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The finite-size corrections, central charges ¢ and conformal weights A of L-state
restricted solid-on-solid lattice models and their fusion hierarchies are calculated
analytically. This is achieved by solving special functional equations, in the form of
inversion identity hierarchies, satisfied by the commuting row transfer matrices at
criticality. The results are all obtained in terms of Rogers dilogarithms. The RSOS
models exhibit two distinct critical regimes. For the regime III/IV critical line, we

find ¢ = 1% [1 — %fi_;” where L = r — 1 is the number of heights and p = 1,2, ...

is the fusion level. The conformal weights are given by the generalized Kac formula

_ [rt=(r—p)s]*~p* | (so—1)(p—s0+1) _ C4 )
A= pr(r—p) T Ozp(p+2)° where s =1,2,...,r—1;t=1,2,....,r—p—1;
1 <sy<p+1land s)—1= =£(t—s) mod 2p. For p = 1,2 these models are

described by the unitary minimal conformal series and the discrete superconformal

series respectively. For the regime I/II critical line, we obtain ¢ = Q%VJ:;) and
A= 41((11\;2%) — % for the conformal weights, independent of the fusion level p, where

N=L-1,1=0,1,...,. N—land m=—I[,—1l+2,...,l—2,]. In this critical regime
the models are described by Zy parafermion theories.

1 Introduction

In 1984 there appeared a remarkable series of papers [1,2,3,4]. In these papers, the
unitary minimal conformal field theories with central charge ¢ < 1 were completely
classified into a discrete series with central charge

6
=1—-— L=3,4,5,... 1.1
c L(L + 1) ) 3’ 7 57 ( )
and conformal weights given by the Kac formula [5]
[(L+1)t—Ls]* -1
AL(L + 1) ’

A = 1<t<L—-1,1<s<L, s<t (1.2)
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Moreover, it was shown that the members of this series are realized as the critical
continuum limits of an exactly solvable family of L-state restricted solid-on-solid
(RSOS) lattice models introduced by Andrews, Baxter and Forrester (ABF). More
precisely, this observation applies to the critical line separating regimes I1I and IV of
the RSOS models. These models lie in the universality classes of generic multicritical
Ising models. The critical line separating regimes I and II, on the other hand, appears
to be described by Zy parafermion theories [6] with central charge
2(N —1)

= —" N=L-1=23,4,... 1.3
C N—}—Q’ P R ( )

and conformal weights given by

I(1+2) m?
A= —— — — — 1.4
4(N+2) 4N (1.4)
where
[=0,1,..., N, m=—l,—1+2,....,1—2,1. (1.5)

It is important to extend these observations to the fusion RSOS(p,q) models
[7,8,9]. These lattice models, obtained by fusing p x ¢ blocks of face weights together,
are related to coset conformal field theories obtained by the Goddard-Kent-Olive
construction [10,11,12]. For the case p = ¢, Bazhanov and Reshetikhin [9] have
obtained the central charge (1.3) independent of p on the regime I/II critical line and

o 2]

Cp+2 r(r —p) (16)

for the central charge on the III/IV critical line. Based on corner transfer matrix
calculations and a correspondence principle, the Kyoto school [7] also conjecture the
conformal weights are given by

Crt=(r—p)sP—p*  (so—1)(p—so+1)
8= Apr(r — p) " 2p(p +2)

on the regime III/IV critical line where r = L + 1, p = 1,2,... is the fusion level,

(1.7)

s=1,2,....,r—1,t=1,2,...r—p—1 (1.8)
and sg is the unique integer determined by
1<sp<p+1, s9—1==%(t—s)mod 2p. (1.9)

For the regime I/II critical line, their results suggest that (1.4) holds independent of
the fusion level p = gq.

In this paper we confirm all of the above results by direct analytic calculation of the
finite size corrections [13,14] to the eigenvalue spectra of the row transfer matrices for
these lattice models. This is achieved by generalizing the analytic methods recently
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introduced [15,16] to obtain the central charges and scaling dimensions of critical hard
hexagons and tricritical hard squares. These particular models are a special case of
the general RSOS models with p = 1 and L = 4. The key step in the calculation is
to establish special functional equations for the eigenvalues in the form of inversion
identity hierarchies. These equations, which are exact for finite size, extend the usual
inversion identities [17,18,19] to the fusion RSOS(p, ¢) models.

The layout of the paper is as follows. In Section 1.1 we discuss conformal in-
variance and summarize the expected modular invariant partition functions for the
RSOS(p, ¢) models. Explicit expressions are also given for the branching coefficients
and string functions that enter these formulas. The significance of the modular in-
variant partition functions derive from the fact they are the generating functions of
the finite-size scaling spectra of the row transfer matrices at criticality. They en-
capsulate complete information on all the eigenvalues and their degeneracies. Some
preliminaries concerning the row transfer matrices of the RSOS(p, ¢) models are pre-
sented in Section 2. In particular, the critical RSOS(p, q) lattice models are defined
in Section 2.1 and Section 2.2 introduces the inversion identity hierarchies satisfied
by the row transfer matrices of these models. The zeros and poles of the row transfer
matrices are discussed in Section 2.3 and their asymptotics in Section 2.4. The details
of the calculations of the central charge and conformal weights in the critical regimes
III/TV and I/II are presented respectively in Sections 3 and 4. The paper concludes,
in Section 5, with a brief discussion.

1.1 Modular invariant partition functions

The partition function of a lattice model on a finite M x N periodic lattice or torus

can be written as
Zun = exp(—=MN f)Z(q) (1.10)

where f is the bulk free energy and Z(q) is the universal finite-size partition function
with modular parameter ¢. In terms of the eigenvalues

A, =exp(—E,), n=0,1,2,... (1.11)
of the transfer matrix T, the partition function is

Zun=TeTY =3 AN =3 exp(—ME,). (1.12)

From conformal invariance, the leading finite-size corrections to the energy levels E,
take the form [13,14]

e .
EO = Nf—G—NSIIl??
2m . .

E,—FEy = N(xnsmﬁ—i—zsncosﬁ) (1.13)

where Fj is the groundstate energy. The angle ¥ is determined by the spatial
anisotropy [20]. For the III/TV critical line it is given by ¢ = ru. The scaling
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dimensions z, and spins s, of the various levels, corresponding to different scaling
fields, are given by

T, =A+A+k+k s, =A-A+k—k (1.14)

where k, k are integers and (A, A) are the conformal weights of the primary operators.
In this paper, it turns out that the primary operators all have zero spin s = 0 so the
scaling dimensions in this case are just given by z = 2A.

The precise form of the finite-size partition function Z(q) is constrained by mod-
ular invariance. For the ABF models on the regime III/IV critical line, this modular
invariant is given [21] as a diagonal sesquilinear form in Virasoro characters

Z(q) = XA: xa(g)” (1.15)

where the sum is over the conformal weights in the Kac table (1.2) and the modular
parameter is given by

M
q = exp(2miT), T= expli(m — V)], U = ru. (1.16)
The Virasoro characters are defined by

xa(q) = xa..(q)

_ q_c/%Q(q)_l Z 4r(r—1) —q 4r(r—1)

n=—oo

00 [2r(r—1)n+rt—(r—1)s]>—1 [2r(r—1)n4rt+(r—1)s]>—1
q (1.17)

where
Qa) =110 ~¢") (1.18)

and the central charge is
6

B r(r—1)

The modular invariant partition function for the fusion RSOS(p, p) models on the
regime II1/IV critical line is a diagonal sesquilinear form in branching coefficients

Z(q) = Y |buses(a)|* (1.20)

tsos

c=1 (1.19)

where the sum is over the generalized Kac table
s=12,...,r—1, t=1,2,...r—p—1 (1.21)
with the integer sg determined uniquely by the conditions

1<sp<p+1, s9—1==£(t—s) mod 2p. (1.22)



The modular parameter ¢ is independent of p and is given by (1.16) with ¢ = ru.
The branching coefficients are defined [7,8] by

2 2 2
J1 o, J2 7 1

bj1j2j3(Q) = q4m1+m_m_§Q(q)_3 Z (Z(l) B 2(2))

€1,e2=%1 \k,n1,n2 k,ni,mno
« (_1)’64—%qk(k—l)/2+k(j3+1)/2+2?:1[kez'(mini+ji/2)+mm?+jmi] (1‘23)
where
mi=r—p, Mme=p+2 m3=r (1.24)

and the two sums are restricted to values of k, ny, ny satisfying

. +1 2 ./l;
Z(l): k>E&+1, n§J32 +Zei(mmi+]§)ez

2(2): k<Eg, 7]—12‘]3; +> e(mmn+2)eZ. (1.25)

The integers £ = £(e1,n1) and n = n(e1,n1) can be chosen arbitrarily for fixed €; and
mni.

