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Thermodynamics and criticality of su(m) spin chains of Haldane-Shastry type
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We study the thermodynamics and critical behavior of su(m) spin chains of Haldane-Shastry type at zero
chemical potential, both in the Ay_; and BCy cases. We evaluate in closed form the free energy per spin for
arbitrary values of m, from which we derive explicit formulas for the energy, entropy, and specific heat per spin. In
particular, we find that the specific heat features a single Schottky peak, whose temperature is well approximated
for m < 10 by the corresponding temperature for an m-level system with uniformly spaced levels. We show that
at low temperatures the free energy per spin of the models under study behaves as that of a one-dimensional
conformal field theory with central charge ¢ = m — 1 (with the only exception of the Frahm-Inozemtsev chain at
zero value of its parameter). However, from a detailed study of the ground-state degeneracy and the low-energy
excitations, we conclude that these models are only critical in the antiferromagnetic case, with a few exceptions

that we fully specity.
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I. INTRODUCTION

In this paper we shall consider a broad class of spin chains
with long-range interactions modeled on the Haldane-Shastry
chain [1,2], whose interactions can be expressed in terms of
the generators of the su(m) algebra in the fundamental repre-
sentation. More precisely, if N denotes the number of sites and
m is the number of internal degrees of freedom the canonical
basis of the system’s Hilbert space ®" ;C™ is spanned by the
vectors

1, .. usn) = [851) ® -+ - ® [sw)s (D

where s; € {1, ..., m}. We define the permutation and spin flip
operators S;; and S; (1 < i < j < N) by the usual formulas

eSS, )

Sil-oesioo ) =|-m—si+1--). (3)

The latter operators can be easily expressed in terms of the
(Hermitian) su(m) generators 7,* in the fundamental repre-
sentation, where 1 < o < m? — 1 and the subindex labels the
chain sites. Indeed, using the normalization tr(7* Tkﬁ ) = 28up
we have

m>—1

1 1 1
Sji= — 4+ = TTY, S;=T" +—[1—(=1)"],
J m + 2 ‘; i j i + 2m[ ( ) ]
where the index y is fixed but arbitrary. In particular, for m =

2 we have T} = o}’, and hence [3] S; = ail, Sij = %(1 +o0;-
0;), where 0% (o = 1, 2, 3) are the Pauli matrices. Note that
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the operators S;; obey the standard permutation algebra

$ij0; = 0S5,  S$ij0; = 0;S;;, §;;0r = OSij,
where k # i, j and Oy is any operator acting on the kth site.
The first class of spin chains we shall be interested in are
the Haldane-Shastry (HS), Polychronakos-Frahm (PF) [4-6]
and Frahm-Inozemtsev (FI) [7] chains. They can be collec-

tively defined through the formula [8]

Hy =Y " Ji;(1FSy), )
i<j
where
Jij = m & = % (HS chain), (5)
Jij = N($+$])2 Hy(§)=0 (PFchain), (6)
J

L' (e*) =0  (FI chain).

(7

Here J > 0 is a real constant fixing the energy scale, Hy
denotes the Hermite polynomial of degree N and L]‘\',_l is a
generalized Laguerre polynomial of degree N with positive
parameter c. For reasons that will become clear in the sequel,
we shall sometimes refer to the ferromagnetic models H, as
bosonic and to the antiferromagnetic ones H_ as fermionic.
From the previous expressions we see that the HS chain can
be naturally considered as a circular chain with equally spaced
sites and spin-spin interactions inversely proportional to the
square of the chord distance, while the PF and FI chains
are better regarded as linear chains with sites & defined in
Egs. (6) and (7) and, respectively, rational (inverse square) or
hyperbolic interactions.

Jij = ,
7 2NZsinh?(& — &)
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The spin chains discussed above are all naturally related to
the Ay_; classical root system. The second type of chain we
shall deal with is the variant of the HS chain related to the
BCy root system (HS-B chain), whose Hamiltonian shall be
taken as [9,10]

1FS;; 1F §ij
He = N2 Z |:sm2(E, &) * sin?(& + §j):|
5 (8a)
)
8N2 Z (sm 2g  cos? §i>(1 oS
with
PP (cos 26,) = 0. (8b)

Here J > 0, P]‘g‘*l’ﬁ >~ is a Jacobi polynomial of degree
N and parameters B, > 0, ¢ = £1, and we have used the
abbreviation S;; := §;;S:S; = S;5;S;;. This model can be re-
garded as the open version of the HS chain, with chain sites
zj := €*%i lying on the upper unit circle (although in general
not uniformly spaced). The spin at z; interacts both with the
remaining spins at gz (with k # j) and their reflections Z; with
respect to the real axis, the interaction strength being inversely
proportional to the square of the (chord) distances |z; — z|
and |z; — Zx|.

The HS spin chain was originally introduced as a parent
Hamiltonian for the Gutzwiller variational ground state for
the one-dimensional Hubbard model in the limit of infinite
on-site energy. In fact, the (exact) ground state of the HS
chain contains a Jastrow factor reminiscent of the Laughlin
wave function in the fractional quantum Hall effect [11-13].
The remarkable properties of the HS chain became appar-
ent shortly after its introduction. For instance, it was soon
found that its spinon excitations behave as effective particles
obeying Haldane’s fractional statistics [12,14,15]. This can
indeed be regarded as the simplest realization of anyons in one
dimension. The HS chain is completely integrable [16—-18],
and is actually invariant under the Yangian quantum algebra
Y [sl(m)] even for a finite number of sites, which in part ex-
plains the high degeneracies of its spectrum [19]. It is closely
related to the Wess-Zumino-Novikov-Witten (WZNW) model
at level 1 [14], and can also be embedded into a larger class of
models constructed from chiral vertex operators of an appro-
priate conformal field theory [20,21].

