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Abstract

In these notes we discuss the procedure how to calculate nullvectors in general
indecomposable representations which are encountered in logarithmic conformal
field theories. In particular, we do not make use of any of the restrictions which
have been imposed in logarithmic nullvector calculations up to now, especially the
quasi-primarity of all Jordan cell fields.

For the quite well-studied ¢, ; models we calculate examples of logarithmic null-
vectors which have not been accessible to the older methods and recover the known
representation structure. Furthermore, we calculate logarithmic nullvectors in the
up to now almost unexplored general augmented ¢, ; models and use these to find
bounds on their possible representation structures.

1 Introduction

In recent years the study of conformal field theories (CFTs) which also exhibit inde-
composable structures in part of their representations has become an interesting and
promising topic of research. A variety of applications of this sensible generalisation of
ordinary CFTs, which are also commonly known as logarithmic CFTs, have already
surfaced in statistical physics (e.g. [1, 2, 3, 4]), in Seiberg Witten theory (e.g. [5]) and
even in string theory (e.g. [6, 7]). For a more complete survey of applications pursued
so far as well as an introduction to the field see [8, 9, 10, 11].

Up to now the main focus of research has been put on a special class of logarithmic
CFTs, the cp1 models. The representation theory of their rank 2 indecomposable
representations has been analysed completely in [12, 13, 14, 15] and a thorough under-
standing of the representations of the modular group corresponding to the enlarged
triplet WW-algebra [16] of these models has been reached in [17, 18, 11]. Especially
the c21 = —2 model has been understood very well as it is isomorphic to a free field
construction of the symplectic fermions [19, 20].
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But going beyond representation theory we find that the calculation of explicit cor-
relation functions proves to be much more intricate and tedious than in the ordinary
CFT case [21, 22]. The construction of nullvectors, the key tool in CF'T for the calcula-
tion of correlation functions, has already been addressed in [23, 24, 25, 26] for the case
of indecomposable representations. However, the type of these logarithmic nullvectors
calculated so far only describes a very special case. Already in the c,; models the
generic logarithmic nullvectors are beyond the scope of this procedure.

On the other hand, the ¢, models are only quite special representatives of the
general class of augmented ¢, ; models [18]. Although these models have already been
addressed in some papers (see e.g. [27]), not much is known yet, neither about higher
rank representations nor about nullvectors nor about correlation functions. There are,
however, good indications that exactly these models might describe important statis-
tical systems, such as perlocation. Especially the augmented c23 = 0 model seems to
be of high interest in this respect [4].

The main goal of this paper is to show how to calculate logarithmic nullvectors in
general, to give explicit examples and to use the information about the existence of
nontrivial logarithmic nullvectors to explore the unknown structure of a more general
class of logarithmic CFTs, namely the augmented ¢, , models.

In section 2 we give a short review of the special version of nullvector calculations
which has been performed up to now in logarithmic models. In section 3 we discuss
the limitations of this ansatz and propose a more general procedure which is capable of
calculating all lowest logarithmic nullvectors in the ¢, 1 models. In particular, our new
method does not rely on the quasi-primarity of all Jordan cell fields. In section 4 we then
briefly introduce what we mean by generic augmented ¢, ;, models. We use the methods
of the preceding sections with slight modifications in order to obtain constraints on
what embedding structures possibly yield rank 2 indecomposable representations in
these models. For this we will concentrate on the “smallest” model exhibiting this
more generic behaviour, the augmented cp 3 = 0 model. But any emerging structures
should immediately generalise to any ¢, ; model.

2 Jordan cells on lowest weight level

Let us briefly recall the construction of nullvectors in a logarithmic representation
in which the states of the Jordan cell are all lowest weight states [23, 24, 8]. We
will especially clarify the respective procedure in [8] and give a proof of the proposed
logarithmic nullvector conditions. In the following, we will concentrate on Virasoro
representations and try to keep close to the notations of [8].

A Jordan cell of lowest weight states with weight h of rank r is spanned by a basis
of states

1 n
|h;n) = mﬂ |h) Vn=0,...,r—1



on which the action of the Virasoro modes is given by

Lolhsn) = hlhyn) + (1 —0p0) |h;n —1)
Lplh;n) = 0 Vp>0.

As already defined in [8], # is a nilpotent variable with 8" = 0 and a handy tool to
organize the Jordan cell states with the same weight. Due to their almost primary
behaviour with the only defect of an additional term in the indecomposable L action
we will call the |h;n) logarithmic primary. We also note that |h;0) is indeed a true
primary state.

Using this information about the action of the Virasoro modes one can easily de-
duce that the action of any function of the Virasoro zero-mode and the central charge
operator f(Lg,C) on such a Jordan cell state is given by [8]

n

k
Fta 0y lisn) = 3 5 (S 00)) In ). 0

k=0

On the other hand, calculation of logarithmic two-point-functions yields the follow-
ing Shapovalov form of these Jordan cell states [21]

0 Vi+k<r—1
(heklh:l) = 1 Vitk=r—1 (2)
Dl+k77‘+1 Vl+/€>7“—1

for constant D;, j =1,...,r — L.
We now want to construct vectors which are null on the whole logarithmic repre-
sentation. Following [8] we choose the general ansatz

r—1
e = S5 W (o) Lo 1k 8)a(6)) (3)

7=0 |n|=n

with a(6) = Z;:& a; % 6% and the usual multi-index notation for the modes Ly. Choos-
ing the states |h;j) instead of |h;3ga(9)> on the right hand side would have yielded
the same generality of the ansatz and in the end the same set of solutions. We prefer
this special ansatz, however, for two reasons. First of all it already incorporates our
knowledge that in this form of logarithmic representations there will only be a non-
trivial action of the Lo modes in the end of the nullvector calculation and that this is
given by derivatives wrt 6 onto lower ranks. This justifies the 9} part of the ansatz.
On the other hand, by including lower orders of 6" into a(#) we solve for nullvectors of
lower rank subrepresentations at the same time. For this we will always treat the a,,
as arbitrary parameters.



