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ON THE B-TWISTED TOPOLOGICAL SIGMA MODEL

D.

AND CALABI-YAU GEOMETRY

QIN L1 & S1 L1

Abstract

We provide a rigorous perturbative quantization of the B-twisted
topological sigma model via a first-order quantum field theory on
derived mapping space in the formal neighborhood of constant
maps. We prove that the first Chern class of the target manifold
is the obstruction to the quantization via Batalin-Vilkovisky for-
malism. When the first Chern class vanishes, i.e. on Calabi-Yau
manifolds, the factorization algebra of observables gives rise to the
expected topological correlation functions in the B-model. We ex-
plain a twisting procedure to generalize to the Landau-Ginzburg
case, and show that the resulting topological correlations coincide
with Vafa’s residue formula.
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1. Introduction

Mirror symmetry predicts dualities between quantum geometries on
Calabi-Yau manifolds. The two sides of the dual theories are called A-
model and B-model respectively. The A-model is related to symplectic
geometry, which is mathematically established as the Gromov- Witten
theory of counting holomorphic maps. The B-model is attached to com-
plex geometry, which could be understood via Kodaira-Spencer gauge
theory. Such gauge theory is proposed by Bershadsky, Cecotti, Ooguri,
and Vafa [4] as a closed string analogue of Chern-Simons theory [28] in
the B-model, whose classical theory describes the deformation of com-
plex structures. We refer to [2,9,19-21] for some recent mathematical
development of its quantum geometry.

Although Kodaira-Spencer gauge theory provides the geometry of
the B-model from the point of view of string/gauge duality, a direct
mathematical approach to the B-model in the spirit of o-model is still
lacking. The main difficulty is the unknown measure of path integral
on the infinite dimensional mapping space. Thanks to supersymmetry,
the physics of the B-model path integral is expected to be fully encoded
in the small neighborhood of constant maps. This allows us to extract
physical quantities via classical geometries, such as Yukawa couplings
for genus-0 correlation functions, etc. (See [15] for an introduction.) It is
thus desired to have a mathematical theory to reveal the above physics
context in the vicinity of constant maps, parallel to the localized space
of holomorphic maps in the A-model.

The main purpose of the current paper is to provide a rigorous geo-
metric model to analyze the B-model via mapping space. To illustrate
our method, we will focus on topological field theory in this paper, while
leaving the topological string for coupling with gravity in future works.
In the rest of the introduction, we will sketch the main ideas and ex-
plain our construction. A closely related development of the B-model in
physics has been communicated recently to us by Losev [22].
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The geometry of the B-twisted o-model (in the spirit of AKSZ-formalism
[1]) describes the mapping space

(Bg)ar = Tx[1],

where (3,)4r is the ringed space with the sheaf of the de Rham com-
plex on the Riemann surface ¥4, and T%[1] is the super-manifold as-
sociated to the cotangent bundle of X with degree one shifting in the
fiber direction. The full mapping space is difficult to analyze. Instead
we will consider the mapping space in the formal neighborhood of con-
stant maps. Such consideration is proposed in [7] to fit into the effective
renormalization method developed in [5]. Therefore the corresponding
perturbative quantum field theory can be rigorously analyzed, which is
the main context of the current paper. As we have mentioned above,
zooming into the neighborhood of constant maps in the B-model does
not lose information in physics due to supersymmetry.

Notations: We will fix some notations that will be used throughout
the paper. For a smooth manifold M, we will let Aj; denote the sheaf
of the de Rham complex of smooth differential forms on M, and let Ag\/]
denote the sheaf of smooth differential forms forgetting the de Rham
differential:

Anr = (AL, dur).

Dy refers to the sheaf of smooth differential operators on M. When M
is a complex manifold, Oy refers to the sheaf of holomorphic functions,
and Tjs denotes either the holomorphic tangent bundle, or the sheaf
of holomorphic tangent vectors, while its meaning should be clear from
the context (similarly for the dual Ty;). We will use Q%, to denote the
sheaf of the holomorphic de Rham complex on M, and Df\L/‘[’l the sheaf
of holomorphic differential operators. The tensor product ® without
mentioning its ring means ®c.

1.1. Calabi-Yau model. The space of fields describing our B-twisted
o-model is given by

€= Ay, ® (ax[1] & g%),

where gx is the sheaf of curved Lo.-algebra on X describing its complex
geometry [6]. As a sheaf itself,

gx = A% @0, Tx[-1], g% = A% ©o, TY1].

The Chevalley-Eilenberg complex C* (g ) is a resolution of the sheaf Ox
of holomorphic functions on X, and the curved Lo-algebra gx & g% [—1]
describes the derived geometry of T [1] (see section 2 for details).

The Chevalley-Eilenberg differential and the natural symplectic pair-
ing equip T'y[1] (more precisely its Loo-enrichment) with the structure
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of QP-manifold [1]. The action functional is constructed via the AKSZ-
formalism in the same fashion as in [6], formally written as

®k
S(a+5)=/ (ds, 0, B) +Z< kil ,,B>
k>0

for o € Ay, ® gx[1], 8 € As, ® gY. Here ;s are the Lo-products for
gx. By construction, the action functional satisfies a version of classical
master equation (see sections 2.3 and 2.4 ). One interesting feature is
that S contains only one derivative (coming from dy,), and the first-
order formulation has been used (e.g. [3,10,17]) to describe the twisted
o-model around the large volume limit. We follow the more recent for-
mulation [6,12], using L.o-algebra via jet bundles as a coherent way to
do perturbative expansion over the target manifold X. In fact, the terms
involving L., products exactly represent the curvature of the target (see
[6] for an explanation) in terms of jets.

We would like to do perturbative quantization via Feynman diagrams
on the infinite dimensional space £ analogous to the ordinary non-linear
o-model [11]. One convenient theory via effective Batalin-Vilkovisky for-
malism is developed by Costello [5], and we will analyze the quantization
problem via this approach.

Theorem 1.1 (Theorem 3.32, Theorem 3.36). Let X be a complex
manifold.

1) The obstruction to the existence of perturbative quantization of our
B-twisted topological o-model is given by (2 —2g)c1(X), where g is
the genus of the Riemann surface ¥4 and c¢i(X) is the first Chern
class of X.

2) If c1(X) =0, i.e. X being Calabi-Yau, then there exists a canoni-
cal perturbative quantization associated to a choice of holomorphic
volume form Qx.

We refer to section 3 for the precise meaning of the theorem. The the-
orem is proved by analyzing Feynman diagrams with the heat kernel on
>, associated to the constant curvature metric, and this is consistent
with physics that B-twisting can only exist on Calabi-Yau manifolds.
Similar results on half-twisted B-model and 2d holomorphic Chern-
Simons theory have been obtained in [14,25] via background field method.
Another approach to topological B-model via D-module techniques is
communicated to us by Rozenblyum [23].

Given a perturbative quantization, there exists a rich structure of fac-
torization algebra for observables developed by Costello and Gwilliam
[8]. In our case of quantum field theory in two dimensions, the fac-
torization product for local observables gives rise to the structure of
FEs-algebra. A perturbative quantization of a so-called cotangent field
theory (where our Calabi-Yau model belongs) can be viewed as defining
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a certain projective volume form on the space of fields [6]. It allows us to
define correlation functions for local observables via the local-to-global
factorization product. The next theorem concerns the local and global
observables in our model.

Theorem 1.2. Let X be a compact Calabi-Yau with holomorphic
volume form Qx.

1) The cohomology of local quantum observables on any disk U C 3,
is H*(X, \N*Tx)[[A]].

2) The complex of quantum observables on ¥, is quasi-isomorphic to
the de Rham complex of a trivial local system on X concentrated
at degree (29 — 2) dime X.

See section 4.2 for the explanation.

Instead of the de Rham cohomology for observables in the Gromov-
Witten theory, the observables in the B-model are described by polyvec-
tor fields. Let u; € H*(X,AN*Tx), and let II,U; C X, be the disjoint
union of disks on X,. Let O, v, be a local observable in U; representing
u; via the above theorem. Then the factorization product with respect
to the embedding

IL,U; — Zg
gives a global observable Oy, 1, * Oy, * - - - * O, v, - Following [6], the

correlation function of topological field theory is defined by the natural
integration

<OH1,U17 o 7Oﬂk7Uk>E = [O,ul,Ul * OM27U2 Kook OulmUk] € (C((h))
X

g

Here [—] is the de Rham cohomology class represented by the quantum
observable as in the second part of the above theorem. The degree shift-
ing implies that the correlation function is zero unless ) deg O, v, =

(2
> degu; = (2 — 2¢g) dimc X. Explicit calculation on the sphere gives
i

Theorem 1.3 (Theorem 4.29). Let ¥, =P, and let X be a compact
Calabi- Yau with holomorphic volume form Qx. Then

<Ou17U17 T 7Ouk,Uk>]P>1 = hdich/ (Nl C Uk H QX) A QX7
X

where & is the contraction map and h is a formal variable.

When ¥, is an elliptic curve, the only non-trivial topological correla-
tion function is the partition function without inputs.

Theorem 1.4 (Theorem 4.30). Let g = 1; then <1>Zg = x(X) is the
Euler characteristic of X.
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To establish the above computation of correlation functions, we de-
scribe a formalism in the spirit of Batalin-Vilkovisky Lagrangian integra-
tion, which is equivalent to the above definition of correlation functions
for our model (Corollary 4.27). It not only simplifies the computation,
but also sheds light on the potential application to theories which are not
cotangent. In fact, the Landau-Ginzburg model to be described below is
not a cotangent field theory; hence the definition of the correlation func-
tion in [6] does not work in this case. However, the Batalin-Vilkovisky
Lagrangian integration still makes sense and gives rise to the expected
result (Proposition 5.14).

1.2. Landau-Ginzburg model. The Calabi-Yau model described above
allows a natural generalization to the Landau-Ginzburg model associ-
ated to a pair (X, W), where W is a holomorphic function on X called
the superpotential. This is accomplished by a twisting procedure: at the
classical level, the interaction is modified by adding a term Iy (Defi-
nition 5.5); at the quantum level, this simple modification is still valid
(Proposition 5.9). In particular, a choice of holomorphic volume form
Qx on X leads to a quantization of our Landau-Ginzburg B-model.

Let us describe the corresponding observable theory. For simplicity,
let us assume X = C", and that the critical set of the superpotential
Crit(W) is finite. We let {z'} be the affine coordinates on C", and
choose Qx = dz' A--- A dz". We consider the quantization associated
to the pair (X, Qx) with the twisting procedure described above.

Theorem 1.5 (Proposition 5.12). The cohomology of Landau-Ginzburg
B-model local quantum observables on any disk U C 3, is Jac(W)[[A]].

Similar to the Calabi-Yau model, we use Oy to denote a local quan-
tum observable representing f € Jac(WV) in the above theorem. Let
II;U; C 34 be the disjoint union of disks on X,. Then the factorization
product

Of17U1 *oerok OfImUk

defines a global quantum observable on 3,. However, the Landau-Ginzburg
theory is no longer a cotangent theory in the sense of [6], and the projec-
tive volume form interpretation of quantization breaks down. Instead,
we directly construct an integration map on quantum observables fol-
lowing the interpretation of Batalin-Vilkovisky Lagrangian geometry
described above. This allows us to define the correlation function (Def-
inition 5.13)

w
<0f17U1 koo k Ofk,Uk>Eg

in the Landau-Ginzburg case.
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Theorem 1.6 (Proposition 5.14). The correlation function of the
topological Landau-Ginzburg B-model is

w
(Op o, %% Ofkak>Eg =

fl tet fk det(&-(‘)jW)gdzl A ANdzZ™
Z Res, .o 7

peCrit(W)
where Res,, is the residue at the critical point p [13].

This coincides with Vafa’s residue formula [26].

Acknowledgments. The authors would like to thank Kevin Costello,
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on quantum field theories. Part of the work was done while the authors
were visiting MSC at Tsinghua University in the summer of 2012 and
2013, and while the first author was visiting Boston University in 2012
and 2013. We would like to thank these universities for their hospitality.
The first author is partially supported by Chinese Universities Scientific
Fund WKO0010000030. The second author is partially supported by NSF
DMS-1309118.

2. The classical theory

In this section we will describe the geometry of the B-twisted topo-
logical o-model and set up our theory at the classical level.

2.1. The model. Let X be a complex manifold, and let ¥, be a closed
Riemann surface of genus g. Two-dimensional o-models are concerned
with the space of maps

Yy — X.

One useful way to incorporate interesting information about the geom-
etry and topology of the target X is to enhance ordinary o-models to
supersymmetric ones and apply topological twists. There are two twisted
supersymmetric theories that have been extensively studied both in
the mathematics and physics literature: the A-model and the B-model.
These lead to the famous mirror symmetry between symplectic and
complex geometries. In this paper we will mainly focus on the B-model.

One possible mathematical formulation of the quantum field theory
of the B-twisted o-model is proposed by Costello [7] via formal derived
geometry, and we will adopt this point of view.

Definition 2.1 ([7]). The (fully twisted) B-model, with source a
genus ¢g Riemann surface ¥, and target a complex manifold X, is the
cotangent theory to the elliptic moduli problem of maps

(Eg)dR — X5
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In the subsequent subsections, we will explain all the notations and
geometric data in the above definition. Basically, we have enhanced the
mapping as from a dg-space (Xg),5 to the Lo-space X to implement
supersymmetry. However, the full mapping space is complicated and
hard to analyze. Instead, we will focus on the locus in the formal neigh-
borhood of constant maps. Under this reduction, we describe our classi-
cal action functional in section 2.3. From the physical point of view, the
quantum field theory of the B-twisted o-model is fully encoded in the
neighborhood of constant maps, thanks to supersymmetry. Therefore
we do not lose any information via this consideration.

2.2. The spaces (¥,),, and X,.
2.2.1. The dg-space (%) ;- We use (3y),, to denote the dg-ringed

space
(Xg)ar = (ng-AEg)

on the Riemann surface ¥,, where the structure sheaf is the sheaf of

asmooth de Rham complex. Ay, is an elliptic complex, and we view

(Xg) g as an elliptic ringed space in the sense of [7].

2.2.2. The L, -space Xj. The space Xj is a derived version of the
complex manifold X itself, which is introduced in [6] to describe holo-
morphic Chern-Simons theory. This is a suitable concept to discuss per-
turbative quantum field theory invariant under a diffeomorphism group.
It consists of a pair
Xg = (Xv gX) ’

where gx is the sheaf of curved L,.-algebras on X that we describe now.
As a graded sheaf on X, gx is defined by

gy = AL @0y Tx[-1],
where T'x[—1] is the sheaf of holomorphic tangent vectors with degree

shifting such that it is concentrated at degree 1. To describe the curved
Lo-structure, we consider

* <. _ k
C* (gx) := Sym 4 (gx[1]") = I1 SymJ, (ax[1]"),
k>0
where
ax[1]Y = Ay ®oy TY
is the dual sheaf of gx[1] over .Ag(, and Symzﬁ (gx[1]V) is the graded
X
symmetric tensor product of k copies of gx[1]V over .Ag(. When k£ =0,
we set Sym%x (gx[1]V) = AﬁX.
It is easy to see that
C" (ax) = Ay @ox Symo, (T¥).

Thus C* (gx) is a sheaf of algebras over Ag(.
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Notation 2.2. Let {z1 -, 2"} denote local holomorphic coordi-
nates on X; we will let {8Z1} denote the corresponding basis of g X over

A% and let {dzl} denote the corresponding basis of g¥ over AP % simi-
larly.

A curved Lo-algebra structure on gy is a differential on C* (gx) with
which it becomes a dg-algebra over the dg-ring Ax. Such a structure is
obtained in [16], which is called a weak Lie algebra there. We reformulate
the construction for the application in the B-twisted o-model. Let us
first recall

Definition 2.3. Let FE be a holomorphic vector bundle on X. We
define the holomorphic jet bundle Jet’?!(E) as follows: let 71 and 7y
denote the projections of X x X onto the first and second component
respectively,

X x X

PG
X X
then
Jethd!(E) := w1, (OA ®Ox xx WSE) :
where A — X x X is the diagonal, and Op is the analytic formal

completion of X x X along A. The jet bundle Jet%?!(F) has a natural
filtration defined by

F* Jeth?!(E) .= I% Jeth?!(E),
where I is the structure sheaf of A.

It is clear that JethOl( ) inherits a D%'-module structure from @A,
and we will let Q% (JethOI (E )) be the corresponding holomorphic de
Rham complex. The natural embedding

B 0% (Jet’wl( ))

induced by taking Taylor expansions of holomorphic sections is a quasi-
isomorphism.
Let us consider a smooth map

p:U— X xX,

where U C Tx is a small neighborhood of the zero section. We require
that p is a diffeomorphism onto its image, and if we write

p(x,0) = (2, p2(v)),
then p,(—) is holomorphic if we fix z. Such a diffeomorphism can be
constructed from a Kéhler metric on X via the Kéhler normal coordi-
nates. Note that in general p,(—) does not vary holomorphically with
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respect to x. Such a map p induces an isomorphism

p* O (X) ®o, T (@) % C®(X) ®0y Sym (TY) .
Tensoring with AﬁX, we find the following identification:
(2.1) P2 Ay @0y Jeth! (Ox) 5 C7 (gx).

