=di (f(Arx )= f(AL)). (1.4.38)
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Figure 1.24: Sewing a hyperbolic pair of pants to another copy of itself along the
same boundary components, and then cutting along the geodesic such that the
boundary components of equal lengths are in the same connected component,
results in pairs of pants with two equal boundary lengths each.

Generally speaking, we expect the Lie algebra cohomology differential d 8
to be a coboundary. However, the derivative in the scaling direction ¢, is
B(y) = A, and thus, in the cohomology relative to the subalgebra R{y it is
nontrivial. In fact, since Im w,.; is the differential of a similar function with
£y derivative 1/24, we find that d 8 is cohomologous to hy Im w;; with
hy = 24X. We conclude that f = 0 if and only if the condition (1.4.36)
holds and hyy = 0, which is the anticipated cohomological condition.

3. Hyperbolic metrics and crossing invariance. For hyperbolic surfaces, see
Equation (1.3.1), let Z denote the trivialization of Detg . given by hy-
perbolic metrics. It has interesting invariance properties similar to Equa-
tion (1.4.35). Namely, if two hyperbolic surfaces in are sewn along boundary
components of equal length, the hyperbolic metric on the sewn surface is
just the union of the two hyperbolic metrics, and the seam is still a geodesic.
See Figure 1.14. A special case is the situation where four hyperbolic pairs
of pants Py, P», P3, Py € Mgfg with geodesic boundary are sewn pairwise
with matching boundary lengths such that

Py joor Py = P3 100y, Py. (1.4.39)

In the topology of pants decompositions, see also Example 1.3.6, such a
relation is called an A-move [HT80]. It is one of two elementary moves
between pants decompositions by which any pair of pants decompositions
is related through a finite number of moves. The other, called S-move, is
related to the self-gluing of two hyperbolic pairs of pants P;, P, € Mgfg ,

respectively with matching boundary length, such that
4.k P1 = OOI,m PQ. (1440)

For the trivialization Z, the relations (1.4.39) and (1.4.40) respectively
imply

Z(Py) joor Z(Py) = Z(Ps) 100m Z(Py), (1.4.41)
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;i Z(P1) = 001m Z(P). (1.4.42)

Now, how to characterize the trivialization Z without referring to the
hyperbolic metric? Any other reparametrization invariant trivialization
W over hyperbolic pairs of pants is related to Z by a function f of the
boundary lengths Iy, 12,13 > 0,

W(P) = e-f(l17l2’l3)Z(P), Pc _/\/lggp (1.4.43)

Let us only assume the property (1.4.41), which we call crossing invariance,
for the trivialization W. By sewing any fixed hyperbolic pair of pants
Pe M{‘gg to itself, say along 93P, we find a surface P 3003 P with four
boundary components, divided into two pairs of equal length. By cutting
P 3003 P along the geodesic separating these pairs from each other, like in
Figure 1.24, we obtain an identity for the function f,

2f(l1,12,13) = f(l, 1, 1a) + f(l2, 12, 1), (1.4.44)

where 4 > 0 is the length of said geodesic. The choice of the geodesic, and
hence the length I4, is not uniquely determined by [3, which implies that
f(ly,12,13) is independent of I3. By applying the same argument to the
other boundary components, we find that f is constant. Hence, the second
property, Equation (1.4.42), which we call hyperbolic modular invariance,
follows from the crossing invariance.

Now we turn toward a general real one-dimensional modular functor as in
Definition 1.4.4. To reproduce the above properties of Dety Lo we make the
following definitions. Again, refer to [MP25b, Section 3] for definitions including
the Frolicher smoothness.

Definition 1.4.6. A real one-dimensional modular functor E is local if the

v

bundles E(Mgp) are pullbacks of bundles E(Mgp), and the sewing isomor-

phisms descend to the bundles E(M;b) in the sense that the maps, also denoted
. jookE -, and defined by the following diagrams, are independent of the choice
of lift: For sewing,

E
50
E(Mgth) X E(Mg27b2) J*> E(Mg1+g2,b1+b2*2)

i i J (1.4.45)

v ] v k 10,93 v
E(Mgl,bQ) X E(Mgz,bz) 7J7777> E(Mg1+g2,b1+b2*2)

and for self-sewing,

l | i l (1.4.46)

v, 5.k OOjk v

E(Mg) --=7+ E(Mgt1,b-2)

are independent of the choice of lift. J
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Note that [MP25b, Proposition 3.6] lists a number of equivalent properties, for
example, the one in Equation (1.4.38).

For the modular invariance property, we are mainly interested in a general-
ization of Equation (1.4.33), which is part of the following definition. However,
since we do not necessarily know whether a suitable trivialization exists, we
need to make this assumption as well.

Definition 1.4.7. A local real one-dimensional modular functor is flatly modular
invariant if there exists a reparametrization invariant trivialization Z such that

L Qfy(Ar,Ar,) =0 for any 7,72 > 0.
2. The cocycle Qf, | which in the basis [MP25b, Section 2] of relative
cohomology H?(Def¢(S!); Diff3"(S'), Sc; R) is a linear combination

0741 = cImwgr + hy Imw,e, +d o (1.4.47)

satisfies hy = 0,

and every such trivialization has the property that for A, B € M%?Sd the
following implication holds,

12 A= 0012 B = o102 Z(A) = 0015 Z(B).  (1.4.48)
We call such a trivialization Z modular invariant as well. J

The definitions in the hyperbolic case follow a similar structure. A certain
kind of trivialization, following (1.4.41), is required, which then automatically
has the additional property (1.4.42). However, since we can conceptually
separate these properties, we split the two parts related to the A- and S-moves
in topology into two definitions, yet the second definition assumes the first.

Definition 1.4.8. A local real one-dimensional modular functor is crossing
invariant if there exists a reparametrization invariant trivialization Z of E(M, 3)
such that

Z(Pl)jook Z(PQ) = Z(P3)lOOm Z(P4), (1449)

for hyperbolic pairs of pants Py, Ps, P3, P, € Mgfg such that P; joo, Py =
P3 100, Py € Mg 4 where the left and right hand sides have equal boundary
lengths at the seams.

Then, assuming crossing invariance, we can define the following.

Definition 1.4.9. A local crossing invariant real one-dimensional modular func-
tor E is hyperbolically modular invariant if any crossing invariant trivialization
has the property that

B E
00jk Z(P1) = um Z(Py), (1.4.50)
for hyperbolic pairs of pants P;, P, € ./\/lgyyg such that
00j,k P1 = 001m P2 € My (1.4.51)

where the left and right hand sides have equal boundary lengths at the searﬂ






Chapter 2

Summary of results

In this chapter, I summarize my work on the articles [MP25a] and [LM25]
included in this thesis as Appendices A and B, as well as the manuscript [MP25b]
in Appendix C.

2.1 From the conformal anomaly to the Virasoro algebra

This article concerns the relationship between the conformal anomaly, as defined
by the formula in Equation (1.0.1), and the Virasoro algebra. The latter is an
infinite-dimensional Lie algebra, that is a central extension of the Witt algebra
Vectd (S!) introduced in Section 1.3.2. The Virasoro algebra also characterizes
the conformal anomaly on an infinitesimal level since a CFT Hilbert space carries
a representation of it, determining the central charge c of the CFT. To highlight
the difference with our method, I sketch a typical CFT textbook derivation
of the relation between the two in Section 2.1.1. Even if these arguments are
made rigorous in specific cases, such as in Liouville CFT [GKR24], they become
quite involved and still only apply to a specific choice of CFT. Our method, on
the other hand, is both concrete and mathematically rigorous, and moreover,
agnostic to the choice of CFT. The trade-off is that, as such, it does not reveal
new information about any specific CFT.

As a vector space, the Virasoro algebra is a direct sum
Yir, = Vect(S') @ C, L, =, +0, (2.1.1)

and we denote the generators ¢,, of the Witt algebra by L,, € Uit to highlight
the new commutation relations’,

nan

[Lyn, Ly = (n—m)Lyym + ¢ T5"+m’o’ n,m € Z. (2.1.2)

Up to a coboundary, the central term is the Gel’fand—Fuks cocycle wgg

1

(UG,F(U7 U)) = %

27 s
/ V' (0)w” (6) d6, war(ln, bm) = 1—n35n+m, n,m € Z.
0

12
(2.1.3)
evaluated on the vector fields ¢,, and ¢,,.

IWhether the central charge ¢ € C is part of the definition of the Virasoro algebra is a
matter of convention — for different values of ¢, they are isomorphic as Lie algebras, yet,
as central extensions they are not isomorphic since that requires an isomorphism of exact
sequences (1.1.5), see [MP25a, Section 2.2] for details.

37
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The real determinant line bundle Detﬂcbr is already discussed in Friedan and
Shenker [F'S87] and defined by Kontsevich and Suhov [KS07], using the conformal
anomaly SY(a,g) in Equation (1.0.1). In [MP25a, Section 2.5 and Appendix A]
give a more detailed construction, proving all the necessary identities of S9(c, g).
Moreover, in [MP25a, Section 3.1], the sewing isomorphisms of Det]‘fg+ are
introduced, proving in detail how the locality of S?(o,g) assures that it is
well-defined. See also Equation (1.4.5) above.

In [MP25a, Section 3.3], the central extension Dety (Defc(S')) mentioned in
Section 1.4.2 is constructed with reference to cylinders, with particular emphasis
on the standard cylinder A = (S x [0,1],60,0+1). See the comments on the use
of cylinders instead of annuli further below. While for the diffeomorphism group
Diff}"(S') and complex determinant line bundle, the general idea is already
present in the work of Segal [Seg04] and Huang [Hua97], we spell out all the
definitions, proofs of well-definedness and associativity, and constructions of the
exact sequences for the first time. The result then yields the group-level cocycle
Q1Z,A1,a(¢lv ¢2) — denoted logT¢ (1, ¢2) there — on complex deformations, also
mentioned in Equation (1.4.21) in this work. The trivialization used is that of
uniformized metrics in Example 1.4.2 in the special case of cylinders.

The main theorem of the paper is the computation of the Lie algebra cocycle.
Theorem 2.1.1. With respect to the trivialization on annuli defined by the
unique flat (type IT) metric of Z(A) = [go(A)] € Deti, (Mo,2), the Lie algebra
cocycle associated to le A1 equals the imaginary part of the Gel'fand-Fuks
cocycle at central charge c, that is, for v, w € Vect{ (S?),

> 0? D, (t P 0? P D, (t
st tgsibAl’l( olts ) Pus, ) = Va1 (Puls, ), ”("))) (2.1.4)

= cImwgr (v, w). J

Note that the theorem does not only show that the central extension is iso-
morphic to a variant of the Virasoro algebra only using the imaginary part of
the cocycle, but it is also a direct calculation of the Lie algebra cocycle, which
determines it not just up to a coboundary. This may be relevant in future
work on Kéhler structures, where in the case of the universal Teichmiiller space,

many cocycles on the Witt algebra are Kéhler forms, but certain coboundaries
are preferred, see [BR8T].

The main technical effort of this paper is the computation of the derivative
in Equation (2.1.4), see [MP25a, Section 4] for the proof. The conceptual part
of this proof is to find the right setup, reducing it to computations of elementary
integrals. The setup involves choosing particular families of metrics on the
cylinders

Axd,(t, ), Axd, (s, - ), Ak (t, Dyl(s, ), (2.1.5)

which enables a direct computation of the derivative of S9(a, g) where g is the
flat reference metric on the cylinder and o becomes a one-parameter family of
Weyl transformations resulting from the choices of metric. These choices may
be summarized as follows.
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1. The use of cylinders St x [0, L] of length L > 0 with coordinates (6, z)
offers significant computational simplification over the use of annuli in the
complex plane, which conversely provide more geometric intuition towards
their complex structure. While the complex structure on cylinders is slightly
unconventional with z = 6 + iz, it does treat both the periodic and the
radial part on equal footing as opposed to z = Re'? in the complex plane.
Otherwise, cylinders and annuli are equivalent through the exponential
map. This perspective carries through for complex deformations, which
are defined here as deformations of S! inside the infinite cylinder S! x R
instead of the complex plane.

2. On the first two cylinders in Equation (2.1.5), the same coordinates may
still be used at ¢, s # 0 by viewing them as subsets of the infinite cylinder
S1 x R. Note that the action of the flows both cuts from and adds to
the surface, see Figure 1.3.23. The metrics on these cylinders are defined
in two parts. First, we consider the reference flat metric on the infinite
cylinder. Then we consider the pushforward of the flat metric via the
parametrization, given by the flow, near the deformed boundary of the
surface. Since the flow is conformal, the pushforward metric differs from
the reference metric by a simple conformal factor. The convenient metric
is one that interpolates both these metrics using a smooth bump function,
whose derivative has compact support in a small cylindrical subset. That
is, it changes values from 0 to 1 in this subset, and is constantly 0 or 1
everywhere else. See also Figures 2 and 3 in [MP25a, Section 4].

3. Perhaps the most important choice is the support for the bump func-
tions. Since via ®,(f, - ) part of the surface A% ®,(s, -) maps into
Ax®,(t,Py(s, -)), we have two metrics on the latter, one from the push-
forward of this mapping, and another from extending that on A% ®,(t, - ).
The trick is to choose the supports such that we can turn these two metrics
into a two-step interpolating metric. Finally, some care is needed to ensure
that these choices can be made uniformly for £ and s small enough. See
also Figure 4 in [MP25a, Section 4].

With these families of metrics at hand, the next step is to identify how the
cocycle QF , | (®y(t, -), Pu(s, -)) is expressed in terms of the conformal anomaly
of their conformal factors with respect to the flat reference metric. This involves
careful analysis of how the anomalies carry through the multiplication, see
[MP25a, Figure 5]. Finally, one carries out the aforementioned elementary
computation.

Aside from the main theorem, several small contributions are made in the
paper at hand, which we summarize here.

1. The complex deformations discussed in Section 1.3.2 of this thesis are
first introduced in [MP25a], but without geometric structure, and in the
slightly different (yet equivalent) cylindrical setup. Conceptually, complex
deformations offer a complementary perspective on the semigroup of annuli.
The latter has the advantages that composability (sewing in this case) is
guaranteed to hold, and there is a well-defined concept of surface, which
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allows making further mathematical constructions on top of the semigroup
of annuli, such as the GFF; See e.g. [BGKR24]. Oun the other hand,
complex deformations are more flexible in their infinitesimal description.
Emerging naturally from the flow equations, they are more amenable
to the computation of derivatives, which, as exhibited in the proof of
Theorem 2.1.1, can be very useful.

2. In [MP25a, Section 1.3], we briefly discuss the role of Detj, as a real one-
dimensional modular functor, drawing the conclusion that it is nontrivial
as such since by the main theorem it has non-zero central charge. This
aspect is elaborated more in Section 1.4.3 of this thesis.

3. In [MP25a, Section 3.2] we discuss the zeta-regularized determinant of
Laplacian as a trivialization of Detg, (see also Example 1.4.2). While this
alone is not new, see [Dubl15], it leads to an interesting observation. For-
malizing ideas of Kontsevich and Suhov [KS07], we define the determinant
line of an analytic loop in ¥ by

Det§ (8,7) =Det§ (D)@ Q) (Det, (4))", (2.1.6)
Aemo(Z\7)

where the tensor product is taken over the connected components of
Y\ 7, and V denotes the dual. There is a natural evaluation function
on Dety, (X,7), identifying it with Ry by applying the sewing isomor-
phisms (1.4.5) to the determinant lines of said connected components, and
subsequently evaluating the resulting element of (Detg, (3))" at the first
component. The observation is that when this evaluation function is applied
to the trivialization using zeta-regularized determinants of the Laplacian,
this results in the loop Loewner energy, as discussed in Section 1.2.3 as the
presumptive action functional of loop SLE.

The last item is the starting point of the second paper [LM25], also included in
this thesis in Section 2.2.

2.1.1 Interlude: Bypassing the stress-energy tensor
construction

In this section, I briefly sketch the relationship between the conformal anomaly
and the Virasoro algebra as often explained in CFT textbooks. There, both the
conformal anomaly as in formula in Equation (1.0.1), and the Virasoro algebra,
see Example 1.1.2, are two faces of the same anomaly, and they may be related
through a special observable called the stress-energy tensor. Please note that
the lack of mathematical rigor in this section is part of the motivation for our
work in [MP25a], where we provide a rigorous relation to the Virasoro algebra
by different means.

Following Gawedzki [Gaw99], one way to define the stress energy tensor is
via variations of correlation functions (1.2.6) of primary fields with respect to
the metric g. Using Einstein notation in real coordinates z!, 22 around a point

z € ¥, the metric is given by real-valued functions g; such that

g = gjx da? ® da*. (2.1.7)
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A correlation function involving the jk-component of the stress-energy tensor
Tir(2) at z € X is defined as a variation with respect to the function g/*
obtained by inverting the tensor g;; pointwise,

0
(Tjk(2)F)g = 4m e - (g, (2.1.8)

where F is a product of primary fields as in Equation (1.2.6), and g, is a suitable
one-parameter family of metrics varying only the ¢?* coordinate localized around
z. Note that these variations may deform g outside the conformal class Conf(X).
Multiple insertions of the stress-energy at distinct points are defined by multiple
consecutive variations.

Since the metric is a symmetric tensor, the stress-energy tensor is symmetric
as well, and hence defined by three components 771,752 and T75. Assume
for the moment that the reference metric g is flat around z, that is g =
dz' ® da' 4+ dz? ® d2?. In this case the trace of the stress energy tensor is a
variation by Weyl transformations localized at z. By Weyl covariance (1.2.7)
and the Dirichlet principle, these variations of (F'), vanish, that is,

Note that this is not true if the reference metric is not locally flat. Instead,
the trace becomes —¢R,, where R, is the Gaussian curvature, whence the
conformal anomaly is also called the trace anomaly.

Keeping the assumption of a flat metric near z, let z = 2! +iz? also denote
the complex local coordinate in which we define

(T F)y = 1 (T () ~ Toa(z) — 2 Tia(2)) F),.
1 (2.1.10)
(T.z) = Z«Tn(z) + T52(2))F), = 0.

We assumed multiple insertions of the stress-energy tensors to be at distinct
points, since for example, the function (T, Ty is singular as w — z. However,
this specific function is generally assumed to have asymptotics in the limit w — z
of the form

c/2 -+ 2 )2<T(w)>g+%waw<T(w)>g+O(|sz|)7

(2.1.11)
see [Gaw99] for a computation. This type of asymptotics is essential for the

(T'(2) T(w))g = (

z—w)*  (z—w

algebraic approaches to CFT, and is called operator product expansion. Now to
find the Virasoro algebra, the asymptotics (2.1.11) are analyzed for a Laurent-
type expansion of T,,. In a specific setup of ¥ = @, and with the notations still
making sense only inside (- F'), one defines

1
n=— "Hr(z) d Z. 2.1.12
ot Ja z (2) dz, n e ( )
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Figure 2.1: A pair of non-intersecting simple analytical loops, and a Brownian
loop intersecting both.

Using the operator product expansion as a product, the commutator of the
modes is computed to be

1

[Lns Lin] = 5= / / S (T("’)T(w)_T(w)T(z)) e (2.1.13)
3

n-—n
(n - m)Ln+m +c T6n+m707

which are the relations of the Virasoro algebra as defined in Equation (2.1.2).
Going from Equations (2.1.11) and (2.1.12) to Equation (2.1.13) is an informal
computation of contour integrals, see for example [Fra99, Section 6.2].

2.2 Two-loop Loewner potentials

In some way, this article is a continuation of the observation in the first article
concerning the loop Loewner energy of a single loop in the Riemann sphere.
At least in the context of this thesis focusing on the conformal anomaly, the
two-loop Loewner potentials defined in [LM25] are natural generalizations of
the loop Loewner energy (1.2.10) following from the general theory in [LM25,
Appendix B] using the real determinant line bundle. The initial definition of
the two-loop potential, however, is a probabilistic one.

The general setup of this article involves two non-intersecting simple smooth
or analytic loops 71 and 7» in the Riemann sphere C. Generally, we assume
that both loops separate 0 and oo such that 7; is nested inside 5 Moreover, we
denote by D and Dy the simply connected subsets of C bounded respectively
by v1 and 72 such that 0 € Dy and co € Dy. We denote the annulus between
the loops by A, and its modulus by 7; see Figure 2.1. The two-loop Loewner
potential is defined as

H(y1,72) = H(n) + H(v2) + A% (1,72)- (2.2.1)

It is a combination of the respective one-loop Loewner potentials and a new
probabilistic interaction term: A*(v1,72) is a renormalization of the total
mass of continuous loops intersecting both 7; and ~» under Brownian loop
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measure (BLM) introduced in Section 1.2.1. The renormalization was introduced
in [LW04, FL13], and is necessary since said total mass is infinite under BLM
due to increasingly long loops.

With [LM25, Theorem 2.1], we prove that this probabilistic two-loop Loewner
potential has the unique interaction term such that the two-loop SLE satisfies a
conformal restriction property similar to the single loop case in Equation (1.2.9).
We also generalize the main theorem of [CW23] to the two-loop case, that is,
we show that # (71, 72) is an Onsager—Machlup functional for the newly defined
two-loop SLE. This is a mathematically rigorous way of saying that the Loewner
potential is an action functional for SLE.

Perhaps the most interesting technical contribution of this article is the
expression of the interaction term A*(y1,72) by zeta-regularized determinants
of Laplacians (defined in Example 1.4.2). The proof builds on a formula
due to Dubédat [Dub09, Proposition 2.1] in the unnormalized case, and an
approximation of zeta-regularized determinants of Laplacians by BLM with
restricted quadratic variation [APPS22, Theorem 1.3]. By combining the
resulting formula,

det< AglpluAdetC Ag|AUD2
detg AgltdetC Ag\A

A" (71,72) = log + log 2 — log 4, (2.2.2)

see [LM25, Corollary 3.2], with the definition of the one-loop Loewner poten-
tial (1.2.10), we find another expression of the two-loop Loewner potential”, see
[LM25, Theorem 3.1],

det( A9|C
detc Ag|D1 detg Ag\AdetC Ag‘Dz

HCQ(%’ v2) = log +log2 —logdm. (2.2.3)
We also find two other formulas for Hg ,(71,72), but since that work in
Sections 3.2 and 3.3 of [LM25] originated from the master’s thesis of Yan
Luo [Luo23], my contribution to these sections is limited to restructuring the
presentation of the proofs.

