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Abstract

We investigate linear combinations of characters for minimal Virasoro models
which are representable as a product of several basic blocks. Our analysis
is based on consideration of asymptotic behaviour of the characters in the
quasi-classical limit. In particular, we introduce a notion of the secondary
effective central charge. We find all possible cases for which factorization
occurs on the base of the Gaufl-Jacobi or the Watson identities. Exploiting
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Introduction

It is a well known fact that the characters of irreducible representations of the Virasoro
algebra for the M(3,4) minimal model possess the peculiar property to be representable
as infinite products

1 1 X
Xta(a) = ¢7 I (1+¢") = g2 1] (=), (0.1)
n=0 n=0
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As was observed in [fl], some characters and linear combinations of characters for the
M(4,5) minimal model admit similar forms.

The question towards a generalization and classification of these identities arises natu-
rally. Surprisingly, it turned out [ that the only factorizable single characters for minimal
models are of type x2%!(q) and x3"%t(q). In [{, B, i, B, ] it was discussed that the factor-
ization of characters in these series is based on the Gauf-Jacobi and Watson identities.

On the other hand, a factorization of linear combinations of Virasoro characters has
not been studied so far. In the present paper we show that factorization of combinations
XZ’%(Q)iXZ’:;_m(Q) occurring due to the Gauf3-Jacobi and Watson identities is possible (up
to the symmetries of the characters) only for s = 3n,4n, 6n. Moreover, we will prove that
there are no other factorizable differences of this type which admit the inverse product
form similar to the r.h.s. of (D.)).

We present a systematic analysis based on considerations of the asymptotic behaviour
of (combinations of) characters in the so-called quasi-classical limit, ¢ — 17. We will
demonstrate that for linear combinations of the above mentioned type we need, besides
the effective central charge cog, the notion of the “secondary” effective central charge ¢.

The advantage to have the characters (or combinations) in the form of infinite products
rather than infinite sums is many-fold. First of all the problem of finding the dimension of
a particular level in the Verma module of the irreducible representation has been reduced
to a simple problem of partitions. As a consequence one may state the possible monomials
of Virasoro generators at a specific level. Also the associated quasi-particle states may be
constructed from this form without any effort, whereas it is virtually impossible to find
them from the infinite sum representation. The quasi-particle form is also related to a
classification of Rogers-Ramanujan type of identities [[]. In the present paper this subject
is discussed rather briefly in subsection 3.4 and appendix E. However, this point is followed
up further in [BI], where the obtained factorized forms of characters were exploited in the
derivation of Rogers-Ramanujan type identities. In addition, the factorized characters
(or combinations) allow to derive various new identities between different combinations
of characters far easier than employing the infinite sum representation. Some of these
identities relate different sectors of the same models, whereas others relate different models
altogether. Factorized combinations of characters appear naturally in the context of coset
models, super-conformal extensions of the Virasoro algebra and boundary conformal field
theories. They may even shed some light on massive models, since it was conjectured in
that they allow to identify the space of form factors of descendant operators.



1 Preliminaries

We use the notation (n,m) =1 if n and m are co-prime numbers and we employ also the
m

standard abbreviation for Euler’s function (q),, = [] (1 — ¢*) with (¢)o = 1.

1.1 Characters of Minimal Models

The Virasoro algebra is generated by operator valued Fourier coefficients of the energy-
momentum tensor T'(z) = 3., 27" 2L, and a central charge c¢. For an irreducible highest
weight representation V. of the Virasoro algebra with central charge ¢ and weight h one
defines the character

o0
x(q) =try,,¢"7 2% =¢""5 Y g, (1.1)
n=0

with u, being the multiplicity of the level n. The corresponding states at a particular
level k are spanned by the vectors

L g ...L_y, |0, ki1<ky<...<kn, k=) k. (1.2)
1

n
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Minimal models are the distinguished conformal theories in which the set of highest
weights is finite [§]. These models are labeled by two integer numbers s and ¢ such that

s,t>2 and (s,t)=1. (1.3)

The minimal models for which |s —¢| = 1 are unitary [, [[(]. The minimal model M(s,?)

has the central charge

6(s —t)?
st

The corresponding irreducible highest weight representations of the Virasoro algebra are

representations with the weights

c(s,t) =1— (1.4)

(nt —ms)? — (s — t)?

ht, = 1o : (1.5)

where the labels run through the following set of integers:
1<n<s-—1, 1<m<t-—-1. (1.6)

The corresponding character is given by [[], il
hs,t _c(sit) 0o hs,t _clsit)
q n,m 24 9 _ q n,m 24 .
Xita(g) = T 7 g (gt gttty Lot (g),
(q)OO k=—o00 (Q)oo

(1.7)

(the second equality defines x(gq), which we refer to as “incomplete character”). The
characters possess the following symmetries:
)t t,
Xi;,tm(Q) = X%@s,n(Q) = Xz—n,t—m(q) = Xt—sm,s—n(Q) : (18)
It follows from ([.) and these symmetries that the minimal model M(s,t) has D =

(s — 1)(t — 1)/2 different sectors (inequivalent irreducible representations). In addition,
(T7) allows to relate some characters of different models

Xamm(2) = X5lam () (1.9)
where « is a positive number such that (s,at) = (t,as) = 1. For instance, Xg:fn(q) =

3,10
X1,2m(q)'



1.2 Quantum Dilogarithm
In our analysis of factorized characters we will be exploiting the properties of the quantum
dilogarithm, whose defining relations are

0 0rif k 1 e2mifk
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ng(0) == [ (1 —&*™¢") expz Fa (1.10)
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Taking ¢ = >, we assume that Im(7) > 0 and Im(f) > 0 in order to guarantee the

convergence of ([L.10). We see from ([.10) that In,(6) is a pseudo-double-periodic function

Ing(6 + 1) =1ngy(8) and Ing (0 +7) = T oo Ing(6) . (1.11)
It follows easily from this that
k(k—1) . .
00 (_1)que2mOk 1 o0 e27rz€k
In,(0) = and = 1.12
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For explicit calculations it will further turn out to be convenient to employ the notations
(in which we will omit the explicit ¢g-dependence as long as ¢ is not varying)

{z}, = Ing(o7) and {z}) =Ing (z7 +1/2) , O<z<y. (1.13)
These blocks have the following obvious properties

{z}y{a}, = {22}y, . {a}y = E{w +ky)oy (1.14)

(o) = (el (o 40l Mopler+1/2) = (), (e 4 ulg, (119

R AL ko crx ok (1.16)

The last line is Euler’s identity which, in fact, can be derived from ([.14).]

1.3 Gaufl-Jacobi and Watson Identities
It will be the principal aim of our manuscript to seek factorizations of some single char-
acters and some linear combinations of characters in the following form:

1

@ Hjil {z:}, H]Nil {2}, - (1.17)

(@)oo

We will encounter the cases N # 0, M =0 and N # 0, M # 0. The explicit formulae of
this type, which we will obtain, are based on the Gau-Jacobi identity (see e.g. [[7])

const

q

o0

)
3 ()R e T = H vRwR 1) (1 — P k) (1 — Rty (1.18)
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and the Watson identity [[LJ]
> 324k 912, _op 4k+1 Ll k—1, 2k—1 k, 2k—1 k, 2k
Zv 7w (W —wtT) = H(l—v w1 = v w T (1 — v )
k=—o00 k=1

x (1 — v?R L=y (1 — 2= 1y%) - (1.19)

'Indeed, using consequently the first and second relation in () for y=z, we obtain {2z}, =
{z} =}z = {z}3{x}5,{22}5,, thus deriving the identity {z}{z};, = 1.



