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Abstract: We introduce notions of open-string vertex algebra, conformal open-string
vertex algebra and variants of these notions. These are “open-string-theoretic”, “non-
commutative” generalizations of the notions of vertex algebra and of conformal vertex
algebra. Given an open-string vertex algebra, we show that there exists a vertex alge-
bra, which we call the “meromorphic center,” inside the original algebra such that the
original algebra yields a module and also an intertwining operator for the meromorphic
center. This result gives us a general method for constructing open-string vertex algebras.
Besides obvious examples obtained from associative algebras and vertex (super)alge-
bras, we give a nontrivial example constructed from the minimal model of central charge
c= % We establish an equivalence between the associative algebras in the braided ten-
sor category of modules for a suitable vertex operator algebra and the grading-restricted
conformal open-string vertex algebras containing a vertex operator algebra isomorphic
to the given vertex operator algebra. We also give a geometric and operadic formulation
of the notion of grading-restricted conformal open-string vertex algebra, we prove two
isomorphism theorems, and in particular, we show that such an algebra gives a projective
algebra over what we call the “Swiss-cheese partial operad.”

0. Introduction

LEINT3

In the present paper, we introduce and study “open-string-theoretic”, “noncommutative”
generalizations of ordinary vertex algebras and vertex operator algebras, which we call
“open-string vertex algebras” and “conformal open-string vertex algebras.” This is a
first step in a program to establish the fundamental and highly nontrivial assumptions
used by physicists in the study of boundary (or open-closed) conformal field theories
as mathematical theorems and to construct such theories mathematically. See [H9] and
[HK2] for definitions of open-closed conformal field theory in the spirit of the definition
of closed conformal field theory first given by Segal [S1, S2, S3] and Kontsevich in 1987
and further rigorized by Hu and Kriz [HK1] recently. More recently, Moore suggested
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in [M3] that in order to generalize a certain formula relating a nonlinear o model and
the K -theory on its target space to conformal field theories without obvious target space
interpretation, one should define some kind of algebraic K -theory for “open string vertex
operator algebras.” We hope that the notions and results in the present paper will provide
a solid foundation for the formulation and study of such a K -theory.

Vertex (operator) algebras were introduced in mathematics by Borcherds in [B]. They
arose naturally in the vertex operator construction of representations of affine Lie alge-
bras and in the construction and study of the “moonshine module” for the Monster finite
simple group by Frenkel-Lepowsky-Meurman [FLM] and Borcherds [B]. The notion of
vertex (operator) algebra corresponds essentially to the notion of what physicists call
“chiral algebra” in (two-dimensional) conformal field theory, a fundamental physical
theory studied systematically first by Belavin, Polyakov and Zamolodchikov [BPZ].
Vertex operator algebras can be viewed as “closed-string-theoretic” analogues of both
Lie algebras and commutative associative algebras, and they play important roles in a
range of areas of mathematics and physics.

Recently, in addition to the continuing development of (closed) conformal field the-
ories, boundary conformal field theories (open-closed conformal field theories) have
attracted much attention. Boundary conformal field theory was first developed by
Cardy in [C1, C2 and C3] and plays a fundamental role in many problems in condensed
matter physics. It has also become one of the main tools in the study of open strings
and D-branes (certain important nonperturbative objects in string theory). Besides the
obvious problem of constructing and classifying open-closed conformal field theories,
the study of D-branes in physics and their possible applications in geometry have led to
exciting and interesting mathematical problems. If open-closed conformal field theories
associated to Calabi-Yau manifolds or other geometric objects are constructed even-
tually, they will provide even more powerful tools in geometry than the corresponding
closed conformal field theories (see, for example, the survey [D] by Douglas). The paper
[M3] by Moore mentioned above gave another example of the exciting and interesting
mathematical problems associated to open-closed conformal field theories.

In the framework of topological field theories, boundary topological field theories
(open-closed topological field theories) have been studied in detail by Lazaroiu [L] and
by Moore and Segal [M1, M2, S4]. In this topological case, an open-closed topological
field theory is roughly speaking a (typically noncommutative) Frobenius algebra and a
commutative Frobenius algebra equipped with some other data and satisfying suitable
conditions. The commutative Frobenius algebra is the state space for the closed string
part of the theory and the (typically noncommutative) Frobenius algebra is the state
space for the open string part of the theory.

To construct and study open-closed conformal field theories, one first has to find
the analogues in the conformal case of commutative and noncommutative associative
algebras. Since the corresponding algebras in the conformal case must be infinite-dimen-
sional, their construction and study are much more difficult than the topological ones. In
the conformal case, one lesson we have learned from various methods used by physicists
is that the construction and study of chiral theories are necessary and crucial steps. If chi-
ral theories are constructed, full theories can be constructed using unitary bilinear forms
on substructures of chiral theories called “modular functors.” In fact, it is also the chiral
theories which are more similar to topological theories than full theories. It is clear that
analogues of commutative associative algebras in the chiral conformal case are vertex
(operator) algebras. To construct and study open-closed conformal field theories, one
first has to answer the following question: What are the analogues of noncommutative
associative algebras in the conformal case?
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Assuming the existence of the structure of a modular tensor category on the cat-
egory of modules for a vertex operator algebra and the existence of conformal blocks
with monodromies compatible with the modular tensor category, Felder, Frohlich, Fuchs
and Schweigert [FFFS] and Fuchs, Runkel and Schweigert [FRS 1, FRS2] studied open-
closed conformal field theory using the theory of tensor categories and three-dimensional
topological field theories. They showed the existence of consistent operator product
expansion coefficients for boundary and bulk operators. In particular, special symmetric
Frobenius algebras in the modular tensor categories of modules are proposed as ana-
logues in the conformal case of (typically noncommutative) Frobenius algebras in the
topological case. However, since these works are based on the fundamental assumptions
mentioned above, even in the genus-zero case, the corresponding open-string-theoretic
and noncommutative analogues of vertex operator algebras have not been fully con-
structed and studied, and even chiral open-closed conformal field theories on the disks
(the simplest parts of open-closed conformal field theories) have not been fully con-
structed.

The present paper is a first step in a program for establishing the fundamental and
highly nontrivial assumptions mentioned above as mathematical theorems, using the
results on representations of vertex operator algebras and closed conformal field the-
ories. In particular, we solve the problem of constructing open-closed conformal field
theories on the disks satisfying certain differentiability and meromorphicity conditions
by introducing, constructing and studying open-string vertex algebras, conformal open-
string vertex algebras and some other variants. These algebras are the open-string-the-
oretic or noncommutative analogues of vertex (operator) algebras we are looking for
and, as we shall discuss in future publications, D-branes can be formulated and studied
as irreducible modules for suitable open-string vertex algebras. Reducible modules for
such algebras then correspond to more complicated D-brane configurations. Given an
open-string vertex algebra, we show that there exists a vertex algebra, which we call the
“meromorphic center”, inside the open-string vertex algebra such that the open-string
vertex algebra yields a module and also an intertwining operator for the meromorphic
center. In fact, the meromorphic center of an open-string vertex algebra is the maximal
Z-graded vertex algebra contained in the open-string vertex algebra such that the vertex
operators for elements in this vertex algebra and the vertex operators for elements in
the open-string vertex algebra are mutually local to each other (see Remark 2.4). This
relation between open-string vertex algebras and the representation theory of vertex
algebras gives us a general method for constructing open-string vertex algebras. Besides
obvious examples obtained from associative algebras and vertex (super)algebras, we
give a nontrivial one constructed from the minimal model of central charge ¢ = %

We establish an equivalence between grading-restricted conformal open-string ver-
tex algebras containing a suitable vertex operator algebra and associative algebras in the
braided tensor category of modules for the vertex operator algebra. Under this equiv-
alence, the meromorphic center of an open-string vertex algebra containing the vertex
operator algebra is in fact contained in the intersection of the left and right centers
(introduced in [O] by Ostrik) of the corresponding associative algebra in the category
(see Remark 4.5). We also give a geometric and operadic formulation of the notion
of grading-restricted conformal open-string vertex algebra, we prove two isomorphism
theorems (establishing the equivalence of geometric notions and algebraic notions), and
in particular, we show that such an algebra gives a projective algebra over what we call
the “Swiss-cheese partial operad.”

Note that in the present paper, we study only algebras corresponding to associative
algebras in a braided tensor category. As is mentioned above, in open-closed topological
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or conformal field theories (see [L] and [M2] for the topological case and [FRS1, FRS2]
for the conformal case), one needs symmetric Frobenius algebras. The additional struc-
tures will be studied in future publications.

Here is the organization of the present paper: In Sect. 1, we introduce the notions of
open-string vertex algebra, conformal open-string vertex algebra and other variants. The
connection between open-string vertex algebras and the representation theory of ver-
tex (operator) algebras is given in Sect. 2. Examples of (conformal) open-string vertex
algebras are presented in Sect. 3. In Sect. 4, we show that for a vertex operator algebra
satisfying certain finiteness and complete reductivity properties, associative algebras in
the braided tensor category of modules for the vertex operator algebra are equivalent to
grading-restricted conformal open-string vertex algebras containing the vertex operator
algebra in their meromorphic centers. The geometric and operadic formulation of the
notion of grading-restricted conformal open-string vertex algebra, the construction of
projective algebras over the Swiss-cheese partial operad and the proof of the correspond-
ing isomorphism theorems are given in Sect. 5.

We shall use C, H, H, T ,R,R*, Ry, Z,Z4 and N to denote the sets (with structures)
of the complex numbers, the open upper half plane, the closed upper half plane, the one
point compactification of the closed upper half plane, the real numbers, the nonzero real
numbers, the positive real numbers, the integers, the positive integers and the nonnega-
tive integers, respectively. For any z € C* and n € C, we shall always use log z and 7"
to denote log |z| + argz, 0 < argz < 27, and " '°¢%, respectively.

1. Definitions and Basic Properties

We introduce the notion of open-string vertex algebra and its variants and discuss some
basic properties of these algebras in this section. We assume that the reader is famil-
iar with the basic notions and properties in the theory of vertex operator algebras as
presented in [FLM] and [FHL].

In the present paper, all vector spaces are over the field C. For a vector space V, we
shall use V™~ to denote its complex conjugate space, which is characterized by the fact
that V~ has the same underlying real vector space as V and, if /—1 acts as J on the
underlying real vector space of V, then «/—1 acts as —J on the underlying real vector
space of V™. For an R-graded vector space V = [ [, . V(n) and any n € R, we shall use
P, to denote the projection from V or V = [],cg Vin) t0 Vin). We give V and its graded
dual V' =[], g V{y the topology induced from the pairing between V and V. We

also give Hom(V, V) the topology induced | from the linear functionals on Hom(V/, V)
given by f > (V/, f(v)) for f € Hom(V,V),v e Vandv € V.

Definition 1.1. An open-string vertex algebra is an R-graded vector space V =
[1,cr Vi) (graded by weights) equipped with a vertex map

Y9V x Ry — Hom(V, V)
w,r) > YOu,r)
or equivalently,
YO (VQV) xRy - V
uv,r)— Y, rv,

a vacuum 1 € V and an operator D € End V of weight 1, satisfying the following
conditions:
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1. Vertex map weight property: Forn, ny € R, there exists a finite subset N (ny, na) C
R such that the image of ([1,ep, 42 Vi) ® Lneny+z Vi) x Ry under YO is in

H;lEN(nl,n2)+Z V(n)'

2. Properties for the vacuum: For any r € Ry, YO (1, r) = idy (the identity property)
and lim, 0 Y © (u, r)1 exists and is equal to u (the creation property).

3. Local-truncation property for D': Let D' : V' — V'’ be the adjoint of D. Then for
any v’ € V', there exists a positive integer k such that (D)*v' = 0.

4. Convergence properties: For v(,...,v,,v € V andv' € V', the series

W, Y1, 1) YO (n, ra)v)
= > WYL )P Y02 r2) Py YO (0, 1))

mi,....,m,_1€R

converges absolutely whenry > --- > r, > 0. For v, va,v € V and v’ € V/, the
series

W, Y% Y% 1, ro)vz, r2)v)

converges absolutely when ry > rg > 0.
5. Associativity: For vy, vy, v € Vandv € V',

W, YO (1, )Y (v2, ) = (v, YO (YO (v1, 71 — r2)v2, 12)v)

forry, rp € Rsatisfyingry > ry >r;y —ry > 0.
6. d-bracket property: Let d be the grading operatoron V, that is, du = mu form € R
andu € V(). Foru € Vandr € Ry,

d,Y°w, ) =v%du,r) +r%Y0(u,r). (1.1

7. D-derivative property: We still use D to denote the natural extension of D to
Hom(V, V). Foru € V, YO(u,r) as a map From R, to Hom(V, V) is differen-
tiable and

d
d—YO(u,r) =[D,Y%u,r) =Y°Du,r). (1.2)
,
Homomorphisms, isomorphisms, subalgebras of open-string vertex algebras are
defined in the obvious way.