Indeed, the formula (2.2.3) is related to the real determinant line bundle
through the trivialization in Example 1.4.2 also involving zeta-regularized
determinants of Laplacians, see Section 5 of [LM25] for details. The possibility
of having other trivializations of Detﬂi+ such as CFT partition functions results
in different two-loop Loewner potentials, as defined in [LM25, Appendix A]. This
brings us to the main conceptual insight of this article. While SLE universally
appears as the law of interfaces in CFT, it may differ from the established
probabilistic definition of SLE by a Radon-Nikodym derivative depending on the
moduli of the involved surfaces, such as the annulus A in the two-loop case. Of
course, this is only possible if multiple connected domains are involved. In the
introduction of this article, we provide extensive motivation for the perspective
of using CF'T partition functions for the Loewner potential, also using heuristics
of discrete statistical mechanics similar to Example 1.1.1 in this thesis, we also
point out possible relations to other works, such as on random annuli [ARS22].

2The constants are kept separate because they might change depending on conventions
used for the zeta-regularized determinants.
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To show that the dependence on the modulus makes a difference, we investi-
gate this for the probabilistic two-loop Loewner potential (2.2.1). We find that
there is a problem in the interpretation of the probabilistic two-loop Loewner
potential as an action functional since it is bounded neither from above nor from
below. Therefore, a definition of a two-loop Loewner energy by normalization
of the potential — by subtracting its minimum — is not possible. To prove
this, we use the following two-step strategy.

1. [LM25, Section 4.1]. There is a variational formula proven in [TTOG,
SW24] for the one-loop Loewner potential. We use it to derive a variational
formula of H(y1,72) for analytic deformations of v and 75 keeping the
modulus 7 fixed. These variations vanish if and only if both loops are
circles.

2. [LM25, Section 4.2]. By explicit formulas found in [Wei87], we compute
He—27rg1 g1, showing that it diverges to —oo as the circles move further
apart (7 — 00) and to +o0o as the circles merge (7 — 0).

This suggests that in any CFT application of SLE in the presence of multiply
connected surfaces needs to take into account the dependence of the partition
functions on moduli. To illustrate how this might look, we give a very basic
example using the theory of boundary CFT by Cardy [Car08], see [LM25,
Example 5.4].

Finally, T would like to mention that the application to the real determi-
nant line bundle suggests making some adjustments to the normalization of
zeta-regularized determinants of Laplacians, such that the Polyakov—Alvarez
anomaly formula [Pol81, Alv83, OPS88| agrees with the conformal anomaly as
in Equation (1.0.1). On the one hand, for a compact surface without boundary,
as explained in [LM25, Appendix A], the zeta-regularized determinant of the
Laplacian excluding the zero-mode may be normalized by the volume of the
surface. On the other hand, in the presence of a boundary, the zeta-regularized
determinant of the Laplacian may be normalized by an integral of the boundary
curvature, see [LM25, Appendix B].

2.3 Universality of the conformal anomaly

The main result in the manuscript [MP25b] is the classification of real one-
dimensional modular functors with additional properties of locality and modular
invariance, as introduced in Section 1.4.3 of this thesis. Moreover, the result
holds with regularity assumptions relating to the Frolicher structure on the
infinite-dimensional moduli spaces Mgy also introduced in the manuscript, see
[MP25b, Section 1], and see [MP25b, Section 3] for the corresponding definition
of real one-dimensional modular functor. Here, we formulate the result by
relating to the real determinant line bundle Det]‘fh.

Theorem 2.3.1. Up to the choice of a central charge ¢ € R, there exists
only one local, flatly modular invariant, crossing invariant, and hyperbolically
modular invariant (Frolicher smooth) real one-dimensional modular functor up
to isomorphism, and it is isomorphic to Det]‘fh. J
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This way of interpreting the results portrays it as a universal property of the
real determinant line bundle. Since the latter is an elementary construction
using conformal anomaly S? (o, g), this perspective explains mathematically the
appearance of the formula (1.0.1) in CFT.

There are multiple technical contributions in the manuscript, which are
prerequisites to the proof of Theorem 2.3.1, but are also of interest on their
own. Perhaps most noteworthy, we find a characterization of reparametrization
invariant disk-disk cocycles le 1(D1, D3) in terms of the Loewner energy of loop
SLE, or equivalently universal Liouville action on universal Teichmiiller space.
It is the one-loop case of the Loewner energy or potential, which we discussed
in Section 2.2 and around Equation (1.2.10). Our result [MP25b, Theorem 4.2]
states that

1207 (D# ¢, D) = glL (7) + (const.), ¢ € Diff3(S"), (2.3.1)

up to a constant independent of ¢. Here, the analytical diffeomorphism ¢ and
the Jordan loop ~ are related via conformal welding.

The proof of (2.3.1) and other results in the manuscript use applications
of the theory of Frolicher spaces to the moduli spaces My}, introduced in
Section 1.3.1. See [MP25b, Section 1.1] for a brief introduction to Frolicher
structures. The action of complex deformations on the moduli spaces, possibly in
combination with sewing, fully determines the tangent spaces — a result which
in algebraic geometry is often called Virasoro uniformization [Kon87, BS88]. By
integrating the flow equations (1.3.21) of smoothly time-dependent vector fields,
we first define a Frolicher structure on complex deformations. This complements
the introduction of complex deformations in [MP25a], associating rigorously an
infinite-dimensional Lie algebra to Defc(S!). The Lie algebra exists by checking
the general condition of Laubinger [Laull], and as expected, we find that it
is isomorphic to the Witt algebra Vect®(S!). Coming back to the proof of
Equation (2.3.1), we apply our result [MP25b, Proposition 1.8] on integral
representations of Frélicher smooth functionals on the Lie algebra of Defc(S?).
The integral representation is achieved using a Cauchy—Hilbert transform,
leading back to the Grothendieck—Kothe—Sebastido e Silva duality [Mor93]. We
find the connection between the functional analysis and the Frolicher structures
through the work of Kriegl and Michor [KM97].

Through the actions of Defc(S') on the moduli spaces Mg, by deformation
of the boundary components, see Equation (1.3.23), smooth curves in Defc(S?)
generate curves in Mg p, which in turn generate a Frolicher structure on Mg .
Naturally, this induced Frolicher structure is sufficient to differentiate the actions
of Defc(S?), yielding Lie algebra homomorphisms

Vect2 (S') — Vect(Mgp). (2.3.2)

This aspect of the Frolicher structures is used to make sure that the central
extensions Detg, (Defc(S')) as defined in Section 1.4.2, or E(Defc(S")) for
general real one-dimensional modular functors, are indeed Frolicher smooth
central extensions of Defc(S!), which correspond to Frélicher smooth cocycles.
In [MP25b, Section 3], we generalize the construction outlined in Section 1.4.2
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Figure 2.2: Overview of the proof of Theorem 2.3.1.

to real one-dimensional modular functors. We also list a number of cocycle
identities of the cocycles (1.4.11), showcasing the algebraic side of the interac-
tion between complex deformations and surfaces, and give several equivalent
characterizations of the locality property in Definition (1.4.6).

To be able to generalize the flat modular invariance property of Detﬁi+ to real
one-dimensional modular functors, see 1.4.7, we make a detailed computation of
the cohomology of complex deformations in degrees 1 and 2, also relative to the
subgroups of diffeomorphisms and scaling transformations, and including the
cohomology on the Lie algebra level. To this end, we generalize a result found
in [Nee04] to the Frolicher space and relative cohomology setting, aiding our
computations by putting the fundamental group, the group-level cohomology,
and the Lie algebra cohomology into an exact sequence. Note, however, that
our result is at the same time less general since we use the trivial module R for
the coefficients. The computation of the cohomologies reveals an interesting
relationship between the classical rotation number of diffeomorphisms, which we
generalize to complex deformations, and the also classically defined conformal
radius applied to complex deformations, combining them into a complex-valued
function. In the relative cohomology, the differential of this function becomes
a nontrivial cocycle Qgqt, the Lie algebra cocycle of which appears in the
definition of flat modular invariance.

Finally, there is an alternative way of getting an isomorphism in genus 0
without modular invariance. To explain this further, we first sketch the steps
of the proof of Theorem 2.3.1. See Figure 2.2 for a graphical overview of the
proof structure.

1. The disk-disk cocycle is determined by Equation (2.3.1). After normaliza-
tion, this defines the isomorphism at the level of the Riemann sphere and
disks.

2. The isomorphism for surfaces with b > 2 boundary components follows by
an induction step. In fact, this induction step works in any genus provided
that the isomorphism is known for any number of boundary components
in lower genera.

3. For genus 1, initially tori and handles (tori with one boundary component),
flat modular invariance, Definition 1.4.7, is used to define a trivialization
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over tori. Since the property of a trivialization being flat modular invariant
is a genus 0 property, the induced trivialization of D(My ) is flat modular
invariant as well — defining the isomorphism on tori. The isomorphism
on handles is constructed similarly to the induction step, but with slightly
modified arguments.

4. All further isomorphisms are constructed using crossing invariant trivaliza-
tions, again a genus 0 condition, see Definition 1.4.8, and pants decompo-
sitions. By hyperbolic modular invariance, see Definition 1.4.9, we have
invariance under both A- and S-moves, which implies independence of the
pants decomposition.

Note that up to the second step, only locality was used. Thus, we have the
corollary that in genus 0, locality is enough to characterize real one-dimensional
modular functors up to isomorphism by the central charge. Similarly, by
applying the induction step after the third step, only flat modular invariance is
needed to obtain an isomorphism up to genus 1.
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1 Frolicher structures on moduli spaces and complex de-
formations

In this section, we introduce the theory of Frolicher spaces that is needed to obtain the analyt-
ical results in this work, including the Lie algebra of the complex deformations introduced in
Section 1.3, and the representation of functionals on said Lie algebra of real-analytic complex-
valued vector fields on S in Section 4. Moreover, we put a Frélicher structure on the infinite-
dimensional moduli spaces of Riemann surfaces with analytically parametrized boundary com-
ponents, see Section 1.5, and compute the cohomology of complex deformations in the Frolicher
smooth setting (Section 2). For a more detailed introduction to Frolicher structures and relation
to other geometric structures, see [KM97, chapter 23] and [Stall].

1.1 A brief introduction to Frolicher structures

Frolicher structures are generalizations of manifolds where, instead of charts, the structure
consists of sets of functions from R into a set X, and functions from X into R satisfying a
completeness relation based on C*°(R,R), the usual set of smooth functions.

Definition 1.1. A Frolicher space is a set X with a Frolicher structure (X,C(X), F(X)) con-
sisting of X and sets of curves vy € C(X), v: R — X and functions f € F(X), f: X — R such
that

CX)={y:R— X|foye C®R,R)Vf e F(X)} (1.1)
F(X)={f: X - R|foye C®R,R)Vy € C(X)} (1.2)

A map ¢ : X — Y is Frolicher smooth (Fr-smooth) with respect to Frolicher structures
(X,C(X),F(Y)) and (Y,C(Y), F(Y)) if one of the following equivalent conditions holds:

vyEC(X) = poyelC(Y) (1.3)
feFY) = fopeF(X) (1.4)
vyel(X),feF(Y) = fopoyeC®(R,R) (1.5)

A finite-dimensional smooth manifold structure on a set X may be reconstructed from the
induced Frolicher structure (X, C*°(R, X),C*°(X,R)) using Boman’s theorem [KM97, Theo-
rem 3.4]. However, Frolicher structures are also suitable for spaces of inhomogeneous or infinite
dimension. They form a categorical framework in which many other types of geometric struc-
tures can be compared. For example, finite-dimensional smooth manifolds, or Fréchet manifolds
[Fro82, Theorem 3.2], form full subcategories of Frolicher spaces. Generally speaking, differen-
tial geometric notions that only involve differentiation have generalizations defined entirely in
terms of the Frolicher structure; below, we define tangent spaces, Lie algebras, and differential
forms in this way. Integration, however, typically needs some form of coordinate charts. Thus,
it is helpful if a given Frolicher space (X,C(X), F(X)) also has a manifold structure such that
the smooth curves and functions agree respectively with C(X) and F(X). For example, with
Equation (1.35), we use the surrounding manifold structure of a space of real-analytic maps to
realize a Frolicher structure. This allows the application of the Poincaré lemma in Section 2.

The Frolicher structure generated by a set of curves Co(X) is given by the functions
FX)={f: X >R|foye C®R,R)Vy e (Co(X)} (1.6)
and the curves C(X) defined by (1.1). Analogously given a set of functions Fq(X),

C(X)={y:R— X|foyeC®[RR) VS € Fo(X)}



and F(X) defined by (1.2) generate a Frolicher structure. The two ways of generating Frélicher
structures are related as follows.

Proposition 1.2. Let Co(X) and Fo(X) be sets of curves and functions. Assume both

1. Given v € Co(X), f € Fo(X), it follows that f oy € C°(R,R).
2. Given vy : R — X such that for every f € Fo(X) we have foy € C®(R,R), andg: X — R
such that for every n € Co(X) we have gon € C*(R,R), it follows that goy € C*°(R,R).

Then, Co(X) and Fo(X) generate the same Frolicher structure.

Proof. Let (X,C1,F1) denote the Frolicher structure generated by Co(X) and (X, Ca, F2) the
Frolicher structure generated by Fo(X). The first condition ensures that Fo(X) C Fi, and thus
C1 C Cy. The second condition reads that for v € Cy and g € Fi, we have f oy € C®(R,R).
Since C; is determined by F; we have Co C Cy, and therefore C; = C5. The proposition follows
since the Frolicher structures are determined by their sets of curves. O

For Fr-smoothness, it is sufficient to check condition (1.3) on a generating set of curves:

Proposition 1.3. For a map QQ : X — Y, assume that
v €C(X) = QoyeC(Y). (1.7)
Then, Q is Fr-smooth.

Proof. Since foQ o~y € C®(R,R) for all f € F(Y) and vy € Co(X), by (1.6), it follows that
foQ € F(X). Thus Q is Frolicher smooth by (1.4). O

Another way to define Frélicher structures is through a family of maps (Q; : X — Yj);es to
Frolicher spaces (Y,C(Y), F(Y)). The initial Frolicher strucutre on X is then generated by
the functions Fo(X) = {foQ; | f e F(Y;),j € J}. If X also comes with an R-vector space
structure, we denote the Fr-smooth dual by

XY ={F € F(X)|F is linear} . (1.8)

A Frolicher structure (X,C(X), F(X)) induces two topologies on the set X that might not
agree. On the one hand, there is the functional topology defined as the weakest topology such
that all functions F(X) are continuous. On the other hand, and this is the case that we will
mostly use, there is the strongest topology such that all curves C(X) are continuous, which may
equivalently be defined as

TC(X)={U C X |y (U) is open in R Vy € C(X)}, (1.9)
and is called the curvaceous topology. Concretely, this means that U C X is open if and only if

for every curve v € C(X) such that (0) € U there exists some € > 0 such that y(—e,e) C U.

Similar to the topology, there exist two concepts of tangent space on Frolicher spaces that do
not necessarily agree. The functional definition uses derivations on in F(X), and the curvaceous
definition — the one we are mostly interested in — reads

T.X ={yeC(X)|v(0)=a}/~, e X, (1.10)
where
N~ = (fom)(0)=(for)(0) VfeF(X). (1.11)

The full tangent bundle is TX = UzexT,X, and for @ : X — Y a Fr-smooth function, the

derivative is defined by
dQ:TX — TY,

(Y]~ [Q o]~ (112)



The tangent bundle then comes with a Frolicher structure generated by the functions T'f :
TX — TR = R? for f € F(X). Note that this notion of tangent space does not always yield a
vector space. A curvaceous tangent vector v = [y]. € T, X still acts on a function f € F(X) as
a derivation via vf = (f oy)’(0). This induces a Lie bracket on Vect(X), which is the Frolicher
space of Fr-smooth sections of the tangent bundle TX — X, given by the usual Lie bracket of
vector fields in terms of derivations [v, w] = vw — wv for v,w € Vect(X). Note that the vector
field [v,w] might take values in the functional tangent space defined using derivations.

Similar to the definition of the curvaceous tangent space in Equation (1.10), there is also a
cotangent space

T'X = F(X)/ ~e,  w€X, (1.13)
where the equivalence relation ~,, is defined by
fr~eg = (fo7)(0)=(g907)(0) ¥y € C(X) such that 7(0) = 2. (1.14)

There is a canonical pairing of tangent and cotangent spaces

ev([fl~, M) = (foy)(0) R, [y €T"X, (1.15)

and we let it generate the Frélicher structure on the cotangent bundle TVX = U,exT*X
by requiring the functions ev( -,v) : F(T'X) — F(X) for v € Vect(X) to be Fr-smooth.
The definition of cotangent space leads to n-forms w € Q"(X) as sections of A" TVX where
A’TVX = F(X). On finite-dimensional smooth manifolds, the exterior derivative can be
computed using the invariant formula; see [Leel2, Proposition 14.32]. Here, we define the
exterior derivative dw of w € Q" (X) evaluated on vector fields vy, ... v,41 € Vect(X) using the
a generalization of the invariant formula,

n+1
(do‘))(vla cee 7vn+1) :Z(_l)J_lujw(vlv s vﬁjv .. ~’Un+1)
j=1
n+1l n+1
+Z Z (71)J+kw([vj,vk],vl,...,ﬁj,...@k,vn+1),

=1 k=j+1

(1.16)

where the hat stands for the absence of the symbol.

1.2 Vector fields on the unit circle and their flow

In this section, we introduce a Frolicher structure on the Lie algebra of real-analytic complex-
valued vector fields on the unit circle S* = {z € C | |z| = 1}, which we denote by Vect(S!). In
the standard coordinate z on S', we denote a vector field v € Vect?*(S*) by v = v(2)d,. Then,
the Lie bracket on Vect{'(S!) is the standard Lie bracket of vector fields given by

[v,w] = (w(2)v'(2) — v(2)w'(2))0s, v =10v(z2)0,. (1.17)

In the C-basis,
by = Un(2)0, = —2"T10,, Uy bm] = (0 —m)lytm, n,m € 7, (1.18)
it is also known as the Witt algebra. Note that for n > —1, £,(2) = —2"*! extends holomor-

phically to D. We identify the subalgebra generated by £_1, ¢y, and ¢_; with sl(2,C). Since we
are only concerned with real-analytic structures in this work, we often use the R-basis given by
¢, and i4,, for n € Z. Another convenient choice of R-basis on Vect{'(S!) is expressed in terms
of vector fields which are respectively tangential and normal to S,

I b, —l_, ‘ by +10_,,
e 1o
L la—t, L bty (1.19)
e A



The tangential vector fields al and b}l for n € Z span a Lie algebra which we think of as the
real-analytic real-valued vector fields on S! and denote by Vect®"(S!), since in the coordinate
2 = ¢'? they become all(el?) = iel? sin(nf), and bl (e1?) = iel? cos(nf), where the rotation by
iel? takes the real-valued functions of 6 to tangent vector fields.

Define the complex linear projections onto vector fields respectively extending holomorphi-
cally to D and @\]D) respectively — while removing the modes ¢_1, £y, ¢1 which are holomorphic
on all of C completely — in the C-basis in Equation (1.18) by

ln 1, _ 0 > 1,
PH(t,) = "= P(6y) = " (1.20)
0 n<l, b, n<-—1.

Given a biholomorphism F' : A — B between annular neighborhoods A, B C C of S, the
pullback of a vector field v € Vectd"(S') which is holomorphic on B by F is is a holomorphic
vector field on A given by

Fry = WG, (1.21)

In particular, pullback by the inversion
J:C—C, Z = = (1.22)
acts on the generators ¢, by
Tl = —2~ (229, = 279, = 0, nez (1.23)

Then, the projections P and P~ are conjugate by J*, that is

J*PtJ =P, (1.24)
In particular, we have for n > 1,
Pal = Lo, Pl = 2o,
to2 b (1.25)
—J P al = — 5, —J Pl = T

The Frolicher structure on Vect®'(S') is defined as follows.

Proposition 1.4. The set of smoothly time-dependent vector fields

C(Vectf (1)) = {v(t, 2)0. | v(t, 2) € C is smooth int € R and real-analytic in z € St}
(1.26)
together with F(Vecty(S')) defined by Equation (1.2) is a Frélicher structure on Vect¥™(S!).
Moreover, F(Vect® (SY)) is generated by the functions

an : Vect?(S') — C,
1.27
v — L/ v(z) tonl2) g_"(z)dz. (1.27)
Sl

2mi z

Proof. Any v = v(t,2)0, € C(Vect®(S!)) has a Laurent expansion

0(t,2) = Y an®lu(z),  an(t) = — /Slv(t’z)wdz. (1.28)

2mi z
nez

By smoothness of v(t,z) in ¢t and z and the Leibniz integral rule, we can exchange derivatives
in ¢ with the integral over z in the definition of a,(t). It follows that a,(t) is smooth in ¢ for



all n € Z. Hence, by Equation (1.2) the functions a, are Fr-smooth for each n € Z and we
have v = Y ., an(v)l,. Now consider a curve v : R — Vectg(S') as in Equation (1.1). In
particular, the functions a,(y(t)) are smooth in ¢. Since the Laurent expansion of the curve
v =(t,2)0. at time t given by y(t,2) = >, <z an(y(t)) £n(2), it follows that (¢, z) for fixed z
depends smoothly on t. Since for fixed ¢ € R, the function (¢, z) is real-analytic in z, it follows
that v € C(VectE" (S')). Since only smoothness of the functions a,, was used to prove this, they
indeed generate F(Vect®(S1)). O

We use the following property of Vect(S!) in Section 4.

Proposition 1.5. For Fr-smooth R-linear functional F € (Vect¥"(S1))Y vanishing on s(2,C)
there exists unique holomorphic quadratic differentials p™ on D, and p~ on C\ D such that

p~(00) =0, and
F(v) =Re / P vpt + / Ptvp™ . (1.29)
(1—e)St (14€)S?

where € > 0 must be chosen depending on v such that the integral exists (but the value of F(v)
does not depend on ).

Proof. Since we would like to represent Fr-smooth R-linear functions F : Vect®"(S!) — R by
integrals using the Cauchy—Hilbert transform, see [Mor93, Definition 2.1.7], we first consider
the vector space of real-analytic complex-valued functions on S, denoted O(S?1). It comes with
the inductive limit topology with respect to restriction of holomorphic functions O(U,,) on the
annuli U, = {z€C|1-1 < |2/ <141} n>1, which, in turn, come with the topology of
uniform converence on compact sets in U,,. We then identify O(S!) with Vect{'(S!) via the
map
Q: O(S*) — Vect®(Sh)
f(z) = f(2)0..

which is clearly C-linear, bijective, and we verify that it is an isomorphism of Froélicher spaces
where the Frolicher structure on O(S?) is defined by the inductive limit topology.