Substituting v = ¢%, w = ¢°, we can rewrite the identities in terms of the blocks (L13)

[e.e]

_1 k (a+b)%+%(a—b) — — b — b - 1 20
Z ( ) q {a}a—l—b{ }a+b{a+ }a—l—b? ( . )
k=—00
o 3% (44ob) ( (a/2-28)  (a/2+4b)+b - - -
N (q —q ) = {0} op{a+ 0} o {a+20}
k=—o00
x{ato,rapla+ 40} o 4 g - (1.21)
Other useful substitutions are v = ¢%, w = —¢® and v = —¢%, w = ¢® (for ([.1§) it suffices

to consider only the first of them, because of the symmetry v < w), which yield

oo

Z (_1)k(kT+1)q(a+b)§+§(a—b) _

k=—c0

{a}oas) {b};(a+b){a + b};f(a+b){a + 2b} 5,14 {20 + b};(a+b){2a + 2 501y (1.22)
i (_1)3k2q#(a+2b) (F(@/2-2) 4 gh(a/2+a)+by

k=—c0

{b};_+2b{a + b};_+2b{a + 2b};+2b{a}2_a+4b{a + 4b}2_a+4b ) (1.23)
S (—1) MR g ) o/ _ Moy (0 b

k=—c0

x{a+2b}5,, qp{a+ 3033, g {a +4b}5, 4 {20+ 3b}5, 4 {20 + 40} 5,4 4 - (1.24)

Here we used ([1.19) in order to obtain the r.h.s. in the desired form.

Now one can try to find factorizable linear combinations of characters simply by match-
ing the Lh.s. of ([[.20)-([.24) with appropriate combinations of ([.7). However, this is a
cumbersome task. Below we will develop a more systematic and more elegant approach
exploiting the quasi-classical asymptotics of characters.

1.4 Quasi-classical Asymptotics of Characters
As can be seen from ([[.1(), the limit 7 — 0 of In,(#) (since we require Im(7) > 0, this is
the limit ¢ — 17) is singular. The asymptotics is given by
lim In, () = exp {L Liy (627”9) + L = e2miey 4 (9(7')} (1.25)
=0 ¢ 2miT 2 ’ '
where Liy(z) = .02, £, is the Euler dilogarithm § (see e.g. [[7]).
Introducing § = exp{—2mi/7}, we derive from ([.1J) and ([[.2§) the following asymp-
totics for the limit ¢ — 1~

Lig(1) Lig(=1) 1

1
faly ~ @ =g, e}~ q o =g (1.2
)

Here we used the fact that Liz(1) = —2Lis(—1) = 7?/6 holds.f] Notice that ¢ — 1~
implies that ¢ — 0™, so that {r}, and {x}; tend to zero and infinity, respectively.

2This motivated the authors of to coin Ing(f) a quantum dilogarithm.
3Eqgs. () can also be obtained by a saddle point analysis of the identities ([1.19) for In 5 (0) if we put

L(1) _L@y/2)
0 =x7+1/2 and 0 = zT, respectively [E] In this approach one finds: {z}, ~ §iv, {z}; ~§ +7v , as
7 — 0._Here L(z) = Li2(z) + 1 InzIn(1 — 2) denotes the Rogers dilogarithm [[L5]. These results coincide

with (JL.26) since L(1) = 2L(1/2) = 72 /6.



From a physical point of view, say if we regard x(¢q) as a partition function, the limit
T — 0 can be interpreted as a high-temperature limit (with temperature 7' ~ 1/7) which
is singular and known to be ruled by the effective central charge only (i.e. it is sector-
independent) [[L6]. Indeed, in order to carry out this limit, one may exploit the behaviour
of Virasoro characters under the modular transformation. It is well known [[7, ], that
the S-modular transformation (¢ < §) of a character has the following form:

Xom (@ Z S Xont (@) (1.27)

where S are explicitly known constants (see (B-17)). Now it is obvious from (I.7) and

[C23) that

— = ceff(sit) _
Xom(@) ~ Spm g~ (g —17). (1.28)
Here we have introduced the so-called effective central charge ceg(s,t) = c(s,t) — 24hs—’t— =
1- %(ﬁt —ms)?, where hy L denotes the lowest of all conformal weights in the model. Let
us remark that the condltlons ([.3) and ([[.6) allow us to invoke the well-known theorem
of the greatest common divisor and show that |nt — ms| = 1. Hence

Coff(8,1) =1 — Ll (1.29)

holds for any minimal model.

Comparison of ([.2§) with ([[.24) imposes a constraint on the possible structure of char-
acters factorized in form ([.17). Namely, each factor of the type ({z}, )*! and ({z} )EL
contributes, :F% and ii to the effective central charge, respectively. Notice that this is
an z independent property. These contributions must sum up to the value given by ([.29).

2 Factorization of Characters

Below it will be useful to refer to the following simple statement:
Cnm+C st =nt+ms < t=C(m or s=(n. (2.1)

Equations of these form will arise as necessary conditions for factorization of (combinations
of) characters. Clearly, for s, ¢, n, m obeying ([.J) and ([[.6) the parameter ¢ may assume
only some rational values greater than unity.

2.1 Factorization of single Characters
The factorization of some Virasoro characters in the M(3,4) and M(4,5) models was
already observed in (], whereas the factorization of all characters of type X2"t(q) and
Xi"nfb( ) was discovered in [f]. It was already discussed in [B, B, [, Fl, ] that the factorization
of characters in these series may be obtained by exploiting the GauB—J acobi and Watson
identities. Nevertheless, we wish to present here a systematic derivation of these results
based on alternative arguments which will also be applicable in a more general situation.
It is straightforward to see from ([L.7) that the first three terms in the expansion of the

incomplete character are
Xotalq) =1 — g™ —qlsml=m 4 (2.2)

and that further terms are of higher powers in ¢. Let us assume that the incomplete
character in question is a particular case of the Lh.s. of the GauB-Jacobi identity ([.20) for



some a and b. Noticing that the series on the Lh.s. of ([:20) is 1 — ¢ — ¢°+ higher order
terms, we conclude that a = nm, b = (s—n)(t—m) or vice versa. Furthermore, the r.h.s. of
(I1.20) allows to calculate the effective central charge for the character in question. As was
explained in subsection 1.4, each of the three blocks contributes _aL—i-b to cer. Therefore,

Coff = 1 — aier (the 1 is a contribution of (¢)eo = Ing(7) = {1}7, which appears in ([L.7)
and whose limit is also ruled by ([.26)). Comparison of this result with ([[.29) yields the

equation

1
2nm+§st:nt+ms, (2.3)

which is a particular case of (2.]]) with ¢ = 2 and, hence, either s = 2n or ¢ = 2m. This
implies that x;%!(g) is the only (up to the symmetries (L)) possible type of characters
factorizable with the help of the Gaufl-Jacobi identity and that its factorization has to be
of the following form:

h2n,t c(2n,t)

q n,m= 24 _ _ _
Xi(4) = {nm}y{nt —nm}{nt}y, (2.4)

(@)oo

where ¢ is an odd number according to ([[.J). One can verify that eq. (2.4) is indeed valid
by a direct matching of the Lh.s. of ([.20) for the specified a and b with the formula ([L.7)
for characters (see e.g. [f])-

The same type of consideration applies if we seek characters which are factorizable
with the help of the Watson identity. Namely, since the series on the Lh.s. of ([[.21) is
again 1—¢®— ¢"+ higher order terms, we conclude that a = nm, b = (s —n)(t —m) or vice
versa (in contrast to the previous case, these two possibilities lead to different equations).
The r.h.s. of ([.2]) allows to calculate the effective central charge: ce = 1 — %, where
y = a + 2b. Comparison of this value for ceg for the two choices of a and b with ([[.29)
yields the following equations

3 2 1
§nm+§st:nt+ms and 3nm+§st:nt+ms, (2.5)

respectively. According to (R.]) this implies: n = 2s/3 or m = 2¢/3 in the first case and
n = s/3 or m = t/3 in the second. Notice that these cases are related via the symmetries
([[.§). Thus, we conclude that the only possible type of characters factorizable on the
base of the Watson identity is x2"%!(¢) (again up to the symmetries (.§)) and that its
factorization has to be of the following form:

3n,t  c(3n,t)
hx, mT T2

q 4 - - _
X)) = ————{nm}y, {2nt — nm}y, {2nt}y,,

(@)oo
x{2nt — 2nm},, {2nt + 2nm},,, , (2.6)

where (3,t) = 1. Again, one verifies this formula directly matching it with ([.7) (see [f]).