Now, we can calculate the level n nullvector conditions for arbitrary k& and ny,
In;| = n, as follows (the index [/ indicates a suitable enumeration of the multi-indices

r—1 r—1

= > > b(heo) a7 =1 = E|Lp, L |B;m — )
=0 |n|=n m=j
r—1 r—1

m—j at
= Z Z Z am b3 (h,c) (hyr — 1 — k| Z % <%fnl,n(h,6)> |h;m —j —t)
; j t=0

1[0
= am, b (h,c) = <—fn n(h c)>
J ) | tJ 0, ’
m=0 Jj=0 |n|=n t=0 tt\oh
m—j—k—1
X <5nn1jk'+' zg: 5&t[%njks>
s=0
r—1
=1 Y am Ay (m, k) (4)
m=0

where in the second step we used (1) due to the logarithmic primarity of the Jordan
cell ground states |h;m) as well as in the third step the Shapovalov form (2). As we
want to keep the a,, as arbitrary parameters the nullvector conditions on ‘Xﬁlnb are
equivalent to the identical vanishing of all A;, (m, k). 7

Let us calculate the terms proportional to 6 ,—j— in A'nl (m, k) first:

m m—j at
3.3 e (grphun)) i

5=0 |n|=n t=0
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It is important to notice that the Ay, (m — k) indeed only depend on the difference
m — k.

We now show that the vanishing of the Ay, (m—k) is necessary and already sufficient
for the vanishing of the nullvector conditions in (4) by using complete induction over
m — k. For m —k = 0 we trivially find A, (m,k) = Ay, (m — k). This can easily be
inferred from (4) noting that in the fourth line the summation over ¢ actually only runs
from 0 to m — j — k, consequently the one over j only from 0 to m — k. On the other
hand we find for general m — k

Ay (. ) = Ay (m — )



= N 1[0
= Z Z bj(hac)a %fnl,n(hac) Dm—j—k—t

J= \1’1|—n t=j
m—k—1 ¢ A
1 ot—J
— Z Dokt Z b3 (h,c) ~ < — fayn(h, C))
t=0 Inj=n j=0 (t —4)! \Oht—J
m—k—1
- Dm k_t'Anl(t)
t=0

But this vanishes due to the induction assumption Ay, (t) = 0 for all t < m — k. Hence,
the vanishing of A}, (m, k) is equivalent to the vanishing of Ap, (m — k) and therefore
the statement is proven.

Now, if we regard these calculations with a,_; as the only non-vanishing parameter
we see that we still retain the whole set of conditions, Ay, (r —1 — k) = 0 for all
k=0,...,7—1. On the other hand, taking another a; with ¢ < r — 1 as the only non-
vanishing parameter automatically yields the respective set of conditions for a rank
1+ 1 nullvector, a nullvector of a rank 7+ 1 logarithmic subrepresentation. This indeed
justifies our chosen ansatz as well as keeping the parameters a,, arbitrary.

Furthermore, this calculation shows that any nullvector wrt a (logarithmic or irre-
ducible) representation is automatically a nullvector to any larger logarithmic repre-
sentation containing the former one as a subrepresentation.

The third fact we would like to stress is that, generically, the nullvector of some
rank r logarithmic representation is not a pure descendant of the Jordan cell state with
rank index r, but always contains descendants of the other Jordan cell states with lower
rank index, including the groundstate of the irreducible representation.

3 Logarithmic nullvectors for c,;

Already for the well-studied ¢, ; models, however, the representations with Jordan cells
on the lowest level analysed in the preceding section are not the end of the story but
rather only very special cases [13]. For the generic rank 2 logarithmic representations
in these models one needs a generalised way of calculating logarithmic nullvectors,
which we will develop in the following. We will introduce these representations using
the notational conventions of [13] and will then transfer to notations which are more
adapted to our procedure.

In figure 1 we have depicted the two possible types of rank 2 Virasoro representations
which appear for ¢, as calculated in [13]. The dots correspond either to generating
fields, i.e. fields which are not describable as descendants of some other field, or to
singular descendants of these which, although they are null in the module of their
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Figure 1: Types of rank 2 representations in ¢, ; models

parent field, have a non-vanishing Shapovalov form with some other field of the whole
rank 2 representation. The crosses, on the other hand, represent true nullvectors of
the whole rank 2 representation. And finally, the arrows indicate which fields may be
reached by the application of some polynomial in the Virasoro modes. But as remarked
in the last section, nullvectors which are built in part on the second (or any higher)
Jordan cell field always have to contain contributions from descendants of the primary
field (and possibly lower Jordan cell fields) as well. The corresponding arrows have
to be understood in this way. The naming of the fields follows the convention in [13],
where the indices m, n refer to the Kac labels corresponding to the weight of the Jordan
cell fields.

The case of a Jordan cell built solely on logarithmic primary fields which we dis-
cussed in section 2 and which corresponds to case A in figure 1 is just the exceptional
case for the lowest lying representations (“lowest” in the sense of integer differences
between the weights of the cyclic states). The generic rank 2 representation which is
shown as case B in figure 1 contains an extra field &, , with lower weight than the
Jordan cell which serves as a parent to the primary field ¢, ,, the generator of the
irreducible subrepresentation of the Jordan cell. Certainly, ¢, , needs to be a singular
descendant of &, , in order to be primary. It is normalised such that the coefficient of
the LL ; term is 1. Furthermore, the second field building the Jordan cell, the so-called
“log-partner” 1y, p, is not logarithmic primary any more but is mapped to &, ,, by some
polynomial of positive Virasoro modes. As argued in [13], if there is no additional null-
vector on &, , on a level lower than ¢, , this polynomial can be chosen as monomial
such that

(Ll)lwm,n = ﬁgm,n prm,n =0 VP >2

for I = h(¢mn) — h(§mn) and constant G depending on the representation. In this
setting L1 maps v, to the unique [ — 1 descendant &P of Em,n With

(L1)"71eP = Bémn L,tP =0 Vp>2. (5)

This kind of representation requires a more general ansatz of logarithmic nullvectors.
Loosing the prerequisite of logarithmic primarity of all Jordan cell fields we cannot



assume that only polynomials in the Virasoro null-mode and the central charge operator
contribute to the matrix elements in the calculation of the nullvector conditions — we
now have to take into account operators (L_1L;)’, j > 0, as well. Hence, the relation
between the nullvector polynomials on the different Jordan cell states is not governed
by the action of Ly and, thus, derivatives by € alone. An ansatz of the form (3) is not
reasonable any more.