A characteristic property of the HS chain that distinguishes
it from short-range chains like the Heisenberg model is the
fact that it can be obtained as the strong interaction (large cou-
pling) limit of an integrable one-dimensional system, namely
the (spin) Sutherland model [22-24]. In fact, the PF and
FI chains can be analogously derived from the integrable
spin Calogero [25,26] and Frahm-Inozemtsev [27] dynamical
models. Similarly, the HS-B chain is the large coupling limit
of the spin Sutherland model of BCy type [9,10,28]. As first
pointed out by Polychronakos [6], the connection between
the spin chains (4)—(8) and the dynamical spin models of
Calogero-Sutherland type mentioned above can be exploited
to derive the chains’ partition functions in closed form [10,29—
31]. From the common structure of these partition functions
and their relation to the representation theory of the Yan-
gian algebra in terms of border strips and their associated

S1 S92 SN—-1 SN
———— - - - - - — e —— o o
0 1 2 N—-2 N-1 N

FIG. 1. Linear vertex model associated to su(m) spin chain of HS
type.

motifs [32], a remarkable equivalence between the Ay_;
chains (4)—(7) and certain (inhomogeneous) vertex models
was established in Ref. [33]. Indeed, the spectrum of the latter
chains (with the correct degeneracy for each energy) is the
same as that of a suitable linear vertex model with N + 1
vertices that we shall next describe. Each vertex is labeled
by an integer in the range 0, 1, ..., N, and is connected to
its nearest neighbors by a bond which can take the values
1,...,m. Thus, a configuration of the model is determined
by a bond vector

=(s1,...,5v) €{1,2,....m}",

where s; denotes the value of the bond joining the (i — 1)th
and the ith vertices (see Fig. 1). The energy of the configura-
tion represented by the bond vector s can be computed through
the formula
N-1
E@s)=J) 8s(sisp)EC), x:=i/N.  (9)
i=1
Here the dispersion function £ (x), which depends on the chain
considered, is given by

x(1 —x), (HS chain),
Ex)=1x, (PF chain), (10)
x(x + yn), (FIchain),

with yy := (¢ — 1)/N, while the function §1 (where the +
sign corresponds to the double sign in H ) is defined by

. 0, i<},
5+(l,‘])={ PSJ

1, i>],

5Gi. j) = {? Shan

We thus see that the spin degrees of freedom behave as
bosons (respectively, fermions) in the ferromagnetic (respec-
tively, antiferromagnetic) case. Note also that the vectors with
components §4(s;, s;+1) are closely connected to the motifs
introduced by Haldane [14]. An analogous description of the
spectrum of the HS-B chain was recently found in Ref. [34].
More precisely, in this case the vertex model has an additional
vertex and a last bond sy, assuming the fixed (half-integer)
value m, + %, where

me 1= %[m + e (m)],

and w(m) =
case

% [1 — (—=1)"] is the parity of m. Thus, in this

N
E(s)=J)  8:(si, se)EX), (12)

i=1
with 8 as above and dispersion function
e =x(m+1-2) iz o (Bt - . (3)
X)=X\IN A YN = SN P 2 .

The thermodynamics of spin chains of HS type has been
studied ever since the early work of Haldane, who derived an
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expression for the entropy of the su(2) HS chain by means
of the spinon description of its spectrum [35]. Shortly af-
terwards, Sutherland and Shastry [36] addressed the general
su(m) case, outlining a complicated procedure for computing
the free energy which involves two successive integrations.
This procedure, however, only yields an explicit expression
for m = 2. Around the same time, a heuristic formula for
the free energy per spin of the PF and FI chains (with no
magnetic field or chemical potential term) was presented in
Refs. [5,7], again only for the su(2) case. In fact, a systematic
study of the thermodynamics of the Ay_; chains (4)—(7) (with
an additional chemical potential or magnetic field term) using
the transfer matrix method was undertaken for the first time
in Ref. [37], and extended later to the supersymmetric case in
Ref. [38]. The key idea in this respect is the fact that using
Eq. (9) (or, actually, its generalization to allow for a chemical
potential term) it is straightforward to express the partition
function as the trace of a product of N site-dependent m x m
transfer matrices. In our case, it follows from Eq. (9) that the
partition function of the three Ay_; chains can be collectively
written as

Z = tr[A(xo)A(x1) - - - AQxn—1)],

where the m x m transfer matrix A(x) has entries

Ay = e PE@SRWY) - iy <om. (14)

Here B8 := 1/T is the inverse temperature (taking Boltzmann’s
constant kg as unity), and the dispersion relation £(x) is given
by Eq. (10). Since the matrix A(x) has positive entries for
all x € [0, 1], the classical Perron theorem [39,40] implies
that A(x) has a positive simple eigenvalue A;(x) which ex-
ceeds the modulus of any other eigenvalue. From this fact
it readily follows that in the thermodynamic limit N — oo
the free energy per spin f(7T') of the chains (4)—(7) can be
expressed as

1
f(T) = —T[ In A, (x) dx. (15)
0

As shown in Ref. [41], similar expressions are valid for the
HS-B chain (8). Indeed, from Eq. (12) we obtain

Z = tr[A(xy) - - - A(xn—1)B],

where A, (x) is defined as above but using Eq. (13) for the
dispersion relation, and the m x m matrix B has entries

1
By = e PIOVEDbumetd) <y <,

Since all the matrices in the expression for the partition
function have again positive entries, it follows from Perron’s
theorem that the thermodynamic free energy per spin is given
by Eq. (15) also in this case (see Ref. [41] for details). Note
that when computing the thermodynamic free energy from
Eq. (15) we must replace the parameter yy in Egs. (10) and
(13) by

y = lim yy 2 0.
N—o0

In fact, Eq. (15) has been shown to hold for the su(m|n)
supersymmetric version of the chains (4)—(8) studied in this
paper, even with the addition of a general chemical potential
term [38,41]. Thus, the thermodynamic functions of all of

these models can be computed in closed form provided that
the Perron eigenvalue A;(x) of the transfer matrix A(x) in
Eq. (14) can be explicitly found. So far, this has only been
done in the su(2) case (bosonic or fermionic) [37,41] and in
the supersymmetric case [42] with 1 < m,n < 2 [38,41].

The main aim of this paper is to derive a remarkably simple
expression for A;(x) for all the HS-type su(m) chains (4)—(8),
valid for arbitrary values of m. Thus, the thermodynamic
functions of these models can be evaluated in closed form. We
stress that such closed-form expressions had been obtained so
far only for the su(2) case, even at zero chemical potential.

Another problem we shall address in this work is the study
of the critical behavior of the chains (4)—(8). As is well known,
a strong indication of the critical character of a model is the
low-temperature behavior of its free energy. The reason for
this is that at low temperatures the free energy per unit length
of a (1 + 1)-dimensional conformal field theory (CFT) with
central charge ¢ behaves as [43,44]

wcT?

