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Abstract. We study reduced density matrices of the integrable critical restric-
ted solid-on-solid (RSOS) model in a particular topological sector containing the
ground state. Similar as in the spin-1/2 Heisenberg model it has been observed
that correlation functions of this model on short segments can be ‘factorized’:
they are completely determined by a single nearest-neighbour two-point func-
tion w and a set of structure functions. While w captures the dependence on the
system size and the state of the system the structure functions can be expressed
in terms of the possible operators on the segment, in the present case represent-
ations of the Temperley—Lieb algebra TL,, and are independent of the model
parameters. We present explicit results for the function w in the infinite system
ground state of the model and compute multi-point local height probabilities
for up to four adjacent sites for the RSOS model and the related three-point
correlation functions of non-Abelian su(2); anyons.
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1. Introduction

The essential step from a theoretical model for a quantum many-body system to the
description of experimental observations is the computation of correlation functions.
Already the information about the energy levels of a system with two-body interactions
is encoded in the two-particle reduced density matrix (RDM) in a given eigenstate.
Similarly, knowing the RDMs for a few particles in a given N-particle state gives access
to many properties of this system. In general, however, correlations due to interactions
and the statistics of the constituents of the system lead to restrictions on RDMs which
pose a challenge to perturbative approaches for their calculation [1].

On the other hand, for certain integrable models constructed from an R-matrix
satisfying a Yang—Baxter equation—in particular the six-vertex model and the related
spin-1/2 chains—a growing number of exact results for correlation functions and RDMs
has been obtained by making use of the underlying mathematical structures [2-5]:
multiple integral formulations following from the representation of vertex operators
realizing quantum affine symmetries or from the algebraic Bethe ansatz and functional
equations of ¢g-Knizhnik—Zamolodchikov (qKZ) type provide explicit expressions. Their
efficient evaluation using numerical methods, however, remained to be an obstacle.
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This situation has improved significantly when it was shown that the multiple integral
representations of density matrices on short segments can be factorized into single ones
[6] and that N-point correlation functions (as well as RDMs) of an inhomogeneous
generalization of the isotropic Heisenberg spin chain can be written in terms of a nearest
neighbour two-point function w (the ‘physical part’) and a set of recursively defined
‘structure functions’ (or ‘algebraic part’) fu.r; of the spectral parameters \; [7]:

[N/2] m
DN()‘17~"7)\N) = Z Z <Hw()‘ipa/\jp>> fN;I,J()‘lu"'7)‘N) (11)
m=0 I,J \p=1

where I = (41,...,%y,) and J = (j,...,Jm) such that INJ =2, 1 <4, <j, <N and i; <
... <1y. Similar expressions have been proven for a general inhomogeneous six-vertex
model (including the finite temperature and the finite length Heisenberg chain as special
cases) using the fermionic structure in the space of operators of this model [8, 9]. Based
on (1.1) it has been argued that correlation functions in excited states of the Heisenberg
model factorize if the physical part is changed appropriately [10].

With equation (1.1) and its extension using the fermionic basis approach there exists
a powerful tool to compute correlation functions in integrable vertex models, see e.g.
[11, 12]. Another class of Yang—Baxter integrable models, so-called interaction-round-
a-face (or face) models, has attracted considerable interest recently as such models can
be used to describe the collective behaviour of interacting non-Abelian anyons in topo-
logical quantum liquids, see e.g. [13—17]. For such models the development of a similar
framework for the computation of RDMs is only at its beginning: for the restricted solid-
on-solid (RSOS) models one-point functions such as local height probabilities (LHPs)
have been computed in the thermodynamic limit using Baxter’s corner transfer matrix
[18]. Moreover, gKZ equations for correlation functions of vertex operators related to
quantum group symmetries and multiple integral representations for multi-point LHPs
have been constructed in the massive phases of the RSOS models [19, 20]. Further res-
ults have been obtained for face models with a dynamical R-matrix allowing for the
transfer of concepts such as the algebraic Bethe ansatz or separation of variables from
vertex models [21-23].

Recently, we have expressed reduced density matrices in general face models in
terms of their local Boltzmann weights [24]. Following a similar construction for the
Heisenberg spin chain [25] this allows us to derive discrete functional equations called
‘reduced’ qKZ equations satisfied by the RDMs. A study of these equations for the
critical RSOS models has been initiated in [24]: based on finite size studies of these
models with a small number of allowed local heights we found that their two- and
three-site RDMs can be written in factorized form similar to (1.1) for all states from a
particular topological sector. In this paper we continue this work: after a short review
of the definition of the models we propose the functional equations satisfied by the
RDMs of the RSOS models. Complementing the restricted qKZ equation with a set
of recurrence and reduction relations resulting from the properties of the Boltzmann
weights together with an identity for the asymptotics of the RDMs observed to hold in
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a particular topological sector allows us to compute the algebraic part of the two- and
three-site density matrices which then can be expressed in terms of the generators of the
Temperley-Lieb algebra underlying the RSOS model. For the physical part we solve the
restricted qKZ equation for the nearest-neighbour two-site RDM for the ground state
of the model in the thermodynamic limit and compare our result to those for finite
systems. Finally, we apply our expressions to compute multi-point LHPs for the critical
RSOS models.

