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Abstract

This is the fourth part in a series of papers in which we introduce and develop
a natural, general tensor category theory for suitable module categories for a vertex
(operator) algebra. In this paper (Part IV), we give constructions of the P(z)- and
Q(z)-tensor product bifunctors using what we call “compatibility conditions” and cer-
tain other conditions.
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In this paper, Part IV of a series of eight papers on logarithmic tensor category theory,

we give constructions of the P(z)- and Q(z)-tensor product bifunctors using what we call
“compatibility conditions” and certain other conditions. The sections, equations, theorems
and so on are numbered globally in the series of papers rather than within each paper, so
that for example equation (a.b) is the b-th labeled equation in Section a, which is contained
in the paper indicated as follows: In Part I [HLZ1], which contains Sections 1 and 2, we give
a detailed overview of our theory, state our main results and introduce the basic objects that
we shall study in this work. We include a brief discussion of some of the recent applications
of this theory, and also a discussion of some recent literature. In Part I [HLZ2], which
contains Section 3, we develop logarithmic formal calculus and study logarithmic intertwining



operators. In Part IIT [HLZ3], which contains Section 4, we introduce and study intertwining
maps and tensor product bifunctors. The present paper, Part IV, contains Sections 5 and
6. In Part V [HLZ4], which contains Sections 7 and 8, we study products and iterates of
intertwining maps and of logarithmic intertwining operators and we begin the development
of our analytic approach. In Part VI [HLZ5], which contains Sections 9 and 10, we construct
the appropriate natural associativity isomorphisms between triple tensor product functors.
In Part VII [HLZ6], which contains Section 11, we give sufficient conditions for the existence
of the associativity isomorphisms. In Part VIII [HLZ7], which contains Section 12, we
construct braided tensor category structure.
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5 Constructions of the P(z)- and Q(z)-tensor product
bifunctors; the compatibility conditions

In Section 4 we defined and studied the P(z)- and @(z)-tensor product bifunctors. But
in order to prove substantial results about these bifunctors, notably, that under suitable
conditions, they give rise to braided tensor category structure, we will need to give a useful,
general construction of (models for) these bifunctors, when they in fact exist. This section
is devoted to such constructions. Our constructions hinge on subtle conditions, including
“compatibility conditions,” on elements of certain dual spaces.

The results in this section are generalizations to the setting of the present work of the
constructions of the P(z)- and Q(z)-tensor product bifunctors in [HL1]-[HL3]. In the earlier
work [HL1]-[HL3] of the first two authors, the Q(z)-tensor product of two modules was
studied and developed first, in [HL1] and [HL2]. The P(z)-tensor product was then studied
systematically in [HL3|, and many proofs for the P(z) case were given by using the results
established for the Q(z) case in [HL1| and [HL2], rather than by carrying out the subtle
arguments in the P(z) case itself, arguments that are similar to (but different from) those in
the Q(z) case. In the present section and the next section, instead of following this approach
of [HL1]-[HL3|, we shall construct the P(z)-tensor product and @(z)-tensor product of
two (generalized) modules independently. In particular, even for the finitely reductive case
carried out in [HL1]-[HL3], some of the present results and proofs of the main theorems are
completely new. One new result is Proposition 5.9 below, which was not stated or proved (or
needed) in the finitely reductive case in [HL3|. This is proved below, by a direct argument
in the P(z) setting, rather than by the use of the Q(z) structure. Theorems 5.44, 5.45, 5.76
and 5.77 formulated below will be proved in the next section. The proofs of Theorems 5.44
and 5.45 are new, even in the finitely reductive case.

Recall the setup and conventions in Assumption 4.1, including the categories M, and



ngg-

We continue to let z be a fixed nonzero complex number.

Later in this section (Assumption 5.30), we shall take C to be a full subcategory of My,
or GM,,, with certain additional properties.

5.1 Affinizations of vertex algebras and the opposite-operator map

Just as in [HL1]-[HL3|, we shall use the Jacobi identity as a motivation to construct tensor
products of (generalized) V-modules in a suitable category. To do this, we need to study
various “affinizations” of a vertex algebra with respect to certain algebras and vector spaces
of formal Laurent series and formal rational functions. The treatment of these matters below
is very similar to that in [HL1], but here we must take into account the gradings by A and
A. Here, as in Section 2 above, we are replacing the symbol * for the “opposite-operator
map” in [HL1] by o.

In Sections 5.2 and 5.3 below, we will be using the material in this section to construct
certain actions 7p(.) and 7g(.) (see Definitions 5.3 and 5.51 as well as (5.110) and (5.174)), in
order to construct P(z)- and Q(z)-tensor products. These actions will be used to reformu-
late the notions of P(2)- and @Q(z)-intertwining maps (see Propositions 5.24 and 5.60), and
these reformulations will enable us to correspondingly reformulate the notions of P(z)- and
Q(z)-tensor products (see Corollaries 5.28 and 5.64). This in turn will lead to the desired
constructions of P(z)- and Q(z)-tensor products when they in fact exist (see Propositions
5.37 and 5.69 and Theorems 5.50 and 5.80).

Let (W,Yw) be a generalized V-module. We adjoin the formal variable ¢ to our list
of commuting formal variables. This variable will play a special role. Consider the vector
spaces

Vit,t 1 =VeCHtt1cVeC(t) cVeCtt )] cVItt )

(note carefully the distinction between the last two, since V' is typically infinite-dimensional)
and W & C{t} ¢ W{t} (recall (2.1)). The linear map

mw VLt — End W
vt = v, (5.1)

(v eV, n € Z) extends canonically to

w: V&C((t) — EndW

VR Zant” — Z QpUn, (5.2)

n>N n>N

(but not to V((t))), in view of (2.49) and Assumption 4.1. It further extends canonically to
mw (V@ C((t)[[z, 2] — (End W)z, 2], (5.3)

where of course (V @ C((t)))[[x, z7!]] can be viewed as the subspace of V[[t,t~!, z,x~!]] such
that the coefficient of each power of z lies in V' @ C((¢)).
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Let v € V and define the “generic vertex operator”

Yi(v,2) =Y (v@t")a " e (Ve Clt,t ' ))[x,27]). (5.4)

nez

Then

Yi(v,) = v®a'6 (2)

- vors(3)
€ VaCtt sz
(c VIt,t7 'z, (5.5)

and the linear map

V = VeCttt s
v — Yi(v,x) (5.6)

is simply the map given by tensoring by the “universal element” x=1§ (%) We have

mw(Yi(v,2)) = Y (v, z). (5.7)
For all f(x) € C[lx,z7"]], f(2)Y(v,z) is defined and
f(I)Y;(U,JJ) = f(tn/;(va SC); (58)

it is crucial to keep in mind the delta-function substitution principles (2.5) and (2.11), which
we will be using regularly.
In case f(z) € C((x)), then mw (f(z)Y:(v, x)) is also defined, and

f@)Yw(v,2) = f(2)rw (Ye(v,2)) = Tw (f (2)Yi(v, ) = 7w (f (1) Ye(0, ). (5.9)

The expansion coefficients, in powers of x, of Y;(v,z) span v ® C[t,t7!], the z-expansion
coefficients of Yy (v,z) span my (v ® C[t,t71]) and for f(z) € C[[z,x!]], the z-expansion
coefficients of f(z)Y;(v,x) span v ® f(t)C[t,t7!]. In case f(z) € C((z)), the z-expansion
coefficients of f(z)Yy (v, z) span my (v @ f(¢)C[t, t71]).

Using this viewpoint, we shall examine each of the three terms in the Jacobi identity
(3.26) in the definition of logarithmic intertwining operator. First we consider the formal
Laurent series in xg, x1, 2 and t given by

031 (’”‘””) Yi(o20) = $I15<x2+$0)1€(v,wo)

X2 €

= v <x2x—1|— t) L) (:cio) (5.10)
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(cf. the right-hand side of (3.26)). The expansion coefficients in powers of z¢, 1 and xo of
(5.10) span just the space v @ C[t,t~!]. However, the expansion coefficients in zy and z; only
(but not in x5) of

xl_lé <x2 +$0) Yi(v,zg) = v®x1_15 <x2 +t> _15( )
T T o

= 1® (Z(:v2+tm o 1) (Zt” 0" 1) (5.11)

meZ nez

span
V@ Ly 4 Clt, 7 mg + 1, (2 + 1)1 C v @ Clag, 25 ((1)),
where ¢,, ; is the operation of expanding a formal rational function in the indicated algebra as
a formal Laurent series involving only finitely many negative powers of ¢ (cf. the notation i1,
etc., considered at the end of Section 2). We shall use similar (-notations below. Specifically,
the Coefﬁment of xg™ tzy™ ! (m,n € Z) in (5.11) is v ® (wy + t)™1".
We may specialize x5 — z € C*, and (5.11) becomes

15 ( - ) Yi(o,00) = 4715 ( i ) (o, 20)

A X1

= V@] 5(Z+t) _15( )
T o

= 1® (Z(z+t)mx;m—1> (Z t”xg”—l) . (5.12)

MEZ nez

The coefficient of x;" 2™ ! (m,n € Z) in (5.12) is v® (2 +1)™" € V @ C((t)), and these
coefficients span
v@C[t,t™ (2 +1)7 CoeC((1)). (5.13)

Our @(z)-tensor product construction in Section 5.3 below will be based on a certain action
of the space V @ C[t,t™1, (2 + t)7!], and the description of this space as the span of the
coefficients of the expression (5.12) (as v € V varies) will be very useful.

Now consider

- - t t
250 (M) Yi(v,71) = v®axy'é ( 2 ) ) (—)
To i T

_ v®(2( o+ 1)y 1><Ztmx;m—1) (5.14)

ne”Z MmEZ

(cf. the second term on the left-hand side of (3.26)). The expansion coefficients in powers
of 2y and z; (but not x5) span

V@ gy Clt, 7 =g + 1, (—xg + )71,



and in fact the coefficient of zy" '™ ! (m,n € Z) in (5.14) is v ® (—x5 + t)"t™. Again
specializing x5 — z € C*, we obtain

(e = vesgs (20 3)
- “®<Z(—Z+t>”wa"‘1)(Zt’”x;m—l). (5.15)

nez mEZL

The coefficient of x;" 2™ ! (m,n € Z) in (5.15) is v ® (—z +t)"t"™, and these coefficients
span
v@Clt,t ! (—z+1) ' Cv@C((t)). (5.16)

Finally, consider

) (xl — x2> Yi(v,z)) = v®@x,'0 (t;x2) ) (i) (5.17)

Zo 0 T

(cf. the first term on the left-hand side of (3.26)). The coefficient of z;™ 'z;™" " (m,n € Z)
is v ® (t — x9)"t™, and these expansion coefficients span

VR Lt,xg(c[tv t_lat — T2, (t - $2)_1]‘

If we again specialize xo — z, we get

[T — 2 - ac(t=2\ ot
xg 5< $0 )Y;(U,xl)—v@)xo 5< o >a:1 6(x1)’ (5.18)

whose coefficient of x5 '27™ ! is v ® (t — 2)"™t™. These coefficients span

v@Cltt ™ (t—2) " CcoaC((th)) (5.19)

(cf. (5.13), (5.16)).
In the construction of P(z)-tensor products in Section 5.2, we shall also need the following
expression, which is slightly different from what we have just analyzed:

_ ot _ -z _ t
T 1(5 (1x—02) ift(’U,ﬂjl) = 1® Lo 16 <x—02> Xy 15 (I—1> . (520)

The coefficient of 2™ '2;™ ! (m,n € Z) is v®(t~' —25)"t™, and these expansion coefficients
span
V@ L1 g, Clt T T — 2o, (71— 19) 7).

If we again specialize xo — 2, we get

-1 -1 _
) (xl Z) Yi(v, 1) =v @150 (t Z) ) <i> : (5.21)

Zo ) 1
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whose coefficient of x5 2™ ! is v ® (17! — 2)™t™. These coefficients span
vRCltt ™t —2) ) =veCltt T (27 —t) T Co@C((1)). (5.22)

Our P(z)-tensor product construction in Section 5.2 below will be based on a certain action
of the space V @ Cl[t,t™1, (27! — t)7!] (see Definition 5.3 below).

In fact, we shall be evaluating the Jacobi identity (3.26), or more specifically, (4.4), on
the elements of the contragredient module W3, and this will in particular allow us to convert
the expansion (5.19) into an expansion in positive powers of ¢, as in the previous paragraph;
see (5.81) and Definition 5.3. For describing the action given in Definition 5.3, it will be
useful to examine the notions of opposite and contragredient vertex operators Y° and Y’
more closely (recall Section 2, in particular, (2.57), (2.74) and Theorem 2.34).

We shall interpret the opposite vertex operator map Yjj, by means of an operation on
V @ C[[t,t7"]] that will convert vertex operators into their opposites. We shall write this
“opposite-operator” map, in various contexts, as “o.” The operation o will be an involution.
We proceed as follows: First we generalize Y in the following way: Recall that by Assump-
tion 4.1, L(1) acts nilpotently on any element v € V. In particular, e*/(Vy is a polynomial
in the formal variable x. Given any vector space U and any linear map

Z(,2): V. = Ullz, 7] (:HU@.ﬂ)

v o= Z(v,x) (5.23)

from V into U[[z,z7!]] (i.e., given any family of linear maps from V" into the spaces U ® z"),

we define Z°(-,z) : V — Ul[z,27!]] by
Z°(w,z) = Z(e"FW (—2=2) L0y, 271y, (5.24)

where we use the obvious linear map Z(-,z71) : V — U[[z,z7']], and where we extend
Z(-,x') canonically to a linear map Z(-,z7%) : V[z,z7'] = U[[z,2"!]]. Then by formula
(5.3.1) in [FHL] (the proof of Proposition 5.3.1), we have

Z00<U, x) — Zo(exL(l)(_mfZ)L(O)v’ lﬁl)
_ Z<€gf1L(1)(_x2)L(0)e;cL(1)(_x—z)L(o)U7 x)
= Z(v,z). (5.25)
That is,
Z°(x) = Z(-,x). (5.26)

Moreover, if Z(v,z) € U((z)), then Z°(v,z) € U((x™1)) and vice versa.
Now we expand Z(v, x) and Z°(v, x) in components. Write

Z(v,z) = Zv(n)x_"_l, (5.27)

neL



where for all n € Z,

Vi — U
v U(n) (528)

is a linear map depending on Z(-,z) (and in fact, as Z(-,x) varies, these linear maps are
arbitrary). Also write

Z°%(v,x) = Z v(on)x_”_l (5.29)

nez
where

V —»- U
v U 5.30
(n)
is a linear map depending on Z(-, ). We shall compute U?n)' First note that
Zv(on)x—n—1 _ Z(exL(l)(_w—Q)L(O)U)(n)xn-i—l‘ (5‘31)
neL neL

For convenience, suppose that v € V), for h € Z. Then the right-hand side of (5.31) is
equal to

(_ 1)h Z(exL(l)v) (_n)xfnJrlth

neZ
1 m m—n —
= (—1)h Z Z %(L(D v)(_n)az +1-2h
n€Z meN
1 m —n—
= (_1)h Z % Z(L(1> U)(—n—m—2+2h)x 1, (532)
meN " nez
that is,
0 1 m
Yn) = (_1)h Z %(L(l) U)(—n—m—2+2h)' (5.33)
meN

(Recall that by Assumption 4.1, L(1)™v = 0 when m is sufficiently large, so that these
expressions are well defined.) For v € V not necessarily homogeneous, V() Is given by the
appropriate sum of such expressions.

Now consider the special case where U = V @ C[t, '] and where Z(-, ) is the “generic”
linear map

Yi(,2): Vo = (VOCt])[z,2"]]

v o= Yi(v,x) = Z(v ® ")z " (5.34)
neL
(recall (5.4)), i.e.,
V) =0V & t". (5.35)
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Then for v € V{3,
1
iy = (1" Y —((L(1))™0) @22 (5.36)

m!
meN

in this case.
This motivates defining an o-operation on V @ C[t,t7!] as follows: For any n,h € Z and
v € Vip), define

(et = (-1 %(L(l)mv) ® " ¢ Vg Ol Y, (5.37)

and extend by linearity to V ® C[t,¢t!]. That is, (v ® t")° = v(, for the special case
Z(-,x) = Yi(-,x) discussed above. (Note that for general Z, we cannot expect to be able to
define an analogous o-operation on U.) Also consider the map

Ye(o) = (Y(2) V. = (VeCltt )z 7]
v o= Y(v,x) = Z(v ® t")°r "t (5.38)

neL

Then for general Z(-,z) as above, we can define a linear map

ez: VaCtt'] — U
VR — U(n) (539)

(“evaluation with respect to Z7), i.e.,
ez Yi(v,x)— Z(v,x), (5.40)
and a linear map

ey VaCtt'] — U

VR = v),, (5.41)
ie.,
ey Yi(v,x) — Z°(v, ). (5.42)
Then
5% =gz 00, (543)
that is,
ez(Y(v,2)) = Z°(v, x), (5.44)

or equivalently, the diagram

Yt(?’x) s Z(v_,.r)
o] 1 (Z(,2) = 2°(, )
Yo(v,z) &% Z°v,x) (5.45)
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commutes. Note that the components Vi) of Z°(v,z) depend on all the components v(,)
of Z(v,x) (for arbitrary v), whereas the component (v ® t")° of Y,°(v,x) can be defined
generically and abstractly; (v ® ¢")° depends linearly on v € V' alone.

Since in general Z°°(v,z) = Z(v, x), we know that

Y, (v, x) = Yy (v, x) (5.46)
as a special case, and in particular (and equivalently),
(vt =vat" (5.47)

for all v € V and n € Z. Thus o is an involution of V ® C[t,t7].
Furthermore, the involution o of V ® C[t,¢™!] extends canonically to a linear map

Ve Ctt '] > VaC[tt ).
In fact, consider the restriction of o to V =V @ t°:
V 3 VeCt!]
1

v o 00 = (—l)hzM(L(l)mv)@)t_m_“%, (5.48)

extended by linearity from V() to V. Then for v € V', we may write

00 = et W (2) 1002, (5.49)
Also, for v € V and n € Z,
(v@t")? =0t (5.50)
and it is clear that o extends to V ® C[[t, ¢ ']]: For f(¢) € C[[t, ¢t ],
(v F(1))° = £ (7). (5.51)

To see that o is an involution of this larger space, first note that
v’ =0 (5.52)

(although v® ¢ V in general). (This could of course alternatively be proved by direct
calculation using formula (5.37).) Also, for g(¢) € C[t,t7!] and f(t) € C[[t,t7]],

(0@ g(t)f(1)” =vg(t) (") = (v@g(t)) f(tT). (5.53)
Thus for all w € V @ C[t,t7!] and f(¢) € C[[t,t7]],
(uf(t))” =uf(t7). (5.54)
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It follows that

(v f(t)” = (@ fEt)°
= v”f(t)
= vf(t)
— 0@ f(t), (5.55)

and we have shown that o is an involution of V & C|[[¢,¢"!]]. We have
0:VaC((t) < VeC(th)). (5.56)

Note that

Ve(o,a) = S(erys !

nez
= v"Zt’":c’”’l
nez
v’ 6 (t)
= v%to(tx)
€ VeC[tt*t z 2 (5.57)

Thus the map v — Y°(v,z) is the linear map given by multiplying v° by the “universal
element” td(tx) (cf. the comment following (5.6)). By (5.49), we also have

Yo(v,z) = etflL(1)(_tQ)L(O)Ut—l(;(m)
— (g 2Oy @ 24(tr). (5.58)

For all f(x) € C[lx,z7"]], f(z)Y, (v, z) is defined and

f@)Y?(v,2) = ftT)Y(v,2)
= 0 f(t té(tx). (5.59)

Now we return to the starting point—the original special case: U = End W and Z (-, z) =
Yw(-,z): V — (End W)[[z, z7!]]. The corresponding map

€7 =Eyy ° V[t,t7'] — End W
v U(n) (5.60)

(recall (5.39)) is just the map 7w : v ® t" +— v, (recall (5.1)), i.e., v(») = v, in this case.
Recall that this map extends canonically to V' @ C((¢)). The map €% (see above) is

T =Twoo: V&C[tt '] — End W,
and this map extends canonically to V @ C((¢71)). In addition to (5.7), we have
w (Y (v,2)) = Yy (v, 2) (5.61)
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(v?, = v° in this case; recall (2.58)). In case f(z) € C((z™1)),

(n)
f(x)YV((,(v,x) = TW(f(x)Y;O(v, :L‘))

is defined and is equal to 7y (f(t71)Y,°(v, 2)) (which is also defined).
The z-expansion coefficients of f(z)Y,%(v,z), for f(z) € C[[x, 2], span

VIECE ] = (CRET])f ()
— @AOCL ), (5.62)
The z-expansion coefficients of Yi7, (v, x) span

T (°C[t,t7]) = 7w ((v® Clt, t71)°)
= (v Cltt ). (5.63)

In case f(z) € C((z™1)), the z-expansion coefficients of f(x)Y; (v, z) span

Tw (v f(E)CLE 7)) = 7 (uf (HCE ).