(1.30)

The topology under consideration makes O(S*) a convenient vector space (see [KM97, Theo-
rem 8.4]), and hence the smooth curves C*° (R, O(S*)) with the notion of smoothness defined by
the topology (see [KM97, Section 1.2]) define a Frolicher structure (see [KM97, Theorem 2.14]).
In fact, the the set of smooth curves C°°(R,O(S!)) depends only on the bornology defined
induced by the topology, and all the O(U,,) embed bornologically as a closed substpace into
C*°(U,C) which is the usual set of smooth functions (see [KM97, Theorem 8.2]). Therefore a
curve v : R — O(S?) is in C°°(R, O(S1)) if and only if it is smooth as a function (¢, z) — ~(t, 2)
on R x S'. We conclude that v is in C*°(R, O(S')) if and only if Q(y(t, - )) = (¢, 2)d. is a
smooth curve with respect to the Frélicher structure on Vecty"(S!) defined in Proposition 1.4.
Hence, @ and Q! are Fr-smooth by Equation (1.3).

Let G € O(S')Y be a Fr-smooth real-valued R-linear functional, and consider the complex-
ification H(f) = G(f) —iG(i f), which is a Fr-smooth complex-valued C-linear functional such
that G(f) = Re H(f). Now, we apply [Mor93, Theorem 2.1.9] to a functional H, where we use
that smooth functionals are, in particular, continuous, and thus “analytic functionals”. By the
theorem, there exists unique holomorphic functions p™ : D — C, and pT : ® \ D — C such that
p~(0c0) =0, and H has the integral representation

HN= [ @t @ds [ f@ s feosh, (1.31)
(1—e)St (14€)S?

where the integral does not depend on € > 0, but it must be chosen small enough depending on
f such that it is defined. Now consider the integral representation (1.31) for G = F' o () where



F € (VectE(S1))Y, which is again Fr-smooth by Fr-smoothness of ). Regarding the functions
pt(2) and p~(2) as quadratic differentials p* = p*(2) d2% and p~ = p~(z) dz?, pairing them
with the vector field v = f(z) 9., the formula (1.31) yields a (coordinate independent) integral
representation for F' in Equation (1.29). Note that we also inserted the projections Pt and
P~ defined in Equation (1.20), since the functional vanishes on sl(2, C) by definition, and both
integrals each vanish if we insert the respective other projection. O

We would like to integrate the time-dependent vector fields v € C(Vect®'(S')) for small time
t € (—¢,¢) as the flow @,(¢, - ) solving the flow equations

0P, (t,2) = v(t, P, (¢, 2)), D,(0,2) = 2. (1.32)

Since a real-analytic vector field extends holomorphically to a neighborhood of S!, the flow
®,(t, 2) for fixed t € (—&,¢) is biholomorphic in z in a neighborhood of S*. Thus, the solution
®,(t, - ) maps S! to analytic loops near S! inside C, deforming the circle as time increases.
Fixing z € S1, the trajectory ®,(-,2) : (—&,e) — C is smooth since v depends smoothly on
time. However, the flow might not be defined for all (¢,2) € R x S! since with increasing
time, a point might run into a singularity of v. Moreover, the analytic continuation stops being
biholomorphic if ®, (¢, S!) runs into itself.

We say that the flow ®,, exists for all time if its domain as a time-dependent biholomorphism
is an open neighborhood of R x S in R x C. For instance, any time-dependent vector fields
may be mollified such that the flow exists for all time, e.g. by localizing it around ¢ = 0 using
a smooth bump function, stopping the flow after a finite time. Since the curves of a Frolicher
structure are defined for all t € R, we identify a set of time-dependent vector fields such that @,
exists for all time, and which at the same time generates the Frolicher structure C(Vect®(S1)) of
Proposition (1.4). Anticipating our definitions in the next section, would also like to guarantee
the following:

1. At any time ¢, the inverse ®, (¢, z) in the 2-coordinate has a unique biholomorphic analytic
continuation to S*.

2. At any time t, The curve ®,(¢, - ) : S — C winds around 0 € C with positive orientation.

For the first condition to hold, ®, (¢, - ) cannot have any singularity between ®, (¢, S') and S*.
With the following notation, which assumes the second condition, this is equivalent to ® (¢, z)
extending to a neighborhood of the newly defined set U(®(t, - )) as a biholomorphism.

Definition 1.6. Given a real-analytic map ¢ : S — C\ {0}, denote by U(¢) the annular closed
set bounded by the inner and outer boundary of S* U ¢(S1).

Moreover, the second condition on v € C(Vect®'(S')) above implies that if another flow ®,,
satisfies the same two conditions above, and is such that at a fixed time ¢ € R the flow @, (¢, -)
extends to a neighborhood of U(®,(s, - )) as a biholomorphism, then the composition ®,(¢, -)o
D, (s, -) of the two flows is uniquely defined. Finally, the set of time-dependent vector fields
we are interested in is

®;1(t, -) exists and extends to a

Co(Vect? (S")) = { v € C(Vect? (S")) | neighborhood of U(®,(t, - )) as a g - (1.33)
biholomorphism for all t € R

As mentioned above, any time-dependent vector field v € C(Vectd" (S')) may be localized such
that the flow exists for all time. Then, it may be localized further such that the deformed circle
avoids 0 and stays within a neighborhood of S* where v does not have any singularities. Since
smoothness of curves in C(Vectd"(S')) is a local property, we find that the set of vector fields
Co(Vectd(S')) generates the Frolicher structure on Vectd (S).



Remark 1.7. Note that for v € Co(Vect{(S)), the possible values of v(t, - ) may become more
restricted as ¢ increases since v(t, - ) is required to be holomorphic not just on S*, but on a
neighborhood of U(®,(¢, -)).

1.3 Complex deformations of the unit circle

We define the set of complex deformations of the unit circle inside the (punctured) complex
plane as

¢ is positively oriented around 0 and
Defc(SY) = { ¢ € C¥(S1,C\ {0}) | ¢! extends biholomorphically to a , (1.34)
neighborhood of U(¢).

using the closed set bounded by S* and ¢(S*) as in Definition 1.6. Here, C¥(S*,C\ {0}) is the
space of real-analytic maps from S* to C \ {0}, which as a subspace of O(S') comes with an
infinite-dimensional manifold; see the proof of Proposition 1.5 and also [KM97, Theorem 42.6],
or view it as a real-analytic loop group [PS03, Section 3.5]. Thus, the inclusions

Defc(S') € C¥(S*,C\ {0}) c O(SY), (1.35)

relate Defc(S!) to an infinite-dimensional manifold.

Remark 1.8. The inclusion (1.35) is not open since for any ¢ € Defc(St) such that ¢(S!) # ST,
there exist smooth curves through ¢ that exit Defc(S!) immediately. Neither is the inclusion
closed since there Cauchy sequences ¢,, in Defc(S!) with respect to the topology of O(S!) can
break the regularity of ¢ = lim,, .o ¢, € O(S!) at the boundary of U(¢).

We proceed to define a Frolicher structure on Defc(S'), which agrees with the restriction of the
Frolicher structure on O(S') induced by the manifold structure.

By construction, the flow @, of a time-dependent vector field v € Co(VectE" (S)) according
to Equation (1.33) is at any time a complex deformation, thus defining a curve in Defc(S?).
Such curves generate a Frolicher structure on Defc(S!) in the sense of Equation (1.6),

Co(Defc(SY)) = {t 1 @, (¢, -) | v € Co(Vect(S1))} . (1.36)

Since all of these curves are rooted at the identity 1 € Defc(S?), it might seem that this set of
smooth curves is relatively sparse. However, the following result shows that Fr-smooth curves
in Defc(S!) may be locally represented by the flows of vector fields.

Proposition 1.9. Any curvey € C(Defc(S?)) in the Frolicher structure generated by Co(Defc(S'))
locally agrees with a curve ®, € Co(Defc(SY)), that is, for any to € R, theree > 0 and s € R
such that

v(t) = Pp(s+t, - ), te (to—e,to+e). (1.37)

Moreover, the Frélicher structure generated by Co(Defc(SY)) agrees with that generated by the
functions
A, : Defc(S') — C,
n € Z. 1.38
i 1 (2) (1.38)

21 Jgr gt

The space of curves for this Frélicher structure is
C(Defc(SY)) = {7 : R — Defc(S") | v(t,z) is smooth in t and analytic in z.} . (1.39)

Proof. We first prove the second statement, which is similar to Proposition 1.4 for vector fields.
The curve ®,(¢,z) has a Laurent expansion in z at any time ¢ € R,

Oy(t,2) = Y An(Dy(t,2)) 2" (1.40)

nez



By smoothness of ®, (¢, z) in ¢ and z and the Leibniz integral rule, we can exchange derivatives
in ¢t and the integral over z in the definition of A, (®,(t,2)). It follows that the coefficients
Ay, (®,(t, 2)) are smooth in ¢, and therefore the functions A,, on Defc(S!) are Fr-smooth with
respect to the Frolicher structure generated by Co(Defc(S!)).

Let v : R — Defc(S!) be a curve such that A, o« is smooth for every n € Z. As a
function (t, z) this curve has a Laurent expansion (t,2) = > ., An(7(t))z" converging for
z in an annular neighborhood A; of S'. Since all the coefficients depend smoothly on ¢, the
function (¢, z) is smooth in ¢. For any ¢ € R, the complex deformation (¢, - ) : A, — B,
is a biholomorphism where B; = 7(t, A;) is also an annular neighborhood of S!. Because
St y(t,SY) C By, the inverse y~1(¢, - ) : By — A; is a a complex deformation. The time
derivative defines a smoothly time-dependent vector field

v(t, ) = (9e(t, ) oM (E, ) (1.41)

which at time ¢ is analytic on B;. The Equation (1.41) is equivalent to d;y(t, z) = v(¢,v(t, 2)),
which, in turn, is equivalent to the flow equation (1.32) if v is rooted at the identity. Since
segments of Fr-smooth curves may be concatenated into new Fr-smooth curves by letting the
curve smoothly come to a halt for a small time, if v is not rooted at the identity, we can re-
root it. On the one hand, this proves Equation (1.37). On the other hand, since we assumed
v to be smooth only on the functions A,, we can proceed to prove the equivalence of the
Frolicher structures generated by Co(Defc(S!)) and the functions A,, by checking the conditions
of Proposition 1.2.

Let f : Defc(S') — R be a function such that ¢ — f(®,(t, -)) is smooth for every w €
Co(VectE(S1)), that is, f € F(Defc(St)) in the Frolicher structure generated by Co(Defc(S?)).
Given any 7y as above, only assuming that the compositions A,, oy are smooth, we may represent
it locally by a flow as in Equation (1.37). We find that

f(’)/(tv )) :f<q)'u(5+tv ))’ te (to—a’:‘,to—Fé‘) (142)

is a smooth function of ¢. Since ¢, may be chosen arbitrarily, f oy € C°(R,R). Hence, the
curve 7, which is Fr-smooth with respect to the Frolicher structure generated by the A,,, is also
in C(Defc(St)). Conversely, a curve v € C(Defc(S?)) is in particular Fr-smooth with respect to
the A, since A, € F(Defc(St)). Thus, by Proposition 1.2, the set of curves Co(Defc(S?)) and
the functions A,, generate the same Frolicher structure.

The identification as the Fr-smooth surface in Equation (1.39) is a direct consequence of the
facts that we have already proven. On the one hand, any curve v : R — Def¢(S!) for which
A, oy € C®(R,R) is smooth in ¢, and by definition of Defc(S!) analytic in z. On the other
hand, any curve as in Equation (1.39) has a Laurent expansion y(t,2) = >, -, A, (y(t))2" with
smooth coefficients. O

Complex deformations ¢,1) € Defc(S!) can be composed as ¢ o 9 if ¢ analytically extends
to ¥(S') as a biholomorphism, and the composition is unique if ¢ has no singularity between
St and ¥(S'). That is, there are annular neighborhoods of S! such that the biholomorphic
extensions ¢ : Ay, — By and ¢ : Ay, — By satisfy (S') C A,. Since we would like the
composition to be a complex deformation again, we need that By N A, contains an annular
neighborhood B of S' such that its image under ¢ contains S'. In particular, we can set
By = Ag = B and let A =¢~1(B), C = ¢(B). Thus, we consider composition only on the
following set of composable pairs,

3 biholmorphic extensions
(¢,1) € Defc(SY) x Defe(S!) |¢: B—Cand: A— Bto . (1.43)
annular neighborhoods of S*

M

10



Indeed, by the considerations above, the composition of a composable pair is a complex defor-
mation again, yielding a map
M — Defc(S?),
(¢,9) = dpop.

The set M comes with the initial Frolicher structure with respect to the inclusion M C
Defc(sl> X Defc(Sl).

Remark 1.10. The subset M of Defc(S!) x Defc(S?) is not open in the curvaceous topology on
Defc(St) x Defc(S!). For example, we always have (1,¢) € M. However, if the vector field
v € Vect?(S1) has a singularity in U(¢~1(S!)), then for any ¢ # 0, the complex deformations ¢
and ®,, are not composable. The same situation occurs for the pair (1, ¢) € M. If v € VectE" (S!)
has a singularity in U(¢(S')), then the pair (®,,¢) is not composable for any ¢ # 0. Thus,
Defc(S?) is not a local Lie group in a way that is adapted, e.g. from [Nee(05], to Frélicher

(1.44)

structures but still requires M to be open in the curvaceous topology. See also the notion of
(global) Frolicher Lie group in [Laull].

Despite the remark, for a curve (®,(t, - ), @, (s, - )) € Defc(S) x Defc(S?) rooted at (1, 1),
the pair is composable if both ¢ and s sufficiently small. This is because both v and w have no
singularities in a neighborhood of S*, and by keeping ¢ and s small, we can ensure that ®,(S*)
and ®,1(S1) are contained in the intersection of these two neighborhoods.

Proposition 1.11. The inversion ¢ — ¢~ and composition (1.44) of Defc(St) are Fr-smooth,
and the latter is associative.

Proof. Using the characterization of curves as in (1.39), and the fact that inversion preserves
smoothness in ¢ and analyticity in z, we find that the inversion is smooth. Similarly, composition
preserves smoothness in ¢t and analyticity in z, showing that the composition of curves of the
form (1.39) in M (which generate the Frolicher structure on M) is of the same form. O

There are a few interesting subsets of Defc(S?).

1. As finite-dimensional subgroups, there are the rotations, which play the special role of
capturing the fundamental group of Defc(S'). The rotations are contained in PSL(2,R) C
Defc(S1), the subgroup of Mobius transformations preserving the unit circle. There is
also the full Mébius group PSL(2,C) C Defe(S!), which also includes the group of scaling
transformations

Sc = {sT C—C, z—e ¥y ‘ TE R} C Defc(SY). (1.45)

2. The group Diffj_n(Sl) of real-analytical orientation-preserving diffeomorphisms of S! is a
subgroup of Defc(S?). As such, the Frolicher structure of Defc(S!) induces a Frélicher
structure on Diff}"(S") generated by curves v € C(Defc(S')) contained in Diff3"(S!). In
addition, the diffeomorphism group Diff%"(S') is an infinite-dimensional Lie group, regular
and real-analytic in the sense of [KM97, Theorem 43.4]. The smooth curves and functions
of the manifold structure agree with those of the Frolicher structure.

3. Univalent functions with real-analytic boundary behaviour, and such that the inverse may
be analytically extended to D, are complex deformations, forming the subset

F~! extends biho_lomorp_hically to a
V ={ F:D — C | neighborhood of DU F(D) and F(S') p C Defc(S"). (1.46)
is positively oriented around 0

Note that the real-analyticity of the boundary and the fact that S' C F(D) already imply
that F* € V. However, V also includes univalent functions that map parts of the circle
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inside I, given that the inverse extends back to S!. As a subset, V C Defc(S!) comes with
the Frélicher structure generated by curves in C(Defc(S')) contained in V. The curves
in V are generated by the flows of time-dependent vector fields which are holomorphic in
a neighborhood of the disk bounded by ®;*(¢,S') and of D. We also define the set of
normalized univalent functions

Vo={FeV| F(0)=0and F'(0) >0} C V, (1.47)

and the sets of all (normalized) univalent functions with real-analytic boundary behaviour,
including those that are not complex deformations,

U= {F :D—-C | F is univalent, real-analytic on S* } , (1.48)
Uy={F elU]| FO)=0and F'(0) >0 }. (1.49)

Any univalent function F' € Uy may be composed by a scaling transformation s, € Sc such
that S* C s,(F(D)). Since the positive orientation requirement is fulfilled automatically,
we have s, o F' € Defc(S!). By the Koebe 1/4-theorem, we can take

o[ CIEO)]
Tmln{%log4,0 . (1.50)

Diffeomorphisms, univalent functions, and complex deformations are also related through the
following decomposition.

Proposition 1.12. Any complex deformation ¢ € Defc(SY) may be uniquely decomposed into
a diffeomorphism Dy € Diff"(S') and a univalent function Fyy € U such that

Proof. Note that by the definition of Defc(S?!), see Equation (1.34), the analytical loop ¢(S*)
surrounds 0. Let U be the domain with positively oriented boundary ¢(S!) and Fp:D—U
the Riemann mapping uniquely determined by F(0) = 0 and F| (;(0) > (. Since the boundary
of U is analytical, Fy is analytical in a neighborhood of D. The composition Dy = Fqb_1 o ¢ is
an analytical diffeomorphism of S*. We precompose with Fy to obtain the decomposition. [J

Note that this decomposition is not helpful to study the composition of complex deforma-
tions, since generally it is rather difficult to decompose Fj o ¢1 o F5 o ¢ for Fy, Fr € V, and
¢1,¢2 € Diff3"(S'). However, it improves our analytic understanding of Defc(S') because of
the aforementioned manifold structure on Diff3"(S'), which is compatible with the Frélicher
structure. A well-known result on diffeomorphisms and univalent functions is their relation
through conformal welding decompositions. For real-analytic boundary behaviour of the univa-
lent functions and Diff$"(S'), we provide the rather elementary proof using the Riemann map-
ping theorem below; see [TT06] for the more general statement using quasiconformal boundary
behaviour. We do add some results on Fr-smoothness.

Proposition 1.13 (Conformal welding for analytical diffeomorphisms). With the following
normalizations, either the diffeomorphism or one of the univalent functions, all related through

(b: ((JOCQOJ)_l °C1)|Sla ¢€D1ﬁ1n(sl)7 C17C2 eu7 (152)

determines the other two:

1. Given ¢ € Diff3"(S') and a € C\ {0}, there exist unique (1,{o € U such that

u(8Y) = (JoGz o J)(SY), Gu(0)=0, ¢1(0)=a, ((0)=0, (1.53)
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and Equation (1.52) holds. Moreover, for |a| € (4,00), the map
Diff{"(S') — Vo, b (. (1.54)

is Fr-smooth.
2. Given ¢ € Diffy"(S') and a € C\ {0}, there exist unique (1, (o € U such that

G(SY) = (ToGod)(SY), G(0) =0, &(0)=0, &(0)=a, (1.55)
and Equation (1.52) holds. Moreover, for |a| € (4,0), the map
Diff{"*(S") — Vo, ¢ Co. (1.56)

is Fr-smooth.

3. Given (1 € Vy, there exist unique ¢ € Diff?"(S') and (2 € Uy such that Equation (1.52)
holds. Moreover, the map (1 — ¢ is Fr-smooth.

4. Given ¢ € Vy, there exist unique ¢ € Diff3(S') and (1 € Uy such that Equation (1.52)
holds. Moreover, the map (o — ¢ is Fr-smooth.

Proof. Given ¢ € Diff3"(S'), consider the disks with analytically parameterized boundary’
D (Jop~1J) = (D,¢~' o J) and D = (D,J). The sphere (D ¢) 1001 D € Mg obtained by
sewing these two disks is isomorphic to the Riemann sphere; by an isomorphism which is
unique only up to Mobius transformations. Given a choice of isomorphism, it restricts to the
two embeddings of the closed unit disk into (@ given by the embeddings of the first and second
surfaces, which we denote by F; and Fy. Then, the normalization may be changed by post-
composition with a Mobius transformation F' € PSL(2, C):

Sl ¢710J ]]5) 1

B GRa
‘]J ‘]O¢J @ L) ("C (157)
St 5 D Tots

Since the identification of the boundary components of the two disks is given by Jo¢, we find
that the compositions F' o F} and J oF5 o F' should respectively become the univalent functions
¢1 and (s for the relation (1.52) to hold. Thus, we let F' be the unique Mébius transformation
such that (1(0) = F(F1(0)) = 0, ¢1(0) = F'(£1(0))F{(0) = a, and J(¢2(0)) = F(F2(0)) = oo,
for the first case, and analogously for the second case.

Given (1 € V, let F be the unique Riemann mapping from D to the complement of ¢;(DD)
such that F(0) = oo and F’(0) < 0, and define ¢, = JoF. Note that since (2(0) = J(oc0) = 0,
and ¢5(0) = —F'(0)/F(0)? > 0, the defintion matches the normalization, and (Jo(y0J)"to(; =
JoF ™1 0 ¢; indeed restricts to an orientation-preserving diffeomorphism ¢ € Diffin(Sl).

For the Fr-smoothness on the functions, note that a one-parameter family of Riemann
maps with the same normalization associated to a smooth one-parameter family of smooth

parametrizations of a boundary curve depends smoothly on the parameter; see e.g. [Bell5,
Theorem 28.1]. O

1.4 The Lie algebra of complex deformations

First, we identify the curvaceous tangent space Ty Defc(S!) as defined by Equation (1.10) with
Vect@ (Sh).

1See section 1.5 for details on this terminology and the following sewing operation.
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Proposition 1.14. The tangent space at the identity of Defc(St) is identified with VectE (S?)
by a Fr-smooth R-linear isomorphism [®,]~ — v(0,2) J,.

Proof. Any tangent vector at 1 may be represented by the flow of a smoothly time-dependent
vector field v € Co(Vect (SY)), that is, [®,]~ € T1 Defc(S?). Since for such flows ®,(¢, - ) and
D, (s, ) for v,w € Co(Vecti(S)), the flows become composable as complex deformations for
s,t € R close enough to 0, the tangent space Ty Defc(S?) is a vector space with the addition
and scalar multiplication given by

A®y]e + [Pu]~ = [t = Py (M) Doy (£)] ~s ,AER. (1.58)
With the Fr-smooth function A,, on Defc(S!) for n € Z defined in Equation (1.38) we compute

L% @U(t,z)dz_ 1 v(0, 2)
S1

1o 2mi Zntl 27t Jgr 2t

0 0
a —o An(q)v(tv )) - a

dz = ap41

where v(0,2) = >y anln. By relation (1.11), this implies that each representative of [®,].
gives the same v(0, z). Thus, the map

Q : Ty Defc(S) — Vect?(Sh)

(@]~ — v(0,2)0. (1.59)

is well-defined and injective. Surjectivity follows by defining for v € Vect®(S!) the time-
dependent vector field w(t, z) = p(t)v(2)d, where the smooth function p(t) is constantly 1 in a
neighborhood of 0 and has compact support such that the flow of w € Co(Vect{(S1)).