Let dp, be the de Rham differential on .Ag( ®oy Jeth(Ox) induced
from the D%'-module structure on Jeti?'(Ox). We can define a differ-
ential dop on C* (gx) by
dCE' — p* OdDX Op*—l

The differential dop defines a curved Lo.-structure on gx, under
which dog is the corresponding Chevalley-Eilenberg differential. We re-
mark that the use of a Kéahler metric is only auxiliary: any choice of
smooth splitting of the projection

F1Jeth?(Ox) — F! Jeth?(Ox)/F? Jet" (Ox)

can be used to define a curved Lo-structure on gy, and different choices
are homotopic equivalent [6]. Therefore we will not refer to a particular
choice.

Definition 2.4. gx is the sheaf of curved Lo.-algebras on X defined
by the Chevalley-Eilenberg complex (C* (gx),dcp). We will denote the
components of the structure maps (shifted by degree 1) of gx by

I, = Sym®, (gx[1]) = ox.
X

Therefore I; defines gx as a dg-module over Ax, li’s are A?X—linear
for k£ > 1, and [y defines the curving. There is a natural quasi-isomorphic
embedding

(X, 0x) <= (X,C" (gx))

and X is viewed as the derived enrichment of X in this sense.
Classical constructions of vector bundles can be naturally extended
to the Loo-space Xj.

Definition 2.5. Let E be a holomorphic vector bundle on X. The
induced vector bundle E5 on the L.-space Xj is defined by the gx-
module whose sheaf of Chevalley-Eilenberg complex C* (gx, Ej) is the
dg module

C* (9x, E;) = A ®0, Jethe!(E)
over the dg algebra C*(gx).
Example 2.6. The tangent bundle T'Xj is given by the module

gx[1], with its naturally induced module structure over gx. Similarly,
the cotangent bundle T*X}; is given by the natural gx-module gx[1]V.
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Symmetric and exterior tensor products of vector bundles are defined
in the same fashion. For example,

NT* X5 = AF (gx[1]Y)
and a k-form on Xj is a section of the sheaf
cr <9X7 A (gx[l]v)> = A oy Jethd (ARTY).

In Appendix D, we present the corresponding L., constructions in
more detail.

2.2.3. Mapping space as L-space. Let f : ¥, — X be a smooth
map. The sheaf

ffax @peay As,
naturally inherits a curved Lc-algebra on ¥, within which Maurer-
Cartan elements are defined [6] .

Definition 2.7. A map (3,),, — Xj consists of a smooth map
f 34 — X, together with a Maurer-Cartan element

a € frax @pay As,.
We would like to consider those maps which are constant on the

underlying manifold. As shown in [6], the space of such maps can be
represented by the L..-space

(X, As, ®c ox) .

which is an enrichment of X5 by the information from the Riemann
surface Y.

2.3. Classical action functional. As in Definition 2.1, our model is
defined as the cotangent theory to the elliptic moduli problem of maps

(Eg)dR — X5

The cotangent construction of perturbative field theory is described in
[8] as a convenient way to implement Batalin-Vilkovisky quantization.
In our case, we consider the enlarged mapping space

(Bg)gp — T X5[1].

The dg-space () 4k 18 equipped with a volume form of degree —2,
and 7% Xj[1] has a natural symplectic form of degree 1. This fits into
the AKSZ-construction [1] and leads to an odd symplectic structure
of degree —1 on the mapping space as desired for Batalin-Vilkovisky
formalism.

We are interested in the locus around constant maps. As explained
in section 2.2.3, such locus is represented by the L..-space

(X, Az, ®c 97-x,01)) »

where g7-x,[1] = 9x € 9 x[1]Y is the curved L..-algebra representing
T* X5[1].
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Definition 2.8. The space of fields of the B-twisted o-model is the
A&-module

€= AL, @c (ax[1] @ %) -

Lemma/Definition 2.9. There exists a natural graded sympletic
pairing (—,—) on & of degree —1.

The proof is standard and we omit it here. The classical action func-
tional is constructed in a similar way as in [6].

Definition 2.10. The classical action functional is defined as the
.Ag(-valued formal function on &

Saa)= [ |00+ 3 g e®).8) |

Xg k>0

where a € Aﬁzg ®gx[1],8 € Aﬁzg ® gy, ds, is the de Rham differential
on Yy, and I, is the L.-product for gx.

We will let
Q:dzg—i-ll:g—)g

and split the classical action S into its free and interaction parts

S = Sfree + Icla
where
1
T+ 8) = [ {08+ X glsa®™).9)
Xg k>2 :
and

Sprecla + ) = / Q). B).

g

For later discussion, we denote the following functionals by
29) Da+8) =+ / (Ux(0®F), B),  for k> 0.
(k+ 1! s, T N

2.4. Classical master equation. The classical action functional S
satisfies the classical master equation, which is equivalent to the gauge
invariance in the Batalin-Vilkovisky formalism. We will explain the clas-
sical master equation in this section and set up some notations to be
used for quantization later.
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2.4.1. Functionals on fields. The space of fields £ is an Aﬁzg—module.

Let £%% denote the .Ag(-linear completed tensor product of k copies
of £, where the completion is over the products of Riemann surfaces.
Explicitly,

®k . _
9% = Ang~~~><Eg Kc ((gx[l] @g}/() ®AﬁX ®Aﬁx (QX[l] @g}/()) .
The permutation group S, acts naturally on £ and we will let

Symt (&) := (5®’f)s

k

denote the Sg-coinvariants.
We will use As,, to denote the distribution valued de Rham complex

on Y. £ will be distributional sections of &:

&=As, ®c (gx[1] ® g¥X) -
We will also use

EV = HomAuX <E,Aﬁx)

to denote functionals on £ which are linear in .A?X. The symplectic pair-

ing (—, —) gives a natural embedding
E — &EV][-1],
which induces an isomorphism
Ex=EY[-1)].

Definition 2.11. We define the space of k-homogenous functionals
on & by the linear functional (distribution) on ¥4 x --- x ¥4 (k-copies)

) () ko) Ab
O (€) i=Hom ;_(Sym"(€), 4% ).,

where our convention is that O©)(€) = Ag(. We introduce the following
notations:

o) = [[oW(e), o*E) :=T]oW ().

k>0 k>1
Therefore O(€) can be viewed as formal power series on €. The iso-
morphism £ = £Y[—1] leads to natural isomorphisms

ok (g) = (gV)iff ~ (Em)?f,

where the tensor products are the .Ag(-linear completed tensor products
over k copies of Y.

Definition 2.12. Let P € Sym*(£). We define the operator of con-
traction with P

a% Ot () — oM (&)
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by
0
(8})(1)> (lulv"' ,,Um) = (I)(P7:u17"' ,Mm),

where ® € O k) (€), y; € €.

Definition 2.13. We will denote by O,.(£) € O(E) the subspace
of local functionals, i.e. those of the form given by the integration of a
Lagrangian density on ¥,

L), pek.
29

(9;2 .(€) is defined similarly to local functionals modulo constants.

Example 2.14. The classical action functional S in Definition 2.10
is a local functional.
2.4.2. Classical master equation. As a general fact in symplectic
geometry, the Poisson kernel of a symplectic form induces a Poisson
bracket on the space of functions. In our case we are dealing with the
infinite dimensional symplectic space (€, (—, —)). The Poisson bracket
is of the form of d-function distribution; therefore the Poisson bracket
is well-defined on local functionals.

Lemma/Definition 2.15. The symplectic pairing (—, —) induces an
odd Poisson bracket of degree 1 on the space of local functionals, denoted
b

' {7731 O10e(€) © 4z Otoe(E) = OuoelE)
which is bilinear in A?X.
Lemma 2.16. Let Fj, be the functional on £ defined as follows:
Fi(a+8) = (}),p), aecAl ®gx[l],feAl @

The classical interaction functional I satisfies the following classical
master equation:

1
(23) Qlcl + §{Icla Icl} + El =0.

Proof. This follows from the fact that the maps {lx } x>0 of gx define a
curved Loo-structure. See [6]. The extra term Fj, describes the curving:

{F,,—} = Q* = l%- q.e.d.

In particular, Lemma 2.16 implies that the operator @ + {I.,—}
defines a differential on Oy,.(E).

Definition 2.17. The complex Ob := (O} (), Q + {I.;, —}) is called

the deformation-obstruction complex associated to the classical field
theory defined by (&, 5).

As established in [5], the complex Ob controls the deformation theory
of the perburbative quantization of S, hence the name.



ON THE B-TWISTED MODEL AND CALABI-YAU GEOMETRY 423

3. Quantization

In this section we establish the quantization of our B-twisted o-model
via Costello’s perturbative renormalization method [5]. We show that
the obstruction to the quantization is given by (2 — 2¢)c1(X). When
c1(X) =0, i.e. X being Calabi-Yau, every choice of holomorphic volume
form on X leads to an associated canonical quantization of the B-twisted
o-model.

3.1. Regularization. Perturbative quantization of the classical action
functional S is to model the asymptotic A-expansion of the infinite di-

mensional path integral
/ eSIh.
LcE

where L is an appropriate subspace related to some gauge fixing (a BV-
Lagrangian in the Batalin-Vilkovisky formalism). A natural formalism
based on finite dimensional models is

/ e s exp (h_1W(G,Icl)) ,
LCE

where W(G, 1) is the weighted sum of Feynman integrals over all con-
nected graphs, with G (= Pg° below) labeling the internal edges, and I,
labeling the vertices. One essential difficulty is the infinite dimension-
ality of the space of fields which introduces singularities in the prop-
agator GG and breaks the naive interpretation of Feynman diagrams.
Certain regularization is required to make sense of the theory, which is
the celebrated idea of renormalization in quantum field theory. We will
use the heat kernel regularization to fit into Costello’s renormalization
technique [5].

3.1.1. Gauge fixing. We need to choose a gauge fixing operator for
regularization. For any Riemann surface ¥,, we pick the metric on ¥, of
constant curvature 0,1, or —1, depending on the genus g. In particular,
we choose the hyperbolic metric on 3, when g > 1. The gauge fixing
operator is

QO = d3,,
where d;g is the adjoint of the de Rham differential dy, on X, with re-

spect to the chosen metric. It is clear that the Laplacian H = [Q, Q¢F] =
ds, d*zg —i—d*zg ds, is the usual Laplacian on Ay,. We will let et denote
the heat operator acting on Ay, for ¢ > 0.

REMARK 3.1. The operators Q¢ H, and e " extend trivially over
gx[1]® g% to define operators on &, and we will use the same notations
without confusion.
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3.1.2. Effective propagator. To analyze the B-twisted o-model, we
first describe the propagator of the theory.

Definition 3.2. The heat kernel K; for ¢ > 0 is the element in
Sym? (&) defined by the equation

(Ky(21, 22), #(22)) = e (@) (21), Vo€ & 2 €%,
Notation 3.3. The fact that the symplectic pairing on £ is (up to

sign) the tensor product of the natural pairings on Aﬁzg and gx[1] ®gY%
implies that the heat kernel K(z1, z2) is of the following form:

Ki(21,22) = Ki(21,22) ® (Idgy +Idgy),

where K, is simply the usual heat kernel of e * on Y4, and Idg, —I—Idg§<
is the Poisson kernel corresponding to the natural symplectic pairing on
gx[1] @ g%. We will call K; and Idg, + Idyy the analytic and combina-
torial parts of K; respectively.

The combinatorial part of K; can be described locally as follows:
pick a local basis {X;} of gx[1] as an Ag(—module, and let {X*} be the
corresponding dual basis of g%. Then we have

Idgy +Tdgy =Y (X @ X' + X' ® X;).
i
Definition 3.4. For 0 < € < L < 0o, we define the effective propa-
gator P as the element in Sym? (€) by

IPEL(zl, 29) = PEL(ZI, z2) @ (Idgy + Idgx)’

where the analytic part of the propagator PF is given by
L
Pl / (QF © 1)K, dt.

REMARK 3.5. In the notations P(z1,2) and K;(z1,22), we have
omitted their anti-holomorphic dependence for simplicity.

In other words, ]P’EL is the kernel representing the operator

LL QGF e ™t on €. The full propagator ]P’go represents the operator
QIC;F‘, which is formally the inverse of the quadratic pairing Sy af-

ter gauge fixing. The standard trick of Feynman diagram expansions
picks Pg° as the propagator. However, Pg° exhibits singularity along the
diagonal in X, x ¥/, and the above effective propagator with cut-off
parameters €, L is viewed as a regularization.

It is known that the heat kernel K; on a Riemann surface ¥, has an
asymptotic expansion:

1 p%(e1.22)
(3.1) Ky(z1,22) ~ ypn s <Zt a; 21,22> ast — 0,
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where each a;(z1, 22) is a smooth 2-form on ¥, x ¥, and p(z1, 22) denotes
the geodesic distance between z; and zo. Similarly, for the propagator
P, we have

Lemma 3.6 (Appendix A). The propagator on the hyperbolic upper
half plane H is given explicitly by

B2
PEL :/ f(pvt)dt'

(B =2 gy =) ()
Y1y2 Y1y2 ! Y2

where x; = Rez; and y; = Imz;, for i = 1,2. The function f(p,t) is

smooth on R>o X Rsq, and has an asymptotic expansion ast — 0:

o0

2
(33) Flpot) ~ > 12 e by (p).
k=0
3.1.3. Effective Batalin-Vilkovisky formalism. The heat kernel cut-
off also allows us to regularize the Poisson bracket {—, —} and extend

its definition from local functionals to all distributions.
Definition 3.7. We define the effective BV Laplacian Ay at scale
L>0 5
Ap

= E :
by contracting with K7, (see Definition 2.12).

OE)—=0(€)

Since the regularized Poisson kernel Ky, is smooth, Ay, is well-defined
on O (€) and can be viewed as a second-order differential operator in
our infinite dimensional setting.

Definition 3.8. We define the effective BV bracket at scale L
{—=,—},:0(&) x0OE) = 0O€)
by
(B, B0}, =Ap (D1Dg) — (AL D) By — (—1)1P11D; (ALDy),
Vdq, Py € OE).
As we will see, Batalin-Vilkovisky structures at different scales will
be related to each other via the renormalization group flow.

For two distributions ®;, P2 € O(E), the bracket {®, @2}, will in
general diverge as L — 0. However, for ®1, P € O),(£),

%iinm{q)bqh}/; ={®1, P2},

where on the right hand side {—, —} is the Poisson bracket as in Lemma
/Definition 2.15. Therefore {—, -}, is a regularization of the classical
Poisson bracket.
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3.2. Effective renormalization. We discuss Costello’s quantization
framework [5] in our current set-up.

3.2.1. Renormalization group flow. We start from the definition of
graphs:

Definition 3.9. A graph v consists of the following data:

1) A finite set of vertices V(7).

2) A finite set of half-edges H (7).

3) An involution o : H(y) — H(7). The set of fixed points of this
map is denoted by T'(v) and is called the set of tails of v. The set
of two-element orbits is denoted by F(v) and is called the set of
internal edges of 7.

4) A map 7 : H(y) — V() sending a half-edge to the vertex to
which it is attached.

5) A map g : V(vy) = Z>o assigning a genus to each vertex.

There exists a naturally constructed topological space || from the above
abstract data (see chapter 2, section 3.1, in [5] for more details on the
construction). A graph « is called connected if || is connected. A graph
is called stable if every vertex of genus 0 is at least trivalent, and every
genus 1 vertex is at least univalent. The genus of the graph ~ is defined
to be

g(y) =bil)+ D gv),

veV(y)

where b1(]y|) denotes the first Betti number of |7|.

Let
O@[nNT coE)ln)
be the subspace consisting of those functionals which are at least cubic

modulo & and modulo the nilpotent ideal Z in the base ring .Ag(. Let
I € (O)[[A]])T be a functional which can be expanded as

=Y w1, 1M eoe).
k,i>0
We view Ii(k) as an S;-invariant linear map
k i
IZ.( ) g®i A&.
With the propagator PZ, we will describe the Feynman weights
W, (PE, 1) € (O(E)[[H])*

for any connected stable graph ~: we label every vertex v in ~ of genus

(v))

g(v) and valency i by Ii(g , which we denote by:

I,: E8HW) Ag(,
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where H(v) is the set of half-edges of « which are incident to v. We
label every internal edge e by the propagator

P, =P e £9HE),
where H(e) C H(y) is the two-element set consisting of the half-edges
forming e. Now we can contract
UEV(’y)I 5 —> Aﬂ
with
®e€E(7)]P’e e EHONTO) .Ati
to yield a linear map
W, (P, 1) : 9700 5 A%
We can now define the renormalization group flow operator:

Definition 3.10. The renormalization group flow operator from scale
€ to scale L is the map

W(BE, =) (O[T = (0@ [r)*
defined by taking the sum of Feynman weights over all stable connected
graphs:
L
I Z | A G VW, (PET).