2. The critical RSOS models

The RSOS models are defined on a square lattice where the spins (or heights) lying on
the vertices take values from the set & ={1,2,...,r — 1} [18]. Spins a and b on neigh-
bouring sites are constrained by the adjacency condition |a —b| = 1. The Boltzmann
weights for an elementary face where this constraint is satisfied on all four edges are
defined as

c d

a b
a b .
W( u) = Sud gbg pu+X) = Gpeplu) = | o | = ¢ b (2.1)

with the crossing parameter A = 7/r and

_ sin(u—A) sin Az

p(u) = » G = (2.2)

sin A sin\

They satisfy the unitarity condition (dotted lines in the graphical notation indicate that
the connected heights are taken to be equal, heights at nodes marked by a solid circle
are summed over)

d e
ZVV(czb

e€B

crossing symmetry

W<a b'u> _ /gbch(b d
¢ d 9o 9d a ¢
and the initial condition
a b
w (c d ' 0) = 0p,c (2.5)

With these local weights we define single row operators
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a=a @ ar-1 arp=f
(|25 (u)|b) = u—uy u—ur (2.6)
y=by b bp—1 br =29

acting on the space HY = span{|ag...ar) : |aj+1 — a;| = 1}. Imposing periodic boundary
conditions in the horizontal direction and performing the trace over the spins a =  and
~ = § one obtains the transfer matrix of the inhomogeneous RSOS model

ZT‘“’“ (2.7)

where the inhomogeneities u; € C parameterize local variations in the interactions of
the model.

The RSOS models are exactly solvable: the transfer matrix (2.7) commutes for dif-
ferent values of the spectral parameter u as a consequence of the Boltzmann weights
satisfying the Yang—Baxter equation

Zngu—vaengdu
< a b g d b ¢
o€ . (2.8)
—ZW(f eu)W(a gv)W(e u—v).
a g b c g c
geS
Alternatively this equation can be expressed as
Wi (w) Wi (u+v) Wj(v) = Wi (v) Wj(u+ v) Wisa (u), (2.9)

in terms of the Yang-Baxter operators W;(u) acting on H” as

(ag...ap|W;(u)|bg.. Héakbk (a7,1 %

Q.
7+1
k#j

u) . (2.10)

With (2.1) these operators can be expanded as
Wi(u) = p(u) 1+ p(u+A)e;, (2.11)

where {1,e1,...,e, 1} is a representation of the generating elements of the Temperley—
Lieb algebra TL,(3)

2 __ ) — . p. )
ej—ﬁej, ej =€j€ej11€j,

o (2.12)
ejejr =eje; for [j—j'| > 1,

with 8 =2cosA\.
By construction the transfer matrix ¢(u) and its eigenvalues A(u) are Fourier poly-
nomials of degree L
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L/2
Aw)= > Age™™, (2.13)

n=—L/2

where the leading Fourier coefficients are known to take values [26]

Ay = (Hexp(qii(uk+)\/2))> 260(82“;5;}”), je {0,%,1,...,T;2}. (2.14)
k=1

This allows us to decompose the spectrum of the RSOS model into topological
sectors with a ‘quantum dimension’ labelled by the quantum number j

 sin(7(25 + 1)/7“)'

dy(J) = Sn(7 /) (2.15)

In view of applications we will be particularly interested in the RSOS model in the
Hamiltonian limit: expanding the homogeneous transfer matrix, i.e. u; = 0, around the
shift point u =0 to first order one obtains the periodic Temperley-Lieb Hamiltonian of
the one-dimensional quantum RSOS model [27]:

A L
H= > e (2.16)
j=1

4msin A

Note that this model has recently been used to study the collective excitations in a
linear chain of interacting su(2); non-Abelian anyons with spin-1/2 for k =r —2 [13].
Here the adjacency conditions for neighbouring heights are enforced by anyonic fusion
rules.

In [24] we have shown that reduced density matrices in an eigenstate |®) corres-
ponding to the eigenvalue A(u) of the transfer matrix (2.7) can be expressed in terms
of the single row operators (2.6): define local operators acting on sequences of adjacent

sites n1,...,ny through their matrix elements in the basis of H* as
ng
Q. Ol
<a|Eﬁn11~~~ﬁn22 b> = H 6“1670% 6bls,ﬁk H 5(1_71)]'7 (2.17)

k:m j%{mng}

and generalized RDMs Dy depending on a set of auxiliary spectral parameters A;,
j=1,...,N,

N Q18—
{aHp) _ (L= Thy " (M) @)

Dx(Ars-.o M) 2
(@) [T AN

, (2.18)
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where a = (ay,...,ay) and 8= (fBy,...,By) are sequences of heights labelling the basis
of the space V¥ =span{|ag...an) : |aji1 —a;j| =1} (for a graphical representation of
this object see the appendix). With these definitions one can show that

