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Plan:

Collapse of CFT’s and Mirror Symmetry. Conjectural precompactness of
the moduli spaces of CFT’s. Moduli space of CFTs’: can it be defined as a
functor?

Segal’s axioms of CFT.

QFT on graphs as quantum Riemannian manifolds. Collapsing CFT’s give
rise to QFT on graphs.

Spectral triples. Spectral triples give rise to QFT on graphs. Sometimes the
converse is true.

Bakry’s CD(R,N) conditions. Invariant measure is involved. The case of
spectral triples (not all of them,only those obtained by GNS construction to the
algebra).

Generalization of spectral triples, so that in the commutative case they be-
come Riemannian manifolds with the density. Quantum metric-measure space.

What is a “good” intrinsic definition of the dimension of metric-measure
space?

Gromov-Hausdorff convergence and spectral convergence in the commutative
case.

Quantum GH and spectral topologies. Collapsing CFTs via spectral topolo-
gies. Lattice model approximation of a CFT as an analog of the “finite set”
approximation of a metric space.

Wasserstein metrics and Sturm-Lott-Villani precompactness results. Gener-
alization to quantum length metric-measure spaces.

Quantum metric spaces a’la Rieffel-Hanfeng Li: generalization to NC metric-
measure case.

d-dimensional QFT’s (a’la Segal). QFTs on the metric space-time. Conti-
nuity w.r.t. measured Gromov-Hausdorff convergence of the space-time.

Relationship of GH to Zamolodchikov metric.



Applications: counting of string vacua. Non-archimedean Riemannian man-
ifolds. Singular string background.
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1 Introduction

1.1

In this paper we discuss analogies between the moduli spaces of Conformal
Field Theories (CFTs) and the space of isomorphism classes of compact metric-
measure spaces equipped with the measured Gromov-Hausdorff topology. We
hope that study some of these analogies will help to develop a mathematical
model for various low energy limits in Quantum Field Theory (QFT). Since the
underlying algebraic structures are often non-commutative, we need the notion
of moduli space in the framework of non-commutative Riemannian geometry.

The concept of the moduli space as a space representing the functor of “iso-
morphism classes of families” is not very useful for Riemannian manifolds (same
can be said about many other “functorial” concepts). On the other hand, the
“moduli space” (i.e. the set of isometry classes) of compact Riemannian man-
ifolds carries some natural Hausdorff topologies (e.g. Gromov-Hausdorff), so
one can compactify it in a larger set consisting of isometry classes of compact
metric spaces. It is well-known that some differential-geometric structures of
Riemannian manifolds admit generalizations to the points of compactified mod-
uli space. As an example we mention the notion of sectional curvature extended
to Alexandrov spaces or, more recent, the property to have non-negative Ricci
curvature extended to compact metric-measure spaces (see [LV], [St]).

One of the goals of present paper is to use this philosophy in the non-
commutative case. We are motivated by Segal’s axioms of the unitary Con-
formal Field Theory (see [Seg]) as well as by the approach to non-commutative
Riemannian geometry developed by A. Connes in [Col]. Many structures of
Connes’s approach (e.g. spectral triples, see [Col], [CoMar]) are closely related
to the structures considered in present paper.

1.2

One of our goals is to define a quantum Riemannian manifold (or, more gen-
erally, “Riemannian space”) by a set of axioms similar to Segal’s axioms of a
unitary CFT. Set of “isometry classes” (i.e. the moduli space) should be treated



similarly to the set of isometry classes of compact Riemannian manifolds with
restrictions on the diameter and Ricci curvature. The central charge plays a
role of the dimension of the space, and the “spectral gap” for the Virasoro op-
erator Lo + Lo plays a role of the (square root of the inverse to) diameter. In
the spirit of Gromov, Cheeger, Colding and Fukaya we would like to compactify
the “moduli space” of such objects by their “Gromov-Hausdorff degenerations”.
Notice that we treat the moduli space of CFTs (or,more generally, QFTs) as
an object of metric geometry rather than the one of the algebraic geometry.
We used this philosophy in [KoSol], where the concept of collapsing family of
unitary CFTs was introduced with the aim to explain Mirror Symmetry. Main
idea of [KoSol] is that the “moduli space of CFTs with the bounded central
charge and the spectral gap (i.e. the minimal positive eigenvalue of the Vira-
soro operator Lo + Lg) bounded from below by a non-negative constant”, is
precompact in some natural topology. The topology itself was not specified in
[KoSol]. Since the notion of collapse depends on the spectral properties of the
Virasoro operator Lo+ Lo, one should use the topology which gives continuity of
the spectral data, e.g. measured Gromov-Hausdorff topology. It was argued in
loc. cit. that if the spectral gap approaches to zero, then the collapsing family
of unitary CFTs gives rise to a topological space, which contains a dense open
Riemannian manifold with non-negative Ricci curvature. The restriction on the
Ricci curvature follows from the unitarity of the theory. This can be encoded
into an informal statement:

Collapsing unitary two-dimensional CFTs= Riemannian manifolds (possibly
singular) with non-negative Ricci curvature.

From this point of view the geometry of (possibly singular) Riemannian
manifolds with non-negative Ricci curvature should be thought of as a limit
of the (quantum) geometry of certain Quantum Field Theories (namely, two-
dimensional unitary CFTs). Riemannian manifolds themselves appear as target
spaces for non-linear sigma models. Hence non-linear sigma-models provide a
partial compactification of the moduli space of two-dimensional unitary CFTs.

1.3

From the point of view of Segal’s axioms, the geometry which underlies a col-
lapsing family of CFTs is the geometry of 2-dimensional compact oriented Rie-
mannian manifolds degenerating into metrized graphs. The algebra of the CFT
is encoded into the operator product expansion (OPE). Its collapse gives rise
to a commutative algebra A. The (rescaled) operator Lo + Lg collapses into
the second order differential operator on A. The rest of the conformal group
does not survive. Hence the family of CFTs collapses into a QFT. The latter,
according to [KoSol], should be thought of as a Gromov-Hausdorff limit of the
former.

The above considerations suggest the following working definitions in the
framework of quantum geometry. A quantum compact Riemannian space (more
precisely, 2-space, if we want to stress that surfaces are 2-dimensional) is de-
fined by the following data: a separable complex Hilbert space H, an opera-



tor S(X) : H®" — H®™ called the amplitude of ¥ which is given for each
compact Riemannian 2-dimensional oriented manifold ¥ with n marked “in-
put” circles and m marked “output” circles. The kernel of S(X) is the tensor
Ky € H®™ @ (H®")* = Hom(H®")* @ H®™, C) called the correlator. In the
same vein a quantum compact Riemannian 1-space is given by the similar data
assigned to metrized graphs with marked input and output vertices. Natural
gluing axioms should be satisfied in both cases, as well as continuity of the data
with respect to some natural topology. In particular we allow degenerations
of Riemannian 2-spaces into Riemannian 1-spaces. At the level of geometry
this means that metrized graphs are limits of compact oriented Riemannian
2-dimensional manifolds with boundary. At the level of algebra all “algebraic
data” (e.g. spaces of states, operators) associated with graphs are limits of
the corresponding data for the surfaces. The notion of limit should have “ge-
ometric” and “algebraic” counterparts. Geometrically it can be the measured
Gromov-Hausdorff limit, while for Hilbert spaces it can be any notion of limit
which respects continuity of the spectral data of the associated positive self-
adjoint operators. We are going to review several possibilities in the main body
of the paper.

Also, we can (and should) relax the condition that H is a Hilbert space, since
the limit of Hilbert spaces can be a locally convex vector space of more general
type (e.g. a nuclear space). In order to obtain a “commutative” Riemannian
geometry we require that the amplitude operator (or correlator) associated with
a surface or a graph is invariant with respect to the (separate) permutations of
inputs and outputs.

If we accept the above working definitions of quantum Riemannian spaces,
then many natural questions arise, in particular:

a) What is the dimension of a quantum Riemannian space?

b) What is the diameter?

¢) Which quantum Riemannian spaces should be called manifolds?

d) What are various curvature tensors, e.g. Ricci curvature?

When we speak about quantum Riemannian 1-spaces, Riemannian 2-spaces
or, more generally, Riemannian d-spaces, the number d corresponds to the di-
mension of the world-sheet, not the space-time. In particular, one can associate
a Riemannian 1-space with a compact Riemannian manifold of any dimension.
Having in mind possible relationship with CFT we should allow the number d
to be non-integer (“central charge”).

By analogy with the commutative Riemannian geometry one can ask about
the structure of the “moduli space” of quantum Riemannian manifolds rigid-
ified by some geometric data. In particular, we can ask about the “space of
isometry classes” of quantum compact Riemannian d-spaces equipped with a
non-commutative version of the Gromov-Hausdorff topology. Then one can ask
about analogs of classical precompactness and compactness theorems, e.g. those
which claim precompactness of the “moduli space” of Riemannian manifolds
having fixed dimension, diameter bounded from above and the Ricci curvature
bounded from below (see e.g. [Grol]). Introducing a non-commutative analog
of measure, one can ask about non-commutative analogs of theorems due to



Cheeger, Colding, Fukaya and others for the class of metric-measure spaces, i.e.
metric spaces equipped with a Borel probabilty a measure. To compare with
the case of unitary CFTs we remark that the space of states of a unitary CFT
plays a role of Lo-space (of the loop space of a manifold), with the vacuum
expectation value playing a role of the measure. The unitarity condition (“re-
flection positivity” in the language of Euclidean Quantum Field Theory) turns
out to be an analog of the non-negativeness of the Ricci curvature. Normalized
boundary states should correspond to probability measures.

The above discussion motivates the idea to treat unitary CFTs and their
degenerations as “quantum metric-measure spaces with bounded diameter and
non-negative Ricci curvature”. One expects that this moduli space is precom-
pact and complete in the natural topology.! One hopes for a similar picture for
QFTs which live on the space-time of a more general type than just a manifold.
Leaving aside possible physical applications, one can ask (motivated by metric
geometry) “what is a QFT with the space-time, which is a compact metric-
measure space ?” Although the answer is not known, see Appendix for some
ideas in this direction.

Defined in this way, quantum Riemannian spaces enjoy some functorial prop-
erties, well-known at the level of CFTs (e.g. one can take a tensor product of
quantum Riemannian spaces).

1.4

The idea that QFTs should be studied by methods of non-commutative ge-
ometry was suggested by Alain Connes (see [Col]). The idea to use Connes’s
approach for the description of CFTs and their degenerations goes back to [FG].
It was further developped in [RW] in an attempt to interpet the earlier approach
of [KoSol] from the point of view of Connes’s spectral triples. The measure was
not included in the list of data neither in [FG] nor in [RW], since in the frame-
work of spectral triples the measure can be recovered from the rest of the data.
Ricci curvature was not defined in the framework of spectral triples. In par-
ticular, it was not clear how to define a spectral triple with non-negative Ricci
curvature. Present paper can be thought of as a step in this direction.

1.5

Recall (see e.g. [Col]) that a spectral triple is given by a unital C*-algebra of
bounded operators in a Hilbert space and a 1-parameter semigroup continuously
acting on the space. It is assumed that the semigroup has an infinitesimal gen-
erator D which is a positive unbounded self-adjoint operator with the compact
resovent, and the commutator [D, f] with any algebra element f is bounded.
Similar structures appear in the theory of random walks and Markov semigroups

IMore precisely, non-commutativity arises from CFTs with boundary conditions. Our
point of view differs from [RW] where a unitary CFT already gives rise to a non-commutative
space. We prefer to axiomatize the structure arising from the full space of states rather than
from the subspace of invariants with respect to a W-algebra.



on singular spaces (see e.g. [Ba], [BaEm], [LV], [Led], [St]). In that case one
also has a probability measure which is invariant with respect to the semigroup.
This similarity makes plausible the idea that the “abstract calculus” of Markov
semigroups developed by Bakry and Emery (see [BaEm], [Ba]) can be used for
the description of the topological space obtained from a collapsing family of
unitary CFTs. This idea was proposed by Kontsevich in a series of talks in
2003. In those talks Kontsevich introduced the notion of “singular Calabi-Yau
manifold” defined in terms of what he called Graph Field Theory (and what we
call commutative Riemannian 1-geometry below). One hopes that the “mod-
uli space of singular Calabi-Yau manifolds” with bounded dimension and fixed
diameter, being equipped with a (version of) Gromov-Hausdorff (or measured
Gromov-Haudorfl) topology, is compact. More generally one can expect a sim-
ilar result for “quantum Riemannian 1-spaces” which have bounded dimension,
diameter bounded from above and Ricci curvature bounded from below. 2 To
our knowledge there is no precompactness theorem for the space of “abstract
Bakry-Emery data”.3 In a similar vein we mention precompactness theorems for
a class of metric-measure spaces which generalizes the class of Riemannian man-
ifolds with non-negative Ricci curvature (see [LV], [St]). The authors introduced
in [LV], [St] the notion of N-Ricci curvature, N € [1, 00]. The notion of N-Ricci
curvature is defined in terms of geodesics in the space of probability measures
equipped with the Wasserstein Lo-metric (see Section 6). We hope that there is
a non-commutative generalization of the notion of N-Ricci curvature as well as
of the Wasserstein metric, so that the class of quantum metric-measure spaces
with non-negative N-Ricci curvature and bounded diameter is compact with re-
spect to the non-commutative generalization of the measured Gromov-Hausdorff
topology or non-commutative generalization of the metric introduced in [St].