Instead, we propose the more general ansatz for the generic rank 2 representation

) = > b ) Len b1y + > bE(h¢) Lom |h 1) . (6)

[n|=n |m|=n+l

Here we choose a notation close to section 2 describing a state by its weight and
enumerating Jordan cell states according to the Lg action

Lolhin) = hlh;n) + (1= 0po) |hsn —1) .

The ansatz (6) certainly incorporates general level n descendants of ¢y, ,, = |h;0) as
|h;0) is just a level | descendant of &, , = |h — ) itself. However, we need this more
general ansatz (6) because building descendants only on the Jordan cell states we would
miss out several states of the rank 2 representation which are descendants of level n 4+
of &y, = |h — 1), but cannot be written as descendants of ¢y, ,, = |h;0).

This ansatz leads to the following complete set of nullvector conditions

! n
0 = (h1|Ln,|x}")

= > (o) (hl|Ln, Lon|hi 1)+ Y b8 (hy¢) (B3 1L, Lo [h —1)
[n|=n |m|=n+1

= 3 60 (h o) (1P n(Lly LY, Lo, ©) |1 1)
In|=n

+ > b (he) s B (Lh LYy L5, L O b — 1) (7)
|m|=n+I
as well as

! n
0 = (h—1Lm,x})
= > o) (h =L, Lnbs 1)+ Y b5 (h0) (h =L, Lo |h — 1)

In|=n |m|=n+l
= Y BR(ho) b — UFR) (LY, L) L, C* L) |1 1)
In|=n
+ 3 BRe) (h—UlFn) (Lo, C) [k~ 1) | (8)
|m|=n+1
for any s,t > 0. Several remarks are necessary. The functions F1), ..., F) indicate

what polynomials of Virasoro generators we can reduce the interior of the above matrix



elements to by successively using the Virasoro algebra, the level matching condition as
well as properties of the states which these modes are applied to. Although we are not
able to reduce these to polynomials solely of Ly and C' as in section 2, these properties
make possible a fair amount of reduction to functions which are polynomials only of
specific combinations of the four operators L_1, Lo, L1 and C. More specifically the
function F® actually only depends on terms proportional to Ll_l, Ll_1 Ly, Ll_1 Lg, ...as
well as L! | C, L' | C2, ... This follows from the fact that to the right this function acts
on a primary field, to the left however on a field which vanishes under the action of L,
p > 2, and whose weight is just at level [ above |h — ).

As discussed earlier, we do not retain such nice interrelations between the nullvector
polynomials as in section 2 which could be cast into the 6 calculus. But we can still
find remnants of such relations as e.g. by looking at the nullvector conditions given by
the application of level n descendants of |h;0) onto the nullvector ansatz

! n
0 = <h;0anj|X272>
= > b(ho) (B0 Ly, Lon k1) + > b5 (hyc) (h;0|Ln; Lo |k — 1)

In|=n |m|=n+I
= 3 60(h,¢) (0[P n(LYy LY, Lo, C) B 1)
[n|=n

+ 5T ) (s O BO(LY Ly L, L CYY [ 1)
|m|=n+1

= 3 60 (h,¢) (0| Fn(L ) L, Lo, C) h; 1) 9)

Inf=n

These conditions are clearly a subset of the conditions (8) as |h;0) is just a descen-
dant of |h — ). Now we make use of the Shapovalov form (2) to deduce that the
only terms contributing to the matrix elements in (9) can come from contributions
of Fr(&)n(Ll_ L LY, Ly,C) |h;1) which are proportional to |h;1). But then we can insert
these vanishing equations back into (7) concluding that the terms in (7) proportional
to D; (of the Shapovalov form) already vanish on their own — a consequence of a
subset of the relations (8). This is a reminiscence of the fact that in section 2 the
conditions Aj, (m, k) can be split into the conditions Ay, (m — k) which only depend
on the difference m — k. Hence we can conclude that any logarithmic nullvector of the
proposed kind does not depend on the constants of the Shapovalov form.

Now one can put the Virasoro-algebraic calculations on the computer and solve the
resulting equations for possible logarithmic nullvectors. Details about the implementa-
tion can be found in appendix A. We have calculated this for the cg 1 = —2 representa-
tion R 1 with lowest lying vector €2 1 at h = 0 and Jordan cell (¢p21 = L_1&21, ¥2,1) at
h =1, a representation of type B (see figure 1), and found the following first nontrivial
nullvector at level 6 (above the lowest lying vector)

16 16
(mlL(il +moL_sL* | +msL_3L3 + (3 —4my + gﬁ —2my) L2512,



20 56
+(=12 = 12my + 63)L_4L* | + (=5 —2ms = 16my — =3 = 2mo)L 3L 5L 4

4 10
+(§ — 16mq + ?B —2mo)L_5L_1 —8BL_4L_5 + 6BL% 5 — 4ﬁL76> §2.1

+<L5_ L —10L_oL3 +6L_3L%, +16L2 4Ly —12L_4L_y — 8L_3L_o + 4L,5> o1

This level is indeed the expected one as the Kac table of cg 1 = —2 gives us a third
nullvector condition for h = 0 exactly at level 6 as well as a corresponding second
nullvector condition for h = 1 at level 5. Hence, we confirm the existence of a further
nontrivial nullvector at the expected level in the logarithmic rank 2 representation R 1
derived by different means in [13].

