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Abstract

We first generalize the logarithmic tensor category theory of Huang-Lepowsky-
Zhang to the more general case that the module category for a vertex operator algebra
V' (more generally a Mobius vertex algebra) might not be closed under the contra-
gredient functor. Then by verifying the assumptions to use this generalization, we
obtain that (logarithmic) intertwining operators among C-cofinite grading-restricted
generalized V-modules satisfy the associativity property (operator product expansion)
and the category of C]-cofinite grading-restricted generalized V-modules has a natural
vertex tensor category structure. In particular, this category has a natural braided
tensor category structure with a twist.

1 Introduction

In the study of logarithmic conformal field theories and the nonsemisimple representation
theory of vertex operator algebras, Lepowsky, Zhang and the author developed a logarithmic
tensor category theory in [HLZ1]-[HLZ9] by generalizing the early semisimple tensor category
theory developed by Lepowsky and the author in [HL1]-[HL5] and by the author in [H1].
Under suitable assumptions on a vertex operator algebra (more generally, a Mobius vertex
algebra) V and a module category for V', the associativity (operator product expansion) of
(logarithmic) intertwining operators among objects of the category is proved and a natural
vertex tensor category structure and consequently a natural braided tensor category structure
with a twist are constructed in [HLZ1]-[HLZ9]. To use this theory, one needs to verify the
assumptions in [HLZ1]-[HLZ9]. See Assumption 10.1 in [HLZ7] and Assumptions 12.1 and
12.2 in [HLZ9] and also Section 2 below for a complete list of assumptions.

A notion of quasi-rational module for a W-algebra was first introduced by Nahm in
[N]. In mathematics, W-algebras are formulated rigorously as vertex operator algebras and
quasi-rational modules correspond to C-cofinite modules. For a suitable module W with
the vertex operator map Yy for a vertex operator algebra V', we let C; (W) be the subspace
spanned by Res,z 'Yy (v, z)w for v € V, = Hn€Z+ Viny and w € W. W is Cj-cofinite
means dim W/C} (W) < co. Nahm in [N] argued that if a suitable fusion product Wi, of two
V-modules W; and W, exists, then



Nahm did not give a construction of a fusion product in [N]. Instead, Nahm’s result is
derived from some basic assumptions in the physical study of conformal field theory.

In mathematics, Abe and Nagatomo showed in [AN] that for suitable vertex operator al-
gebras, the spaces of conformal blocks on the Riemann sphere among C'-cofinite modules are
finite-dimensional. The importance of C-cofiniteness of suitable modules for vertex operator
algebras in the study of the associativity of intertwining operators and in the construction
of vertex and braided tensor category structures was first noticed by the author in [H3]. In
[H3], the author proved that products of intertwining operators (without logarithms) among
C1-cofinite modules for a vertex operator algebra satisfy differential equations of regular
singular points. In fact, the differential equations are also satisfied by products of logarith-
mic intertwining operators among C-cofinite grading-restricted generalized modules for a
Mébius vertex algebra (see [HLZS8]). Using these differential equations, the convergence and
extension property for products of (logarithmic) intertwining operators are proved in [H3]
and [HLZS|. It was also proved in [HLZ8] that the expansion condition (one of the assump-
tions in [HLZ1|-[HLZ9]) follows from the convergence and extension property for products
of (logarithmic) intertwining operators.

In [H4], the author verified the assumptions in [HLZ1]-[HLZ9] for a Cy-cofinite ver-
tex operator algebra of positive energy (CFT type) and the category of grading-restricted
generalized V-modules. In fact, the author in [H4] verified these assumptions for a more
general vertex operator algebra V' and the category of Cj-cofinite grading-restricted gener-
alized V-modules satisfying additional conditions. But since the additional conditions are
quite strong, the results in [H4] do not apply to many interesting classes of vertex operator
algebras and many interesting module categories. In [Mi], Miyamoto proved a weak version
of the inequality of Nahm mentioned above and as a consequence, he obtained that the
category of Cj-cofinite N-gradable weak V-modules (or equivalently, Cj-cofinite grading-
restricted generalized V-modules) for a general vertex operator algebra V' is closed under
a tensor product bifunctor. In [MS], McRae and Sopin formulated a generalization of the
inequality of Nahm mentioned above (see Proposition 3.6 in [MS]) and observed that one
can also obtain the inequality of Nahm using the number of independent solutions of the
differential equations in [Mi].

In [CHY], the results of [H3] for Ci-cofinite V-modules was first applied to the case that
V is an affine vertex operator algebra at an admissible level and C is a semisimple category of
C'-cofinite ordinary V-modules. In [CJORY], Creutzig, Jiang, Orosz Hunziker, Ridout and
Yang verified the assumptions in [HLZ1]-[HLZ9] for a Virasoro vertex operator algebra V
and the category of Cj-cofinite grading-restricted generalized V-modules. In [CY], Creutzig
and Yang showed that if all the irreducible V-modules are C)-cofinite and the category
of grading-restricted generalized V-modules are the same as the category of finite-length
grading-restricted generalized V-modules, then the assumptions in [HLZ1]-[HLZ9] hold. In
fact, the following result was implicitly proved in [CJORY] and [CY], explicitly stated and
proved by McRae in [Mc]| (see Theorem 2.3 in [Mc]), and explicitly stated and generalized
to vertex operator superalgebras by Creutzig, McRae, Orosz Hunziker and Yang in [CMOY]
(see Theorem 2.25 in [CMOY]):



Theorem 1.1 ([CJORY], [CY], [Mc], [CMOY]). Let V be a vertex operator algebra. If the
category of Cy-cofinite grading-restricted generalized V-modules is closed under the contra-
gredient functor, then it has a natural braided tensor category structure.

Note that the results in [CJORY], [CY], [Mc]|, and [CMOY] are obtained by applying the
theory in [HLZ1]-[HLZ9]. So the theorem above is also true for a grading-restricted Mdbius
vertex algebra V. In addition, under the same condition, the associativity of (logarithnic)
intertwining operator among the category of C'-cofinite grading-restricted generalized V-
modules also holds and there is a natural vertex tensor category structure on this category.

Theorem 1.1 applies to C'j-cofinite module categories for many interesting vertex operator
algebras, including, for example, simple affine vertex operator algebras at all admissible and
many non-admissible levels ([CHY], [CY]), Virasoro vertex operator algebras of all central
charges ([CJORY]), the affine vertex operator superalgebra of gl(1|1) ([CMY3]), the singlet
vertex operator algebras ([CMY1], [CMY4]), the universal affine vertex operator algebra
of sly at admissible levels ([MY]), N = 1 super Virasoro vertex operator superalgebras
of all central charges ([CMOY]), and N = 2 super Virasoro vertex operator algebras at
central charge ks—g ([C]). Theorem 1.1 also applies indirectly to some non-C-cofinite module
categories for some vertex operator algebras. In the case of the simple affine vertex operator
algebra V' of sly at an admissible level k, objects of the category of finitely-generated weight
V-modules are in general not Cj-cofinite. But its Kazama-Suzuki dual (see [KS]) is the
N = 2 super Virasoro vertex operator algebra of the central charges k3—f:2 In [C], Creutzig
used the vertex tensor category structure for this N = 2 super Virasoro vertex operator
algebra to obtain a vertex tensor category structure on the category of finitely-generated
weight V-modules.

Despite the great progress discussed above, whether the category of Ci-cofinite grading-
restricted modules for a general vertex operator algebra V' has a natural vertex tensor cat-
egory structure is still an open problem. In this paper, we solve this problem. Here is the

main theorem of the present paper:

Theorem 1.2. Let V' be a grading-restricted Mobius vertex algebra and C the category of
C-cofinite grading-restricted generalized V-modules. Then the associativity of (logarithmic)
intertwining operators among objects of C holds and the category C has a natural vertex
tensor category structure. In particular, the category C has a natural braided tensor category
structure with a twist.

This theorem is proved in Section 4. The proof is based on the generalizations and
modifications given in this paper of the results and methods in [N], [H3|, [HLZ1]-[HLZ9],
[Mi], [CJORY], [CY], and [Mc]. We also note that Theorem 1.2 above and Theorem 2.25 in
[CMOY] can be generalized easily to a corresponding result for a grading-restricted Mobius
vertex superalgebra V.

The main reason why Theorem 1.1 still needs the condition that the category is closed un-
der the contragredient functor is because this condition is one of the assumptions in [HLZ1]-
[HLZ9]. We cannot apply directly the logarithmic tensor category theory [HLZ1]-[HLZ9] to
the category of Cj-cofinite grading-restricted modules since in general, this category might
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not be closed under the contragredient bifunctor. In this paper, we generalize the theory in
[HLZ1]-[HLZ9] by removing this assumption. We obtain several assumptions in this general-
ization such that when these assumptions are satisfied, the category that we are considering
has natural vertex and braided tensor category structures.