(Cf. the comments after (5.9).)
We shall need spaces of the forms V@ ¢, C[t, ¢t (z+¢)"!] and V ®._Clt,t71, (2 + )71,
where we use the notations

b1 Ct) = C((t) C Clft, t7"]]
i C(t) = C((tY) c [t t7] (5.64)

to denote the operations of expanding a rational function of the formal variable ¢ in the
indicated directions (as in Section 8.1 of [FLM]). We shall also need certain translation
operations, as well as the o-operation. For a € C, we define the translation isomorphism

T,: C(t) = C(t)
f&) — f(t+a) (5.65)

and (for our use below) we also set
TE =1 0T, 00t 1,C(t) = C((tHh). (5.66)

(Note that the domains of these maps consist of certain series expansions of formal rational
functions rather than of formal rational functions themselves.) The following lemma will be
needed for our action 7p(;) in Section 5.2 below (we shall sometimes write o(Y;(v, 1)) for
Y (v, z4), etc.):
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Lemma 5.1 Let z € C*. Then

0 (%15 (xl_l - Z) Yt(v,xl)) " (’“f;_ Z) Yo (v, 1), (5.67)

Zo 0

(tp 0071 0 0) (g;gla ("””1;_ 2) Yt(v,xl)) = 2716 (2_—”311) Yo(v,21),  (5.68)

0 —Zo
—1 _

(ty 0T, 017 00) <x515 (xl 2) Y (v, x1)>
Lo

J;fl — Xy
=271 (T) Vi (e® W (=g 72Oy 20). (5.69)

Proof Formula (5.67) is immediate from the definition of the map o (recall (5.37)). By
(5.67), (5.57) and (2.5), we have

(ty 0 0 0) <x515 (xl_;o_ Z) Yi(o, x1)>
= o) (a7 (22 ) v
= (14 047" (:cala (”31_;0_ Z) vow(ml))
= (14 042" (xalé (t;OZ) v"td(tm))

=2, (Z — t) votd(tay)

-1
=156 (Z 1 ) vt (tay)
z— a7t
=12, ( 1 ) Y (v, x1), (5.70)
— 20
proving (5.68). For (5.69), note that by (5.58), the coefficient of ;™! in the right-hand side
of (5.67) is
t
(a7" = 2)" (e“L<”<—x12>L<">v @mo (—))
1
— (t _ Z)n <6$1L(1)(_x;2)L(0)v ® xlé (%)) .
Ty

Acted on by ¢y o T, o 1~!, this becomes

t
n (ezlL(l)(—l’l_Q)L(O)'U X ,I‘l(s (Z _1—1 ))
Ty

1 xfl —t L 2\L(0
z
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which by (5.5) is the coefficient of z;™ " in the right-hand side of (5.69). [
We shall be interested in
T2 Clt 7 (2 + )71 = C((EH)), (5.71)

where z is an arbitrary nonzero complex number, as above. The images of these two maps
are 1o C[t,t71, (2 — t)71].
Extend the maps T2, to linear isomorphisms

T=, : VeuCtt (z4+)" 1 3V @wClt,t (z—t)7} (5.72)

given by 1 ® T%, with T%, as defined above. Note that the domain of these two maps is
described by (5.12)-(5.13), that the image of the map T, is described by (5.15)-(5.16) and
that the image of the map 7, is described by (5.18)—(5.19).

We have the two mutually inverse maps

Ve Cltt ™ (-t % VeuCtt " (= -t
v f(t) = vf(EY (5.73)

and

VeuCltt(z'—t" 3 Ve Cttt (z—t)7"
v f(t) = vf(th), (5.74)

which are both isomorphisms. We form the composition
T°, =001", (5.75)
to obtain another isomorphism
T°,:VRuClt,t ,(z+t) "] SV Ct,t ™, (27 —1)71].

The maps T, and 7°, will be the main ingredients of our action 7, (see Section 5.3
below). The following result asserts that TF,, T~, and T°, transform the expression (5.12)
into (5.15), (5.18) and the o-transform of (5.18), respectively:

Lemma 5.2 We have

T, <z_15 (9“"1 - xo) Yt(v,xo)) =210 (z - xl) Y, (v, 21), (5.76)

z —X
T-, (z_15 (3:1 — xo) Yt(v,xo)) =12,'6 (ml — Z) Yi(v, 1), (5.77)
z Lo
T°, (2_15 (:171 ;:co) Yt(v,zo)) =250 (11713:— Z) Y (v, 24). (5.78)
0



Proof We prove (5.76): From (5.12), the coefficient of x;™ '2;™ ! in the left-hand side of
(5.76) is T*,(v ® (2 + t)™t™). By the definitions,
TH(v@ (z+0)™") =v@t™(—(z —t))™ (5.79)

On the other hand, the right-hand side of (5.76) can be written as

1 (7T _1 i - g f(z—t\ 4 i
v ® g (5( - )xl 5(:51) =v®x, 5(_$0)$1 5(:51)’ (5.80)

where we have used (5.5) and the fundamental property (2.5) of the formal d-function.
The coefficient of z;" *z;™ " in the right-hand side of (5.80) is also v ® t™(—(z — t))",
proving (5.76). Formula (5.77) is proved similarly, and (5.78) is obtained from (5.77) by the
application of the map o. ([l

5.2 Constructions of P(z)-tensor products

We proceed to the construction of P(z)-tensor products. While one can certainly consider
categories C in Remark 4.25 that are not closed under the contragredient functor, it is most
natural to consider such categories C that are indeed closed under this functor (recall No-
tation 2.36). Our constructions of P(z)-tensor products will in fact use the contragredient
functor; the P(z)-tensor product of (generalized) modules W, and W, will arise as the contra-
gredient module of a certain subspace of the vector space dual (W; ® W5)*. We now present
this “double-dual” approach to the construction of P(z)-tensor products, generalizing the
double-dual approach carried out in [HL1]-[HL3]. At first, we need not fix any subcategory
C of M, or GM,,. As usual, we take z € C*.

We shall be constructing an action of the space V @ C[t,t7!, (27! — ¢)™'] on the space
(W1 ® Wh)*, given generalized V-modules W; and W,. This action will be based on the
translation operations and on the o-operation discussed in the preceding section. More
precisely, it is the space V ® ¢, C[t,t7!, (27 — ¢)7!] whose action we shall define.

Let I be a P(z)-intertwining map of type (WKV%/Q), as in Definition 4.2. Consider the
contragredient generalized V-module (W3,YY), recall the opposite vertex operator (2.57)
and formula (2.73), and recall why the ingredients of formula (4.4) are well defined. For
veV,wy € Wi, wp € Wi and wgg) € Wi, applying wzg) to (4.4), replacing z; by x;' in
the resulting formula and then replacing v by e”lL(l)(—xfz)L(O)v, we get:

-1

Xz —Z
<JZ615( 1 )Yé(v,:pl)w&i),](w(l) ®w(2))>

Zo

-1
X — X

z

_ z—at
T <w23>v% 15( 1 )f(um) ® Y20(U75U1)w(2))> : (5.81)

We shall use this to motivate our action.
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As we discussed in the preceding section (see (5.21) and (5.22)), in the left-hand side of

(5.81), the coefficients of
—1 o
xal(5<xl Z)Yg’(v, 1) (5.82)
Lo

in powers of xg and x1, for all v € V', span
mwy (V ® 1, Clt, =) (5.83)

(recall (5.2) and (5.7)). Let us now define an action of V ® «,C[t,¢t7, (271 — ¢)7!] on
(W1 @ Wa)*.

Definition 5.3 Define the linear action 7p(,) of
V@i, Clt,t ™ (2 —t)
on (Wi @ Wy)* by
(Tp(2) (N (way ® way) = ATw, (14 0 T, 012" 0 0)&)way ® wia))
+ XM w1y @ T, (14 0 121 0 0)E)w(a)) (5.84)

for f ceVe® L_;,_C[t,t*l, (Zfl — t)il], AE (Wl ® Wg)*, w) € W1 and W) € Ws. (The fact
that the right-hand side is well defined follows immediately from the generating-function
reformulation of (5.84) given in (5.86) below.) Denote by Y}, the action of V & C[t, t~!] on
(W1 ® W3)* thus defined, that is,

Vi (v, 2) = mp5 (Yi(v, 2)) (5.85)
forveV.
By Lemma 5.1, (5.7) and (5.61), we see that formula (5.84) can be written in terms of

generating functions as
-1

(TP(z) <$515(x1 — Z>Yt(v> fﬂl)) A) (way ® wz)

Zo

vt -
= 2_15<1TO>)\(K(em(l)(—l"ﬁ)uo)v, To)w(r) ® w(z))
z—ay!
+x515( —xgl >>\(w(1) QY5 (v, x1)w)) (5.86)

forve V, A e (W) ® Wa)*, way € Wi, we) € Wy; note that by (5.21)—(5.22), the expansion
coefficients in zy and x; of the left-hand side span the space of elements in the left-hand
side of (5.84). Compare formula (5.86) with the motivating formula (5.81). The generating
function form of the action Yp ) can be obtained by taking Res,, of both sides of (5.86),
that is,

(Yo (v, 20) M) (wiy @ wig)) = Mwa) @ Y5 (0, 21)w(z)

—1 o
+Resg 210 (M) A3 (e ED (=27 2Oy 20 wny @ wia)). (5.87)

z
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Remark 5.4 Using the actions 1y; and 7p(.), we can write (5.81) as

-1 L
<$515 (Il - Z) K{(v,xl)wég)> ol = Tp() (xglé (xl 0 Z) Y%(v,m)) (w23) ol

or equivalently, as

(TWS, ( 5 ( _;0_ Z) Yt(v,xl)) w;3)) o = 7 ( s ( ;O_ Z) Yt(v,xl)) (wy o 1).

In the spirit of the discussion related to Lemma 4.41, we find it natural to introduce
subspaces of (W) ® Wy)* homogeneous with respect to A. Since W, and Wy are A- graded,
W1 @ Wy also has a natural A-grading—the tensor product grading, and we shall write
(W1 ® WQ) for the homogeneous subspace of degree 3 € A of W, @ W,. For b e A define

(W, @ Wo))) D =X € (W, @ Wa)* | M) = 0 for @ € (W) ® Wa) with v # —5} (5.88)

(cf. (2.97) and note the minus sign). Of course, the full space (Wi ® Ws)* is not A-graded
since it is not a direct sum of subspaces homogeneous with respect to A.

The space V @1, C[t, 7, (27! —¢)7!] also has an A-grading, induced from the A-grading
onV: For a € A,

(V@ uClt,t ™z =) N@ = V@ g, Clt,t 7, (271 — )71 (5.89)
Using these gradings, we formulate:

Definition 5.5 We call a linear action 7 of V @ 1 C[t,¢t™", (27! — £)7!] on (W; ® Wa)* A-
compatible if fora € A, B € A, £ € (V@ 1, Clt,t™1, (271 =)@ and X € (W, @ Wy)*)¥),

T(A € (Wh @ Wy)*)(eH?),
From (5.84) or (5.86), we have:
Proposition 5.6 The action Tp(.) is A-compatible. U

Remark 5.7 Notice that Proposition 5.6 is analogous to the condition (2.87) in the def-
inition of the notion of (generalized) module. We now proceed to establish several more
of the module-action properties for our action 7p(.y on (W; ® W5)*, in both the conformal
and Mobius cases. However, while we will prove the commutator formula for our action
(see Proposition 5.9 below), we will not be able to prove the Jacobi identity on an element
A€ (Wp ® Wa)* until we assume the “P(z)-compatibility condition” for the element A (see
Theorem 5.44 below). We shall be constructing a certain subspace Witip(.yWs of (W) @ Wy)*
which under suitable conditions will be a generalized V-module and whose contragredient
module will be Wy Mp(.y W5 (see Remark 5.29 and Proposition 5.37), and we shall use the
P(z)-compatibility condltlon to describe this subspace (see Theorem 5.50).
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We have the following result generalizing Proposition 13.3 in [HL3]:
Proposition 5.8 The action Y]’D(Z) has the property
Ypy(1,2) =1,
where 1 on the right-hand side is the identity map of (W1 @ Wa)*. It also has the L(—1)-

deriwative property
d
forveV.

Proof The first statement follows directly from the definition. We prove the L(—1)-derivative
property. From (5.87), we obtain, using (2.62),

d
<@Yfa<z> (v, SC)A) (W) ® wez))
d o
= %A(w(l) ® Yy (v, x)w)

d -z
+%Resm02_15 (%) AV (€™ 2D (=27 L0y 20 )wiy @ w)

d -z
+Res;, (% (z_lé (%))) )\(Yl(emL(l)(—x_Q)L(o)v,xo)w(l) ® w(2))
+Resg 210 (%) — AV (e ED (=272 X0, 20wy @ wg))
= Mwa) @ Yy (L(=1)v, 2)w(z)

d .
+Res,, (@ (2—15 (%))) AV (€70 (2 2) 20 z0)wny © wi)

—1 _
+Res, 2710 (u> AY3 ("W L(1) (=2 2) 2Oy, 20 )wy @ wie)
z

-1 _
—2Res, 2 10 (u) A1 (e PV L(0)2 7 (—272) O, 20)w(y @ wz)). (5.90)
z

The second term on the right-hand side of (5.90) is equal to

d A
— -2 -1 —0 .
Res,,x (dx_l (z ) ( . )))

-)\(Yl(e“(l)(—x’Z)L(O)v, To)wa) ® wez))

-1 _
~ Res, 22 (i <z-15 (u))) .
dxg z
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-/\(Yl(e“"L(l)(—x_Q)L(O)U, To)w(1) @ Wa))
71 _
_ Resy,a 216 (_) .
z
d 2L(1) —2\L(0)
-%)\(Yl(e (—x™%) v,xo)w(l) ® w(g))
0

-1
2 r — — o
= —Resg v 22719 (—) :
z

AY(L(=1)e™ 2D (=272 0 z0)w )y @ wi). (5.91)
By (5.91), (3.74) and (3.66), the right-hand side of (5.90) is equal to
Mway @ Y3 (L(=1)v, x)w(a))
+Resy 210 (@) AV (€20 (=27 EO [(—1)v, 20)w() @ wa))
= (Yp(o)(L(=1)v, 2)A) (wa) @ wz),

proving the L(—1)-derivative property. [
Proposition 5.9 The action Y}, , satisfies the commutator formula for vertex operators,
P(z)
that is, on (W) @ Wa)*,
[Y]/:'(z) (v1, 1), Yzlv(z) (va, 22)]
(T —T
= Res,, 75 15( ! O)YIQ(Z)(Y(Ul, x0) V2, T2)

T2

for vy, vy € V.

Proof 1In the following proof, the reader should note the well-definedness of each expression
and the justifiability of each use of a d-function property.
Let A\ € (Wl X WQ)*, U1, Vg € V, w() € Wy and W) € Ws. By (587),

(Yp() (v1,21) Yoy (2, 22)A) (W) @ wiz))
= (Y (v2, 22)A) (W) @ Y5 (01, 21)w(z))

T — — o
FResy, 20 (B AV (2O (=) O, o)y @ VE (0, 1))
)A(E(emlL(l)(—Jfﬁ)L(o)vla y1)wy @ Yy (v2, 12)w(z))

+Resy1z_15<—x1 — %
z

-1 _ -1 _
+Res,, Ressz’lé(u> z’%(u) .
z z

AV (e (=) Oy, o) Vi (€7D (=2 %) M Ovy, g )wiy @ wizy). (5.92)
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Transposing the subscripts 1 and 2 of the symbols v, x and y, we also have

(Yo (02, 22) Yo (01, 1)) (W) ® wiz))
= )‘( ®Y (Ulwfl} 0(027$2)w(2))

+Resy, 2 yl) (e (=) Oy, g wy @ Y3 (03, 22)w(a))

1(5(
+Resy, 2 15( y2>)\ (™22 (=25 ) L0y, yo)w(y @ Yy (v1, 21)w(a))
+Resy, Res,, 2 1(5(—y> ’16(—_‘%) :
z z
.)\(Yl(emL(l)(_xl—Q)L(O)Uh yl)yl(emL(l)(_IQ—Q)L(O)U% Yo)w(iy ® wa)). (5.93)
The equalities (5.92) and (5.93) give

([YJID(Z) (v1, 11), Ylg(z)(UQ’ )] M) (w(1) ® wiz))
= Mwq) @ [Y3'(v2, 22), Y;(vl,xl)]w(g))

— 71 —
—Resleesyzz_lcS(—x yl)z_15<—x2 y2> )
z z
(Y1 (e PV (—a) M Ouy 1), Yi( P (—252) Oy, o) winy © wiz))

= ResxDxQ 15 ( T ) )\(’11](1) ® YVQO(Y(Ul, 330)1)2, .Q?g)w(g))
2

-1 _ 1 B
—Resleeszesmz—l(S(u)Z—15($2 y2>y2_15 (?/1 330) ‘
~ “ Yo

AVLY (O (= 2) MO0y, arg) e (=) HOvg, yo)winy @ wiz))  (5.94)

— Zo

(recall (2.61)).
But we have

(o s ()
-1 -1 .

_ Z (x1 - yl)m (172 - y2)n y—lé (91 xo>
o Zm-l—l Zn—i—l 2 Y2
_ Z (251 — yo) ! (xl - yl)m (w3 —yo)m ! ~15 (yl X
= 2y =y T2 ? Yo
m _ k
_ Z (250 — yo) " (371 —3/1) L1 (9521—3/2> =) (yl—ﬂfo)
= 2 - 2
m,keZ Lo L z 2

-1 1 B
(55— )6 (u) p (u) = <y1 :Eo)
— Y z Yo
= x20 <x1_1 - (gi —~ y2)> ) <M) ) (92 + xo)
Ly z Ur
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-1 —1_
1,6 (u) =y (u) 41 (M) , (5.95)
To Z Y1
By (3.61), (3.62) and (3.67), we also have

Y(emlL(l) (_xl—Q)L(O)Uh xo)emzL(l) (—$2_2)L(0)

_ eazzL(l)Y <e—x2(1+x0x2)L(1)(1 + l’oZL‘z)_QL(O)ele(l)(—ZEI_Q)L(O)’Ul, : +$x00$2) —I_2)L(O)
_ emzL(l)(_l,Q2)L(O)Y((_x§>L(O)€m2(1+mozz)L(1) .

2
(14 2gmg) 2O m LV (g2 L), TO0TD
1 ’ 1 —|— T2
_ e:sz<1><_w2—2>L<o>y(e—x2<1+xoxz><—x22)L<1)(_$§)L<O> .

2
(1 4 woig) 2O em LM (_yr2) L)y, T0T2
! "1 + ZoZ2
_ erL(l) (—I'Z_Q)L(O)Y

—1
1’2 _'_ x(]

_ w2 L(1)(_—2\L(0) (x5 o) L(1) ,—z1 (x5  +a0)2L(1) |
e (—z5%)"PY (e e

(6(x2—1+x0)L(1)(_(m2—1+xO)Q)—L(O)ele(l)(_xl—Q)L(O)Uh_&)

(o ) MO )0y~
Ty~ + X
— 2l g2 L0y (6(9021+x0)L(1)6—fC1(J»‘21+xo)2L(1)(($2—1 + x0)z1) 2Oy, _%) ‘
Ty + X
(5.96)
Using (5.95), (5.96) and the basic properties of the formal delta function, we see that
(5.94) becomes

(VP (o) (01, 21), Y (02, 22) [N (W) @ wia))

1 — X
= ReSxOl';lé ( ! T 0) )\(U)(l) & YVQO(Y(Ul, .1'0)1)2, $2)w(2))
2

-1 _ -1 _
—Res,, Res,,Res, x40 (%—1330) 216 (u) ) <y2 + mo) :
T z Y

1
A (Y1 (emL(l) (—232) 1Oy (6<x51+xo>L(1>6—x1<x51+a:o>2L<1> .

-1 —2L(0) LoL2
(25~ +xo)x Vv, ——— | Vg, w1y ® W
(5 + 20he0) 25001, Y Yy & )

r1 —X
= Resxoxglé ( ! T 0) )\(’LU(l) & YVQO(Y(’Ul, l’o)’Ug, Jlg)w(g))
2
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-1 —1
ry —x Ty —

—Res,,Resy, 220 (1—10> 216 <2—yz) .
T 2

1

.)\(yl(emL(l)(_x2—2)L(0)Y(6I1—1L(1)6—x1— L(1) |
~($I1$1)*2L(0)1}1, —:L‘0$13:'2)’U2, yg)w(l) X w(Z))

= Res,, 750 ( . ) Mway @ Y3 (Y (v1, 20)v2, T2)w(2))
2

— _1 —
—Res, 220 (m2 aall :Boxlxg)) Resy2z_15 (—x2 y2> .
z

1

T1 — o

A3 (7D (=25 2) POV (v1, —202122)v2, Y2 )w(1) ® Wi2))

_ r1 —X °
= ReSxOZEQ 15 (%) )\(’LU(l) ® }/2 (Y(’Ul, 1'0)1)2, le)w(g))
2

-1 _
+Res,,z; 6 (IQ + yo) Res,,z 10 <—$2 y2> )
VA

X1

-)\(Yl(e“L(l) (—xQ_Q)L(O)Y(Ul, Yo) V2, Y2 )w(1) @ wz))

_ r1 —X °
= ReSxOZIIQ 1(5 (%) )\(’LU(l) & Yé (Y(Ul, [L’())Ug, 1’2)’&[](2))
2

—_— _1 —_—
+Resy, 150 (xl %) Res,,z 10 <u> :
2

X2

MY (72 5V (=) EOY (01, 20)v, Y2 )w() @ wia))

= Res,, 75,0 ( ) (Yoo (Y (1, 20)va, 12)A) (w(1) @ wz)). (5.97)

1 — Zo

T2
Since A, w1y and w(y) are arbitrary, this equality gives the commutator formula for Y;,(Z).
O

The following observations are analogous to those in Remark 8.1 of [HL2] (concerning
the case of Q)(z) rather than P(z)):

Remark 5.10 The proof of Proposition 5.9 suggests the following: Using the definitions
(5.84) and (5.86) as motivation, we define a (linear) action op(,) of V@ Clt, t71, (271 —t) 7]
on the vector space W, ® Ws (as opposed to (W; @ Ws)*) as follows:

OPp(z) (f) (w(l) ®w(2)) = TW1((L—|— OTZOLIIOO)g)w(l)®w(2)+w(1)®TW2((L+OL:1Oo)f)w(g) (598)
for £ € V@ Clt, e, (271 =)™, way € Wi, w) € Wa, or equivalently,

(00 (575 (P22 i) ) ey @ i)

Zo

1
R . _
— 7 15( — 0>Y1(€ O~z ) Oy, 2wy © we
1

z—x
+x515< » ! >w(1) ® Yy (v, x1)w(a). (5.99)
—p
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That is, the operators op(.)(§) and 7p(.)(§) are mutually adjoint:
(TP (ON)(wa)y @ wey) = AMope)(§)(way @ we))). (5.100)
While this action on W; ® W5 is not very useful, it has the following three properties:
opo (i(1,1) = 1 (5.101)

L p(o (Yilo, 1)) = 0w (G(L(-1)0,2) (5.102)

forveV,
(0P (Yi(v2, 72)), 0p) (Ye(v1, 21))]
= Res,, 750 ( > op) (Y (Y (1, 20)v2, 22)) (5.103)

Ty — Zo

X2

for v1, vy € V (the opposite commutator formula). These follow either from the assertions of
Propositions 5.8 and 5.9 or, better, from the fact that it was actually (5.101)—(5.103) that
the proofs of these propositions were proving.