The modular invariant partition functions of the fusion RSOS(p,p) models on
the regime I/II critical line are independent of p and given by the A type modular
invariant of Gepner and Qiu [22]

Z(q) = %ZZ e (q) (1.26)

where ¢! (q) are su(2) string functions of the Zy parafermion algebra [6] and the sum

is over [, m satisfying
0<I<N, 0<m<2N, I,meZ, [—m=0mod?2. (1.27)

The modular parameter is again given by (1.16) only now the effective angle 9 is

given by

2(N 4+ 2)u
N

where —F + 5 < u < 0. For =l < m <[, the su(2) string functions are given

explicitly [23] by

Y= — (1.28)

1(1+2) _m2_ ¢

G(q) = Qg) Pgaven AN T2

q

i (_1>s s(s+1)/24+(4+1)n+(I+m)s/2+(N+2)(n+s)n
s> n<0

) (_1)Sq5(5+1)/2+(l+1)n+(lfm)s/2+(N+2)(n+5)n (1.29)
<0
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where the central charge is

2N — 1)
=T N=L-1=234,... 1.
=55 3,4, (1.30)

These definitions are extended to other values of m by the symmetries

o _ 1 _ N-l
Cn = Cpy = CerQN = CN_m- (131>

The conformal weights are immediately seen to be

(t+2) m?
A= ——vn— — ——. 1.32
4N +2) 4N (1.32)
For N = 2 and 3 these forms reproduce the known modular invariant partition

functions and conformal weights of the Ising model and the hard hexagon model.
In the latter case, the modular invariant partition function is precisely the same as
for the 3-state Potts models as is expected on universality grounds. In particular, for
the Z3 models, the string functions coincide with the characters of the W3 algebra
and are simply related to the Virasoro characters

08 = Xo + X3, c% = X2/5 + X7/5, = X2/3) ¢ = X1/15 (1.33)
so that
Z(q) = |el*+ 1] + 2|3 + 2|e
= Ixo+x3” + Ixess + Xxs5 + 2]x2/3]% + 2x1/15]% (1.34)

The modular invariant partition functions are the generating functions for the
finite size scaling spectra of the row transfer matrices at criticality. When expanded
in a small ¢ expansion, these functions tell us not only the various energy levels that
occur but also their degeneracies. The functional equations that we solve in this
paper, on the other hand, give us the various energy levels but tell us nothing about
the degeneracies. Of course, it is relatively easy to identify the degeneracies of the first
few relevant levels by comparison with numerical results as was done, for example,
in the study of hard squares and hexagons [15,16]. In general, however, it remains
an open problem to calculate the degeneracy of arbitrary levels directly for solvable
lattice models.

2 Transfer Matrices and Inversion Identity Hierarchies

2.1 Critical RSOS(p, q) lattice models

The restricted solid-on-solid models of Andrews, Baxter and Forrester [3] are IRF or
interaction-round-a-face lattice models [24]. The heights or spins a, b, ¢, d etc. at each
site of the square lattice take the values 1,2,..., L. These spins are subject to the
nearest neighbour constraint a —b = 41 for each pair of adjacent spins a, b. The spins



therefore take values on the Dynkin diagram of the classical Lie algebra A, as shown
in Figure 1. The statistical weight assigned to an elementary face of the lattice is
zero unless all four pairs of adjacent spins on the edges are allowed. The weights of
allowed faces are given by

d c _sin(A — u) sinu [S8.5¢ ga
w ( u) =~ 6(a,c) + s\ 5,5, o 5(b,d) (2.1)

a b
A=n/(L+1), Sa = sinaA. (2.2)

The spectral parameter u is related to spatial anisotropy, A is the crossing parameter
and 6 is the Kronecker delta. The factors g, are arbitrary gauge factors that cancel
out on a periodic lattice. On the regime III/TV critical line the spectral parameter lies
in the interval 0 < u < X while on the regime I/II critical line the spectral parameter
lies in the interval —5 + A < u < 0.

The face weights of the fused RSOS(p, ¢) models, with max(p,q) < L — 1, are
obtained by the fusion process illustrated graphically in Figure 1. This procedure only
works for the special choice of gauge factors g, = (—1)%2. Explicitly, the RSOS(p, ¢)
face weights in this gauge are given by

where

a b a2 1 a b
e [ Sett P g ) = T s (u) ™! e [ TR TRy 4 (B — 1)A
(ot ) = T 2 Do (%t % e e
(2.3)
independent of the values of the edge spins bs, ..., b, where
— sinfu + (kK — j)A]
2.4
1;[ sin A (24)
and the p x 1 face weights are given in turn by
by b b
1 w % O Ly k). 2.5
<G1 Ap+1 a2;ap kl_[l Ak+1 ( P) (2:5)

independent of the values of the edge spins bs,...,b,. For the RSOS(p, ¢) models,
adjacent spins or heights are subject to the constraints

0<(a;—aj+m)/2 <m, m<a;+a; <2L—m+2 (2.6)

where m is equal to p for a horizontal pair and ¢ for a vertical pair.

2.2 Inversion identity hierarchies

The RSOS(p, q) lattice models are exactly solvable. In particular, the fused face
weights satisfy the generalized Yang-Baxter equation
')

}:mw&<£ g u>wm8<; Z‘u+v>mwﬁ<j ’

g

ZZWq’S<e g‘v)WW(g C‘u+v>W”’q<e d
" f a a b g c

7

u>. (2.7)



This is an immediate consequence of the elementary Yang-Baxter equation satisfied
by the 1 x 1 face weights and leads to commuting transfer matrices. Suppose that a
and b are allowed spin configurations of two consecutive rows of an N column lattice
with periodic boundary conditions. Then the elements of the RSOS(p, q) row transfer

matrix are given by
u) (2.8)

where ayy1 = a; and by, = by. Specifically, the Yang-Baxter equations imply the
commutation relations

<a|qu prq< J bj+1

aj  Ajy1

TP(u)TP? (v) = TP (v)TP9(u). (2.9)

Thus if p is held fixed we obtain a hierarchy of commuting families of transfer matrices.
Bazhanov and Reshetikhin [9] have shown that the fusion hierarchy satisfies the
functional equations

T = fP P04 TR (2.10)

TETY = [T LT (211)
where

TP = TP(y + k), fr= [SZ]N' (2.12)

The equation (2.10) is just the usual inversion identity [17,18,19]. It is just a special
case of the other equations (2.11) if we define

T '=0, TH = /"I (2.13)
The RSOS(p, q) transfer matrices satisfy the symmetry
T =YT %Y ¢=1,2,....,r—3 (2.14)

where r = L + 1 and Y is the height reflection operator
(a]Y'|b) = ]‘[5 a;,r —bj), [T(u), Y] = 0. (2.15)

It follows that the fusion hierarchy closes with Th" ™' =0 and T5" % = f*,Y
Starting with the fusion hierarchy we derive new functional equations

THOTY = f7 fP1 + THH Tt (2.16)

These functional equations are easily established by induction from the fusion hierar-
chy (2.11). For ¢ = 1, (2.16) is just the usual inversion identity which is a special case
of (2.11). We will assume that (2.16) holds with ¢ replaced with ¢ — 1 and deduce
that it also holds for ¢. Let us consider the equality

Th (T T = (Th Ty Ty (2.17)



which follows from commutativity. Applying the fusion hierarchy to the terms in
brackets we obtain

TETE 4+ [T = (T6 + LT Tt )
Expanding, rearranging and using the induction hypothesis now gives
4P, G+ 1p,g—1 4—1p,g—1 ArPa—2
LATIT = ST T T e
= foa TS T T (2.19)

which yields the desired result after cancelling out f; ;.
If we further define

Tp,qflTp,qH
the="Lt "0 = 1<g<r-3 (2.20)

g T T

Then these equations can be recast in the form

AR VI D

thi? =
JoIa 2 i
remm g ae
fo 4 fP i
= [T+ 27 [T+ 5" (2.21)
where
th? = th"* = 0. (2.22)
We call the set of equations (2.21) for the quantities t*? = t? with p fixed and
q=1,2,...,7r — 3 an inversion identity hierarchy. We wish to solve these equations
subject to periodicity
TP (u) =T P (u+m), tr(u)=1t""(u+m) (2.23)
and the crossing symmetry
TP (u) =T (-u+ (p— @A), " (u)=t"(-u+(p—q+1)A) (2.24)

where the bars denote complex conjugation.

It is interesting to observe that equations of the form (2.21) have arisen in the work
of Zamolodchikov [25,26] and others [27,28,29] on the thermodynamic Bethe ansatz.
We also point out that, although in this paper we are concerned with the inversion
identity hierarchy (2.21) at criticality, these same equations hold off-criticality for the
elliptic solution [3] of the Yang-Baxter equations.



2.8  Zeros of the transfer matrices

In the previous subsection we dealt with the algebraic properties of the hierarchy of
transfer matrices T9(u) = T?%(u) and associated matrices t7(u) = t79(u). These
relations are quite general. They apply to both critical regimes and to all eigenvalues
which we denote by T%(u) and t?(u). Here we regard p as fixed and suppress it
in the notation. We will continue to suppress the fixed index p in much of what
follows. In the sequel the largest eigenvalue of T?(u) and the related eigenvalues of
the fusion hierarchy are referred to as the ground state of the model. The next-largest
eigenvalues are called excitations.