1.6

Let us make few additional remarks about the relationship of our approach with
the one of Connes ( see [Col]). In the notion of spectral triple he axiomatized
the triple (A, H, A) where A is the algebra of smooth functions on a compact
closed Riemannian manifold M (considered as a complex algebra with an anti-
linear involution), H = Lo(M, volyy) is the Hilbert space of functions, which are
square-integrable with respect to the volume form associated with the Rieman-
nian metric, and A is the Laplace operator associated with the metric. 4 From a

2In the recent preprint [En] the precompactness of the moduli space of commutative mea-
sured Riemannian 1-spaces and the usual bounds on the diameter and Ricci curvature was
proved. Methods of [En] are based on explicit estimates of the heat kernel as well as clas-
sical results by Cheeger and Colding [ChC3]. We do not see how to extend them to the
non-commutative case.

3Bakry-Emery data naturally lead to the metric on the space of states of a C*-algebra
coinciding with the metric introduced by Connes’s and generalized later by Rieffel (see [Rie]) in
his notion of “quantum metric space”. Although the precompactness theorem was formulated
and proved by Rieffel for compact quantum metric spaces, it is not clear how to extend his
approach to the case of quantum Riemannian 1-spaces discussed in this paper.

4In fact Connes considered the case of spin manifolds, so he used the Dirac operator D
instead of A = D?, and H was the space of square-integrable sections of the spinor bundle.



slightly different perspective, the data are: involutive algebra A, a positive linear
functional 7(f) = [,, fvoly which defines the completion H of A with respect
to the scalar product 7(fg*), the *-representation A — End(H), and the 1-
parameter semigroup exp(—tA),t > 0 acting on H by means of trace-class oper-
ators. The generator of the semigroup is a non-negative self-adjoint unbounded
operator A with discrete spectrum, and the algebra A being naturally embedded
to H belongs to the domain of A. Thus A encodes the topology of M, while 7
encodes the measure, and A encodes the Riemannian structure. Let By (f, g) be
a bilinear form A ® A — A given by 2B1(f,9) = A(fg) — fA(g) — A(f)g. The
formula d(¢, ) = supp, (,5)<1]0(f) —¢(f)| defines the distance function on the
space of states of the C*-completion of A in terms of the spectral triple data (the
C*-completion can be spelled out intrinsically in terms of the operator norm de-
rived from the #-representation A — End(H)). Every point x € M gives rise
to a state (delta-function d,). One sees that the above formula recovers the
Riemannian distance function on M without use of the language of points, so it
can be generalized to the case of non-commutative algebra A. There are many
non-trivial examples of spectral triples which do not correspond to commutative
Riemannian manifolds (see e.g. [Col], [CoMar]). Let us observe that in the case
of Riemannian manifolds the 1-parameter semigroup exp(—tA),t > 0 assigns
a trace-class operator exp(—IA) to every segment [0,[], which we can view as
a very simple metrized graph with one input and one output. Moreover, the
multiplication my : A® A — A gives rise to the family of operators Sy, i, 1,
H®? — H such that

21 ® 29 — exp(—Il3A)(ma(exp(—l1A)(x1) @ exp(—I2A)(x2))),

for any Iy, 12,13 > 0.

In a bit more symmetric way, one has a family of trilinear forms H®3 — C
such that (z1,z9,23) — T(ma(ma ® id)(exp(—l1A)(x1) @ exp(—l2A)(z2) @
exp(—Il3A)(zs3))). Hence, starting with a commutative spectral triple, we can
produce trace-class operators associated with two types of metrized graphs:

a) to a segment [; := [0, 1] we associate an operator exp(—IA) := Sy, : H —
H, assuming that for [ = 0 we have the identity operator;

b) to the Y-shape graph T, ;, 1, with different positive lengths of the three
edges we associate an operator Sy, 1,15 = S(Ty, 1,u5) @ H®? — H. Notice
that ma(fi ® f2) = limi, +1541,—0S (T 10.05) (f1 @ f2), fi € A,i = 1,2, hence
the multiplication on A can be recovered from operators associated to metrized
graphs as long as we assume continuity of the operators with respect to the
length of an edge of the tree.

From the point of view of Quantum Field Theory it is natural to consider
more general graphs. This leads to the notion of quantum Riemannian 1-
geometry (see below). It turns out that this language is suitable for spelling
out various differential-geometric properties of Riemannian manifolds (non-
commutative and singular in general), in particular, the property to have the
non-negative Ricci curvature.



1.7

One can speculate about possible applications of the ideas of this paper. The
Gromov-Hausdorff (or measured Gromov-Hausdorff) topology is coarser than
topologies typically used in physics. The question is: are these “Gromov-
Hausdorff type” topologies “physical enough” to derive interesting properties
of the moduli spaces? For example, it is interesting whether measured Gromov-
Hausdorff topology can be useful in the study of the so-called “string landscape”
and the problem of finiteness of the volume of the corresponding moduli spaces
of QFTs (see e.g. [Dou 1], [Dou 2], [Dou L], [Va], [OVa]). For example, the
problem of statistics of the string vacua leads to the counting of the number
of critical points of a certain function (prepotential) on the moduli space of
certain CFTs (see e.g. [Dou 1], [Z]). Finiteness of the volume of the moduli
space of CFTs (the volume gives the first term of the asymptotic expansion of
the number of critical points) is crucial. According to the previous discussion,
the “Gromov-Hausdorff type” moduli space of unitary CFTs with the bounded
central charge and bounded from below spectral gap is expected to be compact.
Probably the requirement that the spectrum is discrete leads to the finiteness
of the volume of the moduli space with respect to the measure derived from
Zamolodchikov metric (cf. [Va]). This would give a bound for the number of
string vacua.

1.8
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2 Reminder on degenerating Conformal Field
Theories

This Section contains the material borrowed from [KoSol].

Unitary Conformal Field Theory is well-defined mathematically thanks to
Segal’s axiomatic approach (see [Seg]). We are going to recall Segal’s axioms
later. In the case of the complex line C the data defining a unitary CFT can
be summarized such as follows:

1) A real number ¢ > 0 called central charge.



2) A bi-graded pre-Hilbert space of states H = @®pqer-H? I p—q € Z
such that dim(@pye<p HP'?) is finite for every E € R>(. Equivalently, there is
an action of the Lie group C* on H, so that z € C* acts on HP'? as 2Pz9 :=
(zz)Pz97P,

3) An action of the product of Virasoro and anti-Virasoro Lie algebras
Vir x Vir (with the same central charge c) on H, so that the space HPY is
an eigenspace for the generator L (resp. Lg) with the eigenvalue p (resp. q).

4) The space H carries some additional structures derived from the operator
product expansion (OPE). The OPE is described by a linear map H ® H —
H®C{z,2}. Here C{z,z} is the topological ring of formal power series f =
Zp,q Cp,q?Pz% where ¢, 4 € C, p,qg — +00, p,q € R,p—q € Z. The OPE
satisfies some axioms which do not recall here (see e.g. [Gaw]). One of the
axioms is a sort of associativity of the OPE.

Let ¢ € HP9. Then the number p + ¢ is called the conformal dimension of
¢ (or the energy), and p — ¢ is called the spin of ¢. Notice that, since the spin
of ¢ is an integer number, the condition p 4+ g < 1 implies p = gq.

The central charge c can be described intrinsically by the formula dim(®p o< g HP?) =
exp(y/4/372cE(1+ 0(1)) as E — +oc. It is expected that all possible central
charges form a countable well-ordered subset of Q>9 C Rxo. If H*? is a one-
dimensional vector space, the corresponding CFT is called irreducible. A general
CFT is a sum of irreducible ones. The trivial CFT has H = H%? = C and it is
the unique irreducible unitary CFT with ¢ = 0.

Remark 2.0.1 There is a version of the above data and axioms for Supercon-
formal Field Theory (SCFT). In that case each HP? is a hermitian super vector
space. There is an action of the super extension of the product of Virasoro
and anti- Virasoro algebra on H. In the discussion of the moduli spaces below
we will speak about CFTs, not SCFTs. Segal’s aziomatics for SCFT is not
available from the published literature.

2.1 Moduli space of Conformal Field Theories

For a given CFT one can consider its group of symmetries (i.e. automorphisms
of the space H = @, ,HP'? preserving all the structures).

Conjecture 2.1.1 The group of symmetries is a compact Lie group of dimen-
sion less or equal than dim H'°.

Let us fix ¢g > 0 and E,,;,, > 0, and consider the moduli space Mfg‘cg of
all irreducible CFTs with the central charge ¢ < ¢¢ and B

min{p+ q > 0|H?? #£ 0} > Epin.

Conjecture 2.1.2 ./\/lf;"g; is a compact real analytic stack of finite local di-
mension. The dimension of the base of the minimal versal deformation of a

given CFT is less or equal than dim H*!.
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We define M.<., = Ug,.... >0./\/lf;"ci; . We would like to compactify this stack
by adding boundary components corresponding to certain degenerations of the
theories as F,,;, — 0. The compactified space is expected to be a compact stack
ﬂcgm. In what follows we will loosely use the word “moduli space” instead of

the word “stack”.

Remark 2.1.3 There are basically two classes of rigorously defined CFTs: the
rational theories (RCFT) and the lattice CFTs. They are defined algebraically
(e.g. in terms of braided monoidal categories or vertex algebras). Physicists of-
ten consider so-called sigma models defined in terms of maps of two-dimensional
Riemannian surfaces (world-sheets) to a Riemannian manifold (world-volume,
or target space). Such a theory depends on a choice of the Lagrangian, which is
a functional on the space of such maps. Descriptions of sigma models as path in-
tegrals does not have precise mathematical meaning. Segal’s axioms arose from
an attempt to treat the path integral categorically. As we will explain below,
there is an alternative way to speak about sigma models in terms of degenera-
tions of CFTs. Roughly speaking, sigma models “live” near the boudary of the
compactified moduli space M o<, -

2.2 Physical picture of a simple collapse

In order to compactify M <., we consider degenerations of CFTs as Ep,i, — 0.
A degeneration is given by a one-parameter (discrete or continuous) family
H.,e — 0 of bi-graded spaces as above, where (p,q) = (p(¢€), q(¢)), equipped
with OPEs, and such that F,,;, — 0. The subspace of fields with conformal
dimensions vanishing as ¢ — 0 gives rise to a commutative algebra H*m =
Dp(e)<1 HEEPE) (the algebra structure is given by the leading terms in OPEs).
The spectrum X of H*™% is expected to be a compact space (“manifold with
singularities”) such that dim X < ¢g. It follows from the conformal invariance
and the OPE, that the grading of H*™% (rescaled as ¢ — 0) is given by the
eigenvalues of a second order differential operator defined on the smooth part of
X. The operator has positive eigenvalues and is determined up to multiplication
by a scalar. This implies that the smooth part of X carries a metric gx, which
is also defined up to multiplication by a scalar. Other terms in OPEs give rise
to additional differential-geometric structures on X.

Thus, as a first approximation to the real picture, we assume the following
description of a “simple collapse” of a family of CFTs. The degeneration of
the family is described by the point of the boundary of M,<., which is a triple
(X,R% - gx, ¢x), where the metric gx is defined up to a positive scalar factor,
and ¢x : X — M<co—dim x 1S @ map. One can have some extra conditions on
the data. For example, the metric gx can satisfy the Einstein equation.

Although the scalar factor for the metric is arbitrary, one should imagine
that the curvature of gx is “small”, and the injectivity radius of gx is “large”.
The map ¢x appears naturally from the point of view of the simple collapse
of CFTs described above. Indeed, in the limit € — 0, the space H. becomes

11



an H*™*_module. It can be thought of as a space of sections of an infinite-
dimensional vector bundle W — X. One can argue that fibers of W generically
are spaces of states of CFTs with central charges less or equal than ¢y — dim X.
This is encoded in the map ¢x. In the case when CFTs from ¢x(X) have
non-trivial symmetry groups, one expects a kind of a gauge theory on X as
well.

Purely bosonic sigma-models correspond to the case when ¢g = ¢(e) = dim X
and the residual theories (CFTs in the image of ¢ x) are all trivial. The target
space X in this case should carry a Ricci flat metric. In the N = 2 super-
symmetric case the target space X is a Calabi-Yau manifold, and the residual
bundle of CFTs is a bundle of free fermion theories.

Remark 2.2.1 It was conjectured in [KoSol1] that all compact Ricci flat man-
ifolds (with the metric defined up to a constant scalar factor) appear as target
spaces of degenerating CFTs. Thus, the construction of the compactification of
the moduli space of CFTs should include a compactification of the moduli space
of Einstein manifolds. As we already mentioned in the Introduction, there is a
deep relationship between the compactification of the moduli space of CFTs and
Gromov’s compactification. Moreover, as we will discuss below, all target spaces
appearing as limits of CFTs have in some sense non-negative Ricci curvature.
More precisely, the limit of the rescaled Virasoro operator Lo-+Lq satisfies Bakry
curvature-dimension inequality CD(0,00). In the case of compact Riemannian
manifolds the latter is equivalent to non-negativeness of Ricci curvature.

2.3 Multiple collapse and the structure of the boundary

In terms of the Virasoro operator Lo+ Lo the degeneration of CFT (“ collapse”)
is described by a subset (cluster) S; in the set of eigenvalues of Lo + Lo which
approach to zero “with the same speed” provided E,,;, — 0. The next level
of the collapse is described by another subset Sy of eigenvalues of Ly + Lg.
Elements of Sy approach to zero “modulo the first collapse” (i.e. at the same
speed, but “much slower” than elements of S1). One can continue to build a
tower of degenerations. It leads to an hierarchy of boundary strata. Namely,
if there are further degenerations of CFTs parametrized by X, one gets a fiber
bundle over the space of triples (X, R* -gx, ¢x) with the fiber which is the space
of triples of similar sort. Finally, we obtain the following qualitative geometric
picture of the boundary OM <,

A boundary point is given by the following data:

1) A finite tower of maps of compact topological spaces p; : X; — X; 1,0 <
i<k, Xo={pt}.