To verify these assumptions in this generalization, we show that the arguments and proofs
in [H3] used to derive the differential equations still works in the case that the contragredient
of a C'j-cofinite grading-restricted V-module might not be C}-cofinite. We also recall some
results of Miyamoto in [Mi] and give a proof of the generalization formulated in [MS] of
the inequality of Nahm in [N] without using the differential equations in [Mi]. Using these
results, we verify that for any grading-restricted Mobius vertex algebra (in particular, a
vertex operator algebra) V and the category of Cj-cofinite grading-restricted V-modules,
the assumptions to use our generalization of the theory in [HLZ1]-[HLZ9] are satisfied. In
fact, the proofs of the relevant results in [CJORY], [CY], [Mc| and [CMOY] can be modified
to verify some of these assumptions. For the reader’s convenience, we still give the full details
of the verification. Then by our generalization, we obtain the associativity (operator product
expansion) of (logarithmic) intertwining operators among Ci-cofinite grading-restricted V-
modules and natural vertex and braided tensor category structures on this category.

Theorem 1.2 above confirms the conjecture that C}-cofiniteness is a sufficient condition for
the existence of genus-zero chiral (logarithmic) conformal field theories. A consequence of the
C1-cofiniteness condition is that the genus-zero conformal blocks are finite-dimensional since
spaces of solutions of differential equations in finite-dimensional spaces are finite-dimensional.
To go beyond conformal field theories with finite-dimensional genus-zero conformal blocks,
it is necessary to study vertex operator algebras and modules that do not satisfy the C}-
confiniteness condition. The Liouville conformal field theory is an important example of such
non-C1-cofinite conformal field theories. The mathematical construction of the Liouville
conformal field theory by Kupiainen, Rhodes and Vargas in [KRV] and by Guillarmou,
Kupiainen, Rhodes and Vargas in [GKRV1] and [GKRV2] uses the probability approach,
which is heavily based on analysis in infinite-dimensional spaces. The chiral part of the
Liouville conformal field theory can be used to study the representation theory of Virasoro
vertex operator algebras and their modules. The author conjectures that we might be able to
reformulate some part of the infinite-dimensional analysis used in the works [KRV], [GKRV1]
and [GKRV2| as a theory of differential equations in infinite-dimensional spaces. If such a
theory can be developed in the future, non-C'-cofinite modules for vertex operator algebras
can also be studied using the representation theory of vertex operator algebras together with
this to-be-developed theory of differential equations in infinite-dimensional spaces.

This paper is organized as follows: In the next section, we generalize the logarithmic
tensor category in [HLZ1|-[HLZ9]. The assumptions for applying this generalization are
given in this section. In Section 3, we show that the arguments and proofs used to derive in
[H3] the differential equations still works in the case that the generalized V-modules placed
at 0 and oo are quasi-finite-dimensional but not C4-cofinite. We also recall some results
of Miyamoto on C}-cofinite N-gradable V-modules and give a proof of a generalization of
the inequality of Nahm in this section. We verify the assumptions of our generalization in



Section 2 for a grading-restricted Mobius vertex algebra V' and the category of C'j-cofinite
grading-restricted V-modules in Section 4. In particular, we obtain the main result Theorem
1.2 of the present paper.

Acknowledgment The author is grateful to Thomas Creutzig, Robert McRae and Jinwei
Yang for helpful comments and discussions. I am especially grateful to Robert McRae for
discussions on the inequality of Nahm.

2 A generalization of the logarithmic tensor category

In this section, we first review briefly the assumptions and results in the logarithmic tensor
category theory developed in [HLZ1]-[HLZ9]. The construction and results in [HLZ1]-[HLZ9]
work for a suitable vertex algebra V' much more general than a vertex operator algebra. In
general, V' can be a strongly A-graded Mobius vertex algebra (see [FHL] and [HLZ2| for the
precise definition of Mobius vertex algebra), where A is an abelian group. In this paper, we
are interested only in the case that A is trivial and V is a grading-restricted Mdbius vertex
algebra. So for simplicity, we do not discuss the general case that A is not trivial. But it is
clear that the generalization obtained in this section still works in the general case.

One of the main assumption in [HLZ1]-[HLZ9] is that the module category for V' should
be closed under the contragredient functor. In this section, we show that the construction
and results in [HLZ1]-[HLZ9] can be generalized to the case that the module category might
not be closed under the contragredient functor.

In this paper, we fix a grading-restricted Mébius vertex algebra V. (Using the terminology
in [HLZ2], V is a Mobius vertex algebra strongly graded with respect to the weight-grading
and the trivial abelian group grading.) So when we recall the material in [HLZ1]-[HLZ9], the
abelian groups A and A giving the horizontal gradings of V and its modules, respectively,
are all trivial.

Though we are mainly interested in grading-restricted generalized V-modules, other types
of V-modules always appear in our proofs and intermediate steps. This is an important
feature of the representation theory of vertex (operator) algebras. So we first briefly discuss
our terminology for these different types of VV-modules and their differences. For the precise
definitions, see [HLZ2] and [H4].

A generalized V-module is a C-graded vector space W equipped with a vertex operator
map Yy : V@ W — W[z, z7!]] and operators Ly (—1), Ly (0), Ly (1) satisfying all the
axioms for a Mobius vertex algebra that still make sense. Note that though W has a C-
grading, it does not have to be lower bounded or grading restricted. A lower-bounded
generalized V-module is a generalized V-module W = [], .- W, such that Wy, = 0 for
R(n) < N for some N € Z. A grading-restricted generalized V-module is a lower-bounded
generalized V-module W = [], . W}, such that dim W) < oo for n € C. An ordinary V-
module is a grading-restricted generalized V-module such that L(0) acts on the generalized
V-module semisimply. A quasi-finite-dimensional generalized V-module is a generalized V-
module W = [, .c W}y such that dim [y, x Wi < oo for N € Z.
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A weak V-module is a vector space W and a vertex operator map Yy : V@ W —
W[z, x~!]] satisfying all the axioms, including the Jacobi identity, for generalized V-modules
except for those involving the grading of W. For a weak V-module W, an N-grading W =
[,en Winy on W is said to be compatible if for v € Vi, k € Z, and w € W, vyw €
Wim—-k—1+n), Where v, = Res, 7Yy (v, z). An N-gradable weak V-module is a weak V-
module for which there exists a compatible N-grading.

Intertwining operators among any types of V-modules above are well defined. Since
L(0) might act nonsemisimply on generalized V-modules, they might contain logarithms of
the variables. These are called logarithmic intertwining operators. For simplicity, we shall
simply call them intertwining operators also unless it is necessary to emphasize there are
logarithms of the variables.

Let C be a full subcategory of generalized V-modules. The construction of the vertex
tensor category and braided tensor category structures in [HLZ1]-[HLZ9] are obtained based
the following assumptions on C (see Assumptions 10.1 in [HLZ7], Assumptions 12.1 and 12.2
in [HLZ9)):

1. Objects of C are grading-restricted.

2. For any object W in C, the weights of homogeneous elements are real numbers and
there exists K € Z, such that Ly (0)X = 0 where Ly (0)y is the nilpotent part of

L (0).

3. C is closed under images, under the contragredient functor, under taking finite direct
sums, and under P(z)-tensor products Mp(.y for some z € C*.

4. V is an object of C.
5. The convergence and expansion conditions for intertwining maps in C hold.

6. The products of more than two intertwining operators are absolutely convergent in the
corresponding region and can be analytically extended to multivalued analytic func-
tions defined on the region where the complex variables in the intertwining operators
are not equal 0 and each other.

It is proved in [HLZ1]-[HLZ9] that if Assumptions 1-6 hold, then intertwining operators
among objects of C satisfy the associativity property and C has a natural vertex tensor
category structure. In particular, C has a natural braided tensor category structure with a
twist.

Theorem 11.4 in [HLZ§] states that Assumption 5 above holds if the following Assump-
tions hold:

7. Every finitely-generated lower-bounded generalized V-module is an object of C.

8. The convergence and extension property for either products or iterates holds in C.



By the properties of intertwining operators and Proposition 2.1 In [H6|, the first part of
Assumption 2 above, that the weights of homogeneous elements are real numbers, can be
replaced by the assumption that for any object W of C, the weights of homogeneous elements
of W are congruent to finitely many complex numbers modulo Z. So Assumption 2 can be
replaced by the following weaker assumption:

9. For any object W of C, the weights of homogeneous elements of W are congruent
to finitely many complex numbers modulo Z and there exists K € Z, such that
Ly (0)5¥ = 0 where Ly (0)y is the nilpotent part of Ly (0).

Remark 2.1. If an object of C satisfies Assumption 9, then certainly the contragredient of
this object also satisfies Assumption 9. This fact is needed in our generalization of [HLZ1]-
[HLZ9]. For example, (9.139) in [HLZ7] is proved using the fact that Witp)W, is an
object of C. In our generalization, C is closed under P(z)-tensor product, Witp.yWs as the
contragredient of the P(z)-tensor product is in general not an object of C. But since its
contragredient is an object of C, Witp(,) WS still satisfies Assumption 9.