To exploit the information provided by the inversion identity hierarchy we first
have to characterize the thermodynamically dominant eigenvalues. These differ in
the two critical regimes. This characterization is analytic in nature and consists of
identifying the analyticity domains of the eigenvalues T%(u) of the ground state in
regimes I/II and II1/TV, respectively. We find that T9(u) is analytic in the following
strips

regime I/11

P—q r—1 P—q A
5 A 5 A < Reu < 5 A+2 (2.25)
regime II1/IV
pP—q A P—q A
i 1 Z. 2.2
5 A =5 <Rew< TS+ 37 (2.26)

For ¢ = p these contain the physical strips of the model in the respective regimes.
Inside these analyticity strips the ground state eigenvalues 7%(u) do not possess any
zeros apart from those which are imposed by the parametrization of the Boltzmann
weights. These zeros appear for all states. They are of order N and have fixed
locations independent of the state under consideration

{Aoy(p=g@A} for 0<g<p-1
{=g\, ... —(P+ DA} for p+1<qg<r—2 (2.27)

where p’ = r — 2 — p. This is derived recursively from T°(u) = f*; = f_1 = f(u — \)
where

fuwzzﬁlgﬂgigiq (2.28)

by employing the relation
T3TY — [ty

q+1 _
TO - qul
1

(2.29)

The second line in (2.27) is obtained from the first one by recalling that Tf = +T, q‘il
where ¢ = r — 2 — ¢ which follows from the symmetry (2.14).

From (2.25),(2.26) and the definition (2.20) we find the following analyticity strips
for t7(u):

10



regime I/11
p—q r pb—q
5 A 2>\ < Reu < 5 A (2.30)

regime I11/IV

]%)\—/\<Reu< Z%HA. (2.31)

For the zeros and poles of t(u) we have to distinguish several cases. If p < £ — 1 we
have five subcases
MH1<g<p-1

zeros: ()

poles:  {—g\,...,=A}U{(p—q+ DA, ...,pA} (2.32)
() g=p

zeros: {0}

poles:  {—=pA, ..., =AY U{A\, ...,pA} (2.33)
) p+1<qg<p -1

zeros: ()

poles:  {—q\ ...,(p—q— DATU{\ ...,pA} (2.34)

(IV) g =17

zeros:  {—(p'+1)\}
poles:  {=p'A,...,(p—p — DA}U{\, ...,pA} (2.35)

V) p+1<q<r—3

zeros: ()
poles:  {=p'A,...,(p—qg—DAPU{N ..., (r—q—2)\} (2.36)

This is compatible with the symmetry of 74

Y= (-0t d=r-2-g (2.37)

T

For the case p > § — 1 the zeros and poles of order N can be obtained from the

previous case and the relation
the=thd,  p=r—2-p (2.38)

The zeros and poles in the marginal case p = 5 — 1 are also given by the above list.
In this case we have to observe that range (III) does not exist. Also ranges (II) and
(IV) coincide. The set of poles in this case is as given above but the set of zeros is

{0, —(p+ 1)A}.
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2.4  Asymptotics of t?

The first information we will gain from the inversion identity hierarchy are explicit
formulas for the asymptotics t?(+ioco) which we will denote by t% as a shorthand. In
the limit under consideration, (2.21) reduces to

(t,)* = [1+ 241 [1+ 2] (2.39)
with the closure condition
0 =t2=0 (2.40)
Let us write t! as
. sin3f
= 241
> sind (241)

with 6 to be determined. Using (2.39) as a recursion relation for t2! we then derive

_ singfsin(q + 2)0
B sin? 6

in? 1)
g o Snlat Y (2.42)

tq
sin’ @

oo

for all ¢ > 0. The closure condition (2.40) imposes the quantization

m;m
0= ;, m;j=1,2,...,r—1. (2.43)

This is consistent with the braid limit [30]

. N
sin A m;m
li —— ) TP u) =2 — 2.44
I so (sin(u — )\/2)> (u) cos( r ) ( )
where m; are the Coxeter exponents. Indeed this gives
TT?
e im 0
Imu—+oo fflff
TAT} in 30
= lim 0L 1 —dcos?f—1= "0 (2.45)
Imu—+oo f—lfl sin @

with 6 given by (2.43).

3 Calculation of finite size corrections for regime III/IV

In this section we treat the regime III/IV critical RSOS models. These series contain
the minimal unitary series and the superconformal series and are therefore of consid-
erable interest. Perhaps more importantly, regime I1I/IV is much simpler to handle,
mathematically speaking, than regime I/II which we treat in the following section.
First off in this section we determine the bulk behaviour of the functions ¢?(u) in
the analyticity strips (2.31) for the ground state. We also derive integral equations
for the correction functions from a closer inspection of the inversion identity hier-
archy. Next we extend this analysis to all relevant excited states. We identify the
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amplitude of the 1/N finite-size corrections and derive an expression for it in terms
of Rogers dilogarithms. The asymptotic values of the eigenvalue functions derived in
Section 2.4 play a special role. An explicit formula for the central charge is obtained
in Section 3.4 and the analogous calculation for the primary excited states is given in
Section 3.5.

3.1 Bulk behaviour and integral equations for the largest eigenvalue

Reference to Section 2.3 shows that the analyticity strip for t?(u) contains a zero of
order N at uw = 0 and poles of order N at u = £X. All other functions t?(u) are
analytic and non-zero (ANZ) in their analyticity strips. We find that the leading
bulk contributions to the eigenvalues for large N are given by

constant, q # p,

) = { (31

constant - [tan %u}N , =p.

(Clearly this is consistent with the observed zeros and poles. The constants are to be
adjusted so that (2.21) is satisfied. The calculations are similar to those performed
for the asymptotics of the eigenvalues. For 1 < ¢ < p — 1 we find

sin go sin(q + 2)o sin?(qg + 1)o

o= 1+t 4= 3.2
bulk Sl o v L fhu Sl o (3:2)
with the quantization
m'm
— =12, . p+1. 3.3
o= T b 33
Analogously, for p+ 1 < g < r — 3 we obtain
sin(q — p)Tsin(q — p + 2)7 sin?(q —p+ 1)7
o= R T - 3.4
bulk Sz bulk S 7 (3.4)
where ,
m/lm
rT=—2— ml=12...,r—p-—1 (3.5)
r—p
Lastly, we find that
N
tho(u) = £4dcoso cosT {tan gu} (3.6)
For the largest eigenvalue, the appropriate choices are § = T, 0 = 75 and 7 = .=

for (2.42), (3.2) and (3.4). This is consistent with the application of the Perron-
Frobenius theorem and positive asymptotics. The other choices will correspond to
excited states.

It is useful to introduce functions of a real variable by restricting the eigenvalue
functions to certain lines in the complex plane

al(z) = t? (%x - ?)\)
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Ai(z) = 1+ a%(x). (3.7)

The inversion identity hierarchy (2.21) can then be rewritten in terms of the new
functions as

al (x - @%) al <Jf + 2%) = AN (2)AT (z) (3.8)
We introduce finite-size correction terms (9(z) by writing a?(z) as
(), q# P
q —
a'(z) = {tanhN (2)-r(@). q=p. (39)

All the functions [9(z) are analytic, non-zero in —7 < Imx < 7 and possess constant
asymptotics for Rex — +oo (ANZC). They satisfy the functional equation

2 (x - zg) 2 (x + %) — AT () AT (2) (3.10)

Due to the ANZC properties of [? and 2(? we can introduce Fourier transforms of the
logarithmic derivatives

1 yoo .
Lak) = 3. /_ de[ml(@)) e
ni(z)] = / dk L9(k)e™= (3.11)
with analogous equations for A7.

Applying Fourier transforms to the logarithmic derivative of (3.10) we obtain

Li(k) = S S AT k) + !

™ [ T T
e2k 4 e 2k e2k 4 e 2k

ATHE). (3.12)

Transforming back we find a double integral whose order can be interchanged. The
k-integral can then be evaluated using

i T = . 3.13
[00 e2® + e 2% cosh(z —y) (3.13)

Thus we obtain

[ 2] (y) [ ] (y)

In19(z)] = '
[In ()] o Yor cosh(z —y) J-oo Yor cosh(z — y)

(3.14)

Integrating this equation and recalling (3.9) we obtain the nonlinear integral equation
Ina?=Ine? +k+InA7" + kx InAH! 4 DO (3.15)

where

I N

1, q#p,
e(x) := {tanhN tog=p (3.16)

2
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and the kernel k(x) is defined by

1
k = 3.17
(z) 27 cosh x ( )
The convolution f * g of two functions f and g is defined by
(Fr9)@)i= [ fla=wgdy= [ F@)glx —y)dy (3.18)

If we are only interested in the bulk behaviour we can substitute the functions 207 by
constants. In this limit, the integral equation (3.15) reduces to (3.1) as is expected.
The set of integral equations (3.15) with ¢ = 1,2,...,7—3 can be cast into a more
compact matrix form
la=le+Kx*IA+D (3.19)

where the (r — 3) x (r — 3) matrix kernel

010 ... 00

1 01 ... 00

010 ... 00
K=k | . . . . . . (3.20)

0 0 O 0 1

0 0 0 10

has the symmetry

K'(y — )= K(z —y). (3.21)

This symmetry is a keystone of our analytic treatment of finite-size corrections.