Remark 5.11 Taking Res,, of (5.99), we obtain

(UP(z) (Y;('U, $1>>>(W(1) ® w(2))
= Resxoz_lé(u>Yl(e“L(l)(—:vl_Q)L(o)v, To)w(1) @ W(a)
z
+’LU(1) &X 5/20(717 xl)w(g). (5104)

Substituting first (—a7?)"*@e=21LMy for v in (5.104) and then x;' for z; in the same
formula and using (3.67), (5.5) and (5.58), we obtain

T — Zo

(Up(z) (Yt"(v, $1)))(w(1) X w(g)) = Resmoz_15< 2 >Y1(v, xo)w(l) [ W(2)
+wi) ® Yg(’U, :pl)w(g). (5105)

Using this, we see that op(,) can actually be viewed as a map from V[¢,t7!] to V((¢))@V[t, ¢ ]
defined by

1 — Zo

op) (Y (v,21)) = Resxoz_15< )Yt(v,xo) ®1
+1@Yi(v, 21). (5.106)

Let Ap(s) = op(z) © 0. Then (5.106) becomes

1 — X

Ap(Yi(v.m)) = Res,z 322 )Yi(v,20) @11
+1@Yi(v, 1), (5.107)
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which again can be viewed as a map
Apey VLT = V() @ VL. (5.108)

In formula (2.4) of [MS], Moore and Seiberg introduced a map A, o which in fact corresponds
exactly to the map Ap(.y defined by (5.107). They proposed to define a V-module structure
(called “a representation of A” in [MS], where A corresponds to our vertex algebra V') on
Wi ® Wy by using this map, which can be viewed as a sort of analogue of a coproduct,
but they acknowledged that E. Witten pointed out “subtleties in this definition which are
related to the fact that [a] representation of A4 obtained this way is not always a highest
weight representation.” In fact, it is these subtleties that make it impossible to work with
W1 ® Wa; in virtually all interesting cases, W7 ® W5 does not have a natural (generalized)
V-module structure. This is exactly the reason why we had to use a completely different
approach to construct our P(z)-tensor product of W; and W.

When V is in fact a conformal (rather than Mobius) vertex algebra, we will write

= Lppy(n)z™ 2 (5.109)

nel

Then from the last two propositions we see that the coefficient operators of Y]’D(z) (w, ) satisty
the Virasoro algebra commutator relations, that is,

1
[Lp(2y(m), Lpy(n)] = (m —n)Lp,(m +n) + E(mg — M)t 0C,

with ¢ € C the central charge of V' (recall Definition 2.2). Moreover, in this case, by setting
v =w in (5.87) and taking the coefficient of 27> for j = —1,0, 1, we find that

(L) (DA (w) ® wiz))

1-j
1— )
= )\<w(1) ® L(— ( ( j) ‘L(—7 — Z)>w(1) X w(g)), (5.110)
=0

by (2.63). If V' is just a Mobius vertex algebra, we define the actions L ,(j) on (W7 @ Wa)*
by (5.110) for j = —1,0 and 1.

Remark 5.12 In view of the action L}, (j), the s[(2)-bracket relations (4.5) for a P(z)-
intertwining map I, with notation as in Definition 4.2, can be written as

(L () o T = Lo )y o ) (5.111)
for wi;) € Wi and j = —1, 0 and 1 (cf. (5.81) and Remark 5.4).
Remark 5.13 We have
o () (W1 & W)Y € (Wy @ Wa) )

for j = —1,0,1 and 3 € A (cf. Proposition 5.6).
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When V is a conformal vertex algebra, from the commutator formula for YIQ(Z) (w, ), we
see that L\ (—1), L, (0) and L, (1) realize the actions of L_y, Lo and Ly in s1(2) (recall
(2.27)) on (W7 ® Wo)*. When V is just a Mobius vertex algebra, the same conclusion still
holds but a proof is needed. We state this as a proposition:

Proposition 5.14 Let V' be a Mobius vertex algebra and let Wy and Wy be generalized V -
modules. Then the operators Lp,)(=1), Lp,,(0) and Lp,\(1) realize the actions of L_1, Lo
and Ly in sl(2) on (W ® Wa)*, according to (2.27).

Proof For A € (Wi ® Wa)*, way € Wi, wey € Wy and j,k = —1,0,1, we have
(Lp(sy (1) Ly (B)A) (w @)

LiMjd
VR
—
|
<.
v
Ei
4
|
N
~~
&
&
S
®
~~

= (L) (B)A) (way ® L(—j)wz))

From formula (5.112) we obtain
([Lp)()s Ly ()M (way @ wz))

= /\(w(l) ® [L(=k), L(—=j)]we)

+(1_k 12_3 (1 B k) (1 ;‘7> G +i—k—DL(=k—1—j— i))ﬂf(l) ® W))
(5.113)
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Taking j =1 and k = —1,0 in (5.113), we obtain
([Lpy (1), Lpoy (BN (wy @ wiz)
= )\(w(l) & (1 — k)L(—k — 1)w(2)
kg
+ 21 —k—=DL(=k—1-1) Jwy @w
(2 (") )7a- e o @)
= )\(w(l) & (1 — k?)L(—/{Z — 1)w(2)
1—(k+1) 1k
+ 21 —k—=DL(=k—1-1) Jwy @w
(X (7F)ra-r-nx )y 900
= (1 — /{;)A(w(l) &® L(—l — k;)w(g)

+ (l_fl) (1 - (l; " 1)) AL(=(k+1) - l)> way @ w(2>)

=0
= (1 = k) Lpy (1 + )N (wa) @ we),

proving the commutator formula
[Lpy (1), Lpy (k)] = (1 — k) Ly (1 + k)

for k = —1,0.
Taking j = 0 and £k = —1 in (5.113), we obtain

([Lp2)(0), Lpoy (=DM (wy @ wiz))

proving that

[Lp()(0), Ly (=1)] = Lp,y(—1).
The three commutator formulas we have proved show that L, (—1), Lp,(0) and Lj,(1)
indeed realize the actions of L_y, Ly and L, in s((2). O

The commutator formulas corresponding to (2.28)-(2.30) (recall Definition 2.11)) also
need to be proved in the Mobius case:
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Proposition 5.15 Let V be a Mobius vertex algebra and let Wi and Wy be generalized
V-modules. Then for v € V, we have the following commutator formulas:

[L(_D?YI,D(Z)(U?:E)] = Y};(z)(L(—l)U,CL’), (
[L(O)7Y1/D(z)(07$)] = Yé(z)(L(O)Uﬁ‘f) + SUYJ/D(Z)(L(—UU#U)’ (
[L(1), Yy (v,2)] = Ypi (L(Lv,z) + 22Yp, (L(0)v, 2) + $2Y1/D(z)(L(—1)Ua z)

(

where for brevity we write Ljp(z) (7) acting on (W, @ Wa)* as L(j).

Proof Let A € (W1 @Wa)*, wny € Wiy and w(z) € Wy. Using (5.110), (5.87), the commutator
formulas for L(j) and Yi(v,zo) for j = —1,0,1 and v € V (recall Definition 2.11), and the
commutator formulas for L(j) and Y3 (v, x) for j = —1,0,1 and v € V' (recall Lemma 2.22),
we obtain, for j = —1,0,1,
([L(7), Yooy (v, 2)]A) (wir) @ wiz)
= (L(5)Yp(y (v, 2) M) (wir) @ wig)) — (Ve (0, 2) L(H)A) (way @ wiz)
= (Yp (v, 2)N) (way @ L(—j)w )

+ Z (1 ; J) (Ylg(z)(v’ I))‘) (ZiL(_j N i)w(l) ® w(z))

2

=0
—(L()M)(way @ Y5 (v, 2)w(z)
-1 _
“Resys718 (T ) (LON OB 00,z @ )
= AMwq) ® Y5 (v, 2) L(—j)w)

0) AV (e (=22 O, zo)wiy @ L(—j)w)

+Resg, 218 (x—
z

+ 2—: (1 B j) M L(=j = i)wa) ® Y5 (v, 2)w)

- 1
=0

+§ (1 B j) Res,,z 10 (—x_l — xo) :
: i 2
AV (e (=2 72) v, 0) 2 L= — Dwi) @ wia)
—Away ® L(—j)Y5 (v, 2)w(z))

AM2Z'L(—j —i)wa) @ Yy (v, 2)w(z))

-1 _
Ry 713 (I A (B Oy © L))



(5.117)

Using (2.6) and (2.11) when necessary, we see that the second term on the right-hand side
of (5.117) is equal to the following expressions for j = 1,0 and —1, respectively:

-1 _
~Res, 2710 (%) AV (L(=1)e™2 D (—z72) Oy o)) @ wi), (5.118)

27— 20 o= o (1) /1
—Resg, 2 16 (—0) Z () ( )zix(l)_i_k-
z — =\l k

-1 _
= —Res,, 2716 x 0 oA (Y (L(—1 e (=2 L0 V, To) W) Q Wi
0 . (1) ® W)
_ R xL(1)( . —2\L(0)
Resz 270 . AY1(L(0)e™  (=27) " P, zo)wq) ® wz))
_ 15 (20 _1)er) (=) LO)
Res,, 2 . 2AY1(L(=1)e"™ Y (—27) " Vo, zo)way @ wiz))
2

xo) (w0 + 2)AVLL(=1)e™ M (=272) Ov, zo)wa) @ wz)

r—x
—Resg, 2! (TO) AY(L(0)e™ D (=272 HO0 2)w (1) @ w(g))
-1 _
= —Res,, 2716 (%) e IANY(L(=1)e™ W (=272 FOy 20)w () @ wia))
-z
Res,,z 0 (TO) AYL(L(0)e™ D (=272 EO 20)w (1) @ wig))

(5.119)
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and

-1 _
—Res, 2716 (u)

z

2—3\ . 5.
)( k Z) S

AV (L(k = 1) D (=27 O, z0)w) @ wi)

b

v
o .
N\
<0 DN

@
Il
=)
B
Il

I
—

= —Resy 2710 (I . xo) AV (L(=1)e" D (=272 O, 2 )wiy @ wi)
sy 715 () 200 (L0 (O iy © i)
—Resg,z 16 (‘ ) AV (L) (=22 O, mo)wgy @ wia))
—Res, 2716 (a:_lz— xo) 2220\ (Y1 (L(=1)e™ W (=2 ) Oy 20)wg) @ wiy)
—Res,,2 16 (‘ ) 22\ (V1 (L(0)e"E 0V (—2~2) O, mo)wy @ wia))
—Res,,z "0 (x_lz_ xo) PAV(L(=1)e W (=272 Vv, 0wy © wz)

= —Res,z 10 (x_lz_ xo) 2 AVUL(=1)e W (=) O, 20wy @ wiz)
sy (T ) 2 A0 () )y & )
—Res,, 2z 16 (g) AV (L(1)e™ D (=272 EOy 20)w () @ wia)).

(5.120)

Using (3.74) and (3.66), we see that (5.118), (5.119) and (5.120) are respectively equal to

-1 _
_Resxozild (u) .
z

AV (€0 (@2 L(1) - 22L(0) + L(~1))(—2~2) v, 20 )w)  wie)

-1
= Reszoz_lé (M) .
z

MY (e FW (=) EO(L(1) 4+ 22L(0) + 22 L(—1))v, 20)w(y ® wiz),
(5.121)



-1 _
—Res,, 210 (%) AY3 (XD (=2 L(1) + L(0)) (—2 )X, zp)w() @ wie)

-1
- r = — o -
= Res,,z 10 (—) ot

AV (e FO (=2 EO(L(1) + 22 L(0) + 22 L(—1))v, 20)w() @ w(a))
) A (€D (=2 )MO (=27 L(1) = L(0))v, zo)wy ® wa))

J,’*l — T
+Resz, 210 <—0

z

-1 _
= Res,, 216 <u> AV (e 2D (=2 EO(L(0) + 2 L(—1))v, 20)w) ® w(z)

(5.122)

and

-1
- T = — T -
—Res, 2716 (—) r 2
z

A (EHO @ L(1) — 20L(0) + L1 (=200, 2oy © wia)
() 2 AU (0L 0) + LO) () vy @ i)

u) AV OLM) (=a7) O, 20wy © we)
z

MY ("D (=) PO (L(1) + 22L(0) + 22L(—1))v, To)wy @ Wez))

bt — g

+Res,, 2716 < ) 20 A (Y3 (€W (=2~ ) EO (—2 7 L(1) — L(0))v, z0) w1y @ wiz))

z

-1
+Res, 210 (u) A(Y3 (720 (=27 2)HO 2 [ (1)o, g )w(y) ® wia))
z
—1 _
= Res,, 210 (u) A(Y3 (€70 (=272 O L(— 1), 20 )wiy ® wia)). (5.123)

z

The right-hand sides of (5.121), (5.122) and (5.123) can be written as

A 1
+1\ =
E (‘7 I )x”lkResmozl(S (%) A3 (e E D (=) PO Lk — 1)v, 20)wa) @ wg)),
k=0

for j = 1,0, —1, respectively. Thus the right-hand side of (5.117) is equal to

Jj+1 i+1 A
> ( I >9€]+1_k)\(w(1) @YY (L(k = v, z)we)

k=0
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J+1 j1 . y 2! — 0
—l—Z I x €Sy % — |

k=0
MY ("W (=) PO Lk — 1)v, mo)wy @ we))
j+1

=S (J’ Z 1) 2RV (LK = 1)o,2)N) (wiy © wee), (5.124)

proving the proposition. [J

We have seen in (5.2), (5.82) and (5.83) that for a generalized V-module (W, Yy ), the
space V ® C((t)), and in particular, the space V ® 1, C[t, ¢+, (27! — )7!], acts naturally on
W via the action 7y, in view of (2.49) and Assumption 4.1; recall that v®@t" (v € V, n € Z)
acts as the component v,, of Yy (v, x), and that more generally,

Tw (U ® Z ant”> = Z QpUn, (5.125)
n>N n>N

for a, € C. For generalized V-modules W, Wy and Ws, we shall next relate the P(z)-

intertwining maps of type (W‘;V%/Q) to certain linear maps from W4 to (W, ® Ws)* intertwining

the actions of V@i, C[t,t71, (271 —¢) 7] and of 5[(2) on W} and on (W;®@W3)* (see Proposition
5.24 and Notation 5.25 below). For this, as is suggested by Lemma 4.41 and Proposition
5.6, we need to consider A-compatibility for linear maps from W3 to (W) @ Ws)*:

Definition 5.16 We call a map J € Hom(Ws, (W @ Ws)*) A-compatible if
J(W3)?) € (W @ Wa)")?) (5.126)
for 8 € A.

As in the discussion preceding Lemma 4.41, we see that an element A of (W @ Wy @ W3)*
amounts exactly to a linear map

Sy Wy — (Wl X Wg)*

If \ is A-compatible (see that discussion), then for w(r) € Wl(ﬁ ), w(z) € WQ(W) and wz) € Wéé)
such that 8 +~v+ 46 # 0,

In(we)) (W) @ we) = AMwa) @ we) @ we) =0,

so that
J,\(w(g)) S ((W1 X Wg)*)(é),

and so J, is A-compatible. Similarly, if J, is A-compatible, then so is A\. Thus using Lemma
4.41 we have:
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Lemma 5.17 The linear functional A € (W, @ Wo @ W3)* is A-compatible if and only if Jy
1s A-compatible. The map given by X — Jy is the unique linear isomorphism from the space

of A-compatible elements of (W1 @ Wo @ W3)* to the space of A-compatible linear maps from
W3 to (W @ Wa)* such that

I(we)) (way @ we)) = Awa) @ we) @ wes)

for way € Wi, wey € Wy and wey € Ws. In particular, the correspondence Iy w— Jy defines
a (unique) linear isomorphism from the space of A-compatible linear maps

I:I)\2W1®W2—)Wé
to the space of A-compatible linear maps
J:J)\3W3—>(W1®W2)*

such that
(wesy, [(way @ we))) = J(we)) (way @ we))

fO’I" w(l) € Wl, w(g) € W2 and U}(g) c Wg. O

Remark 5.18 From Lemma 5.17 (with W3 replaced by W3) we have a canonical isomor-
phism from the space of A-compatible linear maps

I Wi W, — Wg
to the space of A-compatible linear maps
J: Wé — (W1 ® WQ)*,

determined by:
<w23), I{wa) ® we)) = J(wés))(w(l) ® wz)) (5.127)

for wy € Wi, wey € W, and w23) e Wi, or equivalently,
Wiz o I = J(wz)) (5.128)
for wiy) € W,

We introduce another notion, corresponding to the lower truncation condition (4.3) for
P(z)-intertwining maps:

Definition 5.19 We call a map J € Hom(Ws3, (W) ® Wy)*) grading restricted if for n € C,
w() € W1 and W) € W,

J(W3)p—m)) (W) @ wz)) =0 for m € N sufficiently large. (5.129)
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Remark 5.20 If J € Hom(Ws, (W, @ Wa)*) is A-compatible, then .J is also grading re-
stricted, as we see using (2.85).

Remark 5.21 If in addition W3 is lower bounded (recall (2.89)), then the stronger condition
J(W3)m)(way ® wy) =0 for R(n) sufficiently negative (5.130)

holds.

Remark 5.22 Under the natural isomorphism given in Remark 5.18 (see (5.127)) in the

A-compatible setting, the map J : Wy — (W, ® W)* is grading restricted (recall Definition

5.19) if and only if the map I : W1~® Wy — Wj satisfies the lower truncation condition

(4.3). But notice also that in this A-compatible setting, we have seen that both I and J
automatically have these properties.

Remark 5.23 Analogous comments hold for the stronger conditions (4.7) and (5.21) in case
W3 is lower bounded.

Using the above together with Remarks 5.4 and 5.12, we now have the following result,
generalizing Proposition 13.1 in [HL3]:

Proposition 5.24 Let Wy, Wy and W3 be generalized V-modules. Under the natural iso-
morphism described in Remark 5.18 between the space of A-compatible linear maps

I W, @W,— W,
and the space of A-compatible linear maps
J Wi — (W @ Way)*
determined by (5.127), the P(z)-intertwining maps I of type ( Ws ) correspond ezxactly to

" W1 Wa
the (grading restricted) A-compatible maps J that intertwine the actions of both

V@uCltt, (" =)™

and sl(2) on Wi and on (W @ Wa)*. If W3 is lower bounded, we may replace the grading
restrictions by (4.7) and (5.130).

Proof In view of (5.128), Remark 5.4 asserts that (5.81), or equivalently, (4.4), is equivalent
to the condition

7l — 2 , it =z /
J (Twé (x015< 1% ) YZ(’U,xl)) w(3)) = TP(z2) (95015( . 0 )Yt(v’xl)) J(w(3)),

(5.131)
that is, the condition that J intertwines the actions of V ®@¢, C[t,t7!, (271 —¢)7!] on W} and
on (W ® Wa)* (recall (5.21)—(5.22)). Similarly, Remark 5.12 asserts that (4.5) is equivalent
to the condition

J(L'(§)wiz)) = L (7)J (w(z)) (5.132)
for j = —1, 0, 1, that is, the condition that J intertwines the actions of s[(2) on W} and on
(W @Wy)*. O
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Notation 5.25 Given generalized V-modules Wi, W5 and W3, we shall write N [P(z)]%@%)*,

or ‘g/VZl@WZ)* if there is no ambiguity, for the space of (grading restricted) A-compatible lin-
ear maps

J Wi — (W @ Way)*
that intertwine the actions of both
V@uCltt, (" =1

and s[(2) on W5 and on (W; ® Wa)*. Note that Proposition 5.24 gives a natural linear
isomorphism

~ W1 Wo)*
MIP(2)yiw, = My, — N(é o
I — J

(recall from Definition 4.2 the notations for the space of P(z)-intertwining maps), and if Wj
is lower bounded, the spaces satisfy the stronger grading restrictions (4.7) and (5.130). Let
us use the symbol “prime” to denote this isomorphism in both directions:

~ (W1@Wa)*
My, = N

so that in particular,
I"=1 and J'=J

for I € My wow, and J € N YELON , and the relation between I and I’ is determined by
Wmem®wm»=FW®XWn®WM
for wey € Wi, we) € Wy and w ) € W3, or equivalently,
wES) ol = I’(w23)).

Remark 5.26 Combining Proposition 5.24 with Proposition 4.8, we see that for any integer
p, we also have a natural linear isomorphism

(W1®W2)*
N :’; VWlWQ
from N (V18W2)" ¢4 the space of logarithmic intertwining operators of type (WWW) In par-
ticular, glven a logarithmic intertwining operator ) of type ( ) the map
Iﬁ,jp Wy — (W) @ Wa)*
defined by

I, (wis)) (wa) © wi)) = (Wig), Y(way, € )we)w,

is A-compatible and intertwines both actions on both spaces. If W3 is lower bounded, we
have the stronger grading restrictions (recall Remark 4.9).
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Recall that we have formulated the notions of P(z)-product and P(z)-tensor product
using P(z)-intertwining maps (Definitions 4.13 and 4.15). Since we now know that P(z)-
intertwining maps can be interpreted as in Proposition 5.24 (and Notation 5.25), we can
easily reformulate the notions of P(z)-product and P(z)-tensor product correspondingly:

Proposition 5.27 Let Cy be either of the categories My, or GM,, as in Definition 4.13.
For Wy, Wy € obCy, a P(z)-product (Ws; I3) of Wi and Ws (recall Definition 4.13) amounts

N(W1 QWo)*

to an object (W3,Y3) of Ci equipped with a map I} , that s, equipped with an

A-compatible map
]é : Wé — (Wl X Wg)*

that intertwines the two actions of V@ ¢, Clt,t™1, (271 — )] and of sl(2). The map I
corresponds to the P(z)-intertwining map

Ig : W1 &® W2 — Wg
as above:

for wigy € Wi (recall 5.128)). Denoting this structure by (Ws,Ys; I) or simply by (Ws; 1),
let (Wy; 1)) be another such structure. Then a morphism of P(z)-products from W3 to W,
amounts to a module map n : W3 — Wy such that the diagram

(W1 @ Wy)*
I I}

/

Wi U

- Wé
commutes, where 1/ is the natural map given by (2.102).
Proof All we need to check is that the diagram in Definition 4.13 commutes if and only if

the dim&am above commutes. But this follows from the definitions and the fact that for
w(z) € W3 and w24) e Wy,

(0 (wia)), Wz)) = (wiay, N(WG))),
which in turn follows from (2.102).

Corollary 5.28 Let C be a full subcategory of either My, or GMs,, as in Definition 4.15.
For Wy, Wy € obC, a P(z)-tensor product (Wy; 1y) of Wy and Wy in C, if it exists, amounts
to an object Wy = W1 Xp ) Wy of C and a structure (Wo =W, Xp() Wa; I})) as in Proposition
5.27, with

](/) : (Wl &p (2) Wg)/ — (W1 & Wg)*

N(Vvélggi)wz ., such that for any such pair (W;I') (W € ob(C), with
' w — (W1 &® Wz)*
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, W1 @Ws)* : :
in NV W2 ihere is a unique module map

X : W/ (Wl X’P Wz)

such that the diagram
(W7 @ Wa)*

P

W X (Wy Rp(ay Wa)'

commutes. Here x =n', where n is a correspondingly unique module map
n: W1 &p(z) W2 — W.