In particular, we have shown that any vector in [y]. € T} Defc(S*) may be represented by
a time-constant vector field as [y]~ = Q71(Q([y]~)) = [®u]~ vector field v € Vect{(S!) and
the curve @, (¢, z) is defined in a neighborhood of ¢ = 0 and extended to all time by means of a
cut-off function like p above. For the rest of this proof, we use this result implicitly.

For the linearity of @, we compute

0

7, Dy (AL, @y (2, 2)) = <A(8t<1>v)(t,®w(t,z)) + (azcbv)(/\t,cbw(t,z)) . c’%%(t,z))

=0
= (0, 2z) +w(0, z)
(1.60)
With the vector space structure defined by (1.58) and relation (1.11), this shows that @ is
linear:

Q()‘[(I)W]N =+ [(I)w]N) = )‘U(Oa : ) + ’IU(O, : )7 (I)m (I)w S CO(DefC(Sl))7 AreC.

Let v be a Fr-smooth curve in Ty Defc(St). For each fixed t € R, v(t) € Ty Defc(S!) may
be represented by a time-constant vector field v; = v¢(z) 9, as y(t) = [®y,]~, that is, the flow
®,, (s, - ) is taken with respect to the vector field v, for fixed ¢t € R and a new independent
time variable s € R. It is not clear whether v, is smooth in ¢ since we only know that [®,,]~ is
smooth in t. The curve 7 in Ty Defc(S!) is Fr-smooth if and only if for every function of the
form d f for f € F(Defc(S')), the composition (d f) o7 is smooth. Considering the functions
d A,, € Fo(Ty Defc(Sh)), we have the smooth function of ¢,

0

dAn([®0,]~) = [An(Py,)]~ = de =0

An (P, (e, ) = anta(t), (1.61)

where vy = ), any1(t)l,. We conclude that since the functions a,; as defined in Equa-
tion (1.27) are Fr-smooth and generate the Frolicher structure, v; is also smooth in ¢, and thus,
vy as a function of ¢ is a Fr-smooth curve in Vect$'(S'). This implies that Q is smooth.
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For smoothness of Q71, take a curve v € Co(Vect?(S!)), that is, a smoothly time-dependent
vector field such that ®,, exists for all time. To obtain a curve in Ty Def¢(S!), we must consider
a two-parameter family of complex deformations. First fix s € R and let w;(t,2) = p(t) v(s, 2)
with p as above. This is a time-dependent vector field such that the flow ®,,_ exists for all time —
however, the time parameter s in v(s, 2) is fixed. This defines an element [®,, ]~ € Ty Defc(S!)
such that Q([®y,]~) = ws(0, - ) = v(s, - ) for small ¢t. Taking the parameter s into account
again, we now have a curve [s — [®, ]|~ in T} Defc(S!). Q7! is Fr-smooth if and only
if this (two-parameter) curve is Fr-smooth. To show this, we reverse the argument around
Equation (1.61). The Frolicher structure on Ty Defc(S!) is generated differentials d; A,, of
functions A,, € Fo(Defc(S!)). Since the composition of [s — [®,, ]~]~ Wwith dy yields the Fr-
smooth functions s = an41(s) of v =37 ., anly, we find that indeed the curve [s — [®y ]~
is Fr-smooth and thus Q! is Fr-smooth.

O

Even though Defc(S') does not have a (local) Lie group structure, we show that the Fr-
smooth composition found in Proposition 1.11 is sufficient to induce the expected Lie algebra
structure on g = Ty Defc(S'). We follow a strategy similar to that in [Laull] for a Frolicher—Lie
group. Namely, if the map

=:g—Tug,
g7 os (1.62)

v [t ).

is bijective, then the Lie bracket on g may be defined as

[v,w] = E71([s = [t = 7(s) n(t) v~ (s) 0~ ()] ~]~) (1.63)

where 7,1 € C(Defc(S!)) represent the tangent vectors v = [y]. and w = [n].. Since [t —
0]~ € Tog is the 0 vector, = is clearly injective. Note that the proof of [Laull, Theorem 3.12]
only depends on the local structure of the Frolicher—Lie group at the identity, and thus also
applies to the case of Defc(S!). In particular, the Lie bracket (1.63) is well defined (if Z is
surjective) since the complex deformation in the formula becomes composable for s and ¢ both
small enough.

Proposition 1.15. The Lie bracket on Ty Defc(SY) in Equation (1.63) is well-defined and
agrees with the usual Lie bracket on Vecty" (S').

Proof. We check the surjectivity of = as in Equation (1.62). Let [y]. be an element of
ToTy Defe(Sh), represented by a curve v € C(Ty Defc(S?)). We have already seen above that
such a v again is represented by ~(t) = [®,,]~ where v; is a smoothly time-dependent vector
field but the flow ®,, (s, - ) integrated for fixed ¢t € R and a new time variable s € R. Define the
smoothly time-dependent vector field w = p(t) Oyv¢(2) 0., where p is a smooth bump function
as before. It has the property that Z([®y]~) = [s — $[Py]~]~. To compare it to the original
vector [y]~ = [t — [®y,]~]~, we differentiate the function A, € Fo(Defc(S!)), which yields a
function dody A, on TyTy Defc(S!), and compute on the one hand,

0
(dody An)([s — s[Puw]~]n) = 0505 An(Puw) = ant1(w(t, ) = s an+1(vs), (1.64)
t=s=0 s=0
and on the other hand
0
(dody An)([s = [Pu,]~]n) = 0501 AR (Do) = a2 an+1(vs)- (1.65)
t=s=0 Os s=0

Finally, the Lie bracket on Ty Defc(S!) given by Equation (1.63) is precisely the expression for
the Lie bracket of vector fields in terms of their flows
82

- otos t—s—0 (I)v(t’ ’ ) °© @“’(57 : ) o ((I)v(ta : ))71 © (q)w(sa : ))71 (166)

[v; w]
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O

Any tangent vector in T} Defc(S!) may be represented by [t — ®,(s + ¢, - )]~ for some
time-dependent vector field v € Co(VectE(S!)) and s € R such that ¢ = ®,(s, - ). Since the
time-independent vector field w = v(s, 2) 8, € Vectd (S!) is real-analytic on ¢(S!), the pullback
¢*w via ¢ is real-analytic on S'; see also Equation (1.21). Adding to Remark 1.7, the pullback
maps ¢* : Ty Defc(S') — Ty Defc(S!) are isomorphisms if and only if ¢ € Diff3"(S?), since
otherwise there exists a vector field in Vect?(S!) with a singularity between ¢~1(S!) and S*,
and this vector field cannot be pushed forward. At the level of the flow, the pullback by a
conformal map F : A — B between annular neighborhoods A, B C C of S' such that v is
holomorphic on B is given by

Bpey(t, ) =F Lod,(t -)oF, (1.67)

for ¢ close enough to 0.

We use these pullbacks to define left-invariant differential forms on Defc(St). For F €
A" Vect?(S1)Y, the n-form ap € Q"(I) on Def¢(S!) defined by

ap(vi,...,v,) = F(¢*v1, ..., ¢ vn), v; € T, Defc(Sh), (1.68)

is the left-invariant n-form which reduces to F' at ¢ = 1. Since holomorphicity of the vector
fields representing the tangent vectors is only needed on ¢(S*), the differential form (1.68) may
be continued to C¥(S*,C\ {0}) by the same formula (1.68). Then, we can apply the Poincaré
lemma [KM97, Lemma 33.20].

1.5 Infinite-dimensional moduli spaces of Riemann surfaces

In this section, we obtain results on the moduli spaces Mg p, of Riemann surfaces with enumer-
ated and analytically parametrized boundary components,

connected compact genus g Riemann surfaces X with b

Mgp = enumerated and analytically parametrized boundary (1.69)

components 013, ...,0p% in negative orientation / isom.
The surfaces in My, come with negatively oriented” boundary parametrizations ¢; : S' — 9;3.
We denote them by tuples ¥ = (X,(1,...,() and their equivalence classes in Mg, by [X] =
2, ¢y .05 ). Two surfaces (X1, ¢1,.-.,C) and (32,&1,...,&) are isomorphic if there exists a
biholomorphism F' : ¥; — 33 such that F'o(; = §; for 1 < j < b. We define the commonly
used surfaces

D=[D,J] € Mo, (1.70)
Ar=[{zeCle™T < |z[<1}, J, e 1] € Moo, 7>0. (1.71)

The main interest in the infinite-dimensional moduli spaces M, is their algebraic structure
with respect to the sewing (or gluing) operations Mg, b, X Mg, b, — Mg, +g,.b,+bs—2, defined
by
(Zl7<17"'7<b1 ) j OOk (227617"'7£b2 )
= ( (21 U 22)/’\47 Cla ceey Cj—la Cj—‘rl, s wagla cee 7£k—1a€k+1a s Ebz )

where ~ identifies the boundaries 9;%; and J;Xs via & o Jo(; ! with J defined by Equa-
tion (1.22). Since all boundary parametrizations are negatively oriented, the inversion J ensures

(1.72)

2The negative orientation is such that if ¥ C Cisa genus 0 surface, then if any boundary parametrization
Gj: St — 0;% extends to the unit disk D, then we may “fill in” that boundary component, such that the seam
as viewed from (;(0) is positively oriented.
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that we are identifying the inside of S* in the parametrization of 9;%; to the outside of S! in
the parametrization of J;3s. A self-sewing operation ooj - @ Mgy — Mgy1p—o is defined
analogously.

The complex deformations Defc(S'), defined in Section 1.3, act on Mg}, in b ways by
deformation of the boundary component. Below, we provide a Frolicher structure on Mg
precisely such that these actions and the sewing operations (1.72) are Fr-smooth. We initially
define the actions in a pointwise manner. For a fixed surface ¥ € M, with representative
(%,¢1,--+,¢) and 1 < j < b, consider the surface 3 joo; D. The representative comes with an
open neighborhood U of D in C such that ¢; has a conformal extension fj U — ¥ jooy U of

:U\D — ¥ such that {j(z) =z €D C X 7001 D for z € D. Let ¢ € Defc(S!) be a complex
deformatlon such that ¢(S') C U. Denote by U, the domain in U bounded by ¢(S'). Define
the surface

szqs: ((E]OOI D)\&j(ﬁ¢)7<ha@717@ O¢7Cj+177§b) (173)

This is the surface X after deformation of the jth boundary component by the complex de-
formation ¢. Note that this deformation does not exist if either ¢(S*) is outside the radius of
convergence of f ; or if the deformation would cause the boundary components to overlap. On the
contrary, it is possible that, besides changing the boundary parametrization, the deformation
adds or subtracts parts of the surface.

Proposition 1.16. If E*qﬁ exists, it is independent of the representative of ¥ € Mgyp. For
j#k and ¢1,¢2 € Defc(Sl) such that *gi)l and X ¢o erist, the surfaces

Lxdryda=Nxdaxd1 € Mgp (1.74)
exist and agree. For j =k, we have
Y1y =Tx(p2001) € Mgp, (1.75)
if all compositions exist.

Proof. Let F' : ¥; — X5 be an isomorphism of representatives ¥; = (X1,¢1,...,() and
21 = (Zl,Cl,...,Cb) for the same element of Mgp. Then, F' extends to an isomorphism
F:y 001 D — 3y j00q D by defining it as the identity on the chart D because the transition
maps are respectively (; and £;, which F' is compatible with since Fo(; = &;. The same identity
shows that if (; extends to Uy, then &; extends to Uy = F(Ul), where U; and U; are defined
like U above. Therefore, F' restricts to an isomorphism of 31 x ¢ and X * ¢.

The simultaneous existence and commutativity of the actions at different boundary compo-
nents are immediate since the actions are constructed locally in a neighborhood of the boundary
components. Multiple deformations at the same boundary component compose since, by Equa-
tion (1.73), the deformations act by composing with the boundary parametrization. O

For 1 < j < b, we consider the set of pairs of surfaces and complex deformations such that
the deformed surface (1.73) exists:

Ugbj = {(X,8) € Mgp x Defc(S') | £ ¢ exists} . (1.76)
The actions of Defc(S!) on Mg, are then defined by the maps
Sk ‘U bj — Mg, 1<j<b. (1.77)

They have the following interactions with the sewing operation defined in Equation (1.72) for
J#k,
(E1%¢) ooy Bz = (X1 k001 X2) * ¢, (1.78)
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(21 >]k¢) 591 Yo =234 501 (22 * (J O¢_1 o J))7 (179)
ook, (B ) = (oops X) % ¢ (1.80)
J

J

00j1 (B4 ) = 00j1 (X4 (Jop™t 0 J)) (1.81)

which only hold if all deformations exist.

Remark 1.17. Note that for a given vector field v € Vect@'(S?), a surface ¥ € Mgp, and
1 < j < b, there exists some € > 0 such that for all ¢ € (—¢,¢) the complex deformations given
by the flow ®,(t, - ) can act on 0;%, that is, (X, @, (¢, - )) € Ugb,j-

We endow My p, with a Frolicher structure, after introducing the following cutting operation.
Consider an analytically parametrized loop 1 : S' — ¥ in a fixed surface ¥ € My}, represented
by (X,¢1,-..,(p). Assume that 7(S') N9 = 0 holds (unless n = ¢; for some 1 < j < b, in
which case the following is already defined in Equation (1.77) as the action on the boundary
parametrization). We can consider n and 7 o J as boundary parametrizations of surfaces ¥;
and Yy which are the left and right hand sides of ¥ along the loop 7(S') with the respective
boundary parametrizations from (1,...,(,,n,n7 0 J. In this setup we have ¥; jooi X9 where 7
has become the jth boundary parametrization of ¥; and 7 o J has become the kth boundary
parametrization of ¥p. For ¢,¢ € Defc(S!), such that ¥ jsgi) and ¥y * 1 exist, define that
action of the pair (¢, ) at n by

k(e 9) = (B1 % 8) joor (Z2x9). (1.82)

Then, we let simultaneous deformations of the boundary components and at finitely many
interior curves generate a Frolicher structure on Mg p:

M, ..My are n > 0 disjoint analytic loops interior to ¥ € Mgy,
CoMgp) =t =i | Grits vy Gt Yty -y Yty Yty -+ Wbt € C(Defc(S')) such that
St =2 (16, U1e) 0 & (PntsP1,e) ¥ Y16+ % b,e exists VE € R.
(1.83)
This Frolicher structure is defined exactly such that Defc(S!) acts on Mg in a Fr-smooth
way, and such that the sewing operations (1.72) are Fr-smooth. More precisely, we prove the
following theorem.

Theorem 1.18. The maps
skt Ugp g — Mgp

B0y S (1.84)

and the sewing operations
© 00k - :Mgl,bl X Mg27b2 — Mg1+g2,b1+b2727 1 S] S bl,l S k S b2 (185)

as defined by Equation (1.72) are Fr-smooth. Moreover, the actions define Fr-smooth Lie algebra
homomorphisms
@, VectE(S') — Vect(Mygp)

v (S [S5B,]0). (1.86)

Proof. At this point, we know that the Frélicher smooth structure on Mg}, is such that for
a fixed surface, the action is smooth as a function of the complex deformation. Consider a
curve t — (X4, ¢¢) in Ugp,j, where the curve 3, is of the form Co(Mpgyp). Then, Et;ﬁgﬁt is a
smooth curve as well since, by Proposition 1.16, ¢; just composes with the deformation at
the jth boundary component and thus the smoothness follows from the smoothness of the
composition in Defc(S?). Smoothness of the sewing is immediate since the deformations at the
sewn boundary components compose to a deformation in the interior, which by definition is a
smooth curve as in (1.82). Finally, the Fr-smooth action induces a Lie algebra homomorphism
by replicating [Laull, Theorem 3.12]. O
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Let us briefly discuss embeddings of Riemann surfaces with analytically parameterized
boundary components. Of course, there are the canonical maps

21 — 21 j OOk 22 and 22 — 21 OO 22 (187)

into a surface sewn from two components, and analogously for ¥ — 00, X which, however,
is not injective on the seam. Despite that, we consider the following notion of embedding,
continuing the two relations above into a partial order as long as there is at least one common
boundary component. We also consider the case where the labels of the common boundary
components do not match.

Definition 1.19. A surface ¥; € Mg, ,, embeds into a surface Yo € My, p, at the pairs of
boundary components (ji, k1), .-, (jn, kn) if X can be obtained from X1 by a finite number of
sewing operations, sewing a tuple of surfaces ¥ to ¥; not at ji,...,Jj,, and finally relabeling
the boundary components ji,...,j, to k1,...,k,. We denote this relation by

1 j10inChrky, B2 <= 3 X such that ¥; 0 X = Xs. (1.88)

In the following, we introduce several interesting subspaces of the moduli spaces Mg .

1.5.1 Tori with geodesic seam
Sewing the two boundary components of an annulus results in a torus
T = 0012 A€ MLo, A€ MO_]Q. (1.89)

Up to scale, both the annulus and the torus come with a unique conformal flat metric. Since the
embedding is conformal, the seam inside T' defined by the parametrizations of A is a geodesic
with respect to the flat metric on T if the parametrization is of constant speed. This defines the
set of annuli with geodesic property, M%?gd C My ,2. Basic examples are the standard annuli A,
for 7 > 0 defined in Equation (1.71), and A Ry € Mg?;d where one boundary parametrization
is twisted by a rotation R(z) = ¢'%z for § € R. Any other annulus with the geodesic property
is of the form

Ar+Roxdx(Jogp™ " 0J) (1.90)

for some diffeomorphism ¢ € Diff}"(S') which cancels in the sewing operation (1.89).

1.5.2 Hyperbolic surfaces

If g and b are such that the Euler characteristic is negative, there is a unique conformal hy-
perbolic metric (curvature —1) in the conformal class of any surface ¥ € My, such that the
boundary components are geodesics. If ¥ has a representative (X,(3,...,(,) such that each
parametrization has constant speed |9p¢;(€'%)|, in the hyperbolic metric g, we call ¥ itself
hyperbolic. We denote the subspace of hyperbolic surfaces of M,y by /\/lg,yt',3 .

1.5.3 Mobius surfaces

Another special type of surface is one where a boundary parameterization is given by a Mdbius
transformation. A priori, this property is only meaningful in genus zero, where a surface
¥ € My, may be embedded into the Riemann sphere by uniformizing the surface with the b
boundary components capped off by sewing on D € Mo 1,

E‘—>21001D"‘b001]]5)i>@, (191)
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where F' is the uniformizing isomorphism. Then, a boundary parametrization ¢; : S L — ¥ maps
to C by composing with F', and we can ask for F'o(; to be a M&bius transformation. Since F' is
unique up to Mobius transformations, this property is independent of the choice of embedding.
We say that a representative of ¥ € My, is uniformized if it is of the form

(C\ (J(&GD)UGD)U---UGD)),Jol,Coy -G )s (1.92)

for complex deformations (1, ..., ¢y € Defc(S?) extending conformally to D, and ¢;(0) = 0, that
is, J(¢1(0)) = oo.

Slightly more generally, a surface with this notion of Mdbius parametrization satisfies the
Definition 1.20 below. For higher genus surfaces, we can now ask for a pants decomposition
such that an external boundary component may be represented as a Mobius transformation
mapping into the respective pair of pants. Moreover, we consider the case where all boundaries
are simultaneously Mobius.

Definition 1.20. A surface ¥ € My, is j-Mobius for 1 < j < b if there exists a representa-
tive (A,(1,...,¢) with A C C such that the parametrization ¢St — C extends to a Mobius
transformation. For g > 0, A € Mg, is j-Mébius if there exists a decomposition of A into genus
0 surfaces such that the surface attached to 0;A is Mobius at the boundary component corre-
sponding to 0;A. A surface A € Mg, is Mobius if there exists a representative (A,¢1,..., )
such that the parametrizations (; for all 1 < j < b extend to Mobius transformations (in the
same decomposition and representatives). Denote by

Mé:r)/léb - M&bv Mggb - Mg,b; (1.93)

respectively the moduli spaces of j-Mobius surfaces and Mébius surfaces.

2 Cohomology of complex deformations

In this section, we first introduce group-level cohomology on G' = Defc(S!) or a subspace
G = {¢ € Defc(S") | ¢(S") C €D} C Defe(S"), T >0, (2.1)

of complex deformations with bounded deformation, which act on the annuli A, defined in
Equation (1.71). The cohomology may also be relative to finitely many (local) subgroups
Hy,...,Hy. We are mainly interested in two subgroups: On the one hand, the diffeomorphism
group H; = Defc(S!), and, on the other hand, the group Hs = Sc of scaling transformations
defined in Equation (1.45), possibly restricted to (2.1). For the cohomologies of Defc(S?) relative
to the subgroups, there are four exact sequences of the form (2.7), which conveniently fit into a
braided diagram (Figure 2). In Section 2.3, we compute the terms of this diagram up to n = 2,
with special interest in finding a basis of H?(Defc(S!); Diff?"(S'),Sc;R). In addition to the
braided diagram, our method involves an exact sequence relating the group cohomology to the
respective Lie algebra cohomology and characters of the fundamental groups. The respective
group- and algebra-level cocycles are presented beforehand, in Section 2.2.

2.1 Relative group-level cohomology

Let H = (H,,...Hy) any subgroups of G such that H; N Hy = {1} for 1 < j < k < N. Then,
the n-cochains on G relative to H with coefficients in R are defined as

C™(G; H:R) = {Q € F(Mu(@) | sy =0V 1< < N}. (2.2)

where M, (G) is the subset of tuples in (g1,...,9,) € G™ such that products g;g;+1 - gj+r of
any number of consecutive elements exist, 1 < j < n and 1 < k < n — j. In particular, for

20



G = Defc(S?) we have Mo (G) = M, where the latter is the subset of G x G in Equation (1.43).
The non-relative cochains are obtained as C"(G;R) = C™(G;{1};R). By forgetting a single
subgroup H;, leaving H we have a short exact sequence

{0} — C™(G; H;R) — C™(G; H;R) — C™(H;; R) — {0} (2.3)

where the maps are defined by restriction of the cocycles. The differential § €2 of a cochain
Qe C"(G, H,R) is defined by

(6 Q)<gl7 e 7gn+1) = Q(gQa e 7gn+1) + (_1)n+19(91) e 7gn)

n , 24
+Z(_1>jﬂ(gl7'-'7gj717gjgj+1agj+17'"7gn+1)' ( )
j=1
In the special cases of n = 1 and n = 2 this reduces to
(5 f)(glng) = f(gl) + f(gQ) - f(gng)a f € CI(G7H7 R)a
(62)(g1, 92, 93) = (g2, 93) + 291, 9293) — g1, 92) — (9192, 93), Qe C*(G, H,R).
(2.5)

The relative group cohomology groups are then defined by

Z™"(G; H;R) = ker ¢,
B"(G;H;R) =6 C" (G, H;R), (2.6)
H"(G;H;R) = Z"(G; H;R)/B"(G; H; R).