1
| B35V | @ Ay )eHss . 2.1
<®|®> < | | > ( 1, I N) )\k:umk:l 77777 N ( 9)

In view of this relation we can complement (2.18) by

Dy = @T@ (@] E|®) = (2.20)

being the local height probability (LHP) of the critical RSOS model [18]

2)
P, =" sin*a. (2.21)
s

As a consequence of the state |®) satisfying periodic boundary conditions the mat-
rix elements DN()\l,...,)\N){Q}{@ vanish for ag # By, ay # By. Therefore Dy can be
decomposed into blocks labelled [, an], i.e

aq...0N_—1

Dy(Ar,..., Ay){eH8r — (DE&UQA*(M,...,AN))B . (2.22)

Note that the same is true for representations of the Temperley—Lieb algebra TLy as
operators on V.

3. Properties of the RDM

In [24] a factorization of correlation functions similar to (1.1) has been observed to hold
for the generalized two- and three-site density matrices of RSOS models with r» =4 and
5 in the topological sectors with quantum dimension d,(j) = 1:

Di(M) = Frgg, Da(Ai, ) = Fog o+ Fo)2 WA, A2),
D3(A1, X2, A3) = F3.0. 0 + Fi.1)(2) (A1, A2, A3) w(A1, A2)
+ Fg;(g)(3)()\1,)\2, )\3)(,0()\2, )\3) + Fg;(l)(g)()\l, A2, /\3)&)()\1,)\3), (3.1)

with a single symmetric two-point function w(u,v) = w(v,u). For states from these sec-
tors the algebraic part, given in terms of the ‘structure functions’ Fy.r 7(A1,...,An), is
independent of the specific model, i.e. of the system size and of the inhomogeneities
ug. The Fi.r 7(A1,...,An) are matrices acting on the space VN Because of this particu-
larly simple form of the RDMs we restrict ourselves to consider states from these sectors
only. Note that this includes the ground state of the RSOS model in the thermodynamic
limit.

Among the elements of the single-site density matrix D;(A;) of the critical RSOS
models only the diagonal ones are non-zero (the Di-blocks [a,a + 1] allowed by the adja-
cency rules are one-dimensional). Moreover, D;(A;) has been shown to be independent

https://doi.org/10.1088/1742-5468 /aceeef 7
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of the spectral parameter A\; and can be obtained from the LHP (2.21), see [24]: using
the symmetry P, .41 = Pay1,4 of the two-site LHPs (i.e. the probabilities that the heights
at two adjacent sites are equal to a and a + 1) and the identity >, P, , = P, the non-zero
elements of D) = F}.5 5 are found to be (1 <a<r—2)

P, a+1 = (a,a+1|D1(\)|a,a+1) = (a+1,a|Di(A1)]|a+1,a)
_ AsinaAsin((a+1)A)
B T CoS A '

(3.2)

In the following we collect several properties of the reduced density matrices con-
structed in the previous section and relations satisfied by them which will be used below
for their computation:

(a) By construction (2.18) A(A;) Dy (A1,...,An) is a Fourier polynomial of the spectral
parameter \;. Hence, the poles of Dy correspond to zeroes of the transfer matrix
eigenvalues A(u).

(b) As a consequence of the YBE (2.8) the arguments of Dy (Aq,...Ay) can be reordered
by application of the Yang—Baxter operators:

I/I/j()\j-l-l - )\j)DN()\h 7)‘j7)‘j+17"'a)\N)
= DN()\l,... a)‘jJrla)‘j?"' ,)\N) Wj(>\j+1 — )\J) (33)

(c) The N-site generalized RDM can be restricted to the subspace diagonal in one of
the spins, e.g. with matrix elements with «; = §; for the jth index, by inserting the
projector Ppe, onto states in HE obeying periodic boundary conditions in (2.18) as

D (Ar,..., Ay) a8}

@ (T 25 O0) Poer (T 7057 ) ) ) ",

(@l2) [T A

Performing partial traces of Dg\}) (D%V_l)) over the spin o (ay) one obtains the

following relations between RDMs of different order:

tro <D§\})()\1, ceey )\N)) = Z 5%50 501/31 [DN()\lg R )\N)]Oéo..-awﬁo..ﬁzv
ap

=Dn_1(A2,-.-,AN), (3.5)
try (Dngrv_l)()\b---,)\zv)) = =Dn_1(A1,..., AN_1).