ST = f0) = =

where v is the Fermi velocity and we are using natural units
h = 1. It is thus expected that the free energy of a critical
system obey the latter asymptotic formula at sufficiently low
temperatures, with ¢ equal to the central charge of the effective
CFT governing the model’s low-energy behavior. Using the
explicit expression (15) for the free energy per spin of the
chains (4)—(8), we shall show that Eq. (16) is satisfied for
these models with central charge ¢ = m — 1 (with the only
exception of the FI chain with y = 0). This result agrees
with the calculation in Ref. [45] for the supersymmetric PF
chain (using a different method), and is consistent with the
fact that the low-energy excitations of the (original) HS chain
(5) are governed by the su(m); WZNW model [14,46,47]. It
should be emphasized, however, that (16) is only a necessary
condition for criticality. Indeed, a CFT—and thus a truly crit-
ical model—must have low-energy excitations with a linear
energy-momentum relation and the degeneracy of its ground
state should remain finite in the thermodynamic limit. Using
Egs. (9)-(10) and (12)—(13), we shall prove that both of these
conditions hold in our case. In this way we shall show that the
chains (4)—(7) (with y > 0 for the FI chain) are critical only
in the fermionic (antiferromagnetic) case, which is again in
agreement with the results for the HS chain in Ref. [48]. On
the other hand, we shall see that the HS-B chain is critical not
only in the fermionic case, but also in the bosonic (ferromag-
netic) one whenm = 2,orm = 3 and ¢ = —1.

We shall close this section with a few words on the pa-
per’s organization. In Sec. II we recall the formula for the
free energy per spin of su(m) chains of HS-type in terms of
the Perron eigenvalue of a suitable transfer matrix derived in
Refs. [37,41]. We then evaluate this eigenvalue, thus obtaining
a simple closed-form expression for the free energy of the
latter models valid for arbitrary values of m. This expression
is used in Sec. III to derive explicit formulas for the energy,
entropy, and specific heat per spin. We also study the ap-
proximation of these functions by those of an m-level system
with uniformly spaced levels, and establish the existence of
a single Schottky peak in the specific heat for all values of
m. In Sec. IV we analyze the critical behavior of the models

(16)
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under study by first determining the low-temperature behavior
of their free energy, and then examining in detail the ground-
state degeneracy and the existence of low-energy excitations
with linear energy-momentum relation. The paper ends with
a technical Appendix in which we deduce the full asymptotic
expansion of the free energy per spin at low temperatures used
in Sec. IV.

II. FREE ENERGY

In this section we shall evaluate the Perron (“dominant”)
eigenvalue A;(x) of the transfer matrix A(x) given by Eq. (14),
which as we have seen determines the free energy per spin
of the HS-type chains (4)—(8) through the integral (15). To
this end, we first recall that according to Perron’s theorem
the dominant eigenvalue of a positive matrix [49] possesses
a positive eigenvector. In fact, a corollary of Perron’s theorem
posits that the dominant eigenvalue of a positive matrix is the
only eigenvalue possessing a positive eigenvector. Since this
property shall be essential in what follows, we shall briefly
summarize its proof. Indeed, suppose that v is a positive
eigenvector of a positive matrix P with eigenvalue X, and de-
note by XA; the dominant eigenvalue of P. Since the transpose
matrix PT is also positive and has the same spectrum as P,
its dominant eigenvalue is also A, and therefore there exists a
positive vector w such that PTw = A;w. We then have

A(w,v) = (PTW, v) = (w, Pv) = A(W, V),

where we have used the fact that PT and A, are real. Since
both v and w are positive vectors, from the latter equality it
follows that A = A1, as claimed.

In fact, if an eigenvalue X of a positive matrix P is known,
Perron’s theorem provides a simple test to ascertain whether
A is the dominant eigenvalue of P. Indeed, if we denote by
C}j the (7, j) cofactor of the matrix A — P, we then have the
elementary identity

> (A8ij — Pip)Cl; = 8y det(h — P) = 0,
j=1

where m is the order of P. From the previous identity it
follows that any row of the cofactor matrix (C,-Aj)l’-'fj:1 is an
eigenvector of P with eigenvalue A. However, as part of the
proof of Perron’s theorem, it is shown that all the cofactors Cl.’\ N
corresponding to the dominant eigenvalue A; are positive [40].
From the discussion in the previous paragraph we then obtain
the following elementary test: an eigenvalue A of a positive
matrix P is its dominant eigenvalue if and only if any row of
the cofactor matrix of A — P is a positive vector.

Let us now turn to the computation of the dominant eigen-
value of the positive matrix A(x) in Eq. (14). To begin with,
from the definition (11) of &, it follows that in the bosonic
case the matrix A(x) has the following structure

1 1 .- 1 1
a1 .- 1 1
Alx) = : ,
a” a" 1 1
a” a" a1

where we have set [50]

a = e PE@m
An elementary calculation shows that

m—1 m

l1—a
©Mx) =) d=—-
— 1—a

is an eigenvalue of A(x). We could now apply the previous test
to check whether A(x) is the dominant eigenvalue of A(x), but

in this case it is easier to observe that the vector
V= (l,a,...,am_l)

is a positive eigenvector of A(x) with eigenvalue A(x). Indeed,

k—1 m m—+k—2

[AX)V]; = Zamai_l + Zai_l = Z a
i=1 i=k

i=k—1
=ad""A(x) = A(xX)vx.
From the previous discussion it follows that A(x) = A;(x).

We thus obtain the following remarkable formula for the free
energy per spin f (T) of the bosonic HS-type chains (4)—(8):

1 m—1
f(T) = —T/ In (Z eﬂl&x)k/m)dx
0 k=0
! 1 — e BIEW
= [0 (7 S )
_ : sinh(BJE(x)/2)
= T/o " [sinh(ﬂmx)/(zm»]dx’ a7
where

J 1 !
ﬁ) = 5 1—— 80, 5() = f E(x)dx.
m 0

The constant &, which can be easily found from Egs. (10)
and (13), takes the values 1/6 (HS chain), 1/2 (PF chain), and
y/2 + 1/3 (FI and HS-B chains).

An analogous result for the fermionic case can be easily
derived noting that

A_(x) =A4(x)+ (@ — DI,

where for clarity’s sake we have denoted by A_(x) [respec-
tively, A4 (x)] the matrix A(x) in the fermionic (respectively,
bosonic) case. Hence, the dominant eigenvalue of the matrix
A_(x) is given by

m—1 m—1

AMx) = Zak +ad" -1 =a2ak.
k=0

k=0

Substituting into Eq. (15) we obtain the following simple
formula for the free energy per spin f_(7') in the fermionic
case:

JE
Ty = fi(T)+ 7" (18)

For m =2, the previous formulas for fi coincide with
those in Refs. [37,41]. As an additional consistency check,
note that as 7 — oo from Egs. (17) and (18) we easily
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obtain
f(T)~ —TInm,
in agreement with the elementary identity
Z(T) ~ mV.
Soo

Remark 1. The thermodynamlc free energy of the PF chain
can be computed in closed form in terms of the dilogarithm

function [51]
/Z In(1 — 1) dr
0 t ’

analytic in the cut complex plane C \ [1, oo), where the inte-
gral is taken along any path in the latter set joining the origin

J

Liz(Z) =

to the point z. Indeed, we have

2 ].[2
fe(T) = [lez(e Plimy — Liy(e ) — < - 1)}.