Thus, we have found all types of characters which are factorizable on the base of the
GauBl-Jacobi and the Watson identities. In fact, it was shown in [B] that this exhausts
the list of characters of minimal Virasoro models which admit the form ([[.I7) with M=0
and z; # xp. This implies that for the purpose of factorizing a single character in such a
form one does not have to invoke the higher Macdonald identities [[I§] (also known as the
Weyl-Macdonald denominator identities).

As a last remark in this subsection, we notice that in the case (2,m) = (3,n) =
(n,m) = 1 the combination of (R.4) and (R.6) yields
nm—1
2n,3m g = -
X (4) = {nm}ym - (2.7)
’ (@)oo



The first non-trivial example of this kind is Xi’:;l(q) = g7 {1}, = qi{l};r (the second
equality is due to the Euler identity). Furthermore, noticing the symmetry n < m of the
r.h.s. of eq. (R.7), we derive an identity relating different models (it can also be obtained
employing ([.9) twice)

X ™ (a) = Xomi ™ (9) + (2.8)
where (6,n) = (6, m) = (n,m) = 1. The first non-trivial example is X%:?(q) = X?:éo(q).
2.2 Factorization of linear Combinations. Preliminary Ideas

. . . . . . . it
We commence the investigation of factorized linear combinations, Xffm(q) + XZ',m'(‘J)> by
introducing the quantity

(m+m/)s—(n+n)t)((n—n)t — (m—m')s)

AR (s, 8) o= b — bt = o , (2.9)
where we will often omit the labels s and ¢. Then
i — 550 ot
(@) £ l0) = o (k@) £ ) . @0)

The combination X3* (¢) ¢ Ahn i’ )fo’m, (q) can be represented as a product of few blocks
{ }* only if Ahﬁ:;g”’ is an integer or a fraction with sufficiently small denominator (other-

/ /
n ,m
Ahy

wise the product will generate terms with powers of ¢ which are not presented in
the combination). On the other hand, the numerator in (R.9) is, in general, not divisible
by st because of the conditions ([.J) and ([.§). The only possibility to make this fraction
reducible by st is to put n = n’ and m +m’ =t or, alternatively, m = m’ and n +n/ = s.
Thus, we are led to consider the combinations

Xt () £ X5 ()- (2.11)

Let us denote Ahjt (s, t) for such pairs by Ahg? : its explicit value is

Ahyt = i(t —2m)(s —2n). (2.12)

If s or ¢ is even (in particular, this includes all unitary minimal models), then Ahf;fm
is integer or semi-integer. Let, for definiteness, s be even. Then, taking into account the
symmetries ([.§), we see that each character in the minimal model M(s,t) is either of
the form Xz’/tz,m(Q) (i.e., a “single” character, factorizable per se) or there exists exactly
one more character such that they form a pair of type (B.11)). It follows from this and

eq. (L) that the model M(s,t) has Dy = % “single” characters. Consequently, there
are D1 = (D —Dy)/2 = % pairs. If both s and ¢ are odd, then apparently Dy = 0
and Dy = D/2 = =01

4
Consider (R.11)) for n and m in the range

n<s/2, m<t/2. (2.13)

For this range all involved characters are different (see e.g. [f]), and it is easy to see that we
cover all possible D; combinations. Moreover, conditions (R.13) ensure that AhSL > 0.

,m

This in turn implies that (R.11) contains only non-negative powers of g. Thus, from now
on we will assume that n and m in (R.11)) are restricted as in ([2.13).



As we have seen in the previous subsection, the knowledge of the asymptotic behaviour
of the characters in the ¢ — 17 limit proves to be very useful in the search of factorized
characters. It turns out that in the case of linear combinations we have to take into

account also the next to leading term in ([L.2§),

=0 Ceff (s:t) == _C(s,t) _
Xota(g) ~ SEmGTERT L SIS 4L (g 17), (2.14)
where we denoted
Cot(5,t) = c(s,t) —24h3% , &(s,t) = c(s,t) —24hf~;fm. (2.15)

Here hsﬁtm and h%tm are the smallest and the second smallest conformal weights in the
model corresponding to the minimal and the next to minimal value of |nt — ms|, respec-
tively. We will refer to ¢é(s,t) as the secondary effective central charge.

As we mentioned above, the theorem of the greatest common divisor ensures that

Coff(8,t) = 1 — 6/st. Furthermore, one can show in the same way that |nt — ms| = 2, so
2
that h%tm = % holds f] Thus, employing ([4) and (E-13), we obtain

is,t) =1— = (2.16)

The only case where this argument fails is M(2,¢). Here |nt — ms| = 3 (unless ¢ = 3, in
which case hsﬁtm does not exist). But, as we demonstrated, in this case all the characters
are factorizable per se.

Now, using the explicit form of the matrix S [I7, fl] involved in the S-modular trans-
formation ([L.27)

- 8 — mnn't Tmm's
S’ == (=ayrmEmn et gin( ) sin( ). (2.17)
’ st s t
we observe that Z:gr_n;n = —Sﬁ:ﬁ/(—l)"lt_mls. Taking into account that |nt —ms| = 1 and
it — ms| = 2, we conclude that S = S™m and ™" = —S§™m  Therefore, for the
n,t—m n,m n,t—m n,m

combination x5, (q) — Xf{i_m (¢) the leading terms in (2.14) corresponding to ce (s, t) can-
cel but those corresponding to é(s, ) survivef] and for the combination x5, (¢)+ xi’ft_m(q)
the leading terms corresponding to ceg(s,t) do not cancel. Thus, we obtain the following
asymptotics of the combinations in question

Xot(@) + X0 m(@) ~ G (g—17), (2.18)
A_E(s,t) _
Xot(@) = Xhom(a) ~ G~ = (q—17). (2.19)

2.3 Factorization of linear Combinations. Exact Formulae
Now we are in the position to find all combinations of type (R.11) which are factorizable
on the base of the Gau-Jacobi and Watson identities. First, it follows from ([.7) that

s,t R st
X (@) £ (@) =1 — " g (2.20)

4In fact, a more general statement is valid: for s and ¢ obeying (@) and positive integer k£ such that
k < min(s,t) there exists always a solution of the equation |nt — ms| = k obeying (E) It is given by
n = kn — ps and m = km — pt, where p is some integer depending on k.

SFor M(2,t) these terms cancel since |t — 7s| = 3. This is not surprising because in this case
X1 (@) = XT1_ . (q) vanishes due to ([L.§).




and the further terms are of higher powers in g. Here AR’ is given by (£.13) and we
assume n < s/2, m < t/2, notice that then nm # Ah3',

We will consider the sum of characters first. Let us assume that it is factorizable on the
base of the GauB-Jacobi identity ([.29), whose expansion on the Lh.s. is 1—¢%+¢®+ higher

order terms. Then we infer from (.20) that a = nm and b = AR’ The r.h.s. of (L.23)

gives the following effective central charge of the combination in question: ceg = 1— ﬁ.

Comparing it with ([[.29), we obtain the equation 8(a + b) = st, or more explicitly
1
4nm+Zst =nt+ms. (2.21)

According to (R.1), this implies 4n = s or 4m = t.

If we assume that the difference of characters in (.20) is factorizable on the base of the
GauB-Jacobi identity ([L.20), we have to put a = nm, b = AR}, or vice versa. According
to (-19), the asymptotics ¢ — 1~ defines the secondary effective central charge, and
comparison with the r.h.s. of ([.20) yields é = 1 — a%_b. Together with (R.1€), we obtain
the equation 8(a + b) = st which leads to the same condition (P.21)) found for the sum of
characters.