2) A sequence of smooth manifolds (X;, gx,),0 < i < k, such that X; is a
dense subspace of X;, and dim X; > dim X;_1, and p; defines a fiber bundle
pit Xy — X1,

3) Riemannian metrics on the fibers of the restrictions of p; to X;, such that
the diameter of each fiber is finite. In particular the diameter of X; is finite,
because it is the only fiber of the map p; : X7 — {pt}.

12



4) A map Xk — Mcgc()fdika-

The data above are considered up to the natural action of the group (R7)*
(it rescales the metrics on fibers).

There are some additional data, like non-linear connections on the bundles
pi : X; — X;—1. The set of data should satisfy some conditions, like differential
equations on the metrics. It is an open problem to describe these conditions
in general case. In the case of N = 2 SCFTs corresponding to sigma models
with Calabi-Yau target spaces these geometric conditions were formulated as a
conjecture in [KoSol].

2.4 Example: Toroidal models

Non-supersymmetric toroidal model is described by the so-called Narain lattice,
endowed with some additional data. More precisely, let us fix the central charge
¢ = n which is a positive integer number. What physicists call the Narain lattice
I'™™ is a unique unimodular lattice of rank 2n and the signature (n,n). It can
be described as Z2" equipped with the quadratic form Q(z1, ..., Tn, Y1, .o, Yn) =
> z:y;. The moduli space of toroidal CFTs is given by

M = O(n,n, Z)\O(n,n,R)/O(n,R) x O(n,R).

Equivalently, it is a quotient of the open part of the Grassmannian {V; C
R"™"| dimVy = n,Qv > 0} by the action of O(n,n,Z) = Aut(I"™",Q). Let
V_ be the orthogonal complement to V. Then every vector of '™ can be
uniquely written as v = v4 + v—, where y1 € V. For the corresponding CFT
one has

Zdim( HP1)Pz9 = ’H(l — zk)r% Z LQ(r+) 3 —Q(v-)
P.q

k>1 yEDM.n

Let us describe the (partial) compactification of the moduli space ML,

by collapsing toroidal CFTs. Suppose that we have a one-parameter family of
toroidal theories such that FE,.;,(¢) approaches zero. Then for corresponding
vectors in H, one gets p(¢) = g() — 0. It implies that Q(y(¢)) = 0, Q(v+(e)) <
1. Tt is easy to see that the vectors v(¢) form a semigroup with respect to
addition. Thus one obtains a (part of) lattice of the rank less or equal than
n. In the case of “maximal” simple collapse the rank will be equal to n. One
can see that the corresponding points of the boundary give rise to the following
data: (X,R% - gx, 9" B), where (X, gx) is a flat n-dimensional torus, B €
H?(X,iR/Z) and ¢7" is the constant map form X to the trivial theory point
in the moduli space of CFTs. These data in turn give rise to a toroidal CFT,
which can be realized as a sigma model with the target space (X, gx) and given
B-field B. The residual bundle of CFTs on X is trivial.

Let us consider a 1-parameter family of CFTs given by (X, Agx, ¢'v*; B =
0), where A € (0, 4+00). There are two degenerations of this family, which define

two points of the boundary 8ﬂi‘:n As A — +o00, we get a toroidal CFT defined
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by (X,R% - gx, 0% B =0). As A — 0 we get (XV,R% - gxv,d%""; B = 0),
where (XY, gxv) is the dual flat torus.

There might be further degenerations of the lattice. Thus one obtains a
stratification of the compactified moduli space of lattices (and hence CFTs).
Points of the compactification are described by flags of vector spaces 0 =V C
Vi C Vo C ... C Vp C R™ In addition one has a lattice I';;1 C Vi41/V;,
considered up to a scalar factor. These data give rise to a tower of torus bundles
Xy — Xg—1 — ... & X1 — {pt} over tori with fibers (V;11/V;)/Tiy1. If
Vi ~ R"7! 1 > 1, then one has also a map from the total space X}, of the last
torus bundle to the point [Hy] in the moduli space of toroidal theories of smaller
central charge: ¢, : X — ML ¢p(Xy) = [Hg).

2.5 Example: WZW model for SU(2)

In this case we have a discrete family with ¢ = BTk2’ where k£ > 1 is an integer
number called level. In the limit K — +oo one gets X = SU(2) = S3 equipped
with the standard metric. The corresponding bundle is the trivial bundle of
trivial CFTs (with ¢ = 0 and H = H%Y = C). Analogous picture holds for an

arbitrary compact simply connected simple group G.

2.6 Example: minimal models

This example has been worked out in [RW], Section 4. One has a sequence
of unitary CFTs H,, with the central charge ¢,, = 1 — m,m — 400.
In this case ¢,, — 1, and the limiting space is the interval [0,7]. The metric
is given by g(z) = Zhsin*z,z € [0,n]. The corresponding volume form is
volyg = \/g(x)dx = 2sin*zdx. In all above examples the volume form on the
limiting space is the one associated with the Riemannian metric.

2.7 A-model and B-model of N = 2 SCFT as boundary
strata

In the case of N = 2 Superconformal Field Theory one can modify the above
considerations in the natural way. As a result one arrives to the following picture
of the simple collapse.

The boundary of the compactified moduli space ﬂNZQ of N =2 SCFTs with
a given central charge contains an open stratum given by sigma models with
Calabi-Yau targets. Each stratum is parametrized by the classes of equivalence
of quadruples (X, Jx,R% - gx,B) where X is a compact real manifold, Jx
a complex structure, gx is a Calabi-Yau metric, and B € H?(X,iR/Z) is a
B-field. The residual bundle of CFTs is a bundle of free fermion theories.

As a consequence of supersymmetry, the moduli space MN=2 of supercon-
formal field theories is a complex manifold which is locally isomorphic to the
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product of two complex manifolds. ° It is believed that this decomposition (up
to certain corrections) is global. Also, there are two types of sigma models with
Calabi-Yau targets: A-models and B-models. Hence, the traditional picture of
the compactified moduli space looks as follows:

A

Here the boundary consists of two open strata (A-stratum and B-stratum)
and a mysterious meeting point. This point corresponds, in general, to a sub-
manifold of codimension one in the closure of A-stratum and of B-stratum.

As we explained in [KoSol] this picture should be modified. Namely, there

is another open stratum of oM (called T-stratum in [KoSol]). It consists
of toroidal models (i.e. CFTs associated with Narain lattices), parametrized
by a manifold Y with a Riemannian metric defined up to a scalar factor. This
T-stratum meets both A and B strata along the codimension one stratum corre-
sponding to the double collapse. Therefore the “true” picture is obtained from
the traditional one by the real blow-up at the corner:

S

2.8 Mirror symmetry and the collapse

Mirror symmetry is related to the existence of two different strata of the bound-
— _N=

ary OM ? which we called A-stratum and B-stratum. As a corollary, same

quantities admit different geometric descriptions near different strata. In the

traditional picture, one can introduce natural coordinates in a small neighbor-

5Strictly speaking, one should exclude models with chiral fields of conformal dimension
(2,0), e.g. sigma models on hyperkahler manifolds.
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hood of a boundary point corresponding to (X, Jx, R’ -gx, B). Skipping X from
the notation, one can say that the coordinates are (J, g, B) (complex structure,
Calabi-Yau metric and the B-field). Geometrically, the pairs (g, B) belong to the
preimage of the Kéhler cone under the natural map Re : H*(X,C) — H?(X,R)
(more precisely, one should consider B as an element of H?(X,iR/Z)). It is
usually said, that one considers an open domain in the complexified Kéhler cone
with the property that it contains together with the class of metric [g] also the
ray t[g],t > 1. The mirror symmetry gives rise to an identification of neighbor-
hoods of (X, Jx,R% - gx,Bx) and (X", Jxv,R% - gxv, Bxv) such that Jx is
interchanged with [gxv] +iBxv) and vice versa.

We can describe this picture in a different way. Using the identification
of complex and Kahler moduli, one can choose ([gx], Bx, [gxv], Bxv) as local
coordinates near the meeting point of A-stratum and B-stratum. There is an
action of the additive semigroup R>¢ X R>¢ in this neighborhood. It is given
explicitly by the formula ([gx], Bx, [gxv], Bxv) — (e*'[gx], Bx, e*?[gxv], Bxv)
where (t1,t2) € R>o X R>o. As t1 — +00, a point of the moduli space ap-
proaches the B-stratum, where the metric is defined up to a positive scalar only.
The action of the second semigroup R>g extends by continuity to the non-trivial
action on the B-stratum. Similarly, in the limit to — 400 the flow retracts the
point to the A-stratum.

This picture should be modified, if one makes a real blow-up at the corner,
as we discussed before. Again, the action of the semigroup R>¢ X R>¢ extends
continuously to the boundary. Contractions to the A-stratum and B-stratum
carry non-trivial actions of the corresponding semigroups isomorphic to Rx>q.
Now, let us choose a point in, say, A-stratum. Then the semigroup flow takes it
along the boundary to the new stratum, corresponding to the double collapse.
The semigroup Rx>¢ X Rx>¢ acts trivially on this stratum. A point of the double
collapse is also a limiting point of a 1-dimensional orbit of R>y X Rx>¢ acting
on the T-stratum. Explicitly, the element (¢1,t2) changes the size of the tori
defined by the Narain lattices, rescaling them with the coefficient e*~%2. This
flow carries the point of T-stratum to another point of the double collapse,
which can be moved then inside of the B-stratum. The whole path, which is the
intersection of SAM" - and the R>o x R>¢-orbit, connects an A-model with the
corresponding B-model through the stratum of toroidal models. We can depict
it as follows:

Y
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The conclusion of the above discussion is the following: in order to explain
the mirror symmetry phenomenon it is not necessary to build full SCFTs. It is
sufficient to work with simple toroidal models on the boundary of the compact-

ified moduli space ﬂNﬂ.

3 Segal’s axioms and collapse

3.1 Segal’s axioms

Let us recall Segal’s axioms of a 2-dimensional unitary CFT (see e.g. [FFRS],
[Gaw], [Ru], [Seg]). Similarly to [FFRS] and [Ru] we use surfaces with a metric
rather than surfaces with complex structure. To simplify the description we use
oriented surfaces only. The data of a unitary CFT are described such as follows:

1) Real number c called central charge.

2) 2-dimensional world-sheet. The latter is defined by:

2a) an oriented 2-dimensional manifold X, possibly disconnected, with finitely
many boundary components (C;);cs labeled by elements of the disjoint union of
finite sets: I = I_ U I;. Components labeled by the elements of I_ (resp. I)
are called incoming (resp. outcoming). The orientation of 3 induces orientations
of all C; as boundary components. This orientation is called canonical;

2b) a Riemannian metric gs on ¥;

2¢) for some € > 0 (which depends on i € I) a real-analytic conformal
embedding to (X, gx) of either the flat annulus A7 = {z € C|1—¢ < |z| < 1} (for
i € I_) or the flat annulus A} = {z € C|1 < |z| < 1+¢} (fori € 1) (the annuli
are equipped with the standard flat metric 2242) such that: =1 =0
and f; (resp f;") is orientation preserving (resp. reversing) with respect to the
canonical orientation. The map f;" (resp.f;”) is called a parametrization of C;.

3) Complex separable Hilbert space H ¢ equipped with an antilinear involu-
tion z — o(z).

4) A trace-class operator (amplitude) S(3, (fi)ier,9s) : ®ier_. H — ®icr, H
(by convention the empty tensor product is equal to C). We will sometimes
denote by H; the tensor factor corresponding to i € I.

These data are required to satisfy the following axioms:

CFT 1) If(za (fi)agE) = ua(zaa (fia)agEa) then S(Ea (fi)agE) = ®aS(Eaa (fia)agEa)'

CFT 2) Let ig € I, and f; (2,2) = fi,(L,21) (i.e. f;, induces the opposite
orientation on C;,). For the new world-sheet we require that if ig wasin I_ (resp.
I,) then it isnowin Iy (resp. I_). The condition says: (S(Z, f;., (fi)icr\io: 95)Tio®
z,y) = (S(Z, (fi)ier, 92)(0(x;,) ® x,y), where (,) denotes the hermitian scalar
product on H.

CFT 3) Letig € I_, jo € I}, and f;, and f}, be the corresponding parametriza-
tions. Let us change (by a real-analytic change of coordinates in the annulus A})
the parametrization f;, in such a way that the pull-backs of the metric gs; un-

der f;, and fj, coincide at the corresponding points of the circle |2| =1 C AZ.

6This condition can be relaxed so one can assume that H is a locally compact vector space,
e.g. a nuclear vector space.
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Let us keep the same notation f;, for the new parametrization. Identifying
points fi,(z,%Z) and fj,(2,%), for |z2| = 1 we obtain a new 2-dimensional ori-
ented surface ¥;, ;, such that Cj,,ig € I— and C},, jo € I are isometrically
identfied. By construction, the surface X;, j, carries a smooth metric induced
by gs. In order to formulate the next condition we need to introduce the no-
tion of partial trace. Let A:V ® H;; — W ® Hj, be a linear map. Using an
antilinear involution o let us identify H;, = H with the dual space H} = H*
such as follows: y +— [, = (e,0(y)). Then we define T'r;, ;,(4) : V — W
by the formula Tr;, j,(A)(v ® zi,) = >, le. (A(v ® x;,)), where the sum is
taken over elements e, of an orthonormal basis of H;,. The condition says:
S(Eioyjm (fi)iel\{ioyjo}a gEio,jD) = Trioyjos(za (fi)iGIa gE)'

CFT 4) Let ¥ denotes the same 2-dimensional manifold ¥, but with the
orientation changed to the opposite one, and with I_ being interchanged with
I, but all parametrizations remained the same. Using the involution o we
identify each dual space H; with H;,i € I as above. The condition says that the
operator corresponding to X coincides with the dual operator S(3, (f;), gs)*
Rier, H — Qier_ H.