III. THERMODYNAMICS

The energy density u, entropy per spin s and specific heat
per spin cy of the HS-type chains (4)—(8) can be readily com-
puted using Eqgs. (17) and (18). Before doing so, to simplify
our formulas we shall set without loss of generality J = 1, so
that energy and temperature become dimensionless. With this
proviso, we find

1 £ 1 £
= o =5 (155 )6 —/ eco)com (P52 =+ com (222 |, (19)
o B/ )_/1 " sinh(ﬂszoc)) B ﬂg(x)[coth</35(x)> _lcoth<ﬂ€(x)>} i (20)
ST sih(“@) 2 2 - m :
_ zaui /32 2 h2 BEX) _ 2 BE ()
cy=-—-p op 1 / 8(x)|: <—2m ) h (—2 >]dx. 21

Using the explicit formula for the free energy per spin of the
PF chain from the previous section we readily find the follow-
ing simple expressions for its thermodynamic functions:

1 FoT 1—e P
=U_ — — = — — n| —— |,
“r=u 2m + 1 — e B/m

_ 1 l—e¢?

s=-2Bf+—1In T—oFm )’

1—e? 1 1/m
—eBim +h ef—1 ebim—1)

From the first equality in Eq. (17) it follows that for large
T (i.e., for T > £(1) for the PF, FI and HS-B chains or T >
£(1/2) = 1/4 for the HS chain) the ferromagnetic free energy
per spin f (T') can be well approximated replacing £(x) by its
mean value & over the interval [0,1]. In other words, we have

m—1
—TIn (Z e_k’ggmo) = fm(T)
k=0

The right-hand side is the partition function of an m-
level system with uniformly spaced levels E; = k& /m, k =
0,...,m— 1. In fact, at sufficiently high temperatures the
thermodynamic functions of the HS-type chains (4)—(8) be-
have qualitatively as those of the corresponding m level
system, as can be seen, for instance, from Fig. 2 for the HS
chain with m =2,...,5 (we omit the corresponding plots
for the PF, FI, and HS-B chains, which are very similar).
It should be noted, however, that at low temperatures the
thermodynamic functions of the HS-type chains behave quite
differently than those of their corresponding m-level system.
Indeed, at low temperatures the free energy of the m-level

v=-28f;—2In <1

S (T) =

(

system,
1 —e P&
fu(T)=—T1n (—1 — em/m>
— _Te Bé/m + O(T€_2ﬂ80/m),

is exponentially small, and so are its remaining thermody-
namic functions. On the other hand, from the discussion in
the next section [cf. Eq. (26)] it follows that for the HS-type
chains fi(T) — f+(0) ~ =T? as T — 0+ [or ~ — T3/? for
the FI chain with y = 0; cf. Eq. (A2)]. Thus, u — u(0) ~ T2
s~T,and ¢y ~T as T — 0+ [or u —u(0) ~ T3?, s~
T'/2 and cy ~ T'/? for the FI chain with y = 0].

0.05
0.04 [
0.03 ',:’,'x"‘ o mmemeE
0.02 7
0.01
0.00

u(T)—u(0) ‘__--‘_'_ ----------

f()-£(0)

0.6

0.4

0.2

0.0p £~ 0.0
0.00 0.05 0.10 0.15 0.20  0.00 0.05

0.10 0.15 0.20

FIG. 2. Thermodynamic free energy, energy, entropy, and spe-
cific heat per spin of the su(m) HS chain (4)—(5) withm = 2, 3,4, 5
(green, red, blue, and orange solid lines, respectively) vs temperature
T, compared to their counterparts for an m-level system (dashed
lines).
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0030 0.3
0.025) ° HS

0.020} % ® mlevel (& =1/6)
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0

* Fl(y=0)
° HS-B(y=0)

50 100 150 200 () 50 100 150 200

FIG. 3. Left: Temperature 7,, of the Schottky peak of the su(m)
HS chain with m =2, ...,200 compared to its rough m-level ap-
proximation &/(2t,,) = 1/(12t,). Right: Difference &/(2t,,) — T,
for the HS, PF, FI HS-B chains (with y = 0 for the last two chains)
form=2,...,200.

From Fig. 2 (and similar plots for the PF, FI, and HS-B
chains that we are not displaying) it is apparent that, at least
for low values of m, the specific heat per spin of the HS-type
chains features a single absolute maximum (i.e., a Schottky
peak). This behavior can be qualitatively understood by ana-
lyzing the specific heat of the corresponding m-level system,
given by

1 &
cym = 2 |:—2 cschz(t/m) — csch? t:|, t = &.
m 2

Indeed, although we have not found an analytic proof, we
have compelling numerical evidence that cv ,,(¢) has a single
critical point ¢, in the half-line (0, co) which is an absolute
maximum. It is therefore to be expected that the specific heat
of the su(m) HS-type chains feature a single Schottky peak
at a temperature T, of the order of &/(2t,). In fact, for low
values of m < 10 the Schottky temperature 7, is reasonably
well approximated by the m-level value &/(2t,), as can be
seen from Fig. 3 (left) for the HS chain (and similarly for
the other HS-type chains). On the other hand, for large m the
difference &)/ (2t,,) — T,, appears to tend to a constant positive
value, while T;, — 0 (see Fig. 3, right).

IV. CRITICAL BEHAVIOR

As mentioned in the Introduction, one of the hallmarks of
criticality is the low-temperature behavior of the free energy,
given by Eq. (16). In our case, using Eqgs. (17) and (18) with
J = 1 we obtain

1
FT) = £ = =T [ (1 = e #0an
0

1
+T / In(1 — e PEO/ Mgy (22)
0

As T — 0+, the main contribution to both of these integrals
comes from a small neighborhood of the points where the
dispersion relation £(x) vanishes, i.e., x =0, 1 for the HS
chain and x = 0 for the PF, FI, and HS-B chains. For the latter
three chains £(x) is monotonically increasing over the interval
[0,1], so that performing the changes of variables y = BE(x)

and y = BE(x)/m in the integrals in Eq. (22) we have

BE()
Fu(T) = £2(0) = —T? / In(l = e)EY(Ty)dy
0

BEW)

In(1— ) E"Y (mTy) dy,
(23)