3.2  Excitations

Low-lying excitations have the same bulk behaviour as the ground state. The differ-
ence lies in the fact that the eigenvalue functions now possess a finite number of zeros
in the analyticity strips which were free of zeros in the ground state. Let us consider
one such zero of one particular function 7%(u). Empirically, this zero is located on
the line Reu = ’%“A which is a symmetry axis. We write this zero as ug + %)\. Ac-
cording to (2.20) the functions ¢9~!(u) and 9™ (u) have zeros at ug + 3 and ug — 3 A,
respectively. From (3.7) we see that a?~!(z) and a?™(z) each have a zero at the same
real number xy. Similarly, (2.16) which takes the form

T = f-ofq L+ t] (3.22)

implies that 14¢9(u) has a pair of zeros ug+ 3. Using (3.7) again, we see that 2/(z)
has a pair of zeros xg + 7i.

Next we describe the derivation of integral equations for excited states. Let us
consider (3.8) and assume that a?(z) has a zero xo and A% () or A?™(z) has a pair
of zeros xg &= §i. We follow the reasoning of the last subsection, but we have to take
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care since the simple ANZC properties do not hold anymore. It is still possible to
define the Fourier transforms L4(k) and A%(k) by the first formula of (3.11). However,
we have to use a modified integration path £ which follows the axis Im x = 7/2 closely
from below and avoids x¢ + 5 from above as shown in Figure 2. Applying this to the
logarithmic derivative of (3.10) we obtain on the left hand side

e%k/ dz [In1(x)] e ““Jre*%’f/ dz [In19(z)] e
c_ Ly

— (e? + e2* /dm [In17(z)]) e~ (3.23)
L

where Cauchy’s theorem can be applied since [9(x) is ANZC between £, and £_. As
before we derive (3.14) where z is a point on £ and the y-integration is along £. The
order of the intermediate double integral can be interchanged because | Im(z — y)| <
7 /2 for any x and y on £ which renders the k-integral convergent. Finally, we obtain
(3.15) and (3.16) but the convolution is modified to

(f *9)( / f@=y)g(y)dy = /_ﬁ FW)g(x —y)dy (3.24)
Here we have treated the case where one function a? has a zero zy. The general-
ization to the case where several functions possess zeros is straightforward.
3.8  Finite-size corrections

So far we have transformed functional equations for ¢?(u) into integral equations for
the finite-size corrections. Before continuing the investigation of these equations let
us pause to express the finite-size corrections for 7% in terms of the functions 7. To
achieve this we treat the relation

T ()T (w + ) = fu—N)f(u+g\) [1+t9(u)] (3.25)

in the manner developed in previous subsections. Let T, (u) describe the bulk
behaviour of T9(u) in its analyticity strip (2.26). It has to satisfy the relation

Toan (W) Ty (u +A) = f(u—A) f(u+g)) (3.26)
We define the finite-size correction T¢ ;.. (u) by
T(u) = Tou(w) - Thyee () (3.27)
Inserting (3.27) into (3.25) and respecting (3.26) we find
T e ()T o (w4 A) =1+ t9(u). (3.28)
Again it is useful to introduce functions of a real variable by restricting the eigen-
value functions to certain lines

bq(x) = Tf(iznite (%ZE + (329)

ZL—H)\)
2
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Applying (3.28) we obtain

b (:p - zg) b (m + zg) = A (z). (3.30)
In the case of the ground state the functions 2A? and b? are ANZC. Taking the
logarithmic derivative of (3.30), and introducing Fourier transforms, we are able to
express b? in terms of 2AY

Inb? =k InA¢+ C9 (3.31)

where C7 are integration constants. In the case of excited states we have to take care
of zeros in the analyticity strips. Let 2o be a zero of b%(x) and x¢ £47 be the zeros of
2A7(z). We can still derive (3.31) but with (3.24) as the definition of the convolution.
The integration constants in (3.31) can be calculated from the asymptotics of 2A? and
b?. In this asymptotic limit (3.31) becomes

1
Inb! = 5 InAl + C? (3.32)

where we have used [ k(z)dz = 1/2. For each ¢, C9 is a multiple of 7i so it does
not contribute to the 1/N corrections.

We return to the discussion of the nonlinear integral equations (3.15). The only
place where the system size N enters is through the function e?(z) = tanh”™ 5. This
function has three asymptotic regimes with transitions in scaling regimes when x is
of the order of —In N or In N. In these scaling regimes the function takes the form
of a double exponential

el (x) := ]\}Lnéo e’ (£(z +1InN)) = exp(—2e77). (3.33)
It is natural to assume that the functions a? and 2? scale similarly. We therefore
expect that the following scaling limits exist

al(zr) = ]\}i_lgoaq (£(z+1InN))
Al(z) = ]\}E{l}omq (£(z+InN)) =1+ al(x). (3.34)

In this scaling limit, (3.15) takes the form
la? = le? + k * [AT + k + [ATT + D1 (3.35)

where we suppress the subscripts + and use the abbreviations

la?(z) = Ina%(x)
[A(z) = InA%x)
le9(z) = {%26—1‘, Zf? (3.36)

For the moment we disregard the integration constants in (3.31) and focus on the
finite-size corrections to b?(x) which, for fixed z, are of order 1/N
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Inb?(z) = (k*xIn2AP)(z)

1/00 In2AP(y + In N) In2A’(—y —In N) (1>
— dy +o | —
27r mN | cosh(z —y —lnN) cosh(z +y+1nN) N

= ey + S /_ A (y)dy +o (%) (3.37)
Two remarks concerning (3.37 ) are in order. First the last integrals exist since,
for y — —oo the function [AP(y) = In (1 + a”(y)) tends to zero faster than any ex-
ponential, cf. (3.35) for ¢ = p. Second, if we replace p by some ¢ # p then
the last integrals will not converge because [A(—occ0) # 0. Even a subtraction
[A9(y) — [AY(y) — [ A%(—o0) in the second line does not help since the rate of decay is
unlikely to be sufficient. So the finite-size corrections of b?(z) with ¢ # p are almost
surely of lower order than 1/N.

In the case ¢ = p the integrals not only exist but it is actually possible to eval-
uate them explicitly without solving the integral equations! This remarkable fact is
essentially a consequence of the special symmetry (3.21) of the kernel in the integral
equations. Multiplying the derivative of (3.35) with A%, and (3.35) itself with (1A%)’,
taking the difference, summing over ¢, and finally integrating we find

Z / [(1a7) 147 — 107 (1A%)] da

_ Z / ~ [(1e7) 147 — (17 + D) (14%)] da (3.38)

qg=1""

where the contributions of the kernel cancel due to the symmetry. The right hand
side simplifies to

/_ o:o (1) 147 — 1e» (1L47) | do — f /_ O; D7 (1A% dx

r—3 OO
—4 / e T IAP(z)dz — 3 DAY (3.39)
q=1 —o0

The left hand side of (3.38) can be evaluated after changing the variable of integration
from z to a, hence

o0 1 T— 3 1 q 1 q 1 r—3 o0
2 [ enar)de / n(lrat)  Ina® | oo 1N~ oy
—00 ]_ + a4 2 g=1 oo
1 r—3 o
- Z L, (aq) +5 2 DIIAT (3.40)
q=1 —00 q 1 —00

We have introduced the dilogarithmic function L, (a) related to the standard Rogers
dilogarithm L(a) by

L+(a)_L<1ia)_L<1_1J1ra>_L(1>_L<1j—a) (3:41)
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Lastly, we obtain

2/ e~ AP (1 ZL(Aq)

where the constants DY are given in terms of the asymptotics by

+ = Z DIl A1 (3.42)

—00

‘oo 17“3 00

1 1
D? = lag, - JIALY — S1AL (3.43)

3.4 The central charge

Before evaluating the right hand side of (3.42) for all primary excitations it is a
worthwhile exercise to first calculate the central charge. The asymptotics of a? and
A% are given by those of t? and its bulk behaviour, i.e. (2.42), (3.2) and (3.4) with

0 =7 0= "5 and 7 = . From (3.43) the integration constants vanish, D? = (
p+2 r—p

for all q. Hence

p—1 c 2 2
o0 sin® o sin” T
2/ AP (x)dx = L|{———
o (w)dz 2 (sin2(q—|— 1)o ) )+ Z (sm (g+1—p)r )

g=1 q=p+1
sin® 0
- Z (sm (g + 1)9)

B 3p 6 7T_2
B <p+2 r(r—p)) 6 (3:44)

where we have used the identity [31]

SR 6 e o

™
=y \sin“kT n

which is a special case of a more general identity established in Appendix A. Inserting
this result into (3.37) we find

3p 6p s
In b”(z) = - T cosh 4
nb”(x) <p+2 r(r—p)) o coshe (3.46)

Taking into account the geometrical factor coshz = sin(ru) which is identified in
Appendix B we obtain the result (1.6) for the central charge c.