Also, the map I, which is A-compatible and which intertwines the two actions of V &
L Clt ™ (27 = )71 and of s1(2), is related to the P(z)-intertwining map

Ip = Wpe) : W1 @ Wy — Wy Mp(,y Ws
by
Iy(w') = w' o Bp(,)
forw" € (Wi Wpr.y Wa)', that is,

Iy(w)(way ® wey) = (W', wa) e we)
for way € Wi and wey € Wy, using the notation (4.31). O

Remark 5.29 From Corollary 5.28 we see that it is natural to try to construct Wi Mp(.) Ws,
when it exists, as the contragredient of a suitable natural substructure of (W; ® Wg) We
shall now proceed to do this. Under suitable assumptions, we shall in fact construct a
module-like structure

WIEP(Z)WQ C (Wl 0%y W2>*
for Wy, W, € obC, and we will show that WiZp(,)W5 is an object of C if and only if W) Kp.)

Wy exists in C, in which case we will have
Wi Wpy Wy = (Witlp()Wa)'

(observe the notation
/

X —

24

as in the special cases studied in [HL1]-[HL3]). It is important to keep in mind that the
space Wibp(,) W, will depend on the category C.

We formalize certain of the properties of the category C that we have been using, and
some new ones, as follows:
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Assumption 5.30 Throughout the remainder of this work, we shall assume that C is a full
subcategory of the category My, or GM,, closed under the contragredient functor (recall
Notation 2.36; for now, we are not assuming that V- € obC). We shall also assume that C
is closed under taking finite direct sums.

Definition 5.31 For Wy, W, € ob(C, define the subset
Witp) W C (W1 @ Wa)*
of (W ® W3)* to be the union of the images
I'w' c (W, @ Wy)*

as (W; I) ranges through all the P(z)-products of W; and Wy with W € obC. Equivalently,
WiSp(z) W is the union of the images I'(W') as W (or W) ranges through ob C and I’ ranges

through N, (V1OW2)"__the space of A-compatible linear maps
W' — (W @ Wa)*
intertwining the actions of both
V@i, Clt,t ™ (2 —t)
and s[(2) on both spaces.

Remark 5.32 Since C is closed under finite direct sums (Assumption 5.30), it is clear that
Witlp()Ws is in fact a linear subspace of (Wi ® W5)*, and in particular, it can be defined
alternatively as the sum of all the images I'(W’):

WigpeWe =Y I'(W') = JI'(W') ¢ (W) @ Wy)", (5.133)
where the sum and union both range over W € obC, I € M ..

For any generalized V-modules W and W5, using the operator L', (0) (recall (5.110))
on (Wi ® W)* we define the generalized L', ) (0)-eigenspaces (Wi ® W2)*)p, for n € C in
the usual way:

(W1 @ Wa) ) = {w € (W1 ® Wa)" | (Lp(,)(0) — n)™w = 0 for m € N sufficiently large}.

(5.134)
Then we have the (proper) subspace
[T @ Wa)*)p € (W @ Wa)*. (5.135)
neC
We also define the ordinary Li,(0)-eigenspaces (W1 ® Wa)*)(n) in the usual way:
Then we have the (proper) subspace
[T @ W) € (W @ Wa)*. (5.137)

neC
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Proposition 5.33 Let Wy, W5 € ob(C.
(a) The elements of Wit p.,)Ws are exactly the linear functzonals on W1 @ Wy of the form
w'ol(-®-) for some P(z)-intertwining map I of type ( Wi W 2) and some w' € W', W € ob(C.
(b) Let (W; 1) be any P(z)-product of Wy and Wy, with W any generalized V -module.
Then forn € C,
I'(Wi,) € (W1 @ Wa)* )

and
T’(W< ) C (W1 @ Wa)™) ).

(¢) The structure (W1Sp)Wa, Yy ,)) (recall (5.85)) satisfies all the azioms in the defini-

tion of (strongly A—gmded) genemlzzed V-module except perhaps for the two grading condi-
tions (2.85) and (2.86).

(d) Suppose that the objects of the category C consist only of (strongly fl-gmded} ordinary,
as opposed to generalized, V-modules. Then the structure (WiSpe.yWa, Yzlv(z)) satisfies all the

azioms in the definition of (strongly A-graded ordinary) V -module except perhaps for (2.85)
and (2.86).

Proof Part (a) is clear from the definition of WiEp(.)Ws, and (b) follows from (5.132) with
j=0.

For (c), let (W;I) be any any P(z)-product of W; and Wy, with W any generalized
V-module. Then (I'(W’),Y}, ) satisfies all the conditions in the definition of (strongly
fl—graded) generalized V-module since I’ is A-compatible and intertwines the actions of
V @ C[t,t7!] and of 5[(2); the C-grading follows from Part (b). Note that

I' W = I'(W) (5.138)

is a map of generalized V-modules. Since Witlp(,)W5 is the sum of these structures I’ (W"
over W € ob(C (recall (5.133)), we see that (Wlﬂp 2 Wa,Y},)) satisfies all the conditions in
the definition of generalized module except perhaps for (2.85) and (2.86).

Finally, Part (d) is proved by the same argument as for (c). In fact, for (W; 1) any P(z)-
product of possibly generalized V-modules W; and W5, with W any ordinary V-module,
(I'(W'),Yp,.y) satisfies all the conditions in the definition of (strongly A-graded) ordinary
V-module; the C-grading (this time, by ordinary L’P(z)(O)—eigenSpaces) again follows from
Part (b). O

Remark 5.34 Later, it will be convenient to introduce the term “doubly graded” general-
ized module (or module) for the module structures in Parts (c) and (d) (see Definition 9.14
below).

The following terminology will be useful:

Definition 5.35 The category C is closed under images if, given an object M of C, a gen-
eralized V-module N, and a map ¢ : M — N of generalized V-modules, the image ¢(M) is
an object of C.
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Under this assumption, we have the following alternative description of Wimp(,)Wa:

Proposition 5.36 Suppose that C is closed under images (as well as under contragredients
and finite direct sums (Assumption 5.30)). Let Wi, Wy € obC. Then the subspace Witlp,)Ws
of (W1@Ws)* is equal to the union and also to the sum of the objects of C lying in (W1 @Ws)*:

WiSp W =W =) W c (W @ Wy)*,

where, in the union and in the sum, W ranges through the subspaces of (W & Wy)* that
are objects of C when equipped with the action YI’)(Z)(-,I) of V and the corresponding action
of s1(2) on (W, @ Wa)*. In particular, every object of C lying in (W1 @ Wa)* is a subspace
of WitlpyWa (and for this assertion, the assumption that C is closed under images is not

needed,).

Proof In view of Remark 5.32, it suffices to show that the subspaces I'(W’) of (W, @Ws)*, as
W ranges through ob C and I’ ranges through the maps indicated in Definition 5.31, coincide
with the objects of C lying in (W) ® Wy)*. But each I'(WW') € obC because C is closed under
images and contragredients, and I’ : W’ — I'(W’) is a map of generalized V-modules (recall
(5.138)). Conversely, consider an arbitrary object of C lying in (W; ® W5)* and write it as
W' for a suitable W € obC. Then since the embedding

J: W' — (W) @ Wy)*
has the properties indicated in Notation 5.25, it can be written as I’ (with [ = J'). O

The next result characterizes W Xp(,) W5, including its existence, in terms of Witp,)Ws;
this result generalizes Proposition 13.7 in [HL3]:

Proposition 5.37 Let Wi, W5 € obC. If (Wlﬁlp(z)Wg,Yl’D(Z)) 1s an object of C, denote by
(W1 p(oy Wa, Yp,)) its contragredient module:

W1 Mp() Wy = (Witlpy Wa)'.
Then the P(z)-tensor product of Wy and Wy in C exists and is
(Wl &P(z) W?a YP(z)a il))

where i is the natural inclusion from Witip,\Wo to (W1 @ Wa)* (recall Notation 5.25). Con-
versely, let us assume that C is closed under images. If the P(z)-tensor product of Wi and
Wy in C exists, then (WiSp(.)Wa, YI’D(Z)) is an object of C.

Proof Suppose that (Witip)Ws, Y}, Z)) is an object of C and take (W) Mp(.) Wy, Yp(»)) and
the map ¢ as indicated. Then

(W1@Wa)*
i € NWll—JP( W
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and B
Y 1X¥p ) Wa
i€ My w, .

In the notation of Corollary 5.28, we take Iy = ', I = i. For any pair (W; I’) as in Corollary
5.28, we have
I/(W/) C WIEP(Z)WQ

(which is the union of all such images), so that there is certainly a unique module map
X : W' — ngp(z)Wg

such that
iox =1,

namely, " itself, viewed as a module map. Thus by Corollary 5.28, W, Mp(,) W, exists as
indicated.

Conversely, if the P(z)-tensor product of Wy and W5 in C exists and is (Wy; Ip), then for
any P(z)-product (W;I) with W € obC, we have a unique module map x : W' — W] as in
Corollary 5.28 such that I’ = I o x, so that I'(W') C I;(W{), proving that

Wlﬂp(z)Wg C ]6(W6)
On the other hand, (Wy; [y) is itself a P(z)-product, so that
]6(W6) C WlEP(z)WQ.

Thus
ngp(z) W2 = [(/) (W(;) )

and so Wi5p(;) W, is a generalized V-module and is the image of the module map
[6 : Wé — WlNP(Z)WQ.

Since C is closed under images by assumption, we have that Witp)W, € obC. [

Remark 5.38 Suppose that WiSp,)W> is an object of C. From Corollary 5.28 and Propo-
sition 5.37 we see that

(A way Bpey we))wigp.,w, = Mwa) @ we) (5.139)
for A € WlNP(Z)WQ C (Wl X WQ)*, w(1) € W1 and W(2) S WQ.

Our next goal is to present a crucial alternative description of the subspace Witp(.)Ws
of (W, ® Wp)*. The main ingredient of this description will be the “P(z)-compatibility
condition,” which was a cornerstone of the development of tensor product theory in the
special cases treated in [HL1]-[HL3| and [H].
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Assume now that W; and W, are arbitrary generalized V-modules. Let (W;I) (W a
generalized V-module) be a P(z)-product of Wi and W5 and let w' € W’'. Then from
(5.131), Proposition 5.27, (5.125), (5.7) and (5.85), we have, for all v € V,

-1

Th(2) (x615<x1 — Z)Yt(v,arl)> I'(w')

Zo

_r (TW/ <x515(x1;0_ Z)Yt(v,wl)) w’)

-1
=T (m515<$1 o Z)le(v,xl)w')

. ,
= a5 (H ) I e,
-1

= a8 () I rw (Yilw, )

1

= 258 (e (v, e )1 ()

-1
= x615<x1 Z>Y1’a(z)(v,:c1)l’(w’). (5.140)

Lo
That is, I'(w’) satisfies the following nontrivial and subtle condition on
A€ (Wl & Wg)* :

The P(z)-compatibility condition

(a) The P(z)-lower truncation condition: For all v € V, the formal Laurent series
Y]’D(Z) (v, z)\ involves only finitely many negative powers of x.

(b) The following formula holds:

R e NI
1

= :;cgld(ml l‘o_ z)Y]D(Z)(v,xl))\ for all veV. (5.141)

(Note that the two sides of (5.141) are not a priori equal for general A € (W) ® Ws)*.
Note also that Condition (a) insures that the right-hand side in Condition (b) is well
defined.)

Notation 5.39 Note that the set of elements of (W7 ® W5)* satisfying either the full P(z)-
compatibility condition or Part (a) of this condition forms a subspace. We shall denote the
space of elements of (W; ® Wy)* satisfying the P(z)-compatibility condition by

COMPP(Z)((Wl X Wg)*)
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Recall from (5.88) that for each 5 € A we have the subspace (W, @W,)*)®) of (W1@Ws)*.
The sum of these subspaces is of course direct, and we denote it by ((W; @ Wy)*))

(W @ W) ) D =S ((Wy @ W)")@ = [ (W1 @ W)@

BeA BeA

Each space (W) ® Wy)*)® is L'p,(0)-stable (recall Proposition 5.6 and Remark 5.13), so
that we may consider the subspaces

[T @ W) < (W @ wa))™?
neC

and
[T @w2))i) (W @ W)@

neC

(recall Remark 2.13). We now define the two subspaces
(W) @ Wy)*) m—HHl%®%7JQM®%W@UM®%Y (5.142)
neC gecA

and

(e Wa))ie) =1 ]_[ (W1 @ Wo))E) € (W @ Wo) ) C (Wy @ Wa)*.  (5.143)

Remark 5.40 Any L), (0)-stable subspace of (W1 @ Ws)* )@ is graded by generalized
eigenspaces (again recall Remark 2.13), and if such a subspace is also A- graded, then it is
doubly graded; similarly for subspaces of ((W; ® Wg)*)éé))

We have:

Lemma 5.41 Suppose that A € (W, @ Wa)*)A) satisfies the P(z)-compatibility condition.
Then every A-homogeneous component of X\ also satisfies this condition. In particular, the
space ]

(COMP p(o) (Wr ® Wa)*)) N (W1 © Wa)*)

is A-graded.
Proof When v € V is A-homogeneous,

rp<z>(:c515(x1;;Z)Yt(v,xn) and xalé(“l

are both A-homogeneous as operators, in the obvious sense. By comparing the A-homogeneous
components of both sides of (5.141), we see that the A-homogeneous components of A also
satisfy the P(z)-compatibility condition. [

—Z

)Ylg(z) (Ua xl)
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Remark 5.42 Both the spaces (W) ® Wg)*)fé) and ((W; ® WQ)*)Eé)) are stable under the
component operators Tp(,)(v ® t™) of the operators Y]’D(z) (v,z) for v € V, m € Z, and
under the operators L, (—1), Lp(,)(0) and L, (1). For the A-grading, this follows from
Proposition 5.6 and Remark 5.13, and for the C-gradings, we simply follow the proof of
Proposition 2.19, using Propositions 5.8 and 5.9 together with (5.115).

Again let (W;I) (W a generalized V-module) be a P(z)-product of W; and W5 and let
w’ € W’. Since I’ in particular intertwines the actions of V' ® C[t,t™!] and of s[(2), and is
A-compatible, I’ (W') is a generalized V-module, as we have seen in the proof of Proposition
5.33. Therefore, for each w’ € W', I'(w’) also satisfies the following condition on

)\ € (W1®W2)* .

The P(z)-local grading restriction condition

(a) The P(z)-grading condition: A is a (finite) sum of generalized eigenvectors for the
operator LjD(Z) (0) on (W7 ® W3)* that are also homogeneous with respect to A, that is,

Ae (W@ W)y,

(b) Let Wy be the smallest doubly graded (or equivalently, A-graded; recall Remark
5.40) subspace of (W1 ® WQ)*)Ea) containing A and stable under the component opera-
tors 7p(.) (v®t™) of the operators Y}’)(z) (v,z) forv € V, m € Z, and under the operators
Ly (=1), L'P(z)(O)‘and Lp(,y(1). (In view of Remark 5.42, W) indeed exists.) Then
W) has the properties

dim(W) () < oo, (5.144)

(W,\)Efik} =0 for k€ Z sufficiently negative, (5.145)
for any n € C and 8 € fll where as usual the subscripts denote the C-grading and the
superscripts denote the A-grading.

In the case that W is an (ordinary) V-module and w' € W’ I'(w’) also satisfies the
following L(0)-semisimple version of this condition on A € (W; @ Wy)*:

The L(0)-semisimple P(z)-local grading restriction condition

(a) The L(0)-semisimple P(z)-grading condition: A is a (finite) sum of eigenvectors for
the operator LQD(Z)(O) on (W) ® Wy)* that are also homogeneous with respect to A,
that is,

e (W@ W))(g)-
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(b) Consider W, as above, which in this case is in fact the smallest doubly graded (or

equivalently, A-graded) subspace of (W) ® W2)*)Eé)) containing A and stable under the

component operators Tp(;)(v ® t™) of the operators Y, (v,z) for v € V, m € Z, and
under the operators Ly, (—1), Lp(,)(0) and L, (1). Then W) has the properties

dim(W) () < oo, (5.146)
(W,\)gilk) =0 for k€ Z sufficiently negative, (5.147)

for any n € C and 8 € A, where the subscripts denote the C-grading and the super-
scripts denote the A-grading.

Notation 5.43 Note that the set of elements of (W7 ® Wa)* satisfying either of these two
P(z)-local grading restriction conditions, or either of the Part (a)’s in these conditions,
forms a subspace. We shall denote the space of elements of (W) ® Ws)* satisfying the P(z)-
local grading restriction condition and the L(0)-semisimple P(z)-local grading restriction
condition by

LGR[C];p(z) ((W1 (%9 Wg)*)
and

LGRcy;p() (W1 @ Wa)"),

respectively.

The following theorems are among the most important in this work. Note that even in
the finitely reductive case studied in [HL3|, they are stronger and more general than (the
last assertion of) Theorem 13.9 in [HL3]. The proofs of these two theorems will be given in
the next section.

Theorem 5.44 Let A be an element of (W1 ® Wa)* satisfying the P(z)-compatibility condi-
tion. Then when acting on X\, the Jacobi identity for YI’D(Z) holds, that 1s,

Iy — X
95615 ( : 2> Yfl’(z)(ua xl)YF,’(z)(U7x2))\

Zo

T — X
_I515 ( : 1) Yé’(z)(”a I2)Y}/3(z) (U, I1>/\

) (azlgc—;vo) Y (Y (u, 20)0, 22) A (5.148)

foru,veV.

Theorem 5.45 The subspace COMP p(.) (W1 @ W5)*) of (W1 @ Wa)* is stable under the
operators Tpy(v®@L") forv € V and n € Z, and in the Mébius case, also under the operators
Lpy(=1), Lp,)(0) and L, (1); similarly for the subspaces LGRc);p(:) (W1 @ W2)*) and
LGRc):p(o) (W1 @ Wa)").
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Remark 5.46 The converse of Theorem 5.44 is not true. One can see this in the tensor
product theory of the “trivial” case where V' is a vertex operator algebra associated with a
finite-dimensional unital commutative associative algebra (A, -, 1) with derivation D = 0 (cf.
Remark 2.3). In this case, (V,Y,1,w) = (A,-,1,0) and the Jacobi identity for a V-module
W reduces to

x515<$1 _:U2>u~ (v-w) —m515<u>v-(u~w)

o —To
x| —x
:x2_15< ! 0>(u-v)-w
T2
for u,v € A and w € W, where we also use “-” to denote the action of A on its modules.

In particular, a V-module is just a finite-dimensional module for the associative algebra A.
Given V-modules Wy and W, the action Y}, given in (5.87) now becomes
(Y (v, 2)A) (way ® wiz)) = Mwa) @ v - w).
From this it is clear that (5.148) holds for any element A € (W; ® W5)*. However, the
P(z)-compatibility condition (5.141) in this case reduces to
)\(U S W) X w(Q)) = /\(w(l) XV - w(g))

for all v € A, wyy € Wi and w) € Wy, which is not necessarily true for every A. This
example is discussed further in Remark 2.20 of [HLLZ], which treats a range of issues related
to the compatibility condition, intertwining operators, and tensor product theory.

We now generalize the notion of “weak module” for a vertex operator algebra to our
Mobius or conformal vertex algebra V:

Definition 5.47 A weak module for V (or weak V-module) is a vector space W equipped
with a vertex operator map

Y : VoW — Wz 2]

satisfying (only) the axioms (2.35), (2.36), (2.37) and (2.40) in Definition 2.9 (note that there
is no grading given on W) and in case V' is Mdbius, also the existence of a representation of
s[(2) on W, as in Definition 2.11, satisfying the conditions (2.28)—(2.30).

Then we have:

Theorem 5.48 The space COMP p.y (W1 @ Ws)*), equipped with the vertex operator map
Y}’)(z) and, in case V' is Mobius, also equipped with the operators L’P(z)(—l), L’P(Z)(O) and
L'P(z)(l), is a weak V-module; similarly for the spaces

(COMP ps) (W1 @ W2)*)) N (LGR gy p() (W1 @ W2)¥)) (5.149)

and
(COMP p(,) (W1 @ W2)*)) N (LGR(c)pz) (W1 @ Wa)")). (5.150)
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Proof By Theorem 5.45, YI’D(Z) is a map from the tensor product of V' with any of these three
subspaces to the space of formal Laurent series with elements of the subspace as coefficients.
By Proposition 5.8 and Theorem 5.44 and, in the case that V' is a Mobius vertex algebra, also
by Propositions 5.14 and 5.15, we see that all the axioms for weak V-module are satisfied.
O

We also have:
Theorem 5.49 Let
A E COMPP(Z)((Wl & WQ)*) N LGR[C},P(z)((WI & WQ)*)

Then Wy (recall Part (b) of the P(z)-local grading restriction condition) equipped with
the vertex operator map YIQ(Z) and, in case V 1is Mobius, also equipped with the operators
Ly (=1), Lp,y(0) and Lip\(1), is a (strongly-graded) generalized V-module. If in addition

A€ COMPp(z)((Wl X Wg)*) N LGR(C);p(z)((Wl X Wg)*),

that is, A is a sum of eigenvectors of Lip.\(0), then Wy (C (W1 & Wz)*)gé))) is a (strongly-
graded) V -module.