A collection of functlonals
{I[L) € (OE©)[PNT |L € Ry}

is said to satisfy the renormalization group equation (RGE) if for any
0 <e< L < oo, we have

I[L) = W (P7, I[€])-

REMARK 3.11. Formally, the RGE can be equivalently described as
o
AL/ — JorL Il /h

3.2.2. Quantum master equation. Now we explain the quantum
master equation as the quantization of the classical master equation.
Usually the quantum master equation is associated with the following
operator [5] in the Batalin-Vilkovisky formalism

Q + hA7L,

which can be viewed as a quantization of the differential Q.
However, in our case, the above operator does not define a differential
due to the curving
(Q+hAL)® =12,

We will modify the construction in [5] to incorporate with the curving.



428 Q. LI & S. LI

Definition 3.12. We define the effective curved differential Qr, : £ —
£ by

L
Qr :=Q+l%/ Qe tH gy,
0

where [ fOL QFe=tH 4t is the composition of the operator fOL QCF e—tH gy
with 1.

It is straightforward to prove the following lemma:

Lemma 3.13. The quantized operator Qr, + hA + % is compatible

with the renormalization group flow in the following sense (recall Lemma
2.16 for the definition Fy, ):

T F; F; 9
¢'orl <QE +hA, + %) = <QL +hAL + %) ¢ P

Moreover, it squares to zero modulo .Ag( :

F\2
<QL+71AL+#> =C

equals the multiplication by some C € .A?X.

Therefore we will use Q, + hAf, + % instead of @+ AA[ in order to
define the quantum master equation. The constant C' does not bother us
since the perturbative quantization in [5] is defined modulo the constant
terms. Precisely,

Definition 3.14. Let {I[L] € (O(E)[[A)])* |L € Ry} be a collection
of effective interactions that satisfy the renormalization group equation.
We say that they satisfy the quantum master equation if for all L > 0
the following scale L quantum master equation (QME) is satisfied:

(3.4) (QL +hAL + 21) SlL/h ReI[L]/h,

where R € A&[[h]] does not depend on L.

. . F . . .
In other words, if we view Qp + hAf, + # as defining a projectively
flat connection, then a solution of the quantum master equation defines
a projectively flat section.

Lemma 3.15. The quantum master equation is compatible with the
renormalization group flow in the following sense: if the collection
{I[L]|L € R4} satisfies the QME at some scale Ly > 0, then the QME
holds for any scale.

Proof. This follows from Lemma 3.13. q.e.d.
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Lemma 3.16. Suppose I[L] satisfies the quantum master equation at
scale L > 0; then Qr + hAp +{I[L],—}L defines a square-zero operator
on O(E)[[A]].

Proof. Let U, = Qr, + hAL + {I[L],—}1 and ® € O(&)[[h]]. Then

(QL FhAL 2) (@) = (@) + BRI

Applying Qr, + hAL + % again to both sides, we find
CoeE/ = (UZ(®) + UL(R®) + R(UL(®) + RP)) ' H/M,

Set ® = 1. We find C = dxR + R?, while R? = 0 since R is a 1-form.
Here dx is the de Rham differential on X. On the other hand,

UL(R®) = (dxR)® — RUL(®).

Comparing the two sides of the above equation, we get Ug(@) =0 as
desired. q.e.d.

REMARK 3.17. From the above proof, we find the following compat-
ibility equation: C' = dx R. It is not hard to see that the two form C is
given by the contraction between Fj, and Ay, describing the curvature
13. In fact C represents (2 — 2g)c1(X). The compatibility equation says
that C is an exact form, implying that the Calabi-Yau condition is nec-
essary for the quantum consistency (if g # 1). In section 3.3.3, we will
show that the Calabi-Yau condition is also sufficient for anomaly can-
cellation. Such a phenomenon arising from the curved L,.-algebra does
not play a role in [6], but we expect that it would appear in general.

It is easy to see that the leading h-order of the quantum master
equation reduces to the classical master equation when L — 0. Therefore
the square-zero operator Qr, + hAp + {I[L], —} defines a quantization
of the classical @ + {1, —}.

3.2.3. C*-symmetry. Later, when we study quantum theory of the B-
twisted o-model, we will be interested in quantizations which preserve
certain symmetries we describe now: we consider an action of C* on £
as follows:

)\‘(@1@914—(12@95/) ::a1®g1—|—>\_1a2®g§/, e C*.
Definition 3.18. We define an action of C* on O(E)((h)) by
A - (BFF)(v) == NREF(ZL  0), F e O(E),v € £.

It is obvious that the classical interaction I.;/h is invariant under this
action. The following lemma can be proved by straightforward calcula-
tion, which we omit:

Lemma 3.19. The following operations are equivariant under the
action of C*:
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1) the renormalization group flow operator:
W(PE, =) : (O[T — (OE©)[R)*,

2) the differential Q : O(E)[[R]] — O(E)[[R]],

3) the quantized differential Q + hAL + h~1Fy,,

4) the BV bracket {—,—}1, : O(E)[[h]] ® O&E)[[A] — O&)[[N)],
for all L > 0.

Al (1]

The following proposition describes those functionals in O(&)[[A]] that
are C*-invariant.

Proposition 3.20. Let I =3 .-, 195 € OE)[[R]). If I is invariant
under the C* action, then I'D = 0 for i > 1, and furthermore IV) lies
in the subspace

O(Ag, ® gx[1]) C O(E).

Proof. The hypothesis that I is invariant implies that ) has weight
—¢ under the C* action. Notice that the weight of the C* action on
O(€) can be only —1 or 0, which implies the first statement. The second
statement of the proposition is obvious. q.e.d.

3.3. Quantization. We study the quantization of the B-twisted o-
model in this section. Firstly, let us recall the definition of perturbative
quantization of classical field theories in the Batalin-Vilkovisky formal-
ism in [5]:

Definition 3.21. Let I € O,.(€) be a classical interaction functional
satisfying the classical master equation. A quantization of the classical
field theory defined by I consists of a collection {I[L] € (O(E)[[R]])T|L €
R, } of effective functionals such that

1) The renormalization group equation is satisfied.

2) The functional I[L] must satisfy a locality axiom, saying that as
L — 0 the functional I[L] becomes more and more local.

3) The functional I[L] satisfies the scale L quantum master equation
(3.4).

4) Modulo h, the L — 0 limit of I[L] agrees with the classical inter-
action functional I.

The strategy for constructing a quantization of a given classical action
functional is to run the renormalization group flow from scale 0 to scale
L. In other words, we try to define the effective interaction I[L] as the
following limit:

lim W (PPL, I).

e—0
However, the above limit in general does not exist. Then the technique of
counter-terms solves the problem: after the choice of a Renormalization
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Scheme, there is a unique set of counter-terms 17 (¢) € (O, (E)[[A]]) T
such that the limit

(3.5) lim W(PE, 1 =197 (e)) € (O(E)[[M)*

exists. For more details on the Renormalization Scheme and counter-
terms, we refer the readers to [5]. It is then natural to define the naive
quantization Ipgize[L] of I to be the limit in equation (3.5). For the
B-twisted o-model, we calculate the naive quantization in section 3.3.1.
In particular, we show that the counter-terms for our theory actually
vanish.

The naive quantization {Ingive[L]|L > 0} automatically satisfies the
renormalization group equation and the locality axiom by construction.
However, it does not satisfy the quantum master equation in general. In
order to find the genuine quantization, we need to analyze the possible
cohomological obstruction to solving the QME, and correct the naive
quantization {I,uve[L]|L > 0} term by term in A accordingly if the
obstruction vanishes. The C* symmetry of the classical interaction I
simplifies this computation to a one-loop anomaly, and in Appendix
C we give a formula for a one-loop anomaly for general field theories.
This formula, when specialized to the B-twisted o-model, shows that the
condition for anomaly cancellation is exactly the Calabi-Yau condition
of the target X. This is done in section 3.3.3. In section 3.3.4, we give
an explicit formula for the one-loop correction of the naive quantization
when X is Calabi-Yau.

REMARK 3.22. In later sections, we will give the details of the analysis
for Riemann surfaces of genus g > 1; the studies of P! and elliptic curves
are similar and actually easier, and we omit them.

3.3.1. The naive quantization. Let [, denote the classical interac-
tion of the B-twisted o-model. We will show that the following limit
exists for all L > 0:

(3.6) lim W (PE, ).
e—0

The following simple observation simplifies the analysis greatly: for

any L > ¢ > 0 and any graph ~, the associated Feynman weight

%WV(RL,ICI) is invariant under the C* action defined in section

3.2.3, by Lemma 3.19 and the fact that I;/h is C*-invariant. By Propo-
sition 3.20, we have
W, (PE, Iy) =0

for those stable graphs v with genus greater than 1. Thus we only need
to consider Feynman weights for trees and one-loop graphs. For any
classical interaction I, the limit (3.6) always exists for trees, but not
necessarily for one-loop graphs. Fortunately, for the classical interaction
I, of the B-twisted o-model, the limit (3.6) exists.
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Lemma/Definition 3.23. Let v be a graph of genus 1; then the
following limit exists:
lim W, (P, Lr).

We define the naive quantization at scale L to be
Inaive[L] = lim W(Pf, Id).
e—0

REMARK 3.24. As discussed in Definition 3.4, the propagator PZ con-
sists of an analytic part and a combinatorial part. It is clear that only
the analytic part is relevant to the convergence issue. In the following,
we will use the notation W (PZX, 1) to denote the analytic part of the
RG flow W (PE, I;), whose inputs are only differential forms on ;. We
will also use similar notations replacing K. by K. later.

Proof. Since I; € (O(E))" < (O(E)[[A]])", we only need to consider
those genus 1 graphs v whose vertices are all of genus 0, i.e. by(y) = 1.
Such a graph is called a wheel if it can not be disconnected by removing
a single edge. Every graph with first Betti number 1 is a wheel with trees
attached on it. Since trees do not contribute any divergence, we only
need to prove the lemma for wheels. Let v be a wheel with n tails, and
let a1 ®g1,- -, @@, € € be inputs on the tails. If the valency of some
vertices of v is greater than 3, we can combine the analytic part of the
inputs on the tails that are attached to the same vertex. More precisely,
the convergence property of the following two Feynman weights is the
same:

[e5Ke%] (o731 o

I \ /

| \ /
a7
\

a5 _ o3 26_\ _B
a5//
| l Qg
[e? |

Thus the proof of the lemma can be further reduced to trivalent wheels.
Let v be a trivalent wheel with n vertices; we prove the lemma for the
three possibilities:

(1) n = 1: in this case, the graph v contains a self-loop, and the
Feynman weight is given by

L
WV(PEL,ICl)(a):/ dt/ d* Ky (21, 21)ov.
t=e 21€X34

Let the Riemann surface ¥, be of the form ¥, = H/T', where I is a
subgroup of isometry acting discretely on H. Let k; denote the heat
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kernel on H, and let m denote the natural projection H — X,. The heat
kernel on ¥, can be written as:

Ky(m(a1),m(w2)) = Y ki(w1,9 - w2),

gel’

from which it is clear that K; is regular along the diagonal in ¥, x X :
we can pick x; = x9 in the above identity. If ¢ = id, then ki (x1, 1)
vanishes by Lemma 3.6; otherwise k¢(z1, g - 1) is automatically regular
since the heat kernel is singular only along the diagonal but x; # ¢ - ;.
(2) n > 3: the Feynman weight is given explicitly by:
(3.7)
W’V(PeLa Icl)(ab e 7an)

= / PEL(Zly 22)P5L(227 Z3) e PEL(ZTM Zl)Oél(Zl, Zl) e an(zna Zn)
215" '7zn€29

L
= / dty - - dt,
t1, - tn=¢€

(/ ew (d* Ky, (z1,22)) -+ (A" Ky, (20, 21)) @1(21, 21) - - - an(2n, Zn)>

Using the same argument as in case (1), there is no difference if we
replace X4 in equation (3.7) by H as far as only the convergence property
is concerned:

(3.8)

L
/ dty---dty
by tn=e

</17...7Z7L€H (d*kt, (21, 22)) -+ - (d" ke, (20, 21)) 1 (21, 21) - - - (2, Zn)>

For simplicity, we keep the notation for the inputs a7, - - - , a;, which are
now differential forms on H with compact support. We can write the
integral (3.8) as the sum of the following integrals where o runs over
the symmetric group Sy,:

(3.9)

dty ---dty,

€<ty (1)< Slo(n) ST

</17...7Z7L€H (d*kty (21, 22)) -+ - (d" ke, (20, 21)) Q1 (21, 21) - - - (2, Zn)>

We will show that the integral (3.9) converges as € — 0 for o = id € Sy;
the proof for other permutations o is the same. Let (z1,--- ,2,) = (z1+
Y1, , Ty + iy,) denote the standard coordinates on H x - -- x H. By
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Lemma 3.6, the leading term of d*ky, (2, zk+1) is of the form

(3.10)
1 _P2(2k72k+1)
2° R (Ql(zlwfk; 2kt 15 2k 1) (g1 — Tp) (dYrg1 — dyg)

Yk+1 Yk
where Q1 and Q)2 are smooth functions on H x H. To show the conver-
gence of the integral (3.9) as e — 0, we will apply Wick’s lemma and
show that the integral of the leading term in (3.9) converges. The higher
order terms have better convergence property.

Without loss of generality, we can assume that the supports of o/s lie
in a small neighborhood of the small diagonal A = {(z,--- ,2) : z € H}
of H x --- x H. Otherwise we can choose a cut-off function supported
around A and split the integral into parts of the desired form. We con-
sider the following change of coordinates: let wy = (ug,v9) = (x1,y1) €
H and let wy = (ug,vx) € R? be the Riemann normal coordinate of the
point (Zgy1,Yg+1) With center (zy,yx) for 1 < k < n — 1 such that on

_ _ dﬂ?k 1 dﬂjk
Q221 23 2ht1s 2o 1) (Wha1 — Yp)(— ot — = )

Ap:={(z1,- ,2p) EH X -+ xH: 2z = 211}, we have
Otppr —aw) | _ Ok —y)| _ 1
ouy, N vy, B Ui’
(3.11) o B
Oawn —w)|  _dwn =y
3’% A 8uk Ay '

By the definition of Riemann normal coordinates, the geodesic dis-
tance between z; and 2zgi1 is p(zk, 2511) = (us + vg)% = ||wg|| when
they are close. It is obvious that there are smooth positive functions
{dr, ¥, 1 <k <n}on H x R> 2 such that
(3.12)
|Tkr1 — 2kl < b |[well, yeer — vl < ¥p - [Jwgl], for 1<k<n—1

n—1 n—1
2 — 21| < dn - O Nwel))s Nym — yal <o - O Nlwrll)-
k=1 k=1

With the above preparation, we are now ready to show the conver-
gence of the integral of the leading term in (3.9). After plugging equation
(3.10) into (3.9) and using the estimate (3.12), it is not difficult to see
that there is a smooth positive function ® on H x R?*~2, such that the
integral (3.9) with ¢ = id is bounded above in absolute value by:

/ Hdt / / D(wp, -, wn)-
e<t1 <<t <L wo€H J w1+ ;wp—1 ER2
( 1

112

lus) > ][+ + [fwn ]l o2 H
. .e
t2

n =0

”E
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n
e<t1<<tp <L ;Y wo€H J w1+ ;wp—1 ER2

1x

1 n—1
e O oY e | 2
< at; > . t% Hd wl

=0

P2 (2n,21)

The inequality follows simply by dropping the term e~ 4» | and the
function ® arises as the product of absolute value of the following func-
tions or differential forms:

1) the functions ¢y, and 9y, in (3.12);

2) the Jacobian of the change from the standard coordinates to the
Riemann normal coordinates;

3) the functions @1, Q2 in (3.10);

4) the inputs on the tails of the wheel.