To prove these relations one uses the fact that ZOCT,%OZ/(U)PPHTTY_'Y’(U):
Oy t(u) T (0).

https://doi.org/10.1088/1742-5468 /aceeef 8
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(d) For another functional equation we introduce a linear operator Ay(Aj,...,Ax):
End(VY) — End(VY) [24] (see [25] for a similar construction for the six-vertex
model): the action of Ay on an operator B € End(VV) is

5& ﬁ 60[ 5
(Av(, - aw)B]) e = 0800an B y
IT75: (A = An)pOw = A))

ap ° . Bo

an-—2 3 [ AN_1 — AN O Bn—2

an-1 P_ Br-1

ay = fn

with the operator P_, related to the Boltzmann weight at the crossing parameter:

ag = Bo oy
(aparaz| P-|BoB1B2) = oy 0 B1 = Gagfo0asps 4/ JaoJa a; <)> B - (3.6)
Ja1 91
ay = 32 a2

Acting with Ay on the N-site RDM one obtains a discrete difference equation of
reduced qKZ type [24]: The density operator Dy(A1,...,Ay) is a solution of the
functional equation

AN(AL S AN)DN (AL, - A1, AN)] = Dy (A, Avo, Av +A) - (3.7)

if Ay is equal to one of the inhomogeneities, i.e. Ay € {uz}F_,. For the proof one
considers the action of Ay on Dyi1(A1,..., AN, An + A). Performing partial traces
over ay = By and ayi1 = Bni1, respectively, and using the YBE, unitarity and
initial condition for the Boltzmann weights (3.7) is obtained. For the RSOS models
it is straightforward to show that the restriction on Ay can be dropped for matrix
elements of the RDM where ay_1 =1,7— 1.

https://doi.org/10.1088/1742-5468 /aceeef 9
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(e) Based on numerical results for small » and N we have proposed an identity relating
the asymptotics of Dy to Dy_; in the topological sectors with d,(j) =1 when Ay
is sent to ioco [24]:

lim [DN()‘la ’)\N)]ao‘..aw,ﬁo‘..ﬁN

AN —>i00

[Dl]awflaw,ﬂ]\fqﬁzv (3.8)
Z [Dl]awflaﬁzvfwé'

_ [DN—1(>\17 s )\N_l)]ao.--am"—1-ﬂu-.ﬂw—1

(Recall that D, is independent of the spectral parameter A, see (3.2).)

f) Finally, using W;(\) = e; together with crossing and unitary one can prove that the
J J
density operator (2.18) satisfies the reduction relation (see also [28])

(alen—1 Dn(A1y . AN—o,u,u+ A)|B)

H L p(u —ug) p(ug — )
= (u) (U—FA) X<a0"'OKN*2|DN72(>\1,---,)\Nfg)‘/BO...BN72>

..aylen—1]|Bn-2...BN), (3.9)

X <Oé N—
for arbitrary w.

Assuming that the factorization (3.1) holds for general A = 7 /r we can apply (3.7) to the
two-site density matrix Ds of the RSOS model. This gives rise to a discrete difference
equation satisfied by the scalar function w(u,v) for a given value of r. Based on explicit
results for » <7 we propose the following functional equation for w(u,v) for v € {uy}
and general values of A =7/r

sin? A _cos(2(u —v—A)) —cos(2A)
cos2(u—v) —cos2\ cos(2(u—wv)) — cos(2A)

wu, v+ ) = w(u,v). (3.10)

We have checked (3.10) for values of r up to 12. Note that, as a consequence of (3.8),
the function w(u,v) vanishes for v — ioc.

4. N-site density matrices—the algebraic part

To begin our analysis of the algebraic part we note that, using the asymptotic rela-
tion (3.8), the elements of Fy.z o for N > 2 can be obtained recursively

D[azv_law}
[F ]ao---amao---aw — [F ]aO---OCN—hOéﬂ---aN—l 1
N:;2.0 N-1,0.9 Z D[al\“’—la}
a1l (4.1)
1 F gty ,apeay_g SN A
= [FN-1:2.2] _—,
2cos A sinay_1A

https://doi.org/10.1088/1742-5468 /aceeef 10
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giving
N

‘ 2A sin ap sinay A
Fiy.py o] 0o By — 22 0B 4.2
[Fyio.0] T H b (2cos \)V (42)

J=0

Note that Fy.z s is proportional to the identity in each of the [ap,an]-blocks of the
N-site density matrix Dy.

4.1. The two-site density matrix

The two-site density matrices in the topological sectors with d, =1 can be written as
Da(A1,09) = Fog g+ Fo1)2) W(A1, A2) = Foigo (14 Baw (A1, A2)), (4.3)

with Fhg o given in (4.2). Numerically we find that the matrix Fy. (1) o) = Fhp.0 B is
also constant (i.e. independent of the spectral parameters). Therefore it can be obtained
by utilizing (3.7): since all matrix elements of Do are given in terms of the unknown
elements of By and the single function w(A;, A2) this equation determines the former.
Based on this process we have computed B, for r = 4,...,12. In terms of the operators 1
and e; forming the basis of the Temperley—Lieb algebra TLs the result can be expressed
as

By =2(2cosAe; — 1), (4.4)

Explicitely, the non-zero blocks of By are

e in3\
B[m] _ B[r Lr=1] _ 9 SH1
2 2 sin )\’
ploal _ 2 sin(a — 2)\ 2cos \y/sin(a — 1)\ sin(a + 1)\ (4.5)
2 sinaX \2cosA\y/sin(a —1)Asin(a+ 1)\ sin(a+2)A ’
Bgz—l,(z-l—l] _ B£a+1,a—1] —_—)

for2<a<r—-2.