Proof Decompose \ as

(finite sum), where
AB) e (W @ Wy)") @),

By Lemma 5.41, each A% satisfies the P(z)-compatibility condition. Also, each A\(¥) satisfies
the P(z)-grading condition (and in the semisimple case, the L(0)-semisimple P(z)-grading
condition), and each W, is simply the smallest subspace containing A®) and stable under
the operators listed above (without the A-gradedness condition). Moreover, each Wy C Wy
and in fact
Wa=> Wye.
BeA

Thus each A?) lies in the space (5.149) (or (5.150)). (Note that we have reduced Theorem
5.49 to the A-homogeneous case.) By Theorem 5.48, each W, ) is a weak submodule of the
weak module (5.149) (or (5.150)), and hence is a (strongly-graded) generalized module (or
module). Thus W)y has the same properties. [

Now we can give an alternative description of Witp(,)W, by characterizing the elements
of Witip(,yWs using the P(z)-compatibility condition and the P(z)-local grading restriction
conditions, generalizing Theorem 13.10 in [HL3]. This description combines the results we
have just presented; these results will be crucial in later sections, especially in the construc-
tion of the associativity isomorphisms, specifically, in the proof of Theorem 9.17 below.
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Theorem 5.50 Suppose that for every element
A E COMPP ((W1 (%9 WQ) ) N LGR(C] :P(z ((Wl ® WQ) )

the (strongly-graded) generalized module W given in Theorem 5.49 is a generalized submodule
of some object of C included in (W1 @ Wa)* (this of course holds in particular if C = GM,).
Then

Wlﬂp(z)Wg = COMPP(Z)((Wl & Wg)*) N LGR[C];P(Z)((Wl & Wg)*)

Suppose that C is a category of strongly-graded V-modules (that is, C C My,) and that for
every element

A E COMPP ((Wl X Wg) ) N LGR(@);p(z)((Wl &® Wg)*)

the (strongly-graded) V-module W given in Theorem 5.49 is a submodule of some object of
C included in (W1 ® Wa)* (which of course holds in particular if C = My,). Then

WitlpyWa = COMP py (W1 ® W3)*) N LGR(¢).pe) (W1 @ Wa)*).
Proof We have seen that
WitlpWa € COMP p() (W1 ® Wa2)*) N LGR gy p(2) (W7 @ Wa)")
and, in case C C My,
WitlpyWe C COMP p(y (W1 @ W2)*) N LGR ). p) (W1 @ Wa)*).
On the other hand, by the assumptions, every element A of
COMP p(.) (W1 @ Wa)*) N LGR,pey (W1 @ Wa)¥)
and, in case C C My, every element A of
COMP p) (W1 @ W2)") N LGR(c)p() (W1 @ Wa)"),

is contained in W), and thus in some object of C, and for any such (generalized) module,
the inclusion map into (W; ® W5)* satisfies the intertwining conditions in Proposition 5.24.
Thus A lies in WiEp(;)Wa, proving the desired inclusion. [

5.3 Constructions of Q)(z)-tensor products

We now give the construction of Q(z)-tensor products. It is analogous to that of P(z)-tensor
products, and the formulations, results and proofs in this section largely parallel those in
Section 5.2. As usual, z € C*.

Given generalized V-modules W, and W5, we shall be constructing an action of the space
V @1, Clt,t7!, (2 + )71 on the space (Wi @ Wy)*.
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Let I be a Q(z)-intertwining map of type (WIiV;’VQ), as in Definition 4.36. Consider the
contragredient generalized V-module (W3, YY), recall the opposite vertex operator (2.57) and
formula (2.73), and recall why the ingredients of formula (4.73) are well defined. For v € V|

wey € Wi, wey € Wa and w23) € Wj, applying w23) to (4.73) we obtain

< (zl _ xo)y, (v, 2o)wig), I (way ®w(2))>
<w ’ 515 0 Z>I(Yf(m‘1)w<1> ®w<2>)>
< / 15( x1>1(“’<1> ®Y2(U74”1)w(2>)>- (5.151)

We shall use this to motivate our action.
As we discussed in Section 5.1 (see (5.12) and (5.13)), in the left-hand side of (5.151),
the coefficients of

z_1(5<x1 - x“)Yg’(v,xo) (5.152)

in powers of xg and x1, for all v € V', span
Ty (V @ 1, Clt, 7, (2 4+ ) 7)) (5.153)

(recall (5.2) and (5.7)). We now define a linear action of V ® ¢, C[t,t7!, (2 +¢)7!] on (W) ®
W5)*, that is, a linear map

T0e) V@1 Clt,t7 1, (2 + 1)) — End (W) @ Wa)*.
Recall the notations T'*, and T°, from Section 5.1 ((5.72) and (5.75)).
Definition 5.51 We define the linear action 1) of
V@ Clt,t™ (2 4+1)7
on (W7 ® Wy)* by
(T (M (wa) ® wez)) = Arw, (T2.§)wa) @ wez)) — Away @ 7w, (TE,w)  (5.154)

for § € V@, Clt, t7, (2 +1)71, A € (Wi @ Wha)*, way € Wi, wig) € Wa, and denote by Y7
the action of V @ C[t,t] on (W) ® Wy)* thus defined, that is,

Yé(z)(v?x) = TQ(z)(vaax)) (5'155)

forveV.
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Using Lemma 5.2, (5.7) and (5.61), we see that (5.154) can be written using generating

functions as
T — T
<TQ(Z) (215 (%) Yt(%ﬂfo)) A) (wa) ® wz))

r1 — 2
=z,'0 ( - ) AMYY (v, 21)way @ wzy)

—I 15 < l‘1> )\(w(l) X }/Q(U,:El)w(z)) (5156)

forve V, Ae (W1 @Ws,)*, way € Wi, we) € Wa; compare this with (5.151). The generating
function form of the action Y, ) can be obtained by taking Res,, of both sides of (5.156):

(Yo (v, o) M) (W) @ wiay)

= Res,, g ) ( Z) )\(Y (1} xl) 1) @ Wz ))

—Res,, 150 ( " Mway ® Ya(v, z1)w(z))
—Zo
= MY (v, 2o + 2)w (1) ® w(z))

—Res,, 7516 <

1) @ Ya (v, 1) w(z)). (5.157)

Remark 5.52 Using the actions 7y; and 7q(.), we can write (5.151) as

(78 (252 Wvmhuty ) o = o (78 (255 ) Witw,0) ) wfy 1)

or equivalently, as

(TWé (2—15 <96’1 ; IEO) Y;(v,:vo)> w23)> ol =Ty (z—l(S (£U1 ; IL’O) y;(v,xo)> (wigy o I).

Recall the A-grading on (Wi ® W,)* and the A-grading on V @ 1, C[t,t~%, (2= — t)7!].
Similarly, we also have an A-grading on V ® ¢, C[t,t™!, (2 +t)!]. Definition 5.5 also applies
to a linear action of V ® ¢, C[t,t7%, (2 +t)71] on (W, ® W5)*. From (5.154) or (5.156), we
have:

Proposition 5.53 The action 7. is A-compatible. 0
We also have:
Proposition 5.54 The action Yé(z) has the property
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and the L(—1)-derivative property

d / !

forveV.
Proof From (5.157), (2.57) and (2.7),

/ _ r1 —z
(Yo (L, 2)A) (wa) @ w(z)) = Res;27'o <IT) AMwa) @ w))

z — I

—T

—Res,, 271§ ( ) Mw(ry @ wz))

zZ+x
= Resxlxllé(
x

> Awa) ® wiz)
= /\(w(l) ® w(g)), (5160)
proving (5.158). To prove the L(—1)-derivative property, observe that from (5.157),

(e ) crons

d
= —AY? (v, 2+ 2)wa) @ w))

dz
d _
+Res,, (%215 ( x:— Il)) Mway ® Ya(v, 21)w(z)). (5.161)
But for any formal Laurent series f(x), we have
d —x + 21 d —x + 21
— =—— 5.162
dxf < z ) da:lf ( z ) ( )

and if f(z) involves only finitely many negative powers of z,

Res,, (dizla (_mj xl)) F(z1) = —Resy, 2715 (_”C + xl) ) (5.163)

T z dxq

(since the residue of a derivative is 0). We also have the L(—1)-derivative property (2.62)
for Y°. Thus the right-hand side of (5.161) equals

AP (L(=1)v, 2 + 2)w) © wz)
— d
+Res,, 2710 (ﬂ> —Mwy ® Ya(v, x1)wz))

z dxq
= MYP(L(-1)v,2 + 2)w) ® wz)
+Res,, 270 (_'”7”1) Mway ® Ya(L(=1)v, 21)wz)

= (Yé(z)(L(—DU, l‘))\) (w(l) &® w(g)), (5164)
proving (5.159). O
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Proposition 5.55 The action Yc/g(z) satisfies the commutator formula for vertex operators:

On (Wl X W2>*,
[YC/)(Z) (Ula $1), YCI)( )(U27 3}2)]

= Res, 256 ( 0> Yo (Y (v1, 20)va, 72) (5.165)

X2

forvi,ve € V.

Proof As usual, the reader should note the well-definedness of each expression and the
justifiability of each use of a §-function property in the argument that follows. This argument
is the same as the proof of Proposition 5.2 of [HL1]|, given in Section 8 of [HL2]. Let
Ae (WL @ Wa)*, vi,vp €V, way € Wy and wy € Wa. By (5.157),

(Yo (v, 21) Y ) (02, 22) M) (1) ® wiz))

— Z
T 5( ) (Ve (02, 22) M) (Y2 (01, 0 )ws) © i)

Resylxl 15 ( yl) (Yé(z)(vg, l'2>/\) (w(l) (029 YQ(Ul, yl)w(z))

-2\ _ Yo — 2
= Resy, Res,,z1 5( o >m2 15( 2;152 ) .

AP (02, 92) YY (01, 41 )wry @ wiz))

—Res,, Res,, 770 13:1 ) ) (Z__ng) :

MY (01, 1) way @ Ya(va, y2)wiz))
2z

—Res,, Res,, 210 ( _y1>x216( - Z).
2

MY (02, y2)w(ay @ Ya (v, y1)wizy)

+Res,, Res,, 2110 (z yl) ) (Z — y2) :
T —XT9

AMway @ Ya(va, y2)Ya(v1, y1)w(a)). (5.166)

Transposing the subscripts 1 and 2 of the symbols v, x and y, we have

(Yé(z) (UQ, Ig)Yé(z) (’017 I1>)\> (’U)(l) & w(2)>

- Y — 2 -1 Yy — 2
= Res,,R s ) :
€Sy, NSy, Tg ( T ) Ty ( o )

MY (v1, 1) YT (v2, yo)wy ® wiz))

—Res,,Res,, 750 (y2 — Z) 70 <Z _xy1> :
—I1

MY (va, y2)w(ny @ Ya (v, y1)wiz))
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—Res,, Res,, 750 - y2) 70 <y1 — Z) :

—T9
'/\<}/10(Ula yl)w(l) & }/2(1]27 yQ)w(Q))
+Res,, Res,, 7510 (z - y2) 2715 (z — y1> :
_IQ _.Tl

/\(UJ(l) & )/Q(Ul,yl)YQ(UQ,yQ)'LU(Q)). (5167)
Formulas (5.166) and (5.167) give
([Yé(z) (v1, 1), YCIQ(Z)(UQ’ 22)| M) (W) @ wz))

= Res,,Res,, 7710 <y1 — Z) ) (y2 _ Z) .
x

1 T2
'/\(D/IO(UQ: y?)a 3/10(1)17 yl)]w(l) ® U)(g))
_ =MW - 2 =12
—Res,,Res,, 7719 ( - ) 1510 ( = ) -
-)\(w(l) ® [Ya(v1,11), Ya(ve, y2)]w(2))
= Resy,Res,, 776 (yl — Z) L) (y2 - Z) -

€ T2

— X
A (Resxoy515 <%) Y (Y (01, 20)v2, y2)wi) @ w(2))
2

—Res,,Res,, 779 (Z — yl) T30 (Z — yz) :

—I —T2

— T
A (w(l) ® Resxoy515 <y1 Y 0) Y2(Y(U1a370)7)273/2)w(2))
2

. 2

1 Y2
MY (Y (01, o )v2, y2)w(1) & w(z))

_ReSfCOReSwReSlel_lé (Z . yl) 30 (Z . y2) ) (yl ” %) .

—I1 —Z2 Y2
)\(lU(l) & YQ(Y(Ul, l‘o)Uz, yg)w(z)) (5168)

x1_15 (yl - Z) x2_1(5 <?/2 - Z) y2_15 <yl —$0)
T T2 Y2

Ty +z) (22 + 2)16 ((xl + 2) —:v0>

But

To + 2

Y2 Z) 2516 (xl — xo) (5.169)
T2 T2



and

— Z (Zo1 ty)™ (222 + 92)" yto (4 — o
mneZ Zmt Zr Y2
= > (—ma+up)! (_xl + y1> (=22 + yo) (yl — xo)
mnel —Z2+ Y2 Fmtnt? Y2
= Z (=2 + o) " (—931+?/1> L1 ( 9324-?/2) y2_15(
kel —T2 + Yo z
N e Sl W To+y2\ 1. (Y1 — To
= (—z2+12)7'0 5 =21
(=22 +92) (—x2+y2>z ( . ) ( >
= (—5)710 r1 — (Y1 — 42) 15 —T2+ Y2\ _ Yo —l— X
? o) z
— 332—15 (x1x—2$0> 932_1(5 (Z_—xZZ/Q) ?/1_15 (%) ) (5.170)

Thus (5.168) becomes

([Yé(z) (v1, 1), Yc/g(z) (v2, 22)|A) (W) @ wiz))

x - J—
o8 (252 (B2 s (22
Yy

1 X2 )
MY (Y (01, 20)v2, Y2 )w(ry @ w(z))

—Resg Resy,Resy, 25 ' ( xo) 332_15 (Z - yQ) y1_15 (y2 7 xo) .
T2 —X9 Y1

Mwqy @ Ya(Y (01, 20)va, 42) wi2)

= Res, 256 (ml — x0> :

T2

-(Reswx;lé (y2x ) AYP (Y (01, 20)v2, yo)w(r) @ w(z))
2

Z —
Resy2x2 15 ( y2> A(w(l) ® YQ(Y(Ulﬂ x0>v27 yQ)w(Z))>

— T
= Resg, 5 ) ( 0) (Yé(z)(Y(Ul, xo)UQ, ZL’2))\) (w(l) & w(g)). (5.171)

o)
Since A, w1y and wy) are arbitrary, this equality gives the commutator formula (5.165) for
Y/ U

Q(2)
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When V is in fact a conformal vertex algebra, we write
Yo (w.a) =) L (n)z > (5.172)
nez

Then from the last two propositions we see that the coefficient operators of Yé,(z) (w, x) satisty
the Virasoro algebra commutator relations:

1
(L) (M), Ligzy(n)] = (m —n) L,y (m +n) + E(m?’ — M) 6t 0C. (5.173)
Moreover, in this case, by setting v = w in (5.157) and taking Resajoyc(];rl for j = —1,0,1, we
see that

(L (DA (way @ wy)
= Res,, (z1 — 2) T'A (Y (w, 21)w) @ wia))
—Res, (—2 + 1) T AN wg) @ Ya(w, 21)w(z))

= Z (j - 1) (=2)' ML = jwa)y @ wiz)

Jj+1 j+1 ‘
—Z( Z. )(—z>u<wm®L<J‘—z’>w@>> (5.174)
for j = —1,0,1. If V is just a Mobius vertex algebra, we define the actions L’Q(z) (7) on
(W1 ® Wa)* by the right-hand side of (5.174) for j = —1,0 and 1.

Remark 5.56 In view of the action L/
intertwining map can be written as

(L'(F)wis)) © I = Liezy(5)(wig) o 1) (5.175)

for wE3) € Wjand j =—1, 0, and 1.

0(»(J), the sl(2)-bracket relations (4.74) for a Q(2)-

Remark 5.57 We have
0 D (WL @ W)@ C (W @ Wy)*) )
for j = —1,0,1 and § € A (cf. Proposition 5.53).

In the case that V' is a conformal vertex algebra, Ly, ,\(—1), L, (0) and Lg, (1) realize
the actions of L_y, Ly and L; in sl(2) (cf. (2.27)) on (W) ® Wa)*. In the case that V' is just
a Mobius vertex algebra, we now state this fact as a proposition. This proposition is needed
in the proof of Theorem 5.78 and therefore also for Theorems 5.79 and 5.80, but neither this
proposition nor any of these three theorems are needed anywhere else in this work, so we
omit the proof of this proposition. Of course, however, the proof is straightforward, as is the
case with all the s[(2) formulas.
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Proposition 5.58 Let V' be a Mobius vertex algebra and let Wy and Wy be generalized V -
modules. Then the operators Ly, \(—1), L, (0) and Ly, (1) realize the actions of L_y, Lo
and Ly in sl(2) on (W) @ Way)*.

We also have:

Proposition 5.59 Let V be a Mobius vertex algebra and let Wi and Wy be generalized
V-modules. Then for v eV,

[L(—1), Yy (v, 2)] = Y (L(=1)v, ), (5.176)
[L(0), YQ(Z)(’U )] = Y5, (L(0)v, ) + Yy, (L(=1)v, z), (5.177)
[L(1), Y5 (v, 2)] = Yoo, (L()v, ) + 22V, (L(0)v, 2) + :L‘QYQ(Z)( (—1)v, ),

(5.178)

where for brevity we write L’Q(Z) (j) acting on (W1 @ Wo)* as L(j).

Proof We prove only (5.177) since it is needed for Remark 5.74 and in Section 6. We omit
the proofs of (5.176) and (5.178) for the same reasons as above; they are used only for
Theorems 5.78-5.80.

Let A € (W) @ Wy)*, way € Wy and wpy € Ws. Using (5.174), (5.157), the commutator
formulas for L(j) and Y;(v,zg) for j = —1,0,1 and v € V (recall Definition 2.11), and the
commutator formulas for L(j) and Y3 (v, x) for j = —1,0,1 and v € V (recall Lemma 2.22),
we obtain

([L(0), Yoy (v, 2)] M) (way @ wiz))
= (Yg() (v, 2)A)(L(0)w() @ w(z)
—Z(YQ (0, )N (L(Dwa) ® wez)
~ (Y50 (v, 2)A) (way ® L(0 ) (2))
+2(Yo 0 (v, 2)N)
—(L(0)A )(W(%H?«‘)w(l)@w(z))
+Resy, 2710 <Z _;1) (L(0)A) w1y ® Ya(v, 21)wiz))

=AY (v, + 2)L(0)wn) ®@ wz))

—X

—Res,, 2710 <Z — ) MLO0)way ® Ya(v, 71)w )
—2AY (v, 4 2) L(1)wq) ® wz))

+2Res,, v719 ( — ) AML(Dway @ Ya(v, 21)w(e))
—AY? (v, 2 + 2)wa) @ L(0)wz)

+Resg, 7710 ( > AMway @ Yo (v, 21)L(0)w(a))

zZ— T

—X
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+2A Y (v, 7 4 2)way @ L(=1)w(z))

—zRes,, 1710 ( ) Mway @ Ya(v, 21) L(—1)w(a))
—AML(0)Y (v, v + 2)wq) ® w(z))

+Z>\(L( )YO<U x 4+ z)w(l) X w(g))

+)\(Y (U x + Z) W) & L(O)’LU(Q))

—2AMY (v, 2 4 2)way @ L(=1)w(z))

+Res,, 2716 ( > AML(0)way @ Ya(v, z1)w(a))

zZ — T

zZ— T

—X

—X

—T

—2Res,, v719 ( ) ML(Nway @ Ya(v, 21)w(z))

e (225 ) Moy © LON (0, ui)

Z — T

+2Res,, 1710 ( — ) Mway ® L(=1)Ya2(v, 21)wz))

MY (v, 2 + 2), L(0)]wa) @ w)
—2AM([YY (v, 7 + 2), L(1)]w) ® wz)

—x
+2Res,, 216 < 1) Mwy ® [L(—1), Ya(v, 71)]w(z))
Res,, 216 ( ) Away @ [L(0), Ya(v, 21)Ju)
AMYP((L(0) + (x—i—z)L 1)v x—irz)w(l) ® w(a))

—z)\(YO( (=Dv,z + 2)wa) @ wz))

) Mway @ Yo(L(=1)v, 21)w(z))

+2Res,, 2719 <
—

—Resg, x~ (z — Mway @ Yo((L(0) + 21 L(—1))v, 21)w(z))

AMYP((L(0) + zL(—1)v, = + z)w(l) ® w(z))

—Res,, &~ < — ) Mway @ Yo((L(0) + (x — 2)L(—1))v, 1) w(z))
)

A(YY((L(0) 4 2 L( 1v,$+2)wl>®ww>)

—Resy, x40 < — ) Mway @ Ya((L(0) + 2 L(=1))v, 21)w(a))

= (Y (L(0) + zL(=1))v, 2)A) (w) © wiz)
(

:(YQ()( (0)v, )A )w1 ®w<2) (@Yg () (L(=1)v, 2)A) (wi) @ wz)),

proving (5.177).

O
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Let W3 also be an object of C. Note that V' ® ¢, C[t,t7!, (2 + t)~!] acts on W} in the
natural way. The following result provides further motivation for the definition of our action
(5.156) on (W; ® W5)*; recall the discussion preceding Proposition 5.24:

Proposition 5.60 Let Wy, Wy and W3 be generalized V-modules. Under the natural iso-
morphism described in Remark 5.18 between the space of A-compatible linear maps

Wi @W, — Ws
and the space of A-compatible linear maps
J Wy — (W @ W)

determined by (5.127), the Q(z)-intertwining maps I of type (WT/I"’;VQ) correspond exactly to

the (grading restricted) fl—compatz’ble maps J that intertwine the actions of both
V@i, Clt,t ™ (z+1)7

and sl(2) on Wi and on (Wy @ Wa)*. If W3 is lower bounded, we may replace the grading
restrictions by (4.76) and (5.130).

Proof 1In view of (5.128), Remark 5.52 asserts that (5.151), or equivalently, (4.73), is equiv-
alent to the condition

J (Twé (2_15 (wl ;x(]) Y}(v,xo)) w@) = TQ(2) (2_15 <x1 ; mo) Y}(v,xg)> J(wiz)),

(5.179)
that is, the condition that J intertwines the actions of V' ® ¢, C[t,t™!, (2 + ¢)~'] on W} and
on (Wy @ Wa)* (recall (5.12)—(5.13)). Similarly, Remark 5.56 asserts that (4.74) is equivalent
to the condition

J(L'(j)wiz) = Lo (7)J (wiz) (5.180)
for j = —1, 0, 1, that is, the condition that J intertwines the actions of sl(2) on W3 and on
(W@ Wy)*. O

Notation 5.61 Given generalized V-modules Wi, W5 and W3, we shall write N [Q(z)]%@%)*
for the space of (grading restricted) A-compatible linear maps
J: Wé — (Wl ®W2)*

that intertwine the actions of both

V@i, Clt,t ™ (z+1)7
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and s[(2) on W5 and on (W; ® Wy)*. Note that Proposition 5.60 gives a natural linear
isomorphism

M, — NQE
I - J

(recall from Definition 4.36 the notation for the space of Q(z)-intertwining maps), and if
W3 is lower bounded, the spaces satisfy the stronger grading restrictions (4.76) and (5.130).
As in Notation 5.25, we still use the symbol “prime” to denote this isomorphism in both
directions:

MO, — NIQ)y ™

I — T

J
so that in particular,

I"=1 and J"'=J
for I € M[Q(2)])i’y, and J € N[Q(z)]%@WQ)*, and the relation between I and I’ is
determined by
(Wizy, I(w) @ wez))) = I'(wiz)) (wa) @ w)

for w(y € Wi, wee) € W, and w23) e Wj, or equivalently,

Remark 5.62 Combining Proposition 5.60 with Proposition 4.44, we see that for any integer
p, we also have a natural linear isomorphism

Wi@Ws)* ~ w!
N1 ™" = Vihy,

(I/Vl(gl/VZ)))< . . . .. W/
from N [Q(Z)]Wé to the space of logarithmic intertwining operators of type (Wg §V2) In

particular, given any such logarithmic intertwining operator ) and integer p, the map
(ISDY - Wy — (W @ Wy)*
defined by o
(1S9 (wigy) (wiy @ wizy) = (w(ry, V(wisy, €7 )wia)hwy
is A-compatible and intertwines both actions on both spaces. If the modules involved are

lower bounded, we have the stronger grading restrictions (cf. Remark 5.26).