3.5 The primary conformal weights

In (3.42) and (3.43) the finite-size scaling amplitudes are determined by the terminals
of the functions a? and A9. The precise quantitative dependence of a?(x) on x is
unimportant. However, qualitative features of the paths in the complex plane such
as the way singularities at 0 and —1 are encircled do play a role as these single
out different branches of the dilogarithms. Our empirical observations for tricritical
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hard squares [15,16] reveals quite a simple pattern for the primary excitations. The
points 0 and —1 are surrounded alternately where the winding is in a clockwise sense.
Moreover, the asymptotics (2.42), (3.2), and (3.4) are given by angles

:sﬁ, UZEL, r=t " (3.47)
T p+2 r—op

where s, § and t are integers. These integers are not in fact all independent.
To disentangle this problem let us focus on the functions A? which appear explic-
itly in (3.42). These functions interpolate between the asymptotics

sin’[(q + D)o + ] . sin®[(q + 1)0 + w]

=1,..
I e (T
sin“|(¢g+1—p)T sin“[(¢g+1)0 +w
e — ey ., qg=0p,....,T —3 (3.48)

where we have introduced an angle w which is a multiple of m. This was done for
technical reasons and w will be determined by certain matching conditions. The
homotopy class of A? is given by the concatenation of two paths dy - d;* (first d; in
reversed sense, then dy). The path d; is defined for 1 < g < p by the formula

sin’[(¢ + 1)o + w]
sin? o

. (3.49)

The initial point is given by o = 7/r and w = —7/r. We first increase w along a path
in the upper half plane to its final value. Then o is increased likewise to the final
value (3.47). The path ds is defined similarly through

sin’[(q + 1) + w)]
sin® ’

(3.50)

In the case p < ¢ < r — 3 we use the second line of (3.48) with the initial point given
by 7=0=mn/r and w = —pr/r

This construction may seem strange, but it is a natural way to encode our findings
for tricritical hard squares in compact formulas. The application will be straightfor-
ward as the above prescription will uniquely define the analytic continuations of
dilogarithmic functions of several arguments where the initial points always lie in the
interval (0, 1).

We have introduced four quantities €, o, 7, and w describing the homotopy classes,
although just two of them are independent parameters. The constraints are given by
matching conditions. For ¢ = p we want identical results for the homotopy class of
A? by the two prescriptions. So we have
sin’[(q + 1)o + w] sin? 7

= ph f =0 3.51
sin? o phase o sin? 1 ( )

SHEES 2

phase of

If we set




where | x| denotes the largest integer less than or equal to z, then this relation implies
=(2n+1-3)r. (3.53)

Lastly we want the above prescription to hold also in the case ¢ = r — 2. The closure
condition A"~2 = 1 imposes the constraint
sin?[(r —p — 1)7]

in?[(r —1)0
phase of —5 = phase of sin[(r —3 )0+
sin”“ 7 sin“ 0

(3.54)
From this we get an additional equation for w and a relation between s, ¢ and s

w = (t—s)7
s = s—1t+2n+1

n = r_iJ. (3.55)

D

We are now able to calculate the constants D9 from (3.43)

sin(f + w) _
IH{W}> ¢=1
pi=1{0, l<q<r—3 (3.56)
In {sm[(r;nlge%—w]}, g=r—3

Inserting this and the terminals into (3.42) we obtain
2 [T e
ptl —p— r—1 .9
sin” o sin® 7 sin” 6
- Ll—" N7
kzzjl (sinz(lvaw ) ; (sm kT) k; <sin2(k:0 +w)>
sin? @ sin? @
L|{——7i— L
(sin2(9 + w)) * (sinQ[(r —1)0 + w])

. )
I sin? o 7 sin” 7 L)
sin?(o + w) sin (r —p—1)r
sm (0 +w) |, sin(20+ w) sin(QJ +w)
In In

smé’ sin 0 sin o
o sin((r — 1)0 +w) sm(( —2)0+w) In sin(r —P- 2)T (3.57)
sin @ sin @ sin T

We now apply the identity (A.1) to the sums in this equation. In the resulting

expression we find several simplifications due to the identities (A.6) — (A.13) and are
left with

2 /jo e AP (x)dr = 2(p + 2)ow + (p+ 1)(p + 2)0?

+(r—p—1(r—p)7* —2rw — (r — 1)r6* — 27°n(n + 1) — 3L(1). (3.58)
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Inserting (3.47) into (3.58) we obtain the final expression

2 =2 t2

1
) 1| 72 3.59
P r—p+2+ nn+1)|n ( )

Therefore, from (3.37) and refeqham9, we see that the conformal weights are given
by

1 o s=s=t=1
A= b { / e—szp(x)dx]
2m? e s,5,t
21  £2-1 £2-1 1
_ - _ = 1), 3.60
FTrsy e Sy LU (3.60)

This can be cast into the more standard form

A_lt=0=ps —p* vp—v)

3.61
Apr(r —p) 2p(p+2) (361
where s and t are integers satisfying
1<s<r-—1, 1<t<r—p-1 (3.62)
and
—1
vi=s—1-— F J p. (3.63)
p
This coincides with (1.7) since
(so—L)(p—so+1)=v(p—vr). (3.64)

We mention that the constant C9 in (3.31) is equal to iw. So the lattice momentum
of the state is
Po=w=(t—s)m. (3.65)

4 Treatment of finite-size corrections for regime I/II

This regime corresponds to the Zy invariant Fateev-Zamolodchikov models. The
organization of this section is similar to that of Section 3. The derivation of the
integral equations, however, requires more effort and the structure of the primary
excitations is more involved. Nevertheless, the finite-size corrections to all eigenvalues
of the hierarchy can be calculated in terms of Rogers dilogarithms.

4.1 Bulk behaviour and integral equations for the largest eigenvalue

The main difference between regime I/II and regime III/IV is the occurence of poles
of order N for t9(u) in the strips (2.30). This entails the dominance of t? over 1 on
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the right hand side of the inversion identity hierarchy (2.21). It is therefore necessary
to rewrite the inversion identity hierarchy in the form

149 | |
g = (L= |V | 2Sasr—4 (4.1)
19T 1 1

For ¢ =1 and ¢ = r — 3 we have

thtl 1
t5 to
t’l"*3t7'73 1
: rfil =1 + r—4-° (42)
tl 1

Setting 7 = (29)" for the bulk behaviour we obtain the functional relations
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T _q+1
A"

=1, 1<g<r-3 (4.3)

where we have defined 2° = 2”2 = 1. Obviously the last equation is satisfied by

p=1  §in [ﬁ (u— j)\)}
2 (u) = . 4.4
" Easin[ﬁ(u—@—j)k)] o

It also respects the closure condition in the cases ¢ = 0 and r — 2, and shows the
right pole structure as given in Section 2.3 for the strips (2.30). We conclude that
the solution (4.4) gives the correct bulk terms. Indeed these same expressions are
obtained as the bulk solution of the integral equations we are about to derive. Before
proceeding we note the complex conjugation symmetry

2u) = (=1)P27 (zu+ (p + 1)) (4.5)

which is shared by the functions t7(u).
As in the previous section we introduce functions of a real variable

ai(z) = [tq <r2_r2ix—<q—p+g> g)]_l

Ai(x) = 1+a%(z) (4.6)

where 1 < ¢ < r — 3. Inserting this into the inversion identity hierarchy (2.21) we

find
a? ! (z)a®!(x)

0t (z—i%5) a9 (v +i-%5)
with the closure conditions a® = a™2 = A% = 2A""? = 1. We introduce the set of
functions 19(z) which give the finite-size corrections to a?(x)

= AN 2)AT (z) (4.7)

af(z) = 19(x)/ [2%(2)]" . (4.8)

23



In terms of these functions the functional equations (4.7) read
1971 (2) 19 ()
1 (z —i-Z5) 19 (2 +i-%5)
where [° = ["72 = 1. The functions [%(z) are ANZC in the strip
T T T 7r
— = I — : 4.1
(5+505) <me<(5+;55) (4.10)
Hence, the logarithmic derivatives admit Fourier transforms as in (3.11).
Proceeding as in the previous section we obtain

= AN (2)AT (z) (4.9)

7k

L7 (k) — 2cosh

2L‘1(k) + LT(k) = ATV (k) 4 ATT(k) (4.11)

7"‘ —
where we now have the closure conditions L° = L"2 = A° = A7=2 = (. This set of
r — 3 linear equations can be recast in matrix form as