4.2. The three-site RDM

According to (3.1) the three-site density matrix factorizes as

D3(A1,22,23) =F3.0.0 (14 B, 1y2) (A1, A2, As) w(A1, As)

4.6
+Bs,2)(3) (A1, A2, A3) w( A2, A3) + B, (1)(3) (A1, A2, Az) w(Ar, Ag)) - (46)

Here F3.4 4 has been obtained in (4.2) before. Using the explicit construction (2.18)
of D3 for a system of size L=2 we have analysed the dependence of the coefficient

https://doi.org/10.1088/1742-5468 /aceeef 11
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matrices Bs;; ;j on the spectral parameters \; using the algorithm presented in [24]. As
a result they are found to be of the form!

Bs.1)2) (A1, A2, A3) = fy 4 (cot A3 — cot Ag3) f2 4+ (14 cot Aj3 cot Ag3) £ 2,
Bi.(9)(3) (A1, A2, A3) = f213 + (cot A\;g — cot Ay3) f2 4 (1 4 cot Ay cot A13) 4 (4.7)
Bi.(1)3) (A1, A2, A3) = fi5 4 (cot Az — cot Aja) F2+ (1= cot Mgz cot Aip) f4,

with constant matrices f!;; = (fgj)T, fi=— (f2)T and f4= (f4)T. f1i; and f? can
be computed using equation (3.8) together with the YB relation (3.3): since cotx — —i
and w(y,z) — 0 in the limit x — ico one can express fis in terms of Bs:

[aas]
1 7Q0...Q203,Q0... 52003 1 agp...02,00...02 Dl
= 0. 03,000..00 a F: B 7
[le} [F2 oo ] 0-.-03,00...a3 Y2 2 [ 2;,2,0 2] Za Dgazoz] (4,8)

B ]ag...a27ao...a2

= 5&252 [ 2

Similar relations determining fo3, f13, and f? follow after using the YB-relation (3.3):

lim D3()\1,)\3,)\2) = lim WQ()\?) — )\2) Dg()\l,)\Q,)\g) . [WQ()\?) — )\2)]_1,

/\3-)200 3—)200
A11_>m D3(A3,A1,A2) = h_)m Wi( A3 — A1) - D3(A1, Az, h0) - [Wi(As — M)
3100 A3—»i00

Note that in the limit we have

lim e W;(u) = ! (e™1—¢;), lim [e"W;(u)] !5 2isin\ (e"1—¢;),

U100 27sin A U100

where e; is the Temperley—Lieb operator acting on the spins o;_1,a;, ;1. The remain-
ing coefficients in f* are determined by the reduced qKZ equation (3.7) for D3. Collecting
the results for 7 up to 9 we find that, similar as for Dy above, Bs.r ; can be expanded
in the basis {1,e1,e9,e1€9,e0¢1} of the Temperley—Lieb algebra TL; :

fi2=2(2coshe; — 1),

foz=2(2cos ey —1),

fiz =2 (2008)\ e1+e2) — 2c0s% \ (e1e2 + ege1) — 1) ,

f?=sin2\ (e1es — eseq),

iz 1 —cos’\

T 2e02 ) (1 —2cosA(e; +e)+ 20032)\(6162 + 6261)) )

I The factorization of Dyss for r=4 is not unique due to the identity
sin 2\ 19 w()\l,/\z) + sin2/\23w()\2,/\3) = sin2/\13w()\1,/\3),

satisfied by the two-site function w [24]. This implies that f4 does not enter (4.6) and therefore may be chosen to be zero.
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4.3. The four-site RDM

Similar as in (1.1) for the Heisenberg model we expect that the 4-site RDM D, factorizes
as (see also [29, 30])

Dy(A,..., M)
= Fio.0+ Fia)e({A D wA, A2) + Fraye (A w(A As) + Firyaya ({01 w(M, Al)
+ o)) ({A D w(A2, Az) + Fuyo)a) ({A; D w(Ae, Adg) + Fli 3y a) ({A ) w(As, M) (4.10)
+ Fia2)6.49{NH w1, A3) w(A2, M) + Fi2)a3) (A1) (A, A) w(Ae, As)
+ Fy13)2.4) (A ) w(A1, A2) w(As, M),

with the nearest neighbour two-site function w(Ag, A7) introduced in equation (3.1) and
Fyz 5 given in (4.2). To verify such a decomposition we have computed the structure
functions Fj.; ; for a single matrix element of D, in the r=5 RSOS model with L=4
sites and found that they are elementary functions of the differences Ay = A\ — As. For
an expansion of the structure functions in the basis of the Temperley—Lieb algebra TLy
(similar as for Dy and D3) one needs these data for all matrix elements in blocks [a,a],
l[a,a £ 2] of Dy as input. We leave this to a future publication.