We have formulated the notions of Q(z)-product and Q(z)-tensor product using Q(z)-
intertwining maps (Definitions 4.46 and 4.47). Now that we know that (Q(z)-intertwining
maps can be interpreted as in Proposition 5.60 (and Notation 5.61), we can reformulate
the notions of Q(z)-product and @Q(z)-tensor product correspondingly (the proof of the next
result is the same as that of Proposition 5.27):
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Proposition 5.63 Let C; be either of the categories My, or GM,, as in Definition 4.46.
For Wi, Wy € obCy, a Q(z)-product (Ws; I3) of Wy and Wy (recall Deﬁm’tion 4.46) amounts
to an object (W3,Y3) of C1 equipped with a map I}, € N[Q(z )]Vg{l@% that is, equipped with
an A-compatible map

I:; : Wé — (Wl & WQ)*
that intertwines the two actions of V & 1, Clt,t7',(z + t)7'] and of sl(2). The map I
corresponds to the Q(z)-intertwining map

13 : Wl ® W2 — Wg
as above:
Ié(w&;)) = w23) ol
for wizy € Wy (recall 5.128)). Denoting this structure by (Ws, Ys; I3) or simply by (Ws; I3),

let (VV47 1) be another such structure. Then a morphism of Q(z)-products from Wy to W,
amounts to a module map n : W3 — Wy such that the diagram

(W1 @ Wo)*

g
/

Wi 1 -

commutes, where 1/ is the natural map given by (2.102). 0

Corollary 5.64 Let C be a full subcategory of either My, or GM,, as in Definition 4.47.
For W1, Wy € obC, a Q(z)-tensor product (Woy; Iy) of Wi and Wy in C, if it exists, amounts
to an object Wy = W1 K.y Ws of C and a structure (Wo = W1 g,y Wa; Iy) as in Proposition
5.63, with

Iy = (Wi Mo Wa)' — (W1 @ Wa)*

in N[Q(z)]i%iggj*m)/, such that for any such pair (W;1") (W € obC), with
' W — (W @ Wy)*
in N1Q(2) |y (WA&W2)" " there is a unique module map
X : W — (W Ry Wa)

such that the diagram
(W1 @ Wa)*

TN

29

(W1 Mgz W)



commutes. Here x = I, where 1 1s a COTT@SpOﬂdingly unique module map
X n n
n: Wl X’Q(z) Wg — W.

Also, the map I, which is A-compatible and which intertwines the two actions of V®&
Ly Clt,t71 (2 +t) 7Y and of s1(2), is related to the Q(z)-intertwining map

Iy = ®Q(z) Wi Wy, — W, gQ(Z) W,

by
Iy(w'") = w' o Mg

for w" € (W Mgy Wa)', that is,
Lh(w)(wa) @ wez) = (W', wa) Mo we)
for way € Wi and wy € W, using the notation (4.83). O
Definition 5.65 For W7, W, € ob(C, define the subset
WitlgyWe C (W1 @ Wa)*
of (W ® W3)* to be the union of the images
r'w' c (W, @ Wy)*

as (W; I) ranges through all the Q(z)-products of W; and Wy with W € obC. Equivalently,
Witlp(.) Wy is the union of the images I'(W') as W (or W') ranges through ob C and I’ ranges

through N/ [Q(z)](m‘j{l@%) "—the space of A-compatible linear maps
W' — (W, @ Wy)*
intertwining the actions of both
V@i, Clt,t ™ (z+1)7
and s[(2) on both spaces.

Remark 5.66 Since C is closed under finite direct sums (Assumption 5.30), it is clear that
Witlg) W is in fact a linear subspace of (W) ® W5)*, and in particular, it can be defined
alternatively as the sum of all the images I'(W’):

WisgeWe =Y T'(W') = JI'(W') c (W @ Wy)*, (5.181)

where the sum and union both range over W € obC, I € M[Q(2)]}},w,-
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For any generalized V-modules W and W5, using the operator Lg,,)(0) (recall (5.174))
on (W1 @ Wa)* we define the generalized Ly, (0)-eigenspaces (W1 ® W2)*)imjq(z) for n € C
in the usual way:

(W1 @W2) )mpoe) = {w € (W1@Wa)* | (Lg(.)(0) —n)™w = 0 for m € N sufficiently large}.
(5.182)
Then we have the (proper) subspace

TT(W @ Wa) ) uiae) © (Wi @ Wa)*. (5.183)

neC

We also define the ordinary Ly, ) (0)-eigenspaces (W1 ® W2)*)m);q(-) in the usual way:
(W1 @ Wa) ) myeee) = {w € (W1 @ Wa)™ | Lp,)(0)w = nw}. (5.184)

Then we have the (proper) subspace

[T @ Wa))mae € (Wi @ Wa)". (5.185)

neC

Just as in Proposition 5.33, we have:

Proposition 5.67 Let Wi, W5 € ob(C.
(a) The elements of Witlg.)Ws are exactly the linear functionals on W1 @ Wy of the form
w'ol(-®-) for some Q(z)-intertwining map I of type (WYV%) and some w' € W', W € ob(C.
(b) Let (W; 1) be any Q(z)-product of Wy and Wy, with W any generalized V -module.

Then for n € C,
I'(Wip) € (W1 @ W) i)

and
I'(Wiy) € (Wr @ W2))myqe)-

(¢) The structure (WiSg:)Wa, Y),)) (recall (5.155)) satisfies all the azioms in the defi-
nition of (strongly A-gmded) genemlzzed V-module except perhaps for the two grading con-
ditions (2.85) and (2.86). .

(d) Suppose that the objects of the category C consist only of (strongly A-graded) ordinary,
as opposed to generalized, V-modules. Then the structure (Witg.)Wa, Y ) ) satisfies all the

azioms in the definition of (strongly A-graded ordinary) V -module except perhaps for (2.85)
and (2.86).

Proof Part (a) is clear from the definition of Wity Ws, and (b) follows from (5.180) with
j=0.

To prove (c), let (W; 1) be any any Q(z)-product of W and Wy, with W any generalized
V-module. Then (I'(W'),Y,)) satisfies all the conditions in the definition of (strongly
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fl—graded) generalized V-module since I’ is A-compatible and intertwines the actions of
V ® C[t,t7'] and of 5[(2); the C-grading follows from Part (b). Note that

I W = I'(W) (5.186)

is a map of generalized V-modules. Since Witlg(.)W5 is the sum of these structures I'(W’)
over W € obC (recall (5.133)), (Witlg(:) W2, Yy, satisfies all the conditions in the definition
of generalized module except perhaps for (2.85) and (2.86).

Part (d) is proved by the same argument as for (c): For (W;I) any Q(z)-product of
possibly generalized V-modules W and Wy, with W any ordinary V-module, (I'(W'), Y/ Z))
satisfies all the conditions in the definition of (strongly fl—graded) ordinary V-module; the
C-grading (by ordinary Ly, (0)-eigenspaces) again follows from Part (b). O

Just as in Proposition 5.36, we have:

Proposition 5.68 Suppose that C is closed under images (as well as under contragredients
and finite direct sums (Assumption 5.30)). Let W1, Wy € obC. Then the subspace Wity W
of (W1 ®@W3)* is equal to the union and also to the sum of the objects of C lying in (W1 @W3)*:

WisgeWa =W =) W c (W @ Wy)*,

where in the union and in the sum, W ranges through the subspaces of (W1 @ Wy)* that are
objects of C when equipped with the action Yé(z)(~,x) of V' and the corresponding action of
s(2) on (W ® Wa)*. In particular, every object of C lying in (W7 ® Wa)* is a subspace
of Witig:yWa (and for this assertion, the assumption that C is closed under images is not
needed,). O

We also have the following generalization of Proposition 5.8 in [HL1], characterizing
W1 Kg(.) Wa, including its existence, in terms of WiSg,)Ws; the proof is the same as that
of Proposition 5.37:

Proposition 5.69 Let Wi, W, € obC. If (Wiflg:)W2, Yy Z) is an object of C, denote by
(W Mo Wa, Yoz ) its contragredient module:

Wi Bo(z) Wa = (Witlg) W2)',
Then the Q(z)-tensor product of Wy and Wy in C exists and is
(Wl X’Q(z) W, YQ(z)§ i/),

where i is the natural inclusion from Wig)Wa to (W1 @ Wa)* (recall Notation 5.61). Con-
versely, let us assume that C is closed under images (recall Definition 5.35). If the Q(z)-
tensor product of Wy and Wy in C exists, then (Wit ) Wa, Y ) ) 1s an object of C. O
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Remark 5.70 Suppose that Wity .)W> is an object of C. From Corollary 5.64 and Propo-
sition 5.69 we see that

A way Bge) we)wisg,w, = Mwa) © w) (5.187)
for A € WﬂSIQ(Z)WQ C (W1 & Wz)*, wa) € Wy and W(g) € Ws.

As in the P(z)-case, our next goal is to present an alternative description of the sub-
space Witlg:)Wa of (W, ® Wa)*. The main ingredient of this description will be the “Q(z)-
compatibility condition,” as was the case in [HL1]-[HL2].

Take W and W, to be arbitrary generalized V-modules. Let (W, I) (W a generalized V-
module) be a Q(z)-product of Wy and Wy and let w’ € W’. Then from (5.179), Proposition
5.63, (5.125), (5.7) and (5.155), we have, for all v € V|

o) (2—15 (”31 - x”) Yi(v, :vo)) I'(w')

oo ({252 r0) )

TQ(2) (Ye(v, 20) ' (w')

=21 (ml ;xo) Yoy (0, 20)I' (). (5.188)

That is, I’(w’) satisfies the following nontrivial and subtle condition on
A€ (W1 X Wg)* :

The Q(z)-compatibility condition

(a) The Q(z)-lower truncation condition: For all v € V, the formal Laurent series
Yé(z)(v, x)A involves only finitely many negative powers of x.

(b) The following formula holds:

TO(2) (2_15 (wl _ x0> Y}(v,xo)) A
z

=271 (xl ;xo) Yoo (v,z0)A forall veV. (5.189)
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(Note that the two sides of (5.189) are not a priori equal for general A\ € (W; @ Wa)*.
Note also that Condition (a) insures that the right-hand side in Condition (b) is well
defined.)

Notation 5.71 Note that the set of elements of (W7 ® Ws)* satisfying either the full Q(2)-
compatibility condition or Part (a) of this condition forms a subspace. We shall denote the
space of elements of (W; ® Wy)* satisfying the Q(z)-compatibility condition by

COMP () (W @ W2)").

We know that each space (W, @ W5)*)®) is Liy()(0)-stable (recall Proposition 5.53 and
Remark 5.57), so that we may consider the subspaces

[T @ we)* ) D o) C (W @ W)@

neC
and
T @ Wa))E o € (Wh @ Wa)") @)
neC
(recall Remark 2.13). We define the two subspaces
1 2) 1 2) 1 2 :
(W1 @ W2)) oo = LT TT(OV @ W), € (W1 @ Wa)* (5.190)
neC ,BEA
and )
(V1 @ W) Nerae = LT TT(W @ Wa))) o,y © (Wh @ Wa)*. (5.191)
n€C ge A

Remark 5.72 Any Ly, (0)-stable subspace of ((W; ® W»)* )[(C] .0(») 18 graded by generalized

eigenspaces (again recall Remark 2.13), and if such a subspace is also A- graded, then it is

doubly graded; similarly for subspaces of ((W; ® WQ)*)Eé));Q(Z).
We have:

Lemma 5.73 Suppose that A € (W1 @ Wa)* )[C 10(2) satisfies the Q(z)-compatibility condi-

tion. Then every A-homogeneous component of X also satisfies this condition.

Proof When v € V is A-homogeneous,

TQ(Z)(,Z’W(J:I_%)Y}(v,xo)) and 2715<I1

z

Lo
)Yé(z) (v, o)
are both A-homogeneous as operators. By comparing the A-homogeneous components of

both sides of (5.189), we see that the A-homogeneous components of A\ also satisfy the
Q(z)-compatibility condition. O
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Remark 5. 74 Just as in Remark 5.42; note that both the spaces ((W; ® Wy)* )[(C] o) and

(W7 @ Wo)* ) (C):0(=) 2re stable under the component operators 7q(.) (v ®t™) of the operators

Y4 (v,z) for v € V, m € Z, and under the operators Ly, (—1), Ly, (0) and Lgy ) (1); this

uses Proposition 5.53, Remark 5.57, Propositions 5.54 and 5.55, and (5.177).

Again let (W; 1) (W a generalized V-module) be a Q(z)-product of Wy and Wy and let
w’ € W’. Since I’ in particular intertwines the actions of V' ® C[t,t™!] and of s[(2), and is
A-compatible, I'(W’) is a generalized V-module (recall the proof of Proposition 5.67). Thus
for every w' € W’  I'(w') also satisfies the following condition on

Ae (W, @ Wy)*

The Q(z)-local grading restriction condition

(a) The Q(z)-grading condition: A is a (finite) sum of generalized eigenvectors for the
operator Lg,,,(0) on (W3 ® W»)* that are also homogeneous with respect to A, that is,

Ae (W, @ Wy)* )[C] Q)"

(b) Let Wx,o(») be the smallest doubly graded (or equivalently, A-graded; recall Remark

5.72) subspace of (W @ Wy)* )[(C 1:0(-) containing A and stable under the component
operators 7o) (v ® ™) of the operators Yé(z) (v,z) for v € V, m € Z, and under the
operators L, (—1), L,y (0) and L, (1). (In view of Remark 5.74, Wyq(.) indeed
exists.) Then Wy,q(.) has the properties

dim(W3){ () < o, (5.192)
(W’\)[n+k] 0 =0 for k € Z sufficiently negative, (5.193)

for any n € C and 8 € fll where as usual the subscripts denote the C-grading and the
superscripts denote the A-grading.

In the case that W is an (ordinary) V-module and w’ € W', I'(w’) also satisfies the
following L(0)-semisimple version of this condition on A € (W; ® Wy)*:

The L(0)-semisimple ()(z)-local grading restriction condition

(a) The L(0)-semisimple Q(z)-grading condition: A is a (finite) sum of eigenvectors for
the operator Lj, (0) on (W7 ® W)* that are also homogeneous with respect to A,
that is,

N
Ae (W @ W) )EC));Q(Z)'
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(b) Consider Wy,(») as above, which in this case is in fact the smallest doubly graded

(or equivalently, A-graded) subspace of (W) ® Wg)*)gé));Q(z) containing A and stable
under the component operators 7g.)(v ® t™) of the operators Yé(z)(v, x) for v € V,
m € Z, anq under the operators Lg,,\(—1), L, (0) and Lgy,,(1). Then Wyq(,) has
the properties

dim(Wages)) (o) ) < 00 (5.194)

(W)‘)Eﬁl-k);Q(z) =0 for k€ Z sufficiently negative, (5.195)
for any n € C and 8 € A, where the subscripts denote the C-grading and the super-
scripts denote the A-grading.

Notation 5.75 Note that the set of elements of (W) ® Ws)* satisfying either of these two
Q(2)-local grading restriction conditions, or either of the Part (a)’s in these conditions,
forms a subspace. We shall denote the space of elements of (W; ® Ws)* satisfying the Q(z)-
local grading restriction condition and the L(0)-semisimple ((z)-local grading restriction
condition by

LGRg),q() (W1 @ Wa)")

and
LGRcqe) (W1 @ Wa)"),

respectively.

We have the following important theorems generalizing the corresponding results stated
in [HL1] and proved in [HL2]. The proofs of these theorems will be given in the next section.

Theorem 5.76 Let A be an element of (W1 ® Wa)* satisfying the Q(z)-compatibility condi-
tion. Then when acting on A, the Jacobi identity for Yé(z) holds, that is,

- L1 — X2
T, 15 ( 70 ) YQ,(Z)(ijl)Yé(z)('U,xQ))\

_ T2 — 1
) ( ) Yo (v, 22) Yo o (w, 21) A

=25 (xl - xo) Yo (Y (u, wo)v, w2) A (5.196)

T2
foru,veV.

Theorem 5.77 The subspace COMPg.) (W1 @ Wa)*) of (W1 @ Wa)* is stable under the
operators 1oy (v®t") forv € V andn € Z, and in the Mébius case, also under the operators

o (=1)s L,y (0) and Ly, (1); similarly for the subspaces LGRcpqe:) (W1 ® Wa)* and
LGR ey (Wh @ Wh)*.
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We have:

Theorem 5.78 The space COMP g\ (W1 ® Wy)*), equipped with the vertex operator map
Y’( ) and, in case V' is Mobius, also equipped with the operators L’Q(z)(—l), L’Q(z)(O) and
L’Q(Z)(l), is a weak V-module; similarly for the spaces

(COMPq() (W1 @ W2)*)) N (LGRcpiqe) (W1 @ W2)"))

and
(COMPg() (W1 ® W2)")) N (LGR(c)q0:) (Wh @ W2)¥)).

Proof By Theorem 5.77, Yc/g(z) is a map from the tensor product of V' with any of these three
subspaces to the space of formal Laurent series with elements of the subspace as coefficients.
By Proposition 5.54 and Theorem 5.76 and, in the case that V' is Mobius, also by Propositions
5.58 and 5.59, we see that all the axioms for weak V-module are satisfied. [

Moreover, we have the following consequence of Theorem 5.78 and Lemma 5.73, just as
in Theorem 5.49:

Theorem 5.79 Let
AE COMPQ ((Wl ® Wz) ) N LGR[Q;Q(Z)((Wl ® Wg)*)

Then Wiz (recall Part (b) of the Q(z)-local grading restriction condition) equipped with
the vertex opemtor map Y’ 0() and, in case V' is Mdbius, also equipped with the operators
L) (=1), L,y (0) and Ly, (1), is a (strongly-graded) generalized V-module. If in addition

A € COMPg() (W1 @ W2)") N LGR (¢ (W1 @ Wa)®),

that is, A is a sum of eigenvectors of Liy,\(0), then Wiqr) (C (W1 @ Wa)* ) ) is a
(strongly-graded) V -module. O

Finally, as in Theorem 5.50, we can give an alternative description of Witg)W, by
characterizing the elements of Witig.yWs using the Q(z)-compatibility condition and the
Q(z)-local grading restriction condltlons generalizing Theorem 6.3 in [HL1]. The proof of
the following theorem is the same as that of Theorem 5.50.

Theorem 5.80 Suppose that for every element
A € COMP)((1; © Wa)*) NLGRicj 0 ((Wh @ Wa)")

the (strongly-graded) generalized module Wy.q(.) given in Theorem 5.79 is a generalized sub-
module of some object of C included in (W; & Wa)* (this of course holds in particular if
C=GM,,). Then

WIEQ Wz COMPQ(Z)((Wl &® Wg) ) N LGR[(C] Q= ((Wl (24 Wg) )
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Suppose that C is a category of strongly-graded V-modules (that is, C C My,) and that for
every element

A € COMPqe (Wi @ Wa)") N LGR ¢y (Wi ® 172)")

the (strongly-graded) V-module Wy.q(.) given in Theorem 5.79 is a submodule of some object
of C included in (Wy ® Wa)* (which of course holds in particular if C = My,). Then

Willg:) W2 = COMP () (W1 @ W2)*) N LGR(c)q) (W1 @ Wa)*). O
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6 Proof of the theorems used in the constructions

The primary goal of this section is to prove Theorems 5.44, 5.45, 5.76 and 5.77. In Section 6.1
we prove Theorems 5.44 and 5.45, and in Section 6.2, Theorems 5.76 and 5.77. The proofs
in Section 6.1 are new, even for the category of (ordinary) modules for a vertex operator
algebra satisfying the finiteness and reductivity conditions treated in [HL1]-[HL3]. In [HL1]-
[HL3], for a vertex operator algebra satisfying these conditions, Theorems 5.76 and 5.77, in
the Q(z) case, were proved first, and then Theorems 5.44 and 5.45, in the P(z) case, were
proved using results from the Q(z7!) case and relations between P(z)-tensor products and
Q(z71)-tensor products. In Section 6.1, we prove Theorems 5.44 and 5.45 directly, without
using any results from the (z) case. As usual, the reader should observe the justifiability
of each step in the arguments (the well-definedness of the formal series, etc.); again as usual,
this is sometimes quite subtle.

We continue to work in the setting Section 5. In particular, we have Assumptions 4.1
and 5.30, and z € C*.

6.1 Proofs of Theorems 5.44 and 5.45

We first prove a formula for vertex operators that will be needed in the proofs of both
Theorem 5.44 and Theorem 5.45.

Lemma 6.1 Foru,v € V, we have

:v2_15 (x1 3; :co) Y(eazlL(l) (_%—Q)L(o)% —xgxflxgl)e“”l) (_%—Q)L(o)v

= 235 (:c;) e (=) OV (u, o). (6.1)

Proof Using (3.61), (3.62), (3.67) and (2.11), we have

x;lé <x1x—2$o) Y(ele(l)(—fo)L(o)u, _xoxl—lx2—1)ex21;(1)(_xz—z)L(o)

— 332_16 1’1; ZCQ) eng(l)Y(e—xg(l—xgxfl)l/(l)(1 . xoﬂfl_l)_QL(O) .
2
'ele(l)(—SL’IQ)L(O)u, —xoxflx;(l . xoxfl)fl)(_xzfQ)L(O)

1‘2_1 — Toxq 172_1) erL(l)(—$52)L(O) .

‘Y((_xg)L(O)e—xz(l—xoxfl)L(l)(1 _ 1‘0.%1_1)_2L(0) .

LW (O poaT a5 — zoxTtaz )Y
-1 —-1,_.—1
— 2,6 <$2 T )em(l)(—@ 2)HOr.

_Y(exgl(kzoxfl)Lu)(_xg)L(o)(1 _ xoxfl)72L(0)ele(1)(_m;2>L(0)u’ o)
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715 ( > zo L(1 L(O) .