The short exact sequence (2.3) leads to a long exact sequence of cohomology groups

RPN H"il(Hj,]R) — H"(G; H;R) — H"(G;E;R) — H"(H;,R) — H" (G H;R) — - -
(2.7)
where the transgression maps are defined by the usual zig-zag lemma.

In the special case where all G is a finite-dimensional and simply connected Lie group, the
relative group cohomology is isomorphic to the relative Lie algebra cohomology. The isomor-
phism H"(G; Hy,...,Hy;R) =2 H"(g; b1, ..., hn; R) is called the van Est isomorphism [Van53a,
Vanb3b]. In the case of G, which is connected but not simply connected, we prove a similar state-
ment for the universal cover. By using that Defc(S!) is naturally a subset of C¥(S*,C\ {0}),
the universal cover of Defc(S!) exists [KM97, Paragraph 27.14], and we denote it by UC(G).
Recall the standard construction of the universal cover by considering all continuous, or equiv-
alently, Fr-smooth paths in G, see e.g. [Ful99]. In our setup, the universal cover comes with
a Frolicher structure given by lifts of curves C(X) and the projection 7 : UC(X) — X is a
Fr-smooth covering map. The path-construction also gives an embedding 71 (G, 1) C UC(G) of
the (Fr-smooth) fundamental group as the group of equivalence classes of paths returning to
the basepoint 1 € G.

Conceptually, the result below is obtained from a similar exact sequence proven by Neeb
to hold in a quite general setup of infinite-dimensional Lie groups [Nee04]. However, the setup
of Neeb does not fit our setting of Frolicher structures and local composition laws, whence we
adapt the proof of Neeb. Note that, while choosing a partially more general setting, our result
is at the same time less general compared to that of Neeb, since our coefficients are in the
additive group R, which is regarded as a trivial Defc(S!)-module, as opposed to a possibly
infinite-dimensional nontrivial module of the group in Neeb’s theorem. Note also that in our
infinite-dimensional setting, Lie’s third theorem, which allows integration of Lie algebra cocycles
to the group-level, might not hold. Hence, we assume this part of the statement, and explicitly
formulate a group-level cocycle for each Lie algebra cocycle in our application of the result to
complex deformations in the next section.
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Proposition 2.1. If the derivative D : H*(G; H;R) — H2(g;g; R) is surjective, then the fol-
lowing sequence is exact,

{0} — Hom(my(G; H),R) — H*(G; H;R) — H>(g;h; R) — {0} (2.8)
where b(y) is the cohomology class of the central extension defined by
UC(G) x R)/ {(a,y()) [ € m (G H)} - (2.9)

Proof. Note that the central extension of any subroup H;, which is the quotient of UC(H;) x R
by {(a,7()) | @ € m(G; H)} is the trivial central extension H; x R, and thus, b(7) is indeed a
relative cohomology class. Since the Lie algebra cocycle of a central extension of G only depends
on a simply connected neighbourhood of the identity, it only depends on the restriction of b(7)
to such a neighborhood, where it is trivial. Thus, we have D(b(+)) = 0. For injectivity of b,
observe that b(y) = 0 only if the factor R is unaffected by the relation in (2.9), that is, v = 0.

Now we integrate a Lie algebra coboundary to the universal cover of G with the goal of
constructing the corresponding function v € Hom(m (G; H),R). Let Q represent any group-
level cocycle in H?(G; H;R) such that the Lie algebra cocycle D is a coboundary, that is,
DQ = ¢ F for some F € g" vanishing on hy,...,h¥. Concretely, given v,w € g we have
(DQ)(v,w) = F([v,w]). Consider the Lie algebra central extension g xpo R as an exact
sequence split by F,

p o= (v,F(v))
Where p is the R-linear map
p:gxpao R—R
(v,a) —a— F(v)
with kernel ker p = {(v,a) | F(v) = a} being the graph of F.
Since Lie algebra 1-cochains are just linear functionals on the Lie algebra, we can consider
p € (g Xpa R)Y as such. Taking into account that F' and thus also p vanish on the subalgebras

h; x {0}, it actually is a relative 1-chain p € C*(g xp o R; h x {0}; R) on the Lie algebra central
extension. Hence, we can apply the Lie algebra cohomology differential to p, and find

(0p)((v, a), (w, b)) = p([(v, a), (w,)]) = p(([v, w], (D Q)(v, w))) = 0. (2.12)

Thus, the map is actually a 1-cocycle p € Z'(g xpqo R;h x {0};R).

(2.11)

The universal cover of the central extension may be identified as
UC(G xqR) =UC(G) x4 R, (2.13)

where the cocycle lifed cocycle € is defined by pullback, that is, Q(é,@@) = Q(¢,v) if é and
12) are lifts of ¢,1 € G respectively. We proceed to define the invariant differential 1-form
o of p on this universal cover of the central extension as in Equation (1.68). Since the Lie
algebra cohomology differential dp and the exterior derivative d o, are defined by the same
formula (1.16), we have

day = asp. (2.14)

Since 6 p = 0, we conclude that the form is closed, that is, d oy, = a5, = 0. Since UC(G) xR is
simply connected, and the invariant differential 1-form «,, extends to the universal cover of the
manifold C*(S?,C \ {0}) (as explained at the end of Section 1.4), we can apply the Poincaré
lemma [KM97, Lemma 33.20] to find a unique function ¢ € F(UC(G) x¢ R) such that

dy = ayp, »(1) =0. (2.15)
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Since the invariant differential 1-form c«, restricts to the trivial 1-form on the subgroups
UC(H,) x {0}, the function ¢ is trivial on these subgroups as well. We claim that the function
@ is a 1-cocycle on UC(G) X ¢ R relative to the subgroups, that is, a homomorphism

e((3,X) * (W, 1) = @((8,N) + (P, 1)) = o((d 0, A+ 11 + Q(e, 7)), (2.16)

where (¢, \), (1, ) € UC(G) xR and - x - denotes the multiplication in the central extension
of the universal cover. The method to prove this claim is to define a function

Q:UCG) xgR—R
(/(27/1) I (P((Qg, )‘) * (&7#)) - 90((1217#)) - @((év )‘))

for fixed (gZ), A) € UC(G) x ¢ R. By invariance of a;, we find the the differential of () vanishes,

(2.17)

dQ=d(sO((<z3,>\)* =l )—tp((qi)\))) = ((,\)* -)"dp—dp=0. (2.18)

Hence, @ is constant, and moreover, the normalization ¢(1) = 0 makes the constant zero.

Note that A — (1,\) € UC(G) x¢ R for A € R is a homomorphism, that is, a linear map,
and consider the derivative

Onlr=0p((1,1)) = d1,0)#(0,1) = (ep)(1,0)(0,1) = p(0,1) =1~ F(0) = 1. (2.19)
Thus, we have go((]l, )\)) = ), which splits the central extension of the universal cover,
{0} — R ? UC(G) XQ R ? UC(G) —_— {0} (220)

where o is defined by
0 :UC(G) = UC(G) xo R

o= (Lp((d.0)7)) * (3,0),

using the fact that every element in G has an inverse. The map o is evidently a section of the

(2.21)

projection onto UC(G), and we claim that it is a homomorphism. Since ¢ is a homomorphism,
we find

P((LA) % (1) = A+ 2((d, ) (2.22)
In the special case of 4 = 0 and \ = ga((q@, 0)~!), we find that ¢(c(¢)) = ¢((c())™") +

»(o(¢)) = 0, where we also used that ¢ is a homomorphism, see (2.16). Now, we can confirm
that for composable ¢, 9 € UC(G),

where Equation (2.22) is applied in the third equality to take the cocycle out of ¢ and cancel
it with the cocycle in the last term. We also use that the elements in the central extension of
the universal cover of the form (1, \) are central.

The split central extension (2.20) is isomorphic to the trival central extension UC(G) x R
with the isomorphism given by ¥((¢, X)) = (¢, A — ¢((¢,0))), yielding the following morphisms
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Hom (7 (Sc), R) Hom (7 (Defc(S?); Sc), R) Hom (7 (Diff"(S")), R)

= {0} ~R ~R

= . A

\\\J /./'/
Hom (71 (Defc(Sh); Diff5" (S'), Sc); R) Hom (71 (Defc(S1)), R)
— {0} ~ R
j A AN
/»_/,./ \\\J
Hom (7o (Diff%"(S1)), R) Hom (7 (Defc(Sh); Diff5"(S1)), R) Hom(m(Sc), R)

= {0} = {0} = {0}

\..\" . \/

Figure 1: Characters of the relative homotopy groups of complex deformations and the sub-
groups of diffeomorphisms and scaling transformations.

of exact sequences

{0} R G xqR G {0}

PT ”
{0} —— R —— UC(Q) xy R —— UC(G) —— {0} (2.24)
| : |
{0} — R —— UC(G) x R —— UC(

The kernel of the composition of ¥ with the projection P : UC(G) x¢ R — G xq R is the set of
pairs

ker(Po @) = {(6.) | m(d) = 1,A = w((3,0))} (2.25)
Note that this is the graph of the homomorphism ¢ restricted to kerw x {0}, which may be

identified withe the fundamental group 7 (G) C UC(G) as a discrete subgroup of UC(G) x R,
showing that the central extension G xq R is indeed a quotient of the form (2.9). O

2.2 Cocycles on complex deformations

In this section, we introduce the various cocycles on Defc(S!) and subgroups that appear in the
cohomologies in Figures 2 and 3, which will be computed in the next section. All the cocycles
are complex-valued at first, and then we take their real and imaginary parts.

On the group level, we generalize the Bott—Thurston cocycle, usually defined on Diff}*(S'),
to complex deformations. This results in the following complex-valued cocycle,

Qpr(d1,02) = i /S1 log((¢1 © ¢2)") dlog(¢(2)). (2.26)
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H?(Defc(S'); Sc; R)

H'(Sc;R H?(Diff?*(S'); R
:R%mﬁ) = RReQpp © R ImSlpy :RRe(Q +®(R)Re§)2
Rot @R Re QRot ®RIm QRot ; BT Rot
= N »»/,/’

X a
H?(Defc(S'); R)
=RReQpr & RIm Qpr
@R Re QRot

H?(Defc(S"); Diffy"(S'), Sc; R)
= RImQpt & RIm Qrot

H (Diffi“(Si“j; R)
= {0}

H?(Defc(SY); Diff2*(S1); R)
= RIm QBT

\..\_‘\_\ . o -1 \—/

Figure 2: Relative Lie group cohomology of complex deformations and the subgroups of diffeo-
morphisms and scaling transformations.

The associated Lie algebra cocycle on v,w € Vect?*(S!) is defined as

0

1
D QBT(U7 w) =
o Ot

19
2 9s

(QBT(év(t, )y (s, +)) — Q1 ( Do (s, - ), Py, ))) (2.27)

t=0

S

Note the prefactor of 3 as in [MP25], and as opposed to [Khe09]. Computing one of the terms,
we find

a y >  Omr(®ft, ), Buls, )
- wl g [ gD as
:ﬁ G a

Note that this expression is already antisymmetric. Therefore, also expressed in the basis (1.18),
the Lie algebra cocycle is

1

D QBT(U7'LU) = %

n,m e 7
(2.29)
Up to a coboundary given by the term in Equation (2.29) which is linear in n, this agrees with

the Gel’fand-Fuks cocycle. We express the later in the coordinate 6 — ¢ € S, 6 € [0, 27),
where v = v(0)9p and w = w(#)y. Since Jy = ie'?,, we find for v and £,, in the basis (1.18)

/ v (2)w”(2) dz, DQpr (4, ln) = 11—2(n3 — n)0ntm,
g1

v”(&) = i n2€in0,

() = —in%el™?,

v € Vect® (Sh),

2.30
n € 7. ( )
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g H?(Vect2(S1); Rép; R) o

H'(Rlo; R)  RRewer & R Im e H?(Vecty"(S'); R)
= RImrot = RRewgr
@R Im Wrot X
A . . ) %
\\,J /,-".
H?(Vect®(S1); Vect" (S!), Rlg; R) H?(Vect(S1); R)
=RImwgr & RImwye = RRewgr ® RImwgr
= bt .
) T \\\,.1
H(Vecti”(S1); R) H?(Vect®(SY); Vecty" (S1); R) H?(Rlo; R)
= {0} =RImwgr ~ {0}

\..\\_\ . o -1 \/’

Figure 3: Relative Lie algebra cohomology of complex deformations and the subgroups of
diffeomorphisms and scaling transformations.

In these coordinates, the Gel’fand—Fuks cocycle is defined by

1

(UGF(U, U)) = E

27 .
/ V' (0)w”(0) A8,  war(ln,lm) = én36n+m, n,m€7Z. (2.31)
0
These cohomologous cocycles D Qg and wgp correspond to the unique central extension of
Vect?(S?) called the Virasoro algebra.

The second complex-valued cocycle we consider is precisely the Lie algebra coboundary men-
tioned above. On the group-level, we define it as the differential of a complex-valued function
RCR on Defc(S!) utilizing the decomposition of a complex deformation in Proposition 1.12 into
a diffeomorphism and an univalent function. The argument of RCR is the rotation number of
the diffeomorphism, whereas the absolute value of RCR is the conformal radius of the univalent
function. We give the usual definitions and explain how they apply to complex deformations.

The rotation number of a diffeomorphism is the average position of a point z € S! under
repeated application of the diffeomorphism,

e Rot(9) — i (gbo”(z))%, ¢ € Diff3"(Sh), (2.32)

where the power on stands for n-fold composition®. It is well-known to be independent of the
starting point z. In particular, a rotation R, (z) = e'®z has rotation number Rot(R,) = «, and
if ¢ € Diff%"(S') has a fixed point, then Rot(¢) = 0. To extend the rotation number to complex
deformations, we define

Rot(¢) = Rot(Dy), ¢ € Defe(S?) (2.33)

in terms of the decomposition in Proposition 1.12.

3By considering the exponential, we avoid taking a lift of the diffeomorphism of S to a diffeomorphism of
the universal cover R = UC(S'). Moreover, we use the coordinate z in the complex plane instead of 6 as defined
in Section 1.2 in this definition.
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We define the conformal radius of a complex deformation ¢ € Defc(S!) as that of the
univalent function Fy in the decomposition in Proposition 1.12,

1
CR(¢) = 1 (0) (2.34)
Note that the normalization of Fy makes the conformal radius a positive real number. From the
decomposition we see that if 1) € Diff}"(S'), then CR(¢ov)) = CR(¢). A scaling transformation
s, € Sc, see Equation (1.45), has conformal radius CR(s,) = 27,
Finally, the function RCR : Def¢(S') — C is defined by

el Rot(Dgy)

RCR(¢) = R, ¢ € Defe(S"). (2.35)

Note that the definition of RCR was chosen such that for a scaling transformation and rotation
we have RCR(s; 0 Ry) = e~ 271 which is the image of 1 under this complex deformation. A
2-cocycle on Defc(S?t) is defined by taking the group-level differential of the function RCR

i i
Qnot(é1,62) = 57 IRCR(61,62) = o2 (RCR(61) + RCR(62) ~ RCR(61062) ). (2:30)
To compute the corresponding Lie algebra cocycle, we need the derivative of RCR.

Proposition 2.2. The derivative of RCR at the identity is C-linear and
dRCR(¢y,) = —0n.0, n € 7. (2.37)

Proof. The flow of £,, for n > 1 permits a formal solution
Oy (t,2) = (2" +nt)" 7, (2.38)

for which branch choices can be made such that it becomes conformal in a neighborhood of
D with derivative 3Z|Z:0 Oy (t,z) = 1, and since £,(0) = 0 also ®,_ (¢,0) = 0. Thus, we we
have Fg, (+,.) = P, (t, - ), and hence, Dg, (+,.) = 1 making the rotation number vanish.
Moreover, the conformal radius is CR(®y, (¢, - )) = 1. We conclude that dy RCR(¢,) = 0
for n > 1. Because the derivative d RCR in our setup is only R-linear, we have to consider
i¢, separately. In this case we have @i, (¢,2) = (27" + int)*%, also with fixed point 0, and
derivative 62|Z:0 iy, (t,2) = 1.

The tangent vector fields aﬂl and b‘yll for n > 1 mix the positive and negative modes for ¢,, and
i£, respectively. Both have zeroes on S', and therefore their flows — which are diffeomorphisms
— have fixed points, making the rotation number vanish. Hence, we find dy RCR(alll) =0 and
dp RCR(blr‘L) = 0. We conclude that dy RCR(¢,) =0 and dy RCR(i¢,) = 0 for all n # 0.

The vector field ¢y = —z0, generates a scaling transformation,
% . S o= % . etz =ly(2), (2.39)
and thus
dRCR(fy) = % t:()e_t =1 (2.40)
The rotated vector field i ¢y = —iz0, generates a rotation
% . = % . ey =ily(2), (2.41)
leading to the variation
dRCR(if) = % tzoe—it = —i. (2.42)
O
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Indeed, we find the Lie algebra cocycle with the linear dependence in n,

L brim,  mymeZ (2.43)

i
D QRot(gn; gm) = ﬂ(n - m)5n+m,0 == 12

It agrees with the Lie algebra cohomology differential of the linear function of v € Vect®(S1),

1 2 :
rot(v) = 487r/ v(0) de, rot(4,) = 21—457170. (2.44)

defining the Lie algebra cocycle wyot = D Qgrot = d rot,
1 27

i
— — . 2.4
Y n5n+m70 ( 5)

’U(Q)w/(e) dea wrot(gnagm) = 12

Wrot (’U, w) =

2.3 Computation of the cohomology

Theorem 2.3. The group- and algebra-level cohomologies of Defc(S') relative to Diffy"(S")
and Sc are respectively as in Figure 2 and Figure 5.

Proof. The Lie algebra cohomologies, Figure 3, follow from a variation on a classical com-
putation of the second cohomology of the Witt algebra. The computation is well-known for
complex-valued vector fields Vect®”(S!) with complex coefficients or for real-valued vector fields
Vecty' (S?) with real coefficients. The latter gives H?(Vecty"(S'); R) in the top right corner of
the diagram. However, here we also need the second cohomology of Vecty" (S!) with coefficients
in R, which we compute as follows. Let a € Z%(Vect®'(S'),R) be any cocycle. Consider the
coboundary df for the function f € (Vect¥(S'))Y defined by

f(ty) = 2bnat0)
aiityt) "P0 f)=1it)=0, (2.46)
flity) = 2,

in the R-basis {£,,,1£, | n € Z} of Vect®*(S'). We expand the cocycle property of « in this basis
for n,m,k € Z,

(n—m) a(lyim,lr) +(m—k) allmir,ln) +(k—n) allypn,lm) =0
(n—m) a(ilnim, le) + (M = k) a(lpir,iln) + (k—n) alilyin, ln) =0 (2.47)
(n=m) allpim,lr) +(m—k) a(ilmik,ily)+ (k—n) a(iliin,ilm) =0

—(n—=m) allpim,ily) —(m—k) allmir,1ln) — (k—n) a(lpn,ilm) =0

By considering k = 0, we find that the cohomologous cocycle f = a—df satisfies for n+m # 0,

n—m
B(ln,lm) = a(lnybm) — ntm a(lpym,lo) =0,
AP Cy n—m
B(ily,iln) = a(ily,ily)+ T a(lpsm,lo) =0, (2.48)
n—m

B(iln, L) = a(iln, bm) — (il sm, lo) = 0.

n—+m

Thus g is supported on the anti-diagonal n +m = 0 for n,m € Z, where the values are given
by constants C,,, D, E, € R, n € Z,

/B(enagm) = Cn5n+m; O—n = _Cna
Biln,ilm) = Dypbpim, D_, = —D,, (2.49)
ﬁ(lgnagm) = En6n+ma Efn = _En7
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already determining Cy = Dy = Ey = 0. By considering the cocycle property (2.47) for S
instead of a, we find for n + m+k =0,

(n—m)Crnim + (m —k)Crogr + (k —n)Cryn =0,
(n=m)Epim+ (m—k)Epmir + (k —n)Egyn =0, (2.50)
—(n—m)Cpim + (m —k)Dpyg + (k —n) Dy, = 0.
Note how the third relation in Equation (2.50) mixes the constants C,, and D,,. By setting k =n

and m = —2n we find that C,, = —D,, for all n € Z. Moreover, by setting k =1, m = —(n+1)
for n > 2, we that the C,, and E,, are solutions of equal and independent recursion relations

Crir = = ((n+2) Oy~ 20 +1) 1)),
) (2.51)
Epp1 = m((n+2) B — (2n+1) El)).
The solutions are determined by (C;,Cs) € R? and (E;, E2) € R? respectively. We may check
the initial conditions (1,2) and (1,8), correspond to the linearly independent solutions n and
n3 respectively. Since the recursion equations are linear, all solutions are linear combinations
of these two. The solutions C,, = n, E, = 0 and C,, = 0, E,, = n are respectively propotional
to Imwyet and Rewyoy in equation (2.45). The other two solutions C,, = n®, E, = 0 and
C, = 0, E, = n? are proportional to Imwgr and Rewgr, the real and imaginary parts of
the Gel'fand—Fuks cocycle as in Equation (2.31). Note that the couboundary § f with f as in
Equation (2.46) above vanishes on the subalgebra Rfy and thus it is also a coboundary on the

cohomology relative to R¥.

Since Imw,oy = Imdrot and Rew,oy = Redrot are coboundaries in Z2%(Vect®(S!),R),
the Lie algebra cohomology of Defc(S!) is spanned by Imwgr and Rewgr. Relative to Rf
however, Im wyq is not a coboundary anymore since Imrot(¢y) # 0. Thus the cohomology
H?(Vecti(S'); Rlp; R) has it as an additional generator. The cocycle Rwgr does not vanish
on Vecty"(S1), thus H?(Vectd (S'); Vecty" (S1); R) only containes the cocycle Imwgp. For the
cohomology relative to both Vect(S!) and Rfy, both of the arguments above hold and thus it
is spanned by Imwgr and Im w;et.

The first Lie algebra cohomology is given by derivations modulo inner derivations. For
the simple Lie algebra Vecti”(S!) — that is, [Vect} (S1), Vecty”(S!)] = Vecti"(S!) — every
derivation is trivial. On the other hand, for the abelian Lie algebra R{, any linear function is
a derivation, and no derivation is inner. We may view this one-dimensional space as the span
of the function Imrot. This concludes the characterization of the Lie algebra cohomologies in
Figure 3.