5. The nearest neighbour function w(u,v)

It remains to determine the nearest neighbour function w(u,v) which depends on the
model specific parameters, i.e. system size and inhomogeneities wu;, and the state of
the system. From its definition (4.3) in terms of the two-site density matrix and our
observations above w has the following properties:

(a) periodicity: w(u,v) =w(u+m,v) =w(u,v+m),

(b) asymptotics: lim, ;o w(u,v) =0,

(c) analyticity: as a consequence of (2.18) poles of w(u,v) correspond to zeroes of the
transfer matrix eigenvalues A(u), A(v).

Restricting ourselves to the ground state of the quantum RSOS model (2.16) our
numerical studies of the finite-size expressions show that w(u,v) is an analytical function
of both u and v in the strips Sy ={z € C: —-\/2 S Re(z) <3A/2} (the physical strip
for the RSOS models in regime III/IV) and S; ={2z € C: —1+3X\/2 S Re(z) < —A/2}.
Within these strips we find that w(u,v) depends on x = u — v only when L — co.

With these data as input we can now solve the functional equation (3.10) for w(u,v)
derived in section 3.2

2 1t is straightforward to extend this procedure to other eigenstates of the RSOS transfer matrix in this topological sector by taking
into account the additional poles of w(u,v) in the strips Sp 1.
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The RSOS model for r=4 can be mapped to the Ising model. In this case we have
an explicit expression for the product A(u)A(u+ ) [31]

L

L
A(u)A(u+A) = [ [ p(w = wi)plur —u) +y [T plu+ A —w)pur, —u—A) (5.1)
k=1 k=1

where y = +1 is the eigenvalue of the height reflection operator mapping heights a —
r —a. In the ground state of the RSOS Hamiltonian y = (—1)%/2. Therefore we can use
the reduction relation (3.9) to compute the function w,—4(u,v): using the factorized
form (4.6) of the three-site density matrix together with the explicit form Dj(u) =11
(for r=4) we obtain the difference equation

1 1
sin2(u — v)wy(u,v) + cos2(u —v)wy(u,v+ N) =rp(v) = (15 tan 20) — 5 (5.2)

for the homogeneous model, u; = 0. Note that, unlike the reduced qKZ equation (3.10),
this equation holds for arbitrary values of v and v. In addition we find an explicit
expression for

wy(u,u+ ) =rp(u). (5.3)

This allows for a computation of the nearest neighbour functions for arbitrary finite
chain lengths. To this end, we need to solve (5.2). We consider y = +1 for the ground
state of the RSOS model with L € 4N and define h(u,v) = sin(2(u — v))w(u,v). Setting
a(u,z) = h(u,iz+m/8) we arrive at the difference equation

a(u,z—kig) —a(u,z—i%) =rp(iz). (5.4)

Numerical studies of small system sizes reveal that e has non-zero asymptotics,
lim, o a(u,z) # 0. Hence, we take the derivative of (5.4) and use Fourier methods to
obtain a(u,z) up to a u-dependent term

o0

o(w2) =~ [ rulip) K(: = )y + (w) (5.5)
with a kernel given by
oo ti0 oikz
K = —dk. 5.6
(2) / 47 sinh (%k) (56)
—oo+1i0

Using (5.3) we can determine ¥(u) and finally find
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2 r rr,(iy) sin (4(v —u))
hu,v) = T / sinh (4(y +4u))sinh (4(y +iv)) dy (5.7)

for u,v € (0,7/4) (outside of these intervals h(u,v) is obtained by analytical continu-
ation). Note that the chain length L only enters (5.7) as a parameter in the function
r1(iy). In the thermodynamic limit r.,(iy) = +1/2 for |Im(y)| < 7/8 and we find

w(uv)zQ(u_v)_W(k_g) foru—k—wv—g—we
W msin(u —v) 2"’ 2

T 3T
8 8

) . kleZ.  (5.8)

For r > 5 the two-site function w can be obtained from the explicit form of
Dy in terms of the operators T%ﬂ (for small systems) or by solving the functional
equation (3.10). Assuming that (3.10) holds throughout the analyticity strips Sy and
S1 in the thermodynamic limit one can solve the functional equation using Fourier
methods. Based on our results for small r for x € Sy we conjecture

. 0822 — COS2N %x i 25:14)/2 a; sin 2jm> for r > 4 even (5.9)
w(x) = - . .
SILTL Z§:05)/2 a;jsin(2j + 1)m> for r > 5 odd

Note that this branch of the two-site function is continuous in the interval —2\ <
x < 2X. Plugging this expression into (3.10) it is straightforward to solve for the coef-
ficients a;, see table 1 for r < 10. Comparing (5.9) with finite size data for the two-site
function one finds rapid convergence in the interval A\/2 <z < 3\/2, see figure 1. At
the boundaries of this interval we observe a transition of w (smooth for L mod 4 =0,
singular for L mod 4 = 2) to different solutions of the functional equation. For r =4 we
have explicit expressions wy i (z) for these solutions in the thermodynamic limit from
equation (5.8) for r =4 in the intervals around = — k7 € Sy, i.e.