Thus, we have shown that the only possible (up to the symmetries ([[.§)) combination
of characters factorizable on the base of the Gaufi-Jacobi identity is Xif’;,fb(q) + Xiflt’im(q)
and that its factorization has to be of the following form

hin’;g_ c(4n,t)

an,t q _ _ _
X;lzf%,(Q) + Xny,;—m(Q) = T{nm}nt{nt - nm}nt{nt}nt
(@)
x{nt/2 — nm};tt{nt/Z}j;t{nt/Q + nm};‘;t , (2.22)
h4n,t_c(4n,t)
7 q n,m 24 _ _ _
Xat (@) = Xmitm(@) = ————{nm}y {nt/2 —nm}, {nt/2},, . (2.23)
(7)o 2 2 2

Here (t,2) = (t,n) = 1. The direct proof of these relations is performed again by matching
them with ([.7) (see appendix B). Notice that in the case of odd n it suffices to prove only
one of the relations, say (2:23). Indeed, in this case Ahys! = n(t —2m)/2 is semi-integer,
so that changing the signs of all semi-integer powers in the series on the Lh.s. of (.29),
we obtain the series on the Lh.s. of (B:23). Therefore, the r.h.s. of (B.29) is derived from
the r.h.s. of (2.23) with the help of (.17).

Now we apply the same technique as above in order to find the differences of type
(R.11)) which are factorizable on the base of the Watson identity. We assume they have
the form of eq. ([[.21]), whose expansion on the Lh.s. is 1 — ¢® — ¢®+ higher order terms.
Then we infer from (:20) that a = nm and b = AR’ or a = AR and b = nm. The
r.h.s. of ([.21)) gives the following secondary effective central charge of the combination in

question: ¢ =1 — ﬁ. Comparing it with (R.16), we obtain the equation 6(a + 2b) = st,

which gives for the two possible choices of a and b

1 1
3nm+§st:nt+ms, and 6nm+63t:nt+ms, (2.24)

respectively. According to (.1)), this implies 3n = s or 3m = t in the first case and 6n = s
or 6m =t in the second.

Assuming that the sum of characters in (R.20) is factorized on the base of the Watson
identity ([.23), we have to put a = nm, b = Ahj! . Then the r.h.s. of ([.23) gives
Cef = 1— ﬁ. Comparing it with ([.29), we obtain the equation 6(a +2b) = st and, thus,
we recover the first equation in (B.24). So, this is once more the case n = s/3 or m = t/3.



It turns out that the sum of characters in (R.20]) cannot be factorized on the base of the
Watson identity ([.24). Indeed, its Lh.s. is the following series 1+ ¢® — g + ¢?¢+° — q*+50 1
higher order terms. On the other hand, for n < s/2, m < t/2 we have

(@) £ AP (q) =1 — gk A A (om) g ARIm() g

(2.25)

where further terms are of higher powers in ¢. Evidently, these two series cannot match
because of the wrong sign of the ¢?**? term.

Thus, the only possible (up to the symmetries ([.§)) combinations of characters factor-

izable on the base of the Watson identity are x3%!(q) & Xi"tt_m( ) and x5! (q) — Xﬁ’;t m(Q)

and their factorizations have to be of the followmg form

h3n t_ c(3n,t)

3 q n,m=— "~ 24 _ _
(@)oo
y {n_t}_ {nt— 2nm}i {nt+2nm}i C (228)
2 )t 4 nt 4 nt
2 2 2
hoon— & (6n,t)
6 qgmm 24 _ _ _
X76’Ln7’)§,( ) anitt m(Q) = T{nm}nt{nt - nm}nt{nt}nt
[oe)
x{nt — 2nm}y, {nt + 2nm},,, . (2.27)

Here (¢,3) = (t,n) = 1 in (R.26) and (t,6) = (t,n) = 1 in (2.27). The direct proof of these
relations is performed again by matching them with ([[.7]) (see appendix B).
Combining (R.29)-(R.29) and (R.26), we also obtain

nm 2
n,3m 4n,3m q
Xt ™(q) + X5 (@) = O {nm}m {nm/2}5,, (2:28)
n'ngQ
n,3m n,3m q _
(@) = X5 (@) = T {nm/2) 5 (2:29)

where (n,3) = (m,2) = (n,m) = 1.
To conclude this subsection we mention an interesting byproduct identity, which follows

from () and (Z20)
()t =) {2 (2

{2nt}2_nt {nm}2_nt {2nt - nm}2_nt {2nt - 2nm}Znt {2nt + 2nm}lnt

nt—2nm

+q— 1 {2nt},,, {nt — nm}, , {nt +nm},  {2nm}, , {4nt — 2nm},,, , (2.30)
and may also be rewritten as
nt)~ (nt—2nm\T (nt+2nm)*
(51 {5 (M) = thadant = nm ot o), (230)
2 )t 4 nt 4 nt
nt 2nm

{nt} {nm}2m{2nt nm};_nt .

This identity resembles particular formulae in [E] ( (A5) and (A6) therein ), which
were useful to derive a different type of identities between characters.
Analogous identities following from (£.2§)-(R-29) and M) are

(2.32)
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2.4 Remarks on the factorized Combinations
The factorized characters given by (£.4) and (.) can be rewritten in the “inverse product”
form (examples of such representation are given in appendix A) i

v
Hizil{xi}y_i .

In order to achieve this, one rewrites (q)oo = {1}; with the help of ([L.14)) as a product of
some number of blocks and then cancels all blocks in the numerator with some of those
in the denominator. The only problem here is to verify that all blocks in (2.4) and (R.6)
are different. Eq. (:4) could have coinciding blocks only if ¢ = 2m. This is however
excluded by the condition (t,2) = 1 which must hold because of (.3). Eq. (2.6) could
have coinciding blocks if ¢ = 3m, t = 3m/2 or t = 2m. The first two possibilities are
excluded by the condition (t,3) = 1. The last one is allowed, but this case is described by
the reduced formula (R.7), which is obviously representable in the form (2.39).

The inverse product form (R.33) (it is rather common for characters of Kac-Moody
algebras [[[J]) can be interpreted as a character of a module with states created by bosonic
type operators. Having the characters in the form (R.33) implies that the dimension of
the level k in the Verma module of the irreducible representation is simply the number of
partitions k =z + ... + oy + Zf\il n;y; with n; being an arbitrary non-negative integer.
This suggests that the states at this level are simply monomials of the form ([.g). If
any power of a generator having a given grading k is allowed, the character acquires a
factor (1 — ¢*) in the denominator. It is guaranteed that any monomial by itself (apart
from L_i|h = 0)) can never constitute a null-vector, as follows from the following simple
argument. A null-vector has by definition zero norm or equivalently it is annihilated by
L, for all n > 0. Hence to prove our statement it is sufficient to show for one n that L,
acting on ([[.4) is non-vanishing. It is easy to verify for k; # k that L acting on ([.9)
vanishes only for h = 0. In case k1 = k # 1, the action of L 1 is always non-vanishing.
However, one may not guarantee that all these monomials are linearly independent.

It turns out that all of the factorized combinations of characters (P.29)-(R.27) and
(2-28)-(R-29) can be rewritten in the inverse product form generalizing (£.33), namely as

1
[T s}y, TS E

In particular, (R.23) for even n, the lower sign in (R.2§) for integer nt/4 and nm/2, and
(2-27) can be analyzed easily in the way we presented above and correspond to (R.34) with
M = 0. The analysis of other cases is slightly more involved (since we encounter { }*
blocks and blocks with non-integer arguments) but goes essentially along the same lines.
Consider, for instance, (R.23). Using ([[.14)) and ([[.I6), we can rewrite its r.h.s. as follows
(we use here the notation {z1;...;2n}F = {21} .. {za}y)

const

q (2.33)

const

(2.34)

const LM n(t —2m);n(t —m);nt;n(t +m);n(2t — m);n(t + 2m); 2nt},,,
{1}7 {nt/2 — nm;nt/2;nt /2 + nm)}; {nt} '

For n and m in the range (P.1J) the numerator could have coinciding blocks only if
t = 3m. However, in this case we have the reduced formula (R.2§) which is readily seen to
be representable in form (R.34) if we take ([.1) into account. Analysis of (P.23), (R.26)
and (R.29) is performed analogously (notice only that for (.26) one has to distinguish the
cases nt/2 = 0,1 mod 2).