Also in [H6], it is proved that Assumption 7 above can be replaced by the following
weaker assumption:

10. For any objects Wy and Wy of C and any z € C*, if the generalized V-module W)
generated by a generalized eigenvector A € (W; ® Ws)* for Lp(.)(0) satisfying the
P(z)-compatibility condition is lower bounded, then W) is an object of C.

By these results on the assumptions, we see that for a Mobius vertex algebra V and a
full subcategory of generalized V-modules C satisfying Assumptions 1, 3, 4, 6, 8, 9, and10,
associativity of intertwining operators among objects of C is satisfied and C has a natu-
ral vertex tensor category structure and thus a braided tensor category structure with a
twist. But this result still cannot be applied to the case that C is the category of C}-
cofinite grading-restricted generalized V-modules because in general, the contragredient of a
C1-cofinite grading-restricted generalized V-module might not be C}-cofinite. Now we gen-
eralize the construction in [HLZ1]-[HLZ9] to the case that C might not be closed under the
contragredient functor.

We need to replace Assumption 3 by the following weaker assumption:

11. C is closed under images, under taking finite direct sums, and under P(z)-tensor prod-
ucts Mp(,) for some z € C*.

Let C be a full subcategory of generalized V-modules satisfying Assumptions 1 and closed
under images and finite direct sums. Even though C might not be closed under the contragre-
dient functor, contragredients of objects of C are grading-restricted generalized V-modules.

In this case, the definition of W Dp(,) W, in the category C is in fact the same as the one
in [HLZ5] (see Definition 5.31). For the reader’s convenience, we recall Definition 5.31 in
[HLZ5] here.



Definition 2.2. For objects Wy, W5 in C, define the subset
WitlpyWa C (W @ Wa)*
of (W ® W3)* to be the union of the images
I'w"h c (W, @ Wy)*

as (W; 1) ranges through all the P(z)-products of W; and Wy with objects W in C. Equiv-
alently, Witip(.)W> is the union of the images I'(W’) as W ranges through objects in C and
I’ ranges through the space of linear maps

W' — (Wl & Wg)*

intertwining the actions of
V@uCltt, (7 =)

and L(—1), L(0) and L(1) on both spaces.

Remark 2.3. Note that in Definition 5.31 in [HLZ5], we have the phrase “as W (or W’)
ranges through obC” in the second equivalent formulation of the definition. But in the

definition above we have deleted “(or W’)” because in this case, W’ might not be an object
of C.

The first result in [HLZ5] that needs to be generalized is Proposition 5.37. We also
need to generalize Proposition 5.36 in [HLZ5]. But we need to use the generalization of
Proposition 5.37 in [HLZ5] to generalize Proposition 5.36 in [HLZ5].

Proposition 2.4. Assume that C satisfies Assumptions 1 and is closed under images and
finite direct sums. Let Wy, Wy be objects of C. If the contragredient of W1Sp,) Wy is an object
of C, then the P(z)-tensor product of Wy and Wy in C exists and is (W1 Mp(,) Wa, '), where
Wi Wpy Wa = (WitSlp(yWa)' and i is the natural inclusion from WitlpWa to (W @ Wa)*.
Conversely, if the P(z)-tensor product of Wi and Wy in C exists, then the contragredient of
WiSp)Wa is an object of C.

Proof. The proof of the first part is the same as in [HLZ5]. For the converse, without
using contragredients of objects of C, the proof of Proposition 5.37 in [HLZ5] shows that
Witlp)) W = IH (W), where (Wy, Iy) is the P(z)-tensor product of Wi and W5. By Proposi-
tion 4.23 in [HLZ4] (which is a straightforward generalization of Lemma 4.9 in [H1]), we know
that the homogeneous components of elements of W of the form In(wy ® wsy) for wy € W
and wo € Wy span Wy. Then ] is injective. This means that as a V-module map from W]
to I'(W{), I, is an equivalence. Hence its adjoint from the contragredient of I)(W() to the
contragredient W' of W/ is also an equivalence. Since objects of C are grading-restricted,
W is equivalent to Wy, which is an object of C. Thus W} and the contragredient of I'(WW))
are also objects of C since C is closed under images. Since Witlp,yWo = I5(W}), we see that
the contragredient of Witp.yIW is also an object of C. O
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We now assume that C satisfies Assumptions 1 and 11. In this case, since the P(z)-tensor
product of Wy and W, in C exists, by Proposition 2.4, the contragredient (Witip..)Ws)" of
Witlp)Ws is an object of C. Then we let W Mp(.y Wy = (Witlp(.,)Ws)" and take the P(z)-
tensor product of W1 and W5 to be (W1 Xp(,)Wa, i ) Where it Witlp)Wo — (W1 @Ws)* is the
inclusion map and i' : Wy @ Wy — Wy Kp(,) W, is the P (2)- 1ntertw1n1ng map corresponding
to 1.

We are ready to generalize Proposition 5.36 [HLZ5] now. The proof of Proposition 5.36 in
[HLZ5] uses the assumption that the category there is closed under contragredient functor.
Since C might not be closed under the contragredient functor, we need to use the converse
part of Proposition 2.4, which in turn uses the assumption that C is closed under P(z)-tensor
products Kp.) for some z € C*.

Proposition 2.5. Assume that C satisfies Assumptions 1 and 11. Let Wy, W5 be objects of
C. Then the subspace W1ZpyWso of (W1 ® W3)* is equal to the union and also to the sum of
grading-restricted generalized V -modules contained in (W, @ Wa)* (equipped with the action
Yi (@) of V and the corresponding actions of L(—1), L(0) and L(1) on (W1 ®W>)*) such
that their contragredients are objects of C.

Proof. The only difference between Proposition 5.36 in [HLZ5] and this proposition is that
here the sum is over grading-restricted generalized V-modules which might not be objects
of C, but whose contragredients are objects of C. Since by Assumption 1, an object W of
C is grading-restricted, W' is also grading—restricted Then for an object W of C and a
P(z)-intertwining map I of type ( ) I'(W’) is also grading restricted. So the only thing
we need to prove is that the contragredlent of I'(W’) is an object of C.

Since I'(W’) is a generalized V-submodule of Witip(.), we have the inclusion map ¢ from
I'(W') to Witlp,yWs. The inclusion map 4 is an injective V-module map. By Proposition
2.4, Wimp(.)Ws is grading-restricted. Then the adjoint ¢’ of i is a surjective V-module map
from Wi Mp(.y Wo = (Witlp;yW2)' to the contragredient of I'(W’). Since C is closed under
images, the contragredient of I'(WW’) is also an object of C. O

In the work [HLZ5], one crucial result is that elements of WiEp(.) W3 can be characterized
by two conditions called the P(z)-compatibility condition and P(z ) local grading restriction
condition. See Section 5 in [HLZ5] for these conditions and Theorem 5.50 in [HLZ5] for the
theorem. But the condition of Theorem 5.50 in [HLZ5| is not satisfied for our category C,
which is not closed under the contragredient functor. In fact, the condition of Theorem 5.50
in [HLZ5] states that every element of (W; ® Ws)* satisfies the P(z)-compatibility condition
and the P(z)-local grading-restriction condition must contain in a generalized V-submodule
of some object of C. But for an object W of C and a P(z)-intertwining map I of type
(WYVWQ), we obtain an element I'(w’) € (W) ® Wh)* for each w’ € W’ satisfying both the
P(z)-compatibility condition and the P(z)-local grading-restriction condition. But since W’
might not be an object of C, I'(w’) also might not be in some object of C. So we need to
generalize Theorem 5.50 in [HLZ5].



Theorem 2.6. Suppose that for every element A € (Wy @ Wa)* satisfying both the P(z)-
compatibility condition and the P(z)-local grading restriction condition, the generalized mod-
ule Wy generated by \ as given in Theorem 5.49 in [HLZ5] is a generalized V -submodule of
a grading-restricted generalized V-module in (W1 @ Wa)* whose contragredient is an object
of C. Then W1Hpy\Ws is equal to the space of all such X.

Proof. We denote the space of all such A by W3. We need to prove that Witp\Wy = Wi.
We prove Wlmp(z)WQ C W3 and W5 C WINP(Z«)WQ.