K, 1 0 ... 0 0 Lt 010 0 0 Al
1 Kb 1 ... 0 0 L? 1 01 0 0 A?
0 1 Ko ... 0 0 L1 o010 0 0 A?
0O 0 0 ... Ky 1 |[L 000 0 1[A
0 0 0 ... 1 Ky)\L7 000 1 0/ \A3
(4.12)
where Ky = —2 cosh[rk/(r — 2)]. Solving for L in terms of A gives
L=K-A (4.13)
If we write -
K=I1+K (4.14)

the matrix K is essentially the inverse of the matrix on the left hand side of (4.12).
The solution is a symmetric matrix whose entries in the upper right triangle are given
by

. 1\ sinh [(r —2 - 1)%} sinh [j%}
K} = —2coth - - <L 4.15
! €0 (T — ) sinh 7k ’ 7= (4.15)
Next we define the matrix K (z) as the transform
K@) = 5 / kK] (k)e'e. (4.16)
T J—o0o

Transforming back in (4.13) we derive the nonlinear integral equation
la=le+ Kx*IA+D (4.17)

where
N

] . (4.18)

el(u) =

o i (305 -0) )
=0 sinh |5 — (%3¢ = § = J) 5
The integral kernel K is symmetric in the sense (3.21). Note that K is now a short-
hand for K(z), it does not denote the matrix in (4.13).
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4.2 FEzxcitations

In this subsection we extend (4.17) to low-lying excitations which have the same bulk
behaviour as the ground state. The difference lies in the occurence of zeros in the
analyticity strips. Let us consider one particular function 79(u) with a zero which we
write as up + 3. According to (2.20) the functions t7~'(u) and 7! (u) have zeros at
up + 3 and ug — 3\, respectively. From (4.6) we see that a?~!(z) and a?t!(z) each
have a pole at the same number zy. Similarly, (3.22) implies that 1 +t?(u) has a pair
of zeros ug £ 5. From (4.6) again we see that A(x) has a pair of zeros g + 5.
If these zeros happen to lie in the strip —7/2 < Imz < /2 we can derive some
qualitative information about the location of the poles of 2(x). The bulk behaviour
of A%(x) is given by a constant 1 which implies that 2%(x) has a pair of poles close
to xo £ 75i. Then of course a?(x) also has a pair of poles in the neighbourhood of
From these conditions we derive two patterns for the poles z? of a?(z). The first
pattern is -

i (4.19)

=0+ Si— (g1
E Y (q )r—2

where xg is a real parameter. These zeros mainly occur in pairs except for ¢ = 1 and
r— 3 where the highest and the lowest pole, respectively, are not allowed. Zeros of the
function 2A%(z) are located at all 2%, even at 21 and 277. An additional termination
condition reads Im 2> = 7/2 and Im 2", = —x /2 which, in fact, is satisfied by (4.19).
The second allowed pattern is derived from (4.19) by taking the complex conjugate
on the right hand side.

Next we describe the derivation of integral equations for excited states. This
follows closely the procedure of the previous section. We define Fourier transforms
Li(k) and A?(k) by the first formula of (3.11). However, we use a modified integration
path £ which follows the axis Im 2 = 7/2 closely from below and avoids zy + 5 from
above as in Figure 3. Applying this to the logarithmic derivative of (4.9) we obtain
on the left hand side

dz [ 197 ()] e~ike / dz [In 19+ ()] e-ike
/E x[n (:17)}6 + A x[n (a:)}e
et / dx [In19(x)] e e — ¢~ 72t / dz [In19(z)] e =
yo Ly
— [ da 1 (@) et / dz [In 1941 (z)] e~=
/L x[r; (m)} e "+ ; x[n (x)} e
—9cosh / n1%(z)] e~ike 4.2
cos 7,_2/~c ﬁdm[nl (x)]' e (4.20)

where Cauchy’s theorem can be applied since [9(x) is ANZC between £, and L£_. As
before we derive (4.17) where the convolution is modified as in (3.24). The general-
ization to the case of multiple zeros is again straightforward.

4.8  Finite-size corrections

Before continuing the investigation of the nonlinear integral equations we express the
finite-size corrections of T through the functions 7. Instead of (3.25) the functions
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T? have to satisfy

T u)T9(u+ )
T (u+ \) T (u)

— Flu— N f(u+ g\ [1 + @] | (4.21)

Let T (u) describe the bulk behaviour of T%(u) in the analyticity strip (2.25). It
has to satisfy
Ty (W) Thu (u + A)
T (w + N T (w)
More interesting than the bulk terms are the finite-size corrections which are defined
by

= flu—X\)f(u+g\). (4.22)

T(u) = T (@) Thiee (). (4.23)
Inserting (4.23) into (4.21) and respecting (4.22) we are left with

Tf(i]nite (U)Tf(iznite(u + A) — [1 + 1 ]
Tiiie(w + N TS (w) t9(u)

(4.24)

Again we introduce functions of a real variable x

A
2

—2 —2
b9(x) = Thiee (TTZSC - (q —p+- 5 ) ) : (4.25)

Applying this to (4.24) we derive

b (v —i%5) 6% (v +i.75)
bqil(l‘)b(ﬁ»l({[)

= A (z). (4.26)

Taking the logarithmic derivative of (4.26) and introducing Fourier transforms yields
a set of linear equations

Ko 1 0 0 0 B! Al
1 Ko 1 0 0 B2 A2
0 1 K, 0 0 B3 A3
: : .0 ) : : : == : (4-27)
0o 0 0 ... Ky 1 B4 Ar—4
o 0 0 ... 1 K, Br—3 A3

where again Ko = —2cosh[rk/(r — 2)]. This can be solved for B in terms of A

B=K-A (4.28)
where the matrix K is symmetric and the upper right elements are given by

r—2

Ri— sinh [ (r — 2 = 1);7% ] sinh [ 7% |

<. 4.29
sinh kaQ sinh 7k ’ J = ( )
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Transforming back (4.28) we express b? in terms of A?
b=KxI+C (4.30)

where K is the Fourier transform of (4.29) and ' is a vector of integration constants
which can be evaluated from the asymptotics of A7 and b?. The components of C'
are multiples of 27i/(r — 2) and therefore C' does not contain 1/N corrections. The
kernel K (x) is symmetric with the large x asymptotic behaviour

sin j-"5 sin [

K (x) ~ e 1ol (4.31)

3 ™
7T sin

Let us now return to the nonlinear integral equations (4.17). The only place where
the system size N enters is through ¢?(z) which scales like

N sin ¢ sin p-—="5 1
Ine!(£(z+InN)) =F CEI IR S T pr_ze_m—i—o(

— — 4.32
r— 27” sin 5 N ) (432)
In the following we only consider the case when Npq is an even multiple of » — 2. In

2
fact NV must be a multiple of r — 2 to accommodate the ground state. In the scaling
limit the integral equations (4.17) take the form

la=1le+ K «lA+ D (4.33)

where we drop the subscripts £+ and use the definitions (3.34) and (3.36) with the

obvious modification L -
S11 qE S11n pm

le?(x) = =2 e’ (4.34)

fis
r—2

For fixed z the finite-size corrections of b?(z) are of order 1/N

sin

r—3
Inb(z) = (K!*I120)(z) + C*
=1
r—3 .00 ’ - )
= / [Ki(z —y —InN)I2(y +In N)
j=1 —InN
+ K!(z+y+InN)I(—y —InN)]dy + C?
sin ¢ =3 r /00 —y1 Ad
= ————|€" LAY (y)d
Nwsin%le jz:;smjr—Q —ooe +Hy)dy+

™

r—3 0o ) 1
+e ") sinj / e YIAL (y)dy] +C%+o0 (—) (4.35)
j=1 r—2J-x N

In contrast to regime IIT1/TV the integrals exist for all ¢. In fact they do not depend
on ¢ at all. The amplitude of the 1/N corrections can be evaluated as in the previous
section. Manipulating (4.33) as before we find

2 /_ O:O [(1a?)' 147 — 10 (147) ) da

27



_ Z/ leq 1A? — (le? + DY) (lAq)/} dz. (4.36)

Changing the variable of integration x to a on the left hand side, integrating by parts
and inserting (4.34) we obtain

T — /OO e "lAY(x)dx

1’"3/ In 1—|—a In a?
1+ q

1 r—3
da? + = 3" DY AI|>®

17‘3

= Z_:L (ZZ ) + = ZDqlAq (4.37)

where we have used (3.41) as well as a?,, = 0 and A? = 1. The constants are
determined by the asymptotics

D =law — K(k=0)-1A, (4.38)

where K is the matrix in (4.13).
Next we calculate the central charge from the finite-size corrections to the ground
state. As argued in Appendix C we have

aq 11“3
ZL(Aq >+ > D,

6 (4.39)

The asymptotics aZ, and A for this eigenvalue are identical for both scaling regimes
and are given by (2.42) with 0 = 7/r. From (4.38) we see that DY = 0 so that finally
using (3.45) we obtain the central charge

6 =3 sin? = 6
= Z <—)£> =92 _ . (4.40)

ot sin“(q + 1

4.4 The primary conformal weights

The amplitudes of the 1/N finite-size corrections of all excitations are given by the
right hand side of (4.37) and by (4.38) in terms of the asymptotics of a?(z) and A?(x).
The precise dependence of these functions on z is again unimportant. However, the
way singularities at 0 and —1 are encircled in the complex plane by the values of a?(z)
as x varies along the integration path does matter. Here the situation is not as clear
cut as in regime III/IV where a?(z) is real on the real axis and, starting from this, the
behaviour of a?(z) on the path £ could be deduced. In regime I/II, a?(x) is not real
for real x. Such a property is only observed if Imz = + (g + ﬁ) Unfortunately,
the analyticity strip of a?(z) ends on these lines where poles are densely distributed.