CFT 5) If the metric gs is replaced by e gs. where h is a real-valued smooth
function, then

S(E, (1), gx) = eap(ge-D(h)S(Z. (fi). 95).

where

D) = [ +4Rh)dps

R is the scalar curvature of the metric gs;, dus is the measure corresponding to
gs:, and V h is the gradient of i with respect to gs.

CFT 6) The operator S(X, (fi),gx) is invariant with respect to isometries
of world-sheets which respect labelings and parametrizations of the boundary
components.

3.2 Collapse of CFTs as a double-scaling limit

Collapse of a family of unitary CFTs admits a description in the language of
Segal’s axioms. Let us consider the set VW of isomorphism classes of wordlsheets
defined in the previous subsection. An isomorphism of wordlsheets is an isome-
try of two-dimensional manifolds with the boundary, which respects separately
labelings of incoming and outcoming circles as well as parametrizations.

For a fixed a non-negative integer number g > 0 let us consider a subset
Py C W consisting of worldsheets 3 which are surfaces of genus g > 0 glued from
a collection of spheres with three holes (a.k.a. pants) joined by flat cylinders.
The number of cylinders depend on the genus g only. Every worldsheet is
conformally equivalent to the one like this.

Without giving a definition of the topology on the moduli space of unitary
CFTs we would like to describe “a path to infinity” in the moduli space.
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Namely, let us consider the amplitudes for a family of unitary CFTs with
the same central charge ¢, depending on the parameter ¢ — 0, which satisfy the
following properties:

1) The minimal eigenvalue Ay, (¢) of the non-negative operator Lo+ L cor-
responding to the standard cylinder S},_; ®[0, 1] satisfies the property Ain (g) =
Aoe — 0+ o(e).

2) Consider a family of worldsheets ¥ = X(l4, ..., I, R1, ..., Rm) of genus
g such that min;l; — +oo,max;R;/l; — 0 and which are glued from 2-
dimensional spheres with three holes each, connected by m “long tubes”, which
are flat cylinders each of which is isometric to Sg X [0,1;] (see Figure below),
where S}%i is the circle of radius R;, 1 < ¢ < m. Then the following holds

lidmin () — l? < 00

as l; — 00, — 0 uniformly for 1 <i < m.
FIGURE 0 (surface degenerating into a graph)

Let us normalize the partition function Z of the standard sphere S? in such
a way that Z(S?) = 1.

Conjecture 3.2.1 For the family of closed surfaces ¥ as above we have
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Z(E)exp(—g i Amin) < const,
where the constant does not depend on 3.

In order to formulate the next conjecture we need to use the terminology of
subsequent sections.
Conjecture 3.2.2 After rescaling Lo+ Lo by the factor )\;ﬁn, there is a limit in
the sense of Section 4.2 of the unitary CFTs, which is a quantum Riemannian
1-space in the sence of Section 5.2, such that the limiting for (Lo + Lo)/Amin
operator L satisfies the curvature-dimension inequlity CD(0,00) from Section

6.1.

In this sense CFT's collapse to QFT's with the space-time having non-negative
Ricci curvature.

4 Quantum Riemannian d-geometry

4.1 2-dimensional case and CFT

Here we follow [Ru]. For any € > 0 we denote by A. the annulus {z € C|l —¢ <
|z] < 14¢e} = AZ UAZ. Let consider the (non-unital) category Riems whose
objects are (k + 1)-tuples X = (&; f1,..., f), k > 0, where € > 0 and f; : A, —
R.o,1 <i < kis asmooth function. Notice that each function f; defines a met-
ric fi(x,y)(dz? +dy?) on A.. Let Y = (n; 91, ..., g1) be another object of Riems.
A morphism ¢ : X — Y is by definition a triple (M, gas, j—, j+), where (M, gar)
is a 2-dimensional compact oriented Riemannian manifold with the boundary,
and j_ : Uh<i<kAZ — M and jy @ Ui<i<i A, — M orientation preserving (re-
versing for j) isometric embeddings such that Im(j_) N Im(j;) = 0, and OM
is the union of the images of S = {2z € A.||z| = 1} under ji+. Embeddings
j+ are called parametrizations. Boundary components of M parametrized by
j— (resp. j4) are called incoming (resp. outcoming). Composition of mor-
phisms ¢ o) is defined in the natural way: one identifies the point j, (2),z € S*
on the outcoming boundary component of the surface defined by 1 with the
point j_(z),z € S* on the corresponding incoming boundary component of the
surface defined by ¢. One makes Riemsg into a rigid symmetric monoidal cat-
egory via disjoint union operation on objects: (g1, f1) ® (g2, fo) = (&, f1, f2),
where £ = min{e;,e2} . The duality functor is given by (e, f(2))* = (¢, f(2)),
where the bar means complex conjugation. On morphisms the tensor product
is given by the disjoint union of surfaces together with taking the minimal e
for all incoming and outcoming boundary components. Finally, for a morphism
¢: X®Y — Y ®Z one has a trace map try(¢) : X — Z obtained by iden-
tification of points j, (2),z € S* and j_(z),z € S of outcoming and incoming
boundary components of Y.
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Definition 4.1.1 A (commutative) Riemannian 2-space is a monoidal functor
F : Riemy — Hilbc to the rigid monoidal category of separable complex Hilbert
spaces

As usual, the tensor product of Hilbert spaces is defined as the completed alge-
braic tensor product. We will denote it simply by ®, changing sometimes the
notation to ® in order to avoid a confusion.

A commutative Riemannian 2-space defines a unitary CFT with the central
charge ¢ € R if F'is a functor to the category of complex Hilbert spaces satisfying
the following properties:

a) F' depends on the isometry class of a surface defined by a morphism,
not by the surface itself. It assigns the same Hilbert space H to all objects
(& f1y s J0);

b) F preserves trace maps;

) if ¢ : X — Y is a morphism and ¢ : Y — X is obtained by reversing the

orientation of the corresponidng surface then F(¢) is the Hermitian conjugate
to F(¢);

d) change of the metric gp; ~— egar on the surface (recall that h is a
smooth real function) defined by a morphism ¢ = (M, g, j—, j+) leads to a new
morphism ¢, (between the same objects according to a)) such that F(¢p) =
exp(g56=D(h))F(¢), and D(h) is the Liouville action described in CFT 5) in the
previous Section.

In order to define a quantum Riemannian 2-space, we start with the category
Riem© with the objects which are (k + 1)-tuples (g; f1, ..., fx), as before. A
morphism is defined as a quadruple (M, g, j+,j—,p) where (M, gar, jt,7—)
is a Riemannian 2-dimensional surface with parametrized neighborhood of the
boundary, as before, and p is a marking of the incoming (resp. outcoming)
boundary components of OM by finite sets {1, ..., k} (resp. {1,...,1}). On the set
of objects we now introduce a rigid monoidal structure, which is not symmetric.
The tensor product (1, f1)®(e2, f2) is defined as (min{e1, 2}, f1, f2), as before.
But now there is no commutativity isomorphism X; ® Xo — Xo® X7 if f; is not
equal to fa, since isomorphisms in Riem3 ¢ must respect markings. A quantum
Riemannian 2-space is defined by a monoidal functor F : Riem)© — Hilbc. In
general F' does not commute with the natural action of the product of symmetric
groups S, x S; on the markings by the sets {1,...,k} (incoming circles) and
{1, ...,1} (outcoming circles).

4.2 General case and spaces with measure

Let us fix a non-negative integer d. A quantum Riemannian d-space is defined as
a monoidal functor F : Riem’¢ — Hilbc, where Riem}© is a rigid monoidal
category of marked Riemannian manifolds described below (cf. [Seg], comments
to Section 4):

a) An object of Riem}“ is an isometry class of a neighborhood of a com-
pact oriented Riemannian (d — 1)-manifold in an oriented d-manifold (called
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Riemannian d-germ) together with a bijection between the set of its connected
components and a finite set {1,...,n} for some n > 1.

b) Morphisms are oriented compact Riemannian d-dimensional bordisms.
The Riemannian metric is trivialized near the boundary as the product of the
given metric on the boundary and the standard flat metric on the interval (this
what we called parametrization in the two-dimensional case). Composition of
morphisms is defined via pasting and gluing operation which respects to the
metric, similarly to the case d = 2 considered above.

¢) Tensor product X7 ® X is defined as the disjoint union of Riemannian
d-germs X; LI X5 equipped with the marking such that connected components
of X, are marked first. In this way X; ® X3 is not necessarily isomorphic to
X9 ® X1. Duality corresponds to the reversing of the orientation.

Similarly to the two-dimensional case we have an operation try(¢) : X — Z
associated with a morphism ¢: X @Y - Y ® Z.

The Hilbert space Hx := F(X) is called the space of states assigned to
X, for a morphism f : X — Y the linear map S(X,Y) := F(f) is called the
amplitude assigned to f.

Next, we would like to introduce a topology on the space of quantum Rieman-
nian d-spaces specified by the definition of the convergence. The latter depends
on the notion of convergence of Hilbert vector spaces which carry self-adjoint
positive operators (each operator is a generator of the semigroup corresponding
to the intervals [0,¢]). Let us discuss this notion of convergence. Suppose that
we have a sequence of Hilbert spaces H,, parametrized by a € Z U {oco}, where
H, := H. Assume that every H, carries a self-adjoint non-negative (in general
unbounded) operator L, where Lo, := L. We would like to define a topology
on the union of H,. We will do that following [KS].

Definition 4.2.1 1) We say that a sequence H, converges to H as a — 00, if
there exist an open dense subspace D C H, and for any « there is a continuous
linear map Ry : D — Hy, such that limg—oo||Ra(z)||m, = ||lz|lg for any
zeD.

2) Suppose that H, converges to H in the above sense. We say that a
sequence o € H, strongly converges to x € H if there is a sequence yg € D
converging to x such that

limg— oo lima—oo| | Ra(ys) — Ta || H. -

3) We say that a sequence (Hy, Ly) strongly converges to (H, L) if D con-
tains the domain of L, the sequence H, converges to H is the sense of 1), and
for any sequence xo € Hy which strongly converges to x € H and any contin-
wous function ¢ : [0,00) — R with compact support the sequence p(Lqy)(xq)
strongly converges to o(L)(x).

4) We say that a sequence of quantum Riemannian d-spaces { My }aez, con-
verges to a quantum Riemannian d-space M as o — oo, if for any morphism
f:X =Y in Riem{© the correspondning sequence (H% , ® Hy,qo, S(X,Y, ))
strongly converges to (H% ® Hy,S(X,Y)). )
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Remark 4.2.2 One can define the notion of quantum locally convex d-geometry
over a complete normed field K by considering monoidal functors to the monoidal
category Vect!'S of locally convex topological spaces over K. Probably the case of
locally compact K (e.g. the field of p-adic numbers) is of some interest.

A natural generalization of the above definitions gives rise to the notion
of quantum Riemannian d-space with a measure. It is an analog of the no-
tion of Riemannian manifold M equipped with a probability measure, which
is absolutely continuous with respect to the measure dvolps/vol(M) defined
by the Riemannian metric. Namely, we assume that an additional datum is
given: a continuous linear functional 7 : H — C such that 7(e7tfz) = 7(z)
for any x € H,t > 0, and which satisfies the “trace” property described below.
Let F;ﬁ;?wm be a Y-shape graph with two inputs (marked by in,ins), one
output (marked by out) and three edges with the lengths I; (outcoming from
in;, i =1,2) and [ (incoming to out). Then the trace property says:

ini,ing,outy ina,ini,out
To Sy ") =T o ST

This is an analog of the property: 7(fg) = 7(gf) in case when H is obtained by
the Gelfand-Naimark-Segal construction from a C*-algebra and a tracial state
T on it.

We define the category Riem} <™ of measured (d — 1)-dimensional Rie-
mannian germs with the objects which are (d — 1)-Riemannian germs as be-
fore, equipped with probability measures which are absolutely continuous with
respect to the volume measure associated with the germ of the Riemannian
metric. Morphisms between measured (d — 1)-Riemannian germs are measured
compact Riemannian d-dimensional manifolds, such that in the neighborhood
of a boundary both metric and measure are trivialized as products of the given
metric and measure on the boundary and the standard metric and measure on
the interval.

Then we modify the above Property 4) by the following requirement:

if to, — z,24 € Hy,x € H, then 74(24) — 7(z) for the corresponding
linear functionals. In this way we obtain a topology on quantum measured
Riemannian d-spaces.

In the above discussion of convergence we spoke about convergence of quan-
tum Riemannian spaces, not underlying germs of Riemannian manifolds. In
other words, having a sequence of quantum Riemannian d-spaces given by func-
tors F, : Riem}¢ — Hilbc,a € Z we say that the sequence converges to a
quantum Riemannian d-space given by a functor F : Riem}¢ — Hilbc if for
any morphims f: X — Y in Riem© we have F,(f) — F(f) as o — oo. The
latter convergence is defined in the Definition 4.2.1. On the other hand, we have
Gromov-Hausdorff (or measured Gromov-Hausdorff) topology on the objects of
Riem}© (we leave as an exercise to the reader to work out the modification
of either topology which takes into account labelings of the boundary compo-
nents). Moreover we have those topologies on the spaces of morphisms as well.
This can be used to define the notion of continuous functor.
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Definition 4.2.3 We say that a functor I : Riem{¢ — Hilbc is continuous
if for any sequence of morphisms fo : Xo — Yo in Riem}© which converges in
the Gromov-Hausdorff sense to f : X — Y we have: F(fy) converges to F(f)
in the sense of Definition 4.2.1.

In particular, if F' is continuous then X, — X, o — oo implies F(X,) —
F(X),a — oc.

Continuity is too strong property, because it allows to contract e.g. loops in
the d = 1 case. A weaker property is the non-collapsing continuity. It is the same
as the one given in the above definition with the restriction that for the limit
fa — f we require vol(f,)(B(0,7)) > const > 0 for any ball B(0,r) C f, of the
Riemannian d-bordism f,. In particular, for d = 1 non-collapsing continuity
prohibits contraction not only loops of a graph but edges as well.