We shall denote the open-string vertex algebra by (V, Y9,1, D) or simply V. For
ueVandr e Ry, wecall themap YO(u,r) : V — V the vertex operator associated
tou and r.

Remark 1.2. Note that in the definition above, the real number r in the vertex operator
Yo (u, r) is positive, not in R*. So a natural question is whether one has natural vertex
operators associated to negative real numbers so that we have a vertex map Y © From
(V® V) x R* to V. The answer is yes. For any u, v € V and r € —R, we define

YO, rv=2ePY°w, —r)u. (1.3)

(Note that ¢"?Y © (v, —r)u is a well-defined element of V by the local-truncation prop-
erty for D’.) Note that (1.3) resembles the skew-symmetry for vertex operator alge-
bras. We know that the skew-symmetry is analogous to commutativity for commutative
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associative algebras. But (1.3) does not give a skew-symmetry property and is not an
analogue of the commutativity mentioned above. Instead, (1.3) is an analogue of the
relation between the product and the opposite product for an associative algebra. In fact,
for an associative algebra V, we can define an opposite product

wv)? = vu (1.4)

for u, v € V. We can also define an open-string vertex algebra in terms of a vertex map
of the form V ® V x R* — V and then (1.3) becomes an axiom. In applications, it is
convenient to have vertex operators associated to negative numbers. For example, since

W, YOO @i, ro)va, rv) = Y (', YO (P Y O (vi, ro)va, r2)v)

meR

= Z (€220, YO, —r2) PuY © (v1, ro)v2),
meR

the left-hand side (a matrix element of an iterate of vertex operators) is absolutely conver-
gent when r» > rog > 0 if and only if the right-hand side (a matrix element of a product
of vertex operators) is. (Note that by the local-truncation property for D', ¢2P'v' € V')
On the other hand, in Sects. 2, 3, 4 and 5, we shall need in addition the property that for
Vi,..., U,V € Vand v’ € V', the series

W, Y% r) - YO (a, o)
= > WYL r) P Y02 r2) Py YO (0 1))

converges absolutely when |r{| > --- > |r,| > 0. We shall also need the absolute con-
vergence of all the products and iterates of vertex operators associated to real numbers
in natural regions (see the assumption in the beginning of Sect. 2). For details on such
convergence, see [K]. For the skew-symmetry for Y9, see Remark 1.6.

We still use d to denote the natural extension of d to an element of Hom(V, V).

Proposition 1.3. The d-bracket property (1.1) for allu € V and r € Ry, is equivalent
to the d-conjugation property

adYO(u, r)a_d = YO(adu, ar) (1.5)
forallu e V,r e Ry anda € Ry. We also have 1 € V gy and D1 = 0.
Proof. If (1.5) holds forallu € V,r € Ry and a € Ry, then
SO, e = Y9 'y, & r) (1.6)

forallu € V,r € R; and s € R. Taking the derivative with respect to s of both sides
of (1.6) and then letting s = 0, we obtain (1.1).

Conversely, assume that (1.1) holds forallu € V andr € Ry. Letu,v € V and
v’ € V’ be homogeneous. We have

WL, YO, ) = dv,, YO, riv) — @, , YO u, rdv)
= (wtv' — wtv)(w, YO (u, r)v), (1.7)
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where d’ is the adjoint of d. On the other hand,
’ o d o d / o
v, Y (du,r)—i—rd—Y (u,r)y)v)= Wtu—i—rd— W, Y"Y(u, rv). (1.8)
r r

By (1.1), (1.7) and (1.8), we see that f(r) = (v/, Y (u, r)v) satisfies the differential
equation

df(r)

= (wtv' —wtu — wtv) f(r).
dr

r

Any solution of this equation is of the form Cr¥'¥W=Wt#=¥tV for some C € C. In
particular, (v/, Yo (u, r)v) is of this form. Therefore,
W, a'v°u, ra%) = (@', Y%, r)a %)
=a™ M YO (u, )

’
ZCawtv wtvrwtw wt u—wt v

— Cawt u(ar)wt w—wt u—wt v
= (v, Y%@%, ar)v).

Since such u, v span V and such v spans V', we obtain (1.5).
The identity property, the creation property and (1.1) imply d1 = O which means
1 € V(q). The identity property and the D-derivative property imply D1 =0. O

The d-conjugation property also has the following very important consequence:

Proposition 1.4. For u € V, there exist u;" € End V of weights wtu —n — 1 forn € R
such that forr € R4,

YO, ry=> ufr . (1.9)
neR
Proof. For homogeneous u € V and n € R, let u;7 € End V be defined by

o0
”;:_U = Putu—n—14wt oY~ (u, Do

for homogeneous v € V. Then by the d-conjugation property, for any homogeneous
u,vevy,

Yo(u, rv = rdYO(r_du, l)r_dv

—wt u—wt v_.d o
=y MWy ZPWtLl—n—l-‘rW[UY (u, v

nelR
0 —n—1
= Z Patu—n—14wt oY " (u, Dor "
neR
_ +,. ..—n—1
= S e
neR
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Remark 1.5. In the proposition above, (1.9) holds only for r € R... In fact, there are also
u, € End V of weights wtu —n — 1 for n € R such that forr € —R_,

YOu,r) = Z u;rfnfl.

nelR

But in general u;, # u; . In this paper, we shall not use u,,, n € R.

From Proposition 1.4, we see that for any u € V, there is a formal-variable vertex
operator

Y. x)=Y ufx™""" € (End V)[[x, x" ]I,
nelR

where x is a formal variable. We shall also use the notation )/ (u, 7) to denote the vertex
operator associated to # € V and a nonzero complex number z, that is,

Y (u,z) = Z whz=" L

nelR

(Note that by our convention, for z € C*, z7*~! = ¢(=7=Dlogz for € R, where
logz = log|z| +iargz, 0 < argz < 27.) Thus foru € V, YO (u,r) = Y7 (u, r) for
r € R4 but in general Yo(u, r) # Jif(u, r) forr € —R,.

Remark 1.6. As we have discussed in Remark 1.2, (1.3) has nothing to do with skew-
symmetry. In fact, if Y/ satisfies

yf(u, X)v = e"L(_l)yf(v, Vu

yn =eNTixn, neR

for u, v € V, then we say that Y © has skew-symmetry. (For simplicity, in the remaining
part of this paper, we shall use Y/ (v, —x)u to denote Y/ (v, Wil yn—gnzixn er-) Note
that skew-symmetry for Y © gives a relation between ¥ © (u, r)v and its analytic exten-
sion to the negative real line foru, v € V andr € R4 while (1.3) gives arelation between
YO(u, r)v and Yo(v, —r)u foru,v € V and r € R;. Clearly, these two relations are
in general different.

Proposition 1.7. The d-bracket and D-derivative properties hold for Y7, that is, (1.1)
and (1.2) hold when Y © is replaced by Y and r is replaced by the formal variable x.
We also have the following d- and D-conjugation properties: For u € V and y another
formal variable,

YV, x)y™ = Y %, yx),
and
Vo, x+y) =Py, x)e P = Y/ (ePu, x). (1.10)

In particular, these conjugation formulas also hold when we substitute suitable complex
numbers for x and y such that both sides of these formulas make sense as (or converges
to) maps From'V to V.
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Proof. The d-bracket formula and D-derivative property follow from the definition of
the formal-variable vertex operators and the corresponding properties for the defining
vertex map. The d-conjugation property for the formal vertex operator follows immedi-
ately from (1.5). The D-conjugation property follows from the D-derivative property.
O

We have the following easy consequence of Proposition 1.7:
Corollary 1.8. Foranyu € V,
Y (u, x)1 = Pu. (1.11)
Proof. By the creation property, we see that forany r € Ry andany u € V,

YOu,rl= Z u,J{lrf"*1
ne(=Ry—1HU{—1}
and Lﬁ_‘l 1 = u. But by the D-derivative property,
dk o o k
rlgr}) WY (u,r)1 = rlgrz)Y (D"u, r)1
= Dku
for k € N. Thus we see that

YO, rl= Z u;:'lr_"_l.

l’lE—Z+

So Y/ (u, x)1is a power series in x and lim,_,¢ Y (u, x)1 = u. By these properties,
D1 = 0 and the D-conjugation property for J/, we obtain

YV u, y)1 = lim Y/ (u, x + y)1

x—0

= lim eyDyf(u, x)eP1
x—0

= lim Y/ (u, x)1
x—0

=¥y,

proving (1.11). O

Proposition 1.9. The formal vertex operator map Y7 has the following properties:

1. Convergence: The series

W, Y 1, 20 Y7 (02, 22)v), (1.12)
W', Y (v2, 2)V7 (1, 21)v), (1.13)
W, Y (1, 21 — 22)v2, 22)0), (1.14)
W, YT (2, 22 — z1)v1, 21)0) (1.15)

are absolutely convergent in the regions |z1| > |z2| > 0, |z2| > |z1] > 0, |z2| >
|zt — 22| > 0, |z1| > |z1 — 22| > 0, respectively.
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2. Associativity: For vi,va,v € V and v/ € V', (1.12) and (1.14) are equal in the
region |z1| > |z2| > |z1 — 22| > 0, and (1.13) and (1.15) are equal in the region
|z2] > |z1] > |z1 — 22| > 0.

Proof. By definition, (1.12), (1.13), (1.14) and (1.15) converge absolutely when z;, z2 €
Ry satisfyingzy > z2 > 0,20 > 21 > 0,20 > z1—2z2 > Oand z1 > z; —2z2 > 0, respec-
tively. Consequently, (1.12),(1.13), (1.14) and (1.15) converge absolutely for z;, zo € C
satisfying |z1| > |z2] > O, |z2] > |z1] > 0, |z2] > |z1 — z2] > O |z1] > |21 — 22| > 0,
respectively. The convergence is proved.

In particular, (1.12) and (1.14) give (possibly multivalued) analytic functions defined
on the regions |z1| > |z2| > 0 and |z2| > |z1 — z2| > 0, respectively. By associativity
for YO, (1.12) and (1.14) are equal for z1, 7o € R satisfying z; > z20 > z1 — 22 > 0.
By the basic properties of analytic functions, (1.12) and (1.14) are equal for z1, z2 € C
satisfying |z1| > |z2] > |z1 —z2| > O (the intersection of the regions |z1| > |z2| > Oand
|z2] > |z1 — z2| > 0 on which the analytic functions (1.12) and (1.14) are defined). The
second part of the associativity for )/ can be obtained From the first part by substituting
V2, V1, 22 and z; forvy, vy, z7and zp. O

Definition 1.10. A grading-restricted open-string vertex algebra is an open-string
vertex algebra satisfying the following conditions:

8. The grading-restriction conditions: For all n € R, dim V(,) < oo (the finite-
dimensionality of homogeneous subspaces) and V,,) = 0 when n is sufficiently
negative (the lower-truncation condition for grading).

A conformal open-string vertex algebra is an open-string vertex algebra equipped
with a conformal element w € V satisfying the following conditions:

9. The Virasoro relations: For any m,n € Z,
c
[L0m), LODT = (m = m)L(m + 1) + 2 (= m)Sp a0,
where L(n), n € Z are given by

Y% w,r) = Z L(n)r "2
nez

and c € C.

10. The commutator formula for Virasoro operators and formal vertex operators
(or component operators): For v € V, Y/ (w, x)v involves only finitely many
negative powers of x and

X1 — X0

7 (@, x1), Y/ (v, x2)] = Resox; '8 ( > VY (@, x0)v, x2).

11. The L(0)-grading property and L(—1)-derivative property: L(0) = d and
L(—1)=D.

A grading-restricted conformal open-string vertex algebra or open-string ver-
tex operator algebra is a conformal open-string vertex algebra satisfying the grading-
restriction condition.
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We shall denote the conformal open-string vertex algebra defined above by
vV, Y 01, w) or simply V. The complex number c in the definition is called the central
charge of the algebra. Note that the grading-restriction conditions imply the local-trun-
cation property for D’.

Proposition 1.11. Let V be a grading-restricted open-string vertex algebra. Then for
u,v €V, ulv=0Iifn is sufficiently negative.