From the calculations and discussions before the statements of P(z)-compatibility con-
dition and the P(z)-local grading restriction condition in Section 5 of [HLZ5], we know that
for an object W of C, a P(z)-intertwining map of type (WYVWQ) and an element w' € W,
the element I'(w’) of (W; ® Wh)* satisfies these two conditions. Also, the generalized V-
module Wy, is a generalized V-submodule of the grading-restricted generalized V-module
I'(W’). By Proposition 2.5, the contragredient of I’(W’) is an object of C. We have proved
I(w") € W5. Thus we have Witlp,yWo C W,

Let A € W;. By Theorem 5.49 in [HLZ5], W, C (W; ® W5)* is a grading-restricted
generalized V-module. By assumption, W) is the generalized V-submodule of a grading-
restricted generalized V-module W in (W) ® W5)* whose contragredient is an object of C.
In particular, A\ € W. Since the contragredient of W is an object of C, by Proposition 2.5,
W C WiZp(yWs. In particular, A € WidpyW,. Thus we have W3 C Wimp(,)Wa. ]

Another important result that we need to generalize is Theorem 3.1 in [H6|, which in
turn is a generalization of Theorem 11.4 in [HLZS8]. To generalize this result, we first need
to reformulate Condition 1 in this result, that is, Assumption 10 above. The following
assumption is what we use to replace Assumption 10:

12. For any objects W; and W5 of C and any z € C*, if the generalized V-module W)
generated by a generalized eigenvector A € (W) @ Wy)* for L}D(z)(()) satisfying the
P(z)-compatibility condition is lower bounded, then W, is grading-restricted and its
contragredient W is an object of C.

Theorem 2.7. Suppose that in addition to Assumptions 1 and 11, Assumption 8, 9 and 12
also hold. Then the convergence and expansion conditions for intertwining maps in C both
hold.

Proof. This proof is based on the proof of Theorem 11.4 in [HLZ8]. The reader should read
that proof there to see what is modified and generalized here.

Note that the convergence condition for intertwining maps in the category C holds since
Assumption 8 in particular gives this condition.

As mentioned in the proof of Theorem 3.1 in [H6], the condition in Theorem 11.4 in
[HLZ8] that every finitely-generated lower bounded generalized V-module is in C (Condition

1 in that theorem) is only used in the last paragraph showing that W, e () wis)) is an
n (4)7

object of C. In our case, W, might not be an object of C. Instead, we need to

'(rLZ) (w24)»w(3))
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show that the contragredient of W D (! is an object of C. But it is proved in the

(4)”” @)
proof of Theorem 11.4 in [HLZS] that AP (wiyy, w(z)) is a generalized eigenvector of L) (0)

with eigenvalue n and, by using Theorem 9.17 in [HLZ7], that AP (wiyy w(s)) satisfies the
P(z)-compatibility condition. It is also shown in the proof of Theorem 11.4 in [HLZS8] that

W/\@) (Wl ws) is lower-bounded. Then by Assumption 12, W A (w awis)) is grading-restricted
(4) Wiay

and its contragredient is an object of C. But an object of C is grading-restricted and its

contragredient is also grading-restricted. So W D (!, awgs)) is grading-restricted. This shows
Wiy

that Iy o (1w, ® Io))'(wiy)) of (W1 ® Wa @ W3)* satisfies the P® (2 — z)-local grading-
restriction condition. Thus the expansion condition for intertwining maps in the category C
holds. O

Theorem 2.7 in fact says that Assumptions 1, 8, 9, 11, and 12 implies Assumption 5.

Besides the generalizations above of the corresponding results in [HLZ6], we also need
to modify all the statements in [HLZ5]-[HLZ9] involving statements on the contragredients
of objects of C, especially the statements on Witp.yW, and on generalized V-modules in
(W1 ®@Ws)*. Even under the assumption that the P( ) tensor product of objects Wi and Wy
of C exist, Witp(,)W5 and its generalized V-submodules are in general not objects of C. So
when we see a statement saying that TW,5p,)Ws or a generalized V-module in (W) @ Wy)*
is an object of C, we need to change the Statement to say that Widp,)W; or a generalized
V-module in (W; ® W5)* is a grading-restricted generalized V-module whose contragredient
is an object of C. The proofs are completely the same except that we use the generalizations
above instead of the corresponding results in [HLZ5]. In addition to the generalizations
above of the results related to P(z)-tensor products in [HLZ5]-[HLZ9], we also need to
generalize of the results on Q(z)-tensor products in [HLZ5]. But since these generalizations
are completely the same as those we have given above for P(z)-tensor products, we omit the
detailed discussions here.

More specifically, the proofs of the main results in [HLZ7] use Propositions 5.36, 5.37
and Theorem 5.50 in [HLZ5]. Since we have generalized these results to Propositions 2.5, 2.4
and Theorem 2.6, the corresponding statements of some main results in [HLZ7] also need to
be generalized as discussed above. As mentioned above, the proofs of these generalizations
are completely the same as the proofs of the corresponding results in [HLZ7] except for the
corresponding statements about the objects of C. So here we do not give the full statements
and the proofs of these generalizations. In fact, only one phrase needs to be changed in all
these results. Here is a list of results in [HLZ7] and the change of one phrase needed to
generalize these results on this list: In the statements of Propositions 9.13, Remark 9.20,
Corollary 9.21, Theorem 9.23, Corollary 9.24, Theorem 9.27, and the proof of Theorem
10.3 in [HLZT], replace the phrase “a generalized V-submodule (or a V-submodule) of some
object of C” by “a generalized V-submodule (or a V-submodule) of the contragredient of
some object of C.”

Using the generalizations above, we see that the main results in [HLZ7] and [HLZ9] still
hold. In summary, we obtain the following main theorem of this section:
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Theorem 2.8. Let V' be a Mobius vertex algebra and C a full subcategory of generalized
V-modules. Assume that Assumptions 1, 4, 6, 8, 9, 11, and 12 above hold. Then the
associativity of intertwining operators among objects of C holds and C has a natural vertex
tensor category structure. In particular, C has a natural braided tensor category structure
with a twist.

Remark 2.9. For the definition of vertex tensor category based on spheres with punctures
and local coordinates vanishing at punctures, see [HL2]. If V' is a vertex operator algebra, a
vertex tensor category structure is essentially constructed in [HLZ9] but is not stated explic-
itly. The tensor product bifunctors associated to conformal classes of general spheres with
three punctures and local coordinates and the corresponding associated isomorphisms, com-
mutativity isomorphisms and so on can be obtained using the P(z)-tensor product bifunctors
and the corresponding associativity isomorphisms, commutativity isomorphisms and so on
given in [HLZ9] and the work [H2]. The substitution isomorphisms associated to conformal
equivalence classes of spheres with two punctures and local coordinates can be constructed
directly using the work [H2]. But for a grading-restricted M&bius vertex algebra, since
there are no Virasoro algebra actions, we have only functors and isomorphisms associated
to conformal classes of sphere with punctures and SL(2,C) local coordinates vanishing at
punctures. Such a vertex tensor category can be called a Mobius vertex tensor category.
The Mébius vertex tensor category can be obtained easily using the results in [HLZ9].

We shall use Theorem 2.8 to prove Theorem 1.2.

3 (-cofiniteness and intertwining operators

To apply Theorem 2.8 to the case that C is the category of C-cofinite grading-restricted
generalized V-modules, we need to verify Assumptions 1, 4, 6, 8, 9, 11, and 12. To verify
Assumptions 6 and 8, we need to generalize the results on the differential equations derived
by the author for intertwining operators without logarithms in [H3] and observed in [HLZS]
to hold also for logarithmic intertwining operators. To verify Assumptions 9, 11, and 12, we
need some results of Miyamoto in [Mi] on C}-cofinite N-gradable weak V-modules and also
a weak version proved by Miyamoto in [Mi] of the inequality of Nahm in [N].

In this section, we first recall and give proofs of the results of Miyamoto in [Mi] on
C1-cofinite N-gradable weak V-modules. Then we generalize the results on the differential
equations in [H3] by showing that the differential equations in [H3] are still satisfied even
when two of the generalized V-modules are quasi-finite-dimensional but not Cf-cofinite.
Finally, instead of recalling the weak version of the inequality of Nahm proved in [Mi], we
give a proof of the generalization of the inequality of Nahm.

Before we give these results, we recall again the C'-cofiniteness for weak VV-modules and
other types of V-modules. Let W be a weak V-module. We say that W is C}-cofinite if
dim W/C (W) < oo, where C1 (W) is the subspace of W spanned by elements of the form
v_qw forv eV, = Hn€Z+ Vin) and w € W. Since any other classes of V-modules are all weak
modules, this definition also defines C'-cofiniteness for these other classes of V-modules.
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We first give a result of Miyamoto in [Mi] on Ci-cofinite N-gradable weak V-modules.
This result combines several results in different places in [Mi]. For the reader’s convenience,
we also provide a proof of this result.

Proposition 3.1. Let W be a C-cofinite N-gradable weak V -module.

1. Let W =[1,,cy Winy be a compatible N-grading. Then for n € N, dim W), < oc.

neN

2. There exists a finite-dimensional subspace M of W such that W is spanned by elements
of the form v(fl) . -U(f)lw forieN, v . v eV andw e M. In particular, W is
finitely generated.

3. There exists hy,...,hy € C such that they are not congruent to each other modulo
Z and W = ]_[le ocn,on Win, where Wiy for n € h; + N are finite-dimensional
generalized eigenspaces for Ly (0) with eigenvalues n. In particular, W is a quasi-
finite-dimensional generalized V -module.