~ 20— (2k— 1)
= 1
“a(2) 7 sin 2x (5.10a)
Solving the functional equation (3.10) for r =5 for x — km € S; we obtain:
_ cos2x — cos2)) (sinz + (—1)Fsin 2\
@ 1 ( ):\/5( ) (=) ). (5.10b)

sinbx

Note that the functions w, ;(x) are regular in the intervals (k —1)7 < z < k.

6. Multi-point local-height probabilities

Given the ‘factorized’ expressions (3.2), (4.3), (4.6), ... one obtains the physical correl-
ation functions of the (homogeneous) RSOS models in the limit A\; =0, j =1,...,N.
In that limit the elements of the density matrices can be expressed in terms of the
nearest neighbour correlation function w(wu,v) and its derivatives at (u,v) = (0,0) which
we denote as wi ¢ = 0 9 w(u,v)|y=p=o in the following.
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Table 1. Coefficents a; in the conjectures for the two-site function f (5.9).

5 ap =5

6 a; = 1

7 ag=2cos(m/7)+2, a =4cos(n/7)—3

8 a=2a=v2-1

9 ap = (10cos(mw/9) +7)/(4dcos(mw/9) — 1), a; = 2(cos(w/9) +1)/(2cos(mw/9) + 1),
as = (2cos(m/9) —1)/(2cos(7/9) + 1)

10 a1 =vV5+1,a3=1,a3=+5-2

®,(,0)

o, O(x,O)

1.0 I
0.5 — V _|
L % -
v
0.0 — ; i
- - Sovey
05 TVWVWVVVVV v T
v, V4
L Vvyr y i
10 \ | !
-T2 0 /2
X

o 0 2

®(x,0)

o, 1(x,O)

1.0 I
L i _
05— ]
0.0 — % % —
"_vvvvvwvvaV ',‘;‘VWVV'VV_
g : -
W, i s
-0.5 — v / —
- \‘ ! -
\
-1.0 - |
-/2 0 w2
X
1.0
0.5 — —
0.0 TIVIIIIIVeTTyge. \7 VeV VIVIV]
vv.. :
L o _
-0.5 l
-m/2 0 w2

Figure 1. The two-site function w,(x,0) for the ground state of the quantum RSOS
model (2.16) with » =4,5,10,11 in the thermodynamic limit. Solid lines are solu-
tions based on the conjectures (5.9) in the thermodynamic limit, dotted lines and
symbols (V) are numerical values for L =8. Broken lines are the solutions w, j(x)
(5.10) to the functional equation (3.10) for » =4,5 in the thermodynamic limit.

The single-site density matrix in the topological sectors with d, = 1 is diagonal and

independent of the spectral parameters, hence the two-point LHP for heights a, a +1
on adjacent sites is given by the matrix elements of Dy (3.2).

Similarly, the two-site density matrix in these sectors depends on the spectral para-

meters through the nearest-neighbour function w(u,v) only. Therefore the three-point

https://doi.org/10.1088/1742-5468 /aceeef
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LHP for heights a,b,c on three neighbouring sites is given by the diagonal elements of
D5(0,0), (4.3) with equations (4.2) and (4.4), i.e.

2\ sina\ sincA
P,y.=(a,b,c|D2(0,0)|a,b,c) = Py s (1+ (a,b,c|Bala,b,c)wop), (6.1)

if |a —b| = |b—¢| = 1. Note that apart from equation (5.9) wy can also be determined

from the eigenvalues of the one-dimensional quantum RSOS model (2.16). The ground

state energy density of this model in the thermodynamic limit is known to be [27]
A 1 [ sinhzsinh(r —3)x

€)= — COt A — —

2
2m 21 J_ o sinh 2z sinhrx (6:2)

On the other hand, the energy of a given state in terms of the corresponding two-site
density matrix is

E A A sin3\
L~ 47rsin)\trace (D2(0,0)¢;) = 4msin2\ (1 +2 sin A wO’O) ‘ (6:3)

We have verified that these expressions coincide for the nearest-neighbour functions for
the ground state in the thermodynamic limit (5.9). In principle, an additional check
of (6.1) would be possible by comparison with the trigonometric limit of the corres-
ponding expression for the massive regimes III and IV of the RSOS model from [20]
which are given in terms of a two-fold integral. While we have not tried this it might also
lead to insights on how to factorize the multiple integral representations of n > 3-point
LHPs.