There is a natural modification of the above definitions to the case of quan-
tum measured Riemannian d-spaces, which we leave as an exercise to the reader.
In this case we have that measured Gromov-Hausdorff convergence of objects
in Riemilvc’mES implies the above-mentioned convergence of Hilbert spaces and
linear functionals. More realistic continuity property corresponds to the limit
€ — 0 for an e-neighborhood of a submanifolds.

5 Graphs and quantum Riemannian 1-geometry

The content of this section is heavily influenced by conversations with Maxim
Kontsevich. The notion of commutative Riemannian 1-space is basically what
he called Graph Field Theory.

5.1 Quantum Riemannian 1-spaces

A quantum Riemannian 1-space is defined by the following data:

1) A class G of metrizable labeled graphs (T, 1, 11,1, p) described in la), 1b)
below:

la) T € G is a finite graph with external vertices having the valency one and
labeled by elements of the disjoint union of finite sets: I = I_ LI I, (the letter p
above denotes the labeling). Vertices parametrized by the elements of I_ (resp.
I;) are called incoming (resp. outcoming), or, simply, in (resp. out) vertices.
We denote by V;,,(I") the set of inner vertices of I, by E(T") the set of edges of
T, etc.

1b) A length function [ : E(I') — Ry , where E(T) is the set of edges of T'.

2) Separable real Hilbert space H (or a complex Hilbert space with real
structure).”

3) To each (T,I,I_,I;) a trace-class operator S(I',I,1_,1}) : @ _H —
®1, H, which we will often denote simply by S(I').

7As in in the case of CFT we can relax this condition assuming that H is a locally compact,
in particular, a nuclear space. In case if H is a complex vector space the formulas below have
to be modified in order to include complex conjugation.
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These data are required to satisfy the following axioms:

QFT 1) If T is obtained by gluing I'y and I's (with an obvious definition of
the sets I+ and the length function) then S(I') = S(I';) 0 S(I'z) (composition of
operators).

QFT 2) Operators S(I') are invariant with respect to the isometries.

QFT 3) If T'V is obtained from I by relabling so that all incoming vertices are
declared outcoming and vice versa then S(I'V) = S(I')* (conjugate operator).
Here we use the scalar product in order to identify H and H*.

We will add two more axioms below. They will allow us to compactify
various “moduli spaces” of quantum Riemannian 1-spaces.

QFT 4) The operators S(I') enjoy the non-collapsing continuity property.
In other words, a small deformation of a metrized graph I' leads to a small
change of S(I") in the normed operator topology. In addition, the operator S(T")
is a continuous function (in the strong operator topology) with respect to the
length of an edge which is not a loop. Moreover if F' C T is a subforest (i.e. a
collection of internal edges without loops), and (I'/F,I_, ;1) is the metrized
graph obtained by contracting all of the edges from F', then S(I'/F') coincides
with the limiting operator lim;z)—oS(I"), which is the limit of S(I') as lengths
of all edges belonging to F' simultanuously approach 0.

QFT 5) If T'? is a graph, which is a segment [0,¢] C R such that I_ = {0}
and I, = {e} then lim._0S(I'?) = idy, where the limit is taken in the strong
operator topology. Similarly, if '} is a graph, which is the same segment but
with I_ = {0,e} and Iy = {0}, then lim._oS(I'}) : H ® H — R is the scalar
product on H.

Example 5.1.1 Let M be a compact Riemannian manifold with the metric
gu- We can normalize the Riemannian measure dp = +/det gy dx so that
Joy dn(M) = 1. Let H = L*(M,dp). Then with each t > 0 we associate a trace-
class operator P, = exp(—tA), where A is the Laplace operator on M. One
has an integral representation (P, f)(x) = [, Ge(x,y) f(y)du(y), where G(x,y)

is the heat kernel. To a graph (U,1) € G we assign the following function on
M17UI+ .

Kooy ((xi)ier_, (Yj)jer,) = /

dp"m ™ Giey (@, y),
Vi) 12 H i(e) (@, y)

ecE(T")

where dpVinT) = Hvevm(l‘) dp is the product measure on MV () associated
with dp. In other words, we assign a measure dy to every internal vertex, the
kernel Gye)(x,y) (propagator) to every edge and then integrate over all internal
vertices. We obtain a function whose variables are parametrized by input and
output vertices. Finally, we define S(I',1) : ®;_H — ®; H as the integral
operator with the kernel K(T',1).

We see that every Riemannian compact manifold defines a quantum Rie-
mannian l-space. In fact it is a commutative Riemannian 1-space, since the
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operators S(I', 1) are invariant with respect to the action of the product of sym-
metric groups S;_ xSy, on the set I_ x I (and hence the product on the algebra
of smooth functions A C H defined by the Y-shape graph is commutative).

Let us restate the above example in terms more suitable for non-commutative
generalization. In order to define a collection of operators S(I',1) : ®; H —
®r, H it suffices to have tensors K(I',l) € (®;_H*) ® (®r, H) satisfying the
composition property: K(I'yoly,lj0ly) = ev®+ 7 (K(Iy, 1))@ K(I'y, 1)), where
ev : H* @ H — C is the natural pairing, 'y o I'y is the gluing operation (see
QFT 1)), and I3 oz is the length function obtained by the natural extension of
ll and 12 to Fl @) FQ.

Suppose that to each vertex v € V/(I') we assigned a tensor T, € ®jestar(v)H,
where Star(v) is the set of adjacent vertices (i.e. vertices w € V(T') such that
(w,v) is an edge), and to every edge e € E(T") with the endpoints vy, vy we
assigned a linear functional 7. : H ® H — C. We define T'(I'") := ®yev ) To-
Let 77, be the tensor product ®.7. taken over all edges which are not of the
form e = (v,w), where w € Iy (i.e. e does not have an endpoint which is an
out vertex). Then the element 77, (T'(I')) belongs to ®;cr, H.

In the above example we thought of Gy (x,y) as of an element of the space
H ® H, where tensor factors are assigned to the enpoints of e. To such an edge
we assigned the pairing 7e(f, 9) = [ dpadpyGie)(z,y)f(x)g(y), where dp, =
dpy = dp. We remark, that in order to define T'(T') it suffices to have vectors
z; € Hyi€ I_UIy and tensors T, € H ® H for every edge e = (v1,v2) € E(T).

5.2 Spectral triples and quantum Riemannian 1-geometry

As we explained in the Introduction, a spectral triple in the sense of Connes gives
rise to a quantum Riemannian 1-geometry. Let us make this point more precise.
We will use a slightly different definition than in [Col], since we would like to use
an abstract version of the Laplace operator rather than the Dirac operator. More
precisely, let us consider a triple (A, H, L) which consists of an unital complex
x-algebra A, a separable Hilbert left A-module H (i.e. the x-algebra A acts on
H by bounded operators), a self-adjoint non-negative unbounded operator L on
H, such that the operator P, = exp(—tL) : H — H has finite trace for all t > 0.
The latter implies that that spectrum of L consists of eigenvalues only, and the
operator (1 4+ L)™' is compact. To formulate the second assumption, for any
a € A let us consider the function ¢,(t) = e'®Le~'* t > 0. It takes value in
unbounded operators in H, and the domains of all ¢,(t) belong to the domain
of L for all a € A,t > 0. We say that ¢,(t) has k-th derivative at ¢ = 0 if it
can be represented as a sum ¢, (t) = Co(a) + C1(a)t + CZ—@tQ + ..+ %tk
such that C;(a) are some (possibly unbounded, but with a non-empty common
domain) operators in H and Cj(0, a) := Cx(a) is a bounded operator in H. We
will denote it by ad®(L). Now the second assumption says that ad?(L) exists
for all a € A. Basically this means that the double commutator [[L, al, a] exists
and bounded for all a € A.

Let us assume that the spectral triple has finite metric dimension n (a.k.a.
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n-summable, see [Col], [CoMar]) and satisfies the regularity conditions (see loc
cit.) such that the volume functional

7(f) = Tro(fL7"?)

is finite for all f € exp(—tL)(H) (here T'r,, denotes the Dixmier trace, see loc.
cit.). For simplicity we will also assume that H is obtained from A by a GNS
completion with respect to the scalar product 7(f¢g*) (this assumption can be
relaxed). Then it looks plausible that one can define a quantum Riemannian
1-geometry similarly to the last paragraph of the previous subsection.

6 Ricci curvature, diameter and dimension: prob-
abilistic and spectral approaches to precom-
pactness

In this Section we review some results presented in [BBG], [Ba], [Led], [LV],
[St], [KS], [KMS], [KaKul-2] (see also [U]). Recall that there are basically three
approaches to precompactness of metric (and metric-measure) spaces with the
diameter bounded from above and the Ricci curvature bounded from below.
“Geometric” approach (which goes back to Gromov, see e.g. [Grol], and which
was developed in a deep and non-trivial way by Cheeger, Colding, Fukaya and
many others, see e.g. [Fu], [ChC1-3]) deals with Gromov-Hausdorff (or mesured
Gromov-Hausdorff) topology, and (very roughly speaking) embeds a compact
metric space (X, d) into the Banach space C(X) of continuous functions via z —
d(x,e). Then precompacness follows from a version of Arzela-Ascoli theorem,
since the space X is approximated by a finite metric space. By the nature of
this approach one needs the notion of Ricci curvature to be defined “locally”,
in terms of points of X.

In the “spectral” approach (see e.g. [BBG], [KaKul-2]) one embeds the
metric-measure space (X, d, dp) into Lo (X, du) via z — Ky(z,e) where Ky (z,y)
is the “heat kernel” (which needs to be defined if (X, d) is not a Riemannian
manifold). Then precompactness follows from a version of Rellich’s theorem,
since the assumptions on the diameter and curvature imply that the image
of X belongs to a Sobolev space, which is compactly embedded in Lo (X, dpu).
Precompactness relies on the estimates for eigenvectors and eigenvalues of the
“generalized Laplacian”. The former are still local while the latter depends on
the global geometry of X. The spectral topology in general does not coincide
with the measured Gromov-Hausdorff topology (restrictions on the diameter
and Ricci curvature can make these topologies equivalent, see e.g. [KS], Remark
5.1).

In the “probabilistic” approach (see a good review in [L], or original proofs
in [LV], [St]) one uses the ideas of optimal transport (different point of view is
presented in [AGS]). It is a mixture of the previous two approaches, since one
studies the “heat flow” on the space P(X) of probabilistic Borel measures on
X, but proves the precompactness theorem in the measured Gromov-Hausdorff
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topology via a kind of Arzela-Ascoli arguments. The point is that the heat
flow on measures can be interpreted either as a gradient line of a functional
(entropy) or as a geodesic for some metric on P(X). More precisely the space
P(X) carries a family W, p > 1 of the so-called Wasserstein metrics. In the case
p = 1 such a metric (called also Monge-Kantorovich metric ) being restricted
to delta-functions d,,x € X reproduces the original distance on X. The dis-
tance W1(¢, ) coinsides with the “non-commutative distance” on the space of
states on C(X) discussed in the Introduction, thus making a connection with
Connes’s approach to non-commutative Riemannian geometry. In order to use
the above ideas of optimal transport on needs a non-commutative analog of the
Wasserstein metric Ws. This is an interesting open problem. 8

6.1 Semigroups and curvature-dimension inequalities

We follow closely [Bal, [Led]. Let (X, du) be a space with a measure dy (which
is assumed to be a Borel probability measure), and P;,t > 0 a semigroup of
bounded operators acting continuously in the operator norm topology on the
Hilbert space of real-valued functions Lo(X, du), and such that

(Pf) () = /X Gl ) f(w)dp,

where the kernels Gy(x,y)du are non-negative for all ¢ > 0. It is also assumed
that P;(1) = 1, which is true for semigroups arising from Markov processes
(main application of loc.cit).

Example 6.1.1 For the Brownian motion in R™ starting from the origin one

has
1

= eleyP2t
(27rt)"/2€ dy.

Gi(z,y)dp =

One defines the generator of the semigroup P; as

Lf = limtﬁoi(Ptft_ D,
Then on the domain of the non-negative operator L one has %Pt( f) =LP(f).
For the Brownian motion the operator L is just the standard Laplace operator
on R™. We will assume that L is symmetric on its domain (this corresponds
to the so-called time reversible measures). This also implies that the finite
measure dp is invariant with respect to the semigroup P;,t > 0. We will also
assume that the domain of L contains a dense unital subalgebra A (typically,

81 thank to Dima Shlyakhtenko who pointed me out the paper [BiVo] where the non-
commutative analogs of the Wasserstein metrics W), were introduced in the framework of the
free probability theory. Since we define the tensor product of quantum spaces by means of
the tensor product of algebras, rather than their free product, it is not clear how to use that
definition for the purposes of quantum Riemannian 1-geometry.

28



the algebra of real-valued smooth functions on a manifold, or the algebra of real-
valued Lipschitz functions on a metric space). Following Bakry we introduce a
sequence of bilinear forms A ® A — A:

0) Bo(f,9) = fg.

1) 2B1(f,9) = LBo(f,9) — fL(g) — L(f)g = L(fg) — fL(g) — L(f)y,

2) 2Bn(fa g) = Lanl(fa g) - anl(fa Lg) - anl(Lfa g)a n > 2.

In the case when L = A is the Laplace operator in R™ (Brownian motion
case) one has Ba(f, f)(z) = |Hess(f)*(x) 1= 22, <, <, (0% f/0x;02;)?(2). If L

is the Laplace operator on the Riemannian manifold M then
Bi(f, f) = gmu(V [, V),

Bs(f, f) = Ric(V {,V f) + |Hess(f)I?,

where Ric denotes the Ricci tensor. In the case of general Riemannian manifold
the Hessian matrix Hess(f) := V?(f) can be defined as a second derivative of f
in the Riemannian structure, so the above equality for Ba(f, f) still holds. All
that can be axiomatized such as follows.