Proof. This follows immediately from the lower-truncation condition for grading and
the fact that the weights of u, forn e Riswtu —n—1. O

2. Intertwining Operators and Open-String Vertex Algebras

In this section, we establish a connection between open-string vertex algebras and inter-
twining operator algebras. We assume that the reader is familiar with the basic notions
and properties in the representation theory of vertex operator algebras and we also assume
that the reader is familiar with the notion of intertwining operator algebra. See [FHL,
H7 and H8] for details.

In the remaining part of the paper, we shall consider only those open-string vertex
algebras such that all the products and iterates of vertex operators associated to complex
numbers are absolutely convergent in natural regions. See [K] for details.

Let V be an open-string vertex algebra and S a subset of V. Then the open-string
vertex subalgebra of V generated by S is the smallest open-string vertex subalgebra of
V containing S.

Proposition 2.1. Let V be a conformal open-string vertex algebra and (w) the open-
string vertex subalgebra of V generated by w. Then () is in fact a vertex operator
algebra. In particular, V is a module for the vertex operator algebra (w).

Proof. All the axioms for a vertex operator algebra are satisfied by (w) obviously except
for the commutativity or equivalently the commutator formula. But the Virasoro relations
imply the commutator formula for the vertex operators for (w). O

More generally, we have the following generalization: Let V be an open-string vertex
algebra and let

Y/, x) € (End V)[[x, x ],

Co(V) = {u € L[ Vin

nez

Y, x)u = Py (u, —x)v, Vv e V}.

In particular, for elements of Co(V), skew-symmetry holds. Clearly Co(V) is not zero
since by (1.11), 1 € Co(V).

For an open-string vertex algebra V, the formal vertex operator map )/ for V induces
amap from Co(V) ® Co(V) to V[[x, x~1]. We denote this map by yf|c0(v). We first
need:

Proposition 2.2. Let vy € Co(V), va,v € V and v' € V'. Then there exists a (possibly
multivalued) analytic function on

M? ={(z1,22) € C* | z1, 22 # 0, 21 # 22}

such that it is single valued in z| and is equal to the (possibly multivalued) analytic exten-
sions of (1.12), (1.13), (1.14) and (1.15) in the regions |z1| > |z2| > 0, |z2| > |z1| > 0,
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|z2] > |z1 — z2] > 0 and |z1] > |z1 — z2] > O, respectively. Moreover, if v is in
Co(V), then this analytic function is single valued in both 71 and z. If V satisfies the
grading-restriction condition, then this analytic function is a rational function with the
only possible poles 71, zo = 0 and z1 = 25.

Proof. By Proposition 1.9, (1.12), (1.13) and (1.14) are absolutely convergent in the
regions |z1| > |z2| > 0, |z2| > |z1] > O, |z2] > |z1 — 22| > O, respectively, and the
associativity for Y/ holds.

Since v; € Co(V), by definition, yf(vl ,x)v2 € V[[x, x~!]] and we have the skew-
symmetry

Vi (vy, x)vp = e PY/ (03, —x)vy,
Y (02, x)v1 = e PY/ (v1, —x)v2.

In [H7] it was proved that commutativity for intertwining operators follows from asso-
ciativity and skew-symmetry for intertwining operators. For the reader’s convenience,
here we give a proof of commutativity in the special case in which we are interested.

By associativity, (1.12) and (1.14) are equal in the region |z1| > |z2| > |z1 —2z2| > 0.
By associativity also, (1.13) and (1.15) converge absolutely to analytic functions defined
on the regions [z2| > |z1] > Oand |z| > |z1 —z2| > 0, respectively, and are equal in the
region |z2| > |z1] > |z1 — 22| > 0. By skew-symmetry and the D-derivative property,
for z1, zo € Csatisfying |z1]| > |z1 — z2| > 0 and |z2] > |21 — 22| > 0, we have

W, Y 1, 21 — 22)v2, 22)0)
= (v, Y/ (™ DPY (03, —(z1 — 22))v1, 22)v)
= (W, YV (2, 22 — z0)v1, 22 + (21 — 22)0)
=, ' (2, 20 — z1)v1, 71)V),

that is, in the region given by |z1| > |z1 — z2| > 0 and |z2| > |71 — 22| > 0, (1.14) and
(1.15) are equal. Since (1.12) is equal to (1.14) in the region |z1| > |z2| > |z1 —z2]| > O,
(1.14)isequal to (1.15) in the region given by |z1| > |21 —z2] > Oand |z2| > |71 — 22| >
0, and (1.15) is equal to (1.13) in the region |z2| > |z1] > |z1 — z2| > 0, we see that
(1.12) and (1.13) are analytic extensions of each other. So commutativity is proved.

Now we prove the existence of the function stated in the proposition. By skew-sym-
metry, we have

Vi, 21 =PV A, —2)v = Lo
for any v € Co(V). Thus by definition, for v; € Co(V), v2,v € V and v’ € (Co(V))',

W, Y (01, 207 (02, 22)e3Pv) = (', Y (01, 20V (02, 22) V7 (v, 23)1)

converges absolutely for zy, z2,z3 € R* satisfying |z1]| > |z2] > |z3] > 0. Conse-
quently it also converges absolutely for z1, z2, z3 € C satisfying |z1| > |z2| > |z3] > 0.
Now the same proof as the one for Lemma 4.1 in [H7] shows that there exists a (possi-
bly multivalued) analytic function on M? such that it is equal to (possibly multivalued)
analytic extensions of (1.12), (1.13), (1.14) and (1.15) in the regions |z1| > |z2] > O,
|z2] > |z1] > 0, |z2] > |z1 — z2| > O and |z1] > |z1 — z2| > 0, respectively. Since
(1.12), (1.13) and (1.14) give analytic functions which are all single valued in z1, this
function as the analytic extension of these functions must also be single valued in z;.
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If vy isin Co(V), then by definition, Y7 (v2, x)v € V[[x, x"]and thus (1.12), (1.13)
and (1.15) give analytic functions which are also single valued in z;. So their analytic
extension is also single valued in both z; and z5. If V satisfies the grading-restriction
condition, then the singularities z1, z2 = 0, 0o and z; = z» of this analytic extension
are all poles and this analytic extension is therefore a rational function in z; and z, with
the only possible poles z1,z2 =0and z; =z2. O

Theorem 2.3. Let V be a grading-restricted open-string vertex algebra. Then the image
of Co(V)® Co(V) under v/ lcovy is in Co(V)[[x, x~ 1) and the image of Co(V) under
D is in Co(V). Moreover,

(Co(V), Y lcyvy, 1, D)

is a grading-restricted vertex algebra, V is a Co(V)-module and Y7 is an intertwining
operator of type (VVV) for the vertex algebra Co(V).

Proof. Let vy, v2 be homogeneous elements of Co(V). We would like to show that
VY (vy, x)va € Co(V)[[x, x~'1]. First of all, since vy € Co(V), Y/ (v, x)va € V[[x, x "]
Since vy, v2 € Co(V), wt vy, wt vo € Z. Thus by Proposition 1.4, yf(vl,x)vz €
(UneZ V(,,)) [[x, x~17). By Proposition 2.2, the analytic extension of (1.14) to M? s
a single-valued analytic function. In particular, (1.14) gives a single-valued analytic
function in z; and z,. Thus

VI (v1, )2, x2)v € (VI[x2, x5 I, x 7.

Forv e V,v' € V' and z1, 2o € Ry satisfyingz; > 20 > z1 — 22 > 0,

W, YT (01, 21 — 22)v2, 22)0) = (W, Y (v1, 20DV (02, 22)v)
= (v, Y/ (v1, 2022V (v, —z2)v2).  (2.1)

The right-hand side of (2.1) is well defined when z1, 7o € C and |z{| > |z2] > 0 and is
equal to

W, 2PV (v, 21 — 2) V! (v, —22)12)
= (v, PV (v, —22)v2, —(21 — 22))v1)
= (v, PV (v, —z2) V! (2, —(z1 — 22))v1)
= (v, PV (v, —z)e”CTRP Y (v, 21 — 22)v0) (2.2)

when 71,22 € Ry and z;1 > 71 — 22 > z2 > 0. The right-hand side of (2.2) is well
defined when z1, 7o € C and |z1| > |z1 — 22| > 0 and is equal to

W, e2PY) (v, —2) V7 (v1, 21 — z2)v2) (2.3)

when z1,2z2 € C and |z1| > |z2] > |z1 — 22| > 0. From (2.1)—-(2.3), we see that the
left-hand side of (2.1) and the right-hand side of (2.3) are analytic extensions of each
other. Since both the left-hand side of (2.1) and the right-hand side of (2.3) are well
defined single-valued analytic functions on the region |z2| > |z1 — z2] > 0, they are
equal when |z2| > |z1 — z2| > 0. Thus we obtain

VI (1, x)v2, x2)v = 2P YT (0, —x2) V7 (v1, )02,

where x and x; are two commuting formal variables. So Y/ (v1, x)va € Co(V)[[x, x~1].
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Let u be a homogeneous element of Co(V). Then wt u € Z. Since D has weight 1,
Du € |1,z Vin)- By the D-derivative property, we see that

Y (Du, x) = %yf(u,x) € (End V)[[x, x 1.

For any v € V, using the D-derivative property and the D-bracket formula, we obtain
i d
Y/ (Du, x)v = —Y’ (u, x)v
dx
d
= —ePyf v, —x)u
dx
= *PDY (v, —x)u — e PYS (Dv, —x)u
= *PYf (v, —x)Du.
So Du € Co(V).
To show that Cy (V) is a vertex algebra, we need only verify commutativity, associa-

tivity and rationality since all the other axioms are clearly satisfied. But associativity,
commutativity and rationality have been proved in Proposition 2.2. The proof of the fact

that V is a Co(V)-module and )/ is an intertwining operator of type (VVV) for Co(V) is
completely the same. 0O

We shall call the grading-restricted vertex algebra (Co(V), v/ lco(vy, 1, D) the mero-
morphic center of V.

Remark 2.4. Infact, using the relationship between skew-symmetry and locality (or com-
mutativity), it is easy to see that the meromorphic center of an open-string vertex algebra
is the maximal Z-graded vertex algebra contained in the open-string vertex algebra such
that the vertex operators for elements in this vertex algebra and the vertex operators for
elements in the open-string vertex algebra are mutually local to each other.

Proposition 2.5. Let V be a conformal open-string vertex algebra. Then w € Co(V).

Proof. By definition, @ € L[neZ Vi and yf(a), x) € (End V)[[x,x"!]]. For any
v € V, the commutator formula for @ and formal vertex operators implies the commu-
tativity for Y/ (w, z1) and Y/ (v, z»). In particular, for any v’ € V’,

W, Y (@, 2)Y7 (v, 22)1) (2.4)
and
W, Y, 2V (@, z1)1) (2.5)

are absolutely convergent in the regions |z1| > |z2| > 0 and |z2| > |z1| > 0, respec-
tively, and are analytic extensions of each other. Also by associativity we know that

W, Y (0, 21 — 22)v, 22)1) (2.6)
and
W, YT, 22 — 2w, 21)1) Q2.7)

are absolutely convergent in the region |z2| > |z1 — 22| > O and |z1| > |21 — 22] > O,
respectively, and are equal to (2.4) and (2.5), respectively, in the region |z1| > |z2]| >
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|z1 — z2] > 0 and |z2| > |z1| > |z1 — z2] > O, respectively. Thus (2.6) and (2.7) are
also analytic extensions of each other. Note that by (1.10),
(W, Y (@ =DEEVY (0, 25 — 2w, 2)1)
= (G DY YW (v, 23 — 2w, 22)1) 2.8)

is absolutely convergent in the region |z3| > |z1 — z2| > 0 and is equal to (2.7) in the
region |z1], |z2| > |z1 — z2] > 0. So (2.6) and the left-hand side of (2.8) are analytic
extensions of each other.

We know that both (2.6) and the left-hand side of (2.8) are convergent absolutely in
the region |z2| > |z1 — z2| > 0 and, moreover, we know that (2.4), (2.5), (2.6) and (2.7)
give single-valued analytic functions in z1 and z;. Thus in the region |z2| > |z1—2z2| > 0,
(2.6) and the left-hand side of (2.8) are equal, that is,

W, VOV (@, 21 — 22)v, 22)1) = (V, Y (G 2DEEDYS (v, 75 — 21w, 22)1).
(2.9)

By taking coefficients of z; — z2 and z2 in both sides of (2.9) and then taking the
generating functions of these coefficients, we obtain

W, Y (w, x)v, 1) = (v, Y (e EEDY (v, —x)o, Y1), (2.10)

where x and y are commuting formal variables. Since v’ € V' is arbitrary, (2.10) gives

VI (w, x)v, )1 =Y/ (@Y (v, =)0, Y1 2.11)

Taking the formal limit y — O (that is, taking the constant term of the series in y) of
both sides of (2.11), we obtain

Y (w, x)v = DY (v, —x)w.
So we conclude that w € Co(V). 0O

One immediate consequence of this result is the following:

Corollary 2.6. Let V be a grading-restricted conformal open-string vertex algebra.
Then the vertex operator algebra {w) is a subalgebra of Co(V).