Proof. We prove first dim W, < oo for n € N. We use induction on n. For v € V{,,) and
w € Wy, where m € Zy and n € N, v_jw € W40 # W)oy- Hence nonzero elements of
C1(W) cannot be in W)y Therefore dim W)jq) < dim W/Cy (W) < oo since W is C-cofinite.

Assume that dim W), < oo for & = 0,...,n. Then the subspace of W, spanned
by elements of the form v_jw for v € V1) and w € W for k = 0,...,n is also
finite dimensional since dim Vi, 41_x) < oo and dim W < oo for & = 0,...,n. But the
quotient of W, 11 by this subspace of W), 1) is by definition a subspace of W/C,(W). Since
dim W/C, (W) < oo, this quotient is also finite dimensional. Then we have dim W), 41 < oco.

Since dim W),,; < oo, we also have dim ngo Win) < oo for N € N. But every finite-
dimensional subspace of W must be in ngo Wy, for some N € N. Take a finite-dimensional
subspace M of W such that W = C;(W) 4+ M. Then there exists Ny € N such that
M c 11X, Wi,y and thus oenoiz, Winy € Ci(W). We can now take M above to be
1, Winy- So from now on, M = 1, Winy-

We are ready to show that W is spanned by elements of the form v(fl) X -v(f)lw for i € N,
Q(j), oW eV andwe M. Denote the space spanned by elements of the form above by
W. What we want to prove is W = W.

We need to prove that W, C W for every n € N. We use induction on n. When n < Ny,
Winy C M C W. Assume that for m < n € No+Zy, W) C W. Then Win) € CL(W) is
spanned by elements of the form v_jw, where v € Vj;) and w € W), for [ € Z, and m € N,
such that [ +m = n > Ny. Since [ > 0, we have m < n. By induction assumption, w € 1%
and thus v_jyw € W. So W),,; C W and thus Conclusion 2 is true.

Since W), for fixed n € N is invariant under the action of Ly (0) and dim W), < oo,
Wn can be decomposed as a direct sum of generalized eigenspaces of Ly (0). Hence W can
also be decomposed as a direct sum of generalized eigenspaces of Ly (0). In particular, the
finite-dimensional invariant subspace M = [, Wiy of W under Ly (0) is a direct sum of
finitely many generalized eigenspaces of Ly (0). So there exists hq,...,h; € C and NeN
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such that hq,..., h; are not congruent to each other modulo Z and M = ]_[le Hnﬁzo Mip, 40

where My, 1 fori =1,..., kandn =0,..., N are finite-dimensional generalized eigenspaces
of Ly (0) with eigenvalues h; + n.

On the other hand, since W is spanned by elements of the form v(fl) o 'v(j)lw for i € N,

v 0@ eV oand w € M, we see that W = Hle [chn,on Win- Where Wy, are finite-
dimensional generalized eigenspaces of Ly, (0) with eigenvalues n. Thus W is a quasi-finite-
dimensional generalized V-module. ]

Now we give results involving intertwining operators. We refer the reader to [HLZ3] for
the precise definition of (logarithmic) intertwining operators among generalized V-modules.
As we have mentioned and have been doing in Section 2, in this paper, we omit the word
“logarithmic” to call logarithmic intertwining operators simply intertwining operators, unless
it is necessary to emphasize that there are logarithms of the variables. Also, we note that
(logarithmic) intertwining operators are well defined for weak modules.

We first generalize the results on differential equations of the author in [H3] which is
observed in [HLZ8] to hold also for logarithmic intertwining operators. In fact, it is observed
in Remark 1.7 in [H3| that if one of the V-modules is not Cj-cofinite but is generated
by a lowerest vector, the results on the differential equations in [H3] still hold. In fact,
this remark should be corrected by replacing “one of the V-modules” by “the V-module
Wy” (the V-module placed at oo). We now show that the results and proofs on these
differential equations in [H3] also work if the generalized V-module placed at oo is quasi-
finite-dimensional generalized V-modules (not necessarily generated by lowerest vectors).

Theorem 3.2. Let Wy, Wy, and W3 be Cy-cofinite grading-restricted generalized V -modules
and Wy quasi-finite-dimensional generalized V -modules. Then given either the singular point
21 = 00, 29 = 0 or the singular point zy = 29, 2o = 00, for wy € Wy, wy € Wi, wy € W,
ws € W3, there exist

ak(zh 22), bl(zl, 22) €ER= C[zfl, Zzﬂa (Zl - 22)71]

fork=1,....mandl = 1,...,n such that for lower-bounded generalized V -modules Wy,
intertwining operators Yy and Yo of types (W%)m) and (WVQV‘?VJ), respectively, the series
(wo, Vi (w1, 21)Va(ws, 22)ws) (3.1)

satisfy the expansions of the system of differential equations

am am—l

B + ay(z1, 22)—8,2{”*1 + -t an (21, 2)e = 0, (3.2)
ango 8n7190
b by (2, — _
21 + b1 (21, 22) DT + ot bn(z1, 22) 0 (3.3)

of regular singular point at z; = 00, 2z = 0 on the regions |z1| > |z2] > 0 or at the singular
point z; = zo, 25 = 00 on the region |z3| > |21 — 29| > 0.
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Proof. In this proof, we show that calculations and proofs used to derive the differential
equations in [H3| still work here. So we assume that the reader is familiar with the paper
[H3].

In [H3], the reason why we need the Ci-cofiniteness of modules is because we need to
show that the R-module T'/.J is finitely generated, where R = Clzy, 2y ', 21, 27 1, (21 — 22) 7Y,
T =RW, W, @ Wo ® W3 and J is the R-submodule of 7' generated by elements
A(u, wo, wy, wy, ws), Blu,wy, wy, ws, ws), C(u,wy,wy,ws, ws) and D(u, wy, wy, ws, ws) given
in [H3] for u € V, wy € Wy, wy € Wy, wy € Wy, wy € W3. But this strong result that
T/J is finitely generated is in fact not needed in [H3]. When the differential equations
are derived in [H3] for (3.1) with fixed wq, w1, ws, w3, only Corollary 1.3 in [H3] is needed.
Corollary 1.3 in [H3] states that the R-submodule of T'/J generated by elements of the
form [wy @ Ly, (—1)"w; ® wy ® ws] and [wy @ wy @ Ly, (—1)7w, @ ws] (where we use [X] to
denote the coset in T'/J containing X) for i,j € N is finitely generated. So to derive the
differential equations, we need only show that for fixed wq, w1, ws, w3, this R-submodule of
T/J is finitely generated.

To prove that this R-submodule of T'/J is finitely generated, we first prove that a larger
R-module than this R-submodule of 7'/J is finitely generated. Given Ny € N, let

Tny=Re | [ Wo)m | @ Wi W, Ws.
R(n)<No

Then T, is an R-submodule of 7. Note that elements of the form D(u, wy, wy, wq, ws) for
ueV,wy € H%(n)gN()(WO)[n]? wy € Wi, we € Wy and ws € Wy in general might not be in Ty, .
But elements of the form A(u, wq, wq,wq, w3), Blu,wy, wy, ws, ws3), and C(u, wy, wy, wa, w3)
for the same wu,wp,wq,wy, w3 are always in Ty,. Let Jy, be the R-submodule of Ty,
spanned by A(u, wg, wy, we, ws), B(u,wy,wy,ws,ws), and C(u,wq, wy,ws, w3) for u € V,
wy € Hé}“:(n)SNo(WO)["]7 wy € Wi, wy € Wy and ws € Wi, Since W, is quasi-finite dimen-
sional, [Ty(.)<n,(Wo)m is finite-dimensional. This fact and the same proofs as those of
Proposition 1.1 and Corollary 1.2 in [H3] shows that Ty, /Jy, is finitely generated.

For fixed given wq, wq,ws, w3, take Ny € N such that wy € H%(n)gNo(WO)[n]- Then
T,/ Jn, is finitely generated. Since R is Noetherian, the R-submodule of T, /Jn, generated
by elements of the form [wy ® Ly, (—1)'w; ® we ® ws] and [wy @ w; @ Ly, (—1) wy ® ws] for
1,7 € N is also finitely generated.