We notice that up to the overall normalisation of this state the nullvector polynomial
applied to the second Jordan cell state v 1 is unique. On the other hand, the nullvector
polynomial on &3 1, which serves as a correction to the effects of the indecomposable
action on )3 1, still exhibits three degrees of freedom. But we know that there is an
ordinary nullvector at level 2 above h = 1 in the irreducible subrepresentation whose
descendants span a parameter space of dimension three at level 5 (above h = 1). Adding
such a descendant of this nullvector will certainly not alter our equations and, hence,
accounts for the additional three degrees of freedom m;, i = 1,2, 3.

In the same manner one can calculate logarithmic nullvectors in all rank 2 logarith-
mic representations in the c,; models, limited only by computer power and memory.
We give a second example for a type B logarithmic nullvector in appendix B.

4 Possible logarithmic nullvectors for ca3 =0

The ¢,,1 models might be the best-studied logarithmically conformal models but they
still are quite special cases of the general augmented c;, ;, models, which we still know
much less about. Hence, an even more exciting question than the above construction
of predicted logarithmic nullvectors surely is whether one can use these techniques
to explore the shapes of the supposedly more complicated logarithmic representations
in general augmented CFTs. In the following we will attack this question for the
augmented model ¢z 3 = 0 which seems sufficiently generic to show all the features of
general augmented ¢, , models.

4.1 Some facts about augmented Kac tables

Minimal models manage to extract the smallest possible representation theory from
the Kac table of some central charge ¢, , by mapping all weights to some standard cell
using the relations [28]

hrs = hq—r,p—s

)

hrs = hrgqstp Vi<r<qg 1<s<p. (10)

)



Table 1: Augmented Kac table for co3 =0

S
1 2 3 4 )
5 33
1o & 2 3B 7
1 21
200 1 1 2 5
3| 1 pEa 1 s W
3 24 3 24 3
1 5
5 1
502 2 0 L o1
6| 10 e 1 pma 1
3 24 3 24 3
21 1
7|5 2L 1 1 o
33 5
|7 B 2 2

The only weights which these relations do not relate to anything are the weights on
the border of the Kac table, i.e. the weights for r = ¢q or s = p as well as their integer
multiples. But as these do not appear in any fusion rule of the other fields in the bulk
of the Kac table they are simply ignored.

Augmenting the theory with fields beyond this standard cell has led to the con-
struction of consistent CFT's containing representations with non-trivial Jordan blocks,
examples of logarithmic CFTs. These theories can be associated to Kac tables which
comprise the standard cell for larger parameters p and g yielding the same conformal
charge; these parameters are usually odd integer multiples of p and ¢, i.e. we deal with
the standard cell of cppng, n € (2N — 1). Hence, these theories also contain fields
with weights on the border of the original smaller Kac table as well as fields in the
corners, which are the intersections of the borders. To give an example, we indicated
the borders as areas with lighter shade, the corners as areas with darker shade in the
augmented Kac table of ¢z 3 given in table 1; the bulk consists of the unshaded areas.
All fields of the augmented Kac tables yield independent representations only subject
to the relations (10) for the augmented cell, i.e. p — np, g — nq. This is the result of
the nontrivial fusion of the fields on the border and the corners with themselves and
the fields from the bulk. Indeed, this fusion behaviour prevents the theory from just
becoming a tensor product of several independent minimal model sectors.

Actually, the only well studied models up to now are contained in the series ¢ 1,
p=2,3,... (see e.g. [13, 14, 17, 18, 8]). These models are not generic in that respect
that they do not contain any nontrivial bulk in their Kac table; they only consist of
fields from the border and corners.

The first and easiest example which exhibits a non-empty bulk of the Kac table is
the augmented co 3 = 0 model with the Kac table of cg 9 = 0 which we will explore more
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closely in the following using our techniques of logarithmic nullvectors. As mentioned
before, the corresponding Kac table is given in table 1.

The fact that we can restrict the representation theory of our CFT to a finite field
content as with the above cells of the Kac table certainly relies on the enlargement of
the symmetry algebra from a simple Virasoro algebra to a nontrivial W-algebra, be it
either in the minimal model or the augmented model case. In the following, however,
we will restrict our focus to the Virasoro algebra and representations thereof. Still,
having the possibility of such an enlarged W-algebra in mind, we will mainly focus
on representations connected to weights in the augmented Kac table cell keeping in
mind that from the point of view of the Virasoro algebra there is an infinite tower of
representations.

4.2 Weights on the corners and borders of the augmented Kac table
of C23 = 0

We propose that fields associated to weights on the corner and the borders of the
augmented Kac table of ¢y 3 = 0 are contained in the same types of representations as
the corresponding ones in the ¢, ; models.

The weights on the corners of the Kac table, h = —1/24,35/24, actually only
appear once modulo the relations (10) and accordingly only exhibit the usual two
nullvector conditions. Hence, there are no new (logarithmic) representations to be
expected besides the ordinary irreducible Virasoro representation built on groundstates
with these weights. Indeed, these weights give exactly the prelogarithmic fields which
have been shown to be primary and to generate an irreducible representation, but not
to admit an embedding into any larger indecomposable representation [29].

The weights on the borders of the Kac table actually appear in the same kind of
triplets of two equal conformal weights and one which is shifted by some positive integer
as we know it from the ¢, ; models (again modulo the relations (10)). The triplets are
T, :={1/8,1/8,33/8}, T» := {5/8,5/8,21/8} and T3 := {1/3,1/3,10/3}. We also find
the same nullvector structure concerning these weights within the Kac table as we know
it from the corresponding representations of the ¢, 1 models. Hence, we have checked
the existence of the typical logarithmic nullvectors for all cases which were accessible
to computer power and memory.

First we have checked for the first logarithmic nullvector in representation type A
(see figure 1) and found the expected ones for all three triplets, on level 8 for T4, on
level 10 for T5 as well as on level 9 for T5. The result for 77 can be found in appendix
C.