Recall the following main theorem in [HS]:
Theorem 2.7. Let V be a vertex operator algebra satisfying the following conditions:

1. Every generalized V -module is a direct sum of irreducible V -modules.

2. There are only finitely many inequivalent irreducible V -modules and these irreducible
V-modules are all R-graded.

3. Every irreducible V -module satisfies the C1-cofiniteness condition.

Then the direct sum of all (inequivalent) irreducible V -modules has a natural structure
of an intertwining operator algebra. In particular, the following associativity for inter-
twining operators holds: For any V -modules Wy, Wi, Wa, W3 and Wy, any intertwining

operators Y| and ), of types (W‘;Vé)w) and (WZVCV3)’ respectively,

(wgy, V1(way, 2D V2 (we2), 22)w)) (2.12)
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is absolutely convergent when |z1| > |z2| > 0 for wéo) € W(’), way € Wi, we) € Wr
and wzy € W3, and there exist the V -module Ws and intertwining operators Y3 and Y
of types (W‘?/‘i,z) and (W‘;V‘?Vz), respectively, such that

(wigy> Ya(V3(wy, 21 — 22)w(2), 22) W)

is absolutely convergent when |z3| > |z1—z2| > Ofor wéo) € Wy, way € Wi, we) € W2
and wgy € W3 and is equal to (2.12) when |z1| > |z2] > |z1 — 22| > 0.

Theorems 2.3 and 2.7 suggest a method to construct a conformal open-string vertex

algebra: We start with a vertex operator algebra (V, Y, 1, w) satisfying the conditions in

Theorem 2.7 and look for a module W, an intertwining operator Y/ of type (WWW) and
elements 1y and ww such that if we define

YOr(W@W) xRy - W
(w1 ® wy, 1) > YO (wy, ryws

by
YO (wi, rywa = Y/ (wy, r)wa (2.13)

for r € Ry, then (W, Y 0. 1w, ww) is a conformal open-string vertex algebra. When
the vertex operator algebra (V, Y, 1, w) is simple, W must contain V.

We give more details here. Let (V, Y, 1, w) be a vertex operator algebra satisfying the
conditions in Theorem 2.7. For simplicity, we assume that V is simple. Let .4 be the set
of equivalence classes of irreducible V-modules and, for a € A, let W¢ be a represen-
tative in a. Then by Theorem 2.7, ]_[ ach W has a natural structure of an intertwining
operator algebra. Let W =[], 4 E4 ® W, where E for a € A are vector spaces to
be determined. We give W the obvious V = C ® V-module structure. We also let

Y/ € Hom(W @ W, W{x})
= ]_[ Hom(E" ® E®, E®) @ Hom(W% @ W%, W9{x})
al,az,a3€A

be given by
Natay

V= Y Y cievi

ay,az,a3eA i=l1

where foraj, az, a3 € A, Ny, is the fusion rule of type (Wyf::,az), Cfffalz € Hom(EY ®
E® ES)fori =1,..., Najy, are to be determined, and ygﬁa; fori =1,...,Ng, is
a basis of the space V3, of intertwining operators of type (W,Y‘I/ l;:,az).

Let e be the equivalence class of irreducible V-modules containing V. Note that N'¢,
for a € A are always one-dimensional. We choose the basis y;l;l for a € A to be the
vertex operator for the V-module W¢. In particular, yg‘;l 1, x)w* = w® fora € A and

w® € W, We also choose the basis yg;l for a € A to be the ones given by

Vil w?, xu = eV YE 4, —x)w
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foru € V and w® € W@, Thus we have lim,_o V%! (w9, x)1 = w® fora € A and
w® e We. ;

We would like to choose E¢ for a € A and Cgp, for aj,az,a3 € Aandi =
1,..., Ni, such that the map Y © given by (2.13) in terms of }/ satisfies the associa-
tivity

YO (wi, r)Y @ (wa, w3 = YO (YO (i, r1 — r)wa, ra)ws (2.14)
for r1, rp € Ry satisfyingry > rp > ri —rp > 0and wy € Wi, wyr € Wo, w3z € Wa.

Note that both sides of (2.14) are well-defined since | | W is an intertwining operator
algebra. The left-hand side of (2.14) gives

Z (C4i! o (idpa ® Cazay)) ® Vbil (wi, 1) Vigas (W2, r2)w3

acA

ap,az,as
as, a;i, j
_ Ca4;i d Ca;j
- ( aya O(l E“% ® a2a3))
ap,az,as
ag, ai, j
ijikl . i ik
® Z Faras (@1, a2, a33 a1) Voli, Vara, (W1, 11 — r)wa, r))ws,
as;k,l
. . . . ij;kl
where for any a € A, idg« is the identity on E and .7-';’,615 (a1, a2, az; aq), fora, ay, . ..,
ase€ Ai=1,... Najo,j=1... N&ok=1,... Nitsyand I = 1,..., Nodus.

are the matrix elements of the corresponding fusing isomorphisms. (In the formulas
above and below, for simplicity, we omit the ranges over which the sums are taken, since
these are clear and some of them have been given above.) The right-hand side of (2.14)
gives

il ok : N ok
Z (Cadiy © (€2l ®idEa3)) @ Vylin Vara, (W1, 71 — r2) W2, r2)w3.
ar,az, a3
a4, as; k, 1
It is clear that in this case y;’;‘ag (y§f§2(~, ri —r)-, r) - foray, as, a3, as, as € A are
linearly independent. Thus (2.14) gives

ijikl 0 g 3 ; ; :
Y Flii(ar, ax, a3; aa) (Cot o (idpa ® Cazdy)) = Ctil o (CLt @idpa)  (2.15)
a;i,j
foray,az,as,as,as € Ak =1,... , N5, andl = 1,..., Ngts.
We need a vacuum for W. Let 1° € E°. If we want the vacuum to be of the form
1y = 1° ® 1, then we must have the following identity property and creation property:

Yoy, e @w') = a® @ w, (2.16)
m% Y@ @ wh), Nly = o @ w* (2.17)
r—

fora € A, «% € E* and w* € W?. Equations (2.16) and (2.17) together with the
properties of intertwining operators for V gives

CEN(1° @ a?) = af, (2.18)
Ch:l " ®1°) = a* (2.19)

fora € Aand a? € E°.
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Letly = 1° ® 1 and oy = 1° ® w. Then we have just proved the following:

Proposition 2.8. Let V be a simple vertex operator algebra satisfying the conditions in
Theorem 2.7 and let A, e and W* for a € A be as above. If we choose the vector spaces
E® fora € A, Cg?alz € Hom(E“ ® E®, E) foray, az,a3 € A, i = 1,..., Ny, and
1¢ € E° such that (2.15), (2.18) and (2.19) hold, then the quadruple (W, Y, 1y, wow)
is a grading-restricted conformal open-string vertex algebra.

3. Examples

In this section, we give some examples of open-string vertex algebras. Examples can
also be constructed using the main results in Sects. 4 and 5.
First of all, we have the following examples for which the axioms are trivial to verify:

. Associative algebras.

. Vertex (super)algebras.

3. Tensor products of algebras above, for example, A ® V, where A is an associative
algebra and V a vertex (super)algebra.

N =

The examples above are trivial to construct because they satisfy some much stronger
axioms than those in the definition of open-string vertex algebra. Nontrivial examples of
open-string vertex algebras can be constructed from the direct sum of a vertex algebra
and an R-graded module for the vertex algebra in the same ways as in the construction of
the example of vertex operator algebras in Example 3.4 in [H3] and as in the conceptual
construction of the vertex operator algebra structure on the moonshine module in [H5],
except that here the module does not have to be Z-graded. Note that in the construction
of the vertex operator algebra structure on the moonshine module in [H5], the hard part
is to prove the duality properties, which follow from the duality properties of a larger
intertwining operator algebra. If we start with a vertex operator algebra satisfying the
conditions in Theorem 2.7, then the construction becomes very easy because the duality
properties have been established by Theorem 2.7.

We now give an example constructed using a different method. It is an example
constructed from modules for the minimal Virasoro vertex operator algebra of central
charge ¢ = % This example is nontrivial because it is not an associative algebra, a
vertex (super)algebra or a tensor product of these algebras. Here we describe the data.
For the details, we refer the reader to the second author’s thesis [K]. For the minimal
Virasoro vertex operator algebras, their representations, intertwining operators and chiral
correlation functions, see, for example, [DF, BPZ, W, H4, FRW and DMS].

Let L(%, 0) be the minimal Virasoro vertex operator algebra of central charge % It

has three inequivalent irreducible modules Wy = L(%, 0), W = L(%, %) and W, =
L(%, %). It is well known that the fusion rules ./\/;]; = N&Z"Wj fori, j,k =0,1,2 are
equal to 1 for

@i, j, k) =1(0,0,0),(0,1,1),(1,0,1), (1, 1,0), (0, 2, 2),
2,0,2),(2,2,0),(1,2,2),(2,1,2), (2,2, 1)

and are equal to 0 otherwise. It was proved in [H4] that the direct sum of Wy, W and
W, has a structure of an intertwining operator algebra. When /\/l’; = 1, we choose a

basis yikj of Vlkj Given i, j, k,l € {0,1,2}, m € {0, 1,2} is said to be coupled with
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n € {0, 1,2} through (i, j, k; 1) if Vllm, ;’}(, VZ and Vlk are all nonzero. We use the

notation m Ml jento denote the fact that m is coupled with n through (i, j, k; [).
Fori, j, k, l € {0, 1, 2}, the matrix elements F,., (i, j, k; I) form,n =0, 1, 2 of the
fusing isomorphisms

2 2
Fl.jki: [ [V, oVi—]]V:eVi

m=0

are determined by the following associativity relations (see [H7]):

(Wi, Vi, (wi, 2DV (wj, 22)wi)

= > Funlis ok Dwp, Vo F (wi, 21 — 22)w;, 22)wi)

[
mX; Bk

fori, j,m = 0,1,2, z1,z20 € R satisfying z; > 220 > z1 — 22 > Oandw, e W;,
wj € Wi, w € Wk,wherethe sumisoverall k,/,n = 0, 1, 2 such that m N kM For

simplicity, we use F @, j,k; D) fori, j, k,1 =0,]1,2 to denote matrices whose entries
fmn @i, j, k;I) form,n = 0, 1, 2 are the symbol DC (meaning decoupled) if m is not
coupled with n through (i, j, k; I) and is F,,.,, (i, j, k; I) if m is coupled with n through
(i, j, k; 1). We call these matrices the fusing-coupling matrlces Form,n = O 1,2, we
use £ E,,, to denote the 3 x 3 matrices with the entry in the m" " row and the n" column
being £1 and the other entries being DC.

Proposition 3.1. For i, j, k = 0, 1, 2 such that J\/'/; = 1, there exists a basis yl.kj of Vl.kj
such that

F(0,0,0,0) = F(1,1,1,1) = Eg,
F(1,1,0,0) = F(0,0,1,1) = Eo1,
F(1,0,0,1) = F(0,1,1,0) = E,
F(1,0,1,0) = F(0,1,0,1) = Eyy,
F(2,2,0,0) = F(0,0,2,2) = F(1,1,2,2) = F(2,2, 1, 1) = Eg,
F(0,2,2,0) = F(2,0,0,2) = F(1,2,2,1) = F(2,1,1,2) = E,
F(0,1,2,2) = F(1,0,2,2) = F(2,2,0,1) = F(2,2,1,0) = E2,
F(0,2,2,1) = F(1,2,2,0) = F(2,0,1,2) = F(2,1,0,2) = Ea,
F(1,2,1,2) = F(2,1,2,1) = —En,
F(0,2,0,2) = F(2,0,2,0) = F(0,2,1,2) = F(1,2,0,2)
=F2,0,2,1)=F(2,1,2,0) = E,

1 1
_ n n Pe
f(2127232)= \/Li _\/LE DC ’
DC DC DC

all other fusing-coupling matrices have entries which are either 0 or DC.
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The proposition above gives the ComFlete information about the fusing isomorphisms
for the minimal model of central charge 5. Now consider the irreducible modules W; @ W;

for i = 0, 1, 2 for the tensor product vertex operator algebra L(%, 0)® L(%, 0). Let
W = ]_[1-2:0 W; ® W; and let

Vo wew) > Wix)

be given by

2
=3 Vel
i,j.k=0

where we have taken y{; = 0fori, j, k € {0, 1, 2} such that Vl.k/. = 0 and where y,.’; ®J7,~kj
fori, j,k € {0, 1,2} acton W ® W in the obvious way. Let '

YO (WeW) xRy - W

(w1 ® wa, r) > YO (wy, ryws
be given by
YO (wi, rywa = Y/ (wy, r)wa

for r € Ry and wy, wy € W. Let 1 and w be the vacuum and conformal element of
1 .
L(5,0). Then we have:

Proposition 3.2. The quadruple (W,Y°, 191, w @ 1+ 1 Q® w) is a grading-restricted
conformal open-string vertex algebra with Co(W) = Wy @ Wy.