Suppose that we are given a triple (A, H, L) such that

1) H is a separable real Hilbert space;

2) L is a (possibly unbounded) operator on H, which is symmetric on its
domain;

3) A C H is a unital real algebra, dense in the domain of L, such that
L(1)=0.

Definition 6.1.2 a) An operator L satisfies a curvature-dimension condition

CD(R,N), where Re R, N > 1 if for all f € A one has

Lf)?
Bo(f.1) > BBi(f. ) + T
b) An operator L has the Ricci curvature greater or equal than R if it satisfies
CD(R, ), i.e.
By(f, f) = RBu(f, f),

for any f € A.

Remark 6.1.3 The above considerations can be generalized to the case of com-
plex Hilbert spaces with the real structure defined by an involution x — x*, x €
H, which is compatible with the involution on A C H. In that case we de-
fine a sequence of bilinear forms By (f, g*). In what follows we will discuss for
simplicity real Hilbert spaces.

Suppose that a triple (A, H, L) satisfies the above conditions 1)-3).

Definition 6.1.4 We say that (A, H, L) has Ricci curvature greater or equal
than R if the operator L satisfies CD(R, o).
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Example 6.1.5 o) If du = e"dvoly;, where g = gur is a Riemannian metric
on the n-dimensional manifold M, dvolys is the corresponding volume form,
and h is a smooth real function then L = A + V(h)V, where A is the Laplace
operator associated with the metric g. It was shown by Bakry and Emery (see
[BaEm]) that CD(R,N), N > n for L is equivalent to the following inequality
of symmetric tensors:

dh ® dh
Ric > Hess(h) + Rgn + ah e dh
(N —n)
In particular, CD(R,n) implies h = const, and hence Ric > Rgn everywhere.
b) If L = (d/dx)* — q(z)d/dx then CD(R, N) is equivalent to
e

">R }
¢ =Rt

Definition 6.1.6 A spectral triple (A, L, H) is called measured spectral triple if
we are given also Gelfand-Naimark-Segal state v on A which is invariant with
respect to the semigroup exp(—tL),t > 0.

6.2 Wasserstein metric and N-curvature tensor

Here we recall definitions and results of [LV], [St].

Let f: R>0 — R be a continuous convex function, such that f(0) = 0. If
2NV f(z=) is convex on (0,00), we will say that the function f is N-convex,
where 1 < N < oo. If e”f(e™") is convex on (—oo,00) we will say that the
function f is co-convex.

Example 6.2.1 a) The function fy(x) = Nxz(1 —z~/N) is N-convex for 1 <
N < 0.
b) The function foo(x) = xlogx is co-conver.

Let (X, du) be a compact Hausdorff space equipped with a finite probability
measure, and f be an arbirtary continuous convex function as above. For any
probability measure dv = pdu, which is absolutely continuous with respect to
dp we define the f-relative entropy of dv with respect to du by the formula

Bh(av) = [ (o)

(one can slightly modify this formula in order to include measures with a non-
trivial singular part in the Lebesgue decomposition).

Let now (X,d) be a compact metric space. We define the Lo-Wasserstein
metric (or, simply, the Wasserstein metric, since we will not consider other
Wasserstein metrics) on the space P(X) of all Borel probability measures on X
by the formula

Wa(dvy, din)? = inf{ d*(xy, z2)dE},
XxX
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where infimum is taken over all probability measures d¢ € P(X x X) such that
(m3)+«d€ = dvi,i = 1,2, where m; are the natural projections of X x X to the
factors. Then (P(X), W3) becomes a compact metric space (in fact a length
space, if X is a length space), and the corresponding metric topology coincides
with the weak #-topology on measures.

Definition 6.2.2 ([LV], [St])

a) We say that the compact metric-measure length space (X, d, du) has a non-
negative N-Ricci curvature, 1 < N < oo if for all dvg,dvy € P(X) which have
supports belonging to supp(du) there is a Wasserstein geodesic dv,0 < t < 1
joining dvo and dvy such that for all N-convex functions f and all0 <t <1

one has ' ' '
EJ (dvy) < tE], (dv) + (1 — t)E], (dvo).

In other words, the f-relative entropy E(Ji‘# is convex along a geodesic joining
dvg and dv.

b) Given R € R we say that (X, d, du) has co-Ricci curvature bounded below
by R if for all dpo, dpy as in part a) there is a Wasserstein geodesic dvy joining
dvy and dvy such that for all co-convex functions [ and allt € [0,1] one has:

EJ (dv) < tE] (dvy) + (1 —t)E], (dno) — %)\( P — ) Wa(dvo, dn)?,

and A = \g is a certain map from oo-convex functions to R U{—oo} defined in

[LV], Section 5. For f = zlogx one can take A(f) = R.

Let now N € [1, 00], and du = e” dvol, be a probability measure on a smooth
compact connected Riemannian manifold (M, g),dim M = n, associated with
an arbitary smooth real function h. One defines the Ricci N-curvature Ricy
such as follows (see [LV]):

a) Ricy = Ric — Hess(h), if N = oo,

b) Ricy = Ric — Hess(h) — 424k "if n < N < oo,

¢) Ricy = Ric — Hess(h) — 0o - (dh @ dh), if N = n. Here by convention
0-00=0.

d) Ricy = —o0, if N < n.

The following theorem was proved in [LV], [St].

Theorem 6.2.3 1) For N € [1,00) the measured length space (M, g,du) has
non-negative N-Ricci curvature iff Ricny > 0 as a symmetric tensor.
2) It has oco-Ricci curvature bounded below by R iff Rics > Rg.

Notice that in the above assumptions the condition Ricy > Rg is equivalent
to Bakry’s CD(R, N) condition for the operator A 4+ V(h)V.

One defines the measured Gromov-Hausdorff topology on the set of metric-
measure spaces in the usual way: a sequence (X;, d;, du;) converges to (X, d, du)
if there are g;-approximations f; : (X;,d;) — (X, d) such that ¢; — 0 as i — oo,
which satisfy the condition that the direct images (f;)«dp; converge (in the weak
topology) to dp.
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Theorem 6.2.4 (/LV])

a) For all 1 < N < oo the set of length metric-measure spaces with non-
negative N -Ricci curvature is precompact and complete in the measured Gromov-
Hausdorff topology.

b) For N = oo the same is true for the set of length metric-mesure spaces
with the co-Ricci curvature greater or equal than fized R.

Similar result was proved in [St], where the precompactness theorem was
established with respect to the following distance function on metric-measure
spaces:

D*((X1,d1, dp), (Xa, d2, dpsg)) = inf{ d*(x1, w2)dx (21, 22)},
Xl ><X2
where infimum is taken over all dy € P(X; x X2) which projects onto dy; and
dps respectively under the natural projections, and all metrics d on X; Ul Xo
which coincide with the given metrics d;,2 =1,2 on X;,7=1,2.

6.3 Remark about the Laplacian

As we have seen, the notion of Laplacian (maybe generalized one) plays an
important role in the description of the collapsing CFTs. In the case of metric-
measure spaces one can use the following approach to the notion of Laplacian
(see [Kok]). Let (X, d, du) be a metric-measure space. For any point € X and
the open ball B(z,r) with the center at 2 we define the operator “mean value”
J = (f)B(z,r), where

1
(f)Br) = W/B(“) F(y)du(y).

Let us assume that the measure of every ball is positive. Then one defines the
Laplacian A, (f) by the formula

A (7)@) = limy —gsuprso (] — F()) o) =

limy i s 5 ((f = £(2)) ey

provided the last two limits exist and coincide. It was observed in [Kok] that
this measured Laplacian coinsides with %HAH on a Riemannian n-dimensional
manifold (M, g). Moreover, for a large class of metric-measure spaces it is
symmetric non-negative operator on certain classes of functions built out from
Lipshitz functions on (X, d, du). In a different framework of spaces with diffu-
sion and codiffusion the notion of the heat operator and the Laplacian was in
introduced in [Gro2], Sect.3.3. The Laplacian introduced in [Gro2] is in fact
a vector field, which is the gradient of the energy function. Probably in all
cases when the Laplacian or the heat operator can be defined as a symmetric
non-negative operator, there is an interesting quantum Riemannian 1-geometry
of spaces with non-negative Ricci curvature.
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6.4 Spectral metrics

Here we follow [BBG].

Let (M, gn) be a compact closed Riemannian manifold, du = dvoly; de-
notes the associated Riemannian measure. Let us choose an orthonormal basis
¥, > 0 of eigenvectors of the Laplacian A = Agy,,, which is unbounded non-
negative self-adjoint operator on the Hilbert space H = Lo(M,dp). Let A be
the eigenvalue corresponding to ;. Then for every ¢t > 0 one defines a map
Oy : M — l3(Z4) by the formula

() = VVol(M)(e "2 (x)) j20-

In this way one obtains an embedding of M into l3(Zy). For any two Rieman-
nian manifolds (M, gar,) and (Ma, gar,) as above, and any two choices of the
orthonormal bases one can compute the Hausdorff distance dy between com-
pact sets ®¢(M7, gar,) and Py(Mz, gas,) inside of the metric space l2(Z4 ). This
number depends on the choices of orthonormal bases for the Laplace operators
on M; and My, but one can remedy the problem by taking sup infdyg over
all possible pairs of choices. This gives the distance di((M1, gar,), (M2, grs,))
defined in [BBG]. It was proved there that the distance (for a fixed ¢ > 0) is
equal to zero if and only if the Riemannian manifolds are isometric. More
invariant way to spell out this embedding is via the heat kernel. Namely,
one considers the map M — Lo(M,du) such that © — Kp(t/2,z,e), where
Ku(t,z,y) =350 e it (z)1;(y) is the heat kernel. Subsequently one can
identify Lo(M,du) with l2(Z4) since any two separable Hilbert spaces are iso-
metric. Thus we obtain the above embedding.

Let M(n, R, D) be the set of compact closed Riemannian manifolds such
that dim M = n, Ric(M) > R,diam(M) < D. It was proved in [BBG] that
the ®;-image of M(n, R, D) belongs to a bounded subset of the Sobolev space
h'(Z.) (the latter consists of sequences (ag, a1, ...) € l2(Z4 ) such that 2 iso(l+
j¥/™)a2 < 00). By Rellich’s theorem the embedding h'(Z;) — I2(Z) is a com-
pact operator. This implies that the image of the embedding of M(n, R, D) via
®, is precompact in l3(Z4 ). Moreover, the eigenvalues of the Laplacian are con-
tinuous with respect to the spectral distance d;. Since only smooth manifolds
were considered in [BBG] the measure dp was always the one associated with
the Riemannian metric. Approach of [BBG] was further developed and gener-
alized in [KaKul-2]. In the loc. cit the authors discussed the compactification
of M(n, R, D) with respect to their version of the spectral distance, which is
different from the one in [BBG].

6.5 Spectral structures and measured Gromov-Hausdorff
topology

Here we briefly recall the approach suggested in [KS].
As we have seen above, the Laplacian and the heat kernel can be defined
for more general spaces than just Riemannian manifolds (see e.g. [KMS], [S] for
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the case of Alexandrov spaces). The notion of spectral structure was introduced
in [KS] with the purpose to study the behavior of eigenvalues of the Laplacian
with respect to perturbations of the metric and topology of not necessarily com-
pact Riemannian manifolds. A spectral structure is a tuple of compatible data:
(L,Q, E,U, R(z), H) which consists of a separable Hilbert space H (complex
or real), self-adjoint non-negative linear operator L : H — H, densely defined
quadratic form Q generated by v/L, spectral measure E = E (L), pointwise con-
tinuous contraction semigroup U; with the infinitesimal generator L, pointwise
continuous resolvent (z — L)~!. One can associate a spectral structure with a
pointed locally compact metric space equipped with a Radon measure (or with a
not necessarily pointed compact metric-measure space). Two types of topologies
on the set of spectral triples were introduced in [KS]: strong topology and com-
pact topology. For both topologies the natural forgetful map from “geometric”
spectral structures to the corresponding metric-measure spaces is continuous.
Main results of [KS] concern convergence of spectral structures under the condi-
tion that the underlying metric-measure spaces converge. In particular, one has
such a convergence for the class of Riemannian complete (possibly non-compact)
pointed n-dimensional manifolds with the Ricci curvature bounded from below
([KS], Theorem 1.3). The results of [KS] can be considered as a generalization
of the results of [Fu], [ChC1] about continuity of eigenvalues of the Laplacian
with respect to measured Gromov-Hausdorff topology. Every commutative Rie-
mannian 1-space associated with a complete pointed Riemannian manifold (or
compact closed non-pointed Riemannian manifold) gives rise to a spectral struc-
ture. Therefore, applying results of [KS] one can deduce precompactness of the
moduli space of such Riemannian 1-spaces. Unfortunately, [KS] does not con-
tain any precompactness results about the moduli space of “abstract” spectral
structures, i.e. those which are not associated with meatric-measure spaces.
Same is true for [BBG].

6.6 Non-negative Ricci curvature for quantum 1-geometry

Suppose that we are given a quantum Riemannian 1-space which satisfies the
following property: there is a dense pre-Hilbert subspace A C H, such that for
any graph I € G the tensor product A®’- belongs to the domain of the operator
S(T"). Then, taking a Y-shape graph, as in the Introduction, we recover from
the axoms QFT 1)-QFT 4) an associative product on A. Following Kontsevich
we impose the following three conditions:

QFT 6) (spectral gap, or boundness of the diameter) Let L be a generator
of the semigroup S(T'?) (see QFT 5)). Then the spectrum of L belongs to the
set {0} U {a} U [b, +00), where b > a > 0 are some numbers.