From 4) it is clear that we can choose ® with compact support. Thus
we only need to show that the following integral is convergent:

n n—1 2

wW; [w;]l

/ Hdti/ 11 I 2z||e T
e<ti<<ta <Ly Jwiewa 1 €R2 \GIy G

1 [ | (1w || T
wil| + -+ || Wp—1 2
+2 Hd 4
n =1

We can further change the coordinates: let

N

Gr=wp-t, 2, 1<k<n-—1

Then (3.13) becomes

n—1
&l 12
/ Hdti/ ) <H ipc
e<ti<<ta<L iy Je ga1€R2 \jI L

1=

1/2 1/2 n-—1
leallr -+ e lltns T o
: t% H 617

which is bounded above by

n—1 1 3
eShi<<tn<L \ ;4 i=1
v/ e F
517"'75“*16]1&2

where P(||&;]]) is a polynomial of ||&;]|’s. It is not difficult to see that
the first integral converges as ¢ — 0 when n > 3, and that the second
integral is finite.
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(3) n = 2: Plugging the leading term of equation (3.10) into the
integral (3.8) for n = 2, we can see that the integral of the leading term
is of the following form:

(3.14)
1 L
W/ dtldtg/ / @ (uo, vo, u1,v1)
t1t2 t1,ta=€ (UQ,Uo)GH (ul,m)GRQ
1 1
(z1 — z2)(y1 — y2) exp (—(u% + v?) (751 + tz>> dugdvgduy do,

where @ is similar to that in the case where n > 3. The fact that the
functions (z; — x2)? and (y; — %2)? do not show up in equation (3.14)
follows from the trivial observation that (dy; —dys)? = (% - %)2 =0.
This simple fact, together with the derivatives of x1 — z9 and y1 — yo
in equation (3.11), implies that the leading term in Wick’s expansion of

the integral

1

tz?/( ) qu)(uo,vo,ul,m)(:ﬂl - $2)(y1 - yz)
12 u1,v1)€

- exp (—(u% + %) (l + i)) duyduy
Lt

is given by a multiple of

1 2 2 9 o1 1 tito
-5 usvyexp [ —(uy +v —+ — duidvy o¢ —————.
t%t% /(ULUI)ER2 P < ( ! 1) t1  t2 1 (t1 + t2)3

tts

(tl + t2)3
Furthermore, since ® has compact support on H x R?, it is clear that
the integral (3.14) converges as € — 0. q.e.d.

The integral of on [e, L] x [, L] clearly converges as € — 0.

3.3.2. Obstruction analysis. By construction, the naive quantization
{Inaive[L]|L € R4} satisfies all requirements of a quantization except for
the quantum master equation. In general, there exist potential obstruc-
tions to solving the quantum master equation known as the anomaly.
The analysis of such obstructions is usually very difficult. In [5], Costello
has developed a convenient deformation theory to deal with this prob-
lem, which we will follow to compute the obstruction space of the B-
twisted o-model.
Recall that Ob = (O} (£),Q + {I, —}) is the deformation-obstruction

loc
complex of our theory. Costello’s deformation method says that

H'(Ob)
is the obstruction space for solving the quantum master equation, and

HY(Ob)
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parametrizes the deformation space. Both cohomology groups can be
computed via D-module techniques. In our case, we can restrict to a
subcomplex of Ob, thanks to the C*-symmetry.

Definition 3.25. We define £ C € to be the subspace
&= As, ® gx|1]
and Ob to be the reduced deformation-obstruction complex
Ob:= (0f, (€)@ + (L.~ }) -
Proposition 3.26. The obstruction space for solving the quantum
master equation with prescribed C* -symmetry is H' (5?))

Proof. This is the same as the holomorphic Chern-Simons theory in
[6]. q.e.d.

To describe the complex 67), we first introduce some notations. Let
Jetzg (g) = Jetzg (.Azg) ®gx[1]
be the sheaf of smooth jets of differential forms on X, valued in gx/[1],

and let Dy, be the sheaf of smooth differential operators on ¥,. Jets, (é )
is naturally a Dy _-module, and we define its dual

Jetzg (5)\/ = Homa(Zg)®AuX <Jetgg (g) ,COO(EQ) ® A&—) .
Equivalently,

-\ V
Jetzg (5) = Jetzg (.Azg)v ®gx[1]v,

where Jety,, (Agg)v is the complex of the dual Dy, -module of Jety, (.Azg),
with an induced differential which we still denote by dyx, . There is a nat-
ural identification between complexes of Dy -modules

Jetgg (.Agg)v = Dgg ® /\*ng,

where Ty, is the smooth tangent bundle, and the right hand side is
the usual complex of Spencer’s resolution. In particular, we have the
quasi-isomorphism

\ %
(3.15) (Jetzg (.Az;g) ,ng) ~(C (Eg).
AV
Jets, (5) is a locally free Dy -module. We will let Atzof denote the

right Dy -module of top differential forms on ¥,. According to the def-

inition of local functionals, O;" C(c‘:’ ) is isomorphic to the global sections
of the following complex of sheaves on ¥:

\%
top k c
(3.16) As, ®Ds, gSYszgwg{ <Jet29 () )
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with the differential induced from @ + {I,—}. All the sheaves here,
including the sheaf of jets, are sheaves over smooth functions on X,.
Thus these sheaves are all fine sheaves, a fact which implies that the
cohomology we want to compute is nothing but the hypercohomology
of the complex (3.16) with respect to the global section functor.

Proposition 3.27. The cohomology of the deformation-obstruction
complex of the B-twisted o-model is

HHOb) = Y HBL(S,) ® HI(X,QY),
pta=k+2

where Qél is the sheaf of closed holomorphic 1-forms on X. In particular,
the obstruction space for the quantization at the one-loop is given by

H'(0b) = (H3p(S,) ® H3(X, QL)) @ (Hip(S,) ® HA(X, Q)
@ (Hip(Sg) © H'(X,9Qy)) -

Proof. We follow the strategy developed in [6]. The Koszul resolution
gives a resolution of the Dy _-module

As, (Ds,)[2] = A,

where Ay, (Dz} g) 2] is the de Rham complex of Dy, . Together with the
quasi-isomorphism (3.15) and the fact that the Dy -module

~\ V
kl;IlSym]Z)Zg@ L <Jet2g (é) >

is flat, we find quasi-isomorphisms

7~ gtop oL k 5\

k>1

~\ vV
= s, (Ds,) @y, | [T8vmf, e (Jetgg (5)> 2]

k>1

= Ay, v | [T Sy (ax(1)Y) | 2] = Ax, 9c Cla () 21
k>1

The differential on the last complex is ds, + 1 + {I, —} = dx, +dcE,
where dy, is the de Rham differential on Ay, and dcg is the Chevalley-
Eilenberg differential on the reduced Chevalley-Eilenberg complex of
gx. Therefore

H*(0b) = 3 Hip () @ HY (Cuglox),dow)
pHg=k+2
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Finally, from the following short exact sequence
0—-Ax - C"(gx) = Cr.q(gx) — 0,
we have the quasi-isomorphism of complexes of sheaves
rea (9x) = [Ax — C* (gx)] = [C = Ox] = QX 4,
which implies
H(Cq(ox),dep) = HT (X, QY ) -
q.e.d.

3.3.3. Computation of the obstruction. We now compute the ob-
struction to the quantization of the B-twisted o-model. In section 3.3.1,
we have seen that the C*-invariance of I;/h and the RG flow operator
guarantees that the naive quantization {Iaie[L]|L > 0} only contains
the constant term and linear term in the power expansion of A. The
naive quantization automatically satisfies the quantum master equation
modulo £ since [ satisfies the classical master equation. Thus, we only
need to take care of the one-loop anomaly. We have the following explicit

graphical expression of the one-loop anomaly for general perturbative
QFTs:

Theorem 3.28. The one-loop obstruction Oy to quantizing a classi-
cal field theory with classical interaction 1. is given graphically by

1

e | " ~<smooth -
4
Icl

(3.17) O = 11_)1%

REMARK 3.29. After fixing a renormalization scheme, we can define
the smooth part of a Feynman weight WV(PL 1) for any graph . We

€

take the smooth part of the term in the dashed red circle.

The proof of this theorem is given in Appendix C. For the B-twisted
o-model, the following two lemmas imply that the first term in (3.17)
vanishes as ¢ — 0. We defer the proof of these two lemmas to Appendix
B.

Lemma 3.30. Let v be a genus 1 graph containing a wheel with 2
vertices. Then the following Feynman weight vanishes:

o @ g Ke — Ko am+1/® Im+1
~ -
\ .
3.18 : :
( ) _ 7 1a Ia >

Ay @ Gm PL Amtn @ m+tn
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Lemma 3.31. Let v be a genus 1 graph containing a wheel with n
vertices, and let e be an edge of v which is part of the wheel. Assume
that n > 3; then we have

lim W%e(]P’ Ke — Ko, o) = lim | | =0.
e—0 e—0
Hence the scale L one-loop obstruction is given by
LT ~ smooth
3.19 lim W (PR~ ki),
( ) «/%:ee e—0 |Aut AN K .

By the fact that limz (I ©) [L]) = I, we have:

naive

(3.20) O, = lim Oy[L] = lim | —+ K|
L—0

e—0 N :

The obstruction O; contains an analytic part and a combinatorial
part. It is clear that the analytic part is given by the limit of the super
trace of the heat kernel along the diagonal in 3, x X,:

lim Str(K(z,2)) = (2 — 2g)dvols,,
e—0

where dvoly, is the normalized volume form on ¥, with respect to
the constant curvature metric, and the identity follows from the local
index theorem. Similar to the holomorphic Chern-Simons theory [6], the
combinatorial factor of equation (3.20) gives the first Chern class of the
target manifold X. Thus, we can conclude this section by:

Theorem 3.32. The obstruction to quantizing the B-twisted o-model
18 given by

[(2—2g)dvols;, | @ ¢1(X) = e1(Zy) @1 (X) € H2p(S,) @ H' (X, QL) € H'(Ob),

and the topological B-twisted o-model can be quantized (on any Riemann
surface ¥4) if and only if the target X is Calabi- Yau.
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3.3.4. One-loop quantum correction. Now let us assume that X is
a Calabi-Yau manifold with a holomorphic volume form Qx. By Theo-
rem 3.32, the quantization of our topological B-twisted o-model is unob-
structed. This means that there exists some quantum correction I,.[L]
to the naive quantization Ipgie[L] such that Igive[L] + hlgc[L] solves
the quantum master equation. In this section we give an explicit de-
scription of the one-loop quantum correction which will be used in the
next section to compute the quantum correlation functions.
We first have the following lemma:

Lemma 3.33. Let I, € Ojoc(E) be a local functional on &€ satisfying
the equation

(321) Qch + {Icla ch} — 017

where Oy is the one-loop anomaly described in section 3.3.3. Then the
effective functionals

ch[L] = ll_rg(l] Z W'y,v(PgLa Icly ch)
yEtrees,veV (7)

satisfy the equation

QLuc[L] + {10, [L), I, [L)} 1 = O[T,

where W%U(PEL,ICl,IqC) is the Feynman weight associated to the graph
v with the vertex v labeled by I, and all other vertices labeled by 1. In
particular, Lngive|L] + hlg[L] solves the quantum master equation.

Proof. The proof of the lemma is a simple Feynman graph calculation.
See [5]. q.e.d.

The objective is to find a local functional I,. satisfying equation
(3.21). Let A be the operator on Sym*(gy) ® Sym*(gx[1]") given by
contraction with the identity in End4, (gx ® gY%), and let L denote the
functional on gx[1] ® g% given by

L(a+p) := ﬁ Z%(zn(a@"),m, a € gx[1], 8 € gx-

From the graphical expression of O; in equation (3.20), it is not difficult
to see that O is only a functional on C*°(X,) ® gx[1] of the following
form:

ONe((fi®g) @@ (fr ®gr))
—(2— 29)(AL)(gr @ - © o) /2 fiee o dvoly,,

where (O); denotes the k-component of O1 in O¥)(£), and similarly
for (AL),. We are looking for an I, which is only a functional on
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C>®(¥,) ® gx[1] of the form
(Lge)e((f1 © 91) @ -+ @ (fr @ gk))

3.22
(3:22) =Br(g1 ®---®@gx) | fi- fi dvolg,,
29

where By, € Symk(gx [1]Y). With this ansatz, we have QI = l11,. by
the type reason and equation (3.21) is reduced to

(3.23) lllqc + {Icly ch} = 0.
Letting B = ) ;5 Bk, it is clear that
(lllqc + {Icla ch}) ((fl ® gl) R ® (fk & gk))

=(dceB)(91 <2§>~'<X>gk)/Z fi-+ fi dvols, .

Equation (3.23) is then reduced to
dopB = (2 —29)AL

which, since the Chevalley-Eilenberg differential do g is the same as the
bracket {L,—}, can be further reduced to

(3.24) (2—-29)AL—{L,B}=0.
Since we only need to solve the equation modulo constant functionals,

equation (3.24) is equivalent to the vanishing of the operator {(2 —

Lemma 3.34. We have the following two identities for any B:
{{L,B}, =} = {L, -}, {B,—}],
{AL, =} = [A{L,—}].
Proof. The first identity follows directly from the Jacobi identity. The
second identity follows from the identity
[A[AL]] = 0.
q.e.d.

By Lemma 3.34, to solve equation (3.24), we only need to find B €
C*(gx) such that the operator (2 — 2g)A + {B, —} commutes with the
Chevalley-Eilenberg differential dop = {L, —}. The following technical
proposition transfers the problem to a geometric context:

Proposition 3.35. [6] There is a natural isomorphism of cochain
complexes of Ax-modules

(3.25) K : (C*(gx,Sym*gx),dcE) = (AX Roy Jet’)lé)l(/\*Tx),dDX) ,

where dog on the left hand side is the Chevalley-FEilenberg differential
of the gx-module Sym*gx, and dp, is the differential of the de Rham
complex of the holomorphic jet bundle.
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The explicit formula of the above isomorphism is given in Appen-
dix D.

There is a natural second order differential operator on the right hand
side of equation (3.25) which commutes with the differential dp :let Qx
be a holomorphic volume form on X which induces an isomorphism be-
tween holomorphic polyvector fields and holomorphic differential forms
via the contraction map:

A*TX:)Q}
a—abQx.

This isomorphism transfers the holomorphic de Rham differential 0
on Q% to an operator on polyvector fields:

day : T(AN*Tx) — T(AN 1 Ty),
which naturally induces a second order operator (denoted by the same
symbol)
Doy : Ax @0y Jet"P N Ty) = Ax ®0, Jeth? (A 1Ty),

that commutes with dp, .

To solve equation (3.24), we need to transfer the operator A to the
de Rham complex of the jet bundle in equation (3.25). For simplicity,
we still denote this operator by A.

Claim. The two second order differential operators A and Oq, on
Ax ®0y Jeté”f’l(/\*TX) have the same symbol.

Proof. We prove the claim by some local calculation from which we
can also find an explicit expression of the functional B € C*(gx).

Let {z!,---, 2"} be local holomorphic coordinates on U C X where
n = dimc X, such that the holomorphic volume form can be expressed
as Qx|y =dz' A---Adz", and let 621, --- 62" be the corresponding jet
coordinates. The isomorphism K in equation (3.25) gives rise to (recall
Notation 2.2):

Ax (U)[[62',75(0.0)]] = Ax @oy Jeth (A Tx)(U)
= Ax (U)[[K (d=1). K (0.)]).
Let T denote the restriction of p* ! in equation (2.1) to Q%:
T:0Q% = C®(X) ®0, Jeth'(Ox).
Let d4r be the internal de Rham differential

Ogr  Jethe' (y) — Jeth?' (),

(3.26)

and let Ogr o T be the composition
(3.27) daro T : Q% — C®(X) @, Jeth(Qk).
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Let

(=, =)+ (C(X) @oy Jethe! (Tx) ) @) (CF(X) Boy Jethe(Q4))
— C®(X) @0y Jeth?'(Ox)

be the natural pairing in/dvuced from that between T'x and Q& By our

convention, T(dz") = T(dz"), and

(328) (o T(d=),K(0)) =8, (an(02), m5(0.)) = 0.

By construction, there exists an invertible P € C®(X) ®0, Jeth!
(Ox)(U) such that

m5(dzt A A d2™)
=P ((Qar o T)(dz") A+ A (Jar 0 T)(dz")) € Jeth?(Q%)(U).
Under the identification (3.26),

0 0 0 0
A_;mm%MM@Wém_gwwww@w

(3.29)

By (3.28), (3.29), it is not difficult to see that

(3.30)
Oay = A+ Z (O4r 0 T(dz"),log P) % = A+ {log P,—}.
i I(K(0,1))
This proves the claim. q.e.d.

We conclude this section with the following theorems:

Theorem 3.36. Any pair (X,Qx) leads to a canonical quantization
of the topological B-twisted o-model, whose one-loop quantum correction,
which will be denoted by Iy, is of the form in equation (3.22).

The theorem follows from the following explicit description of B in
equation (3.22). By taking the top wedge product of 9y o T, we define

A" (DgpoT) : % — C°(X) @0, Jeth?(Q%).

Proposition 3.37. The quantum correction associated to the canon-
ical quantization of the pair (X,Qx) has the combinatorial part
™5 (02x)
AT (6dR o T) (Qx)

B =(2—2g)log ( ) € C®(X) ®o, Jeth? (Ox) c C*(gx),

where mo is the same as in Definition 2.3.

Proof. This follows from equation (3.24) and the local calculation
(3.30). q.e.d.
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REMARK 3.38. The existence of the quantum correction is due to the
fact that the curved Lo, structure on gx requires the choice of a splitting
[6], although different choices lead to homotopic equivalent theories.
The quantum correction I, precisely compensates such a choice and
links the effective Batalin-Vilkovisky geometry to the canonical Batalin-
Vilkovisky structure of polyvector fields associated to the Calabi-Yau
structure.