The proof is a straightforward verification. See [K] for details.

Remark 3.3. In the construction above, )/ and Y © involve fractional powers. So W is
not a vertex operator algebra.

4. Braided Tensor Categories and Open-String Vertex Algebras

In this section, we show that an associative algebra in the braided tensor category of
modules for a suitable vertex operator algebra V is equivalent to an open-string vertex
algebra with V in its meromorphic center. The main result of this section (Theorem
4.3) is a straightforward generalization of the main result in [HKL]. In this section, we
assume that the reader is familiar with the tensor product theory developed by Lepowsky
and the first author. See [HL3, HL4, HL5, HL6 and H3] for details.

First of all, we have the following result established in [H9]:

Theorem 4.1. Let V be a vertex operator algebra satisfying the conditions in Theorem
2.7. Then the category of V-modules has a natural structure of vertex tensor category
with V as its unit object. In particular, this category has a natural structure of braided
tensor category.

Given a braided tensor category C, we use 1¢ to denote its unit object. We need the
following concept:
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Definition 4.2. Let C be a braided tensor category. An associative algebra in C (or
associative C-algebra) is an object A € C along with a morphismpu : AQ A — A and
an injective morphism 14 : 1c — A such that the following conditions hold:

1. Associativity: 1 o (u ® idg) = wo (idga ® ) o A, where A is the associativity
isomorphism from A @ (A ® A) to (A R A) ® A.

2. Unitjr)roperties:/JLo(LA(X)idA)ol;1 = MO(LA®idA)OrX1 =idy, wherely : 10 QA —
Aandry : A® lg — A are the left and right unit isomorphism, respectively.
We say that the unit of an associative algebra A in C is unique if

dim Hom¢g(1¢, A) = 1.

We use (A, [, L) or simply A to denote the associative algebra in C just defined.
An associative algebra whose unit is unique was called a haploid algebra by Fuchs,
Runkel and Schweigert ( see [FRS1 and FRS2]).

Let V be a vertex operator algebra satisfying the conditions in Theorem 2.7. Then
we know that the direct sum of all irreducible V-modules is an intertwining operator
algebra. We say that this intertwining operator algebra satisfies the positive weight con-
dition if for any irreducible V-module W, the weights of nonzero elements of W are
nonnegative, W) # 0 if and only if W is isomorphic to V, and V(o) = C1. We say that
an open-string vertex algebra V satisfies the positive weight condition if the weights of
elements of V' are nonnegative and V) = C1.

Theorem 4.3. Let (V, Y, 1, w) be a vertex operator algebra satisfying the conditions in
Theorem 2.7 and let C be the braided tensor category of V -modules. Then the categories
of the following objects are isomorphic:

1. A grading-restricted conformal open-string vertex algebra V, and an injective homo-
morphism of vertex operator algebras from V to the meromorphic center Cy(V,) of
Ve.

2. An associative algebra V, in C.

If the intertwining operator algebra on the direct sum of all irreducible V -modules
satisfies the positive weight condition, then an algebra V, in Category I above satisfies
the positive weight condition if and only if the unit of the corresponding associative
algebra V, in C is unique.

Proof. Let V, be a grading-restricted conformal open-string vertex algebra, 1, the vac-
uum of V, and ty, an injective homomorphism of vertex operator algebras from V to
Co(Ve). Then we have 1y, (1) = 1,. Then by Theorem 2.3, V, is an ty, (V)-module and
thus a V-module. So V, is an object in C. Since V, is an open-string vertex algebra, we
have a vertex operator map YO for V,. By Theorem 2.3 again, the corresponding formal

vertex operator map yc is in fact an intertwining operator for V of type (V V) Let

w: Ve XV, — V, be the module map corresponding to the intertwining operator ye .
We claim that (V,, u, ty,) is an associative algebra in C. The proof is similar to the proof
of the result in [HKL] that suitable commutative associative algebras in C are equivalent
to vertex operator algebras extending V. For the reader’s convenience, we give a proof
here.

For r € R4, let u, be the morphism from V, Mp() V, to V, corresponding to the

intertwining operator Yef and let i, : V. Mp) Ve — V., be the natural extension of
wp(ry- Then by definition, i = w1 and

T, Mpy v) = Vi w,ryw = Y2, r)v
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for u,v € V,. For simplicity, we shall use id to denote idy, in this proof. Thus for
u,v,we V,and ry, rp € Ry satisfyingry > rp >ry —rp > 0,

(e 0 Gd Wp gy pr,) @ Rpy (v Bpry) w))

=Y2u, Yl @, rnw, 4.1)
(Mry © (Mrj—ry Wp(ry) 1d)) (U K pr—ry) V) Kp(ry) w)
=Y2Y2 (u,r1 — r)v, m)w, (4.2)

where (and below) we use the notation that a linear map preserving gradings with a
horizontal line over it always mean the natural extension of the map to a map between
the algebraic completions of the original graded spaces. The associativity for YEO gives

YO u, r)Y2 (v, rp)w = Y2 (Y2 (u, ri — ra)v, r)w. (4.3)
The associativity isomorphism
Aﬁﬁ:i;?ﬁ;g‘”) Ve ®py (Ve ®piny) Ve) = (Ve Wp—ry) Vo) Wp(ry) Ve

is characterized by

—P(ri—r2),P(r2)
Api.piryy BP0 Bpey w) = @ Bpey—r ) Bpey w  (44)

—P(r1—r2),P(r2) . . .
for u, v, w € V,, where APE::),?()Q)(&) is the natural extension of Aggi) ;2();2[;02)
Combining (4.1)—(4.4), we obtain

p . P(ri—r2),P
(ttry © (G Bpiry) fry)) = (thry © (-, Bp(ry) id)) 0 ARU1REECD 0 (4.5)

From (4.5), we obtain

(g © ([ Bpry) pry)) o (ildBpry) Tpy) 0 Ty,

= (ry © (Hrj—ry Bp(ry) id)) 0 AﬁES:;?S;S(’” o (idMp(r) Tp,) 0 Ty, (4.6)
where rq, ro are real numbers satisfying ry > rp > r; —r2 > 0, y| and y, are paths
in Ry from 1 to ry and ry, respectively, and 7, and 7,, the parallel transport isomor-
phisms associated to y; and y», respectively. (For the reader’s convenience, we recall
the definition of parallel transport isomorphism here. Let y be a path from z; € C* to
zo € C*. The parallel isomorphism 7, : W1 Xp ;) Wo — WX p(,,) W, is given as fol-
lows: Let Y be the intertwining operator corresponding to the intertwining map Xp,,)
and /(z1) the value of the logarithm of z; determined uniquely by log z, (satisfying
0 < J(logzz) < 2m) and the path y. Then 7, is characterized by

Ty (w1 Mpy wr) = Y(wi, x)ws
x=e"@) | neC
for w; € W and wy € W,, where ?y is the natural extension of 7, to the algebraic

completion Wy Mp(;,y W2 of Wi Mp(;,) Wa. The parallel isomorphism depends only on
the homotopy class of y).
By definition, we have

(1ry 0 ([ Bp(ryy ) © (dBpr) T 0Ty = o (AR p).  (47)
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Similarly, we have

(iry © (thry—ry Bp(ry) id)) 0 (Tyy 0 (T Wp(ry) id)) ™' = (0 ( Kid)), (4.8)

where y3 and y4 are paths in Ry from rp and | — 2 to 1, respectively, and 7,,; and 7,,
the parallel transport isomorphisms associated to y3 and y4, respectively. Combining
(4.6)—(4.8) with the definition

A=Ty 0 (T Bpey id) 0 ApE 20 0 (A Wpeey) T) 0 Ty (49)

of the associativity isomorphism for the tensor product structure, we obtain the associa-
tivity
o (idX u) = (o (uXid)) o A.

For the unit property, we note that the inverse /, 1.V, > VRV, of the left unit
isomorphism is defined by l;el (u) =1Xu for u € V, and thus

(mo(ry, Midy,) o 1‘761)(14) = p((y, Widy,)(A X u))
= pn(le Ku)
=Y.(1., Du
= idve (u)
for u € V,. The other unit property is proved similarly.
Conversely, let (V,, u, ty,) be an associative C-algebra. In particular, V, is a V-mod-

ule. The module map p : V, X V, — V, corresponds to an intertwining operator yJ of
type (Vﬁ/e) such that

R v) = V! @, (4.10)
foru,v e Ve. Let1, = ty,(1) and w, = vy, (w). We define

Y2 (V.®V,) xRy — V,

u@uv,r)— Yeo(u, r)v
by
Y2 (u, ryv = Y/ (u, ryv

forr € Ry, u,v € V,. Then we claim that (V,, YeO, 1., w,) is an grading-restricted
conformal open-string vertex algebra satisfying the positive weight condition above and
with V in its meromorphic center. Again, the proof is similar to the proof of the result
in [HKL] mentioned above. For the reader’s convenience, we give a proof here.

The identity property for the vacuum follows immediately from the left unit property
o (ty, Kidy,) ol ‘751 = idy,. The creation property follows from the right unit property
no (ty, ®idy,) o ry, I = idy,. The Virasoro relations and the L(0)-grading property
follows from the fact that V, is a V-module. The L(—1)-derivative property and the
commutator formula for the Virasoro operators and yef follow from the fact that yef is
an intertwining operator.



456 Y.-Z. Huang, L. Kong

We now prove associativity. As above, for any r € R, let
wr: Velpiy Ve > Ve

be the module map corresponding to the intertwining operator yef . By definition, we
have

o Bpey v) = YL @, r)v = (1o T)(u Bp) v) @.11)

foru,v € V, and r € R4, where y is a path from r to 1 in R;. By definition, for
ri, r2 € Ry satisfying ry > rp > r; — rp > 0, paths y; and y, in Ry from 1 to ry, 2,
respectively, and paths y3 and y4 in R from r, and r; — > to 1, respectively, (4.7)—(4.8)
hold.

Compose both sides of the associativity

po(idM¥u) = (o (uiid)oA
for the C-algebra V, with
((id®py) Tp) 0 T) ™

where r1, rp € Ry satisfying ry > rp > r; —ro > 0 and y; and y», as above, are paths
From 1 to 1 and ry, respectively, in R . Then we obtain

o (idR p) o ((idRpgy) Ty,) 0 Ty) ™!
= (no(uiid) o Ao ((idRpgy Typn) 0 T,) "L 4.12)

Using (4.7)—(4.9) and (4.12), we obtain

Mry o (A pyy pry)
= o (dRp) o ((id®pe) Tpy) 0 Tyy) ™!
= (no (uRid) o Ao (([dRp() Tp) 0 Tpy) !
= (try © (lr—r, Wp () id)) © (Tys © (Tyy Kp(ry) id) ™!
oA o ((id®pgy) Ty) 0 Tp) ™
= (ttry © (iry —ry Bp(ry id)) 0 A1 720 102 (4.13)

For the next step, we use the convergence of products and iterates of intertwining
operators for V. Because of the convergence, id X p(,) 1t, is well defined and it is clear

that ;o (id Mp() Tr,) is equal to w,, o (id Mp(r) wr,). Similarly, 1= Mp(,) id
is well-defined and 1z, o (it —, Xp(,) id) is equal to gy, o (br;—r, Mp(r,) id). Taking
the natural completions of both sides of (4.13), we obtain

. S - . —P(ri—r2),P(r2)
1y 0 (id R pry) Tiry) = Thry © (Try—ry Mp(ry) id) 0 Ap iy pry - (4.14)

Applying both sides of (4.14) tou X p ) (WX p(,) w) foru, v, w € Ve, pairing the result
with v' € V, and using (4.11) and

—Pr1=12),P(r2)
Apiry pory @ Bpy) 0 Bp(ry) w)) = @ Bpy -1y v) Koy w,
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we obtain the associativity
W, Y )Y o rw) = (0, Y (V2 u,ry = r)v, r)w)

foru,v,w € V,,v' € V] and ri, rp € Ry satisfying ry > rp > r;y —rp > 0.