Now the proof of Theorem 1.4 in [H3| gives the differential equations and the proof
Theorem 2.3 in [H3] gives the regularity of the singular points. ]

The proof of the following result is the same as the proof of Theorem 3.2 above:

Theorem 3.3. Let W; for i = 1,...,n be Ci-cofinite grading-restricted generalized V -
modules and Wy and W, 11 quasi-finite-dimensional generalized V -modules. Then for any
wzo) € Wy, way € Wi, ..., wmi1) € Whya, there exist

ag 1(z1, ..., 2n) € C[zlﬂ, . ,z,jfl, (21 — 22)’1, (z1 — 23)’1, cooy(Zpey — zn)’l],
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Jork =1,....m and [ = 1,...,n, such that the following holds: For any lower-bounded
generalized V -modules Wy, ..., W,_1, and any intertwining operators

y17y27"'7yn—17yn

of types

(i) )+ () G
Wiw, ) \WoWy )T\ Wi Wiy ) \WWoin )
respectively, the series
(Wioy, V1(w(y, 21) -+ V(W5 20)Wnt1)) (3.4)

satisfies the expansion of the system of differential equations

mgo m (97”_’%0

— 4+ ap 1(z1,...,2n)—— =0, [=1,...,n

oz ; (2 >azlm*k
on the region |z1| > -+ > |z,| > 0. Moreover, for any set of possible singular points of the
system

3m30 m am—k(p

+ ap 1(z21,...,2n)——— =0, [=1,...,n 3.5

oz" kz:; e )82';”_]"’ (3.5)
such that either z; = 0 or z; = 0o for some i or z; = z; for some i # j, ag 1(#1,...,2,) can
be chosen fork=1,...,m andl =1,...,n so that these singular points are reqular.

For the next two results, we need the notion of surjectivity of an intertwining operator.
Let Wi, W5 and W3 be weak V-modules. An intertwining operator ) of type (WZVSVQ) is said
to be surjective if W3 is spanned by the coefficients of Y (wy, x)w; for wy; € Wi and we € Wi,
If for a weak V-module W3, there is an surjective intertwining operator of type (WVIVI;"VQ), we
say that Ws is a weak surjective product of Wy and Wy. If W3 is generalized V-module or
grading-restricted generalized V'-module or other classes of VV-modules, we also use the terms

generalized surjective product of Wy and Ws, grading-restricted generalized surjective product

of W1 and W5 and so on.

Proposition 3.4. Let Wy and Wy be generalized V -modules and W3 a weak V-module. If
W3 is a weak surjective product of Wi and Wy, then W3 s also a generalized V -module.

Proof. For w; € W7 and wy € Wy, we have

K
V(wy,x)ws = Y Y p(wr)wer™" " (log z)",

k=0 neC

where Y, (w;) € Hom(Ws, W3). We now take w; and ws to be homogeneous. We have
LW1 (O) = LW1 (O)S + LV[/1 (O)N and LW2 (0) = LW2 (O)S —|—LW2 (O)N, where LW1 (O)S and LWQ (O)S
are the semisimple parts of Ly, (0) and Ly, (0), respectively, and Ly, (0)y and Ly, (0)y are
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the nilpotent parts of Ly, (0) and Ly, (0), respectively. Then Ly, (0)sw; = (wtw;)w; and
LW2 (O)S’wg = (Wt IUQ)U)Q.
The commutator formula between L(0) and ) can be written as

d
Ly, (0)Y(wr, 2)wy = x%y(wly r)wy + V(Lw, (0)wy, x)wy + Y(wi, ) L, (0)w,.

Taking the coefficients of 27" !(logx)*¥ on both sides, using the fact that w; and wy are

homogeneous, and then reorganizing the terms, we obtain

(Lwy(0) — (Wtwy —n — 1 4+ wtws)) Yk (wi)ws
= Vo s(Lw, (0) ywy)we + Yo (W) L, (0) ywe + (k4 1)V o1 (w1 ) wo. (3.6)

Using (3.6) repeatedly, we see that
(Lw,(0) — (wtwy —n — 1+ wt wQ))Jyn,k(wl)wg
for J € Z, is a linear comnbination of elements of the form

yn,k+l(LW1 (O)%wl)LWQ (0)?\,’11)2 (37)

for m,n,l € N such that m +n + 1 = J. When J is sufficiently large, at least one of m,n, [
must be sufficiently large. Since Ly, (0)y and Ly, (0) v are nilpotent and Y, x(wy)ws = 0 for
k > K, (3.7) must be 0 when J is sufficiently large. Hence we obtain

(LW3 (0) — (Wt wy, —n — 1+ wt wg))‘]yn,k(wl)wg =0

for sufficiently large J € Z,. Thus we see that YV, ,(wi)ws is a generalized eigenvector for
Ly, (0) with eigenvalue wt wy —n — 14wt ws. Since ) is surjective, V,, r(wy)ws for wy € Wi,
wy € Wy, n e Cand 0 < k < K span W3. So W3 is a generalized V-module. O

The next result is a generalization of the inequality of Nahm in [N]. This generalization
is stronger than a key result obtained later by Miyamoto in [Mi]. Here by generalization, we
mean that in the theorem below, the inequality holds for any weak surjective product of W
and W5. We do not need the existence of any fusion or tensor product of W; and W5 and the
surjective product of W; and W5 can be a weak V-module. In fact, this generalization was
essentially formulated by McRae and Sopin in [MS] except that the surjective product of W,
and Wj is probably a stronger type of V-modules than a weak V-module. It was observed
also in [MS] that the inequality can be obtained using the number of independent solutions
of the differential equations in [Mi]. Here we give a full proof of this inequality.

Theorem 3.5. Let Wy, Wy be N-gradable weak V-modules. Then for a weak surjective
product W3 of Wy and W,

17



Proof. In the case that at least one of dim(W;/C(W)) and dim(W,/C1(Ws)) is oo, (3.8)
holds. So we need only prove (3.8) in the case that dim Wy /Cy(W7),dim Wy /C1(W3) < oo,
that is, in the case that W, and W5 are C'-cofinite N-gradable weak VV-modules. In particular,
conclusions of Proposition 3.1 hold for W; and Ws.

Let M; and Ms be finite-dimensional graded subspaces of W; and W5, respectively, such
that W1 = Cl(Wl) D M1 and W2 = OI(WQ) D MQ. Then dlm(W1/01<W1)) = dim M1 and

By Proposition 3.4, W3 is a generalized V-module. In particular, W3 is C-graded and
we have the contragredient W3 of Ws3. Let Mj be a graded subspace of W3 such that
W3 = C1(W3) @ M. Then W3/C1(W3) is isomorphic to Mz. We need only prove dim Mz <

Let

Ci(Ws)* = {wy € Wy | (wy, CL(W3)) = 0} € W3

and let M3 be the graded dual of M5 with respect to the C-grading induced from the one on
Ws5. We define a linear map r : C;(W3)* — M} to be the restriction map sending elements of
C1(W3)+ € Wj to their restrictions to Ms, that is, (r(w}))(ws) = (w}, ws) for wh € Cy(W3)*
and wy € Ms. If r(w}) = 0 for wy € Cy(W3)t, then (wh,ws) = 0 for all wz € Ms. But
by definition, (w3, C;(W3)) = 0. Since W3 = C1(W3) & Mj, we obtain (wj, ws) = 0 for all
ws € Ws3. Thus w} = 0, proving that r is injective. Given wj € Mj, we extend it to an
element wj € Wi by (wj, w3 + ws) = (wj, ws) for w3 € C1(W3) and ws € M3. By definition,
wy € Cy(W3)t and r(wh) = wj, proving r is surjective. We have proved that r is a linear
isomorphism. Therefore we need only prove that dim C(W3)* < dim M; dim M.

Let Y be a surjective intertwining operator of type (WVIV;’VZ) We have proved that for
homogeneous wy, € Wy and wy € W,

Wt Vs (w1)wy = whtwy, —n — 14 wtws.

Then for homogeneous wj € Wi,

<w§,> y(wb QT)UJ2> = Z(w;n ywt w1+wt wg—wtwé—l,k(wl)w2>$_Wt L wé (lOg x)k

K
k=0

Fix z € C*. We use log z to denote log |z| 4+ i arg z, where 0 < arg z < 2m. Then

<wé> y<w17 Z)’LU2> = Z(wé> ywt w1+wtwg—wtwé—l,k(wl)w2>e(_Wt Wi whwawe wé)logz(log Z)k

K
k=0
is well defined. We define a linear map f : Cy(W3)t — (M, ® Ms,)* by

(f (w5)) (w1 ® wy) = (wh, V(wy, 2)ws)

for wy € My, wy € My and wy € C;(Ws)+. To prove dim C}(W3)+ < dim M; dim M, =
dim(M; ® Ms)*, we need only prove that f is injective.
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Assume that f(wj) = 0 for an element w} € Cy(W3)t. Then by the definition of f, for

wy € Ml, Wy € MQ,
(Vs Sz} = 0 (3.9
We now prove (3.9) for all w; € Wy, wy € Wy, By Conclusion 3 of Proposition 3.1,
there exist hgl), Y, hgl), .., A € C such that W, = 1, Hneh(l)—i-N(Wl)[”] and Wy =
I15-, Hnehgg)JrN(WQ)[n]. For w; € H€=1(W1)[h§l>+n jand w; € | )[h(z oy We use induc-
tion on ny +ns to prove (3.9). When ny +ny =0, ny =ny =0. We have wy € Hle(Wl)[h@)]
and wy € ]_[ (W )h(z)] We can take w; and wy to be homogeneous. Then there are
¢ and j such that w; € (W1)h(1>] and wy € (Wg)h(g)] Since Wy = C1(W;) @ M; and

Wy, = C (Wl) @® M,, there exist homogeneous u®, v® € V, lk e Wh, wl e Wy, for
k=1,. ,I=1,...,t, W, € M, and w9 € M5 such that w; = Zk:l u_l)wg ) + Wy and
le 12[)51—{—71)2. But for k=1,...,s,

R(wt w§ )) < wtu® + R(wt w(k)) R(wt u 1)w§ )) = R(wtw;) = ER(hl(l)).
So u(_kl)vlfgk) =0 and w; = w; € M. Similarly, wy € Ms. In this case, (3.9) is true.
Assume that when n; + ny < m, (3.9) is true. In the case ny + ny = m, we still

take wy € (Wl)[h(l)%ﬂ and still have wy = > ;_, u(_kl)ﬁ)gk) + 10 for homogeneous u¥) € V,
ﬁ]ik) eW;,fork=1,...,s, and w; € M;. In this case,

Rwt (") < wtu® + Rwt o) = R(wt u®) o) = R(wtwi) = R(h; +ny).