+mT2/
0

where £7!:0 — £(1) denotes the inverse function of & :
0 — 1. Since the main contribution to both integrals comes
from the point y = 0, we can approximate (£~'Y(Ty) and
(7Y (mTy) by (£71Y(0) = 1/£'(0) (assuming that y > 0
for the FI chain) and push the upper limit in each integral to
+-00, thus obtaining

fe(T) - f. <0>——('"_1)T2 /""ln(l_g,y)d +0(T?)
* ST N Y
_ m=DT? 5
_ _(m— 1)7{2 ) 3.
“ee, IOy (24)

see the Appendix for more details [52]. It follows from
Eq. (24) that the free energy per spin of the PF, FI (with y > 0)
and HS-B chains behaves as that of a CFT with central charge
¢ = m — 1. To see this, note first of all that the variable x can
be regarded as p/m, where p is the momentum (defined mod-
ulo 2m). Indeed, since the dispersion relation is monotonic
the interval O < x < 1 corresponds to the positive momentum
range 0 < p < 7 and not to the full range —7 < p < 7. As
the relation between energy £(x) and momentum p = mx is
linear near p = 0, the Fermi velocity is given by

)

V= —
dp|,—o T

(25)

so that Eq. (24) can indeed be written as

(m—Dm
6v

fe(T) — f+(0) = — T2 +0(T?. (26)

For the HS chain (4)—(5), the dispersion relation &(x)
is symmetric about x = 1/2 and increasing in the interval
[0, 1/2]. Hence, we can write

172
£oT) = fe0) = =27 [ (1 = e P
0

1/2
+2T [ In(1 — e PEO/™Myax,  (27)
0

and proceeding as above we arrive at
(m — Dx?

3£(0)
(see again the Appendix for details on the error term). How-
ever, in this case the symmetry of the dispersion relation
about x = 1/2 implies that the relation between x and p is
p = 2mx (the interval 0 < x < 1 now corresponds to the full

momentum range 0 < p < 2m). Hence,
d&é E£'(0)
V= — = -,

dp|,—o 2

fi(T) — fu(0) = — T2 +0(T%)  (28)

(29)
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and Eq. (26) also holds in this case. Thus, Eq. (26) is valid for
all the HS-type chains, except for the FI chain with y = 0. (In
fact, as shown in the Appendix, for the latter chain fi(T) —
fi(0) ~ =T3?as T — 0+.)

As mentioned in the Introduction, to ascertain the critical-
ity of a quantum system we must also examine the degeneracy
of its ground state and study its low-energy excitations. Both
of these problems can be addressed with the help of Egs. (9),
(10) and (12), (13) for the energy spectrum. We shall start by
constructing the bond vectors for the ground state of each of
the chains (4)—(8). In this way we shall easily determine the
ground-state energy and its degeneracy.

Consider, first, the PF, FI, and HS-B chains, whose dis-
persion relation £(x) is monotonically increasing over the
interval [0,1]. In the fermionic case §(s;, s;+1) = 0 if and
only if s; < si4+1, and hence the bond vectors s, yielding the
ground state of the PF and FI chains are obtained by placing
[53] r := |N/m] sequences (1, ..., m) starting from the right
end and filling the remaining N — rm components with an
increasing sequence (s1, ..., Sy—rm) € {1,..., m}N """

Se=(S1, .-, SN—pm> Ly ovoymy oo 1,0 m),

(30)

l<si < <Sy_m-

The ground-state degeneracy is therefore (Nfrm) &« N as
N — o0. In the case of the HS-B chain, since §(sy, syy1) =
S(sy, mg + %), to obtain the ground state we must take sy =
m.. Hence, the ground-state bond vectors are in this case

Se=(S1, .oy SN—pm, L oooymy oo oo my 1L my),

l<sy < - <Sy_m,

where now r = [ (N — m,)/m]. The ground-state degeneracy
is again (" ) < N. Thus, the degeneracy of the fermionic
PF, FI, and HS-B chains remains finite in the thermodynamic
limit. The situation is completely different in the bosonic case,
since now 4(s, s) = 0. Thus, the ground-state bond vectors of

the PF and FI chains are of the form

Se=(St, oy S15ees Spyvnny ), 31D
———
K kr

withkj+---+k =Nand 1 <51 <--- <s, <m. Thus, in
this case the ground-state degeneracy is given by

dy =Y PWV; r><’f),
r=1

where P(N;r) denotes the number of partitions of the inte-
ger N in r parts. In particular, the ground-state degeneracy
clearly tends to infinity in the thermodynamic limit. On the
other hand, for the bosonic HS-B chain we must impose the
additional restriction s, < m,, so that in this case we have

dy =Y PV r)("f)
r=1

It follows that in this case the ground state is nondegenerate if
and only if m, = 1,1.e.,form =2orm =3 and e = —1. The
ground-state degeneracy is otherwise infinite (at least N + 1)
in the thermodynamic limit.

The above analysis must be slightly modified in the case
of the HS chain, whose dispersion relation is increasing over

the interval [0, 1/2] and symmetric about 1/2. For this rea-
son, to the bond vectors (30) we should add their “reflected”
counterparts

,....m,..., 1, ....m,81,...,5_rm)-

Thus, in this case the ground-state degeneracy is again finite
in the thermodynamic limit [2(,," ) when N is not a mul-
tiple of m, or 1 when it is]. Finally, in the bosonic case the
ground-state bond vector is still of the form (31), and hence
the ground-state degeneracy is infinite in the thermodynamic
limit. In summary, from the analysis of the ground-state de-
generacy we conclude that only the fermionic chains (4)—(8),
and the bosonic HS-B chain withm =2 orm = 3,e = —1,
can be truly critical. It is interesting to observe in this respect
that the bosonic su(3) HS-B chain with ¢ = 1 has exactly
the same thermodynamic functions as its counterpart with
& = —1, but only the latter can be critical.

Let us now turn to the study of the low-energy excitations
over the ground state in the possible critical cases identified in
the previous paragraph. To begin with, consider the fermionic
su(m) HS chain. A low-energy excitation over a ground state
with bond vector s, is obtained, for instance, replacing a
component s; with i K N (or N —i < N) and s; < $j1+1, by
8} > si+1. In the first case we add an energy

AE = E(x;) = E'(0)x; = O(1/N),
while in the second one
AE =E(x) =E(1 —x;) =~ E'0)(1 —x;) = O(1/N).

On the other hand, it is well known [14] that the state de-
scribed by a bond vector s has momentum

N—1

P(s) =27 Y x:8(si. 5i41)

i=1

mod 2.