Turning to the group-level cohomology, Figure 2, observe that for every Lie algebra cocycle
above, we have found a corresponding group-level cocycle in Section 2.2 that integrates the
respective Lie algebra cocycle. Moreover, Proposition 2.1 yields a short exact sequence between
the diagrams

{0} — Figure 1 — Figure 2 — Figure 3 — {0}, (2.52)

and the indivicual the four braided chain complexes in each of the figures each are exact by the
respective long exact sequences of relative homotopy groups, group-level cohomology, and Lie
algebra cohomology.

For homotopy groups, Figure 1, the fundamental groups each are either trivial or isomorphic
to Z. In case of the latter, Hom(Z, R) = R. This is the case for Def¢(S') and Diff3"(S'). How-
ever, the fundamental group of Defc(S') relative to Diffy"(S?) is trivial again since Diff{"(S')
contains the subgroup of rotations, curves in which represent homotopy classes of noncon-
tractible loops in Defc(S1).
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Returning to the group-level cohomology, the additional cocycle coming from the homotopy
group is Re Qret, which indeed differentiates to a trival Lie algebra cocycle. Finally, exactness
of the all the sequences shows that we have found all group-level cohomology classes. O

3 Real one-dimensional modular functors

In the following, we define the main notion in this work, real one-dimensional modular functors
(Section 3.1), and several constructions building on this definition. Namely, a Fr-smooth real
one-dimensional modular functor induces a central extension of the complex deformations in-
troduced in Section 1.3 by the multiplicative group Ry (Section 3.2), and this central extension,
in turn, acts on the modular functor (Section 3.3). Moreover, we list a number of identities
involving cocycles of the form

QjZ,k i Mg, by X Mg, b, = R (3.1)

obtained from spelling out the sewing isomorphisms of the modular functor with respect to
a trivialization Z (Section 3.4). Finally, we define several additional notions specializing the
definition of real one-dimensional modular functor: Locality, flat modular invariance, crossing
invariance, and hyperbolic modular invariance (Section 3.5). All of these need to be assumed
for our main theorem — the classification of such modular functors in Theorem 5.1, Section 5.

3.1 Definition and locality

Definition 3.1. A Fr-smooth real one-dimensional modular functor E consists of Fr-smooth
R -bundles

TE,g,b

E(Mgp) —= Mgp, g b=0, (3.2)
and bilinear Fr-smooth maps called sewing isomorphisms,
E
© 0k E(Mghbz) X E(Mgmbz) - E(Mg1+g2,b1+b2—2)a

FE
Qi+t B(Mgp) = E(Mgi1b-2),

which are isomorphisms on fibers. They extend the respective sewing operations - joor -, and
00;k - including associativity

E E

© 00k (+ 100m +) = (+ 0k ) 10m -, (3.4)
Boj (- 150m +) = (B0jk +) 150m - (3.5)
OEOj7k (O%um )= oEOz,m (O%j,lc ) (3.6)
and symmetry
E , . E
a ook = P 00; o€ E(My 0,),8 € E(My, 0.). .

E E
Xjk X = Xf,j

Generally, the sewing isomorphisms can depend on the boundary parametrizations of the
respective surfaces in any way — as long as associativity holds. Following the example of the
real determinant line, however, it makes sense that they should only depend on the boundary
parametrizations that are involved in the sewing. In other words, if a the boundary parametriza-
tion that is external to the sewing operation is reparametrized, by a diffeomorphism in Diﬂ"in(Sl)
say, then the sewing isomorphism should be somehow invariant under this reparametrization.
The way we realize this is to think of the R -bundles as defined over the moduli spaces ngb
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without boundary parametrization instead of M, . Then, the sewing isomorphism is a bilinear
map on these bundles which also depends on the choice of boundary parametrizations — but
only at the boundaries involved in the sewing operation. We formalize this property as a new
notion which we call “local” since in the case of the real determinant line bundle it follows
from the locality of the conformal anomaly formula. The moduli spaces /\;lgl;mjn denote mod-
uli spaces of surfaces which have analytical boundary parametrizations only at the boundary
components labeled by ji,...,jn.

Definition 3.2. A Fr-smooth real one-dimensional modular functor E is local if the bundles

~

E(M&b) are pullbacks of bundles E(Mg ), and the sewing isomorphisms descend to the bundles

E(M;b) in the sense that the maps also denoted - ;00 -, and defined by the following diagrams,
are independent of the choice of lift,

E E
Ok 05,k
E(Mglbe) IXE(Mgzybz) — E(Mg1+g2,b1+b2—2) E(M&b) — E(Mg+17b—2)
Lo J g,
v J v j Xk v v J i,k v
E(Mgl,bg) IEE(MgQ,bz) 7J7777> E(Mg1+g2,b1+b2—2) E(Mg,b) 777]77> E(Mg+17b—2)

(3.8)

The notion of isomorphisms for Fr-smooth real one-dimensional modular functors is defined
in the usual way. The main result of this work, Theorem 5.1, is the classification of Fr-smooth
real one-dimensional modular functors which are local and modular invariant (a notion intro-
duced below in Section 3.5) up to these isomorphisms.

Definition 3.3. A Fr-smooth isomorphism of Fr-smooth real one-dimensional modular functors
¥ : E — D consists of Fr-smooth R -bundle isomorphisms

Ugp: E(Mgp) — D(Mgp),  gb>0, (3.9)

preserving the sewing isomorphisms, that is,

E D

\Pg1+g2,b1+b272(' J Ok ) = \I]gl,bl(')jook \ngbz( ')’ (310)
D E

05k Y ) = Ver1p-2( 00k - ). (3.11)

In a construction of the maps W,y case by case, such as in Section 5, it is helpful to call
¥ an isomorphism up to genus g and b boundary components if only the maps Wg, ,, are
defined only for g1 < g and any by, or gg = g and b; < b. Then, we require only that the
sewing isomorphisms are preserved for surfaces such that the genus and number of boundary
components after sewing do not exceed g and b.

3.2 Central extensions of complex deformations

In this section, we introduce the central extension by the multiplicative group Ry that a Fr-
smooth real one-dimensional modular functor £ induces on complex deformations Defc(Sh).
The idea of this construction goes back to Segal [Seg04], and was also used by Huang in [Hua97,
Appendix D]. There, central extensions of the diffeomorphism group Diff"(S') are constructed
for the complex determinant line bundles or complex one-dimensional modular functors, relative
to a standard annulus such as A, In [MP25], we carry out this construction concretely for the
real determinant line bundle and complex deformations, also relative to A;. In the following,
we show that the central extension can be defined with respect to arbitrary surfaces ¥ € Mg,
for any real one-dimensional modular functor E.
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Conceptually, a complex deformation ¢ € Defc(S!) encodes the difference between a surface
¥ € Mgy, and a deformed surface X * ¢. Applying this to E, given that X * ¢ exists, we define

Ej(¢,%) = E(Zx¢) ® (B(Z))". (3.12)

Tensoring with the dual of E(X) is a way of “dividing out” the original surface ¥ after the
deformation by ¢, retaining only the structure of £ on the difference between the surfaces X * 10)
and X. In fact, E(¢,X) does not actually depend on X in the sense that we can define

Eo= || B / . (3.13)

3 x ¢ exists
J

where disjoint union is taken over all surfaces ¥ € Mgp, g > 0, b > 1 with at least one
boundary component and 1 < j < b such that ¥ * ¢ exists, that is (X, ¢) € Ugp,; according to
Equation (1.76). The equivalence relation ~ is generated by a family of isomorphisms

59 4 Bi(6,51) — Br(6, ) (3.14)
which are natural in the sense that for three surfaces 31, Yo, Yo, we have
S1,d Yo,k $1,j 1,5

IE;;@ = ]lE'j (6,21) and IEi,l,(ﬁ e} IE;,ic,c/) = 12;27¢ . (315)

We define these isomorphisms first for surfaces such that 3, ;C; 3 in the sense of the embedding
relations in Definition 1.19. In these cases there exist a finite number of surfaces collectively
denoted X such that 3 joo; ¥ = g, where the tuples j (which does not include j) and [ denote
the pairwise sewing operations collectively denoted jgoL . The isomorphism is then defined by
the composition B

k= (( oo )@ (- oo - )V) o (evf%)) § Ly, = (I )7 (3.16)
In words, this isomorphism takes a vector a ® ¥ € E;(¢, %) and then tensors it with vectors
§ € E(X) and their duals §” € E(X)Y such that we get @ ® § ® BY ® §¥. Then, the sewing
isomorphisms of E are applied to sew « to § and SV to §”. The latter is the uniquely defined
sewing isomorphism induced on the dual of E. This results in an element a joof §® (8 joof §)V
of Ey(¢,32) which is independent of the choice of §. For X; ;Cy 3 +Ci 23 it follows from
associativity of the sewing isomorphisms of E that Equation (3.15) holds.

If 31 does not embed into X5 or vice versa, we can still find a surface X3 and [ such that
both Y3,;,C; ¥1 and ¥3 ;S Yo — for example a standard annulus A, for small 7 > 0. The
isomorphism is then defined as

Y1, _ 1Zal 1,5
IE;,I@@ =I5 ke sl ie - (3.17)

In the case that 3; ;& 3o also holds, this reduces to the isomorphism already defined in
Equation (3.16) by Equation (3.15). Moreover, the isomorphism in Equation (3.17) does not
depend on the choice of Y3 by repetition of the argument that for ¥, and m being another
choice for Y3 and [, there exist a fifth surface X5 and n such that X5 ,,C; Y3 and X5 ,,C,, 4.
Indeed, we have

3,0 S _ 15al S5 153l 1 _ Ssm 151,
SIS P SRR SELSURTEL S PR S PR RS (3.18)
=25 GIEem G[Esn R — [Zam 121 '
T Eok,¢ T B, T TEa,mu¢ T TEs,n,¢ T TXg,k,¢ T TEa,m, g0
confirming the relation (3.16).
Now, we combine the fibers F(¢) into a R -bundle over Defc(S?),
E(Defc(s) = || E(¢). (3.19)

¢€Defc(S1)
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It comes with a Frolicher structure generated by local trivializations of the form
Z5,j(¢) = Z(2x¢) ® Z(X), (3.20)

where Z is a Fr-smooth trivialization of F and X is kept fixed. These trivializations are local
because they only make sense where % * ¢ is defined.

For the bundle E(Defc(S!)) — Defc(S!) to become a central extension of Defc(S?), the
composition law on it must extend the composition law ¢ o 9 of ¢, € Defc(S') composable.
We obtain it from the sewing isomorphisms of E, first relative to a surface 3 such that ¥ * ¢
and X % (¢ o ¢) exist, by defining multiplication isomorphisms my 4 . : E;(¢,X) ® E;(v, E)]ﬂ
E;i(¢ ojz/J, ¥)) through the composition

Mgy = fipoevy 1% o (LRI, . ). (3.21)

Let us concretely spell this out for vectors A@ a¥ € E;(¢,X) and p® " € E;(¢, X), where the
respective second factors may be chosen to agree by adjusting the first by a respective scalar
multiplication. The first step is to change the surface in the latter by finding

57, s(m@a’)=v@ ), (3.22)
J

with v chosen such that the second component matches A\V. Then, the evaluation and flip result
in
Mg,z iA®a’ @uea’)=rea’. (3.23)

Note that this depends on the sewing isomorphisms of E through Igi b
.55

Theorem 3.4. The composition law defined for a ® ¥ € Ej(¢,X) and y®@ a¥ € E;(¢, 2 * ?)
by
E
(@@ ) x(@a’)=mgypalecf’@yoa’) =y (3.24)

is well-defined and associative on E(Defc(S')). Moreover,
{0} — R, — B(Defe(S")) — Defe(s') — {0}, (3.25)

is a central extension. The second map is the inverse A — X\ a ® " of the evaluation map

ev: E(1) — R,.

Proof. We first show that the isomorphisms m , x ; are canonical and associative in the sense
that
21,j — ¥1,j ¥1,j
Izi,i@ow O op, 51,5 = Mep,eh,Bn,k O(Izéjwp ® Izijc,zp) (3.26)
M1 63,05,5%5 ©(Mg1,62,5,) © 1) = Mgy 624,55 O(L @ Mg, 4,5,5)- (3.27)

For the former, start with the case where ¥; ;& Y9, that is 3y jo0; ¥ = Y5 as above. Let 38

denote elements of the fibers of E over the surfaces X and define gv accordingly. Overall, by
Equation (3.23), the left hand side of Equation (3.27) becomes

i E E
(Ig;:i,qﬁw Omfﬁﬂﬁ,zld)(}\ & aV T Oév) = (l/jOOl [‘3) X (Oé 1OOL§)V. (328)

Now, for the right-hand side, we first insert and sew the vectors 8 to obtain
E E E E
()\loolé)(@(alOOLﬁ)v®(/14100Lé)®(04100£§)v. (3.29)
To this, we apply 1 tensored with the right hand side of Equation (3.16), giving

(X001 B) ® (a 501 B)Y @ (v 150, B) @ (A 100, B)", (3.30)



where the defining relation (3.22) for v was used again. After applying the final evaluation
and flip here, we find that the right-hand side of Equation (3.27) becomes equal to (3.28). The
general case follows from stacking the diagrams for a common surfaces ¥3;C;¥; and ¥3;Cy, Xo.
Associativity follows from the arguments as in [MP25, Theorem 3.13], which generalize to the
setting of the general modular functor E. Fr-smoothness of the composition law follows from
the Fr-smoothness of the sewing isomorphisms of F, since other than those, the composition
law is given by linear operations which are Fr-smooth as well.

Note that the identity 1 € E(Defc(S')) may be represented by o ® oV for any a € E;(1,)
for any surface ¥ and boundary component j. The inverse with respect to - Z. of a representative
a®pY € Ej(¢,X) = E(X+*¢) ® E(X) is best represented by

(a@p) '=8ra" € Ei(¢ 2 x¢) = E(Z) @ BE(2%¢)", (3.31)
since then we have already found the right hand side of Equation (3.22) such that

my 4-135,(@® Y @B a’ )_ﬂ'PoeVu(; J¢)(04®/3V®5®04 )=B®pY (3.32)

is indeed the identity.

For the central extension, consider the map

ev: E;(1,%) = E(X)® E(X) — R

a® B —ev(B,a), (3:33)

which is well-defined on E(1) since we can write any o ® Y € E;(1,%1) as A o ® o” for
some A € R, and then Ig;:i,n(/\ a®a’) =X y®«yY for any v € E(X5), hence ev(a ®
BY) = X = ev(A y®~Y). Then, the map A — A\ a® oV for any a € E(X) for any ¥ is
independent of ¥ and «, and indeed inverts the evaluation map. The kernel of the projection
E(Defc(S')) — Defc(S?) is the fiber E(1) over 1 € Defe(S?), which is clearly the image
of this map, making the Sequence (3.25) exact. Finally, the composition law on E(1) given
Aa ® a¥ and pa ® oV for \,u € Ry and a € E(X), for any surface 2 and j, is given by
mpiy;Aa®a’@pua®a’) =Apa®aY, since in Equation (3.22) we have v = «, and
therefore it agrees with the multiplication in Ry. Finally, E(1) is central in F(Defc(S!)) since
given any a®3"Y € E(Defc(S!)), any element of E(1) may be represented by A a®@a¥ = X\ 3oV
for some A € R;, and then, we have

MNBe ) (a0 ) = a8’ = (@28 ) ¥(\asaY). (3.34)

O

3.3 Action of the central extensions on the modular functor

Consider the fiber E(X) over any surface ¥ € M, and ¢ € Defc(S?), and 1 < j < b such that
(3,¢) € Ugp j, that is, the deformed surface X *gb exists. Take v € E(X), and any element of
E(¢) which in our setup may be represented in o (¢ ¥) as a®v" by adjusting . Conceptually,
we can read the formula o ® vV as “replace v by ”, as this is what ¢ does geometrically when
deforming the surface X. Indeed, this defines actions of E(Defc(S!)) on bundles E(Mg)) at
each boundary component.

Proposition 3.5. For 1 < j <b, the maps

E
“x - E(Ugp,j) — E(Mgp),

3 3.35
(v, a®7Y) — « (3:35)
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define Fr-smooth actions of E(Defc(S')) on the Frélicher spaces E(Mygyp). They are bundle
morphisms over - * - (see Theorem 1.18), and isomorphisms on fibers. Moreover, the following
compatibilities with the sewing isomorphisms of E for 1 < j, k,l < b hold:

E | E E | E ) E
(e )g =0 %)% and (k<) =09k (-%-)  (3.36)
E E E E E E E E
(- j0k )% - =+ joop (- % ) or (- jook ) x - =(+* )00, - (3.37)

Here, the case in the second line depends on which of the surfaces the complexr deformations
acts on.

Proof. For two consecutive actions at the same boundary component we have on the one hand
(v¥@e))fEea)=ak(Bra’) =8 (3.38)
and on the other hand
i (@@ (Bea’)) =11 (B07") =B, (3.39)

where 8 ® oV is already in the representation on the right hand side of Equation (3.22). Fr-
smoothness of the actions follows directly from the choice of Frolicher structure on E(Defc(S')).

Let 3 ;G 3, such that both ¥, *¢ and ¥ * ¢ exist. For any v € E(%1) and § € E(3s)
there exists p € E(X)) where 31 jo0,X = X5 such that Vi ool = 4. If ¥ is just one surface, then

f is unique; otherwise the 4 may exchange scalars. Then, an element of E(¢) may be represented
either as « @ 7Y € E;(¢,%1) or as f® 6" € Ex(¢,X2) related by Ig;fc sla®yY)=B®dY, or
equivalently, o joo;E = . The relations in Equation (3.37) follow immediately from this. The
second relation in 7Eauation (3.36) follows analogously, for instance with Yo the surface under
consideration, ¥; an annulus at 9;X- and a single surface in ¥ which is self sewn in the way of
22.

For the first relation in Equation (3.36), we need a single surface ¥ € Mgpand 1 < j <k <
b, and two deformations ¢, € Defc(S!) such that each of the surfaces % * ¢, Xk 1 and X * k)
exists. Then, we find a decomposition ¥ = X1 ;00,, 23,00, 22 such that ElpC] Z and 22 qu E
for instance, small annuli. Take any v € F(X) and decompose it as v = uy j00Z § ,,00F 15 like
above. Any two vectors in F(¢) and F()) may respectively be represented by a; ® py and
as @ py . With this setup the first relation in Equation (3.36) becomes

E E E E
(7 * (o @ Mf)) x(ag @ py) = ((Ml 100m 0 n00, fiz) * Q1 ® 1y )) * (g ® py)
= (al lOEOm o nOEOo ,U2> (052 ® ,LLQ) (340)

E E
= (11 {00 0 OO, (X2

on the one hand, and equally on the other because of the associativity relation (3.4) of the
sewing isomorphisms of E. O

If the action takes place between the sewn boundary components, for v € E(31), a ®
v € E;j(¢,%1), and § € E(X3), we solve the following linear equations for a unique vector
BeEBEEx(J op~10l)),

E
(V¥ (@@9)) 50k 6 = a ;000 8 =350k B = ;50 (35 (B 8Y)). (3.41)

to find a relation extending Equation (1.79). If the action takes place between self-sewn bound-
ary components instead, for v € E(X), and a ® vV € E;(¢,X), we find a relation extending
Equation (1.81) by solving the following linear equation for g € E(3#* (J op~1ol))

E E E E E E
00jk (73? (a® Vv) = 00k @ = 00jk 8= 00j (7 x (B Wv)) (3.42)
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3.4 Various cocycle identities

Let E be a Fr-smooth real one-dimensional modular functor. Let Z collectively denote a trivi-
alization of F, which consists of Fr-smooth trivializations Zgp : Mgp — E(Mgy) for g,b > 0.
For each choice of boundary labels 1 < j < by, 1 < k < bs, the trivialization leads to Fr-smooth
functions QJZk € F( Mg, b, X Mg, p,) such that

Z(1) j0on Z(8s) = eXx 1) Z(5) 00y, By). (3.43)

Associated to self-sewing at distinct boundary labels 1 < j < b and 1 < k < b, we define the
functions Q7, € F(Mgp) by

0k Z(2) = e Z( 00,4 0). (3.44)

We call these functions the cocycles of E with respect to the trivialization Z, and they satisfy
cocycle identities arising from the associativity of the sewing isomorphisms of E,

Q74 (31,52) + QF,, (31 joor X2, 53

07 (1) + O, (005k $1, 5o

071 (31 1000 B2) + 97, (31,52

QjZ,k(E) + sz,m( 00j k 1

= QjZ,k(Zlv 22 100m B3) + O, (S2, 33),
= 0Z, (21 100 D) + QF,, (31, ),
07, (51 jook o) + Q7 (51, 5),
=07 (com ) + Q7 ().

— — — —

As already mentioned with Equation (3.20), the trivialization Z also induces local trivializations
on the central extension of complex deformations E(Defc(S')) by

Zsi(9) = Z(2x¢) ® Z(%)", (3.49)

for each surface ¥ € M, and ¢ € Defc(S?) such that ¥ * ¢ exists. The composition law ¥ of
E(Defc(SY)) defines a deformation-deformation cocycle for ¢, € Defc(St) by

E
Z55(6) % Zs ;(§) = €230 Zg j(p o ), (3.50)
defined where the section is defined at all three deformations. If 3, ;Cy X9, that is, ¥4 QOOLE =

Y9, the trivializations are related by

SQZZ,A(EI j‘ ¢x§)*QJZ,£(Elx

Zs,3(6) = P Zsi(0), (3.51)

and by Equation (3.26), the cocycles are related by the identity

le,j(¢la ¢2) — Qgg,k(%, $2)

3.52
= Q7 (Z1%61, %) + QF (T1 % 62, Z) — QF (B0 % (¢1 0 2), Z) — (51, B), (352)

where the surface-surface cocycles with ¥ in the argument are just sums of consecutive cocycles
sewing on the surfaces in ¥ one by one, which does not depend on the order of sewing by the
cocycle identities above. Note that this identity has the form of a “coboundary” for the function
Qil(zl 0, 0) — Qﬁl(El,Z) on Defc(S!). By associativity of the multiplication in E(Defc(S!)),
see Equation (3,2?), these cocycle satisfy the following deformation-deformation-deformation
cocycle identity,

OF (610 da, P3) + O (61, da) = QF (91, b2 0 P3) + OF (92, b3). (3.53)

From the action of E(Defc(S!)) on E(M,y) we also obtain the mixed cocycles

2(2)§ Zs, (6) = e2500nED 2(5 4 4), (3.54)
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where Y1 is the surface relative to which the trivialization of E(Defc(S')) is defined, and ¥
is an additional surface on whose kth boundary component we act on by ¢ € Defc(S!). For
Y1 ;G X2 as above the cocycles are related by

le’j,k(za ¢) - ng,j,k(EL ¢) = Qil(zl fd)?Z) - Qfl(EhZL (355)

which is independent of ¥ and equal to the function that the right hand side of (3.52) is a
differential of. If we take ¥ = ¥; and j = k in Equation (3.54) we find by Equation (1.77) in
Propostion 3.5 that

QF ,;;(51,0) =0, ¢ € Defe(Sh). (3.56)

Also by Proposition 3.5, the mixed cocycles satisfy mixed cocycle identities
Q7 (51,80 0) + QF . 1(32,0) = QF (51 o0k o, ¢) + QF (51, Ta),
QF(S1%¢,52) + QF . 1(31,0) = QF 1 (51 00k o, ¢) + QF (1, a), (3.57)
O (B1%0,%2) + QL ;(Z1,6) = U4 (T1, D25 (T o1 I) + QF k(2. T 671 ).

depending on which boundary ¢ acts relative with the trivialization on to complex deformations
relative to X, m. Moreover, by compatibility of the action,

0F 1 (B1% 1, ¢2) + QF (51, 61) = QF (D1 562, 61) + QF, 4(51, 02),

e o 7 J (3.58)
Q5,3 f¢1a $2) + Q5 (X1, 01) = Q5 (X1, 01 0 ¢2) + Q5 1(P1, B2).

and more cocycles from self-sewing.