So w§k> € ]_[m1<m(W1) O my  Similarly, we still take w, € (W3) and still have wy =

[h(2>+n2]
Zl lv 1w2 + W, for homogeneous v eV, wQZ) eWyforl=1,...,t, and wy € Ms. Then
) e Iy, (W2) ), . Using the Jacobi identity and the fact that (wj, C1(W3)) = 0,

we see that (wj, y(u(’?w§ ), x)ws) is a linear combination of formal series in z of the form

(wg,y(wg’“),x) 02), where Wy € [[,;,<p, (Wg)[hgg) L4y With Laurent polynomial in z as coef-

. (k)
ficients. Since w1

€ Hm1<n1(Wl)[h§.1)+m1] and Wy € HﬁQSnQ(Wg)[h§2)+ﬁ2] and my + 1y <
ny + ng, by induction assumption, <w§,y(w§k),z)u§2> = 0. So <wg,y(u<f?w§’“),z)w2> = 0.
Similarly, <wg,y(w1,x)v( )1w§l)> is a linear combination of formal series in = of the form

(wh, Y(wy, x)@él)% where Wy € []; <, (W1) D i) with Laurent polynomials in x as coeffi-

cients. Since w; € Hﬁlgm(Wl) and w(l) el Ws) and i +ma < ni+na,

by induction assumption, (w4, Y (w1, z)u?él)> = 0. So (wj, Y(w,x)v (l)lwél)> = 0. Thus

(M 4h4] m2<n2( A2 +ms

S

(wh, Y(wy, 2)wa) =Y (wh, V@i, 2)ws) + (wh, Y (i, 2)ws)

k=1
= <wg7 y(wh Z>w2>
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proving (3.9) for all wy; € W; and we € W,
Using the L(—1)-derivative property for ), we have

(wy, Y(wi, Ewa) = (wy, V(e Dwy, 2)wy) = 0

on the region |§ — z| < |z|. But (wj, Y(wi, {)ws) is an analytic function of . This analytic
function is equal to 0 on a region means that it is equal to 0 on its domain. So we obtain
(wh, Y(wy, §)wa) = 0 on the region £ # 0. Thus (wh, YV, x(wi)we) = 0 for wy € Wi, wy € Wy,
neC,k=1,...,K. Since ) is surjective, we must have w} = 0, proving the injectivity of
f. ]

Theorem 3.5 has the following immediate consequence:

Corollary 3.6. Let Wy and Wy be Cy-cofinite grading-restricted generalized V -modules (or
equivalenetly, C-cofinite N-gradable weak V-modules). Then a weak surjective product of
W1 and Wy is a C-cofinite generalized V -module. In particular, a lower-bounded generalized
surjective product of Wy and Wy is a Ci-cofinite grading-restricted generalized V -module.

Proof. Since Wy and W, are generalized V-modules, by Proposition 3.4, a weak surjective
product W3 of Wi and W is a generalized V-module. Since W; and Wy are C-cofinite, by
(38) in Theorem 35, dlm(Wg/Og,(Wg)) S dlm(Wl/Ol(Wl>) dlm(Wg/Ol(W2>) < 00. So Wg
is a C}-cofinite generalized V-module.

In the case that Wj is lower-bounded generalized surjective product of W and W, since
W3 is also Cy-cofinite, it is grading-restricted (in fact quasi-finite-dimensional) by Conclusion
3 of Proposition 3.1. O

Remark 3.7. Miyamoto proved the following result in [Mi]: Let W and W5 be Cj-cofinite
N-gradable weak V-modules. Then there exists dw, w, € N such that for any N-gradable
weak surjective product Ws of Wy and Wa, dim(Ws/C1(Ws)) < dw, w,. We can obtain this
result from Theorem 3.5 by taking dw, w, = dim(W;/Cy(W;)) dim(Wy/Cy(W3)). Also in
this result in [Mi], W3 is an N-gradable weak V-nodule while in Theorem 3.5, W3 is a weak
V-module. In fact, Creutzig, McRae and Yang generalized this result in [Mi] to the case
that W3 is a generalized V-module in Corollary 2.14 in [CMY2]. Combining Proposition
3.4 above and Corollary 2.14 in [CMY2], this result in [Mi] is immediately generalized to
the case that W3 is a weak V-module. Also, the proof of this result in [Mi] uses differential
equations, which are equivalent to the special case of the differential equations derived in
[H3] for one intertwining operator. The proof of Corollary 2.14 in [CMY2] uses this result in
[Mi] and, in particular, also uses differential equations implicitly. The proof of Theorem 3.5
does not use differential equations at all. On the other hand, as mentioned above, McRae
and Sopin observed in [MS] that the inequality of Nahm can be obtained using the number
of independent solutions of the differential equations in [Mi].
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4 Proof of the main theorem

In this section, we take C to be the category of C}-cofinite grading-restricted generalized
V-modules. We verify in this section that C satisfies Assumptions 1, 4, 6, 8, 9, 11, 12 given
in Section 2. Then by Theorem 2.8, we obtain Theorem 1.2.

For this category C, Assumption 1 is by definition satisfied. Since a grading-restricted
Mobius vertex algebra is Ci-cofinite, Assumption 4 is also satisfied. We still need to verify
Assumptions 6, 8, 9, 11, and 12.

We first verify Assumptions 6 and 8.

Proposition 4.1. The convergence and extension property for products of intertwining op-
erators in C holds. Moreover, the products of more than two intertwining operators are
absolutely convergent in the corresponding region and can be analytically extended to multi-
valued analytic functions defined on the region where the complex variables in the intertwining
operators are not equal 0 and each other.

Proof. The first conclusion (Assumption 8) follows from Theorem 3.2. The proof is the same
as the proof of Theorem 3.5 in [H3] in the case that the intertwining operators do not contain
logarithms of the variables and the observation in the proof of Theorem 11.8 in [HLZS8] that
the proof of Theorem 3.5 in [H3] still works in the case of logarithmic intertwining operators.

The second conclusion (Assumption 6) follows immediately from Theorem 3.3 by the
theory of differential equations of regular singular points. m

Remark 4.2. In fact, the main difficult part of the proof of Theorem 3.5 in [H3] is the
proof of the result that in the semisimple case, there is no logarithm after the products of
intertwining operators are analytically extended to the region for the iterates of intertwining
operators and expanded as series in powers and logarithms of the variables. So the proof in
our logarithmic case is in fact simpler.

We now verify Assumption 9 using Proposition 3.1.

Proposition 4.3. For any object W in C, the weights of homogeneous elements of W are
congruent to finitely many complex numbers modulo Z and there exists K € Z, such that
Ly (0)5% = 0 where Ly (0)y is the nilpotent part of Ly (0).

Proof. The first part of this result follows immediately from concludion 3 of Proposition 3.1.
So we need to prove only the second part.

By conclusion 2 of Proposition 3.1, there is a finite-dimensional subspace M of W such
that W is spanned by elements of the form v(_ll) = -U(_i)lw for i € N, o™, ... v® € V and
w € M. Let wy,...,wg be a basis of M. Then there is K; € Z, for ¢+ = 1,...,k such that
L (0)8w; = 0. Let K = max(K,, ..., K;). We now show that Ly (0)5 = 0.

For any element w € M, by the definition of K, we have Ly (0)8w = 0. To prove
Ly (0)8w = 0 for general w € W, we first notice that Ly (0)y and the vertex operator
Y (v,z) for v € V commute. In fact, this is the special case of (4.2) in [H6] when the
twisted module is an untwisted V-module (twisted by the identity on V). In the untwisted
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case, the vertex operator Yy (v, x) does not contain log x and thus the commutator of Ly, (0) 5
and Yy (v, ) is 0. In particular, Ly (0)y and v_; commute. Thus for an element v(_ll) e v(_l)lw

for i e N, v, ... v® €V and w € M, we have
Lw(OR (@1 o) = o) 0 L (0)§w = 0.
Since W is spanned by such elements, we obtain Ly (0)5 = 0. O

For Assumption 11, we need only verify that C is closed under P(z)-tensor products
for some z € C*. To verify this part of Assumption 11 and Assumption 12, we prove a
general result on grading-restricted generalized surjective product of W; and W5 and lower-
bounded generalized V-modules contained in (W7 ® W5)*. Then Assumptions 11 and 12 are
immediate consequences. This result can also be proved by modifying the relevant results
and their proofs in [CJORY], [CY], [Mc| and [CMOY].