With the one-loop quantum correction term /., we can give an ex-
plicit formula of the constant term R € Ax in quantum master equation
(3.4), which will be used later in observable theory:

Lemma 3.39. Let (I,.)1 denote the linear term in the one-loop cor-
rection Iy, and let ly denote the functional on £ given by

lo(a+ ) = (lo, B).

Then the constant term R is given by:

R = {(IqC)l’lNO}-

Proof. Let I[L] = I'O[L]4+AI(W[L] be the scale L effective interaction.
Then the quantum master equation (3.4) can be expanded as
(3.31)

1
Q LI[L]+§{I(0) [L]4+RIWV (L], IO[L] 4RI W [L]} +RA LT [L)}+hR+Fy, = 0.

It is clear by the type reason that the constant term in equation (3.31)
other than AR can only live in the bracket {IV[L],AI'V[L]}. Thus
we only need to find the linear terms in both I(O[L] and IM[L]. On
one hand, it is obvious that the only linear term in I(9[L] is Iy since Iy
does not propagate by the type reason. Therefore the only linear term
in TM[L] that contributes {IM[L],lp}, is (I,e)1. Tt follows that

R ={(Is)1,l0} 1 = {(Ige)1:lo}
since R does not depend on L. q.e.d.

4. Observable theory

The objective of this section is to study the quantum observables of
the B-twisted topological o-model following the general theory devel-
oped by Costello and Gwilliam [8]. In section 4.1, we show that clas-
sical and quantum local observables are given by the cohomology of
polyvector fields. In section 4.2, we study global topological quantum
observables on Riemann surfaces of any genus g. Using the local to
global factorization map, we define the topological correlation functions
of quantum observables. In section 4.3, we show that the correlation
functions on P! are given by the trace map on the Calabi-Yau manifold,
and the partition function on the elliptic curve reproduces the Euler
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characteristic of the target manifold. This is in complete agreement
with the physics prediction.

4.1. Classical observables. We first recall that classical observables
are given by the derived critical locus of the classical action functional

[8].

Definition 4.1. The classical observable of the B-twisted o-model is
the graded commutative factorization algebra on 3, whose value on an
open subset U C X, is the cochain complex

(4.1) Obs™(U) := (O(€v), Q + {La, —}) -
Here I is the classical interaction functional and &y = Asx, (U) ®
(ax[1] @ g%)-
By definition,
O(&y) = Sym (&) = I sym* (&)
k>0

With the help of the symplectic pairing, we have the following identifi-
cation:

&y = A(U)[2] ® (gx[-1] @ gx),

where A.(U) is the space of compactly supported distribution-valued
differential forms on U. Thus we have

Sym™ (&) = Sym" <(.A(U) ® (ox[1] & 9}))\/)

= Sym” (A(U)[2] @ (gx[-1] ® 9x)) -

We would like to consider local observables in a small disk on X,
and define their correlation functions. This can be viewed as the mirror
consideration of observables associated to marked points in Gromov-
Witten theory. At the classical level, we have

Proposition 4.2. Let U C X, be a disk. The cohomology of classical
local observables of the B-twisted topological o-model on U is given by
the cohomology of polyvector ﬁeldS'

H*(0bs (U @ HP(X, NT).
p+q=k

Proof. Recall that Obs?(U) is a dg-algebra over Ax. Let A% denote
the smooth k-forms on X. We filter Obs®(U) by defining

FRObs?(U) := A% Obs?/(U).

Since the operator I; + {I., —} increases the degree of differential forms
on X by one while dy, preserves it, it is clear that the Ej-page of the
spectral sequence is obtained by taking the cohomology with respect to
ds,. By Atiyah-Bott’s lemma, the chain complex of currents on U is
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quasi-isomorphic to the chain complex of compactly supported differen-
tial forms. Thus we have:

By = (Sym (H2(U) @ (s%[-1] © 0x)) 11 + {L, ).

The next lemma identifies the Ej-page of the spectral sequence with
the de Rham complex of a certain jet bundle on X. It is clear that
the spectral sequence degenerates at the FEs-page. Thus we have the
quasi-isomorphism

Obs?(U7) (AX R05 Jetggl(A*TX),dDX) ~ (AL @0, A*Tx,D).

The proposition follows by taking the cohomology of the rightmost
cochain complex. q.e.d.

Lemma 4.3. We have the following isomorphism of cochain com-
plexes over the dga Ax:

(s}ﬁ (HX(U) @ (gx[1]Y @ 9x)) , 11 + {La, —})
= (AX R0y JetSL(Ol(/\*TX)7dDX) ;

where dp, denotes the differential of the de Rham complex of
Jetf}(‘)l(/\*TX).

Proof. Since U is a disk in ¥4, we have the canonical isomorphism
H2(U) = C induced by the integration of 2-forms. And the following
isomorphism is clear:

(s}ﬁl (H2(U) @ (sx[1]Y ® 9x)) i + {Lu, —})
= (C*(gx,Sym*gx), dor ).

Thus the lemma follows from Proposition 3.35. q.e.d.

4.2. Quantum observables. Quantum observables are the quantiza-
tion of classical observables. Let I[L] be a quantization of the clas-
sical interaction I.. The operator Qr + {I[L],—}1 + hAL squares to
zero (Lemma 3.16) and defines a quantization of the classical operator

Q + {Icl, —}.

Definition 4.4. The quantum observables on ¥, at scale L are de-
fined as the cochain complex

Obs?(5,)[L] := (O(E)[[M]], @r + {I[L], =} + hAL) .

The definition is independent of the scale L since quantum observ-
ables at different scales are homotopic equivalent via renormalization
group flow (see [5, Chapter 5, Section 9]). Therefore we will also use
Obs?(X,) to denote quantum observables when the scale is not speci-
fied.
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The quantum observables form a factorization algebra on X, [8]. To
define the quantum observables on an arbitrary open subset U C %,
we need the concept of parametrices.

Definition 4.5. A parametrix ® is a distributional section
P € Sym? (E)
with the following properties:
1) @ is of cohomological degree 1 and (Q ® 14+ 1® Q)P = 0;
2) 5(H®1+1®H)® — Ky € Sym*(€) is smooth, where H =
[Q,QC%T] is the Laplacian and Ky = %inb K7, is the kernel of the
%

identity operator.

REMARK 4.6. We have dropped the "proper” condition as in [8]. This
is automatic here since we are working with compact Riemann surface
Y4. We have also symmetrized (H ® 1)® used in [8].

Definition 4.7. We define the propagator P(®) and BV kernel Ko
associated to a parametrix ® by

P@) = 5 (Q% 21 412Q) @ e sym? ().
K@::Ko—%(H®1+1®H)<I>.

The effective BV operator Ag := % induces a BV bracket {—, —}¢
on O (&) in a way similar to the scale L BV bracket {—, —}, is induced
by A L-

The following identity describes the relation between the propagator
P(®) and BV kernel Kg:

(Re1+1®Q)P(®) = Ky — Ko,

i.e. P(®) gives a homotopy between the singular kernel Ky and the
regularized kernel Kg.

Example 4.8. ¢ = fOL K;dt is the parametrix we have used to define
quantization. There

P(cp)—l/L(QGF®1+1®QGF)Kdt—/L(QGF®1)Kdt=]P>L
2/, = ¢ ;

K@ :KL, Aq:. :AL.

The basic reason we use an arbitrary parametrix here is that the usual
renormalization group flow W (IP’GL, —) of observables using length scales
does not preserve the property of being supported in an open subset U.
Instead, there exist parametrices whose supports are arbitrarily close to
the diagonal A C X, x X, that we can use to achieve this.
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Definition 4.9. Let I[L] be a given quantization of I, and let ® be a
parametrix. We define the effective quantization I[®] at the parametrix
® by

I[®] .= W (P(®) — P, I[L]) .

Note that P(®) — P € Sym?(€) is a smooth kernel since
(H®1+1® H)(P(®) - Pf)

1
z(QGF®1+1®QGF)(§(H®1+1®H)<I>—K0+KL)

is smooth and H is an elliptic operator.

I[®] satisfies a version of the quantum master equation described by
the parametrix ® as in [8] (with a slight modification to include F},),
and defines the corresponding cochain complex of quantum observables.
We leave the details to the readers since we will not use its form for later
discussions. Furthermore, different parametrices ®, ® lead to homotopic
equivalent cochain complexes which are linked by the renormalization
group flow W (P(®) — P(®'), —).

Definition 4.10 ([8]). Given a quantum observable O[L] at scale L,
we define its value O[®] at the parametrix ® by requiring that

I[®] + 50[@] := W (P(®) — P§, I[L] + 6O[L]),
where § is a square-zero parameter. The map O[L] — O[®] defines a

homotopy between the corresponding cochain complexes of observables.

Definition 4.11. Given O € O() = [] Sym’ (V) h*, we will let
k,i>0
OZ-(k) denote the corresponding component, i.e.
0= oM.
k,i>0
Definition 4.12 ([8]). We say that a quantum observable O[L] has
support in U, if for any k,7 > 0, there exists a parametrix ® such that

Supp (O[@]Ek)) cU.

As shown in [8], the subspace of quantum observables supported in
U forms a sub-cochain complex of Obs?(3,), which will be denoted by
Obs?(U).

4.2.1. Local quantum observable. Let U be a disk on ;. As shown
in [8] with great generality, the cohomology of the local quantum ob-
servables

H* (Obs?(U))
defines a deformation of H* (ObSCl(U)):

(4.2) H* (Obs*(U)) @cqy C = H* (Obsd(U)) .
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We will construct a splitting map in this subsection, reflecting the van-
ishing of quantum corrections for observables in our B-model.

Let n € H2(U) be a fixed generator with Jiym = 1. By the proof of
Proposition 4.2, it induces a quasi-isomorphic embedding

(-AX ROy Jet};{Ol(/\*Tx),dDX) — ObSCl(U),

and different choices of 7 are homotopic equivalent. Let © € Ax ®o,

Jet?f’l(/\*TX), and we will denote by O, the corresponding local classi-
cal observable. Let {O,[L]|L > 0} denote the RG flow of the classical
observable O,,. More explicitly, we define O,[L] by requiring that

I[L] + 60,[L] = lim W (PL, Iy + hl,e + 60,),
€E—

where 62 = 0, and I, denotes the one-loop quantum correction in equa-
tion (3.21). The existence of the limit follows from Lemma/Definition
3.23 and the observation that the distribution O, is in fact smooth
(tensor products of n’s). By construction, O,[L] is a local quantum ob-
servable supported in U. We denote the above map by

U Ax ®oy Jeth?' (AN Tx) — Obs?(U), s O,[L].
Proposition 4.13. ¥ is a cochain map.

Proof. Let U, = Qr+hAr+{I[L], —} 1, be the differential on quantum
observables. By construction,

. h-2
OH[L]QI[L}/TZ — ll_r)%e apL (Ouelcl/h-i-[qc) ‘

By Lemma 3.16,
(UL(OulL) + OulLIR) ™/ = (Qu + hiy + Fy, /1) (O, [L)e/ 1)

o)

—lim " 7 (Q. + hA. + F, /1) <Ouelcl/h+1qc)

e—0
o)

=lim eh@ ( (QeOM 4 {[d’ Ou}s) elcl/m-lqC

e—0

+ O0,(Qc + hA + Fll/h)elcl/h+lqc)

where we have used the fact that both O, and I, can only have non-
trivial inputs for 0-forms on X , hence

hAO, = {0y, Ipe}e = 0

by the type reason. Since the distribution O, is in fact smooth, we are
safe to take € — 0 by a similar argument as Lemma/Definition 3.23,
Lemma 3.30, and Lemma 3.31. The first term above gives

o)

h2_ h-2
lime opL ((C?EO/J + {IclaO;L}e) eIcl/ﬁ-i-ch) —¢ 8@6’ (OdDXueICL/h+IqC)'

e—0
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The quantum master equation implies that the second term is

_o_ -2
lim "o (OM(QG + A+ Fh/h)efcz/ﬁﬂqc) — ¢ % (O, Relet/Mae)
e—

= OM[L]ReI[LVh.
It follows that
UL(OM [L])eI[L]/ﬁ _ ehﬁ (Odeu)eICl/h-Hqc
= OdDXu[L]eI[LVha
ie. UL(V(p)) = V(dpyp) as desired. qe.d.

Corollary 4.14. The cohomology of local quantum observables on a
disk U is given by

H* (0bs(U)) = H* (X, N*Tx) [[7]].

Proof. In fact, the map ¥ defines a splitting of (4.2).
q.e.d.

This says that the local observables do not receive quantum correc-
tions via perturbative quantization, which is a very special property of
the B-model.

4.2.2. Global quantum observable. Now we consider global observ-
ables on the Riemann surface ;. The cochain complex of global quan-
tum observables on ¥, at scale L is defined as

(4.3)  Obs"(Xg)[L] := (O[], Qr + {I[L], =} + hAL).

Since the complexes of quantum observables are homotopic equivalent
for different length scales, we only need to compute the cohomology of
global observables at scale L = oco. By considering the dy, -cohomology
first, the complex (4.3) at L = oo is quasi-isomorphic to the following
complex:

(0 (' (5y)  (ax[1] @ %)) 7]
i+ {10 00]li, Yoo + BTV o], — Yoo + Aco) ).

where H*(X,) denotes the space of harmonic forms on X,. ¥ [co]|y
and (M [oo] | are the restrictions of the tree-level and one-loop effective
interactions to the space of harmonic fields:

H:=H"(Zy) ® (gx[1] @ gX) -

Lemma 4.15. Restricted to the harmonic fields at scale L = oo, we
have

TO0)lsr = Lals, 1™ [o0]l = Tpela + I

naive [OO] |H



452 Q. LI & S. LI

Proof. We only prove the first identity, and the second one can be
proved similarly. Let I' be a tree diagram with at least two vertices. We
show that the Feynman weight W (P§°, ;) associated to I' vanishes
when restricted to harmonic fields:

Wr(Pg", L) |m = 0.

We choose an orientation of the internal edges of I' such that every
vertex is connected by a unique oriented path to a vertex v, in I', where
ve has only one edge which is oriented toward ve. The vertex v, will be
called the root. A vertex which has only one edge oriented outward will
be called a leaf. By assumption, I" has at least one leaf which is distinct
from the root.

If a leaf has only H°(3,) and H?(X,) inputs on its tails, then the
propagator P§° attached to its edge will annihilate W (P3°, I;)|m since
wedge products of harmonic 0-forms and 2-forms are still harmonic, and

d*=0 on H"(X,).

Similarly, if a leaf has only one input of type H'(3,), then Wr(Pg°, I;)|m =
0. So we can assume that all leaves have at least two inputs of type
H!(X,) on their tails (possibly other inputs of type H(%,)). Since Pg°
is a 1-form on X, x 3, it is easy to see by tracing the path that the
incoming edge of the root ve has to contribute a 1-form to the copy of
>, corresponding to ve which is d*-exact, and by the type reason there
is exactly one extra input of type H'(X,) on one tail of v,. Since

/d*(a)/\bzo, Va € A(S,),b € H'(S,).
Zg

This again implies that W (Pg°, Io)|m = 0. q.e.d.

For later discussions on correlation functions of observables, we also need
some description of the one-loop naive interaction as in the following
lemma:

Lemma 4.16. For Riemann surfaces ¥, of genus g = 0 and g = 1,
the infinity scale one-loop naive interaction vanishes when restricted to
H:

1)

naive

[o0]|m = 0.

Proof. For both genus 0 and genus 1 Riemann surfaces with constant
curvature metric, the product of harmonic forms remains harmonic.
Thus by the same argument as in the proof of Lemma 4.15, if a one-
loop graph ~ is a wheel with nontrivial trees attached to it, then

W’Y( 807ICI)|H =0.

Hence we only need to deal with wheels. For the genus 0 Riemann
surface P!, since there are no harmonic 1-forms, there must be at least
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one vertex on the wheel, attached to which all inputs are harmonic 0-
forms by the type reason. The corresponding Feynman integral vanishes
since the composite of two propagators PG° on that vertex is zero by
(d*)2 _

For an elliptic curve ¥; = C/(Z + Zr), if the number of vertices on a
wheel is even, then the vanishing of the associated Feynman weight can
be proved by the same argument as in Lemma 3.30. For a wheel with an
odd number of vertices, a Zo-symmetry of the analytic propagator Fg®
results in the vanishing of the Feynman weights: Let dw be a harmonic
1-form on X7, and we assume without loss of generality that all the
vertices of the wheel are trivalent, and all the inputs are of the form
dw ® g;, where g; € gx.

Similar to [6, Lemma 17.4.4], the analytic part of the corresponding
Feynman weight W (Pg°, I;)(dw) will be a linear combination of

1
Z k(,= 2n+1-k’
(BB} (aT + b)k(aT + b)

which clearly vanishes. q.e.d.

Now let us compute the cohomology of the global quantum observ-
ables.