Y( Y1—zozy 1) L(1) ( (x2—1(1 _ Jioxl_l))_2)L(0)6mlL(1)(—CL‘l )L(O)u7x0)
) (:cl — xo) 7L (0) (72 L0
L2
_Y(exgl(kzom;l)L(l)e—xlxf(kxox;l)?L(l)(_(xgl(l _ Q:03,),171>)72)L(0)(_33172>L(0)u’ )

e <:B1 - xo) 7L (0) (7200
T2
_Y(exgl(l—xoxl Y(1—z5 (;I;l xo))L(1)< (551 —xo))_QL(O)U,xO)
= 2316 (M) 2LV (=) LOY (4 7).
T2
O

Proof of Theorem 5.44 Let X be an element of (W; ® Ws)* satisfying the P(z)-compatibility
condition, that is, satisfying (a) the P(z)-lower truncation condition—for all v € V the
formal Laurent series Yp (v, 2)A involves only finitely many negative powers of z, and (b)
formula (5.141) for all v € V.

For u,v € V, wy € Wi and wz) € Wy, by definition,

_ 1 — X
(fﬂ’o ' ( 1:1: 2) Vi (u, 1) Y5 (v, 1’2))\) (W) ® W)

((Y’< (0, 22)N) () ® Y (1,200

x —
lTyl) (Y (v, 22) M) (Vi (€™ D (=27 %) X Ou, yy Jwiry @ w<2)))

u) A (€0 (=25 2) 2O o)) @ Vi (u, 21)wia)

-y = _
—1) (Y (0, 22)A) (Ya (e F D (—272) X O,y wiy ® w(z))>

z

)
(
= s (222 (M V30,231
(
(
)

—_— _1 —_—
) <x1 xQ) Res,,z 10 <u) .
i) z

A (e (=2, ) O, o )wiy @ Y5 (u, 21)wz)

-1 _
) < IZ) Res,, 20 (u) .
o z
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(Yo (0, 22) N (Y1 (" FD (=27 2) HOu, gy Jwy @ way). (6.2)

Using (2.6) and (5.141), we see that the third term on the right-hand side of (6.2) is equal
to

—1 —1 —1
X — Iy —
xglé (—2 —— ) Resy, 2~ ) (—y1> .

—1 o
= Resy, a1 75 ' (woxy 2y 1) 10 (+> ) (u) .
2

(Y (0, 22) A (Yi (e D (=7 ) Ou, g w ) @ wizy)
ol -1
= Resy, 27 oy (zox ] oyt +y1) 710 < Z — ) ) <—y1> :

ToTy Ty + z
‘(Yzls(z) (v, 22)A) (Y (emlL(l) (_xIQ)L(O)Ua Y1)way @ w)

-0
= Res,, 2] 232710 <—> :
z

xyl— 2
: N 1y ) 2 Y; (v, A
(TP( ) ((%% Ty )~ (1‘05611%1 n y1> (v ﬁz)) )

(Vi (e (=) " Ou, yrwiy @ wi)
—1 o
= Res,,z; 252710 <u) .
z
(g (2w ey —
z
A ED (=) 00, 3027 a5 + 1)V (20 (—a72) O,y Yy © i)

1
Z—x
+(5’30I1 Ty +yl) 15( 1 —21 )
—ToTy Ly — Y1

)\(Y'l <€:1:1L(1)(_1.172)L(0)u7 y1>w(1) Q }/20(% ZL‘Q)U)(Q)))

Z+ Yy 1 x;l — xga:flxgl
= Res,. 2,50 z+ ) .
e ( xy >( 2 ( Z+ U

A1 ("D (=) O, zozy g + ) Vi€ (=) M Ou, yr ) wi) @ wi)
z+y I Sy e
+Resy, x5 ) ( 1) (xox; 1&:2 1) ) <%) .
AV (=072 O, gy ugy © V(0 200, (63)

By (2.11) and (2.6), the right-hand side of (6.3) is equal to

-1 -1,.—1
Z+ 1y Ty — Lol T
Res,, z; 10 z10 [ =2 L2 ).
Y12 —1 —1
Ty Ty




AV (€70 (=25 MO, moay gt 4 1) Ya (e P (=) Ou, g1 )wy @ wi)

z+ gt
—i—Resylaz2 ( yl (xoxy x2 5(—_12_1>

Y (e oLl ( x12)L u, Y1 )way @ Yy (v, 22)w())

= ReSy1 15 (—_ 4l 715 ( xo) .
z .732

A3 (722D (—zy ) EO mor eyt + yn)Vi(e™ E O (=22 Oy, y)wy @ wi)
71 _

+Resy, 2719 (T%) x50 < 2 ;a:l) :
—Zo

A (—a7) O, gy © Y9 (0, 2. (6.4

Since

Res,,y5 10 (xoxl ) +y1) =1,
Y2

the first term on the right-hand side of (6.4) can be written as

-1 -1_.-1
Res,,z 1§ (—xl yl) x50 (x1 ) Res,,y, 10 (130:1:1 T2 ¥ yl) :
Z 2 Y2

AV (e ED (=23 Oy zoar eyt 4+ y1) Vi (e PV (=2 ) Ou, v )way @ we)

—_— _1 —_—
=256 (xlmg xo) Res,, Res,, 210 (Tyl) (zoxy ey )10 (W—gl) :
1 T
AV (2O (=) O, o) Vi (7D (=) M Ou, ynJwiy © wigy), (6.5)

where we have also used (2.11) and (2.6). Again using (2.6) and (2.11), we see that the
right-hand side of (6.5) is also equal to

-1 11 1 1 -1

z5'6 (332 ngl 2 ) Res,, Res,, 2 -15 (—yl) ) (azoxl T2 +yl) .
Ty z Y2

A (™D (=252 O, 40) Y7 (e D (=27 2) X Ou, y )w) @ wiz)

—1 -1, 1 —1 -1, 1
_ Ty — ToT] X [Ty — T Ty — Y1
=1,'0 ( 2 711 2 ) Res,, Res,, 210 ( 2 L 72 :

x] z

Lo (ory 'y
5 16 .
Y2

AV (e (=) O, g )Y( PO (=g )y yl) 1) @ W)
1—

:m2_15 (x o 0) Res,, Resy, 2z 15( ) ) Loy x2 +y1> .

AW (e (=3 )0, )Y (e “L“)( 27?) Ou yl) we) @ W)

1
- Ty — - Y2 4!
=25 15( - )Resleesy2 15 (T) (zozytay )10 (W) :
AV (€2 (=) O, o) Vi (e (=) O,y Jwiy @ wegy). (6.6)
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That is, in the middle delta-function expression in the right-hand side of (6.5), we may
replace x1 by zo and y; by ys.
From (6.2)—(6.6), we obtain

xr1 — X
(508 (22 Vi )V 0 ) G © i)

Ty — 1
— xalcs ( ! 2> Mway ® Y5 (v, 22) Y5 (u, 1) w2))

Zo

J— 71 J—
—i—a:gl(S (:1:1 x2> Res,, 2 ) (—y2) .
T z

Y7 (€722 W (=252 POy )y @ Y3 (u, 21)w(s))
— _1 —_— —
+:1:2_15 (xl x0> Resleesyzz_lé <—x2 yQ) (:onl_lxgl) ) (—y2 — yll) .
z

T2 LoLy Lo
Y7 (722 W (=252 POy )V (e F D (—272) FOu, yy )wiy @ wiz))

J— 71 JE—
) (xQ x1> Res,,z 1§ (—xl yl) :
—Xp z

AV (e (=) O, g )wiy @ Y (v, 1‘2)10(2))) - (6.7)

From (6.6) and (6.7), replacing u, v, z1, T2, To by v, u, 9, 1, —Tg, respectively, and also using

(2.6), we find that

To — X
(—1‘015( = 1> z’a(z)(v,xz)Yé(z)(u,fm)A) (W) ® w)

Zo

:_W(
5(

— I

> )\(w(l) ® Yy (u, 21)Y5 (v, xQ)w(Q))

)ReSyl ( ! Z_yl) ’

(Y, e“L(l ) O ywn) © Y5 (v, 22)we)

1 _
> Res,, Resy, 2 2715 (%) (wox 2y t) ™0 (%) .
1 Lo

pav T ) O, e @ )

) Res,,z 1§ ( z_ yz) -

A (5200, oy © Y ) ). (63)

—1

Using (6.7), (6.8), the Jacobi identity, the opposite Jacobi identity (2.61) and (2.6), we
obtain

r1 — T ’ y
(%_15(1 ) o (0, 0) Yy (0, 22) A

Zo
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To — T
—1;515 < 2 1) Y}/:’(z) (U, C(;2)Yé(z) (ua xl))‘) (w(l) & w(Z))

xr1 — T
= (w(l) ® (33015 ( lx 2) }/20(1}7112)}/20(“7331)

0

_xalé (xQ__ xl) }/20(/“7 xl)}/QO(,U’ .Z‘Q))U)(Q))

Zo

J—— _1 JE——
+25'6 (Il xo) Res,, Res,, 270 (u) .

) z

.>\<(($0m1—1$2—1)—15( y2_1y11> )
ToT] Ty

‘K(G:EQL(I)(_.Z‘EQ)L(O)U, yQ)Yl(ele(l)(_xl—Q)L(O)u’ yl)

—XoT; Ty

Vi (e (—ay ) O, y1)Yi (€720 (=2, ) O, W) W) & w(2>)

= (w(l) ® (%_15 (xlx—on) %O(Y(%l’o)%@))w(z))

—_— _1 —_—
+x50 (xl xo) Res,, Res,, 270 (—x2 y2> )
) z
.)\((y515 (yl ki x0x11$21> .
Y2

Vi (Y (e (=) M Ou, —zowy e (—ay ) MO, y2)) wiy @ w<z>>

T, — 1T
— a:2_15 ( ! 0) Mway @ Yy (Y (u, xo)v, x2)w(2))
—1

) (xl — xo) Res,, Res,, 20 (u) .
z

X2

.A((yf15 (y2 - xoxll%l) .
n

Vi (Y (e (=) M Ou, —zowy e (= ) MO, y2)) wiy @ w<2>>

T4 — 1T
— a:2_15 ( ! 0) Mway @ Yy (Y (u, xo)v, x2)w(z))

X2

— _1 J—
) (xl xo) Res,, 210 <u> :
) z

_/\(le(y(eaclL(l)(_m1—2)L(0)u’ _moxl—lxgl)eng(l)(_x2—2)L(O)U’ y2)w(1) ® w(2))

(6.9)
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Finally, from (6.1) we see that the right-hand side of (6.9) becomes

xr1 — T
w310 ( 1 0) Awa) ® Y3 (Y (u, 20)v, m2)w ()

T2

—1
g 1 — Xg R ~15 AW
+zy 7 CSy, = >

AV (e (=3 )P OY (u, 20)v, y2)win) @ wiz))
1 — T
= (95215 ( 1:6 0) Y]’J(Z)(Y(u,xo)v,:@))\) (W) ® we)), (6.10)
2

and we have proved the Jacobi identity and hence Theorem 5.44. [

Proof of Theorem 5.45 Let A be an element of (W; ® Ws)* satisfying the P(z)-compatibility
condition. We first want to prove that the coefficient of each power of z in Y},(Z) (u, J?O)Yfa(z) (v, )\
is a formal Laurent series involving only finitely many negative powers of xy and that

-1 xl_l -z /
TP(2) (xo 5( 0 >Y;€(uax1>> YP(z)(U7$))‘

= 3:015( i )Y/D( (1w, 1) YD (v, 2) A (6.11)

Zo
for all u,v € V. Using the commutator formula (Proposition 5.9) for YI’D(Z), we have

Yfl’(z) (u, x(])YF/’(z) (v, 2)A
= Yzlo(z) (v, m)Y]/J(z) (1, 20) A

y) Yho (Y (0, 9)u, 7o) A. (6.12)

T

—Res, 50 < x_
0

Each coefficient in x of the right-hand side of (6.12) is a formal Laurent series involving only
finitely many negative powers of xy since A satisfies the P(z)-lower truncation condition.
Thus the coefficients in z of Yy, (v, 2) satisfy the P(z)-lower truncation condition.

By (5.86) and (5.87), we have

( P(2) ( 00 ( T z) Yi(u, 931)) Y (v, 93))\) (W) @ W)

_15 ( - <Yi (ele(l)(_xl—2)L(0)u’ $0>w(1) ® w(2))

) (

_15( - ) ( (e D (=273 O, 2o)wy ® Y5 (v, 2)wz))

Res,, 15 (—) .
z

) (Y (v, 2) M) (wiy ® Yy (u, 21)w()
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-A@q@ﬂ“%—w-%“mvma»q@m“><<m2fwhux@w@wgw@»)

x*l
+x4 5( ! ) (A(wu) ® Yy (v, 7)Yy (u, v1)we)

-1
+Resg, 210 (x—

z

> )\(3/1(6‘””1)(—:6’2)”0)% T2)w(n) @ Y5 (u, Il)w(2)))-
(6.13)

Now the distributive law applies, giving us four terms. Then using the opposite commutator
formula for Yy (recall (2.61)) and the commutator formula for Y5, and (5.86), we can write
the right-hand side of (6.13) as

—1
_ X - T - °
271 (170) A (e P (=27 Ou, m)way © Y5 (v, 2)w()

_1 o
+2715 (—xl x0> Res,, 2z~ <
z
1
z

-)\(Yl(emL(l)(—xf L)y, xo)Yl( )L(O)v T2)wn)

Res,, 2™ < ) Res,, ;"6 (xQ _ IS) .
-y

?)
+2719 (—xl_ — x0>
MY (Y (e L (—g=2) L0y, $3)6x1L(1) Oay, mo)w)
z—ay!
ra's xl)Awm®Yﬂmmnﬂumwm
—
pR— 71 —_—
) (Z ;1 ) Res,,z;'6 (a:* " :CS) Mway @ Y3 (Y (v, x3)u, 1) wz))
— 1
_ -l -1
) < 1 ) Resmz_lé <u> :
—X z
MY (e FW (=27 Oy 2o)wy @ V3 (u, 21)w(g))
= (TP@ ( ( ) Yilu, 1 ) ) (W) ® Y5 (v, 2)wz)

+Resg, 210 ( >
. (TP ( —15 ( xo_ ) Yi(u, xl)) A) (Y1 (e M (=27 O, z)wiry @ wiz)

-1 _ -1
z Xo Z

AV (Y ("W (=272 E 0y 23) e 2D (—72) E Oy zp)wy @ wia))

-1
—Res,, 7,16 < ) L) ( — il ) Mway @ Yy (Y (v, 23)u, 21)wz)). (6.14)

T — T3
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Since A satisfies the P(z)-compatibility condition (5.141), by (5.87) the sum of the first
two terms of (6.14) is equal to

, -2
(Yp(z>(v,x)TP<z> (3«"6 ' ( : - ) Yt(u,fcl)) A) (wi) ® wez)

- - Z / /
) ( ) (YP(Z)(U, :E)YP(Z)(u,ml))\) (way ® wea)). (6.15)

Zo

Changing the dummy variable z3 to —xsz~'z]' where we use z3 to denote the new
dummy variable, using (2.11), (2.6) and (6.1), and then evaluating Res,,, we see that the
third term of (6.14) is equal to

-1 —1,.—1 —1
_ T — X9 Ty + 3T Ty — T
—Res,,Res,, 2 s ——= )=z lxl xolé 2l [ 22—
z xo z

AWV (MO~ ) O, —gray)er O (—ay?) O, 20w © wia)

-1 -1 _.—1 —1
- T~ — T2 1 Tog— T3x X _ — X
= —Res,,z 10 | ——= ) Resp. 1o tes 16 L)l ([ 2—2).
2 3 1 2
z T z

)\(}/1 (Y(ea:L(l)(_x—Q)L(O)v’ —C(ng_llvl_l)egElL(l)(—I'I_Q)L(O)u, l‘o)w(l) ® w(2))
Tl — g+ :ng_lazll)

z

—1,—1
To — IT3x ~T _ —
R S ) L )27
)

MY (Y (e2EW (—g=2) Oy —:ngflx )ele(l —o7 ) Oy, 20 )way @ w)
1

B —I—:ng Ty
= —Res,,Res,, (2 + 2¢) 0 ( —— 1 ) :

1,1
11 Tog— T3 T Z+ Xy
S g ) L) 20 .
1 T2 )

AV (Y (W (=27 O, —zgz™tar e MW (—a7?) Ou, o) wiy ® wi)

-1 —1,.—1
T+ T3r Ty
= —Res,,Res,, 210 ( —~ > .

= —Res,, Resmz_l(S (

A (Y (€O (=220, —gyr Lo )en B0 (—a )0, gy © i)
= —Res,,Res,,7;'0 (x — $3> :

T

—1..—1 —1
_ Lo — X3 X _ X — X
2510 L)t (22—,
i) z

V(Y (0 (=2 2) MO, gzt e O~y ) O, oy © i)
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—-1,.—1 —1
_ T — T3 _ To — I3 T _ — X
= —Res,,Res,, 7,0 T30 L) (22—
I T2 z

AV (e (=) POV (v, 25)u, mo)wiy @ wis)
j— _1 —
::_R%mx35(£_£§>z15<£L_;@).
T z
AY1 (eP D (—z7H POV (v, 25)u, To)wa)y @ wez)). (6.16)

From (6.16), (5.86) and (5.141), the sum of the last two terms of (6.14) becomes

—Res,, 270 ( ) P (xl )

Y, (:mL(l)( 27 2)OY (v, 23)u, o) w) ® w)

1 AN EETS 0
—Res,,z7 0 xy 0 Mway @ Y3 (Y (v, z3)u, x1)w2))

T —X

_ -1
= —Res,, 2716 <x - x3) (Tp(z) (xolé (xl " ) Y,(Y (v, 23)u, x1)> )\> (w1) ® w))
1 0
-z T — T3
=510 ( - ) Res,,z;'6 < ) (Yo (Y (0, 23)u, 21)A) (way @ wy).  (6.17)
0

Using (6.15), (6.17) and the commutator formula for Y7, ), we now see that the right-hand
side of (6.14) is equal to

Zo

I_Z / /
%( )Gha@wﬂh@WJﬂMOWn®wm)

’1 -z xr—x
—%15( o )Resxsiﬂfl5< o 3) (Y (Y (v, 23)u, 21)A) (wiy @ wiz)

-1
_15 < - Z) (YI’D(Z)(U7.I‘1)YI,3(Z)(U, :L‘))\) (w(l) (029 w(z)). (618)
The formulas (6.13), (6.14) and (6.18) together prove (6.11), as desired. For the Mobius
case, the corresponding verification for L}, ) (—1), Lp,)(0) and L}, (1) is straightforward,
as usual, and we omit this verification. The first half of Theorem 5.45 holds.

For the second half of Theorem 5.45, suppose that A € (W ® Ws)* satisfies either the
P(z)-local grading restriction condition or the L(0)-semisimple condition. Assume without
loss of generality that A is doubly homogeneous. From Remark 5.42; we see that for v € V
doubly homogeneous, m € Z and j = —1,0,1, the elements Tp(,)(v ® t™)A and Lip,(j)A
are also doubly homogeneous. Each such element p lies in W), and so W, C W). Thus pu
satisfies the P(z)-local grading restriction condition (or the L(0)-semisimple condition), and
the second half of Theorem 5.45 follows.  [J
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6.2 Proofs of Theorems 5.76 and 5.77

In this section, we follow [HL2]; the arguments given there carry over to our more general
situation with very little change. We first prove certain formulas that will be useful later.
Let A € (W, ® Wa)*, way € Wi and wgy € Ws. From (5.174) we have

(L,Q(z)(o))‘)(w(l) ® wz)

= A((L(0) = 2L(1))wa) ® wez)) — Mwa) @ (L(0) — 2L(=1))we)), (6.19)

(0
where (as usual) we have used the same notations L(0), L(—1), L(1) to denote operators
on both Wy and Ws. For convenience we write L(—1) = Ly, (—1), L(0) = Lf,,(0) and
L(1) = L,(1) in the rest of this section. There will be no confusion since the operators
act on different spaces.

Lemma 6.2 For A € (W, @ Wy)*, way € Wi and wey € Wa, we have

((1 — ﬂ)L(O))\) (W) ® w))

z

L(0)—zL(1) (L(0)—=L(-1))
=A((1-2) wy @ (1-2) we) ). (6.20)

z z

Proof From (6.19),

((1 - ﬂ) " ))\)(wm ® w))

z
= (FO log(l—%))\)(w(l) ® w(z))

— )\( L(0)—=zL(1 ))10g(1—y71)w(1) ® e~ L(0)—2L(= 1))10g(1—*)w(2))

L(0)—zL(1) —(L(0)—2L(-1))
= )\((1 — &) w(1)®<1 — Z£> w(2)>. O (621)

z z

Lemma 6.3 Forv eV,

L(0) —L(0) T Y\ ~LO)
Y/ (1 _ ﬂ) Y/ ((1 _ 2) —) (1 _ —) . 6.22
Q(z)( T) = > Q(2) > U, 1—yi/2 > ( )

This formula also holds for the vertex operators associated with any generalized V -module.
Proof The identity (6.22) will follow from the formula
eyL(O)Yé(Z) (v, x)e VO = Y0 (¥ Oy evz). (6.23)

To prove this, assume without loss of generality that wt v = h € Z, and use the L(—1)-
derivative property (5.159) and the commutator formulas (5.165) and (5.177) to get

d
Formula (6.23) now follows from (an easier version of) the proof of (3.86). O
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Lemma 6.4 Let L(—1) and L(0) be any operators satisfying the commutator relation
1(0), L(~1)] = L(~1). (6.25)

Then

L(0)—zL(~1) L(0)
(1 B ?ﬂ) _ e L(-1) <1 _ ﬂ) , (6.26)
T xz

Proof We first prove that the derivative with respect to y of
(1 . y)L(O)—ocL(—l)(l . y)—L(O)e—:cyL(—l)

is 0. Write A = (1 — y)LO=2LED B = (1 — )20 C = e=2¥L(=1) Then

d%(ABm — —A(L-y)(L(0) - 2L(~1))) BC
+A(1 —y)'L(0)BC
—2ABL(-1)C. (6.27)
Using (3.73) we have

BL(-1) = (1-y) "L(-1)
e(*log(lfy))L(O)L(_D
— L(_l)e(—log(l—y))L(O)e—log(l—y)

= L(-1)(1—-y) O -y

= (1-y)'L(-1)B, (6.28)
and substituting (6.28) into (6.27) gives
%(ABO) = —A(l—y) 'L(0)BC + 2A(1 —y) 'L(-1)BC
+A(1 —y) ' L(0)BC — 2A(1 —y) ' L(-1)BC
= 0.
Thus ABC' is constant in y, and since ABC' = 1, we have ABC = 1, which is equivalent

y=0

to (6.26). O

Proof of Theorem 5.76 As always, the reader should again observe the justifiability of each
formal step in the argument.