We now prove that ¢y, (V) is in the meromorphic center of V,. Clearly ¢y, (V) is a
vertex operator algebra isomorphic to V, ty, is an isomorphism of vertex operator alge-
bras from V to ty, (V) and thus V, is an ty,(V)-module. We know that the restriction

yef | Ve®iy, (V) of ygf to V. ® ty, (V) is in fact the intertwining operator of type (Ve[“//e(v))
for the vertex operator algebra ty, (V') corresponding to the module map p| VE&V:(V) :
Ve®uty, (V) — V, which s the restriction of u to V, Ky, (V). By the creation property
for YO, we have

tim Y/ (u, )1, = lim Y2 (u, )1, = u
r—0 r—0

for u € V,. Since the space of intertwining operators of type (V L“//E(V)) is isomorphic
etVe

Ve
ty, (V) Ve
the space of module maps from V, to itself, any intertwining operator ) of this type
satisfying the creation property

to the space of intertwining operators of type ( ), which in turn is isomorphic to

Iim Y(u,r)l, = u
r—0

must be equal to v/ |V, @1y, (v)- In fact, the intertwining operator ) of such type defined
by

V(u, x)v = eXL(fl)YVe(v, —X)u

foru € Ve, v € 1y, (V), where Yy, is the vertex operator map for the ty, (V)-module V.,
is such an intertwining operator. Thus we have

VL ey, o) . )0 = eV Yy (0, —x)u (4.15)

foru € V,,v € 1y, (V). But both Yy, and V! iy, (V)®V, are intertwining operators of
type (W (‘(‘/?)V) satisfying the identity property and the space of intertwining operators
of such type, as we mentioned above, is isomorphic to the space of module maps from

Ve to itself. So Yy, and yghvg(v)@\/e must be equal. Thus (4.15) says that ¢y, (V) is
in the meromorphic center of V,. So ty, is an injective homomorphism from V to the
meromorphic center of V.

The constructions above give two functors and it is easy to see that they are inverse
to each other. Thus the two categories are isomorphic.

Finally we prove the last statement. We assume that the intertwining operator algebra
on the direct sum of all irreducible V-modules satisfies the positive weight condition.
In particular, as an open-string vertex algebra, V itself satisfies the positive weight con-
dition. Let V, be a grading-restricted conformal open-string vertex algebra and ty, an
injective homomorphism of vertex operator algebras from V to Co(V,). Since the weights
of the nonzero elements of all the irreducible V-modules are nonnegative, the weights of
the nonzero elements of the V-module V, are also nonnegative. Assume that V, satisfies
the positive weight condition. Let f € Hom¢(V, V,). Since f preserves the grading and
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since V and V, both satisfy the positive weight condition, it is clear that f maps 1 to a
scalar multiple of 1. Since V as a module is generated by 1, f is determined completely
by the scalar above. On the other hand, given any scalar, we can also construct an element
of Hom¢ (V, V,) such that it maps 1 to the scalar times 1.. Thus dim Hom¢(V, V,) = 1.
Conversely, assume that dim Hom¢g(V, V,) = 1. We already know that the weights of
nonzero elements of the V-module V, are also nonnegative. Assume that there is an
element of (V,) ) which is not proportional to 1.. Then this element generates a V -sub-
module of the V-module V,. Since all V-modules are completely reducible, we can find
an irreducible V-submodule of this V-submodule such that it is generated by an element
of (V,)) which is not proportional to 1.. Since any irreducible V-module having a
nonzero element of weight 0 must be isomorphic to V, this V-submodule is isomorphic
to V. But this V-submodule is not equal to ¢, (V) C Co(V,) since its generator of weight
0 is not proportional to 1,. Thus we see that dim Hom¢(V, V,) > 1. Contradiction. So
V. satisfies the positive weight condition. 0O

Remark 4.4. Recall that a commutative associative algebra in a braided tensor cate-
gory C or a commutative associative C-algebra is an associative C-algebra satisfying
o R = u (commutativity), where R is the commutativity isomorphism from A ® A
to itself. Let V be a vertex operator algebra as in Theorem 4.3 and C the category of
V-modules. Then an associative C-algebra V, is in general not commutative In fact, for
the category C of modules for V, the commutativity isomorphism R is characterized by

RuXv) =e"CVT, (v Rpyyu), (4.16)

where u,v € V,, y4 is a path from —1 to 1 in the closed upper half plane without
passing through 0, 7, is the corresponding parallel transport isomorphism and 7_'), "
is the natural extension of 7,, to the algebraic completion V, XV, of V, X V,. The
natural extensions of the left- and right-hand sides of commutativity applied to u X v for
u,v €V, gives ﬁ(ﬁ(u X v)) and w(u X v), respectively. By the characterization (4.16)
of R and the relation between p and yef , the left- and right-hand sides of commutativity
are further equal to eL(_l)yef (v, —=1)u and Yef (u, 1)v, respectively. Note that in gen-
eral yef(v, —Du # Yeo (v, —=1u. So eL(_l)yef(v, —1)u and Yef(u, 1)v are not equal in
general. Thus commutativity is not true in general.

Remark 4.5. In [O], Ostrik introduced the notions of left center and right center of an
associative algebra in a braided tensor category. In the case that the braided tensor cate-
gory is the category of V-modules for a vertex operator algebra as in the theorem above,
both left and right centers of an associative algebra are V-modules and thus are graded.
The meromorphic center of the grading-restricted conformal open-string vertex algebra
corresponding to the associative algebra is actually the maximal Z-graded V-module
contained in the intersection of the left and right centers.

5. A Geometric and Operadic Formulation

In this section, we give a geometric and operadic formulation of the notion of a grad-
ing-restricted conformal open-string vertex algebra. For the notion of open-string vertex
algebra and other variations, we have similar geometric and operadic formulations. In the
present section, we discuss only grading-restricted conformal open-string vertex alge-
bras. We assume that the reader is familiar with the geometric and operadic formulation
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of the notion of vertex operator algebra given by the first author. See [H1, H2, H6, HL.1
and HL2]. for details.

We first introduce a geometric partial operad. Note that H is analytically diffeomor-
phic to the closed unit disk. We use A7 and A’ to denote the relatively open upper-half
disk in H and the closed upper-half disk in H, respectively, centered ata € R with radius
r € Ry, thatis, A) = B} N H and Al = B’ N H, where B! and B’ are the open and
closed disks centered ata € R with radlus reR;.

A disk with strips of type (m, n) (m,n € N) is a disk S (a genus-zero compact con-
nected one-dimensional complex manifold with one connected component of boundary)
with m + n distinct, ordered points py, ..., pm+n (called boundary punctures) on the
boundary of S with py, ..., p, negatively oriented and the other punctures positively
oriented, and with local analytic coordinates

W1, 01, .., Uman, Om+n)

vanishing at the boundary punctures py, ..., pyyn, respectively, where for each i =
1,...,m 4+ n, U; is a local coordinate neighborhood at p; and ¢; : U; — H, mapping
the boundary part of U; analytically to R and satisfying ¢; (p;) = 0, is a local analytic
coordinate map vanishing at p;. In the present paper, we consider only disks with strips
of types (1, n) for n € N. For such a disk with strips, we use the subscript 0 and the
subscripts 1, .. ., n to indicate that the corresponding boundary punctures are negatively
oriented and positively oriented, respectively.

Let S1 and S, be disks with strips of type (1, m) and of type (1, n), respectively. Let
Do, - - ., pm be the boundary punctures of Si, qo, .. ., g» the boundary punctures of S,
(Ui, ;) the local coordinate at p; for some fixed i satisfying 0 < i < m, and (Vy, ¥o)
the local coordinate at gg. Note that in our convention discussed above, pg and g are the
negatively oriented boundary punctures on S; and S5, respectively. Assume that there

exists r € R4 such that ¢; (U;) contains A’ and xlfo(Vo) contains Al/r Assume also

that p; and go are the only boundary punctures in ¢, (A ) and ¥y (AI/ "), respec-

tively. In this case we say that the i™ boundary puncture of the first disk with strips
can be sewn with the 0% boundary puncture of the second disk with strips. From these
two disks with strips we obtain a disk with strips of type (1, m + n — 1) by cutting
[ 1(A{)) and ¥, 1(A(l)/ ") from S; and S5, respectively, and then identifying the new
parts of the boundaries (the parts not on the boundaries of the original surfaces) of the
resulting surfaces using the map (pfl o (—J) o ¥, where J is the map from C* to itself
given by J(w) = 1/w. The boundary punctures (with ordering) of this disk with strips
are po, ..., Pi—1> q1s---»>qn> Pi+1,---> Pm- The local coordinates vanishing at these
punctures are given in the obvious way. This sewing procedure gives a partial operation
which we call the sewing operation. Note that we have to use —J instead of J (as in
[H6]) in the definition of the sewing operation.

We define the notion of conformal equivalence between two disks with strips in the
obvious way. The space of equivalence classes of disks with strips is called the moduli
space of disks with strips. Similar to the moduli spaces of spheres with tubes in [H6],
the moduli space of disks with strips of type (1,n) (n > 1) can be identified with
Y(n) = A" x IT x H’TR# where IT is the set of all sequences A = {A};cz, of real
numbers such that

g d
exp Z ij"'HE X
j>0
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is a convergent power series in some neighborhood of 0, Ig, = R4 x I, and Al
is the set of elements of R”~! with nonzero and distinct components. We think of each
element of Y'(n),n > 1, as the disk T equipped with ordered punctures co, rq, ..., 1,
0, with an element of IT specifying the local coordinate at 0o and with n elements of I,
specifying the local coordinates at the other punctures. Analogously, the moduli space of
disks with strips of type (1, 0) can be identified with Y (0) = {A € IT | A; = 0}. Then
the moduli space of disks with strips can be identified with U,>Y (n). From now on we
will refer to U,,cnY () as the moduli space of disks with strips. The sewing operation
for disks with strips induces a partial operation on U, cnY (). It is still called the sewing
operation.

Let Iy € Y (1) be the equivalence class containing the standard disk H with the
negatively oriented puncture oo, the only positively oriented puncture 0 , and with stan-
dard local coordinates vanishing at oo and 0. Here fora € R C ]I:H, the standard local
coordinate vanishing at a is given by w +— w — a, and for co € H, the standard local
coordinate vanishing at oo is given by w +— —%. Note the minus sign in the definition
of the standard local coordinate at co. For n € N, the symmetric group S, acts on Y (n)
in an obvious way. Then by construction, the following result is clear:

Proposition 5.1. The sequences Y = {Y(n) | n € N} of moduli spaces, together with
the sewing operation, the identity Iy and the actions of the symmetric groups, has a
structure of an associative smooth R -rescalable partial operad.

We shall call the R -rescalable partial operad Y the boundary disk partial operad.
Note that the boundary disk partial operad is very different from the so-called little disk
operad which is constructed using the embeddings of disks in the unit disk. In fact, Y
can be viewed as a partial suboperad of the sphere partial operad K discussed in [H6].
Geometrically, any disk with strips of type (1, n) is conformally equivalent to a disk with
strips of type (1, n) whose underlying disk is H and whose negatively oriented puncture
is co. But any such disk with strips of type (1, n) corresponds to a sphere with tubes
of type (1, n) whose underlying sphere is C, whose punctures are the same as those on
the disk with strips, whose local coordinates vanishing at positively oriented punctures
are the analytic extensions of those on the disk with strips and whose local coordinate
vanishing at the negatively oriented puncture is the analytic extension of the negation of
that on the disk with strips. Thus we obtain a map from Y'(n) to K (n) and this map is
clearly injective. In fact the images of Y (n) in K (n) forn > 2 are

(1o A, (ag?, AD), (@, A™)) € K () |
Fl, ..., -1 € R, a(()l), . a(()") eR,AQ . AM ey
The images of T (0) in K(0) and of Y (1) in K (1) are
{A® e k©0) ] A e, A =0}
and
(AD, @, AD)) € K1) o) e Ry, A®, 4D ¢ 1),

respectively. In addition, by the definitions of the maps from Y (n) to K (n) forn € N
and the sewing operations in Y and K, it is clear that the maps from Y (n) to K (n) for
n € Nrespect the sewing operations, the identities and the actions of S, and thus give an
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injective morphism of partial operads. From now on, we shall identify the partial operad
T with its image in K under this injective morphism.