REMARK 4.17. In the following discussion, the harmonic forms HF(%,)
sit at degree k, and Q% [1] = TY[1] sits at degree —1.

Lemma 4.18. There is a natural isomorphism of Ax-modules
(4.4)

O (H*(Z,) ® (ax[1] ® 6%)) = Ax ®0y Jeth?! (s}ﬁl (Tx @ H(3,))"
@ Sym (Tx © HA(%,))” @ Sym(Q [1] @ H'(%,))").

Proof. We have the following isomorphisms:
O(H"(2y) @ (ax[1] @ 9%))

2
=O(H(Z,) ® gx[1]) ®ax O <@Hk )@ax[l]© @Hk(zg)®9¥<)
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2 2 v
~C*(gx) ®.4, Sym (@Hk(zg) ® gx[1] © P H(Zy) @ g}) .

k=1 k=0

It is clear that the tensor products of the isomorphisms 7' and K in
Propositions D.5 and D.6 respectively give the desired isomorphism.
q.e.d.

Definition 4.19. Let 73 (Q%’_2> denote the canonical flat section
of the jet bundle

Jethe! (Sym?dme X (T @ H(3,))”

® Sym¥me X (Q4 [1] @ HO(%,))" @ Sym®™e ¥ (Q [1] @ HA(%,))¥)
induced by the holomorphic volume form €2x. Here we use the notation
m5 to be consistent with Definition 2.3.

We can view 75 (Q?Xg_2) as a quantum observable via the identifica-

tion in Lemma 4.18. The general philosophy in [6] says that the quanti-
zation gives rise to a projective volume form, and the next proposition

says that the volume form is exactly given by 75 <Q§<g_2>.

Proposition 4.20. The following embedding

v Ax((R) = O (H'(3g) ® (gx[1] ® gx)) (1)
defined by
A ((A) = p2dme X g g n <Q§§‘2), VA € Ax
18 a quasi-isomorphism which is equivariant with respect to the C*-
symmetry defined in section 3.2.3.

Proof. We first show that ¢ respects the differential. This is equiva-
lent to showing that 7 (Qgg_2) is closed under Iy + {1 [oo] |y, Tt
R({TM[00] [, — oo + Aoo). By Lemma 4.15,

(o et} ) o (0)) =i (s 052 =0

since 3 Qi‘f’_2) is flat. Here dp, is the de Rham differential of the

D x-module.

Claim. {I{1),.[oc], (3 (2%7)) }Oo —0.

Proof. Tt is straightforward to check (similar to the proof of Lemma
4.15) that for any one-loop graph =, either the Feynman weight
W, (P5°, I;) vanishes, or the operator {W,(P3°, 1), —} applied to
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5 <Q§g_2)will generate new terms in (H'(3,) ® gx[1])V. These terms

force the bracket {VVAY(]PSO7 1), 75 <Q§§‘2>}
already contains the highest wedge product of (H' (2 2 @ax[1)Y. qed.

to vanish since 73 (Qgg_2)

Hence we only need to consider the operator As +{Ige, — }oo- Letting
n = dim¢ X, the map

N (Dar o T) : V% = C%(X) ®oy Jeth? (%)
in Proposition 3.37 induces a natural embedding
T+ (%)% < Jethe! (Sym?™ (T @ H'(%,)) "
@ Sym” (k1] @ HO(%,))" @ Sym" (4 [1] @ HE(%,))" ).

Let 7" Q?Xg_2 denote the image of the section (Qx)®(972) where Qy

denotes the volume form and its negative power denotes its dual. By
construction,

AT (937%) =0
and by Proposition 3.37, we have
w5 (Q¥77) = e ler (0377,
It follows that
A (020°2) =8 (et (027%))

= o Tae {[qc,T’ (Q§§‘2> }OO =- {chﬂT; (Qgg_Q) }oo ’
as desired.

Now we show that ¢ is a quasi-isomorphism. We consider the filtra-
tion on O (H*(X,) ® (gx[1] @ g¥%)) ((h)) by the degree of the differential
forms on X:

FRO (H*(2,) @ (ax[1] @ a%)) (1)
=A% - O (H'(Zg) ® (9x[1] @ gX)) ((0))-
The differential of the graded complex is given by
0y = b (A {Tper ) = e~ Al
By the Poincare lemma below, the di-cohomology is precisely given by
Im(¢). It follows that ¢ is a quasi-isomorphism. q.e.d.

Recall the following Poincare lemma:

Lemma 4.21. Let {z'} be even elements and let {&;} be odd elements;
then we have

H* (cnxﬁmm 0 0

- oxt O&;

>:(C§1/\---/\§n.
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Corollary 4.22. The top cohomology of Obs?(3,)[A~] is at degree
(2 — 2¢g)dim¢ X, given by

@20 4me X (0pst(53,) (1)) = C((h)).

4.3. Correlation function. Proposition 4.20 implies that a quantiza-
tion I[L] defines an integrable projective volume form in the sense of [6],
which allows us to define correlation functions for quantum observables.

Definition 4.23. Let O € Obs?(X,) be a closed element, represent-
ing a cohomology class [O] € H* (Obs?(%,)). We define its correlation
function (via Corollary 4.22) by

(0, = 0 if k # (2 —2g)dime X
2o "1 [0] € C((h)) if k= (2—2g)dimc X

Recall that the local quantum observables form a factorization alge-
bra on 3. This structure enables us to define correlation functions for
local observables, for which let us first introduce some notations.

Definition 4.24. Let Uy, --- ,U, be disjoint open subsets of X,. The
factorization product

Obs?(Uy) x -+ x Obs?(Uy) — Obs?(%,)

of local observables O; € Obs?(U;) will be denoted by Oy % - -xO,,. This
product descends to cohomologies.

Definition 4.25. Let Uy,--- ,U, be disjoint open subsets of ¥, and
let O; € Obs?(U;) be closed local quantum observables supported on U;.
We define their correlation function by

(O1,++,Ou)y, = (O1 %+ On)y; €T((R).

We would like to compute the correlation functions for the B-twisted
topological o-model. By the degree reason, the only nontrivial cases are
g = 0,1. We show that they coincide with the prediction from physics.

For later computation, we give an equivalent definition of correlation

functions via the BV integration point of view. Let T* (T%9 X)[—1] de-

note the ringed space with underlying topological space X and structure
sheaf as that of equation (4.4):

—

T (T X)[-1] = (X, 0 (H"(Sy) ® (ox[1] @ 0% ))) -
It is clear that the intersection pairing on H*(X,), together with the
canonical pairing between gx[1] and g¥%, induces an odd symplectic

structure on T* (T>9X)[—1] . Let £ be the ringed space with under-
lying topological space X and structure sheaf being generated by the
odd generators over Ax in O (H*(2,) ® (gx[1] ® g%)). Thus £ can be

viewed as a Lagrangian subspace of T* (T%9 X)[—1].
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It is clear from the form of the jet bundle in equation (4.4) that there

is a canonical projection of functions on T* (T%9 X )[—1] to the subspace
Ax Box Jety?! (Sym (Ix 0 H(Z,))” @ Sym (Qk [t 0 H'(2,)) ) m3(2¥ )
generated by wé‘(Q%(g_2). We denote by (f)7* the projection of f, where
TF is short for “top fermions.”
Proposition 4.26. The map
i1+ Obs?(X4) = Ax((h))[(2g — 2) dimc X]

O s K2dime X <(el[oo}/h ) O|H)TF/w§(Q§<g—2)) L

s a C* -equivariant cochain map. Here the differential on the right hand
side is the de Rham differential dx, and

| Ax @oy Jeth! (S/yﬁ (Tx @ H2(3,))” @ Sym” (Q%[1] ® Hl(zg))v)
— .AX

denotes the map which sets all the jet coordinates and that of Tx ®
H2(X,), Q% [1] @ HY(Z,) to be zero.

Proof. Let O € Obs?(%,). Recall that from QME, we have

F
(Qoe O+hA s O+{I[cc], O} o0 )€1/ = (Qoo+hAoo+%—R)(e”°°W-O).

We have the following three simple observations:
1) (hAoo(eI[‘X’VhO))TF = 0 since A, annihilates one odd generator.

2) #(el [¢l/0) vanishes when restricted to the Lagrangian £, since

F}, contains non-trivial bosonic generators.
3) When restricted to H, Qs = l1.

Thus, we only need to show that
TF
(@~ R 0])) ™ i)
L

= dx (/" Of)TF w37 | -

Since I} commutes with [ We can assume that (ef[>l/ EO‘H)TF is of the

form
(el[oo]/h0|H)TF —B. 7_‘_;(929—2) (2 B. e—chT/(Qgg—2)7

where B € Ay, and identity (1) and the map 7" are explained in the
proof of Proposition 4.20. Then

Quo(B - m3(QY 7)) =dx (B) - m3(QY %) + B (w3 (7).
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The fact that WS(Q?_z) is a flat section of the jet bundle is translated
to

W3 (7)) + {1, m3(Q¥ )} = 0,

where I; = Iy + > k>2 I is the classical interaction functional and I is
defined in equation (2.2).

The functionals {lNk,ﬂ';(Qgg_2)} for k > 2 vanish when restricted to
the Lagrangian £ since they contain jet coordinates. Thus

(bt )|,
=~ {bm (X},
. e—chT’(Qig‘Q)}(ﬁ
= — (—Alo Lye} - T ) + e I, T} |
Q ({1} - e (0272 |

DR m?).

L

L

The identity (1) follows from the fact that {ly, 7" (Qgg_2)} = 0 by the
type reason, and identity (2) follows from Lemma 3.39. Thus we have

((@-mem- o)™ o) |
:< Q — R)(B - m3(Q%72)) /m5 (3~ 2)) c
— (4B +B- R~ B- ) my(@2) my(3 )|
=dB.

q.e.d.

It is clear that the cochain map 4} induces an isomorphism on the
degree (2—2¢g) dimc X component. Thus we have the following corollary:

Corollary 4.27. Let O be a global quantum observable which is
closed; then the correlation function of O is the same as the integral
of i} (O) on X:

<O>Eg:h2dim@X/ <( <I/h . 0| )TF (@2 2))‘ .
X

L

We are ready to compute the topological correlation functions on P!
and elliptic curves.
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4.3.1. g =0.

Lemma 4.28. Let {U;} be a disjoint union of disks contained in a
larger disk U C g4, and let [O, v,] € H* (0bs?(U;)) be the local quantum
observable associated to p; € H* (X, \*Tx) on U;. Then

[OMLUl Kook OM'nuUm] = [Oﬂl“‘ﬂmyU] € H* (Obsq(U)) .

Proof. For any parametrix ¢, we have

1) ..
2 lim W(P(®) = P, T[L], Opy 0 [L] % Opy 1 L)

2
D W(P(®), Ly + ilye; O 1, - Opiy.ry)

= Ouwz,U[(I)]'

Here identity (1) is the definition of the factorization product of observ-
ables, and identity (2) follows from Proposition 4.13. q.e.d.

(Ou17U1 * Ouz,Uz)[(I)]

Theorem 4.29. Let X, = P!, and let {U;} be the disjoint union of
disks on P1. Let Oy, u, € H* (0bs?(U;)) be a local quantum observable
associated to p; € H* (X, N*Tx) supported in U;. Then

<OM17U17 T 7Ol$m7Um>P1 = hdim(CX / (,Ul c |_ QX) A QX
X

Proof. We compute the correlation function at the scale L = co. By
the degree reason and the previous lemma, we can assume m = 1, and
po=p € HImeX (X AdmeXT) Let O, be the classical observable
represented by p. By Proposition 4.13, the corresponding quantum ob-
servable is described by

9
I[oo/h — lim 1 %Jpg< Lo /htIge
Oulocle! 1 = Jin lige 7t (Opel/10)

Since H!(P!) = 0, a similar argument as in Lemma 4.15 implies
Oploc] ‘H = O
when restricted to harmonic fields. By Corollary 4.27,

(Oulpcl)n = 12X | (B0, m3(3)) |

By Lemma 4.16 and Lemma 4.15,

(el[oo}/h . OM‘H)TF _ (elcl/h"’_lqc . OM‘H)TF‘

By the type reason, the only terms in elet/Mtlae that will contribute after

|£ are products of [y:

dvolpr @ gV

lo
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Let {z'} be holomorphic coordinates on U C X such that locally
Qxly =dz' A--- Ad2". Let

p=AdZ' AN AdZ" R0, A A Oyn,

where n = dimc X. We can choose the following element in the jet
bundle representing p:

O, = Adz' N NdZ" @0, ((m3(dz") @ 1)V A~ A (m5(d2") @ 1) ®@1),

where 1 denotes the other component in the jet bundle. On the other
hand,

o/ = B A A A d2 @0y (T(0,0) A+ AT(Dan))

+lower wedge products.

It follows easily that
(B Oul) ™ /75 |, = B (0 Q) A Q.
q.e.d.

4.3.2. g = 1. On elliptic curves, the only nontrivial input is at coho-
mology degree 0.

Theorem 4.30. Let E =3 be an elliptic curve. Then (1), = x(X)
is the Fuler characteristic of X.

Proof. By Corollary 4.27, we only need to look at the term e![>l/%,

For the case g = 1, we have shown in Lemma 4.16 that I,S?ive[oo”H
vanishes, and the quantum correction I, also vanishes. Hence I[oo] =
I [o0] = Iy. Let w denote the normalized holomorphic coordinate on

the elliptic curve E such that
\/—1/ dwdw = 1.
E

It is not difficult to see that by the type reason, the only terms in efet/ Mg
that can survive under ‘ - are the following:

dw ® g1

\ v V—Tdwdw @ g
1® g3 — .
45 — L @ @

/U
/

dw ® g2

Let {2} be local holomorphic coordinates on X as we chose before; then
term (1) in equation (4.5) can be expressed explicitly as:

(4.6) AL @0y ((dw)¥ © T(d=)) @ ((dw)" © T(d=0)) @ (1Y © K(9,x)).
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And term (2) can be expressed as
(4.7) a2 @ ((V=1dwdw)" © K(0.1))

By the discussion in [6], the following differential form valued in the
bundle End(Tx) = Tx Qo Ty

. . o
k 7.1
(Aijdz ) ®(9X (dzj ® W)

is exactly the Dolbeault representative of the Atiyah class of the holo-
morphic tangent bundle T’x. It is straightforward to check that

((exptrtocl/mle)™ /@ )|, =T (4l o @7 7))
= Tr(At(TX))"

It then follows easily that

() = /X ea(X) = X(X).
q.e.d.

5. Landau-Ginzburg Twisting

In this section we discuss the Landau-Ginzburg twisting of the B-
twisted o-model and establish the topological Landau-Ginzburg B-model
via the renormalization method.

REMARK 5.1. To avoid confusion, “twisted” and “untwisted” in this
section are always concerned with the twist that arises from the super-
potential W, instead of the B-twist.

5.1. Classical theory. Let X be a smooth variety with a holomorphic
function

wW.X —C.
Recall that the B-twisted o-model describes maps
(Bg)gr — T X5[1].
Let
AW 3 : NTx — N'Tx
be the contraction with the 1-form dW. It induces a differential on

O (T*X3[1]) of degree —1, commuting with dp, . By abuse of notations,
we still denote this differential by dW ..

Definition 5.2. We define T*Xg/[l] to be the Loo-space with under-
lying space X, and its sheaf of functions the Zs-graded complex

O (T*X}V[1]) == Ax ®oy Jeth' (A\*Tx)
with the twisted differential dp, + dW _.
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REMARK 5.3. When X = C", and W is a weighted homogeneous
polynomial, i.e.
W(A\iZ') = \W(2"), VYAeC*
where ¢;’s are positive rational numbers called the weights, then there
emerges a Q-grading by assigning the weights: wt(2') = ¢;, wt (0,:) =
1—q;,wt(z*) = —q;, wt(dz') = —q;. However, we will not explore further
on this in the current paper.

Note that there is a quasi-isomorphism of Zo-graded complexes of
sheaves

O (T*Xg/[l]) = <.Agé* (AN*Tx) ,5[/[/) , 5W =0+ dW .

Therefore T*Xg/[l] can be viewed as the derived critical locus of W.
The Landau-Ginzburg B-model describes the space of maps
(Sg)gn — T*XY (1.

As in the untwisted case, we consider those maps in the formal neigh-
borhood of constant maps. This corresponds to the physics statement
that path integrals in the B-twisted Landau-Ginzburg model are local-
ized around the neighborhood of constant maps valued in the critical
locus of W.
Recall that there exists a Poisson bracket (Schouten-Nijenhuis bracket):

NTx @c N*Tx — N*Tx. Viewed as a bi-differential operator, it induces
a bracket on the jet bundles, which we denote by

{= =ty - O (T X5[1]) ®@ay O (T7X5(1]) — O (T Xp[1)).
Lemma/Definition 5.4. Let Weo (T*X5[1]) be the image of W
under the natural embedding
Ox <= Jet"?(Ox) = Ax ®0, Jeth? (A*Tx) .
Then {W, —}1rex40) = AW as operators on O (T* X3[1]).
Proof. This follows from the corresponding statement on A*Tx. q.e.d.