Theorem 4.4. Let W1 and Wy be Ci-cofinite grading-restricted generalized V -modules.

1. There are hy, ..., hy € C, depending only on Wi and Wy, such that for any grading-
restricted generalized surjective product Wy of Wy and Ws, we have

Wo = [T TTOWo)in-

i=1 neN

2. Let W be a lower-bounded generalized V -module contained in (Wy @ Wa)* (equipped
with the action Yy, (-, ) of V and the corresponding actions of L(—1), L(0) and L(1)
on (W1 @ Wa)*). Then W’ is grading-restricted generalized surjective product of Wi
and Wy. In particular, W C WiEp) W1,

k
W= H H W[hi+n]> (410)

=1 neN
where hy, ..., hy are complex numbers given above, and W' is C1-cofinite,

Proof. We consider the set of dim(Wy/Cy(Wj)) for all grading-restricted generalized surjec-
tive product Wy of Wi and W5. Then by Theorem 3.5, this set of nonnegative integers is
bounded from above by dim(W;/Cy(W;)) dim(Ws/Cy(Ws)). Hence there must be a maxi-
mum of this set. Let Wj"* be a grading-restricted generalized surjective product of W; and
Wy such that dim Wy /C1 (W) is the maximum of the set. Then by Proposition 3.1, there
are hq, ..., h; € C such that

k
W =TT TTOVE™) s

i=1 neN
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Given any grading-restricted generalized surjective product Wy of Wi and W5, we have
a surjective intertwining operator Y of type ( Wo ) For any fixed z € C*, we have a P(z)-
intertwining map Iy = J(-, z)- of type (WWSV) The P(z)-intertwining map Iy gives a
V-module map I3, ;, from W to the generahzed V-module Witp.yWs (see Definition 5.3.1
n [HLZ5)). Since the intertwining operator ) is surjective, this V module map is injec-
tive. The image of W under this V-module map is a grading-restricted generalized V-
submdoule of Witp(,yW,. This is also true for Wi, Let W be the sum of the image of
W{ under the V- module map from Wy to Witp,yW, and the image of (W§"*)" under the
V-module map from (W§"*)" to Witip,)W,. Then W is also a grading-restricted general-
ized V-submodule of WiSp,)Ws. Let J W — WiSp)Wa be the inclusion map. Then
J W, @ W, - W'is a P( )-intertwining map (see Sectlon 5 of [HLZ5], especially No-
tation 5.25). The P(z)-intertwining map J' gives a surjective intertwining operator Yy o
(see (4.18) in [HLZ4]) of type (W I%/ ). Since W is grading-restricted, W’ is also grading-
restricted. By Corollary 3.6, W’ is a Ci-cofinite grading-restricted generalized V-module
and dim W’/Cy(W') < dim W /Cy (W),

We now prove
k
= H H(W/)[thrn]

i=1 neN

By definition, we have an injective V-module map from (WW™**)" to W. Its adjoint is a surjec-
tive V-module map f : W/ — W, Since f is a V-module map, f(C;(W’)) C Cy(Wra>).
Then the map f induces a surjective linear map f : W//Cy(W') — Wax/C) (Wnax),
In particular, we have dim(W’/Cy(W’)) > dim(Wy*/Cy(W*)). But we already have
dim(W'/Cy (W) < dim(Wgra/Cy(WV"*¥)). So we obtain

dim(W/Cy (W) = dim(Wm= /O (Wmex)),

Thus f is injective and ker f = 0. Since f is induced from f, we obtain ker f € Cy(W").
Since W’ is a C4-cofinite grading-restricted generalized V-module, by Proposition 3.1,
there are hl, .. hl € C such that

- H H(W/>[ﬁi+n]>

i=1 neN

where (W');, ., for n € N are finite-dimensional. Moreover, we can always find such
hi,...,h € C such that (W g # 0 for i = 1,...,0. Note that (W')g, for i = 1,...,1

cannot be contained in Cy(W’ ) and thus cannot be in ker f. So for each 7, nonzero ele-
ments of (W’);,; are mapped to nonzero homogeneous elements of Wg"**. Hence there exist

1 <j <k and n € N such that 711 = hj +n. Hence we obtain

k
=TT TTOV) .

i=1 neN
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As a consequence, the contragredient W of W’ can also be written as

k
W =TT T Wiksn-

i=1 neN

Then as a V-submodule of W, W] can be written as

k
Wi =TT LW insn)-

i=1 neN

Thus W, can be written as

k
Wo = H H(WO)[hH-n]-
i=1 neN

We now prove the second part of the theorem. Let i : W — (W7 ® W5)* be the inclusion
map. Then we have a P(z)-intertwining map i’ of type (WZVV;/Q) (as in the proof of Theorem
4.4, see Section 5 of [HLZ5]). If W is grading-restricted, then W is also grading-restricted
and, as in the proof of the first part above (see (4.18) in [HLZ4]), the P(z)-intertwining
map i’ gives a surjective intertwining operator Yy o of type (WZVV;,Q . Then W’ is a grading-
restricted generalized surjective product of W7 and W5. So to prove the second part of the
theorem, we need only prove that W is grading-restricted.

Let Wy be the image of ¢/ (meaning the generalized V-submodule of W’ spanned by
homogeneous components of elements of the form '(w; ® wy) for w; € Wy and wy € Wh).
Then we obtain an P(z)-intertwining map I of type (WVK%,Q) This P(z)-intertwining map
Iy in turn gives a surjective intertwining operator Yj, o of type (WZVVOVQ) (as in the proof
of the first part above, see (4.18) in [HLZ4]). Since W, is a generalized V-submodule of
the lower-bounded generalized V-module W, it is also lower-bounded. By Corollary 3.6
and Proposition 3.1, W, is a C}-cofinite grading-restricted generalized V-module. Then the

image Io(Wy) of I : Wi — (Wi @ Wa)* is in WitlpyWs. If I'(w() = 0 for wy € W, we have
(wp, Lo(wy ® wa)) = (I'(wp)) (w1 @ wa) =0

for all wy; € Wy and we € Wy, But Wy is the image of y. So we obtain w(, = 0, showing that
I}, is injective. Then Ij(W]) is equivalent to Wj as a generalized V-module. In particular,
I{ (W) is a grading-restricted generalized V-submodule of Witlp(,) W whose contragredient
is Ci-cofinite. Let x : Wy — W' be the inclusion map. Then by definition, we have
i" = x oly. So we obtain " = I| o x/, where " : W' — (W; ® W3)* is the adjoint of 7'.
Since W can be embedded into W”, we can identify W with a generalized V-submodule
of W”. Hence we have i = I o X'|w, where x|y is the restriction of x’ to W. Thus
W =4(W) = Ij(x'(W)) C I;(W{). Since Ij(W}) is grading restricted, W is also grading-
restricted. O

It is now easy to verify that C is closed under P(z)-tensor products for any z € C* and
thus Assumption 11 is satisfied.
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Corollary 4.5. Let Wy and Wy be Ci-cofinite grading-restricted gemeralized V -modules.
Then the contragredient Wy Wp,y Wa of Witlp\Ws is a Ci-cofinite grading-restricted gener-
alized V-module. In particular, C is closed under the P(z)-tensor product.

Proof. By Proposition 2.5, WiHp(,)W> is the sum of grading-restricted generalized V-modules
contained in (W7 ® W5)* such that their contragredient are objects of C. By the second part
of Theorem 4.4, these grading-restricted generalized V-modules are of the form

W =TT T4

i=1 neN

Thus as a sum of such generalized V-modules, Witp(.)WW5 is lower-bounded. Then by the
second part of Theorem 4.4 again, W 5p(,)Ws itself is also grading restricted and its contra-
gredient W, Mp(,) Ws is Ci-cofinite. ]

We see that Assumption 12 is also satisfied.

Corollary 4.6. Let Wy and W5 be Ci-cofinite grading-restricted generalized V -modules. Let
A€ (Wi@Ws)* be a generalized eigenvector of Lp(.)(0) satisfying the compatibility condition.
Assuming that the generalized V -module Wy generated by X\ is lower bounded. Then W) s
grading-restricted and W7 is Cy-cofinite.

Proof. This result is the special case of the second part of Theorem 4.4 with W =W, [

Proof of Theorem 1.2. We have verified Assumptions 1, 4, 6, 8, 9, 11, 12 for the category
C of C-cofinite grading-restricted generalized V-modules. By Theorem 2.8, we obtain the

conclusion of Theorem 1.2. O
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