A check for the first logarithmic nullvector in representation type B was only pos-
sible for the triplet T5. In this case, we have a Jordan cell for h = 21/8 with a lower
lying field at h = 5/8. We find the first nontrivial logarithmic nullvector at level 16
which seems to be just at the limit of our current computing power and ability. The
first logarithmic nullvectors for type B representations corresponding to the other two
triplets are expected at even higher levels, at 18 and 20 for T3 resp. 17 .

11



2 7 15 26 40
O O O O [ X X ]
0 /
\o O O O
1 5 12 22 35

Figure 2: Embedding structure for h = 0 (numbers refer to weights)

This is indeed compatible with our above proposition and a nice and nontrivial
check for its validity. The above proposition is also substantiated by the analysis of
possible modular functions of the corresponding W-algebra [30].

4.3 Weights in the bulk of the augmented Kac table of c;3 =0

For possible logarithmic representations corresponding to weights in the bulk of the
Kac table, however, we do not have any prototypes yet. Hence, we are now going to
explore the main candidates for such representations and elaborate constraints on their
shapes using our techniques of constructing logarithmic nullvectors. We notice two
main differences to the situation on the borders.

First of all, the bulk of the augmented Kac table of ¢z 3 = 0 (see table 1) exhibits an
even higher abundance of equal numbers (up to integer shift) than in the ¢, ; models,
which is a clear sign of logarithmic representations there. Up to the relations (10) we
actually find a nonuplet N = {0,0,0,1,1,2,2,5,7} of weights which are equal up to
integer shift and which contain one weight with triple degeneracy, h = 0. It does not
seem very likely that this nonuplet just splits into three triplets of the types analysed
above. On the contrary, the analysis of the corresponding modular functions even
suggests the possibility of a rank 3 logarithmic representation, and certainly predicts the
existence of several more complicated rank 2 logarithmic representations constructed
with weights within this set [30].

On the other hand, we have to notice that the embedding structure for nullvectors
is different in the bulk in contrast to the linear embedding structure on the border
(discussed in [13]). In the bulk the embedding structure is given by the more generic
two string twisted picture, depicted in figure 2, which can be calculated according to
general arguments in [31] or the Virasoro character formula of [32].1

Now, inspecting the nonuplet N of bulk weights we expect the usual irreducible
representations to the integer weights h = 0,1,2,5,7 as well as rank 2 representations
corresponding to Jordan cells at weight h = 0,1,2. We have depicted a list of possible
candidates for rank 2 representations corresponding to these bulk weights in figure
3. These pictures represent the low lying embedding structure of these candidates

!We thank A. Nichols for pointing this out to us.
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Figure 3: Candidates for rank 2 representations for weights in the bulk of ¢ =0

using the same symbols as in section 3. Additionally, we have indicated the conformal
weight on the different levels to the left of each picture as well as the unknown higher
embedding structure by question marks (“?”). We have checked for the lowest nontrivial
logarithmic nullvectors for all these candidates and summarise the results in table 2.

Type C. The calculations for the type C representations have been performed using
the methods of section 2. For this type we even managed to calculate one rank 3
logarithmic nullvector; i.e. the first rank 3 logarithmic nullvector with lowest weight

Jordan cell at h = 0 appears at level 12.

Type E. We were able to apply the procedure of section 3 directly to the type E
representation because we do not encounter any additional nullvector below the level
of the Jordan cell and because we can take (Lo — h) to map |h; 1) to a proper singular
descendant of |h — 1), i.e. L_1 |h —1).

Type F. In case of the type F representation we actually encounter an additional
nullvector below the level of the Jordan cell. This can, however, be remedied quite
easily. Due to the lower lying nullvector at level 1 there is no state which L; could map
|h; 1) to. But certainly Lo can take the job to map |h;1) directly down to |h — 1), a
mapping unique up to normalisation. This yields the new conditions

Lolh;1) = B |h—1) Lpylh;1) =0 forp=1andp>3.

The singular descendant in the Jordan cell is therefore given by |h;0) = L_o |h — ).
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Table 2: Lowest logarithmic nullvectors of candidates for bulk representations

type | lowest weight | rank level of lowest
logarithmic nullvector
C 0 2 5
C 1 2 11
C 2 2 10
C 0 3 12
D 1 2 > 14
E 0 2 12
F 0 2 12

This feature of an additional nullvector below the level of the Jordan cell clearly
shows the novelty of the bulk representations in contrast to the ones on the border
described in [13]; it arises due to the more intricate embedding structure for these
bulk representations compared to the embedding structure for representations on the
border. A generalisation to similar cases with additional nullvectors on levels lower than
the Jordan cell seems straightforward though more tedious due to the more complex
embedding structure of nullvectors which are not on the “nice” level 1.

Type D. The case of the type D representation is more questionable. Here, we actually
do not have a singular descendant of |h — [) on the level of the Jordan cell, hence no
primary state which (Lo — h) could map |h;1) to. A priori it is not clear whether it
is necessary for Lo to map |h;1) to a singular descendant of |h — [). Hence we took
(Lo — h) to map |h;1) to the only existing descendant of |h — [) at level 1 which is
though not singular, i.e. L_j|h — ). The results of possible logarithmic nullvectors,
however, do not seem to offer a particular rich structure up to the accessible levels (see
table 2).

We include the explicit results for the two cases E and F in appendix D. It is quite
interesting to inspect e.g. the result for type F. Although we actually did not impose
the relation L_q|h — ) = 0 into the computer programme, the result incorporates
such a nullvector or, to be a bit more cautious, at least the independence of the result
from this particular descendant; indeed, all descendants of L_1|h — ) just appear with
free parameters. This corresponds to the additional freedom due to lower nullvectors
in the irreducible subrepresentation discussed in the end of section 3. On the other
hand, the second singular vector on |h — ) on level 2 does not pop up in the same
manner as a possible nullvector in this result; rather, the result is consistent with our
ansatz where we actually impose that the level 2 singular vector on |h — ) is not a
nullvector for the whole rank 2 representation. Hence, we take the first observation of
the independence from L_i|h — ) as a strong hint that a representation where both
these singular descendants are not null in the whole logarithmic representation is not

14



favoured by our calculations.