For any ¢ € C, the restriction of the partial operad K¢ of the 5 ¢th power of the deter-
minant line bundles over K to Y gives a partial suboperad Y€ of K €. This partial operad
is called the C-extension of Y of central charge c.

We now consider certain (pseudo-)algebras over the partial operad Y for ¢ € C. In
the terminology of [HL1, HL2 and H6], we consider Y¢-associative (pseudo-)algebras
satisfying an additional differentiability condition. Since the rescaling group of Y¢is R,
we need to consider modules for R . Since an equivalence class of irreducible modules
for Ry is determined by areal number s such thata € R acts on modules in this class as
the scalar multiplication by a —*, any completely reducible module for R is of the form
V = ]_[seR Vi(s), where V() is the sum of the R -submodules in the class determined

by the real number s. We shall consider only those algebras over T¢ whose underlying
vector space is of the form V = ]_[SGR V(s such that dim V(5) < oo. Recall from [HL1,
HL2 and H6] that given any R -submodule W of V, the endomorphism partial pseudo-

operad associated to the pair (V, W) is the sequence Hv w = {HV+W(n)}nEN, where
V’W(n) is the set of all multilinear maps from V®" to V such that W®" is mapped to
W, equipped with natural operadic structures.

Definition 5.2. A differentiable (or C') Y*-associative pseudo-algebra is a com-
pletely reducible R -module V = |[ .p V(s satisfying the condition dim V) < oo
for s € R equipped with an R -submodule W and a morphism ® of an R -rescalable

pseudo-partial operad from Y€ to the endomorphism partial pseudo-operad Hy Ry w (that

is, an Y°-associative pseudo-algebra) satisfying the following conditions:

1. For s sufficiently negative, V(s = 0

2. Foranyn € N, &, : Y¢(n) — H W(n) is linear on the fibers of Y¢(n).
3. Forany s1, ...,s; € R, there exlsts a finite subset R(s1, ..., s,) C R such that the

image Of]—[SeS1+Z Vo ®---® ]_[ses,,+Z Vis) under ch(Wn(Q))for any Q € Y¢(n)
is in ]_[seR(sl,_..,sn)JFZ V(s)~
4. Foranyv' e V,vy,...,v, € V, (v, ®,(¥,(0)(v1 ® - -- @ v,,)) as a function of
Q=11 AQ, (ag”, AD), - (g, A™)) € T(m)

is of the form

m
1
Z ﬁ(rl’ R rn—l)gl(A(0)1 (a(() )1 A(l))1 Tt (a(()n)v A(”)))’

where fi(r1,...,rya—1) fori = 1,...,m are continuous differentiable functions of
Fly...,tp—1 and gi(A(O), (a(()l), Ay (a(()”), AMY) fori =1,...,m are poly-
nomials in A, (a(()l))il, AL (a(()"))il, AM,

Morphisms (respectively, isomorphisms) of differentiable T¢-associative pseudo-
algebras are morphisms (respectively, isomorphisms) of the underlying Y ¢-associative
pseudo-algebras.
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We denote the differentiable T ¢-associative pseudo-algebra just defined by (V, W, @)
or simply V. It is easy to see that a differentiable Y-associative pseudo-algebra is actu-
ally analytic in the sense that forany v’ € V', vy, ..., v, € V, (v, v(Q)(v1, ..., vp)) is
analytic in Q because of the sewing axiom (that is, the sewing operation in Y" corresponds
to the contraction in H RJ{)V under ®). Using this fact and the fact that the expansion of
analytic functions are always absolutely convergent in the domain of convergence, it is
easy to obtain:

Proposition 5.3. Any differentiable Y ¢-associative pseudo-algebra (V, W, ®) isan T¢-
associative algebra, that is, the image of Y€ under ® is a partial operad (the image of
Y€ under ® satisfies the composition-associativity).

We omit the proof of this result since it is the same as the proof of the correspond-
ing result in [H6]. Because of this result, we shall call a differentiable Y¢-associative
pseudo-algebra simply a differentiable Y¢-associative algebra.

Now we have the following main theorem which gives a geometric and operadic
formulation of the notion of grading-restricted conformal open-string vertex algebras:

Theorem 5.4. The category of grading-restricted conformal open-string vertex alge-
bras of central charge c is isomorphic to the category of differentiable Y ¢-associative
algebras.

Proof. The proof of this theorem is basically the same as that of the isomorphism
theorem for the geometric and operadic formulation of vertex operator algebras in [H6].
Here we give a sketch. Some more details will be given in [K].

Let (V, Y9, 1, w) be a grading-restricted conformal open-string vertex algebra of
central charge c. We construct a differentiable Y ¢-associative algebra of central charge
¢ as follows: The R-graded vector space V is naturally a completely reducible R -mod-
ule. The module W for the Virasoro algebra generated by 1 is an R-graded subspace
of V and therefore is an R -submodule of V. In [H2 and H6], a section ¥ of the line
bundle K€ over K is chosen. The restriction of this section to Y is a section of T and,
for simplicity, we still denote it by . For an element

Q=1 rae1: AQ @, AD), L @), A™)Y) (5.1)

of Y'(n), any element of the fiber of Y¢ over Q is of the form AU, (Q), where A € C.
Whenry > -+ > r,—1 > 0, we define ®,,(Ay,,(Q)) by

(Pn (AP ()1 @ -+ - ® vy)
— e Lijezt A_(/O)L(*j)yo(e* jezy A , L(J)(a(l)) LOy,, F) e

¥ (e R ATTED () O,y

e Ljery Aj L(J)(aé"))—L(O)vn
for vy, ..., v, € V. In general, for any Q € Y (n), we can always find op € S, such

that oo (Q) is of the form of the right-hand side of (5.1) such thatr; > --- > r,_1 > 0.
We define @, (A, (Q)) by

(@1 (Y (@)W1 ® -+ @ va) = Py (00D (V1) @ -+ B Uy 1)
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forvy, ..., v, € V.Itcanbe verified in the same way as in [H6] that the triple (V, W, v)
is a differentiable Y-associative algebra of central charge ¢. This construction gives a
functor from the category of grading-restricted conformal open-string vertex algebras
of central charge c to the category of differentiable Y-associative algebras.

Conversely, given a differentiable Y¢-associative algebra (V, W, @), we construct
a grading-restricted conformal open-string vertex algebra as follows: As in [H6], for
e eRandi € Z4, let A(e; i) be the element of IT whose i th component is equal to ¢
and all other components are 0 and 0 the element of IT whose components are all 0, and
forr e Ry, let

P(r)=(r;0,(1,0),(1,0)) € T(2) C K(2).
We define the vertex operator map

YO:(V®V)><]R+—>V,
W1 ®v2, 1) > YO (v1, 1)y

by

YO i, vy = (@22 (P(r))) (01 ® v2)

for vy, v2 € V andr € Ry. The vacuum 1 € V is given by

1 = ®p(¥p(0)).

The conformal element w, is given by

d
w= _d_(DO(%((A(S; 2)))
& e=0

It can be proved in the same way as in [H6] that (V, Y9, 1, w) is a grading-restricted
conformal open-string vertex algebra. This construction gives a functor from the cat-
egory of differentiable Y¢-associative (pseudo-)algebras to the category of conformal
open-string vertex algebras of central charge c.

It can be shown in the same way as in [H6] that these two functors constructed above
are inverse to each other. Thus the conclusion of the theorem is true. O

The result above can actually be generalized to show that a grading-restricted confor-
mal open-string vertex algebra of central charge ¢ gives an algebra over a partial operad
extending the operad of the ¢ power of the determinant line bundles over the so-called
“Swiss-cheese” operad (see [V]). We actually have a stronger isomorphism theorem
than Theorem 5.4 involving meromorphic centers of grading-restricted conformal open-
string vertex algebras. To formulate this result, we first introduce the underlying partial
operads.

A disk with strips and tubes of type (m, n; k, 1) (m,n, k,l € N)isadisk S withm +n
distinct, ordered points pf? ey p,ﬁ 1, (called boundary punctures) on the boundary of S
and k + [ distinct, ordered points p{ e p,{ 4 (called interior punctures) in the interior

of S with pB, ..., pBand p!,..., p! negatively oriented and the other (boundary or
interior) punctures positively oriented, and with local analytic coordinates

WE o), ..., UL, o8, ). WUl o)), ..., UL, ¢0pi)
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vanishing at the (boundary or interior) punctures pfg e, pﬁ Tne p{ e, p,{ 4> Tespec-
tively, where foreachi = 1,...,m+n(orj =1,...,k+1), UI.B (or U/!) is a local
coordinate neighborhood at piB (or p]’. ) and gol.B U l.B — H (or (p]l. U J’ — C), map-
ping the boundary part of UiB (or mapping U JI ) analytically to R (or C) and satisfying
@P (pP) = 0 (or ¢! (p!) = 0), is a local analytic coordinate map vanishing at p? (or
piI ). Note that when k = [ = 0, we have a disk with strips of type (m, n). In the present
paper, we consider only disks with strips and tubes of types (1, n; 0, /) for n, € N. For
such a disk with strips, we use the subscript 0 and the subscripts 1, . . ., n to indicate that
the corresponding boundary punctures are negatively oriented and positively oriented,
respectively.

Similar to disks with strips, we have a sewing operation which sews two disks with
strips and tubes at boundary punctures of opposite orientations. Here we shall call this
sewing operation the boundary sewing operation. On the other hand, we can also sew
the negatively oriented puncture of a sphere with tubes to an interior puncture of a disk
with strips and tubes just as we sew two spheres with tubes in [H6]. We shall call this
sewing operation the interior sewing operation.

The conformal equivalences for these disks with strips and tubes are defined in the
obvious way. For n > 1 and / € N, the moduli space of disks with strips and tubes
of type (1, n; 0,1) can be identified with Y (n;/) = AL T x Hﬁ’lh X M[lHI X Hcl,
where A, IT and Iy are defined above, H ands H, are defined in [H6] and M]lHI is the
set of elements of H' with nonzero and distinct components. Analogously, for / € N,
the moduli space of disks with strips and tubes of type (1, 0; 0, /) can be identified with
TYO;1)={Aell| A =0} x HCI.. Note that T (n) = Y (n; 0) for n € N. In particular,
the identity /v is an element of Y (1; 0). Also, for n € N, §, acts on Y (n; /) in the
obvious way. Let S(n) = U;enY (n; 1) for n € N. Then §,, acts on G(n) forn € N. The
following result is clear:

Proposition 5.5. The sequences S = {&(n)},cN together with the boundary sewing
operation, the identity Iy € Y (1) = Y (1; 0) and the actions of the symmetric groups,
has a structure of a smooth R -rescalable partial operad. In addition, for eachn € N,
there is an action of the sphere partial operad K on &(n) given by the interior sewing
operation.

Borrowing the terminology used by Voronov in [V], we shall call the R -rescalable
partial operad & the Swiss-cheese partial operad. But note that our partial operad is
much larger than the Swiss cheese operad. In fact, the Swiss cheese operad is an ana-
logue of the little disk operad while our Swiss cheese partial operad is an analogue of
the sphere partial operad in [H6].

For each pair n, [ € N, we have an injective map from Y (n; /) to K (n 4 2[) obtained
by doubling disks with strips and tubes as follows: For any disk with strips and tubes of
type (1, n; 0, 1), by the uniformization theorem, we can find a conformally equivalent
disk with strips and tubes of the same type such that its underlying disk is HL. This latter
disk with strips and tubes can be doubled to obtain a sphere with tubes of type (1, n+2[)
such that its underlying sphere is the double C U {oco} of H. By definition, we see that
conformally equivalent disks with strips give conformally equivalent spheres with tubes.
Thus we obtain a map from Y (n; [) to K (n + 2I). Clearly this map is injective.

It is clear from the definition that these maps respect the (boundary) sewing opera-
tions. In addition, these maps also intertwine the actions of K on &(n) for n € N and
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the actions of K on the images of &(n) obtained by doubling the actions of K on K (n).
We shall identify Y (n; [) with its image in K (n + 2[).

For any ¢ € C, the restriction of the partial operad K¢ of the %th power of the deter-
minant line bundles over K to & has a natural structure of a partial operad. This partial
operad is called the C-extension of & of central charge c and is denoted S°¢. For any
n € N, the action of K on &(n) also induces an action of K¢ on é”(n). Forany n € N,
the restrictions of the sections v, 4+2; of K¢(n+2l) forl € Nto Y(n; 1) gives a section
of & (n) and we shall use ¥, to denote this section.