SExactly this form was an aim in [E]
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Thus, all the factorizable combinations of characters of type (R.11]) admit the form
(2.34). Examples of such representation are given in appendix A. Moreover, we prove
(see appendix C) that there are no other factorizable differences of this type which admit
the inverse product form (R.33). This is a rather surprising fact because the Gauf-Jacobi
and Watson identities are the specific Macdonald identities [[[§] for the Agl) and AéZ)
algebras and one could expect that the higher Macdonald identities also lead to similar
factorizations.

It is worth to notice that some of the factorizable combinations discussed above admit
the following form

M o~
const szl{xi}?j_i ) (235)

1 {i}y,
This is the most natural form if we consider such an expression as a character (e.g. in the
context of the super-conformal models, see subsection 3.4) of a module with states created
not only by bosonic type operators but also by fermionic type operators, which produce
the blocks in the numerator. Also, the form (R.35) gives particularly simple formulae for
quasi-particle momenta (see subsection 3.3).

3 Applications

In the rest of the paper we will present some corollaries and applications of the obtained
results both in a mathematical and physical context.

3.1 Identities between Characters
We commence by matching the product sides of the formulae for the factorized linear
combinations of characters with those for the factorized single characters. For (P.23) this
yields
8n,t 8n,t 2n,t

Xonm(2) = Xan't-m (D) = Xn5m(2) (3.1)
where (t,2) = (t,n) = 1. Notice that this identity is exact in the sense that is it does
not need an extra factor of type ¢°°"* on the r.h.s. because hi?z’fn —c(2n,t)/24 = thﬁn —
c(8n,t)/24. Since X%i’(q) = 1, we obtain, as a particular case, the identity (which was
also presented in [[J] in a different context)

3,8 3,8
X1,2(Q) - Xl,G(Q) =1.

This is the only possible identity of the type x5, (q) — Xz,f_m(q) = ¢°™! because it
requires ¢(s,t) = 0. According to (B-1G), this implies st = 24. The latter equation is
solved uniquely (up to a permutation of s and t) due to ([L.J).

For (:27) and (R.2() we obtain analogously

12n,t 12n,t 3n,t 12n,t 12n,t 3n,t
Xanon(@) = Xsnon(@) = Xomom(@) s Xanmm(@) = X1omm (@) = X 3m (@) ; (3.2)

where (t,6) = (n,t) = 1. These identities are also exact. The first nontrivial examples of
o 12,5 125, N 35 12,5 12,5 35 -

this kind are x., (@) = Xg.m (@) = X222 (@) and X5, (0) — X10,m(9) = XT2m (@), m = 1,2.
"This property, which actually holds for all identities in this subsection, hints on specific modular

properties of the combinations of type ()
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Furthermore, the characters on the r.h.s. of (B.3) form a pair of the type (B.1]), and
applying (2.26), we obtain (assuming m < t/4 for definiteness)

12n,t 12n,t 12n,t 12n,t
X2n?m(q) - XlOZ,m(q) + X4n7,1m(q) + X8n?m(q) = (33)
hSn,t _c(@Bn,t)
q n,2m 24 +

{2nm}, {nt — 2nm};t{nt/2}%t {nt/4 —nm}o {nt/4+ nm}jn; .

2

(¢)oo
Finally, matching the r.h.s. of (B.3) for the lower sign with (2.4), we obtain

48n,t 48n,t 48n,t 48n,t 3n,t
g (@) = X16mm (@) + X320 m (@) = Xaonmm (@) = Xonam(2) - (3.4)

The first nontrivial example is Xéi":’(q) — X%g:?(q) + xégz‘?(q) — Xig:?(q) = Xi";’(q)

Another way to derive some new identities is to match the product sides of different
factorized linear combinations. In particular, one easily recovers the property (@) for
combinations

ot , b
X am (@) £ X0 o) (@) = Xonim (@) £ Xomt—m(4) (3.5)
if « is a positive integer such that (t,a) = (s,a) = 1. For instance, X?%gl(q) + Xg;gn(q) =

5,6 5,6
Xm,2(q) + Xm,4(q)7 m=1,2.
Less obvious identities between characters of different models having the same ceg
follow if we compare the r.h.s. of (£.26) and (.27):

3n,2t 3n,2t 6n, 6n,t
Xn?t—2m(q) - Xny,i‘,+2m(q) = Xn?nf,(q) - X5Z,m(q) ’ (36)
where (t,6) = (n,2) = (t,n) = 1, m < t/2. For instance, x7'1"(¢) — x31"(¢) = x311(q) —

5,6
X2.5(a)-
Employing the factorized form of (combinations of) characters, we can derive identities
involving their bilinear combinations. For instance, it is straightforward to verify the
following relations (see appendix D for a sample proof)

X X = X (X~ X ) (3.7)
X2 Xamom = Xogm (XS — o). (3.8)
o™ Ca™ £ Xi') = (X F Xonam) (™ £ xo) - (3.9)
X (s £ Xoim') = (X F o) (™ £ xor) » (3.10)

which in turn lead to the identities

4n,5m 6n,5m 6n,5m\ _ _4n,5bm 6n,5m 6n,5m
X2n,m (Xn,m _Xn,4m _X2n,2m Xn,2m _Xn,3m ’ (311)

4n,5m 4n,5m 6n,5m 6n,5my\ __ 4n,5 4n,5m 6n,5m 6n,5m
(Xn,2m + Xn,Sm ) <X2n,2m + X2n,2m) - (Xn?mm + Xn,4m ) (X2n,m + X2n74m) ‘(312)

We have omitted the ¢-dependence for compactness of the formulae. Once more we like
to point out these relations are exact (see (D.I])). A particular case of (B.1]) and (B.19)
for n = m = 1 was found in [[[9]. Further interesting identities are for instance

3n,4 3n,4 _nm 7 2 _
(i (@) + X3 (@) (xim™ (@) = X (@) = a7 F (XG2(@) {nm g
(3.13)
5,6 5,6 5,6 5,6 3,4 2
X1,2(Q)X2,2(Q) - X1,4(Q)X2,4(Q) = (X1,2(Q)) ) (3.14)
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4, 4,5 6 5,6 4,15 4,15
(XLS(Q) + X1,3(Q)) (ng(Q) + X2,4(Q)) = X1.5 (q) £ X3,5 (q)- (3.15)
Eq. (B.13) for n=m=1 yields the well-known relation

(61(@)” = (35@))xtale) = 1.

It is of a certain interest to search for relations between (combinations of) characters
with rescaled ¢q. The rescaling, ¢ — ¢" or, equivalently, 7 — 77 can be regarded as a
transformation relating theories on two different tori. In statistical mechanics, where 7
is considered as a physical parameter (e.g. inverse temperature or width of a strip), this
transformation relates two models at different values of this parameter.