28



Nevertheless, we follow as closely as possible the treatment of regime III/IV. The
asymptotics of a?(x) and A4(x) are given by a? =0, A2 =1, and

. sin? @ g sin®(q +1)0

sin gf sin(q + 2)6’ > singfsin(q 4 2)6

(4.41)

where ¢ is a multiple of 7, but is considered as a complex parameter for the time being.
The homotopy classes of a?(z) and A%(x) are constructed as outlined in Section 3.5,
namely, from (4.41) by increasing 6 along a path in the complex plane avoiding all
singularities and ending at s™ with integer s € {1,2,...,r —1}. Bearing our treatment
of regime III/IV in mind, the most obvious path of # would run in the upper half
plane or the lower one. However, we observe in contrast to the previous case that for
this regime new primary excitations are obtained by allowing for a change from the
upper half plane to the lower one as shown in Figure 4.
We next derive the constants DY from (4.38)

-1

-2 1 ... 0 -2 1 ... 0 0 1 0
L 1 -2 ... 0 1 -2 ... 0 - 1 -
D=1 . S : : S S I 0 - 0 [As
0 0o ... =2 0 o ... =2 00 ... 0
(4.42)

where all matrices are tridiagonal and the matrix K was substituted by the matrices
appearing in (4.12). Inserting (4.41) into (4.42) we find for the term in square brackets

2 {O forl1<g<r-—3

7 sin(r — 1)0
2In sinf

4.4

for g =r — 3. (4.43)

Multiplying this with the inverse matrix in (4.42) which is equal to %f(k = 0), cf.

(4.15), we obtain

_2q In SiIl(T“ —1)0

r—2 sin ¢

On the right hand side of (4.37) we have two contributions. The sum of diloga-

rithmic functions can be simplified by applying (A.1)

D7 — (4.44)

s sin(r —1)8 . sinrf

§L <i> = (r— 1)7‘92 —L(1)—In In

pou sin?(q + 1)0 sin 0 sin 0

sin(r —1)0 ;.4 sin(r —1)0 _,., sin @
Lz < sin® ¢ ) = ( sin L sin?(r —1)0 ) (4.45)

The second contribution yields

13 1 sin(r — 1)6 sin" 2 (r — 2)0
- DYA,=— 1 . 4.46
2 qzzjl r—2 sind sin @ sin"*(r — 1)6 (4.46)

If we take (4.39) as a definition of a quantity ¢ for excited states we obtain

%26 — r—1)t® — L(1) — L, (_sin(r — 1)66”,9) 1, <_sin(r — 1)66M>

sin 6 sin 6
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sin? 6 r—11 sin(r—1)¢ 2
—L — 1 4.4
2 (sinQ(T—1)9> r—2 [n sin 0 1 (447)

This can be evaluated explicitly where we have to respect the concrete way 6 is
increased from small positive numbers along a path in the complex plane to sZ.
By m; and my we denote the number of multiples of -5 which are encircled in a
clockwise and anticlockwise sense, respectively. Note that m; +ms = s —1. We have
the identities

L, (_M@ire) = L(1)+ 27r2m2(m2 +1)

sin ¢
i — 1 .
L (-Me—“ﬁ) = L(1) + 2n%my (my + 1) (4.48)
sin 0
and 2
sin
Ly | —— | = L(1 4.49
2 (sinQ(r - 1)0) (1) (4.49)
where L(1) is the value of the standard branch. We find
w2 w2 w2
5= 2L(1) — 752 +— 2(m1 —my)?. (4.50)

From this and (B.9) we finally conclude, after introducing [ := s — 1, m := my — ma,

that
I(1+2) m?

A= —
Ar 4(r —2)
where
1=0,1,...,r =2, m=—l,—l+2,..,1—2]1 (4.51)
Note that most of the conformal weights are at least twofold degenerate since A(l,m) =
A(l, —m).

After this derivation two questions remain open. First one may wonder if the
prescription of the analytic continuation in 6 as given above is allowed. This is
actually possible since (4.17) is equivalent to the functional equations (2.21) with
appropriate phase factors depending on 6. If 6 specializes to a multiple of 7/r these
phase factors are reduced to 1 and the original equations (2.21) are reproduced. The
second question concerns paths different from the particular one given in Figure 4.
We have done calculations for such cases and have found conformal weights belonging
to towers above the conformal weights in (4.51). It therefore appears that all primary
conformal weights are given by (4.51). We also mention that the constant C' in (4.30)
is equal to —%5 for the primary weights

a4 Sin(r—l)QZ ! 459
¢ r—2 " sing e (452)
From this we derive the lattice momentum of the state
T
Py = Tp_ Som (4.53)

where only the quantum number m enters.
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5 Discussion

In this paper we have calculated the central charges and primary conformal weights
for RSOS models and their fusion hierarchies via finite-size corrections to the eigen-
values of the row transfer matrices. This was achieved by solving special functional
equations in the form of inversion identity hierarchies. Using Fourier transforms,
these functional equations were transformed into nonlinear integral equations for the
finite-size corrections. The nonlinear integral equations cannot be solved in general.
Nevertheless, it is possible to extract analytically the values of certain integrals. This
is possible due to the special symmetry of the kernel which results by setting up the
functional equations in the form of an inversion identity hierarchy. Remarkably, the
only integrals that can be calculated are precisely the integrals that give the physi-
cally interesting quantities, namely, the central charges and conformal weights! This
unexpected benevolence of nature is quite striking.

Our calculations have been carried through for the ground state and all low-
lying excitations in both regimes I/II and I1I/IV. We have shown how to deform the
integration paths for the integral equations to include the excitations. The final results
for the central charge ¢ and the conformal weights A are given in terms of asymptotics
involving the Coxeter exponents of A;, and Rogers dilogarithms. These integrals have
been evaluated explicitly for the primary conformal weights. The branches of the
dilogarithms were fixed by determining the homotopy classes of the relevant contours
in the complex plane. Essentially, the finite-size corrections are given by the analytic
continuation of ¢ = ¢(f) to values of § which are multiples of ~.

The arguments presented here need to be supplemented to apply to those cases
where the asymptotics of the eigenvalue functions vanish. The key to handling these
cases is the regularization scheme using analytic continuation. After performing the
intermediate calculations the troublesome set of parameters may be approached con-
tinuously to obtain the final result. This was tacitly done in Sections 3 and 4.

Finally, it is of interest to extend the work of this paper in several directions.
First, it appears that inversion identity hierarchies are satisfied [30] by all the A-D—
E lattice models. In general for these models, the asymptotics in the upper and lower
half planes can be different with the result that A # A so scaling operators with spin
appear in the theory. It would be interesting to look more closely at the solution of
the inversion identity hierarchy in such cases and for the 3-state Potts model (Dy)
in particular. Second, it should also be possible to generalize [32,33] the inversion
identity hierarchies to the higher rank face models of Jimbo, Miwa and Okado [34].

Appendix A

In the main text of this paper we have employed several identities for sums of diloga-
rithmic functions. All of them can be regarded as special cases of the general identity

" sin? 0 B 9
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L [LQ <_@eiw+e>> y <_Mei<¢+e>>

sin 6 sin 6
: : ¢
o 81.n<b1n sm('(b—i-e)] (A1)
sin sin ¢ S (r—1)0
where
L(z) = Lo(x)+ % Inzln(l —z)
© In(1l—vy)
L = — [ dy———== A2
I (A-2)

The two parameters # and ¢ are generically small positive numbers, but may be
continued to any complex values as long as all singularities of the logarithms and
dilogarithms are avoided. If we set # = T and ¢ = 0 in (A.1) we find the identity
(3.45) with n = r. Other identities related to (A.1) have been obtained by Kirillov
[35].

To prove (A.1) for all r it is sufficient to show it for r = 2

22
L <ﬁ> — 206 + 26

sin?(¢ + 0)
L, (2S00 g (S0 i
sin 6 sin 6
: : ¢
i s%nqb In Sln('QS +0) (A.3)
sin sin 50

This is done by establishing the equality of the derivatives with respect to ¢ and
finally proving the equation for a particular value of ¢, say 0. The derivative of the
left hand side of (A.3) with respect to ¢ is

cos(¢ + 0) . sin¢gsin(¢ + 26)
sin(é 1 0)  sin2(¢+0)
sin? 6 cos(¢ + 0) sin? 6
sin(¢ + 0) sin ¢ sin(¢ + 26) " sin?(¢ + 0)

lhs’

(A.4)

In fact, after some tedious calculations the derivative of the right hand side of (A.3)
yields the same term. Lastly we set ¢ = 0 and show

L(1) = 20* — Ly (—¢**) — Ly (—e ") (A.5)

by taking derivatives and specializing to 6 = /2.