Hence, by replacing s; by s; we add a momentum

AP = 2mx;, mod 27,

where the “4” sign corresponds to the case i < N. Thus, in
this case the model is critical, and its Fermi velocity is given
by

v= lim |—
N—ooo | AP

’

AE’ _ £'(0)
T 2n

in agreement with Eq. (29). Note that this conclusion is
consistent with the discussion in Ref. [48] for the su(m|n)-
supersymmetric HS chains.

For the fermionic PF, FI, and HS-B chains the situation
is quite different, as the Hamiltonian of these models is not
invariant under translations along the lattice and thus momen-
tum is not conserved. Of course, these models still possess
low-energy excitations obtained by exciting a component of
the ground-state bond vector with index i < N (both in the
fermionic case and for the bosonic HS-B chain with m = 2 or
m = 3, e = —1), with energy

AE = E(x;) ~ ' (0)x; = O(1/N).
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By analogy with the HS chain, we assign to an energy eigen-
state with bond vector s an effective momentum

N-n

Ps)=m inS(Si, Si+1),

i=1

mod 27, (32)

where n = 0 for the HS-B chain and n = 1 otherwise. Note
that, as explained above, in this case the factor multiplying
the sum is m instead of 2w, since the dispersion relation
of the PF, FI, and HS-B chains is monotonically increas-
ing over the interval [0,1], and thus this interval represents
only the positive momentum range. With this definition the
change in effective momentum of the low-energy excitations
described above is AP = mx;, and hence their Fermi velocity
is given by Eq. (25). In summary, the HS-type chains (4)—(8)
are all critical in the fermionic case, while in the bosonic case
only the HS-B chain is critical whenm = 2 orm = 3, ¢ = —1.

Remark 2. The PF chain is known to possess Yangian in-
variance [54], and it is conjectured that the same is true for the
FI chain in view of the structure of its partition function and
the high degeneracy of its spectrum [31]. Likewise, the HS-B
chain is also known to have twisted Yangian symmetry [9].
It is thus conceivable that the effective momentum (32) could
be related to the eigenvalues of one of the conserved Yangian
generators for these models.

V. CONCLUSIONS

In this paper we have completely determined in closed
form the thermodynamics of the su(m) spin chains of
Haldane-Shastry type (with zero chemical potential) (4)—(8)
for all m. Our method relies on the fact that the energy spec-
trum of these models coincides with that of an appropriate
vertex model, which makes it possible to express their ther-
modynamic free energy as an integral involving the Perron
eigenvalue of a position-dependent m x m transfer matrix. We
have been able to compute this eigenvalue in closed form
for arbitrary values of m by applying the classical Perron
theorem on positive matrices and some of its consequences.
This yields an explicit expression for the free energy per spin
of these models, which fully determines their thermodynam-
ics. We have found that at sufficiently high temperatures the
thermodynamic functions of the su(m) HS-type chains behave
qualitatively as those of an m-level system with uniformly
spaced levels. In particular, for all values of m the specific heat
features a single Schottky peak, whose temperature is close to
that of the corresponding m-level system for m < 10.

Using our explicit formula for the free energy per spin, we
have also examined the critical behavior of the su(m) HS-type
chains (4)—(8). We have first shown that the low-temperature
behavior of the free energy coincides with that of a CFT with
central charge ¢ = m — 1, both in the ferromagnetic (bosonic)
and the antiferromagnetic (fermionic) regimes (with y > 0 for
the FI chain). This low temperature behavior of the free en-
ergy is, however, only a necessary condition for criticality. To
ascertain whether the models under study are critical or not,
we have used the motif-based description of their spectrum to
study the degeneracy of their ground state and the existence
of low-energy excitations with a linear energy-momentum
relation. In this way we have shown that the antiferromagnetic

chains are all critical (again, with > 0 for the FI chain),
whereas in the ferromagnetic case only the su(2) and su(3)
HS-B chain (with ¢ = —1 in the latter case) are critical.

Our main result does not appear to be easily generalizable
to the case of nonzero chemical potential, or to su(m|n) super-
symmetric chains, and in fact the known expressions of the
thermodynamic functions of these models for low values of
m and n have a more complicated structure than those found
in this paper. Note, however, that our closed-form expression
for the Perron eigenvalue of su(m) chains in the zero chemi-
cal potential case could be used to identify and approximate
this eigenvalue for sufficiently small values of the chemical
potentials, which would in turn yield a corresponding approx-
imation for the thermodynamic functions.
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APPENDIX: ASYMPTOTIC EXPANSION
OF THE FREE ENERGY

In this Appendix we shall provide the details of the com-
putation of the asymptotic approximation to the free energy
per spin of the chains (4)—(8) at low temperatures [see, e.g.,
Eq. (24)]. In fact, we shall derive a complete asymptotic
expansion of the latter function for 7 — 0+.

Consider, to begin with, the FI chain with y = 0, for which
E(x) = x* and hence £~ (y) = /Y, 0 <y < 1. From Eq. (23)
we have

fe(T) — f£(0) = —T?[g(T) — mg(mT )], (AD)
with
1 B dy
T =-T—1/2/ In(1 —e™) —.
8(T) > ; n(l —e )ﬁ
Since
% B
/ 1n(l—e_y)ﬂ—/ ln(l—e_y)ﬂ‘
0 Y Do Sy

=— /ooln(l —e™) v _ O(T"?e™ ),
B Y
we can write
g(T) = 1 T2 /OO In(l —e™) ay + 0™
2 o NG
JT
2

where £ (z) := Z@] n~* is Riemann’s zeta function. From
Eq. (A1) we finally obtain

f(T) — f+£(0)

32T '2 + 0™,

= —(v/m - 1)? (/)T +0(T?e™ Py, (A2)

which shows that the FI chain is not critical for y = 0.
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Consider next the PF chain. In this case we simply have

1 B
/1n(1—e—ﬁX)dx=Tf In(1 —e™)dy
0 0

2
T
=-T=+oae?),
6
and from Eq. (22) we find

72T?

6

This is in agreement with Eq. (24), since in this case £(x) = x.
Let us next deal with the FI and HS-B chains with y > 0,
for which we respectively have

(Y2 +47)7172,
[y + 1> =221 "2,

Since in both cases all the derivatives of £(z) are bounded in
their respective domains we have

Jfe(T) = f:(0) = —=(m — 1) + O(T?ePImy.