5 Conclusion and outlook

In the preceding sections we have elaborated the procedure how to calculate generic
logarithmic nullvectors. This generalises former computations, which assumed that
all fields in Jordan cells were (logarithmic) quasi-primary. We have calculated several
examples of such nullvectors in rank 2 indecomposable representations, for two ¢, 1
models as well as for the more generic augmented cp 3 = 0 model.

Although these logarithmic nullvectors do not enable us to write down the whole
indecomposable representations and hence to decide which of these representations are
realised in our model, they nevertheless provide us with severe constraints about the
number of states on the lower levels for all inspected candidates. As discussed for repre-
sentation type F one can even use the calculated logarithmic nullvector to give strong
arguments for the existence of singular vectors of the irreducible subrepresentation as
nullvectors of the whole indecomposable representation.

On the other hand, we would like to stress again that we can regard the augmented
c2,3 = 0 model as a prototype for the general augmented c, , models. As for the series
of ¢p1 models where one encounters the same structure of singlets on the corners and
triplets on the borders throughout the series, we find the same structures which we
have described in section 4 for all ¢, ;, models: singlets on the corners, triplets on the
borders and nonuplets in the bulk — only with a larger variety for larger models. And,
most importantly, we find the same kind of relations between the levels of possible
nullvectors and the differences between the weights in the n-plets as the ones described
for c .3 = 0 in section 4.

Concerning the classification of nullvectors in logarithmic CFT [23, 25, 26|, we
observe that the generic nullvectors of rank 2 exist precisely at the levels one would
guess from the Kac table, where the level has to be counted from the conformal weight of
the Jordan cell. Within the bulk, it seems possible that even rank 3 generic nullvectors
exist. However, we have only been able to calculate one example of a rank 3 logarithmic
nullvector in the A = 0 sector of the c2 3 model so far.

Thus, we made use of the information about logarithmic nullvectors to give a rough
picture about how the embedding structure of rank 2 logarithmic representations might
look like for the up to now almost unexplored augmented c,, ;, models.

Certainly one can now use these explicitely constructed rank 2 nullvectors to cal-
culate corresponding correlation functions and hence analyse the physical dynamics of
these theories. This would have to proceed along the lines indicated in [24].

On the other hand, one seems to be very close to finally pinpoint the full structure
of the rank 2 representations in the c3 3 model and, hence, in all ¢, , models. In order
to achieve this it seems necessary to bring together the constraints on possible rank 2
representations calculated in this paper with the knowledge about the representation
of the modular group corresponding to the inherent enlarged WW-algebra. Indeed, this
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larger symmetry algebra makes it possible to uniquely fix any representation of co 3
if one knows the multiplicities of states up to level 7. But it is still not clear how to
combine Virasoro representations to full W-representations. These considerations are
subject to ongoing research [30]. Furthermore, the construction of these representations
will supposedly also settle the long standing puzzle around the structure of the vacuum
character in the augmented ¢33 = 0 model (see e.g. [27]). On the other hand, it does
not seem too far out of reach to construct generic YWW-nullvectors along the lines set out
in this work. The knowledge of such nullvectors would enable us to prove rationality,
or at least Cy-cofiniteness, for augmented ¢, ; models using the approach of [33].

After completion of this work the article [34] appeared which proves the equivalence
between the c1 model as a vertex operator algebra and a corresponding quantum
group and conjectures a similar result for general ¢, models. This manifestation of
the Kazhdan-Lusztig correspondence as an equivalence for the case of the ¢, 1 models
leads to a highly interesting insight in the quantum group structure of these conformal
field theories and might facilitate the classification of representations in these models.
We hope that results as the ones about logarithmic nullvectors in this article will finally
lead to a generalisation of [34] to general ¢, , models, although regarding our still very
small knowledge about these models this seems still a long way to go.
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A Implementation of the logarithmic nullvector calcula-
tion on the computer

The calculations performed for this article have been implemented in C++ using the
computer algebra package GiNaC [35]. We constructed new classes for the algebraic
objects fields, fieldmodes, products of fieldmodes as well as descendant fields. The
implemented Virasoro relations (as well as possibly further commutation relations) are
used for direct simplification of descendant fields towards the normal ordered standard
form as soon as these are constructed. It is important to note that within the procedure
the application of modes to the field has priority to the commutation of modes in order
to reduce the blow-up of the number of terms within the calculation.

The calculation of matrix elements is performed in two steps. First all fieldmodes
within the matrix elements are used to construct a descendant state on the ket-state
which is then automatically simplified (see above). Then the correct coefficients are
picked using the properties of the bra-state as well as the Shapovalov form.

The main property which has to be implemented into the fields, besides their con-
formal weight (and possibly fermion number), is their behaviour under the action of
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nonnegative Virasoro modes. We picked conformal primarity as the standard and im-
plemented deviations from that in a list which is pointed to by a member of each
instance. E.g. for calculations of representation type B (see figure 1) we had to imple-
ment the indecomposable Ly action as well as the non-vanishing L; action which maps
|h; 1) to the unique level (I — 1) descendant of |h — I) with properties (5).