Particularly simple multi-point LHPs are obtained from the diagonal elements of
Dy in the states |a,a+1,...,a+ N), i.e. the probability for the presence of a segment of
length N where the heights are increasing from a to a + N: in this case there is no con-
tribution from the Temperley—Lieb operators appearing in the structure functions (4.4)
or (4.9). Performing the limit A; — 0 one obtains

2) sinaXsin(a +2)A

Pa7a+1,a+2 - A cos2 \ (1 - 2WO,O) )
2\ sinaX sin(a 4+ 3)\ 1 9
Py oitaisans = 2 1——(21—4 A
oLt = 8cos3 \ ( 1—2cos2\ ( cos™ A)wo (6.4)

—+ Sin2 A (2 w11 — wz,o) )) .

Using (5.9) with the coefficients given in table 1 one obtains analytical expressions
for these multi-point LHPs for r up to 10. In figure 2 the A = 7/r-dependence of Pis3
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Figure 2. Probabilities for the presence of a string of increasing heights in the
ground state of the RSOS model (2.16) as a function of A = 7/r: displayed are Pia3
and P(2) =), Piat1a+2 (left) and Pigsy and P(3) =), Puat1,0+2,043 (right). For
A—0 the P(n) approach the emptiness formation probabilities in the antiferro-
magnetic Heisenberg XXX chain (6.6, indicated by the dash-dotted lines.

and Pq934 is shown for r up to 100 based on the numerical solution of the reduced
qKZ equation (3.10). While these quantities vanish as a power law as A =7 /r — 0 the
probability for any increasing sequence of heights in the corresponding state, obtained
by summation of P 441, q+n OVer a:

r—n—1
1 sin(n — 1)\
P = P, an=——>12 -n—-Hl1l—-— Pio i1, (6.5
(n) ; atloatn = gy ( +(r—n )( sm(n—f—l))\)) 1.2,.m+1, (6.5)

approaches a finite value in this limit. Note that this quantity corresponds to the empti-
ness formation probability (EFP,,) of finding n adjacent spins up in the vacuum state
of the dynamical vertex model corresponding to the RSOS model [32]. As mentioned
above the quantum RSOS model (2.16) has also been interpreted as a ferromagnetic
chain of interacting non-Abelian su(2); anyons with spin 1/2 for k=r—2 [13-15]. In
this context P(n) is the probability that n < k neighbouring spin-1/2 anyons fuse into
a spin-n/2 anyon.

With (3.2) one obtains P(1) =4 as expected from the symmetry of the RSOS
model under height reflection a — r — a. Surprisingly, there appears a relation between
the ferromagnetic model considered here and the isotropic spin-1/2 Heisenberg anti-
ferromagnet: we find that the limiting values of P(2) and P(3) for A— 0 are the EFP
for the latter [33], see figure 2:

—_

1
P(2) = EFP, = 5 — 5 1n2~0.102284273,

3 (6.6)
1 3 ’
P(3) = EFPg = 7 —In2+ 2((3) ~ 0.007624158.

Here ((s) =)~ ,n~® is the Riemann zeta function.
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7. Conclusion

We have studied reduced density matrices of the critical RSOS models for segments of
up to four adjacent sites in finite and infinite chains based on their factorization in terms
of a nearest-neighbour two-point function and a set of structure functions. The latter are
independent of the states in the topological sector with quantum dimension d, = 1 of the
models and can be expressed in terms of the generators of the underlying Temperley—
Lieb algebra with prefactors depending on the representation. For the ground state of
the quantum RSOS model (2.16) in the thermodynamic limit an explicit expression for
the two-point function has been obtained which solves the reduced ¢KZ equation (3.10).
As an application of our results we have obtained compact expressions for several multi-
point local height probabilities in this state.

An essential prerequisite for this work—apart from the construction of the functional
equation (3.7) for the N-site density matrices in general face models [24]—has been a
suitable ansatz for their factorization: here we have concentrated ourselves on states
from the d, =1 topological sector of the RSOS model where the factorized expressions
were of a similar form as (1.1) known from the isotropic Heisenberg model. For the
other sectors our previous work [24] strongly indicates that the main difference is that
the physical part of the RDMs is described in terms of two nearest neighbour functions
rather than the single function w—similar as for the XXZ spin chain. It appears to be
worthwhile to study this along the lines used here, i.e. assuming that the algebraic part
can again be expanded in terms of Temperley—Lieb operators. Going beyond the critical
phases of the RSOS models a further step towards a better understanding the role of
integrable structures for correlation functions in face models is the identification of the
factorization of the RDMs for the massive regimes. This will provide an alternative to
the description of multi-point local height probabilities in terms of multiple integrals
[20].
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Appendix. The generalized RDM

Using the graphical notation introduced in equations (2.1) and (2.6) the generalized
RDM (2.18) can be depicted as:
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(@ TTA, T2 V1 ()| @)

Bk

Dn(A1, ..., Ay) a8l =

N
(@) T A(Xx)
k=1
)
ap Bo
A1 — u1 e A1 —up,
(A1)
1
- N
(@|®) TT AlAe)
k=1
AN — U cee AN —ufp
an BN
)

where the projection onto the eigenstate |®) of the transfer matrix is indicated by
T@k—lﬂkfl.

sandwiching of Hl]cvzl ayBk
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