0<z<y+1,

—1y _
€ )(Z)_{ 0<z<y+ 1

n k k+1 —1

—1y _ Z n+1 R d (8 )
E)R)= E Ckﬁ +0(E"), o= T
k=0

From these formulas we obtain the estimates

BE()
oT) = /0 In(1 — e )EY(Ty)dy

BE() (K

= Z o T* / % In(1 —e™)dy + O(T").
k=0 0 :

Moreover, since

[} yk
f — In(1 — e7?)dy = O(pFe PED),
pea k!

the upper limit in all of the integrals above can be pushed to
infinity at the cost of an exponentially small term. We thus
have
[e¢]
0

n k
y —y n+1
T)= T* ZIn(l —e ) dy + O(T"*
o(T) k§:0ck f L In(l = ) dy + O™ )

==Y alk+2)T" + o™,
k=0

which is equivalent to the infinite asymptotic expansion

8(T) ~ = crk+2)T (A3)
k=0

By Eq. (A1), the latter formula yields the following asymp-
totic series for the free energy per spin of the FI and HS-B
chains with y > 0:

fe(T) = f2(0) ~ = > (! = Deet (k+ 2T, (A4)
k=0

The coefficients ¢, can be easily computed in both cases, with
the result

_ 2@k = Dty G (FI),
FTVD @Kk = D1y + 1) 3D (HS-B),

where (—1)!! := 1. In particular, from Egs. (10)—(13) it easily
follows that the first term in the asymptotic series (A4) coin-
cides with Eq. (24).

The above argument must be slightly modified to deal with
the HS chain and the HS-B chain with y = 0, since in both
cases (£7') becomes infinite at the right endpoint £(1). For
instance, for the HS chain we have

E Y@ =0-4)7"?,

note that in this case £~! is the inverse of &£ : [0, 1/2] —
[0, 1/4], since £(x) is increasing over [0, 1/2] and symmetric
about the half-point x = 1/2. Using Eq. (27) and performing
the change of variable SEx = y we again arrive at Eq. (Al),
where g(7') is now given by

0<z< /4

B4
g(T) = 2/ In(1 —e™)(1 —4Ty)" ' dy. (A5)
0
To deal with the divergence of the last term at the upper limit

of the integral, we first note that

—1 et drH_l n+
D (1 —47)"" .

1 — 47712 =
(1 —42) 2+ (20 + D11 dgr !

We next define

n 2n+1 k
(—1)y+! z
hz)=———|(1 -4 2_2: =,
@= i on| 7% £ il
with

dk
=ﬁ

(1-49"7",
z=0

Ck

so that h(z) = O(z*'*?). Differentiating n + 1 times the ex-
pression for i(z) we arrive at the identity

(1 —42)72 = i) + o
21+1(2p 4+ 1)1 dzm+!
2n+1 Zk
X Z Cka
k=n+1
n+1 n j
T . > S

¥ 2n+ DI £ BAART

Taking into account that
Carjr1 = 2n+ DIEJ — DI,

we finally obtain

n ) j
(1-42)7"2 = h"*D (@) + Y272 — DIt =
j=0 I
Substituting this expression into Eq. (AS) yields
"o B4
gT)y=Y 2*@2j- 1)!!Tf/ Y 01 — e M)dy
=0 o J!

B/4 n+1
In(1 —e™)

n+1
+ 2’3 0 dynJrl

h(Ty)dy.
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The asymptotic expansion of the first term is straightforward:

n ) - rB/4 yj
> 2t - 1)!!Tf/ ZIn(1 — e )dy
im0 o J!

n o0 j
= Z 2 @i —nTi f y—' In(1—e)dy+ 0(p"e P/*)
=0 o J
n
=— sz“(zj — DG +2)T 4+ 0B e P*).  (A6)
j=0
We claim that the second term in the previous equation for
g(T)is O(T™"). This is easily proved by integrating by parts
n 4+ 1 times:

B/4 pa
In(1 —e™)——h(Ty)dy

n+1
‘8 0 dyn—H

= > 1 P Ty [
k=0

B4
(! / oD (R(Ty) dy,
0

with ¢(y) := In(1 — e7). The boundary terms vanish at y =
0, since h(z) = O(z*"*?). On the other hand,

B 0B/ (1/4) = OB TP,
for k =0, ..., n, as the first n derivatives of s are bounded.
Thus, the boundary terms are O(8"'e~#/4), while

B4
gt e"TDWN(Ty)dy = O(T™),
0

since h(Ty) = O[(Ty)*"+?] and the integral
15"y 2ot (y)dy is convergent. Putting all of the above
together we obtain the asymptotic series

o(T)~ — ZZ"“(Zk — D¢k +2)Tk,
k=0

from which it follows that

fi(T) _ fi(o) ~ Z(mld—l _ 1)2k+1

k=0

x (2k — D ¢ (k + 2)T*+2. (A7)

In particular, truncating the series after the first term and using
Eq. (10) we obtain Eq. (28).

Consider, finally, the HS-B chain with y = 0, for which
E(x) = x(1 — x/2). From Egs. (22) and (27) it easily follows
that

J=(T) = f£(0) = 2[ fus,+(T/2) — fus.=(0)],
whence we obtain the asymptotic series
f2(T) = f2(0) ~ = > "(m* ! — 1)@k — DN g (k +2)T 2,
k=0

Again, the first term in this series is easily seen to yield
Eq. (24).

[1] FE. D. M. Haldane, Phys. Rev. Lett. 60, 635 (1988).
[2] B. S. Shastry, Phys. Rev. Lett. 60, 639 (1988).
[3] When m = 2 we take y = 1 in the equation for S; to agree with
the standard definition of the Pauli matrices.
[4] A.P. Polychronakos, Phys. Rev. Lett. 70, 2329 (1993).
[5] H. Frahm, J. Phys. A: Math. Gen. 26, L473 (1993).
[6] A.P. Polychronakos, Nucl. Phys. B 419, 553 (1994).
[7] H. Frahm and V. I. Inozemtsev, J. Phys. A: Math. Gen. 27, L801
(1994).
[8] In what follows sums over Latin indices will implicitly range
form 1 to N, unless otherwise stated.
[9] D. Bernard, V. Pasquier, and D. Serban, Europhys. Lett. 30, 301
(1995).
[10] A. Enciso, F. Finkel, A. Gonzalez-L6pez, and M. A. Rodriguez,
Nucl. Phys. B 707, 553 (2005).
[11] R. B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).
[12] E. D. M. Haldane, Phys. Rev. Lett. 67, 937 (1991).
[13] H. Azuma and S. Iso, Phys. Lett. B 331, 107 (1994).
[14] F. D. M. Haldane, Z. N. C. Ha, J. C. Talstra, D. Bernard, and V.
Pasquier, Phys. Rev. Lett. 69, 2021 (1992).
[15] E. D. M. Haldane, in Correlation Effects in Low-dimensional
Electron Systems, Springer Series in Solid-state Sciences, Vol.
118, edited by A. Okiji and N. Kawakami (Springer, Berlin,
1994), pp. 3-20
[16] N. Kawakami, Phys. Rev. B 46, 1005 (1992).