We now consider a completely reducible R -module or, equivalently, an R-graded
vector space VO = [Lier V(?) and completely reducible C*-modules or, equivalently,
Z-graded vector spaces V'€ = [, .7 V5§ and VRC =], 7 VXS (Here O, LC and

RC means open, left closed and right closed, respectively.) Let W, W€ and WRC
be an R_.-submodule of V¢, a C*-submodule of V€ and a C*-submodule of V&€,
respectively. Associated to VL€, WLC, VRC WRC we have the endomorphism par-
tial pseudo-operads HSLXC’WLC, Hg/:;c’w,ec and HgLXC@(VRC),’WLC@(WRC)f (see [HL1,
HL2 and H6]), where (VRC)~ and (WRC)~ are the complex conjugate of VRC and
WRC We also need an endomorphism partial operad constructed from V 0 wo, yLc

R
WLC yRC and WRC, For n,l € N, let HVS,WO;VLC®(VRC)—,WLC®(MLC)—(n;l) be

the space of all linear maps from (V ©)®” ®(LLC ® (VRCY™)®l to VO such that
(W®" @ (WLC @ (WRC)=)® is mapped to WO and for n € N, let

Ry

HvO’WO;VLC®(VRC)—’WLC®(WRC)— (l’l)

= ]_[ H‘I;&g,wo;VLC®(VRC)7’WLC®(WRC)7 (n; D).
leN
Then it is clear that for n € N, the endomorphism partial pseudo-operad
H§ZC®(VRC)—’WLC®(WRC)— acts on HS(?’WO;VLC®(VRC)—‘WLC®(WRC)— (n) and
Ry

HvngO; VLC@(yRC)—waC®(WRC)—

R
= {HVJQWO; VLC@(VRC)= WLCQ(WRC)- (n)}neN

is an R -rescalable partial pseudo-operad. We call it the endomorphism partial pseudo-
operad for (VO, WO; VLC @ (VRO)= WwLC g (WRC)™),
Notice that H&XC’WLC ® (Hg,:c’ch)* (here (Hé(/:I:CVWRC)i is the complex conjugate

Ccx*
VLC@(VRC)f’WLC@,(WRC)— .

Below we shall view H;CZC,WLC ® (Hg,:c’w,ec)’ as a partial pseudo-suboperad of

HC
VLC®(VRC)—waC®(WRC)7 .

of H‘(E;C wke) can be embedded naturally into the space H

Let ¢ be the complex conjugate of ¢ € C. The complex conjugate F’_of K¢ is also

a C*-rescalable partial operad. Consequently the tensor product K¢ ® K¢ (the tensor
product of line bundles) is also a C*-rescalable partial operad. Interpreting the action

of K on & using the method of doubling disks, we see that K¢ ® K¢ acts naturally on
&e.
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We are interested in certain algebras over S¢ forc e C.

Definition 5.6. A pseudo-algebra over & generated by a differentiable Y°-asso-
ciative pseudo-algebra and meromorphic actions of two K° -assoc1at1ve algebras or

simply a differentiable-meromorphic pseudo-algebra over & consists of the follow-
ing data:

1. A completely reducible R -module VO = [Ler V(SO) satisfying the condition

dim V(S) < 0o for s € R and completely reducible C* -modules V¢ = ez V(ﬁg
and VRC = ez V(fg satisfying the condition dim Vﬁg < 00 and dim VRg < 00

form € Z.

2. AnR-submodule W© of VO and C* -submodules W€ and WRC of VL€ and V RC,
respectively. y

3. A morphism ® of Ry -rescalable partial pseudo-operads From &€ to the endomor-

phism partial pseudo-operad H® and a morphism ¥

VO WO VLC@(VRC)— WLC@(WRC)—
of C*-rescalable partial pseudo-operads From K°® K¢ to the endomorphism partial

pseudo-operad HVLC®(VRC)* WLCg(VRC)—

These data satisfy the following conditions:

1. For s € R sufficiently negative, V2 9 = = 0 and for m € 7 sufficiently negative,
Viny = Vimy = 0.

2. Foranyn € N, ®, : 6°(n) — HVO WO.VLCgVRC WLCgWRC (n) is linear on the
fibers of S°(n).

3. The morphism ¥ is equal to ¥’ ® WR where WL (WR) is a morphism of C*-
rescalable partial pseudo-operads From K¢ (K€) to Hg:c’ww (Hgljc’wRC) and
WR s the complex conjugate of WX. In addition, the triples (VLC, WEC WLy and
(VRC, WRC WRY are meromorphic K ¢-associative algebra and K ¢-associative alge-

bra, respectively.
4. For any n € N, the map

1 G (n) — HVO WO,V LCg(VRC)~ wiCgwke)- (1)

intertwines the action of the partial operad K¢ ® K¢ on &°(n) and the

. . ) cx
acItRfon of the partial pseudo-operad HvLC®(VRC)_’WLC®(VRC)_ on
+
HvwaO;VLC®(VRC)—’WLC®(VRC)— (n)
5. For any si1,...,8, € R, there exists a finite subset R(sy,...,s,) C R such that

the image of [lseq17,VE ® @ ey, 2 VS under ®,(,°(Q)) for any Q €

v . . s 0
T¢(n; 0) is in ]_[seR(sl ...... sn)+Z V(s)'
6. Foranyv' € (VOY, uy,...,u, € VO, vlL ® ﬁlR, e vlL ® ﬁlR € VLC g (VRCy—,

(W, Pu(Y (N1 @ By @V @I @ - @ vf ®T))
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as a function of

1
Q=1 orae; A9 (@, AM), o (@l AM);

1 )
2ty (03, BD), - 1), BD);
- O D 5
Z15"-7Zl;(b(())7B(l))a"'5(b(<))7B(l)))

eY(n;l) C K(n+20)

is of the form

k
Zfi(rl,~--,rn—1;Z1,---,Zz;21,---,Zl)'
i=1

1 1 1
g (A9, @, AD), @, Ay b, BD), - b, BO):
L = 0 =
By BY). - By B,
where the functions

ﬁ(r17""rn—l;Z17"‘!Zl;§l1"'751)

fori =1,...,k are continuous differentiable in r, ..., r,—1 and are meromorphic
inzi,...,z &1, ..., & withz; = 0,00and z; = zk, i < k, z; = rj, & = 0, 00,
§i=&, i<k & =rjandzi =& fori,k=1,....,land j=1,...,n—1asthe
only possible poles, and

1 1 l
gi(A0, (@), AM), - (ag” AT (g B - by BY);
(. D). (dy’, DY)
fori =1, ..., karepolynomialsin A9, (a(()l))i], AD (a(()"))il, AM, (b(()l))il,
BD, ..., "=, BO and @y, DO, ..., @)=, DO,

Morphisms (respectively, isomorphisms) of such pseudo-algebras over S¢ are mor-

phisms (respectively, isomorphisms) of the underlying pseudo-algebras over &¢ pre-
serving all the structures.

We denote the differentiable-meromorphic pseudo-algebra over S¢ just defined by
(VO, WO, yLC WLC yRC WRC ¢ )

or simply by (V?, VL€ VRC) For these pseudo-algebras, we also have the following
result whose proof is the same as those of the corresponding result in [H6] and for
Proposition 5.3:

Proposition 5.7. Any differentiable-meromorphic pseudo-algebra over S¢
(VO WO VLC WLC VRC WRC @, V)

is an algebra over S, that is, the image of &€ under ® is a partial operad (the image
of &€ under ® satisfies the composition-associativity).

Because of this result, we shall omit the word “pseudo” from now on.
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Note that given a vertex operator algebra V, its complex conjugate space V™ has a
natural vertex operator algebra structure (V—, Y™, 1, w) of central charge c. We have
the following generalization of Theorem 5.4:

Theorem 5.8. The category of objects consisting of a grading-restricted conformal
open-string vertex algebra of central charge ¢ € C, two vertex operator algebras,
one of central charge c and the other of central charge ¢, and homomorphisms from the
first vertex operator algebra and the complex conjugate of the second vertex operator
algebra to the meromorphic center of the grading-restricted conformal open-string ver-
tex algebra is isomorphic to the category of differentiable-meromorphic algebras over
&e.

Proof. The proof of this theorem is basically the same as the proof of the isomorphism
theorem for the geometric and operadic formulation of vertex operator algebras in [H6]
and the proof of Theorem 5.4. The main new ingredient is that we use those spheres with
tubes which are obtained by doubling disks with strips and tubes. Here we give only a
sketch. More details will be given in [K].

Given a grading-restricted conformal open-string vertex algebra V © of central charge
¢, vertex operator algebras VXC and VR of central charge ¢ and ¢, respectively, and
homomorphisms AL : VIC — Co(V?) and hR : (VRC)™ = Co(V9). Let WO,
WLC and WRC be the modules for the Virasoro algebra generated by 19, 1-€ and 18¢
(the vacuums for these algebras), respectively. By the isomorphism theorem in [H6],
there are a meromorphic K ¢-associative algebra (VLC, WLC, wl) and a meromorphic
K €-associative algebra (VRC, WRC WwR) constructed from the vertex operator algebras
VEC and VRC respectively. Let W = Wl ® WK,

By Theorem 5.4, there is a differentiable Y ¢-associative algebra (V O, WO, o) con-
structed from V ©. Note that Y€ is actually a partial suboperad of Se. So this differentia-
ble Y¢-associative algebra gives us part of a differentiable-meromorphic algebra struc-
ture over &¢. In general, the construction of the differentiable-meromorphic algebra over
S°¢ can be obtained using the meromorphic K “-associative algebra (VLC, WLC wl)
and meromorphic K ¢-associative algebra (VRS WRC WR) the differentiable Y¢-asso-
ciative algebra (VO, W?, &) and the homomorphisms 4~ and h®. The action of the
K ¢-associative algebra (VLC @ (VRC)= WLC @ (WRC)~, W) is also obtained using
the homomorphisms 4% and h®. Thus we have a functor from the category of objects
of the form (VO, VEC VRC pL hR) to the category of differentiable-meromorphic
pseudo-algebra over Se.

Now given a differentiable-meromorphic pseudo-algebra over S°, by the definition
and the isomorphism theorem in [H6], we know that there are vertex operator algebra
structures of central charge ¢ and ¢ on VL€ and VRC| respectively. In particular, we
have vacuums 12€ € VL€ and 1R€ € VRC Since Y€ is actually a partial suboperad of
&¢, by Theorem 5.4, we also obtain a grading-restricted conformal open-string vertex
algebra structure of central charge ¢ on V. For z € H, we consider an element (z)
of Y(0; 1) which is the conformal equivalence class containing the following disk with
strips and tubes of type (1, 0; 0, 1): The disk H with the boundary puncture co and the
interior puncture z and with the standard local coordinates vanishing at these punctures.
Then

cI>0(1/f0 () € HV() WO VLC@(VRC)— WLCg(WRC)— ©0; 1)
= Hom(VL€ @ (VRC)~, vO),
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By Condition 6 in Definition 5.6, we know that CD()(I/IOG Q)W ® IITC) is meromor-
phic in z with the only pole z = oo. In particular,

lim ®o (1§ (2(2))) (v ® 1KC)
z—0
exists. We define

hE@h) = lim (Y (Q(2) (v! @ 1RC),

Thus we obtain a linear map 2~ From V€ to V0. It is easy to see that the image of h©
isin factin Co(V ?) and h* is a homomorphism from V€ to Co(V ). Similarly we can
construct 7% Now we have a functor from the category of a differentiable-meromorphic
pseudo-algebra over G¢ to the category of objects of the form (V©, VLC, VRC pL pRy,

From the isomorphism theorem in [H6], Theorem 5.4 and the construction of the two
functors above, we see that these two functors are inverse to each other. O

In particular, we have:

Corollary 5.9. Let V be a grading-restricted conformal open-string vertex algebra of
central charge c. Then 'V gives a natural structure of an algebra over &€ in the sense that
(V, Co(V), Co(V)™) has a natural structure of a differentiable-meromorphic algebra
over G°,

Proof. We have a grading-restricted conformal algebra V and a vertex operator algebra
Co(V). Let h kR : Co(V) — Co(V) be the identity map. Then A% and A% are ho-
momorphisms from Co(V) to the meromorphic center of V. Then Theorem 5.8 gives
(V,Co(V), (Co(V))™) a natural structure of differentiable-meromorphic algebra over

&, o
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