In the case that F is local, we can take a trivialization that is a pullback of a trivialization of
E(Mgy). For such trivializations the cocyles have additional symmetries under reparametriza-
tion by diffeomorphisms. We identify these and show that they in turn characterize the locality
condition.

Proposition 3.6. The following are equivalent:

1. F is local.

2. There exists a trivialization of E such that for any £1 € Mg, b, 82 € Mg, p,,¢ €
Diff3*(S"Y), L # 4, ) )
Q5 (X1 %0, B0) = QF (51, E2) (3.59)

3. There exists a trivialization of E such that for any ¥ € Mgp, 1 < j <b, ¢ € Diff{"(Sh),
and X1 € Mg, b, and 1 < j < by,

0% 4(Z1,4) = 0. (3.60)
4. There exists a trivialization of E such that
0F (6, ) =0, ¢, 9 € Diff{(sh), (3.61)

for all surfaces ¥ with boundary component j.

5. There exists a trivialization of E such that

le,j (d)a ¢) = Q%Q,k(¢7¢)7 ¢7¢ € Diﬁin(sl)a (362)

for any surfaces X1, Yo with choice boundary components j and k respectively.

6. There exists a trivialization of E such that

Q7. (3 *¢,52) = 07 (51,525 (Jog ' 0 ) (3.63)
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Morover, if E is local a trivialization Z satisisfying any of the above also satisfies the other
conditions.

Proof. We prove the following implications: 1. +<— 2. — 3. =— 4. — 5. =— 2. and
3. < 6..

1. = 2. Let Z denote trivializations of E(Mygy) lifted from E(Mgyp). Let ¥; and Xy be
any surfaces and ¢ € Diff}"(S'). Z(2) and Z (2, * ¢ project to the same element in E(Mgy).
Then, by the factorization in the diagram (3.8), the sewn vectors

Z(X1%¢) joEok Z(%,) = o275 (21 152) 7((2) joor Ba) *¢) (3.64)

ZE(5)) 0ok ZE(5,) = eWn (P12 2B (5 00, 3y

project to the same vectors in E(Mg,b) and thus the cocyles in Equation (3.59) agree.

2. = 1. Let ¥; and Y3 be any two surfaces and j, k respectively a choice of boundary
component. Generally consider ¥ * ¢ and X; x¢ where ¢, ¢ each denote multiple elements
of Diff¥"(S') respectively acting at boundary components j and k which do not include j
and k. By choice of the diffemorphisms these parametmze all other surfaces mapping to the

same equivalence classes respectively in ./\/lgl b, and ./\/l retaining only the jth and kth

g2;b2
boundary parametrizations. Now let Z¥ be a trivialization as in 2. Vectors in F (/\/lgl b, ) and

E(/\HZ2 b, ) lift to elements of the form \; ZF(3;) and A\ Z% (3, * (b) and respectively Ao ZF (33)
and )\QZE(ZQ * w) which then sew into

)\12E(21) jOFék )\QZE(EQ) — AlAzlek(ZhZz)ZE(El OOk 22), (3 65)

E B * B (S,
A]ZE( zk(b) ]OOk )\2zE(22 E%) — )\1)\2eﬂj,k(21 i?)y)&Z (22 Eg)ZE( ;'jd) 00y, 22 z%)

The trivializations project to the same vectors and by repeated application of Equation (3.59)
the cocycles agree. Therefore, the sewing operation in diagram (3.8) is indeed independent of
the lifts and a projection from E(Mgy) to E(Mg) may be defined using the trivialization Z
such that E(Mygp) be comes he pullback bundle along this projection.

2. = 3. By Equations (3.59) and (3.55), the cocycle in 3. does not depend on on ¥ and
j. Thus, by changing to ¥ = ¥ and j = k, Equation (3.56) implies 3.

3. = 4. This implication follows directly from the second equation in (3.58).

4. = 5. If all the cocycles on Diff3"(S') vanish, they also agree.

5. = 2. Assuming 5., the coboundaries in Equation (3.52) vanish, and thus define
homomorphisms Diff}"(S') — R, where R denotes the abelian addditive group. Since Diff"(S")
is a perfect group, see e.g. [GR0O7, Theorem 4.4.2], any such homomorphism vanishes, and thus
we have

Q7 (B1%¢1,%) — QF)(51,8) =0, (3.66)
which by choosing ¥ to be a single surface is precisely Equation (3.59) in 2.
3. = 6. follows directly from the third equation in (3.57).
6. = 3. also follows from the third equation in (3.57) by choosing ¥ = ¥ and k = m.

Finally, observe that none of the implications above require changing the trivialization. O

3.5 Central charge and modular invariance

Given a trivialization Z of a Fr-smooth real one-dimensional modular functor E, by Equa-
tion (3.53), the cocycles ng (¢, 1) relative to the jth boundary component of a surface ¥ €
Mg, are cocycles on those complex deformations such that > * o, X * 1 and X * (¢ o ) exist.
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The unit disk with standard parametrization D = (D, J) is s special surface such that these
deformations always exist (if ¢ and ¢ are composable). Thus, the cocycle 96,1 defines a coho-
mology class in the cohomology H?(Defc(S!); R), which was computed in Theorem 2.3; see also
Figure 2. There are unique ag,bg,cg € R such that in the given basis of cocycles, we have

Q]I%,l =agReQpT + bgReQrot + ceImQpr + 0 Az, (367)

where Az is a 1-cycle on Defc(S?) depending on the choice of trivialization Z of E. Note that
since changing the trivialization Z only changes the cocycle QEZM by a coboundary, the constants
ag,bg,cg do not depend on the choice of Z. We are interested in the constant cg, which we
call the central charge of E.

The central charge is also accessible on the Lie algebra level. Let Wﬂ%@ be the Lie algebra
2-cocycle on Vectg'(S') obtained from differentiation of Qf ;. By the characterization of the
Lie algebra cohomology H?(Vect®(S'),R), see Figure 3, there is a decomposition

wfy = agRewar + cp Imwer + 6 az, (3.68)

where ay is a Lie algebra 1-cycle, which is the derivative of Ay above.

If E islocal, and Z is reparametrization invariant, then by Equation (3.61) in Proposition 3.6,
the cocycle QSJ vanishes on diffeomorphisms. Thus, it is a cocycle relative to Diffin(Sl).
Using the characterization of the relative cohomolog H?(Defc(S'); Diff3"(S');R) we find the
decompositions

Qf | = cpImQpr + 6 Bz, wi 1 = cplmwer + 6 Bz, (3.69)

where By is a 1-chain on Def¢(S?) relative Diff{"(S') and 3 = D B. Note that the assumption
of locality singles out the central charge as the only coefficient, that is, ap = bg = 0.

Even though the cohomology class of the cocycle Qﬁl of a local Fr-smooth real one-
dimensional modular functor is fully determined by the central charge, more details on which
coboundaries d B can appear are needed for a full characterization of E up to isomorphism. In
particular, we are interested in the cocycle Im Qret introduced in Section 2.2, Equation (2.36).
This is a coboundary in the non-relative cohomology, but becomes nontrivial relative to the
subgroup of scaling transformations Sc defined in Equation (1.45). Consider the family of stan-
dard annuli A;, 7 > 0 as defined in (1.71). The cocycle Qgﬂl is only defined on complex
deformations which deform S! at most by e=2"", see Equation (2.1). Since this subset has
the same fundamental group, the exact sequences in Proposition 2.1 yield isomorphisms of the
relative second cohomology groups to those of Defc(S!), which are computed in Theorem 2.3.
In other words, we can use the characterization of the second cohomology groups in Figure 2
also for the cocycle Qgﬂl. Assume momentarily that for the trivialization Z we have

QIZ,Q(A717AT2) = 07 T1,T2 > 0. (370)
Since in terms of scaling transformations s, s;, € Sc with 71,72 > 0,
Qgﬁl(snasm) = le,Q(AnaAfz) + QfQ(AT,A.,-1+T2) - 912,2(AT7AT1) - le,Q(AT7AT1)7 (3.71)

the assumption (3.70) implies that the cocycles Q§T,1 are relative to the subgroup Sc of Defc(S?).
Thus, we can resolve the difference to cg Im Qg1 more precisely:

Qf 1 =cpImQpr +hzImQre +0Cx .. (3.72)

Here, Cyz, is a 1-cycle on Defc(S!) relative to both Diff}"(S') and Sc. When changing 7,
the cocycle is changed by the coboundary in Equation (3.52). By the assumption (3.70), this
coboundary is relative to Sc, and thus the constant hy € R does not depend on 7. The notion
that we define requires that hy; = 0, and we call it “flat modular invariance” since it relates to
the flat metrics in the example of the real determinant line bundle.
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Definition 3.7. A local Fr-smooth real one-dimensional modular functor is flatly modular
invariant if there exists a reparametrization invariant trivialization Z such that

L. QIZ,Q(ATUATQ) =0 for any 7i,72. > 0.
2. hz =0 in Equation (3.72),

and every such trivialization has the property that for 4, B € ./\/l(gf;d the following implication

holds,

001,2 A= 001,2 B — 0%1,2 Z(A) = OE<')1,2 Z(B) (373)

We call such a trivialization Z modular invariant as well.

Remark 3.8. Infinitesimally in the ¢,, i¢,, basis, the special coboundary Im Qg corresponds to
the term which is linear in n for m = —n (as opposed to the n® in the Gel’fand-Fuks cocycle.
Conceptually, it makes sense to require ~g since the same cocycles appear when considering
Kéhler structures on Diff5"(S!) as in [BR87]. There, it is explained that while one gets a Kéhler
structure also for cg = 0 and hg = 1, the opposite choice makes more sense geometrically.

The cocycles Qﬁl and ngl are related by the following special case of Equation (3.52) using
A.,- 2001 D= D,

Q]g,l(d)la ¢2) - Qiﬂl((vbla ¢2)

= QZ,(D, Ar % 1) + Q75 (D, Ar % d2) — Q75 (D, Ay % (1 0 h2)) — QZ (D, A,) (8.74)
1,2\, A7 T @1 1,2\ £27 T P2 1,2\ S T(@P1 2 1,2\ £847 ).

Definition 3.9. A local Fr-smooth real one-dimensional modular functor is crossing invariant
if there exists a reparametrization invariant trivialization Z of E (M 3) such that

Z(Py) joor Z(Pa) = Z(P3) 100m Z(Py), (3.75)

for hyperbolic pairs of pants Py, Py, P3, Py € Mg’yg such that Py joo, Py = Ps 00, Py € Mo 4
where the left and right hand sides have equal boundary lengths at the seams.

Definition 3.10. A local crossing invariant Fr-smooth real one-dimensional modular functor
E is hyperbolically modular invariant if any crossing invariant trivialization has the property
that

E E
00k Z(P1) = o0m Z(Py), (3.76)

for hyperbolic pairs of pants P, P, € Mgf'g such that oojx Pi = 00y, P» € My 1 where the

left and right hand sides have equal boundary lengths at the seams.

4 Disk-disk cocycles and loop Loewner energy

Consider the special case of the disk-disk cocycle Qfl : Mo x Mp1 — R of a local Fr-
smooth real one-dimensional modular functor F with respect to a reparametrization invariant
trivialization Z over My o and My 1. If cg # 0, this is the cocycle for the sewing of two disks,

and it defines a function
H: DefC(Sl) —R

2 4.1
¢ — Q7 (Dx¢,D). “L
cp

Since any disk in My ; may be represented in the form (D, Jog) = D* ¢ for a diffeomorphism
¢ € Diff{"(S'), the disk-disk cocycle is fully characterized by the restriction of the function
to Diff3"(S'). By locality, see Proposition 3.6, the restriction of # to diffeomorphisms has the
symmetry

H(p) =H(Jop o), ¢ € Diffy*(Sh). (4.2)
This symmetry leads to the critical point of H.
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Lemma 4.1. We have (d; H)(v) = 0 for any vector field v € Vect(St).

Proof. First, for a vector field generating a Mobius transformation, the lemma holds since
Dx¢ =D € My for any Mébius transformation ¢ € PSL(2,C). Now, for n > 1, consider the
vector field ¢_,,. Since it extends holomorphically to C\ {0}, we again have

]I))beg_n:[ooe ',(I)zn]:D€M071, (4.3)

and thus the lemma holds for v = ¢_,,. For ¢,, start with the tangential vector field aﬂl defined
in Equation (1.19). By R-linearity and the case above,

(@) (al) = J@H)(E), (@ M) al) = S(da ) (L), (14)

By the symmetry (1.2) we also have (dy H)(ah) = —(dy H)(J*all). Both equalities can only
hold if (dy H)(£—,) = 0.

Since dy H is only R-linear, we also have to treat the case of the vector fields i¢,, and i{_,,
separately. However, the argument for ¢,, does not work for i/,, since the tangential vector bllz
does not have a sign difference between i¢,, and i¢_,. It is useful to introduce the rotation
Ro(z) = €%z by a € [0, 27), which restricted to z € S is an element of Diff}"(S'). Conjugating
£, by a rotation yields

R, = —(92)" e 120, = ' "¥,,. (4.5)

Thus, for n # 0 and a,, = we have R, {, =i/,. Considering the identities

JoR,o0J=R_,, R'=R_,, DRy =D € Moy, (4.6)

and reparametrization invariance (3.63) applied to le 1, the function H is invariant under both
pre- and postcomposition by rotations at any ¢ € Defc(S!). That is,

H(Ro o do Ry) = % 0Z (D5 (R 06),Dx (JoR; o) =H(0), o, Be[0,2). (47)
Returning to the variation, we find

(A2 H) (i) = (A H)(RE 00) = (di ) (R, © B0, 0 R, ) = (s H)(a) =0 (48)

and analogously for i¢_,,. O

At other ¢ € Diff¥"(S'), the differential dy H may be identified with a certain Fr-smooth
functional on Vectd(S!) through conformal welding (Proposition 1.13). This functional has
an integral representation by a quadratic differential through the Cauchy—Hilbert transform
(Proposition 1.5). The main result of this section is that the quadratic differential turns out to
be the Schwarzian derivative of a factor in the conformal welding decomposition. This agrees
with the variational formula for the universal Liouville action, or loop Loewner energy I* [TT06,
Wan19, PWW25],

™ () :—%Im/vS[(Jo@oJ)_l], (4.9)

where (5 is as in the conformal welding for the analytical loop ; see Proposition 1.13. Therefore,
we state our result as follows.

Theorem 4.2. Up to a constant depending on E and Z, but not on ¢, we have

12H(¢) = I¥ (¢) + (const.), ¢ € Diff3"(Sh). (4.10)
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Proof. Let [y]~ € Ty Diff3"(S') be a tangent vector such that (0, z) = ¢(z). In the conformal
welding decompositions (see Proposition 1.13),

bo=JoCod) ot A, )= (Jonz(t, ~)oJ)_1 om(t, -) (4.11)

the complex deformations (; and (; and also the time-dependent complex deformations 7; and
7 are conformal on D. By Proposition 1.9, n; defines a time-dependent vector field whose flow
yields back ;. Denote by v € Vecti (S!) this vector field at the time where the flow equals 7;.
It has the property P~v = 0. The variation of H by the tangent vector [y]. then is a function
% O4(v) = (dp H)([v]~) of the vector field v, which we extend to Vecti(S') by

O4(v) = % Q7 |(D#(®,0¢),D),  ve Vect@(Sh), (4.12)

t=0

such that it vanishes if v = P~v. By diffeomorphism invariance, the same as used for the
symmetry (4.2), we may also express it in terms of (s as

%)

O4(v) = g Qfl(Dﬂf@Uo(Jo@oJ)ogﬁ),D)
t=0

= % Qf (D% @y 0 (Jolz0J), D% Jogp™" J)) (4.13)

t=0

— 9 07 (Db, 0 (ot 0T), D% ()
Ot 1

If v is in s1(2, C), the flow ®,, is a Mobius transformation and thus D+ ®,, = D and D+ ®;-, =
D in Mg,;. Then, the variation ©4 vanishes on these vector fields. Similarly, for Mébius
transformations, we have by Lemma 4.1 that

O4(v) = O1(¢*v) =0, ¢ € PSL(2,C),v € Vect?(S'). (4.14)

Thus, variation of H is fully determined by the subset of vector fields v € Vect®*(S') such that
v = Pto.

By Fr-smoothness of Q7 and the action of Defc(S') on Mo, the R-linear functional
Oy : VectF(S') — R is Fr-smooth. By Proposition 1.5 has a unique integral representation

O4(v) = Re (/ P v p;; —|—/ Pty p%), (4.15)
(1—¢)S1 (14+¢)81

where qu and Py are holomorphic quadratic differentials respectively on D and C\]DD, such that
pg(00) = 0. However, we already know that p;f = 0. By Equation (4.14), we have p, = 0 for
¢ € PSL(2,C).

Now, we compute p. Let ¢1,¢2 € Diffin(Sl) be diffeomorphisms with conformal welding
decompositions

¢1=(Jolz0J) " o (1lst, po = (Jo&y0J) o &g (4.16)

By changing the normalization of the complex deformations (i, (s,&1,& € Defc(St), we can
let & map D into D such that it becomes composable with (. Let the complex deformation
(s0& : D — C define a diffeomorphism ¢3 € Diff3*(S') via conformal welding. The functional
from (4.13) in terms (3 o & of becomes

Oy, (v) = % 07, (]D)T (@, 0T 0Cs 08 01),Dx(Ca 0 52)). (4.17)

t=0
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We apply the disk-deformation-disk cocycle identity, the line in Equation (3.57), to the defor-
mation {» and the second surface D * (2 in Oy, (v) at the second argument of the cocycle,

_ ( 11(PrG.&)

+0? ((D( oJoggoggoJ))T(JO@OJ)_l,DT@) (4.18)

0

®¢3 (U) = a

+QD11(D* (®,0J000&01)),(J °§2OJ)_1>>-

Note that the first term is time-independent, and the second term is just O, (v). For the third
term, apply the same cocycle identity to D and &; in ©4,((J olz 0 J)*v),

(‘ 0f 1, (D, 52)

+ 07, ((]D)T (@3 0cs01)0 0 J 02 0. 1)) % (J okz 0 J)*l,D) (4.19)

* Tk a
@¢2(C1J U): a

t=0

+QHZD7171<DT((I>(JOCQOJ v0Jo&y0l), (J O£QOJ)1>>.

Again, the first term is time-independent. The second term is the variation at the identity
Qfl(DTQQ 7% v, D), which vanishes by Lemma 4.1, and the third term agrees with the third
term in (4.18) since the deformation to the left of ®, in ®(joc,00)0 = Jo(;l Jo®,0Jo(301],
see Equation (1.67), can be absorbed by the unit disk. In summary, we have shown that

Op, (V) = O, ((J o2 0 J)"v) + Oy, (v). (4.20)
For the quadratic differential, this implies that
Pyy = (JoC2 0 d)upy, +py, - (4.21)

This equation together with the PSL(2,C) invariance characterizes Py as a scalar multiple of
the Schwarzian derivative S[(J o(y o J)~!]. Note that the quadratic differential S[(Jo(y 0 J)~}]
is holomorphic in a neighborhood of C \ D. Hence, the integrals in (4.15) may just be taken
over S, that is, we may set € = 0. What remains is to compute this constant C' € C such that

de H([v~]) = é O4(v) = ReC/S1 v S[(Joly0J)71, v E Vect%n(sl) . (4.22)

We compute the variation of ©4(v) for a tangent vector at ¢ = 1 € Diff3"(S'). It is described
by a curve v € C(Defc(S)) where in the conformal welding we have [(Jo(s o J) 71 = [@4,]~
for a vector field w € Vect (S') such that w = P~ w.

0] 2 0
a s:og@fy(s’.)(v)— % RGC SlUgS‘[‘:I)w(S7 )]
=ReC [ v(z)w"(2)dz (4.23)
Sl
=—ReC | v'(2)w'(z)dz
Sl

Note that for C' € iR this is proportional to the cocycle Im wgp (v, w) defined in Equation (2.31)
up to a coboundary, that is,

0

n O4(s,)(v) = =121 cg Re C wgr (v, w) + (coboundaries) (4.24)
s=0
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On the other hand, by Equation (4.13), we have

9 0 d 5
35| O = 5| tzom,l(m (@ults )0 Buls, ), D5 ® e uls, -))
o] o
-9 =z O (D# (By(t, - )0 @ (s, -)),D 195
88 s=0 8t t=0 ( 1’1( ( ) ) ( . )

+QIE:1(DT(I)v(ta : )7DT(I)7J*1U(57 . )))

To the term in the last line we can apply the disk-deformation-deformation-disk cocycle identity
obtained from combining equations in (3.57) and (3.58),

Qf, (Dmv(t, DD gy (s, - )) ——0F,, (]D), @1,) —-0f | (D, o w)
+ QHEDJ (q)v’ (bw) + QlIE))‘71,1 (Da CI)U o (I)w) (426)
+0f, (DT (o, o@w)7]]])>7

where we take the section on Defc(S!) with respect to the surface D, such that the function
Op1,1(D, -) on Defc(S?) is zero (see Equation (3.56)). The latter causes the first, second and

fourth terms on the right-hand side to vanish. Since [®_,]. = —[®y]~, the last term in (4.26)
cancels with the term in the second line of (4.25). This leaves us with
0 0 0
=l 00 = | o 0F(Rult ) Buls, ). 4.27
85 o ’)’( s )(U) 88 0 at o D,1 ( ) (S ) ( )

By repeating all of the computations so far with the first vector field associated to 7y in Equa-
tion (4.11) instead, we also find that

9
0s

0

0
(—)V(S) : )(v) == %

a QF 1 (Puls ). @ult, ). (4.28)

s=0 s= t=0

for v and w the same vector fields as in Equation (4.27). Thus, by the defintion of the central
charge of F in Equation (3.69), we find

)
% 0 @’Y(Sa . )(U)

-1 b E (4.29)
35|, |, (Q}D},l(‘bv(t, ), ®u(s, .)) - QDJ(@U,(S, ), @ (¢, ))>

=2 (e Imuwar (B, @) + 5 8(Dy, @),

where the factor of 2 arises from the differentiation of group-level cocycles as in Equation (2.27).
By linear independence of the Gel’fand-Fuks cocycle wgp from the coboundaries, we find that
C = Gi—ﬂ by comparing to Equation (4.24). With this constant, Equation (4.22) yields

124, 1(3) = =T [ 0[0TG 0 )] = 3 ds T (0)(112)) (4:30)

O

5 Isomorphisms of real one-dimensional modular functors

Let E and D be Fr-smooth real one-dimensional modular functors with equal central charge
cg = cp € R. In this section, we construct — under further assumptions — an isomorphism
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between F and D according to Definition 3.3, proving the main result of this work, Theorem 5.1.
The strategy is to find trivializations Z and W, respectively of E and D, such that all cocycles
defined in Section 3.4 agree. Then, the isomorphism is given by

Web : E(Mg,b) - D(ngb)a

(5.1)
Z(X) — W(E).