Definition 5.5. The space of fields of the topological Landau-Ginzburg
B-model is

& :=As, ®c (gx[l] @ g}) ,
and the classical action functional S" is defined by
SV =S+ I,

where S is the classical action functional of the Calabi-Yau model, and
Iy is the local functional on Ayx, ® gx[1] defined by

Iy (o) = . W(a), ac As, @ gx|[1].
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Here W is extended linearly in Ays, to Ay, ® gx[1]. The LG-twisted
interaction is

IV =TI+ Iy.

REMARK 5.6. The C*-symmetry of the untwisted B-model is broken
by the term Iy . In particular, the LG-twisted theory is no longer a
cotangent theory in the sense of [6].

Lemma 5.7. The classical interaction Icvlv of the Landau-Ginzburg B-

model satisfies the classical master equation QICVlV +% {IZIV, IZIV} +F, =
0.

Proof.
1
QI + 5 {1 11} + B,
1 1
=QI, + 3 {Ta, I} + F + QIw + 3 {Iw, Iw} + {1a, Iw}

1
(:)QIW +{Ia, Iw},

where (1) follows from the classical master equation of I; in the un-
twisted case and the vanishing of {Iyy, Iy } by the type reason. It is not
difficult to see that for a € Ax,,

(QIw + {L I }) (@) = /Z dp (W)(a) = 0,

since W is flat. q.e.d.

5.2. Quantization. We assume that X is Calabi-Yau with holomor-
phic volume form Qx. Since X is non-compact, the choice of Qx will
not be unique, and we will always fix one such choice.

Let 1,. be the one-loop quantum correction of the B-twisted o-model
associated to (X,€Qx), with which the quantization of the untwisted
theory is defined as

I[L) = W(Pk, 1, + hl,.) = lin W (PL, I + Rl,.).

Definition 5.8. We define the Landau-Ginzburg twisting of I[L] by
IWIL) = W(B§, Iy + Iw + hly) == lim W(PE, Iy + Iw + hle).
€—>

Since Iy is only a functional on Ayx, ® gx[1], it is easy to see by the
type reason that

IW[L] = I[L] + Wtr@e(Pga Icl7IW)'

Proposition 5.9. 1 W[L] defines a quantization of the B-twisted topo-
logical Landau-Ginzburg model SV in the sense of Definition 3.14.
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Proof. Let Sw[L] = Wipee(PE, Iy, Iy). By the type reason, Apdw[L] =
{0wL],dw[L]}r = 0. Since I[L] satisfies the QME, we have

(QL hag+ o R> 1YL/

—h~ Y (Qrow[L] + {I[L], 6w ([L]}z) el LI/,
Since oy [L] is given by sum over trees, it satisfies the classical RG flow

equation. The vanishing of Qrdéw/[L]+ {I[L], dw[L]}r then follows from
its vanishing in the classical limit

Qlyw + {Icl, Iw} =0.
q.e.d.
5.3. Observable theory and correlation functions. We would like
to explore the correlation functions of local quantum observables of our
Landau-Ginzburg theory. One essential difference with the untwisted
case is that it is no longer a cotangent theory due to the term Iy ; hence
the interpretation of quantization as projective volume forms [6] does
not work directly in this case. However, the BV integration interpreta-
tion in Corollary 4.27 still makes sense in the LG-twisted case, which
we will use to define the correlation functions.
For simplicity, we will assume X to be a Stein domain in C", and
that Crit(W) is finite. We choose the holomorphic volume form Qx =
dz' A--- A dz", where {z'} are the linear coordinates on C".

Definition 5.10. The quantum observables on Y, at scale L are
defined as the cochain complex

Obs(,)[L] := (OE)[[A]], Qr + {1 [L],~}1 + hAL).

Observables Obs?(U) with support in U C X, are defined in a similar
fashion as in section 4.2.

Correlation functions are defined for a proper subspace of quantum
observables which are ”integrable” in some good sense, since we are
working with non-compact space X. We consider the following simplest
class:

Definition 5.11. We define the sub-complex Obs?(X,)[L] C Obs?
(Xg)[L] by
Obs?(%,)[L] == (OEN]], Qr + {I[L], =} + hAL)

where O.(€) := O(£) ® 4(x) Ac(X) and A.(X) is the space of compactly
supported differential forms on X. The corresponding local observables
supported in U C 3, are denoted by Obsi(U).

Proposition 5.12. Let U C X, be a disk. Then
H*(0bs*(U)) = H*(Obs{(U)) = Jac(W)[[A]],
where Jac(W) is the Jacobian ring of W.
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Proof. The strategy is completely parallel to Corollary 4.14. We just
need to observe that the cohomology of classical observables in the
twisted case is given by

H* (A" (X, A*Tx),0 +dWa) or  H*(AY(X,AN*Tx),d + dW ),
both of which are canonically isomorphic to Jac(W) (see [18]). q.e.d.

Now we define the correlation function of quantum observables. For
the Landau-Ginzburg model, notice that the “top fermion” 3 (Q?g_z)
can be defined in a similar way as in the untwisted case. Thus we can
define the correlation function of quantum observables via the BV inte-
gration in the spirit of Corollary 4.27 (also see there for the notations):

Definition 5.13. Let O be a quantum observable of the Landau-
Ginzburg B-model which is closed; then the correlation function of O is
defined as

O, = [ (e =1m0| 7 [my@3 )|

L

As a parallel to Theorem 4.29, we have

Proposition 5.14. Let {U;} be disjoint disks on ¥4. Let Oy, y, €
H*(Obsd(U;)) be local observables associated to f; € Jac(W) by Propo-
sitton 5.12. Then

<Of17U1 *oeek OfmyUm>2V§/g

fie frn det(9;0;W)9dzt A -+ A dz"
= Z Resp HaW s

peCrit(W)
where % 1s the local to global factorization product, and Res, is the

residue at the critical point p [13].

Proof. As in the non-twisted case, we can assume that m = 1 and
let f = fi € Jac(W). Let Of[L] denote the corresponding quantum
observable and Oy = %inb O¢[L]. By the definition of the correlation

%

function, we have
w o0 1 * -
(05l = [ (™10 el )TF /3037 |

Since X C C", we can choose the L., structure on gx such that {; =0
for all 7 > 2. It is then clear that the RG flow of the classical interaction
of the B-model I has only tree parts. Furthermore, when restricted to
the subspace of harmonic fields, there is

I[oo]|lw = Ieilm,
Wiree (PE, Iy, Iw ) |lm = I |m.
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It is then not difficult to see that the only terms in e’ "leel/h that will con-
tribute non-trivially to ((eIW[OOVhOf [00] ‘H)TF/WS(Q%%_2)> ‘L are the
following:

H'(Z) ® gx[1]
/

dvoly, ® g¥
(5‘1) 82(W) . O W
\ o
N\
H'Y(S,) @ gx[1]

In the first picture, the two harmonic 1-forms on ¥, attached to the
tails must be dual to each other. Since dimc(H'(X,)) = 2g, the total
contribution of the first terms is

R (det (9;0;W))? @ m3(Q257).

And the contribution of the second terms in equation (5.1) together with
the observable Oy is, as in the computation of correlation functions in
the non-twisted B-model on P!, given by

R"(Of F Qx) A Qy) @ 5 (Q%%).
All together, we have

(Orlocl), =h s+ [ (@en(@10,77)) 0y - ) A 2x

X
1 n
_—(g+)n fdet(0;0;W)9dz" N --- Ndz
—h 9 Z Res, ( I o7 :
peCrit(W) i
where the last equality follows from [18, Proposition 2.5]. q.e.d.

REMARK 5.15. This coincides with Vafa’s residue formula for topo-
logical Landau-Ginzburg models [26].

Appendix A. Proof of Lemma 3.6

The propagator PEL on the upper half plane H with respect to the
hyperbolic metric is a 1-form on H x H, thus having a decomposition

under the isomorphism
A'H x H) =2 (AYH) @ A(H)) & (A°(H) @ AY(H)),

where ® denotes the completed tensor product. Let us call the projec-
tion into these two components by the (1,0) and (0,1) parts respec-
tively. There is a similar decomposition of the heat kernel k; into its
(2,0),(0,2), and (1,1) parts. We will use z; = z; + v/—1y;,i = 1,2 to
denote the coordinates on the two copies of H respectively. The prop-
agator will be denoted by PX(z1,22), where we have omitted its anti-
holomorphic dependence for simplicity, and similarly for the heat kernel
k‘t(zl, Zg).
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By the fact that PX(zy, 2) is a symmetric tensor in A*(H) ® A*(H),
we only need to compute its (1,0) part. For this, we apply the gauge
fixing operator d* to the (2,0) part of the heat kernel which is given
explicitly by:

52
kfcalar(zl 22)dx1dy1 _ \/5 6_%t /oo se”atds da;ldyl
ro

v (47?15)%
Here k$¢@97 (21, 25) is the heat kernel of the Laplacian on smooth func-

tions, and p(z1,22) denotes the geodesic distance between z; and z»
given explicitly by

p(z1, 2z2) = arcosh (1 +

cosh s — cosh ,o) yi

(z1 — 22)* + (1 — y2)2>
Y1y2

In particular, 21, 29) = kiU (p(z1,29)) is a function of p. The

(1,0) part of P is therefore given by (where d., is the de Rham differ-

ential, x; is the Hodge star on the first copy of H)

L drid
/ dt <*1dz1 *1 (kfcalar(zl’ z2) 12y1 )>

Y1

kfcalar(

— /f dt (*1dzl(kfcalar(p(z1, Z2)))>

L
:/ dtf(p, t) (*1d21 COSh(p(Zl, 2’2)))
Z/L dtf(p,t) *1 <2($;1;2x2)dx1 L —y2;(y1 +y2)dy1>

Y192
/ dtf(p ( (21 » 2$2)dy1_ (11 —y;);zéﬁryz)d 1>
1

for some f(p,t) clear from the context. By the symmetry property, the
full propagator is given by

Zl,ZQ / f p7

' <2( 1 - )(dyl ) — (y1 — y2)(y1 + 12) (diﬂl B d!Ez))

Yy1y2 Yy1y2 1 Y2

The asymptotic property of f(p,t) in equation (3.3) follows from the
general property of heat kernels, or an explicit evaluation of f(p,t).

Appendix B. Some Feynman graph computations

Proof of Lemma 3.30. It is not difficult to see that the proof of the
lemma can be reduced to wheels with two vertices, and we will show that
the Feynman weights (3.18) associated to the trivalent wheel vanish. The
proof for other wheels with two vertices is similar.
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Let a1 ® g1 and as ® go be the inputs on the tails; the Feynman weight
K. — Kq
a1 ® g a2 @ g2

B.1 -
( ) Icl Icl

is the evaluation of

P @ (K —Ko) ® (1 ® 91) @ (a2 ® go)

n
— (PEL Y (XX +X'® XZ-))

i=1

n
® (K= Ko) @) (X0 X + X0 X;) | @ (01 ®g1) @ (02 @ g2)
j=1

under I ® I. Here {X;} denotes a basis of gx over Ax (locally) and
{X"} denotes the corresponding dual basis of g¥%. More explicitly, equa-
tion (B.1) is given by

(LQXZQ PEL(Z1, 29) (K (21, 22) — Ko(z1, 22))041042) (<12(—), =) ® (la(—), _>)

<Z(—Xi®gl X RX; R0 X +X;®0 ®Xi®Xi®g2®Xj)>
i,j=1

=0.

Proof of Lemma 3.31. We first prove the lemma for those cases where
n > 3. As in the proof of Lemma/Definition 3.23, we can replace 3, by H
with inputs compactly supported, and assume that -~ is a trivalent wheel.
We still use the notation K; for the heat kernel on H for convenience.
Without loss of generality, let us assume that the edge e connects the
vertices v; and v,. Let a; ® g; be the input on the vertex v;. We will
show that the following two limits exist and are the same:

(B.2) lim W, .(PF, K., 1) = im W, .(P*, Ko, 1.;).
e—0 e—0
The LHS of equation (B.2) is given explicitly by
W’y,e(PeLa K€7 Icl)(ala o 7an)

:/ PGL(21722)"'PeL(Zn—17Z")
1,~~~7Z7L€H
2

- Ke(zn, z1)00 (21, 21) - - - o (2, Zn)d221 s d?z,

L
:/ dty - - - dtn_l/ A’z - d?2,
b1, tn—1=¢€ 217"'7Z7L€H
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di Ky (21,22) - dy Ky, (201, 20) Ke(2n, 21) a1 - - - o,

We claim that the integral
(B.3)

d?z - - d2znd*Kt1 (z1,29) - d"Ky, | (z2n—1, 2n) Kc(2n,21)01 - o
21y ,ZnEH

is uniformly bounded by a function of ¢1, - - - ,¢,,_1 which is integrable on
[0, L]*~L. Then equation (B.2) follows from the dominated convergence
theorem.

Proof of the Claim. By the asymptotic expansion (3.1) (3.3) of K;
and Pl respectively, the leading term of the integral (B.3) is given by
(B.4)

1 = 1 02 (zn.21)
I I _ 2 enoz)
(4m)m / bo(p(2ks 2k41))~ - ao(zn, 21)e” 3 a1+ oy

21, ,2n €H k=1 €

n_l 1 PP Cromhgn)
[[7¢ ™
t

k=1

2 2
Y — Y dl’k da;k
2(xk — 1) (dyp — dypyr) — L < - L))
YkYk+1 Yk Yk+1

We provide the estimates for the above leading term, while higher order
terms furnish a better convergence property.

We do the same change of coordinates as in the proof of Lemma/Definition
3.23, a procedure after which the integral (B.4) becomes a sum of inte-
grals of the following form:

1 n—l wik gk
/ duOd'UO/ duidvy - - diyy—1dv,— 1D - — kf;f
H R2n—2 € et tk

n—1 9 2 2
_ ui + 05 P (Zn,Zl)

(B.5)

where
e for 1 < k < n — 1, the functions u v arise from T — Tpo1 and
: i k Yk +
Yk — Yk+1, hence i + ji > 1
e & is a smooth function on H x R?"~? with compact support.

Now we only need to show that for each fixed (ug,vg) € H, the following
integral is bounded above in absolute value by an integrable function of
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(t1, - ,tp_1) on [0, L]*"! independent of e:
(B.6)

=1 i, Jk
1 [+ uibv
/ duldvl e dun_ldvn_l - kt2 k
n— €
R2n—2 k=1 k

n—1
- exp (‘Z w pz(zn,z1)> :

i—1 4752' 4e

We show this for the leading term of its Wick expansion. Notice that
for each fixed (ug,vp) € H, the function

~1
_nz: u? + v? B p*(2n, 21)
im1 4ti 4de

takes its maximal value 0 at the critical point (uy,v1, -+, Up—1,0p—1) =
(0,---,0). It is not difficult to see that the Hessian at the critical point
is the same as that of the function

<n2—:1 >2 nz—:l 2
1 (% + ( U‘)
B 712: up + o7 = =

=1 4ti 4e

Thus the leading term in the Wick expansion of equation (B.6) is the
same as that of the following integral:

(B.7)
1
duldvl tee dun_ldvn_l—
R2n—2 €
-1 4 7 -1 — —
. Ti_I uzkvik -exp | — TLE: u22 + Ui2 o (Z?zll ui)2 + (Z?:ll Ui)2
ot — A de ’

which can be evaluated via Gaussian type integral. We rearrange the
coordinates on R?"~2 as

(U1,' o, Un—1,01, 7Un—1)7

and let ¢ = (t1,--- ,tp—1). The matrix of the quadratic form in the
exponential is given by:

1 [A(t,e) 0
M(tve) - Z < 0 A(t, 6)) )
in which
1,1 1 1
o j— <1 i
e BT G
Alt,e) = . : :
1 1 11
1 - o + 2
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For convenience, we will also use M for the matrix M (¢, €). It is straight-
forward to check that

(B.8) det(M) = G)z("_” . <t1 + ot b +e>2

ty - tn_1€

The standard trick of the Feynman integral implies that (B.7) equals

n—1
1 1 1 1 3
vdet M (H t_z) e Z (Malﬁl ' “MaNﬁN>
=1

4qn 1
= . MLt )7
ty-- oty 1(ty+ -+ ta1+e) Z ( a1,f1 an,Bfn

(B.9)

where the sum is over all pairings of [];Z 1(u§€’c vik) and M(;é’s are entries
of the inverse matrix of M. N is an integer no less than (n — 1)/2.
We claim that on each region of the form

{(t17t27 T 7tn—1) € [07L]n_1 10 < tcr(l) < S to’(n—l) < L}7

where o € S,,_1, equation (B.9) is uniformly bounded above in absolute
value by an integrable function. This claim finishes the proof of Lemma
3.31.