Let A be an element of (W ® Ws)* satisfying the Q(z)-compatibility condition, that is, (a)
the Q(z)-lower truncation condition—for all v € V', Y}, (v, 2)A = () (Yi(v, 2))A involves
only finitely many negative powers of x, and (b)

TQ(2) (z_15 (xl ; xﬂ) Y;(v,mo)) A

=271 (ml ;xo) Yoo (v, z0)A forallv e V. (6.29)
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By (5.156) and (5.157), (6.29) is equivalent to

r1 — %
xﬁ5(1 )AO?@JOWn®wm)

Zo

AR
ﬂ%5< 1)MWU®%@JQWM

T —x —z
=221 (%) (Resylx(}lé <y1 ) MY (v, 1) way ® wg)

Zo

Z —
—Res,, 7,6 ( yl) AMway ® Ya(v, yl)w(g))> (6.30)

for all v € V, wyy € Wi and wpy € Wy, It is important to note that on the right-hand
side the distributive law is not valid since the two individual products are not defined. One
critical feature of the argument that follows is that we must rewrite expressions to allow the
application of distributivity.

By (5.157), we have

Zo

- Ty — T2
(xo ' ( ) Yo (01, 1) Y (v2, $2)>\) (W) ® )

Zo
— I‘alé (xlx;x2> <ReSy1£E1_15 (ylx—_lz) .
'(Yé(z) (v2, 2) A) (Y7 (1, y1)w() ® wiz))

o
Ry 0 (S22 (g om0 @ Yalon )

_ X1 — X2 _ Yy — = _ Yo — 2
= 1, 1(5( xo ) <Resy1x115( . > Resy2x215( - ) :
A(YY (v, y2) YT (01, Y1 )w(1y @ wia))
—Res,, 770 (ylx_l Z) Res,,z;'6 (Z—_x?f) .
MY (v1, y1)way @ Ya(va, Y2)wiz))

Z— !
e '8 (S5 (0o on W @ Vil ). (631

_ T — X
= s < ! 2) (Yé(z)(vl, Il)Yé(z)(U% z2)A) (W) ® W)

From the properties of the formal J-function, we see that the right-hand side of (6.31) is
equal to

x50 (xl — xg) (Resylyl_1(5 (:1:1 i Z) Res,,y5 10 (IQ a z) :
Zo 1 Y2

AT (02, 2 + 2) Y (v1, 21 + 2)wa) ® wz)
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n —X2
AMYP (01, w1 + 2)way ® Ya(v2, yo)wi(z)

o
Ry 0 (22 (g o, 2 w1 @ Yalor, )

—Res, y; '8 ($1 i Z) Res,,z;'6 (Z — y2) :

T —x
=150 ( : 2) ()‘(}/10(7)27352 + 2)Y? (v1, 21 + 2)way @ wa))

Zo

2= Y2

—Res,, 250 ( ) AYY (01, 21 + 2)wqy © Ya(v2, y2)w(z)

2=

Ry 19 (E21) (g W ) © Yalon ). (632

From the L(—1)-derivative property for Y, the L(—1)-derivative property (2.62) for Y}° and
the commutator formulas for L(—1), Yi(-,z) and for L(1), Y(-,z) (recall Lemma 2.22), we
obtain
Vi(v,x +2) = Yi(e*HVv, 2)
_ ezL(—l)Y'1<,U’ l')e_ZL(_l)
n dn
= Y S i) (6.33)

n! dz™
n>0

and

}/1o(€zL(fl),U7 l’)

e—zL(l)Y'lo(U7 ZL’)GZL(l)
2" dh

(Note that all these expressions are in fact defined.) Using (6.34), we see that the right-hand
side of (6.32) can be written as

Yy (v, 2+ 2)

- 1 — o( zL(— o( zL(—
'3 (P ) (A i )V @ o)

Z R—
—Res,z5'0 ( yQ) MY (e D0y, 21wy @ Ya(vs, go)wis)

-
sy 8 (222 ) (Vo ) ) w8 alon, 1))

— x - 'ZE —Zz z
=156 ( ! 2) (/\(e LDV (vg, 29) Yy (01, 1) e W1y @ wia) )

Zo

Z = Y2

—Res,, 239 ( ) Me IV (01, 1) Dwiy @ Ya(va, yo)wiz))

=MW

_Resylxl_l(s ( ) (Yé(z) (’Ug, $2)>\)(w(1) & YQ(Ul, yl)w(g))>. (6.35)
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Note that it is easier to verify the well-definedness of the terms on the right-hand side of
(6.32) than that of the terms in (6.35), though (6.35) is sometimes easier to use if it is known
that every term is well defined. Below we shall write expressions like those on the right-hand
side of (6.32) in whichever way suits our needs. The distributive law applies to the right-hand
side of (6.32) (or (6.35)) since all three of the following expressions are defined:

— L1 — T o o
) ( lxo 2> MY (02, w2 + 2)Y(v1, 1 + 2)way @ wg)),

r1 — X z —
x(;l(s < : 2) Resy2x2_15 ( y2) /\(Yio(vl’xl + Z)w(l) ® )/Q(U% yQ)w(Q))’

Zo —X2

T —T z— ,
00 (P ) Rosa '3 (S5 ) (Vo ) ) @ Yaon i)

Zo —X

Now we examine the last expression in (6.35). Rewriting the formal §-functions zy 8 <zlm;om2>

and 2719 (z_?“), and using Lemma 6.3 and (2.11), we have:

—x1

_1 T1 — T2 -1 Z—=Y1

'<Yé(z) (v2, 72) ) (w(l) ® Ya(v1, y1)w(z))

()G (e (22E),

z1/z

Y1\ L0 Y1\ L0 T
((-73) veu((-%) ”2’—1_y/z>'
1

—L(0)
,(1 _ &) )\> (way ® Ya(v1, y1)wiz))

z
) (2 s ()
z1/z
(=)o ((-2) e )
—Z1
.<1 — %) L(O)/\> (way @ Ya(vr, y1)wa)). (6.36)

By Lemma 6.2 and (6.29), the right-hand side of (6.36) is equal to

() ) s (T e (225,

z1/z

Bl o 202 )
(YQ(Z)<(1 z UQ’—xl/z ! z A
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~Yt<<1 - %>—L(D)U2’ _zf/)) (1 B %>—L(O))\> '

L(0)—=zL(1) —(L(0)—=zL(-1))

z
By (5.156), the right-hand side of (6.37) becomes

<%>_1Resy1x1 ' (1_—x—31/}22> ((—;2/)_15 (mf_?}f/_zz> |

((1 B %>—L(0))\) (Yf’(<1 B %)—L(O)U27 x!f;)) .

L(0)—=zL(1) (L(0)—=L(1))
(]_ _ ﬂ) w(l) X <1 — %) Y2(U17y1)w(2)>

z
_( To )—l(s(Z—#) (<l_y1) ())\)((1_£> (0)— ZL(l).
—:L'I/Z _7w2/z o &
—L(0)
‘W) & Y2(<1 — %) V2, xx;z) :
1
—(L(O)—ZL(—l))
(1- %) Ya(or, g ) ). (6.33)
y1

Using Lemma 6.2 again but with 1 — % replaced by (1 — ) , rewriting formal J-functions
and then using the distributive law, we see that (6.38) is ual to

1—uyi/z — Lo~ 1
Resylxl (5 (Tl/z) (—.TQ 15 (_—(%2 .
(L(0)—=L(1)) —L(©)
A2) () )
> z —(1—=y1/2)
Y1\ LO)==L(1)
_(1 _ _> w(1) ® Yo (vy, ?Jl)w(?))
B L(0)—zL(-1)
;"0 (xl xo) Muwm o (1- %) '
i) <

1\ L) T
Yg((l—%) U2’——(1—y1/2)>‘




1 _
= —Resylel(S (—y1/2> a:;lé (IO x1> .
—x1/z — Ty
Y1\ (O —=L(1) Y\ L) %o
(02 () )
z) ! z) 2 —(1—y1/z))

n L(0)—zL(1)
( ) way ® Ya(vr, yl)w(2)>

1— _
+Res,, z7'6 (ﬂ) 1510 <x1 J/‘O) )\<ZU(1) ®

T2

L(0)—zL(~1) —L(0)
o(1-%) B((1-2) e gyr)
—(1—=w/?)

Ya(vr, Z/l)w(2)> . (6.39)

But by Lemmas 6.4 and 6.3,

L(0)—zL(~1) —L(0) —(L(0)—2L(—1))
(1-%) B((1-2) e gm0 7)

_ €y1L(—1) <1 B ﬂ)L(O)YQ<<1 B &> fL(O)U% X9 ) ‘
Z —

— eylL(*l)Yz(Ug, _xo)efylL(*l)

= Y5(v2, =20 + Y1)

= Ya(v2, —20 — (2 — 1) + 2)

= Ya(e* LWy, —x0 — (2 — 11)). (6.40)

We similarly have, using Lemmas 6.4 and 6.3 for Y/ (v, z) and then using (2.73) and Theorem
9.34,

—(L(0)—2L(1)) —L(0) L(0)—=L(1)
() () )
z z —(1—=y1/2) 2

— e_ylL(l)Yf(vg, —xo)eylL(l)

=Y’ (v2, =20 + ¥1)

=Y (va, —19 — (2 — y1) + 2)

= }/10(67;[/(—1)/027 —xo — (2 —11)). (6.41)

Substituting (6.40) and (6.41) into the right-hand side of (6.39) and then combining with
(6.36)—(6.39), we obtain

T —T z— ,
00 (2 ) Ros a0 (Z22) (Vo ) ) @ Vi i)

Zo —X
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_ Z—UY 1 To — 1
= —Res, 76 To 0 .

A(YY (Uz, —xg— (2 — 1) + Z) W) & Ys(vy, Z/l)w(2)>

_ 2= 1 T1 — o
+Res,, 1710 ) -
141 < i ) Ty ( e )

Away ® Ya(ve, —x0 + 1) Ya(v1, y1)w(z)).- (6.42)

(We choose the form of the expression from (6.41) in anticipation of the next step.)
By (2.11) and (6.33), the right-hand side of (6.42) is equal to

—x;lé <—_$Omj xl) Resylxl_lé (z__x‘qjl) )

AYY (v2, =20 + 21 + 2)w(a) @ Ya(vr, y1)wiz))

1 1 — Xo -1 £—=MW
) R ) .
+y ( T ) €Sy, T ( — )

AMwiy ® Ya(ve, =20 + y1)Ya(vi, y1)wiz))

e —To+ 71 N !
=—7, 0| — | R ) .
Ty ( 7 ) €Sy, T ( o )

AP (e Vg, 2a)wiy @ Ya(vr, y1)wez)

_ 1 — Xo -1 =W
+a5ts Res,, z7 "0 .

AMwqy @ Ya(va, =20 + y1)Ya(v1, y1)wiz))- (6.43)
Since
Res,,y5 0 (—_xo + yl) =1,
Y2

the right-hand side of (6.43) can be written as

—x;lé (——xoxj x1> Resylelé (Z—_xglh> .

MYP (D, T2)way @ Ya(vr, y1)w(z))
_ Ty — Tg N ! 1c [ —To+ W
+x 15( >Res x 5( )Res 5(—)
2 o y141 1 y2Y2 Yo
AMwy ® Ya(va, =m0 + y1)Ya(v1, y1)w(a))- (6.44)

By (2.6) and (2.11), (6.44) becomes

_1 To — 1 -1 2=

AP (€ Vg, 0 )wiay @ Ya(vr, y1)wiz)
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i) —I Y2
~>\(w(1) ® Ya(va, y2)Ya(v1, yl)w@))

= xalé <l’2_;;131> Resyleld (Z__xi?1> ‘
AV Vg, za)wy @ Ya(vr, y1)wiz)

+25'6 (zl — xo> Res,,Res,,z;'6 <Z — y1) y; 6 (——xo * y1) .

To —I Y2
Nwqy @ Ya(va, y2) Ya (01, 91)wia))

=256 (xQ__x;ﬁ) Res,, z;'6 (—z__afl) .
AYP (e Dy, 2wy @ Ya(vr, y1)wie))
—25'6 (11:1 — xo) Res,, Res,, -

X2

(s + 20) 10 (—Z =z ) 75 <y2 — yl) :
—T2 — T —Zo
-A(w(l) X Y2(U27 y2)Y2(U1, yl)w(2))
— 218 [ 2271 ) Resyartd (222

;5 - esy, ] =

.,\(YI"(eZL(_l)vg, T2)way @ Ya(vr, y1)w(z))
- T — To _ Z—Y2\ _ Y2 — U

—z; 15( - ) Resy, Res,, ;6 ( e ) Ty ( "o ) :

-)\(w(l) ® Ya(va, y2)Ya(vy, yl)w(2))‘
Substituting (6.42)—(6.45) into (6.35) we obtain

_ Ty — T2
(35015 ( o ) Yé(z)<7}1,xl)Yé(z)(’l}Q,l'g))\) (W) @ w)

o8 (B2 s (22 eyt (222,

- 1 —Z o zL(— of 2L(—
= 317015( lxo 2) AP (MW ug, 20) Y2 (e D0y, 2 )wiry © wiz)

_1 Ty — g -1 £ = Y2

-)\(Ylo(eZL(_l)vl, T1)way @ Ya(ve, 22)w(a))

1 Tog — 7 -1 £—=MW
—x, 5( i >Resy1x1 5( . ) .

A (e Dy, zo)winy @ Ya(vr, 1) wiz)

- T1 — %o - =Y\ Y2—U
+x, 1(5( o ) Resleesy2x21(5< T ).7501(5( ) ) .

Away ® Ya(va, y2) Ya(v1, y1)wz))-
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Now consider the result of the calculation from (6.42) to (6.45) except for the last two
steps in (6.45). Reversing the subscripts 1 and 2 of the symbols v, x and y and replacing xg
by —x¢ in this result and then using (2.6), we have

~15 Ty — I1 15 Y2\
Tg ( 2o Resy, x5 e

'(Yé(z)(vl, x1>>\)<w(1) ® Y2(Uza yz)w(2))

_ L1 — T2 Y2
:molé( 0 )Resy2m2 15( - ) .

AP ("o, 1) way © Ya(vs, 22)w(z)

- T1 — Zo - F=Y2\ Y1 — Yo
) ( o ) Res,, Res,, 75 '6 ( —_ ) ) (:L'—()) .
AMw() @ Ya(v1,y1)Ya(va, y2)w(z))- (6.47)

From (6.31)—(6.35), again reversing the subscripts 1 and 2 of the symbols v, x and y and
replacing oy by —zg, and (6.47), we have

(e
o

) Yo o) (02, 22) Y () (v1, 21) - A) (w) @ wz))

) AYY( Doy, 1) Y2 (e Dy, 29 )winy ® wiz)

Y10(GZL Jvy, 2)w ®Y2(Ulay1) w(z))

) Res,, 750 - ) .

10(€ZL )U17 Il)w(l) ® Ya(va, 2)w(2))

- L1 — o 27 Y2\ - Y1 — Yo
) ( . ) Res,,Res,,z;'6 ( 0 ) x50 (l‘—o) .
AMway @ Ya(vr, y1)Ya(va, y2)wiz)). (6.48)
The formulas (6.46) and (6.48) give:

_ €Ty — Tg
((w < - > Yoy (01, 1) Yooy (03, 2)
-1 — 21 / /
—5 0 < T ) Yoy (02, 22) Yoy (01, $1)>)‘> (W) @ W)
—Zo
— )\((1;615 (xl - $2) }/10<€ZL(_1)U2, IL'Q)}/lO(GZL(_l)'Ul, l'1>
Zo

— L2 — T o( zL(— of zL(—
ST ) DG C R Ny
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) (Il — x(]) Res,,Res,,z5'6 (z — yz) :
T2 —T2

AMway ® x50 N Ya(vi, y1)Ya(v2, 42)
To

—X0

—15'9 (yQ — yl) Ya(v2, yo)Ya(vr, y1))w(z)>. (6.49)

From the Jacobi identities for Y}” and Y5 and (3.60), the right-hand side of (6.49) is equal to

T —x
) ( 1172 0) MYP(Y (e Dy, {L‘O)€zL(_1)U27$2)w(1) ® w(2))

ey (xll;mo) ResleeSy2x2_15 (Z__;f) yylo (yl y—Zl'o) .
Mwey ® Ya(Y (01, 20)va, y2)w(z))

(- o 2L(—
=250 ( 1:52 0) AP (VY (vy, 20)va, 22)w(1) @ wia))

T — Zo _ 2= Y2 _ Y1 — Zo
) ( - ) Res,, Res,,z5'6 ( o ) Yy 6 ( " ) .

)\(w(l) & }/Q(Y(Ul, $0)U2, yg)w(g)) (650)

Using (6.34), evaluating Res,, and then using the definition of Y, , (recall (5.157)), we
finally see that the right-hand side of (6.50) is equal to

T —x
L) ( 1$2 0) AMYP(Y (01, 20)v2, T2 + 2)wa) @ wia))

) (Sﬁ1x—2xo> Res,,z;'0 (z__—;f) :
Mwy @ Ya(Y (01, 20)va, 42) wi2)

ry —X
= x;l(s ( 1332 0) (Yé(z)(Y(Ul,on)UQ, l’g))\)(ﬂ](l) &® w(z)), (651)

proving Theorem 5.76. [
Proof of Theorem 5.77 Let A be an element of (W; ® Ws)* satisfying the Q(z)-compatibility

condition. We first want to prove that each coefficient in z of Yy (u, 0)Y5, (v, 2)A is a
formal Laurent series involving only finitely many negative powers of xy and that

TQ(2) (215 (@) Yt'(u,xo)) Yo (v, 2)A

=215 ("”1 — “”0) Yy (1, 20) Yy (v, 2) A (6.52)

z
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for all u,v € V. Using the commutator formula for Yclg(z)’ we have

Yé(z) (u7 xO)YC/Q(z) (Ua I))\
= Y50 (v, 2)Y5 ) (u, 19) A

—Res, 510 (I — y) Yo (Y (v, y)u, mo) A (6.53)

Zo

Each coefficient in z of the right-hand side of (6.53) is a formal Laurent series involving only
finitely many negative powers of xy since A satisfies the Q(z)-lower truncation condition.
Thus the coefficients in z of Y (v, 2)A satisfy the Q(z)-lower truncation condition.

By (5.156) and (5.157), we have

T1— X ,
(TQ(z) (215 <%) Yt(%ﬂ?o)) YQ(Z)(U7$))\> (W) ® we)

_ T1— 2 Y
:%15( - )(Yé(z)(v,x))\)(Yl (1, 21)w(1) ® W)

a8 (222 ) (Vo v, N i © Yot 1))
=5 (125 (A + Ym0y 8 )
—Resg, 70 (2 :$x2> AYY (u, z1)w(y @ Ya(v, xz)w(z))>
~a' (F52) (0T oy & V)
—Res,,z '8 (2 :;’2> AMwqy ® Ya(v, 29)Ya(u, xl)w(g))). (6.54)

Now the distributive law applies, giving us four terms. Inserting

Res,,x, 0 (x + Z) =1

Xyq

into the first of these terms and correspondingly replacing x + z by x4 in Y?(v, z+ z), we can
apply the commutator formula for Y}” in the usual way. Also using the commutator formula
for Y5, (2.6) and (2.11), we write the right-hand side of (6.54) as

Ty — 2
) ( 1% ) MY (u, 20) Y (v, 2 + 2)way @ wa))

_ Ty — % _ Ty —X _ T+ z
—z5'6 ( 1% > Res,,Res,, 7,10 ( o 3) ) ( - > .
AP (Y (v, 23)u, 21)way @ wz))

T (xl — Z) Res,, 19 (z — xQ) MY (w, 1) way @ Ya(v, 22)w(g))

Zo —X
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z—
~z50 ( I 1) )\(Ylo(BZL(fl)U’fL’)w(l) ® Ya(u, 21)w(z))
—Zo
) (Z —;61) Res,,z'6 <Z _f) Mway ® Ya(u, 21)Ya(v, 2)w(2))
—Z0 —
+3y'0 (Z — :v1> Res,,z'6 <—Z — xQ) Resg, 76 (xQ — x?’) .
—X —X T
Away @ Yo (Y (v, 23)u, 21)wz))
— z < o of zL(—
= (505 (22 ) APV ey © wi)
0
- - I o(,zL(-1)
o0 - A(YY (e v, )w) @ Ya(u, 21)w(z)
—Zo

“Res, ot (222 (et (L2
T2 —r 0 o
')‘(}/lo(uﬂ x1>w(1) ® }/2(1)7 x2)w(2))
z—x
a5 () Aoy © V) Valos )

_ T+ z— T3
— (ResuResxg (zo+2)710 (W) :

2716 (x+z) 216 (xl — z) .
Ty o
.)\(}/VI‘J(}/(’IJ7 I’g)u, $1)w(1) X w(2))
_Reszesmx—l(; <L1—{—933)) x;lé (M) '

—T i)

256 ( - “"1) Away ® Ya(Y (v, 23)u, :cl)w(g))) (6.55)

Using (5.156) and (2.6) and evaluating suitable residues, we see that the right-hand side
of (6.55) is equal to

xr1 — X
(TQ(Z) <2_15 ( : p, 0) Yt(uwo)) )\) (Y (e, 2)wa) @ we)
—Resmx_lg (2 — 262) )
—T
xrK1 — X
. (TQ(z) (2_15 (%) qu, x0)> )\) (W(1) & YQ(U, :L“Q)w(g))

— <Resx3x51(5 (x ; x3) .
0

xr1 — Xz
a5 (22 AP sy © i)

Zo
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_Resxgl.fl(s <I0 + .T3) .

X

7516 (Z - Il) Mway @ Ya(Y (v, 23)u, x1>w(2)>). (6.56)

Using (5.156) and (5.157), we find that the right-hand side of (6.56) becomes

/ _ Ty — X
(YQ(Z)(U’x)TQ(Z) (Z K ( — 0) Yt(U;on)) A) (W) ® we))
_ Xr — Xs
—(Resmxo ) ( - 3) )

T (Z—ld (xl ;:co) Y,(Y (v, z3)u, x0)>>\> (way @ wez)). (6.57)

By the compatibility condition for A and the commutator formula for Y’ , the right-hand
side of (6.57) is equal to

fm( )< 0, 2)Yh (1, 20) N sy © wie)

-1 1s (L =23
z (5( (Resmxo 5( o )

<MY@%W$M>Wm®Wm
_ —15(

) (( (v, 2) Y5 (u, 20)
—Res,, 7510 (

Zo

z

xr1 — X ’ ,
_ 5< | 0) (Vo) (11, 20) iy (0, 2)N) (1) © 2. (6.58)

This proves (6.52). In the Mdbius case, the three operators are handled in the usual way.
The first part of Theorem 5.77 is established.

The proof of the second half of Theorem 5.77 is exactly like that for Theorem 5.45. [
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