In order to match the factorized (combinations of) characters involving those with
rescaled ¢ it is useful to take into account that such rescaling, ¢ — ¢", also leads to the
rescaling of cer — cee/r (and ¢ — ¢/r). We present here only several examples relating
characters of some models with interesting physical content under the transformation

q— q*

V@) e = () (3.16)

XI5 + X745 = x50, xas(@®) + 35 =xT3(a), (3.17)
X0@) = xT8@) =xTa@®), x31@) — x38(@) =xT1(d?), (3.18)

X511 (%) + x56(6%) = X13(0) = xTi(0),  x5(¢%) + x35(a?) = XT1(9) — xT6(),(3.19)
X556 + x51(a%) = xV3(a) — xV5(a) (3.20)

Finally, it may be of some interest to consider relations between (combinations of)
incomplete characters with rescaled ¢. For instance, we have

~dn, ~2n, ~6m, ~3n,
Xah (@) = oo (@) = X5 (@) XSWH(@%) — Romm (@®) = X0 5m (@) - (3.21)

Identities between the correspondlng full characters are then obtained by multiplication
of the r.h.s. with (q24{1}+)

3.2 Rogers-Ramanujan Type Identities
Once we have achieved factorization of (combinations of) characters in the form (R.33),
we can employ ([[.L19) in order to re-express the product as a sum of type distinct from

(LA). More precisely, combining ([.13) with (.1§) and substituting into (R.35), we obtain

const H 1{xz}y — Z q(l%—l—...—l—lfw—ll—.~-—lM)y/2+B'l (3 22)
i:l{xj}y 3 @)y - - (qy)lM+N 7

where B = {Z1,...Zp,21,. ..z} and I has (M + N) components running through non-
negative integers. The structure of this identity resembles the famous Rogers-Ramanujan
identities (which are in fact just two ways of writing down the characters X%? and X%g -
see appendix A)

= " “q
RN D RO (323)

=0 =0

However, whereas eq. (B.29) may be decomposed into a product of identities ([.19),
such simplifications are not possible in the proof of the Rogers-Ramanujan identities
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(see e.g. [BF). Thus, in order to obtain more interesting generalizations of the Rogers-
Ramanujan identities involving our factorized form of (combinations of) characters as a
product side, we need another expression for the sum on the r.h.s. of (B-29). For this pur-
pose we make use of the results of [R1]] where it was observed that some Virasoro characters
admit the following form:

JHATEBT
e (3.24)

cons Z )

where A is a real n X n symmetric matrix (sometlmes coinciding with the inverse Cartan
matrix of a simply-laced Lie algebra), B is an n-component vector, and the summation
may be restricted by a condition of the type 7 - [ = Q@ (mod «v) with some integer valued
5 and positive @ and a. It turns out that some of the characters of minimal models
admitting the form (B.24) are either factorizable per se or can be combined into the
factorizable combinations considered above. This circumstance allows us to apply the
results of section 2 and derive a set of Rogers-Ramanujan type identities. For instance
i = SO Wb g
’ = (o {2}10{3}10{5}10{7}10{8} 10

even

o0 (2 +20)/4

{1Ho{9}o

L 35 3
q 40y 1(q = —Y— = (@4 3.26
14(4) = (2 {2}10{3}0 {5} 1010 {8} 0 (320
odd
Furthermore, we can apply (R.26) to combinations of the Lh.s. which yields
1 ® (4! <z2+2l>/ {3/4}5,{7/4}5,
qg (Xi’1( )+ X1 4 = Z ! / (3.27)

=0 a1 T {25 {35 {5/2}4),

We present a set of further Rogers-Ramanujan type identities derived in a similar way in
appendix E. The product sides of these identities are not unique in the sense that one may
use the techniques discussed in subsection 2.4 and bring them, if possible, to the form
E:33), (B.34) or (£.39) (compare (B.27) and the corresponding formula in appendix A). It
is also worth noticing that, combining these identities further, we again obtain identities
of the Rogers-Ramanujan type. For instance, multiplying (B-2§) and (B-26), we find

2
o giEHEH+2 B {133 {4}7 ({5};)
- 2
Lo (@21 (@211 ({2}5 {3}5—)
It should be mentioned that there exists a more general type of formulae than (B.24)
(involving a g-deformed binomial factor) [R(] which covers the whole range of characters

in all minimal models. Therefore when our factorization technique applies we also have
Rogers-Ramanujan identities for these more general types.

(3.28)

3.3 Quasi-particle Representation

Once a character admits a factorizable form, it is easy to obtain a quasi-particle spectrum
following the prescription of [R1, P2, fl]. Let P(n,m) be the number of partitions of
a positive integer n into m distinct non-negative integers and Q(n,m) be the number of
partitions of a positive integer n into positive integers smaller or equal to m. The following
formulae are well known in the number theory (e.g. [R]):

m(m—1)/2 e 1

i P(n,m)q" = C— , Z Q(n,m)q" = — (3.29)
n=0 (Q)m n=0

—
=
~—
3
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Combining them with ([.19) and ([:13), we obtain

{z}) = 3 Pl,m)gt™ = Y Q(n,m)qntmimmh2uEme (3 30)

n,m=0 n,m=0

1

— = Z Q(n,m) qny—l—m:v — Z rp(nym)q(n—m(m—l)/my—l—mx. (331)
{:E}y n,m=0 n,m=0

We assume now the character to be of the form (3.22), and proceed in the usual way
in order to derive the quasi-particle states. For this one interprets the characters as a
partition function with y(¢ = e 2™/LFT) = Yo P(E))e P/FT |k being Boltzmann’s
constant, T the temperature, L the size of the quantizing system, v the speed of sound,
E; the energy of a particular level and P(F;) its degeneracy. The contribution of a single
particle of type a and momentum pe (i, being an additional internal quantum number)
to the energy is assumed to be of the form E; = vZflelM Zi’i:l |pfla‘. One has now the
option to construct either a purely fermionic (in units of 27 /L)

N+M

(D) =Ba+ 5 1= > | +yN; (3.32)
k=M+1
or purely bosonic spectrum (in units of 27 /L)
ph(l) =Ba+ 5 (1= I | +yM.. (3.33)
2 k=1

Here N! are distinct positive integers and M! are some arbitrary integers. The fermionic
nature of this spectrum is here expressed through the fact that the integers N are all
distinct, such that we have a Pauli principle. An example for such spectra is presented in
Table 1. A particular interesting spectrum arises when we allow bosons and fermions

pl, = Ba +yN¢, ph = By + yM; (3.34)

with a € {1, M} and b € {M + 1, N + M}. Notice now the dependence on [ has vanished.
When N = M this may be interpreted in a super-symmetric way.

Following the procedure of this subsection, the answer to the question [P4]: “How many
fermionic representations are there for the characters of each model M(s,t)?” would be
infinite for factorizable characters due to the second relation in (1.14). One could also
change the approach and start with a given spectrum and search for the related character
[BF] which shifts the problem to finding all possible integrable lattice models. A possible
selection mechanism is given by using information from the massive models which in the
conformal limit lead to certain models M(s,t). In this spirit for instance the choice A;
and Eg for the algebras of the related Cartan matrices in (B.24) appears quite natural.

3.4 Super-conformal Characters

Linear combinations of characters may be found in various contexts as for instance when
considering super-conformal theories. The two N=1 unitary minimal super-conformal
extension of the Virasoro algebra are characterized by an integer [ and a label s = R, NS,
which refers to the Ramond or Neveu-Schwarz sector. The Virasoro central charge was
found [R4] to be

qn:§<1—R£%5>, 1=3.4,.... (3.35)
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k| ur | p=14+2M; p(l) = (2—-1)+2N;

SRR 1)

211 ||L,1) 0,2)

312 |11,1,1),]3) |-1,1,3),3)

412 |11,1,1,1),]1,3) |—2,0,2,4),10,4)

513 |1,1,1,1,1),]1,1,3) ,|5) |-3,-1,1,3,5),|-1,1,5) , |5)

614 11,1,1,1,1),3,3), |-2,0,2,6),|0,6),
11,5),]1,1,1,3) |—4,-2,0,2,4,6) ,2,4)

715 11,1,1,1,1,1),]1,3,3), |-5,-3,-1,1,3,5,7) ,|-1,1,7),
I1,1,5),]1,1,1,1,3) ,|7) |-1,3,5),]-3,-1,1,3,7) ,|7)

Table 1: Bosonic and fermionic spectrum for Xi’:;l(q) = 220 denotes the level and Lk

- {1},
its degeneracy.