We construct the components W, |, one by one. With each new case, there are new cocycles to
be considered, for each of which we show that they agree for Z and W before moving to the
next case.

Preliminarily, we consider an induction step. Given that the isomorphism W, is defined
up to a certain number of boundary components at a certain genus, and for all boundary
components for lower genera, we construct the isomorphism for one more boundary component
in that genus. However, this induction step requires that the new Wz}, has b > 2, that is, the
cases b =0 and b = 1 for each next higher genus need to be considered separately. In fact, we
apply this inductive procedure only for g = 0 and g = 1. The induction step itself assumes that
E and D are local (Definition 3.2).

First, we consider the cases of the sphere and disks. Using that cg = cp and locality,
Theorem 4.2 defines ¥y o and Wy ;. This suffices to get an isomorphism for all genus 0 surfaces
using the induction step.

For genus 1, we first define a new trivialization X on annuli, which is flatly modular invariant,
assuming the respective notion in Definition 3.7 for both E and D. We let X agree with Z
on Mg and My ;. Since Uy is already an isomorphism, Y (A4) = ¥ 2(X(A)) is also flatly
modular invariant. Then, both have the necessary properties to define trivializations on tori
and handles (tori with one boundary component) such that ¥; g and ¥ ; are isomorphisms.
The trivializations on handles are defined as in the induction step (note that Proposition 5.4
only requires b > 1), and equality of the cocycles follows the case of tori.

Finally, our construction of the isomorphism for genus g > 2 assumes crossing invariance
(Definition 3.9) and hyperbolic modular invariance (Definition 3.10) for both E and D. We
extend the new trivializations X and Y to pairs of pants using crossing invariance. Since crossing
invariance and hyperbolic modular invariance respectively correspond to the invariance under
A- and S-moves between pants decompositions of hyperbolic surfaces, the new trivializations
extend canonically to any hyperbolic surface in terms of pants decompositions. The equality of
cocycles then follows by reduction to the genus 0 and 1 cases, extending the isomorphisms ¥
to any genus and number of boundary components.

This proves the main theorem of this work.

Theorem 5.1 (Universal property of real one-dimensional modular functors). Let E and D
be local, flatly modular invariant, crossing invariant, and hyperbolically modular invariant Fr-
smooth real one-dimensional modular functors with equal central charges cg = cp. Then, there
exists a Fr-smooth isomorphism of real one-dimensional modular functors ¥ : E — D.

Only considering the construction for genus 0 where modular invariance was not used, we
obtain a weaker result.

Corollary 5.2. Let E and D be local Fr-smooth real one-dimensional modular functors with
equal central charges cg = cp. Then, there exists a Fr-smooth isomorphism of real one-
dimensional modular functors ¥ : E — D in genus 0.

Taking only flat modular invariance into account, we can only go up to genus 1:

Corollary 5.3. Let E and D be local and flatly modular invariant Fr-smooth real one-dimensional
modular functors with equal central charges cg = cp. Then, there exists a Fr-smooth isomor-
phism of real one-dimensional modular functors ¥ : E — D up to genus 1.
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5.1 Induction step on the number of boundary components

To extend an isomorphism ¥ to moduli spaces M, with a higher number of boundary com-
ponents b > 2 and any genus g > 0, we proceed by induction — keeping the genus fixed, and
increasing the number of boundary components by one.

The construction of the new isomorphism W, } involves choosing particular trivializations
of F and D. Since we are looking to define reparametrization invariant trivializations, we let
them be determined by the pullback of trivializations over Mg,ba the finite-dimensional moduli
spaces without boundary parametrizations. Any such surface in ./\>lg,b may be lifted to Mg}gb,
the moduli spaces of surfaces with Mobius boundary paramerizations. We define trivializations
over MM°b and let them project to ./\/lg b, and thereafter, pull them back to M. However, in
this process, we will have to show invariance under Mobius reparametrizations. While it does
not seem essential how exactly these trivializations are chosen, it is important that they are

chosen in the same manner for £ and D. We make this choice as follows.

Proposition 5.4. Let Z be a reparametrization invariant trivialization of a local real one-
dimensional modular functor E over Mg 1, and Mg_1p forb > 1. Then, the trivialization over
PINS MM"b defined by solving the linear equations

Z(%) 1601 Z(D) = Z(X 1001 D), (5.2)

yields a well-defined parametrization invariant trivialization over Mgp.

Proof. The trivializations over ¥ € Mggb are defined by solving the linear equations (5.2),
singling out 91 % by attaching a disk to that boundary component, which reduces the number of
boundary components by 1. Note that here we require b > 1. These linear equations (5.2) are
equivalent to Q7 (¥, D) = 0. Invariance under Mobius transformations ¢ € PSL(2,R) acting as
reparametrlzatlons is equivalent to QD 1 j(E ¢) vanishing for any 1 < j < b. For j # 1, consider
the surface-deformation-disk cocycle 1dent1ty

le,l(zj‘éf’,D) + 95,1,]'(27 ¢) = Q1Z,1(E,]D)) + Q]g,l,j(z 1001 D, ). (5.3)

The first term on both sides vanishes by the linear equation (5.2) for the Mobius surfaces % *¢
and X respectively. The second term on the right-hand side vanishes since by the induction
hypothesis we have reparametrization invariance for any surface with fewer boundary compo-
nents, such as 3 j00; D € Mg p_1, see also Equation (3.60). Therefore, also Q]g,l’j(z, @) = 0.
For j = 1, we likewise have a cocycle identity

071 (S0, D)+ 051 1(5,0) =51 1(D,(Jog™ 0 0)) + Q7 (B, D% (Jog~ o). (5.4)

Here, the first term vanishes again by (5.2), and the first term on the right-hand side vanishes
by reparametrization invariance (3.60). For the second term on the right-hand side, observe
that D% (Jog~! o J) = D since ¢ is a Mobius transformation, and then it vanishes by (5.2) as
well. O

For the induction step, the concrete assumption is that the isomorphism ¥ is defined in
terms of trivializations Z and W for all surfaces with any number of boundary components
for genus < g. For genus g surfaces, we assume that ¥ is only defined for surfaces with < b
boundary components. Then, we also assume that ka(El,Zg) = Q%(El,Eg) for for all
surfaces ¥1 € Mg, b, and Xp € Mg, ,, such that either g; + g2 < g and by, by arbitrary,
or g1 + g2 = g and by + by — 2 < b. Moreover, we assume for the self-sewing cocycles that
ka(El) Q (21) for 31 € My, g, such that either g; +1 < g and by arbitrary, or g1 +1=g¢g
and by —2 < b

46



Proposition 5.5. Let ¥ : E — D be an isomorphism of local real one-dimensional modular
functors up to genus g > 0 and (not including) b > 2 boundary components, and let Z and W
respectively be trivializations up to genus g and (not including) b > 2 of E and D such that
VoZ = W. Then, the reparametrization invariant extensions of both trivializations Z and W to
Mg in Proposition 5.4 induce an extension of the isomorphism ¥ to b boundary components
by defining Vg, (Z(X)) = W(X) for £ € Mgp.

Proof. We check that all new cocycles involving surfaces with one additional boundary compo-
nent agree for Z and W. The first case to consider is Q7, (3, D) for £ € Mg and D € Mg ;.
The surface ¥ is related to a Mébius surface ¥ € Mg’"gb by ¥ = f)fqbl -+ % ¢p for diffeomor-
phisms ¢1,...,¢p € Diff3"(S'). By diffeomorphism invariance, we only have to consider the
case ¥ = ET(b for ¢ € Diff3"(S') and D = D. Then, we apply the surface-disk-disk cocycle
identity attaching a unit disk at the second boundary component (this is why we assume b > 2),

O (24 ¢,D) + QZ (S ¢ 1001 D, D) = QF, (X4 6, D) + Q7 (X% ¢ 2001 D, D). (5.5)

The second term on both sides agrees with the respective cocycle for W by the induction
hypothesis, since the surface has one less boundary component. Thus, le 1(2 * ¢, D) equals the
same cocycle of W if and only if this holds for QQZl(i *p,D) = QQZJ(E, D). To the latter, apply
the same cocycle identity again now with ¢ = 1. Then, the result follows since le l(i, D) = 0.
Note that by changing the index 2 to any other boundary component and putting back in the
other diffeomorphisms, we also have shown that

Q7 (2,D) =Y (2, D), Y€ Mgp,DEMg1,1<j<b. (5.6)

Any other new cocycles without self-sewing are of the form Q7, (2, %) and QY (X1, 2)
for surfaces 31 € My, b, and X € Mg, ,, with g1 + g2 = g and by + by — 2 = b. If either of
the surfaces is a disk, this case is covered by Equation (5.6) above. Since b > 2, either £, or
Yo has at least one more boundary component. Without loss of generality, assume that 3, has
another boundary component [ # j. We consider the cocycle identity of attaching a unit disk
to this boundary component,

07(S1, 82) + Q71 (81 jook B2, D) = QF (51, D) + Q7. (31 1001 D, ). (5.7)

Note that all the terms except the first involve surfaces with at least one fewer boundary
component in total. Therefore, the agreement of the cocycles follows from the induction hy-
pothesis. Finally, the self-sewing cocycles QJZ (2) to consider involve ¥ € Mg_1 p4o since then
00k 28 € Mgp. Let 1 <1 <b+2 bea boundary component of ¥ other than j or k. Attaching
the unit disk at [, we find the following cocycle identity,

Q7L(2) 4+ Q71 (00jk B,D) = QF (S 1001 D) + QF (5, D). (5.8)

The second term on the right-hand side equals the same cocycle for D by Equation (5.6),
and the same holds for the terms on the left-hand side by the induction hypothesis. Hence,
QJZ (X)) = Qm(Z), and we have covered all new cocycles. O

5.2 Spheres and disks, and complex deformations

For the case of spheres My, and by reparametrization invariance also for disks My, the
trivializations Z and W are unique up to functions on the moduli spaces Mgy = {@} and
./\>lo,1 = {D}, that is, up to constants. Thus, at this level, for both E and D, there are two
degrees of freedom. We fix one degree of freedom each by normalizing them in the same way,
such that

Q7 (D,D) = Q1" (D,D) = 0. (5.9)
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By the assumption that F and D have equal central charge and Theorem 4.2, it follows that
the disk-disk cocycles agree up to a constant, which is fixed by the normalization (5.9).

The trivializations on disks define trivializations Zp; and Wp of the central extensions
E(Defc(S')) and D(Defc(S')) of complex deformations. By combining the disk-deformation-
deformation cocycle

Q2 (D, ¢pov) + Q1 (6,0) = QL (Dx¢, ) + Q1 (D, 9), (5.10)

where by Equation (3.56) the first and the last terms vanish, and the disk-deformation-disk
cocycle of D ¢, ¥, and D, given by

Qf (D¢, ¥) + Q7 (D (pov),D) = QF (D, Joyp ' 0J) + Q7 (D¢, Dx Joy~' 0J) (5.11)

where the third term vanishes, we find that the cocycle Qﬁl((zﬁ, 1) with respect to the compo-
sition law of E(Defc(S!)) is fully expressed in terms of the disk-disk cocycle:

0516, 9) = Q11D ¢, Dk Jop™ ' 0 J) — Q7 (D (¢ 0¢),D) (5.12)

Since the disk-disk cocycle of E agrees with that of D, we find that ngl(@ P) = Qﬁ1(¢, ) for
all ¢, € Defc(S!), and we have an isomorphism

¥ : E(Defc(S")) — D(Defc(SY))

5.13
Zﬂl)?,l(éb) — Z]D?@(Qb)- ( )

5.3 Tori and flat modular invariance

To define trivializations on tori, we assume that both E and D are flatly modular invariant.
Then, we replace the trivialization Z on annuli with a flatly modular invariant trivialization
denoted X. Since V¥ is already an isomorphism in genus 1, the trivialiation

Y(A) = Toa(X(A), A€ Mos, (5.14)

of D(My,2) is flatly modular invariant as well. For tori T' € My g, let X (T') = ocof’y X(A) and
Y(T) = ooy Y(A) defined by any A € M%?gd such that o012 A = T. The independence of
the choice of A is precisely the assumption of flat modular invariance. The resulting cocycles
Q5 (A) and QY 5(A) for A € Mg, have the property that

OF5(4) =0 ,(A4) =0,  Ae M (5.15)
By the following proposition, we have Qf,(A4) = Q) 5(A) for any annuli.

Proposition 5.6. Extending the isomorphism Wo o on Mg o to V1 on My by sending X to
Y makes that the following diagram commutes:

looﬁz l‘x’fz (5.16)

Proof. Let A, B € My 2 be annuli such that co; 2 A = 001 2 B are equivalent tori. First consider
A and B such that the seams in 0012 A = 0012 B are homotopic and disjoint. In this case,
we can decompose A and B such that A = C 1002 D and B = D 002 C for some C,D € Mg 2
defined by cutting the torus at both seams. By the cocycle identity (3.47) in the case of two
annuli and a torus,

Q5 (C 1002 D) + O75(C, D) = QF (D 1002 C) + Q7%(D, C), (5.17)
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and analogously Y. Because the cocycles on annuli for £ and D agree, taking the difference
between the cocycle identities results in

QfQ(C 1002 D) - Q}/’Q(C 1002 D) = sz(D 1002 C) — 9{2(D 1002 C), (518)

which is equivalent to
Qf2(A) - 9{2(14) = 952(3) - Q}/,Q(B)' (5-19)

Note that the sides of the equation are precisely the factors picked up by mapping from from the
fiber over the torus E(1002 4) = E(001,2B) to D(001,2A4) = D(1002 B) in Diagram (5.16). This
makes the diagram invariant under changing a lift from E(M; o) to E(My 2) by homotopic and
disjoint seams. We now prove that Equation (5.19) holds for any annuli such that oo 2 A =
01,2 B.

Using the already known case, we can for any A € M, find a finite sequence of annuli
A = Ay, Ay,..., A, in which we apply Equation (5.19) to the pairs A;, A;;1 ending with
A, having geodesic seam in 100y A, that is, A, € M(gf;d as defined in Section 1.5.1. With
this method, we can reduce the proof of Equation (5.19) for arbitrary A and B to the case
of A,B € M%?;d. By the assumption of flat modular invariance and the definition of the
trivializations on tori above, the self-sewing cocycles of the annuli with geodesic seam vanish
for both X and Y. Therefore, the Equation (5.19) holds trivially for these annuli and the
Diagram (5.16) commutes. Moreover, we have Q75 (A) = QY 5(A) for any annuli by using (5.19)
to reduce the difference to an annulus with geodesic seam. O

To apply the inductive procedure in genus 1, we are missing the b = 1 case to start the
induction. We now treat this case separately. Let the respective trivializations X and Y agree
with Z and W on Mg ; and Mg . The trivializations X and Y over M'{’f?b are defined in the
same way as in the induction step by Proposition 5.4, which works for the trivializations X and
Y in the case g = 1 and b = 1. Hence, we have reparametrization invariant trivializations X
and Y over M; ;. We temporarily, just for this section, define the trivializations X and Y over
pairs of pants M 3 using Proposition 5.4 as well. Note that in Section 5.4 we replace them by
hyperbolic modular invariant trivializations.

We prove equality of cocycles for X and Y in a different order, starting with the self-sewing
cocycles ijk(P) and Q;k(P) for a pair of pants P € Mg 3. First consider the case where
P e M{$ and P joo; D € M%?;d, that is, the case where by putting a cap D at the ith
boundary component (which is not j or k), we get an annulus which has geodesic seam in the
torus 00j 1 (P 001 D) = (00, P) 1001 D € My . Associated with this sewing operation, we
have the cocycle identity

Q751 (004 D) + Q55 (P) = Q5 (P, D) + Q5 (P 1001 D), (5.20)
and analogously for Y. Since the torus with one boundary component oo, P € M is again
Mbobius, the first term vanishes by the definition of the trivializations on MM?b above. The terms
on the right-hand side vanish as well — respectively by the definition in Equation (5.2) in genus
0, and by Equation (5.15) as we have P ;001 D € M%?;d. Thus, we find Q% (P) = 0= QY (P).

Now consider any pair of pants P € My 3 and an annulus A € My 2. In the cocycle identity
sewing the annulus in between two legs of the pants,
QYL (P joor A) + Q5 (P, A) = Q5 (P ooy A) + Qi 5 (P, A), (5.21)
the pants-annulus cocycles agree with those for Y. Taking the difference we find that the
cocycles for P joo; A agree if and only if they agree for P 009 A:

ka(P 7001 A) - Q}Tk(Pjool A) = ka(P £ OQ9 A) - sz(P EOO2 A) (522)
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Similar to the proof of Proposition 5.6, we may apply this step a finite number of times to
reduce to the case of an annulus with geodesic seam, and by reparametrization invariance, we
may apply any diffeomorphism to the outer boundary to obtain a Mébius pair of pants. Finally,
other cocycles involve sewing a disk D € Mg or an annulus A € Mg 2 to a handle H € M ;.
Consider the cocycle identities that combine these sewing operations with self-sewing of the
form H = ooy 3 P,

Q§3(P) + Q{fl(H7D) = Qg{:s(P 1001 D) + Qfl(PvD)a (5.23)
Q5 (P) + QF (H, A) = Q3 4(P 1001 A) + Q7 (P, A). (5.24)

Note that these express the new cocycles in terms of those for which we already know that they
agree for X and Y, making them agree as well.

5.4 Higher genus

Remark 5.7. The trivializations Z and W on M 3 defined so far are most likely not crossing-
invariant since they are defined to be invariant under sewing of a unit disk at the first boundary
component. Aside from this being an asymmetric definition with respect to permutations of
the boundary labels, we may also consider what this condition means for the real determinant
line bundle. There, we equip the unit disk with the flat or round metric, the annulus with the
flat metric, and the pair of pants with the hyperbolic metric. Then, sewing the unit disk to a
pair of pants, we do not obtain the flat metric on the annulus, which contradicts the triviality
of the disk-pants cocycle.

So far, the isomorphism ¥ is defined in genus 0 and 1 for any number of boundary com-
ponents. For higher genus, we redefine X and on pairs of pants Mg by a crossing in-
variant trivialization (Definition 3.9). The isomorphism Wy 3 : E(Mg3) — D(My3) defines
Y (P) = Uy 3(X(P)). Since ¥y 3 is compatible with the genus 0 operation of sewing two pairs
of pants, the trivialization Y of D(M 3) is also crossing invariant.

Let X be a hyperbolic surface and ¥ = oo P a pants decomposition, and consider
E E
X(®) = HX(P), V(5 =&Y(P) (5.25)

This is independent of the pants decomposition, since it is possible to transition between pants
decompositions using a finite number of elementary moves, namely, the S- and A-moves as de-
fined by Hatcher and Thurston [Hat99, HT80]. Respectively, the hyperbolic modular invariance
and crossing invariance precisely say that (5.25) is invariant under these moves. For surfaces
with general boundary parametrizations, X and Y are defined by reparametrization invariance.

Since Y (P) = ¥ 3(X(P)) holds by definition, for surfaces ¥ € Mg}, of genus g = 0 and
b>2 org=1andb>1, we find

VWEE) = R WWF(P) = WP (P)=WP(D), (5.26)

that is, the new trivialization X is mapped to the trivialization Y where the isomorphism W
was already defined.

Since X and Y are now defined for any genus, in particular g > 2, we use them to extend
the isomorphism ¥ to all moduli spaces. To show that ¥ extends as an isomorphism, we have
to show that a number of cocycles agree. For hyperbolic surfaces 1 and Y5 we clearly have
Q])fk(El, ¥o) = Q}Tk(El, ¥3) = 0 and also for self-sewing. For general boundary parametrizations
away from the seam, we use reparametrization invariance. If there is a different parametrization
at the seam, however, some more arguments are needed. We proceed by induction on the genus
g > 2, relying on the base cases g =0 and g = 1.
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Given any two surfaces X1 € Mg, , and Xy € Mg, 1, in the cocycle ka(zh ¥3), we open
up a seam in one of the surfaces, say X7 = ;00,, f]l, such that ¥ is of genus one lower than
>1. Note that since we start the induction knowing genus 0 and 1, we can assume without loss
of generality that gy > 1. Since g; 4+ g2 > 2, the sewn surface ¥; joor ¥y has a hyperbolic
metric, and thus we can assume that the new seam is a hyperbolic geodesic in the total surface
¥ jooy Xo. Considering the cocycle identity

Q;,(k(zlv o) + Ql),(m(il) = Qj)',(k(zlv o) + Ql),(m(il OOk 22), (5.27)

we find that the second and third cocycles involve surfaces of a total genus at most g1 +go — 1.
The last term vanishes since we assumed the seam to be a hyperbolic geodesic. Thus, by the
induction hypothesis we have ka(El, o) = Q}jk(El, o).

Finally, let 3 € Mg, be any surface of genus g > 1 and number of boundary components
b > 2. We consider the cocycle ka(E) Let X = oopm 3 where the seam is a hyperbolic
geodesic in the sewn surface ©0; X, in the unique hyperbolic metric on 3, which exists since
g+ 1 > 2. Such a seam must be non-separating in ¥ such that S e Mg_1 is of genus one
lower. In the cocycle identity

the last term vanishes since the seam is a hyperbolic geodesic. Then, the second and third terms
are cocycles for one genus lower, so by the induction hypothesis, we know that these cocycles
agree with those for Y. Tt follows that Q% (¥) = QY (%).

1.

This completes the proof of Theorem 5.
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