QFT 7) (7-term relation) For a graph I'(ly, l2, I3, l4) with one internal vertex
and four attached edges of length [;,1 < i < 4 one has the following identity:

0 0
Z ﬁsf(ll,lzylayh): Z %|5]‘ZOSF(Z17Z27Z37Z4757')’

1<i<4 1<j<3 7
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where I'(l1, {2, 3,14, ;) is a graph obtained from I'(l1, 2,3, l4) by inserting one
internal edge of the length ¢; (three summands in the RHS correspond to three
different ways of pairing of four external vertices of the graph I'(l1, lo,l3,14), see
the Figure below).

FIGURE 1 (corolla with 4 external vertices and 3 graphs obtained from it
by inserting a new mternal edge)

= KoK

QFT 8) (non-negativness of Ricci curvature) If T'(I1, 11,3, 3, ) is the graph
T(ly,l2,13,14,1) from QFT 7) with Iy = l1,l4 = l3,e = [ then the following
identity holds:

(8/811 — 8/81)281*(117[17137137[) > 0.

This condition is equivalent to the following one:

(P lmole (e () - (1)) 2 0,

for all f € A. The LHS of this inequality is equal to Ba(f, f). Another way
to state the above inequality is to say that the amplitude St 44,1, 4¢,15,05,1—1)
is convex at t = 0. The continuity of the amplitudes Sr; (see QFT 4)) implies
that the condition Ba(f, f) > 0 is preserved if we contract a subforset of I" (i.e.

we allow to contract a disjoint union of trees, while the contraction of loops is
prohibited).

Remark 6.6.1 a) The condition QFT 6) is motivated by the property that for
any t > 0 we have Tr(e *t) < oco. This implies that there is an interval
(0, A), A > 0 which contains finitely many points of the spectrum of L. If L = A,
the Laplace operator on a compact Riemannian manifold M, then the spectral
gap X\ is of the magnitude 1/(diamM )?.

b) The condition QFT 7) is motivated by the case L = A. In this case

A(fifafs) = A(fife)fs + .+ A(f1) fafs — A() fifafzs =0

(7-term relation for the second order differential operator A ).

¢) The condition QFT 8) is motivated by the CD(0, 00) inequalities of Bakry.

It was shown by Kontsevich that Segal’s azioms of the unitary CFT im-
ply that the collapsing sequence of unitary CFTs gives rise to a commutative
Riemannian 1-space, which satisfies axioms QFT1)-QFT 8). The underlying
Riemannian manifold M is the smooth part of X = Spec(H*™) (see Section
2.2) with L derived from the limit of the rescaled Virasoro operators (Lo+Lo)/e,
where € is the minimal eigenvalue of (Lo + Lg), € — 0.
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Recall that for a non-negative self-adjoint operator L acting in a Hilbert
space H a spectral gap A1(L) is the smallest positive eigenvalue of L. Let us
consider quantum Riemannian 1-spaces with measure, for which the Hilbert
space H is obtained by the Gelfand-Naimark-Segal construction from a unital
involutive algebra A and a state 7: A — C. To every such a quantum space
one can associate a spectral triple (A, H, L).

Conjecture 6.6.2 The space of isomorphism classes of quantum Riemannian
1-spaces with a measure, which have non-negative Ricci curvature, spectral gap
bounded below by a given number C, and such that the corresponding spectral
triples have dimensional spectrum belonging to a given interval [a,b] (see [Co-
Mar] for the definition of the dimension spectrum) is precompact in the topology
defined in Section 4.2.

Finally, we are going to discuss an example in which a version of the above
conjecture was verified. Let Mj;,j > 1 be a sequence of compact Riemannian
manifolds of the same dimension n with the diameter equal to 1 (recall that
rescaling of the metric does not chence the Ricci curvature). Then, following Ex-
ample 5.1.1 we can associate with this sequence a sequence of non-commutaive
Riemannian 1-spaces V(M;),j > 1. Suppose that N is a measured Gromov-
Hausdorff limit of M as j — oco. Then it follows from [ChC3] that N carries a
generalized Laplacian, and the measure, hence the same formulas as in Example
5.1.1 allows us to associate with N a quantum Riemannian 1-space V(N). Let
us say that V(M;) weakly converges to V(N) if for any sequence of Lipshitz
functions f; : M; — R, f: N — R such that [f; o ¢; — flr_(n) as j — oo,
and for any metrized graph I', we have: Sr(f;) — Sr(f) as j — oo. Here
¥; : N — Mj is any sequence of ¢;-approximations such that ¢; — 0 as j — oo.
Weak convergence gives rise to the topology on the space of equivalence classes
of quantum Riemannian 1-spaces of geometric origin (i.e. those which corre-
spond to metric-measured spaces). Then the following result holds (see [En] for
the proof).

Theorem 6.6.3 The subspace of the space of the above quantum Riemannian
1-spaces corresponding to manifolds with non-negative Ricci curvature is pre-
compact in the weak topology.

Having in mind results of [LV] and [St] we expect that it is in fact compact.

7 Appendix: Deformations of Quantum Field
Theories and QFTs on metric spaces

Here we reproduce a portion of the unfinished paper with Maxim Kontsevich
with the title “Deformations of Quantum Field Theories” started in December
2000. Among other things it contains the definition of a QFT on an arbitrary
metric space-time. Hopefully in the case of Riemannian manifolds, our definition
can be formulated in the language similar to the language of Segal axioms for
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CFTs. Then this kind of “generalized QFT” give an example of a quantum
metric-measure space. From the point of view of present paper it is natural to
ask how such generalized QFTs behave with respect to the Gromov-Hausdorff
topology on the “moduli space” of space-times which have non-negative Ricci
curvature.

7.1 Moduli space of translation-invariant QFTs: what to
expect?

Here we will briefly explain part of the structures we would like to have in the
deformation theory of a general translation-invariant QFT on R?. For such
a theory C we have a space of local fields H, which is filtered by dimensions
A > 0. Tt is convenient to introduce the space Q*(H) = H @ A*(R*?) of H-
valued differential forms. We introduce the grading in this space, so that the
degree of dx;,1 < i < dis —1. Since translations act on H we have the action
of the corresponding vector fields 9;,1 <1 < d on H. Therefore Q°*(H) carries a
differential m; = d (Koszul differential). Intuitively the tangent space to formal
deformations of the QFT with the space of fields H is given by H/ >, 0;H.
This corresponds to a part

H(X)/\l(R*d) S H

of the complex (Q°*(H), m1). We will explain why the deformation theory of C
is controlled by a certain L.o-algebra structure on Q°*(H)<g (here < 0 stands
for the total degree). This structure is related to the action of H ® A9~1(R*)
on Q°*(H), and we are going to explain this action.

Since H is filtered, we can consider the corresponding graded space. It gives
rise to a CFT g¢r(C). The renormalization group flow contracts C to gr(C).

When discussing foundational questions of Quantum Field Theory one faces
the problem of basic definitions. For example, what is the moduli space of
QFTs (on a given space-time)? Without answering this question, one meets
difficulties in defining deformations of a given QFT. In practice physicists speak
about “deforming the lagrangian of a theory”. This is not satisfactory, because
lagrangians are not fundamental objects. One can have a theory (CFT, for
example) which is a priori defined without a lagrangian. Obviously, one wants
to have definitions which work in all cases.

We suggest the point of view which can be explained by analogy with Morse
theory: one can reconstruct a compact manifold from a general gradient field on
it. Let us explain this approach in a “simplified picture of the world”. Namely,
imagine that there is a smooth moduli space M of translation-invariant QFTs
on a given Euclidean space-time R¢. This moduli space carries a vector field
(called S-function by physicists). This vector field has the following origin. Let
us consider the group of dilations of the metric g on RY, namely g — Ag. We
assume that there is a canonical lifting of this action to M. The corresponding
group is called the renormalizarion group (RG for short), and by definition it
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acts on quantum field theories. We prefer to call it RG vector field (rather than
[-function) and denote by . Locally it is a gradient vector field.

Critical points of the RG vector field 3 are CFTs. We assume that for each
Morse critical point z we have: M = M| J M2* (union of points which are
attracted to = and repelled from z as t — +00).

Definition 7.1.1 Renormalizable (with respect to x) QFTs correspond to points
of M2, Unrenormalizable QFTs correspond to points of M™.

Let us assume that 8 is a gradient vector field: 8 = grad(c) locally near

xg € M, B(xg) = 0. Here ¢(z) is a smooth function on M (Zamolodchikov
c-function), which (near the Morse critical point xy) can be written as ¢(x) =
>o; Aixi (possibly infinite sum). We assume (?) that Hess(c) := d*(c)r,,m
has finitely many negative eigenvalues, \; = A; — d. It follows that M2"* is a
finite-dimensional manifold. Since 3 is a gradient vector field, all numbers A;
(called dimensions of local fields) are real. The deformation theory we described
at the very beginning of this section is the deformation theory of the CFT
associated with the point zg € M in the direction of MZ**. All deformed QFTs
can be described by means of the operator product expansion (OPE). There
is an Lo-algebra controlling these deformations. It gives rise to the finite-
dimensional moduli space M3%*. More precisely, the Lo-algebra gives rise to
a formal pointed dg-manifold (see [KoSo2], [KoSo3]) with z¢ be the marked
point. It is foliated (in the sense of dg-manifolds) by the leaves of the odd
vector field. Equivalent theories belong to the same leaf. “Moduli space” of
leaves is isomorphic to MZu*.
Remark 7.1.2 The full picture is more complicated. Critical points of B are
not necessarily Morse. Linearization of 3 is no longer acting on the tangent
space to the critical point without kernel. As a result one has “marginal” local
fields such that \j = A; —d = 0. The OPE can contain fractional powers.

7.2 Physics

The deformation theory we are going to develop deals rather with OPE than
with the quantum field theory itself. This means that a QFT is determined by
correlators between fields. The latter depend not only on OPE but also on the
boundary conditions at infinity. In this section we will ignore the behavior at
infinity.

7.2.1 Renormalization

Renormalization have been discussed in a series of papers by Connes and Kreimer
(see e.g. [CoKr]). Here we present a slightly different point of view, motivated
by our approach to deformation theory of QFTs.

The OPE is determined by the behavior of the correlators if some of points
collide. This means that the Fulton-Macpherson operad FM (R?) will be of
use. For example, let us consider the space H ® QZ¢(R?) of H-valued compactly
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supported differential forms of the top degree. For a choice ¢1,....,¢, € H®
Q4(RY) we can define the universal partition function Z such that

€L =S % [ o

1<i<n n>0 U1 yeens

where [ " denotes a regularization of the integral at z; = x;, and (....) denotes
the correlator. Notice that since we take compactly supported forms on R? the
regularized integral converges.

From this formula we see that

oz
5¢’Ll 5¢’Ln

Morally the formulas above should correspond to the deformation of a QFT
by adding >, ¢; to the lagrangian. The choice of the regularization is not fixed.
Normally people take as the correlators for the deformed theory the coefficients
for . We can take any linear functional R : C°°(0,r) — R such that if f is
contmuous at zero then R(f) = f(0). We call such a functional a regularization
operator.

Assume that we have fixed a regularization operator. Then for a choice of
fields ¢ € eQ*(H)[[¢]], ¢ € Q*(H),1 < i < n, choice of points z; € R4, 1 < i <
n we can introduce new correlators (¢1(z1)...¢n(zn)) s, r € C°((R?)"\ diag)[[¢]]
such that

(Bir--0i,) =

@ra0)-bulwnon =3 k([ du T] o) TT éite)

k>0 1<5<k 1<i<n

where the integration is taken over the subspace |y; — y;| > 0, |y; — ;| >
8, |yil < 1, and § > 0 is some number.

Definition 7.2.1 1) We say that the correlators (...)s r define the deformed
theory.

2) Two deformed theories given by (¢, R) and (¢', R') are called equiva-
lent if there exists L € End(H)[[e]] that L = id + o(1) and ([]; ¢:(zi))¢,r =
(IT;(Los)(xi)) g, mr for any choice of fields ¢; and pairwise different points x;.

Remark 7.2.2 a) The field ¢ gives a tangent vector to the space of deforma-
tions of the given QFT. It can be taken from H @ N4 ((RY)*).

b) The above definitions should be modified because R? is non-compact. We
can either assume that the space-time is compact or introduce a cut-off at in-
finity. For pedagogical reasons the reader can assume that instead of A®((R?)*)
we take the compactly supported differential forms on R? (in this case we lose
translation invariance).

¢) The definition above corresponds to the intuitively clear picture: in order
to deform a QFT we consider the space of all lagrangians £ modulo 0;L£,1 <
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1 < d plus a regqularization procedure. A choice of an element in this space gives
a QFT. (Morally a choice of L gives an affine structure on the space of QFTs).
Then we need to identify all gauge equivalent theories. The moduli space of
QFTs consists of the classes of gauge equivalent theories.

7.2.2 The operad responsible for the OPE

In order to explain the conjecture about L..-structure we need to discuss the
role of Fulton-Macpherson operad FM(R?) in OPE. Traditionally, when talk-
ing about OPE, people consider two colliding points in the space-time. More
generally one can consider several points approaching to the same one with the
same speed. It gives only one stratum in the Fulton-Macpherson compactifica-
tion of the space-time. There are more strata, corresponding to groups of points
colliding to the same one “with the same speed” (see [FM]). Hence the “true”
picture for OPE should describe the asymptotic behavior of correlators near all
the strata. Each operadic space F' M, (R?) is a real manifold with corners. We
assume that asymptotic expansion of a correlator at each corner is given by a
series 7%log"rf(s), 3 € Q,n € Z,, where r is the distance to the corner, and
f(s) is a smooth function in all other variables. Such functions behave nicely
with respect to the operadic composition in FM(RY). The space of such func-
tions on FM,,(R?) will be denoted by V;,. We should also take care about two
things:

a) filtration of H by dimensions;

b) action of the group of translations.