The corresponding irreducible representations are highest weight representations with
weights
(I+2n-—ml)? -4 1
Ri+2) 16
where the labels are restricted as 1 <n <1 —1,1 < m <[+ 1 together with n —m =
even, odd when s = NS, s = R, respectively. Realizing these models as SU(2)[_2 ®
SU(2)2/SU(2);2-cosets the corresponding characters Elnsm(q) were constructed in [[[]].
One notices from ([[.4) and (B.37) that ¢(3) = ¢(4,5) and indeed, applying twice the GKO-
sumrules one may identify super-symmetric characters with linear combinations of some
non-supersymmetric Virasoro characters

Hys = Ssr . (3.36)

=3,NS 4,5 4,5 =3,NS 4,5 4,5
=11 (@) = X171(Q) X1,4(Q) ) =11 (q) = X1,1(Q) - X174(Q) ) (3.37)
—3,NS 45 4,5 —3,NS 4,5 4,5
Evs (@) = x12(@) +x13(9) =3 (@) = x12(9) — x13(9) , (3.38)
—3,R 4,5 =3,R 4,5
=21 (@) = X2,1(Q) ) =23 (q) = X2,2(Q) . (3.39)

Notice that all these characters factorize (see appendix A for the explicit formulae). More-
over, they admit the form (R.35) (which is due to Rocha-Caridi [[[]) as well as the form
(2.33) (see appendix A). It is interesting that the latter does not appear to be mani-
festly super-symmetric. We observe easily the property for these expressions under the
T-modular transformation (assuming y to be an integer, the effect of this transformation is
that {:E};t — {:E};t when z is an integer and {az}gf — {2} when x is a semi-integer) which
I,NS =lL,R

relates =, (q) and Eil]gf(q) and leaves =70

(¢) invariant. Fermionic representations for
all characters Eﬁfm(q) were found in [R7] and we leave it for future investigations to settle
the question whether they also factorize or not. As in the non-supersymmetric case the

modular properties of these characters [R§] will certainly turn out to be useful.

3.5 Modular invariant Partition Functions
Modular invariant partition functions for minimal models are given by (up to an overall
coefficient)

Z°Mq,q) = Y0 2 Xt @) X (@) - (3.40)

n,n’,m,m’
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For the so-called main sequence (in the terminology of [[7), or (As_1, A;—1) type, we have
ZM™M" = 8y 0mm. Bearing in mind factorizability of all characters in the M(2,t) and

n,n
M(3,t) models, one can rewrite the corresponding partition functions as a sum of products
of the type (R.33). This allows, in particular, to apply the technique of subsection 3.3 and
obtain quasi-particle representations for these partition functions.

Besides the main sequence some minimal models possess other modular invariants
(complementary sequences) [B, [[7, 9] of the type (B.4() with more general Z " In par-
ticular, for M(4k,t) and ./\/l(4k:+2 t) ((Dogs1, Ai—1) and (Daogro, Ar—1) type, respectlvely)

the non-diagonal part of Z, 1’1, iS ZpmOn n/Om t—m/. In this case (B.40) involves not only
squares of modules of smgle characters but also those of sums of characters of the type
(B.11)). For t = 3 all of these sums are factorizable and we can represent the corresponding
partition functions as a sum of products (of the type (R.35) in general). Thus, for such

partition functions we also can obtain quasi-particle representations.

3.6 Partition Functions in boundary CFT
A partition function of a conformal theory on a manifold with boundaries, say on a cylin-
der, is expressed as a sum of characters of a single copy of the Virasoro algebra [BQ]

Z Poxn(q (3.41)

where («, 3) is a pair of boundary conditions, yp(¢) denotes a character of given weight
h, and N 26 are multiplicities (expressible in terms of (B.17) and also related to the fusion
rules).

It is interesting that in some cases Z, g(q) is just a factorizable sum (or several such
sums) of type (B.11]), so we can rewrite it in the product form. For instance, for the critical
3-state Potts model (corresponding to M(5,6)) there are three microscopic states A, B
and C, and for some of possible partition functions we find

11 1
Zarp(a) = X75@) +x35(@) = ¢ ——— (3.42)
P (1};,,(3/2};,,
1
Zpor(a) = X35(a)+x55(@) =¢ T (3.43)
52 {1/2};,,{2}5,,

where F stands for the free boundary condition. As we mentioned in subsection 2.3, such
an expression may be interpreted as a character of a module generated by bosonic operators
(in fact, (B.17) shows that (B.49) and (B.43) coincide with the characters of M(2,5) of an
argument ¢'/2). Also, this form of a partition function allows for a direct extraction of a
quasi-particle spectrum which, (in the spirit of subsection 3.3) in particular, can be used
to study connections between theories with distinct boundary conditions.

Conclusion

We have shown how to obtain the factorized form of a single Virasoro character on the base
of the GauB-Jacobi and Watson identities by exploiting the quasi-classical asymptotics of
the usual sum representation. We have applied this method also to the factorization of a
linear combination of two Virasoro characters and found the explicit formulae (2.23), (2.26)
and (2.27). We presented a rigorous proof that besides the obtained expressions no other
differences of two Virasoro characters of the type (B.11) are factorizable in the form (R.33).

18



It is a remarkable fact, which certainly needs some deeper understanding, that just like for
the single characters none of the Macdonald identities, other than the ones corresponding
to the Agl) and Aéz) algebras need to be invoked. We employed the obtained factorized
versions of the characters in order to derive a set of new identities, e.g. (B.7)-(B-10), in
a very economical way. Some particular cases of these identities coincide with formulae
derived originally in [[9], however now the proof has simplified considerably. As was
already pointed out in [[[g], these identities belong to a class which is closely related, but
not derivable, from a repeated use of the GKO-sumrules [[(]. It is therefore suggestive
to assume that the new identities are related to some higher sumrules. A systematic
classification of identities obtainable from factorised combinations of Virasoro characters
will be presented elsewhere. It is also conceivable, that the presented method will be
applicable to non-minimal models like parafermionic models, i.e. SU(2)/U(1)z-coset, or
general N=1,2,4 super-symmetric models. Concerning the quasi-particle representation
of the Virasoro characters with their relation to lattice models, the factorized versions
constitute a suitable starting point for a more detailed analysis, as for instance in [P
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Appendix A

Here we will present some examples of the inverse product representation for characters and
linear combinations of characters in some unitary and non-unitary models. For shortness

we omit the argument ¢ on Lh.s. and use the notation {z1;... ,a:n}ff = {:vl}f/E . {xn}éc
XTI XT3 =4 T S X3 = 4% —
’ ’ {1/2}¢{1}+ ’ {1}
Xt =ath = e
’ {1L; 4}5 {3 i 7)o ’ {2;3}5 {1:5: 9}
45 | 45 1

X111t Xis = q 70 (3/2;5/2; 7/2}5 {537 {2:8}

4,5 4,5
X112 £X13 :q2

{1/2;5/2; 9/2}¢{5}5 {4;6}3)

LY. . N Bl e =g ———
’ ’ {2; 8%‘110 {4;6}1o 1
XTS5 Exrs = I ; xgjg + xgﬁ = e ;
{1§4}5 {3/23 7/2};F {2§3}5 {1/239/2};F
NS S S N S
’ ’ {3;4}7{2;12}3, ’ ’ {1;6}7 {4;10}1,
MR S

A {255} {6:8),
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19 1

A ST 4487 = q56 VST 4487 = q 6

AT 3456}, {5/2;9/20 T T A {1525:6) {3/2511/2)F
X6,7iX6,7 _ q% 1

2o {2:3;4:5)7 {1/2:13/2}7

25 1_(1) 1 2,5 _6_10 1
N A R ()
At = b :

’ ’ {2;8}10{3/4; 7/4}355F {3/2;5/2;7/2}3

B 1

Xl:g X153 =4¢

6 (/4 94T (1/2:5/2:9/2)7

Appendix B

In this appendix we present a sample proof for the identities of the type (R.23)-(2.23)
and (R.26)-(R.27), that is for the factorization of the sum or difference of two Virasoro
characters related to minimal models. The proof is based on a systematic exploitation
of the GauB-Jacobi and Watson identities ([[.2()-([[.23). We have to compare the Lh.s. of
these expressions with the sum or difference of characters given by ([L.7),

grim=5 2 ,
4 - - Z qstk (qk(nt—ms) o qk(nt—l—ms)—l-nm

(¢)oo

+ qk(nt—l—ms—st)-l—Ahf;ﬁn Tq

t
Xovim () 2 X0 (1)
k=—o00

k(nt—ms+st)+n(t—m)+Ahfb’fm) (B 1)
Here the quantity AhSt is defined by (R.13) and we assume n < s/2, m < t/2, so that

n,m

Ahf;fm > 0. We outline the proof for the identity (R.27). All other proofs work along the
same lines.