For the parameters 6, o, 7, and w as given by (3.47) and (3.55) we have a list of
identities which hold if first w is increased in the upper half plane to its final value
and then 6, o, and 7:

L( sin? 6 )—L( sin? o )Zw“n[sin%sinQU] (A.6)

sin?(0 + w) sin?(o + w) sin? @ sin 20
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L (_Sinwez(wa)) — I, (_Sinwei(W+9)> = (A.7)

sino sin 6
Lo (—Si,nwe_i(“”“”)) — Ly (—Si,nwe_i(“w)) = —2wiln [Si,ngei("_e)} (A.8)
sin o sin sin @
o s'%nw In sin(ﬁ‘y +o) In Si‘nw I sin({u +0) — wiln s‘ine (A.9)
sino sino sin 6 sin @ sin o
o(—, sin? 6 - sin? 7
sin® ((r —1)0 + w) sin®(r —p — 1)1

sin 26 sin” 7 sin(rf + w)

= m’(t—l)ln[ ] (A.10)

sin? 6 sin 27 sin(r — p)7

sin® 0 sin’ 7
L (sin2 ((r—1)0+ w)) -1 (sinQ(r —p— 1)T>

L S (w —|— (r—1)0) In sm(u'J +r0) I sin(r ‘ p—1)7 In sm(7" p)T
sin 6 sin 6 sin T sin 7T
sin 20 sinT
=ri(t—1)1 Al
i ( )In [ sin Sin27'1 ( |
. 1 .
L, (_sm (w + (p+ )0)ez(w+(13+2)0)> = L(1) (A.12)
sin o

L (_ sin (w + (p+ 1)0-)67i(w+(p+2)0)
Sin o

) = 4m*(142+4...4n)+L(1) = 27°n(n+1)+L(1)
(A.13)

Appendix B

In this appendix we consider the Hamiltonian limit and dispersion relation in regime
III/TV. The Hamiltonian limit of T"(u) is taken at u = 0 or A. At these points the
transfer matrix degenerates to a shift operator and the logarithmic derivative is a
sum of local hermitian operators

P lnTp(u)‘ N

H o [InT7(u))| (B.1)

u=0 or A

Energies and momenta can be obtained from the eigenvalues of T%(u). Neglecting
bulk terms it is sufficient to use Tf,.(u) or bP(x), cf. (3.29)

. T

P = :Filnbp(x)‘ Cin
E = Zi[lnb?(2)]

(B.2)

T
ac—:l:z2
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Here we have chosen the normalization to have real P and F, and to render the sound
velocity equal to +1. To show this we note that (3.30) implies the following form for
the excitations in the thermodynamic limit

b”(x)= [ tanh (I;%> (B.3)

Zeros T;

Focussing on one ‘elementary excitation’ xy we find

Po(xo) — Tilntanh (“T - z“) |
2 r==+iT

. T —xo\1 1
Eo(zo) = =i |lntanh < )} — . B.A
o(%o0) ! {n o 2 petid cosh zg (B4)
- 2
After eliminating the rapidity zo we get
E()(Po) :sinPO, 0 S P(] S . (B5)

So the excitations are indeed positive and have sound velocity equal to +1. As we
already know from (3.37), the finite-size corrections of In b”(x) are given by exponen-
tials e* and e~*. For the energy-momentum spectrum of H, as given by (B.2), to be
conformally invariant we must have

cm 2m - .
Inb?(z) = 6N coshz — N [(A + A) coshz + (A — A) sinh x} (B.6)
or )
» el T _ ‘ _
InTE o (u) = N sinru — N [(A + A)sinru + i(A — A) cos ru} (B.7)

From (B.6) and (3.37) we find for the ground state

12 oo
CcC =

=l N e “IAP(z)dz. (B.8)
If we take the last equation as the definition of ¢ for any state we obtain the corre-
sponding conformal weight by

ground state) — c(excitation)

c(
A= 24

(B.9)

Appendix C

In this appendix we consider the Hamiltonian limit and dispersion relation in regime
I/II. The Hamiltonian limit of T?(u) is taken at u = 0 or A. Neglecting bulk terms,
the energies and momenta can be obtained from b”(z) at x = —Fi or v = —5i—2-"51,
cf. (4.25). The last point, however, does not lie in the analyticity strip, so we take

P = —ilnb%(x)




E = +i[lnbi(z)) (C.1)

— .,
r= ’L2

where we are interested in the case ¢ = p eventually. This normalization renders the
sound velocity +1. To show this we focus on one ‘elementary excitation” which is
given by the poles (4.19) of a’(x) and implies the zero

™ ™

q_ 2 ; C.2
x? =xo + 5t~ a5t (C.2)
for b(x). The corresponding solution of (4.26) in the thermodynamic limit is
sinh | (2 — x¢) + i — 5" qi
b?(x) = {f e 1 (C:3)
sinh [5( — o) + i+ 50=3) qz}
After eliminating xq we get
(P cos ~I5q — cos Py cp < T o4
1(P1) = sin 75 ’ BTt (C4)

Here P; denotes the momentum of the elementary excitation. The second type of
elementary excitations obtained from (4.19) and (C.2) by complex conjugation is

cos P, — cos 754 T T

sin Eq T —

So the excitations are indeed positive and have sound velocity +1. As we already
know from (4.35) the finite-size corrections of In b”(x) are given by exponentials e”
and e~*. For the energy-momentum spectrum, as given by (C.1), to be conformally
invariant we must have

cm 2m
Inb?(z) = ~oN cosh z + N {(A + A)coshx + (A — A) sinh x} (C.6)
or
» _em o 2r _2_7T|: . 2r A A 2r }
In 7§ ;0 (w) ey SR u T (A—FA)smr_Qu—i-z(A A)cosr_ u
(C.7)
From (C.6) and (4.35) we find for the ground state
_ 12sinprH gl
¢ =5 sin = Zsml /Ooe 12 (y)dy
6 |” 3 aq
= = ZIL(Aq >+ qumq (C.8)
q:

If we take the last equation as the definition of ¢ for any state we obtain the corre-
sponding conformal weight by (B.9).
The 1/N corrections for general T are given by

I b9(z) = S0 1y ey (C.9)

sin p-75
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Figure 1. The Dynkin diagram for Ay giving the allowed states of adjacent sites on the
square lattice for the ABF or RSOS(1,1) models. Also shown is a face weight for the
RSOS(p, ¢) models. The spin states at sites indicated with a solid circle are summed over
and the result is independent of the state of the spins at sites marked with a cross.
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\

b)

Figure 2. Representation of typical paths £, £, , and £_ in the complex plane for regime
III/IV. A typical zero of the function a?(x) is depicted as a full dot in part a). The
corresponding zero of A9 (z) or A?™(z) is shown in part b). Note that a?(z) is ANZC
between £, and £_.
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Figure 3. Representation of typical paths £, £, and £_ in the complex plane for regime

I/II. Full dots represent poles of the functions a%(x), and poles as well as zeros of the

functions A%(z). The open dots represent zeros of the functions 2’ () and 2" *(z) only.
Note that a9(z) is ANZC between £ and £_.

\

Figure 4. Depiction of the path in the complex plane along which the analytic continu-

ation of ¢ = ¢(f) in (4.47) is performed. The endpoint is a multiple s of . The path

surrounds certain multiples of -5 clockwise and counterclockwise. These numbers m; and

mya, respectively, are related to s by s = m1 + mo + 1.
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Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

The Dynkin diagram for A; giving the allowed states of adjacent sites on the
square lattice for the ABF or RSOS(1, 1) models. Also shown is a face weight
for the RSOS(p, ¢) models. The spin states at sites indicated with a solid circle
are summed over and the result is independent of the state of the spins at sites
marked with a cross.

Representation of typical paths £, £,, and £_ in the complex plane for regime
IIT/IV. A typical zero of the function a?(x) is depicted as a full dot in part a).
The corresponding zero of A4~ (x) or A?™(z) is shown in part b). Note that
a?(x) is ANZC between L, and L_.

Representation of typical paths £, £,, and £_ in the complex plane for regime
[/11. Full dots represent poles of the functions a?(x), and poles as well as zeros
of the functions 2%(x). The open dots represent zeros of the functions A*(x)
and 2" () only. Note that a?(x) is ANZC between £, and £_.

Depiction of the path in the complex plane along which the analytic continuation
of ¢ = ¢(f) in (4.47) is performed. The endpoint is a multiple s of T. The
path surrounds certain multiples of "5 clockwise and counterclockwise. These
numbers my and ms, respectively, are related to s by s = my + mo + 1.
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