Let C. be the space of formal series ), c;e” such that ¢; € C and f; €
R, lim;4008; = +00. We define the cooperad A = (A, )n>1 such that A =
C.®V,11®C|[[z]], where & means the completed tensor product and the for-
mal series C[[z]] is the space dual to the algebra of differential operators with
constant coefficients on R? (it is responsible for the action of the group of trans-
lations on H). Notice that the spaces A are filtered by the degrees ; and the
powers of r at the corners. The operadic structure on A comes naturally from
the operadic structure on FM(RY).

Conjecture 7.2.3 Let g be an Lo -algebra which controls formal deformations
of H as an A-algebra. Then:

a) There is a structure of Loo-algebra on Q4 (H) = H @ AY(R?).

b) There exists an Loo-morphism Q4(H) — g.

¢) There is a structure of d-algebra (see [K0So02]) on Q°*(H).

In particular, it follows from c) that the cooperad of differential forms on
the configuration space of d-dimensional discs in (R%)* acts on Q°(H).

7.3 Some metric geometry

In this section we will introduce useful constructions and language for what
follows.

40



Let X = {x1,...,2,} be a finite set, T be a planar tree with the tails
parametrized by X, and {\,},0 < A\, < 1 be the set of numbers parametrized
by all but tail vertices of T'.

Proposition 7.3.1 There exists a metric p on X such that for any two different
points x;, x; one has

plzi,z;)=C H Av,
v<1,]
where C' > 0 depends on the set X only, and the notation v < i means that
the vertex v is closer to the root vertex with respect to the natural order on the
vertices of T' (so that the root vertex is the smallest element and tail vertices are
mazimal elements).

7.3.1 Clusters

Let X be a finite set, | X| > 2, equipped with a metric p. We will assign a tree
T = Tx to these data.

Definition 7.3.2 Subset Y C X is called cluster if Y contains at least two
elements and for any points a,b €Y and ¢ € X \'Y one has p(a,b) < p(b, c).

Definition 7.3.3 Let us fiz a positive number ¢ < 1. We say that Y is an
e-cluster if for any c € X \'Y one has diam(Y') < ep(c,Y’), where diam(Y") is
the diameter of the setY .

)

Clearly any e-cluster is a cluster. Clusters enjoy the following “non-archimedean’
property.

Lemma 7.3.4 If two clusters intersect non-trivially then one of them contains
the other one.

Proof. Let Y1 and Ya be the clusters which intersect non-trivially. Then we
can choose a common element ¢. Let a3 € Y7\ Y2 and as € Y5 \ Y;. Then
play,c) < p(az,c), because ¢ € Y;. Since ¢ € Yo we have p(az,c) < p(ay,c).
Contradiction. The lemma is proved. B

Having a set X with a metric p, as above, one can construct a tree 7" in the
following way. Tails of T" are parametrized by X. Internal vertices are clusters.
Two internal vertices are connected by an edge if one cluster belongs to the
other one. A tail vertex corresponding to x € X is connected to an internal
vertex corresponding to a cluster YV if z € Y.

Let us fix a set X, and consider all metrics on X such that diam(X) = 1.
To every such a metric p we can assign the tree T = T'(X p), as above.

The following proposition is easy to prove.

41



Proposition 7.3.5 Let p be a metric on X, as above. One can assign numbers
A, 0 < Ay < 1 to all internal vertices v of T(X, p) in such a way that for any
two points x;,x; € X one has

o < LT T)
[TocijMo
Here C;,i = 1,2 are positive numbers depending on X (not on the metric),
and the notation v < i means that there is a path along the edges of T which
starts at the root vertex, ends at the tail vertex i and contains v (i.e. v s
“closer” to the root than ).

Let us fix the tree T" corresponding to a finite set X. By definition 7" has
| X| := n tail vertices. Let us fix numbers \,,v € V;(T) such that 0 < A\, < 1,
the metric p as in the Proposition 1, and real numbers A, Ay, ..., A,. For a
given subset S C {1,...,n} we denote by Bg the subset x;,i € S.

Proposition 7.3.6 The following formula holds:

(@diamX)~> T[ A= =C(diamx)>  [[  (iamBs) D" Eies 2,

veV;i(T) Sc{1,....,n},|S|>2
where C is a positive number depending on the set X (not on the metric).

Proof. Straightforward. W

We will denote the LHS of the formula from the previous proposition by
R(x1,...,Tpn,y) or by R(z1, ..., Tn, y; A1, ..., Ay, A). In this notation z1, ..., x, €
X corresponds to the tail vertices of T" and y corresponds to the root vertex.
Although the point y is not an element of the set X, one can imagine that
all points z1, ..., z,, y belong to a metric space X = X U {y} such that X is
a metric subspace of X, and ply, ;) = diam X for 1 < i < n. The meaning
of this notation will become clear later, when we discuss the operator product
expansion (OPE). At this time we would like to make few comments about the
meaning of the function R.

The function R(z1, ..., T, y) will play the following role in our considerations.
Suppose we have local fields ¢4, ..., ¢, sitting in x4, ..., z,, and having dimensions
A1, ..., A,. When all points x; approach to the same point y, we can write the
OPE for the given fields:

$1(21)r-Pn(n) = D CA@1, oory T ) DA (Y),
A

where the coefficients C; (z1, ..., zn, y) depend on the configuration {z1, ..., Tn, y}
as well as on the dimensions Ay of the fields ¢ (y).

Let us take a local field ¢ = ¢, of dimension A sitting at y such that ¢
appears in the OPE. The function R(x1, ..., Zpn, ¥; A1, ..., Ay, A) will be respon-
sible for the singular part of the OPE. The tree T appears because the points

42



z;,1 < 4 < n can approach y with different speeds. Geometrically we have a
structure of cluster on the set {x1, ..., 2,}. The point y corresponds to the root
of T.

We can describe the same picture in a slightly different way. The correla-
tor (¢p1(z1)..-¢n(xy)) has different behavior near different strata of the Fulton-
Macpherson compactification of Conf,(X), where X is the space-time. If the
stratum D7 corresponds to a tree T', then there are scaling factors \,, v € V;(T)
such that the leading asymptotic term of the correlator behaves near Dr as the
LHS of the formula from the proposition (up to a positive scalar). This will
be one of the axioms (which can be checked in all known examples). Therefore
the function R represents the leading singular asymptotic term of the correla-
tor (¢1(x1)...¢n(xn)d(y)). The constant factor C' depends on the dimensions
A,A;,1 < i <n as well as on the tree T. One can think of it as of function
which is bounded on any compact subset of the stratum Dr.

Proposition 7.3.7 The function R satisfies the following properties:
1) If n=0,1 then R = 1.
2) If n > 2 then

R=C (diam X)™* ] (minjzii<jenp(ai, z;))~ %
1<i<n

Here C;,i = 1,2 are positive constants, and the second product is taken over
all disjoint union of balls Uy<;<nB(xi, 1) C X.

Proof. Notice that the original formula for the function R can be written as
R = (diam X))~ [1,<;<, (diamB;)~2i, where B is the diameter of the minimal
cluster containing the point z;. This leads to a proof of the first equality. In
order to prove the second one, one can take r; = % pi, 1 <1 < n, where p; is the
distance to a point closest to z;. B

7.4 Operator product expansion

Let (X, p) be a metric space of finite diameter. It will play a role of the space-
time. We assume that we are given a family H,,xz € X of vector spaces, each
space is equipped with an increasing discrete filtration:

H,=|J H:®
A>0

We assume that each H=? is a finite-dimensional vector space, which carries
a norm | e |,. We will call elements of H= local fields at 2 of dimension less
or equal than A. In what follows we will assume that the filtrations are locally
constant (although this condition as well as many others can be relaxed).

Let Conf,(X),n > 0 be the configuration space of X. By definition Con f,,(X)
consists of sequences of n pairwise distinct points of X, and Con fo(X) = 0.
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Definition 7.4.1 Let us fix (z1,...,z,) € Confn(X),y € X and non-negative
numbers Ay, ..., Ap, A.

Operator product expansion (OPE) associated to these data is a class of
equivalence of linear maps My, = My (T1, ... Ty Y; A1, ooy Ay, A) such that

<A; <A
mp @ @<i<n g™ — Hp ™,

and my,n > 1 satify the axioms listed below. For n =0 it is the equivalence
class of linear maps mo : C — HySA.

The equivalence relation is the following one.

Definition 7.4.2 Two maps m, and m,, as above are said to be equivalent if
there exists € > 0 such that one has the following inequality for the norm of the
linear map:

[[m, —my, || < Cmin{r&te ngign T;Ai}a

where C > 0 depends on the points 1, ...,z (not on the metric or dimen-
sions), and the minimum is taken over all disjoint unions of balls U7 B(z;, ;) C

B(y,r).

Now we are going to list the axioms for m,,n > 0 (or rather properties of
these maps).

A1 (the norm inequality). One has:

[lmn]] < C(A1, ..y Ap, A)R(21, ..., Tn, y), where in the LHS we take the norm
of any representative from an equivalence class, and R is the function introduced
in the previous section.

A2. All maps m,, from a given equivalence class are S,,-equivariant.

A3 Let AL < A;;1 <i<nand A” > A be fixed. Then the linear maps
my, and jam! ji, where j;,1 = 1,2 are natural embeddings associated with the
filtrations, are equivalent in the sense of the definition above (they are considered
as maps ®1§i§nHéAé — HySAN).

A4. Let n =1, A > A; and z; = y. Then the well-defined map m; :
H;Al — HySA coincides with the natural embedding induced by the filtration.

Ab. (operadic composition) For every planar tree T with n tails, and any
choice of representatives of mj assigned to internal vertices v of T' in such a
way that k is the incoming valency of v, the corresponding composition map is
equivalent to m,, (for any choice of a point in the configuration space and any
choice of dimensions).

Remark 7.4.3 1) It is easy to see that differences m,, —m/, of equivalent maps
form a vector space. Hence the equivalence classes form a quotient vector space.

2) Our definition of equivalent maps means that we do not consider the input
to OPE of local fields of dimensions greater than A.

Question 7.4.4 1) Is it true that m; automatically gives a D-module structure
on the space of local fields H ?
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2) Can one treat fractional powers in the asymptotic series for correlators
in terms of decompositions at zero of certain curves f(t) in the moduli space of
QFTs?

3) What is the deformation theory for mq? First order deformations are
given by the elements of H @ Q7.

8 (Quantum spaces over metric-measure spaces

Let us consider the following category C. Objects of C are sequences M :=
((e1,Y1), ..., (€n, Yn)) where €;,1 < i < n are postive numbers and Y; are com-
pact metric spaces (as before, we will often denote by X the metric-measure
space (X,dx)) . Let M' = ((¢},Y]),...,(],,Y,)) be another object of C. A
morphism f : M — M’ is defined by:

1) asequence (X, X7', .. X5, sz/lJrl’ e Xflij;m), where X is a compact metric
space, X;",ng are non-intersecting compact metric subspaces;

2) isometry embeddings ix : Y — X, 4}, : Y/ — X such that

the closure of the e;-neighborhood of ix(Y%) is equal to X;*, and similarly

for i, (Y}) and X;;fm, 1<k<m.

Let us call such a morphism a metric bordism between M and M’. Let us
formally add the empty metric space to C. Then the metric bordism between
M and the empty space is a sequence of isometric embeddings i; as above. Let
us call the corresponding W the metric collar of M. Composition of morphisms
is defined in the following way. Let Wi and Wy be two metric bordisms repre-
senting morphisms f; : M — M’ and fo: M’ — M". Then we can construct a
metric bordism W between M and M’ representing the composition fyo f; such
as follows. As a topological space W is obtained from W; and WQ by the gluing

along canonically isometrically identified compact subsets X,i’fm,l <k<m
which belong to both W; and W5. Let jix denotes this isometric identification.
The distance between w; € Wi and wy € Ws is defined in the following way:

<k

iy then dw (w1, ws) is the distance

a) if both w; and wq belong to one of X

inside of X,i;fm;
b) otherwise we define dy (w1, w2) as a minimum of the numbers dw, (w1, y)+
dw, (jx (y), w2) where the minimum is taken over all points y belonging to the

union of the subsets X,iin

One checks that the distance function dy is symmetric and satisfies the
triangle inequality.

FIGURE 2 (composition of metric bordisms)
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The category C carries a symmetric monoidal structure with the tensor prod-
uct given by the disjoint union of ordered sequences, e.g. (e1,Y1) ® (e2,Y2) =
((El ) }/1)5 (525 }/2))

Definition 8.0.5 A quantum metric space is a monoidal functor F : Cx —
Hilbc.

Let W be a metric collar for an object M as above. Then W is also a
metric collar for all Ms, . s, where §; < €;,1 < j < n and the metric spaces
Y;,1 < j < n are the same. We say that M and Ms, .. s, are equivalent in W.
Suppose that all metric spaces above are in fact metric-measure spaces. Then
we have the following version of the above category. For a fixed metric collar
W of M we fix €2, €3, ...,€, and let € := €7 — 0. Suppose that the measure dux
being restricted to X{ admits an asymptoric expansion dux = e'*dpuy, + o(e"),
where I3 > 0 and similarly for other Y. We obtain a sequence (I1,...,1,) of
non-negative real numbers which we call exponents of M with respect to W.
Then we define the category C™¢® with objects which are equivalence classes as
above, and in addition we assume that all Yy, Yj’, X are metric-measure spaces.
In the definition of a morphism we will require that the bordism between M
and M’ satisfies the above-mentioned property for the measures. One checks
that in this way C™¢® becomes a symmetric monoidal category. There is a
natural monoidal functor F' : C"™*® — Hilbc such that F((e1,Y1), ..., (en, Yp)) =
®1<i<nLa(Yi, ds).
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