We will prove the claim for o = id € S, _1; the proof for other o’s
is similar. The following lemma provides an estimate of the entries of
M~

Lemma B.1. |M | 4 -min{t;, t;}.

Proof. There are two possibilities: ¢ = j or ¢ # j. By symmetry, we
only need to consider M, 11 and M. 21 We have

1 1 1 1
e e e
¢ mte - : tit et e\
M =det| ¢ % ° : -<1t t"‘l ) -4
5 : : .. : 1...n_16
1 1
€ .

_t2+~~+tn_1+e.<t1+---+tn—1+€>_1_4

o th 1€ e th_1€
to+ o+ tn
:tl- 2+ +n 1+6-4<4t1
b1+ +th1te
and
1 1 1
I 191 f
= S+ = ti+---+1t,_ 1+ -1
Mig=det [ " : ‘<1 oY ) -’
’ : : - : b1 ln—1€
1 1 1 1
1 - tn71+7
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1 (it F it e _1'4
t3tn_1€ tl...tn_le
tito

= -4 < 4-min{ty, ta}.
bt e {1, 82

q.e.d.
_1 ... _1
With Lemma B.1, we can give an estimate of 1,51 on By
trotpi(ti 4+ -+ tho1 +e€)
in (B.9): since 1 € {ay, 1, 704N,ﬁN}, we can always find a subset
{li,la,--- 15} € {2,3,--- ,n—1}, N < (n —1)/2, such that
-1 -1
MOéhBl o MOcNﬁN < 1 1
trotna(ti 4t €) bt
It is straightforward to check that the function
1 1
by tig i+ tn
is integrable on {(t1,--- ,t,_1) € [0,L]" ' : 0<t; < --- <ty < L} if

n > 4.
The only case left is when n = 3. Notice that the following Feynman
weight is non-trivial only if at least one «; is a 0-form.

aq

s K. N
/()[3 a2\

Let f be a compactly supported function on H. There are the fol-
lowing two possible configurations of the inputs on the graph up to
automorphisms:

f(Tl) f(Tl)
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For configuration (1), we write the corresponding Feynman weight as
the sum of

(B.lO) / PEL(Zl,Zg) KG(ZQ,Z;),) PGL(Zg,Zl) . f(ZQ) a9 (O3
21,22,23€H
and
©11) [ PHem) Kilenz) PHa ) () -f() s as.
21,22,23€H
Here equation (B.10) actually vanishes since

/ PEL(Zg,Zl)PEL(Zl,Zg) == 0,
z1€H

which amounts to (d*)? = 0. The vanishing holds if we replace K. by
K. For (B.11), we claim that

(B.12)
lim Pl (21, 20)Ke(22, 23) P (23, 21) - (f(21) — f(22)) 20
e—0
21,22,23€H
= lim PEL(zl, ZQ)K()(ZQ, Zg)PeL(Zg, Zl) . (f(zl) — f(Zg))OéQOég.
=0 21,29,23€H

To prove the claim, we apply the same argument for the case of n > 4.
The leading term of (B.11) is similar to (B.9), except that the function
f(z1) = f(z2) in (B.11) contributes one more w; or v; than in (B.9) (so
N > 2 when n = 3, hence N = 0). Thus the leading term is bounded
above by a constant times

1
t1+to’
which clearly has a finite integral on [0, L] x [0, L]. All together, we have
f (Tl) f (Tl)
I I
lim pL pL = lim pL pL
e—0 € € e—0 € N
/a/3 K N /a/3 Ko N

For configuration (2), a similar argument as above shows

lim K(21,22) P (20, 23) PE (23, 21) - (f(21) — f(22))azas3
=0 21,22,23€H

= lim Ko(z1, 22) PF (22, 23) PX (23, 21) - (f(21) — f(22)) 203
€ 21,22,23€H

On the other hand,

/ K(21,22) PX (22, 23) PX (23, 21) - f(22)aa(22) s (23)
21,22,23€H
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= i/ P (29, 23) PsTE (23, 20) f (22) 2 (22) a3 (23).
z9,23€H

Then similar to Lemma/Definition 3.23, the above limit exists, and

lim PGL(ZQ,Zg)ngL(Zg, 29) f(z2)anas
=0 22,z3€H
=lim PEL(ZQ,23)Pf(23,22)f(22)042a3
=0 22,23€H
= lim Pl (22, 23) P (23, 21) Ko (21, 22) f (22) 3.

21,22,23€H
Altogether we have

f(»lzl) f(Tl)

lim
e—0

= lim
e—0

s
Zas

PL

Ky

Appendix C. One-loop anomaly

In this section, we give a general formula of the one-loop anomaly for
perturbative QFT in Costello’s formalism. Let £ be the space of fields
of a perturbative QFT whose classical interaction is I € O(€). Let PF
denote the regularized propagator.

Let us first give an explicit description of the one-loop naive quanti-

zation Iy(w)we [L]. Let T""eel denote the set of Feynman diagrams given
by wheels (without trees attached), which are the essential part of one-
loop diagrams requiring regularization by counter-terms. We fix a renor-
malization scheme which allows us to decompose any graph integral
uniquely into its “smooth part” and “singular part” in the sense of [5].

Let v € TWheel: we will write
(C.1) W, (PE, 1) = W, (PE, 1" + W, (P, I)5™9
for the corresponding decomposition [5, Theorem 9.5.1].

Lemma C.1. Let v € TWheel: then W, (PE I)5"9 is a local func-
tional on &€ independent of L.

Proof. Since zr PL is a smooth kernel which does not depend on e,

6‘9LW (P, T) behaves like a tree diagram. Therefore

0 L .
lgr(l)a—LW (P, I) exists.
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Hence W, (PX,I)*™9 is independent of the scale L. By [5, Theorem
9.3.1], W, (P, I)*™9 has a small L asymptotic expansion in terms of
local functionals. Since it does not depend on L, it follows that the
functional W, (PE, I)%™"9 is local. q.e.d.

By the algorithm in [5], W, (P, I)*™9 is the counter-term associated
to v, and
lim W, (P, T)"™  exists.
e—0

The following proposition now follows easily from the Feynman diagram
analysis and the regularization process described in [5].

Proposition C.2. The one-loop naive quantization is given by

[(1) [L] = lim Z W’yl,v(PeLy Ia W’Yz (PeL7 I)Sm)7

naive
e—0
Y1 Etrees,vEV (1), y2 €l W heel

where the summation is over all connected tree diagrams 1 with a spec-
ified vertez v, and a wheel diagram vyo. W, o(PE, I, W,,(PX, I1)5™) is
the Feynman graph integral on 1, where we put I on those vertices not
being v, put W, (PE 1)*™ on the vertex v, and put P on all internal
edges.

Pictorially,

(C.2) IS

naive

[L] =

REMARK C.3. In the above picture, we are taking the sum of weights
of all one-loop graphs.

Let
(Q + hA L) elnaive /M0 L] — (0[] + O(h))emaiwe L/ Tiuc L]

where O1[L] is the leading term in the fi-expansion. By the construction
in [5, Chapter 5], O1[L] is the anomaly for solving the quantum master
equation at the one-loop. Moreover, O;[L] satisfies a version of classical
renormalization group flow, and

01 ;= lim 01 [L]
L—0

exists as a local functional. Our goal is to give a formula for computing
01 in terms of graphs.
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Let
IT(e) = Y Wy (PE )"
,\{GI‘Wheel

denote the one-loop counter-terms. Proposition C.2 can be formally
written as [5]

o)

IS [ /BT, [L+O) — 3 "8PE o1/A—1T (€)

e—0

Therefore

(O1[L] + O(h))emamel LI/ Il [L1+O()

a

o B
= (Q + hApL) hl% eraPEL eI/ﬁ—ICT(E) — lim erBPsL (Q +A,) ef/ﬁ—ICT(e)
c—

e—0

_0
= lim ¢ o7 (W ({1, I}e — {1, 1}0) + A

e—0
o Q[CT(E) o {I,[CT(G)}G + O(h))el/h_ICT(E).
It follows that

(C.3)

—1i L -
Ol[L]_ll_)I%< § : W’Y,U(Pev‘[?{‘[?[}e {[71}0)
~:one-loop connected,
veV (v)

Y Wau(PRLAL - QIS () — {1, ICT(E)}e)>

~:tree,veV ()
Lemma C.4.

QIT(e) = — {1,197 (e)}o + > W, (PL, K, — Ko, I)*™9

yeTWheel 4E(y)>1,
e€l(y)

+ (Ad)*m,

Proof. Tt is easy to see that @) preserves the decomposition (C.1);
hence

Q[CT(E) =Q Z W_y(PEL7[)sing _ Z (QWV(PGL, I))sing'

,YEFWheel .YEFWheel

By the identity (Q®1+1® Q)P = K. — K1, and the classical master
equation,

Z QW‘/(PeL’I)

,YEFWheel
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=—975 Z W’Y(PeLal) - Z W’Y(PeL?KOVI)
,\{GI‘Wheel 0 “/GFWheel,ﬁE(’\/)>1,
e€E(y)

— > W, (PL K — K., 1)
yeTWheel ec B(v)

=1, Y Wy(PE D) + > W, (PL K, — Ko, I)
.yer‘Wheel 0 ’YEFWheEl7ﬁE(’Y)>1,
e€E(v)
+AJ — > W, (PL K, ).

yEDWheel ec ()

Since the last term is smooth as € — 0, it follows that

QIT(e) = — {1, 17 (e)}o

+ > W, (PE, K. — Ko, 1)*™9 + (A)*™9.
yerWheel 4B (y)>1,
e€E(y)
q.e.d.

Theorem C.5. The one-loop anomaly O is given by
. H L o sm sm
Op = lim > W, (PE K, — Ko, 1)*™ + (A)*™.
yETWheel cc ()

Proof. The term

Z W%U(PeLa‘L{Iy[}e_{I,I}O)
~:one-loop connected,
veV ()

in equation (C.3) can be expressed as the sum of the following two types
of Feynman weights:

(C.4)

In the left picture K. — K is labeled on the wheel (the red edge) while
in the right picture it is labeled on the external tree. It is not difficult
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to see that the right picture, together with the term
Yo WP IALIN @Y — {117 (e)})
v:tree,veV (%)

contributes

whose limit vanishes as ¢ — 0. The theorem then follows easily from
equation (C.3), Lemma C.4, and O; = %imo O1[L] (which kills all external
_>

trees).
q.e.d.

Equation 3.17 is now a graphic expression of Theorem C.5.

Appendix D. Chevalley-Eilenberg complex vs de Rham
complex of jet bundles

The main objective of this section is to give an explicit description of
the isomorphism in Proposition 3.35. We will also review modules over
L, algebras and the corresponding Chevalley-Eilenberg differential for
the purpose of our discussion.

L. algebras and their modules. Let us first recall the definition of
L, algebras.

Definition D.1. Let A be a commutative differential graded algebra
and let A? denote the underlying graded algebra. A curved Lo algebra
over A consists of a locally free finitely generated graded Af-module V,
together with a cohomological degree 1 and square zero derivation:

d : Sym s (VV[~1]) — Sym (VY [-1])

such that the derivation d makes Sy/\mAu(VV[—l]) into a dga over the
dga A. Here VV denotes the Af-linear dual of V. We can decompose the
derivation d into components:

dy : VY[=1] = Sym"; (VY[-1]),n > 0.

The structure maps of the curved L, algebra V are defined by dualizing
d, with a degree shift:

ly:=dy : N"Vin—-2] - V.
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The components d,, of the derivation d can be represented by the fol-
lowing “corollas,” which should be read from bottom to top: the bottom

line denotes the input of d,, and the top lines denote the outputs.

V\/ V\/ VV V\/

VV

Modules over L., algebras are defined in a similar fashion:

Definition D.2. Let A and V be the same as in Definition D.1. An
Af-module M is called a module over the Lo, algebra V if there is a
differential

dar = Symgs (VY [=1]) @4 M = Symgs (VY [-1])) @45 M
making S/yElAu(VV[—l]) ® 44 M a dg-module over S/yElAu(VV[—l]).

It is clear from the definition that the differential dp; is determined
by its components

(dar)n : M — Sym'yy (VV[—1]) ® 40 M,
which we represent by the following picture:

vV vy vV M

M

Example D.3. M = V" has a naturally induced structure of an L -
module over V. We define the map dp; by the following composition:

D) M=vY = VV[-1] L% Sym . (VV[-1])
| 945 Sy gy (VV[-1)) @ VY = Symm e (VY [-1]) @ M.
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This differential can be represented as follows:
vV vV \7a% 1744

V\/
where the green lines de/rgte the module M, and the black lines de-
note the components in Sym 44 (VY [—1]). Notice that the only difference
between dj; and dy is that there are green lines in the graphical repre-
sentation of djs. Thus it is clear that the identity d3, = 0 follows from
d?. = 0, and that the effect of the operator dyp in equation (D.1) is
exactly “picking out the green line.”

Example D.4. N = V. We define the differential dy by the following
graphics:

(D.2)

where the downward “elbow”

a

N Tat

in equation (D.2) denotes the evaluation map
(=, =) :VeVY = AF
and the reversed “elbow” denotes the coevaluation map.

Again, d%; = 0 follows from the identity d%, =0.

Proof of Proposition 3.35. Let X be a complex manifold, and let gx
be the curved Lo, algebra over A = Ax encoding the complex geometry
of X. By the construction of gy, there is an isomorphism of cochain
complexes

o (AX Roy Jet;}é’l(ox),de) = (C*(gx),dcE) -
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We have the following proposition:

Proposition D.5. The extension of the map (3.27) over Ax:

OgroT °
ox[—1] =2 Ax ®o, Ok 5 Ax ®0, Jeli(Q)

gives rise to an isomorphism of cochain complexes
T+ (C*(gx) @ g% -1 dor) 5 (Ax @0y Jet i), dpy )

Proof. Tt is clear from the definition of T" that the following diagram
commutes:

(D.3) C*(gx) Lr o+ (gx) @ g% 1]

l(p*)1 lT

0,
Ax @0y Jeth?(Ox) % Ax @0, Jeth?(QL).

Here dyp is the de Rham differential of the algebra C*(gx), and we
have identified C*(gx) ® g% [—1] with 1-forms. Consider the following
diagram:

4R

Ax ®oy Jct];(Ol(Qk.) Ax ®oy Jct];(Ol(OX)

T
4px »)*

C*(ax) ® g% [—1] y C*(gx) dpx
dR
! hol (1 9ar hol
dck Ax ®oy Jet’y (QX) Ax ®oy Jet’y (Ox)
T dop
(")~ 1
C*(ax) ® g% [—1] . C*(9x)

It is straightforward to check that all the squares commute except the
left vertical one:

e The commutativity of the top and the bottom squares follows from
(D.3).

e The front vertical square commutes by the definition of the
Chevalley-Eilenberg differential on C*(gx) ® g%[—1].

e The commutativity of the back vertical square follows from the
fact that dyr and dp, commute with each other.

e The right vertical square commutes by the definition of gx.

Since dgp is surjective, a simple diagram chase shows the commutativity
of the left vertical square, which implies that the Chevalley-Eilenberg
differential dop on C*(gx) ® g% [—1] is identified with dp, on Ax ®0
Jeth? (QL) under T. q.e.d.
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Now we prove the following proposition:

Proposition D.6. Let K be the smooth homomorphism
K :Tx — C®(X) ®o, Jeti (Tx[-1])
such that
(D.4) v(a) = (K(v),T(a)),
for all « € Q% v € Tx. Then the extension of K over C*(gx) &
Ax @0, Jeth?(Ox):
K :C*(gx) ® gx — Ax ®o, Jeti (Tx[-1])
is an isomorphism of cochain complexes. In particular, dp,, o K=Ko
deg.

Proof. It is obvious from equation (D.4) that K is both injective
and surjective. We now show that K commutes with differentials. After
translating equation (D.2) into homomorphisms, it is clear that the
Chevalley-Eilenberg differential dop on C*(gx) ® gx is given by the
following composition:

4 d@de p®id i}
gx —% gx @ g% @ gx —=gx @ g% © C*(gx) © gx
doid
PEEL C*(9x) @ ox-

We pick local holomorphic coordinates {z*} on X. The image of {E/?;}
under dgg is given by

0, — 821 ®d @ Z?Z] — 821 @ (T 'odp, o T)(dzﬁ) ® 823
(0o, (T o dpy 0 T)(d2))) @ D,
We have the following identities:
(021, (T o dpy o T)(d2))) @ 0L

YR, (dpy o T)(d2)) @ 8,

D ((dp, 0 K)(8.),T(d)) © 0

(
DR odpy 0 K)(0.),d2) @ O,
Ko dpy 0 K)(0),
where the identities (1) and (3) follow from equation (D.4) and identity
(2) follows from the fact that dp, is a derivation with respect to the

pairing (—, —). q.e.d.

{
{
{
= (
(1

It is clear that the wedge product of the map K gives the desired iso-
morphism in Proposition 3.35.
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