Recall that (2.27) has been conjectured to be a particular case of ([.21) for a = AhS?,
and b = nm provided that the condition s = 6n holds. Notice that substitution of the
latter relation into (R.19) yields a = nt — 2nm. In order to produce the right number of
terms for a possible comparison with (B.1]), we have to split the sum in the Lh.s. of ([L.21])
into two new sums — over even and odd k. Then the Lh.s. of ([[.21)) acquires the form

oo

2 _
Z qk (6a+12b) (qk(a 4b) | qk(7a+8b)+2a+b _ qk(a+8b)+b o qk(7a+20b)+2a+8b)

)

k=—o00

which, upon substitution of the explicit values for ¢ and b and the relation s = 6n, becomes

i qstk2 (qk(nt—ms) + qk(nt—m5+st)+2nt—3nm o qk(nt+m5)+nm _ qk(nt+m5+st)+2nt+4nm) ]
k=—o00
We see that the first, second and third terms here exactly match the first, fourth and

second terms on the r.h.s. in (B.1)), respectively. Making the shift k — k — 1 in the last
term, we achieve that it coincides with the third term in (B.1). This completes the proof.

Appendix C

Here we will prove the following statement: the factorization of the difference of two
minimal Virasoro characters in the form
hs,t _c(;:lt) hs,t _c(sit)
n,m st Ah ~sit q'mm 24
(%ot (@) = A" () =
I {zi},

st St :q
Xoom (@) = Xs=n,m (@) = (C.1)
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where 0 < 21 < ... < zy < b, is up to the symmetries ([[.§) only possible for s = 3n,4n, 6n.
Here Ah stands for ARy, defined in (R.19), and we assume n < s/2, m < t/2, so that
Ahf;fm > 0.

Our argumentation goes along the lines of the proof for the factorization of single
characters given in [J]. Surprisingly it is enough to investigate the first five terms in the
sum, which for the incomplete character may be identified uniquely

~ 8t (q) -1 qnm _ q(s—n)(t—m) + qts+sm—tn + qts—l—tn—sm 4o (C2)

Xn,m

For the difference of the two characters they read
)Zf{,tm(q) _ thf(zfn,m(Q) =1—q¢" — th + th+m(s—n) + th-i-n(t—m) +.. . (03)

For definiteness we choose sm < nt (so that Ah +m(s —n) < Ah+ n(t —m)), since the
other case may be obtained from the symmetry properties. The negative terms in ([C.9)
allow us to write down the first two factors in the product

Xota(@) — " (@) = (1 —g"™) (1 — ¢ ..., (C.4)

which means that after expanding we will generate a term ¢"" 2" Since nm + Ah <
Ah +m(s — n), we have to include a factor (1 — ¢"™+2") on the r. h. s. of (C.4) in order
to cancel this term. Expanding once more we will generate new terms, which in turn have
to be cancelled by additional factors on the right hand side of (C.4) until we obtain the
matching condition anm + BAh = Ah+ m(s —n) with positive integers  and (3. At first
sight it seems a formidable task to bring some systematics into this analysis. However, it
was observed in [J] that this procedure will terminate when o + 3 = 5. Actually also one
case from level 6 might be possible.
Performing this analysis up to that level, one obtains

1_qnm_th_|_qomm+ﬁAh+”‘ —

(1 _ qnm)(l _ th)(l _ qnm-i-Ah)(l _ q2nm+Ah)

X(l _ qnm-i—ZAh)(l _ q3nm+Ah)(1 _ qnm+3Ah)(1 _ q2nm+2Ah)

X(l o q4nm+Ah)(1 _ qnm+4Ah)(1 _ q3nm+2Ah)2(1 o q2nm+3Ah)2
AU

where in this expression a + 3 > 5. It is the occurrence of the quadratic terms (1 —

¢>rm2ARY2 and (1—¢?"™+34m)2 wwhich allows us to stop at this point, since they may never

be cancelled against factors within (¢)., and we can therefore restrict the investigation to

the cases 2 < a+ [ < 5. Commencing with the case a + 3 = 5 we obtain two matching

conditions, that is for the two smallest powers of the positive terms

sf%—%—%t:Zinm—l-QAh

S
= s5=06n—2m-.
%—%+”§:2nm+3m} t

Since n is positive, m is strictly smaller than ¢, (s,¢) =1 and ¢t = 2m produces zero
on the left hand side of ([C.J), the case a+ 3 = 5 will never produce any solution. We
may also encounter the situation

st ms nt

st ms = 4dnm Ah

st nzs St = s=2>5n and t =6m.
_4_7‘1‘—2 = 2nm+2Ah
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In the remaining possibilities we only obtain one matching condition, that is for p. The
case a = 3 = 2 leads to the condition 2nm + 2Ah = sm — nm + Ah which amounts to

(s —2n)
(6s — 16n)

However, substitution of this relation into the condition sm < nt leads to s(s — 2n) <
n(6s — 16n), or equivalently, (s — 4n)? < 0, which is impossible.
The other cases yield

nm+ Ah = sm —nm + Ah = s=2n,
nm + 2Ah = sm —nm + Ah = $s=2n or t=6m,
2nm + Ah = sm —nm + Ah = s=3n,
nm + 3Ah = sm —nm + Ah = $s=2n or t=4m,
3nm + Ah = sm —nm + Ah = s=4dn,
5nm 4+ Ah = sm —nm + Ah = s=6n.

We observe that we recover the cases we claimed to factorize in the form ([C.4), which
concludes the proof.

Appendix D

We will now provide a sample proof for the identities (B.7)-(B.10). For n = m = 1 some
very involved proof which employs identities of theta functions may be found in [[J].
With the help of the product representations (2.29)-(2.27) such identities may be derived
without any effort. We demonstrate this just for equations (B.9) with the upper sign, the
remaining equations may be derived in a similar way. First of all we notice that

c(3n,2m)

6(477,, 5m) _ h6n,5m o 6(671, 5m)
24 B

c(3n,4m)
24 an2m 24

24

ham — + R — R — . (D.1)
After cancelling (q)%, on both sides of (B.9) for the upper sign we obtain for the left-hand
side upon using ([L.14) (we omit here the labels nm in order to avoid lengthy formulae and

imagine just for now that {z}, should always be understood as {xnm},,,)

~3n.2m [ ~4n,5m ~4n,5m
Xn,m (Xn,m + n,4m)

= ({17) <{1}5{4}5{5}5 {g}; {g}; {;}D

= {183 {28 {1110{6}10{4}10{9}10{5}5 {;}: {g}: {;}:

(wreres (3], {3]) (waemnes {3 {3})
ddm | pdndm) ([ 6n.dm_ c6n,5m

= (Xn,m + Xn,3m ) (X2n,2m - X2n,3771) ’

Here we have used several times the identities ([.14).
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Appendix E

We complement the list started in subsection 3.2 of the Rogers-Ramanujan type identities
obtained by combining our product formulae for (combinations of) characters with the
results of 2T]. We adopt the notations explained in appendix A.

3,4
q1/48X ;

1,1

3,4
q1/48X ;

)

g (xt £xd3)

- 3,4
g%y

)

1/30. 5,6
X1,3

)

q

g (xi’jg + x‘i’jg)

0 q12/2 B 1

— (o {214}5{345)
N Y 1

—~ (q); {6:10} ;{14 7}5

= (£) "/
2 (a)

= {1/2}7,
=0

o B-D/2 X -0z

~ (o = (@ {1}
even odd
i q2(l§+l§+lllg)/3 _ q2/3
L (@)1 (D)1, {1;2}5{6;9}15
l1+2lp=741(mod 3)
2
¢ {3: THo

(@ {1345:6;9},

even

<t {28,

—~ (q) {1;4;5;6;9}7,
odd

< () g {Y4)E,{9/4),
= (4 {L435{5/2}5,,

More identities will be given elsewhere [B1].
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