B An explicit nullvector for c3; = —7

As a further example for a type B rank 2 logarithmic nullvector (see figure 1) we
give the respective nullvector with lowest lying vector at h = —1/4 and Jordan cell at
h = 7/4 in the augmented model of ¢3 1 = —7 which appears at level 10. For the sake
of reasonable brevity we have set the overall normalisation to 1 and also eliminated any
freedom due to the existence of lower nullvectors in the irreducible subrepresentation
by setting any further free parameter to 0; the parameter g certainly still remains as
it is a parameter of the representation as introduced in section 3:

((7168 p126)L_3L2,L% ) + (=15 + 2B LsLoL? ) + (=257 — 2P L 4L _3L?,

+(85?2+3280 )L 7L31+( 4096+STB)L 2L21+(67840 %B)L—zLLQ_QLQ_l

+( 18112+8192 )L23L 2L21+(3 080 —wﬁ)L oL 2L21+(8+48ﬁ)L_5L_3L2_1
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+(4 5126)L52+(_%_m )L_ L32+( 32:19324_1024 )L23L2

_|_( (2)220 117766) 6L22+(—%—% )L sL_sL_ 2—|—(3968—{—4576ﬂ)L2 L_s
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S (L (20 4 15805y 72 4 (28672 1 91983)L, 10) |h—1)
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C Explicit nullvectors on the border of c33 =0

In the following we give the explicit form of the nullvector of type A for the triplet 17,
which has a Jordan cell at lowest weight h = 1/8 and appears at level 8. We have set
the overall normalisation to 1 in this expression; any further free parameters, however,
appear as calculated (noted as m;). We also note again that (3 is not a free parame-
ter of the logarithmic nullvector calculation but a parameter of the representation as
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introduced in section 3:
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We also give the type B logarithmic nullvector for the triplet T5, which has a Jordan
cell at h = 21/8, a lowest weight at h = 5/8 and appears at level 16. As this expression

is very lengthy we have again set the overall normalisation to 1 and also eliminated any
further freedom by setting any further free parameter to 0:
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+(4199§?2)}14095 + 1442%1328267 )L78L75L73 + (_5696%?6410 _ 12442?0214 )L,7L,6L,3
_|_(_ 508722;0591 _ 5501196724607 ﬂ)L713L73 + (1416(35042 + 4579;1666 B)L§4

_|_(_ 167205123782 _ 4469218486 ﬂ)L78L274 + (4719gi8932 + 1981:;5138674 ﬁ)L,7L,5L74
"’(33293;4508 + 77422377704 ﬁ)L276L74 + (_ 2444482194973 _ 7245[;15107 ﬂ)L,12L,4
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+(887024§g3031 + 21333%(132435 )L2—8 + (_273743226496867 _ 7629:9;(2)26809 )L—16) ‘h _ l>

+(2M = L L1 4 2730 g LM 4 HPLIZ, 11 — 35750 L1 — BT yp 519

+ 156871 L, L9 778%(1323 L3 2L8 1 + 2429141 L_4L_ L8 29315 LZ 3L
330200L LS + 3232229L L2 L7 144%%306 L,5L,2Lzl _ 1903736 L,4L,3Lzl

1113553 7 299830531 4 6 87916465 2 6 1101737 72 6
pLUSS03 p g7 20088058174 g6 STOIGAGH  p2 p6 _ LOLTSTp2 g ,p6
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25678282 6 11453869 6 1494307 72 6 18846499 6
0T8Iy p g, 4 LSSy oy op6 4 149430772 6 18846499 p (76
120?3g173L L3 L5 + 9822873 L,5L272Lil + 128291156 L74L73L72Lil

_ 529’;}1385 L_7L_ L5 + 858578 L3 L5 + 340520L L L5 _ 164390486 L_5L_4L‘El
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—2NBIT (2, L4, —16503UGS T o of op4, — USUTBIT2 7,14,

+ 55873164659 L78L72L§1 _ 5918766 L,4L%3Lf1 + 17387521973 L,7L,3L§1

_300:1))604 L_GL_4L§1 4 %1275[&1 4 199790203 L—lOLél 4 370145151)733 L_3L‘£2L‘ri1
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_ 244608971 I L L3 _ 68361415L L 4L3 L+ 104958070L L 5L_1
3755911505 3 359158375 6 _ 1422954571 4 2 _ 110349109 72 3 2
Tag L-nlZ s Lally Tar L-alZoL7 o Lol

+ML L32L21+ML sL_sL? 2L21+wL24L22L2

1133758667L L2 L2 N + 9402171L L2 L 2L2_1 _ 4617:;3362 L,7L,3L,2L_1
+%L,6L,4L L2, — 346185L2 sL_oL?| — 127648341 _1oL_oL? | + 82614 12,
_6262157 L,GL%?’LQ 17503249L L 4L_ 3L2 . + 851252395L L 3L%1

_ 103737505 L§4L%1 + 88750081L L L2 _ 107002967L L 5L2 _ 15108105L%6L%1

+42141227881 L_12L2 429222875[] L5 L 1+ 1485171&84631; L4 L 1

+ 758990573 L_4L_3L32L_ 3917278880737L L3 L 14 47264245 L3 L2 L 1

_ 14003?867 L_6L_3L2_2L_ 47369767 I L 4L L 1+ 3093452827 I L2 L—l

_ 11432447681 L_5L2_3L_2L_ o 46986829 L2 L 3L oL 1+ 171211201 I L 3L oL_4
+4527;42625 L_7L_4L_2L_ 96873449 I L 5L oL_1+ 2348340155 L_ 1L oL

80652 ], 41340 1+ 736%;50%_ L2,L_ 1 + 1760132L_6L_4L_3L_1 — A8 T,_sL*,
+2EI L2 [_3L_y 4 12560898L_19L_3L_1 4 5520381 L_5L* Ly + 10038512 14,

_50401789789 L_ogL_4L_4— 114043262L sL_sL_1 4+ 17921683L_7L_L_1 + 178458875L L5 )

3300324455 11116875 7 _ 111748133 3 136597993 712 3
3300324455 7 o7, | LLLLSTS 77 ASISS 1 (T, o[3, — 13659799372 3

+ 26261660881 L,8L§2 _ 1108;1647 L,4L%3L%2 + 27363222811 L,7L,3L%2 _ 22330L,6L,4L%2
+O0UTy2 12, 4 G939y 012, — 15495574, MO (2.1

+439587095 L_5L_4L_3L_2 _ 24941168197 L_gL_3L_2 4 607(1)2909 L§4L_2 _ 174?48125 L—8L33
_53161224373 L_gL_4L_2 + 245497(?273 L_7L_5L_2 + 909565697L%6L_2 o 844921:;671 L_12L_2
48800y p3, 4 G58TASSp2 p2, 08IV f L5+ 25226461 _¢L_5L_3
—2OBUNT ], ([ 5+ 303850 (12, — 525399L2 s L4 — 172437441 1oL _4

_|_647662145 L79L75 + 6664196[/78[/76 _ 40009567469 L%7 _ 25411321871 L,14) |h, 1 > .

D Explicit nullvectors in the bulk of c;3 =0

In the following we give the explicit form of the nullvector of type E which has a
Jordan cell at h = 1, lowest weight h = 0 and appears at level 12. Again, for the sake
of brevity, we have set the overall normalisation to 1 and also eliminated any further
freedom by setting any further free parameter to 0; again, the parameter 3 remains as
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it is a parameter of the representation as introduced in section 4:

( 44800L L4 2L + (358528 _ 40006)[’ L3 2L L+ (117920 + 496006)[/ aL_ 3L 2L 1
1543136 814208 )L L2 2L + ( 572912 100000 )L3 3L oL _q

(=
(620576 21794085) ,GL,gL,QL,H—(—M%—Mﬁ)L sL_4L_oL_4

+

1(3934496 34%§88 )L_oL_oL_ 1+(551312 _573963526)L sL2,L_4
+(=2 1424 116416B)L2 WL sL_1+ (- 619904 — 14088)L_sL_3L_
(B48072 8672_|_769984ﬂ) oL_4L_q+ (- 42780# mﬁ) _¢L_5L_4
Jr(:sT _ 448005)L JLA, + (10400 + 112006)L2 JL3, + (- 2923220 + 585856 VL_6L3,
(- 1611424 112227080 )L_sL_3L%, + (— 63488 + 368648)L 4L33L_2
+(309376 72832ﬁ)L L1+ (571936 + %;)&Lﬁ)L_ L%, + (1934%88 _ @5)L2_4L2_2
Jr(222504 51%5# )L_7L_3L_ 2+(_102§)1352 _ 1000192@ L4l o
+(4§ 709312B)L25L ot (= m 2790406)L ol 2Jr(40096 318016 VLA,
(- 693152 10149766)L L23+(_164861560 + 3016960 )L_oL_ +(w 76’2;965)[,2_6
(- 35168 + IS g)p3 4 (128672 _ 502006 gyy, o L,4 + (28240 4 BBy ol
Jr(306176 2340805)L sL_yL_5+ (— 947200 + 7580805)L 1) |h—1)

< —44L_5L% | +88L_3L8%  + B8HL2 1T —836L_4L7, — 1320L_3L_5L%,

_|_

+ 456L 519 ML?iQLil + 1079&[/—4[/—2[31 - %L%:SLELI + %L—@‘Lil
+52448L 3L% L4 — 1882 ] L oL*, +720L_4L_3L*| —1360L L% + 3330474 I3,
—%L%LQ_QL‘L BO2L2 L oL3 — B0 (L 13, — 380 L 413,
+15520L% L3 | — HBIO, o3 — 278 13,12 4 120820, 12,12,
ST00F, T gL L2+ 3L oL o2 4 200673 72 4 30081 L _3L%,
—A00p, sL_4L? )+ 10U52 ) 12 — 89215 )L 1 4 29696L_4L? ,L_y
—4672L2 312 Ly — BBL L2 Ly + 232 ;L L oLy — 22812 1 L 4
+53120L_gL_oL_y + 1840 412 L | + 282 [ oL — 8921 (L 4L,
_STM6 2 [ 4227840 gLy + 490 514, — 99841 5I3, +128L 4L 3L2,
4388 L2, -3 L 5 — 2L (L gL o4+ 3300 ;L 4L,
—3BO8 ], oL o4 0L 1%, — 32072 [ 53— 4480L_sL_3

6367, T, 4+ 80641 L 5 — @L_Q [h1) -

The explicit form of the nullvector of type F which has a Jordan cell at h = 2, lowest
weight h = 0 and also appears at level 12 is given below. As we need the full beauty of
this result in the argument of section 4 any free parameter appears as calculated (noted
as m;); only the overall normalisation we have set to 1:

(m76L£21 +mrsL oL +mzy L 3L +my3L?oL8 | + mpaL 4 L8,
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+mnL_3L_oL" | +mpoL_5L7 | +meoL?5L5 | +mesL_sL oL +mer L2515
+meeL—L% | + mesL_3L% 4L | + meaL_5L_oL5 | +mezL_4L_3L?
+meaL_7L | + me Ly L% | + meoL_yL? L% | + msgL? ;L oL,
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+msoL? gL | + magL_L_3L? | + magL_5L_4L® | + marL_oL? | + maeL® 4L,
tmas Ly L3 L% | +myaL? 3L? L2 | + mysL L2 o L2 | + masL_5L_3L_oL?,
+ma L2 ) L_oL? | + magL_gL_oL? | + m3gL_4L? 4L? | + m3gL_7L_gL?*,
+marL_¢L_sL? | + m3eL? ;L% | + masL_10L%, + mgaL_3L* yL_4
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mo1 L_11L_1 — 4096 L_4L*, 4+ 3072L% ;L3 , + (12800 — 81923)L_¢ L3,
+(—32960 + 143363)L_5L_3L? , + (30976 + 61443)L? , L%, + (—25088 — 179208)L_s L2,
+(—4736 — 184328)L_4 L2 ;L5 + (18560 + 326408)L_7L_3L_,
+(—73216 + 50176 3) L _¢L_4L_5 + (54464 — 366083)L2 L _o + (—496 + 57608)L* ,
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(—
(—
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(21 = 0L I8 4 B LT+ S92I2, 18, — TT6L L8, — 1488L 3L 5L,
+822p or5, - 82073 14 + BUOL L L4, — 2212 14 4+ 6400_gL4,

HHI6], op2,08, — 2] L L3, +80L 4L 3L3, —800L_7L3, 4+ 4096L%,L%,
—23552L_4 L2 L% +992L% ;L oL? | — 3840L_¢L_oL? | + 8896 L_5L_35L?,
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