[17] D. Bernard, M. Gaudin, F. D. M. Haldane, and V. Pasquier,
J. Phys. A: Math. Gen. 26, 5219 (1993).

[18] Z. N. C. Ha and F. D. M. Haldane, Phys. Rev. B 47, 12459
(1993).

[19] E. Finkel and A. Gonzilez-Lépez, Ann. Phys. 361, 520
(2015).

[20] J. L. Cirac and G. Sierra, Phys. Rev. B 81, 104431 (2010).

[21] A. E. B. Nielsen, J. I. Cirac, and G. Sierra, J. Stat. Mech. 2011,
P11014 (2011).

[22] B. Sutherland, J. Math. Phys. 12, 246 (1971).

[23] B. Sutherland, Phys. Rev. A §, 1372 (1972).

[24] Z.N. C.Haand E. D. M. Haldane, Phys. Rev. B 46, 9359 (1992).

[25] E. Calogero, J. Math. Phys. 12, 419 (1971).

[26] J. A. Minahan and A. P. Polychronakos, Phys. Lett. B 302, 265
(1993).

[27] V. 1. Inozemtsev, Phys. Scr. 53, 516 (1996).

[28] T. Yamamoto, Phys. Lett. A 208, 293 (1995).

[29] F. Finkel and A. Gonzilez-Lépez, Phys. Rev. B 72, 174411
(2005).

[30] J. C. Barba, F. Finkel, A. Gonzdlez-Lépez, and M. A.
Rodriguez, Europhys. Lett. 83, 27005 (2008).

[31] J. C. Barba, F. Finkel, A. Gonzdlez-Lépez, and M. A.
Rodriguez, Nucl. Phys. B 839, 499 (2010).

[32] A. N. Kirillov, A. Kuniba, and T. Nakanishi, Commun. Math.
Phys. 185, 441 (1997).

054120-10


https://doi.org/10.1103/PhysRevLett.60.635
https://doi.org/10.1103/PhysRevLett.60.639
https://doi.org/10.1103/PhysRevLett.70.2329
https://doi.org/10.1088/0305-4470/26/10/002
https://doi.org/10.1016/0550-3213(94)90344-1
https://doi.org/10.1088/0305-4470/27/21/003
https://doi.org/10.1209/0295-5075/30/5/009
https://doi.org/10.1016/j.nuclphysb.2004.10.064
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.67.937
https://doi.org/10.1016/0370-2693(94)90949-0
https://doi.org/10.1103/PhysRevLett.69.2021
https://doi.org/10.1103/PhysRevB.46.1005
https://doi.org/10.1088/0305-4470/26/20/010
https://doi.org/10.1103/PhysRevB.47.12459
https://doi.org/10.1016/j.aop.2015.07.014
https://doi.org/10.1103/PhysRevB.81.104431
https://doi.org/10.1088/1742-5468/2011/11/P11014
https://doi.org/10.1063/1.1665584
https://doi.org/10.1103/PhysRevA.5.1372
https://doi.org/10.1103/PhysRevB.46.9359
https://doi.org/10.1063/1.1665604
https://doi.org/10.1016/0370-2693(93)90395-X
https://doi.org/10.1088/0031-8949/53/5/002
https://doi.org/10.1016/0375-9601(95)00775-4
https://doi.org/10.1103/PhysRevB.72.174411
https://doi.org/10.1209/0295-5075/83/27005
https://doi.org/10.1016/j.nuclphysb.2010.06.008
https://doi.org/10.1007/s002200050098

THERMODYNAMICS AND CRITICALITY OF su(m) ...

PHYSICAL REVIEW E 106, 054120 (2022)

[33] B. Basu-Mallick, N. Bondyopadhaya, and K. Hikami,
Symmetry Integr. Geom. 6, 091 (2010).

[34] J. Carrasco, F. Finkel, A. Gonzélez-Lépez, and M. A. Rodriguez
(2020), arXiv:2010.08307, to appear in Adv. Theor. Math. Phys.

[35] F. D. M. Haldane, Phys. Rev. Lett. 66, 1529 (1991).

[36] B. Sutherland and B. S. Shastry, Phys. Rev. Lett. 71, 5
(1993).

[37] A. Enciso, F. Finkel, and A. Gonzalez-L6pez, Ann. Phys. 327,
2627 (2012).

[38] F. Finkel, A. Gonzédlez-Lépez, 1. Leén, and M. A. Rodriguez,
J. Stat. Mech. (2018) 043101.

[39] O. Perron, Math. Ann. 64, 1 (1907).

[40] F. Gantmacher and M. Krein, Oscillation Matrices and Kernels
and Small Vibrations of Mechanical Systems, revised ed. (AMS
Chelsea Publishing, Providence, RI, 2000).

[41] F. Finkel and A. Gonzéilez-Lépez, J. Stat. Mech. (2022)
P093102.

[42] In the truly supersymmetric case the transfer matrix has always
a zero eigenvalue, which is doubly degenerate for m = n = 2.
This makes it straightforward to diagonalize the latter matrix
when 1 <m,n < 2.

[43] H. W. J. Blote, J. L. Cardy, and M. P. Nightingale, Phys. Rev.
Lett. 56, 742 (1986).

[44] 1. Affleck, Phys. Rev. Lett. 56, 746 (1986).

[45] K. Hikami and B. Basu-Mallick, Nucl. Phys. B 566, 511
(2000).

[46] K. Schoutens, Phys. Lett. B 331, 335 (1994).

[47] P. Bouwknegt and K. Schoutens, Nucl. Phys. B 482, 345 (1996).

[48] B. Basu-Mallick, N. Bondyopadhaya, and D. Sen, Nucl. Phys.
B 795, 596 (2008).

[49] A matrix (or, in particular, a vector) is said to be positive if all
its entries entries are positive.

[50] For the sake of conciseness, we have omitted the dependence of
aonx.

[51]1 E. W. J. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark,
eds., NIST Handbook of Mathematical Functions (Cambridge
University Press, Cambridge, UK, 2010).

[52] In fact, it is shown in the Appendix that for the PF chain the
O(T?) term is actually O(T2e~#/™).

[53] We use the notation x| to denote the integer part of the real
number x.

[54] K. Hikami, J. Phys. Soc. Jpn. 64, 1047 (1995).

054120-11


https://doi.org/10.3842/SiGMA.2010.091
http://arxiv.org/abs/arXiv:2010.08307
https://doi.org/10.1103/PhysRevLett.66.1529
https://doi.org/10.1103/PhysRevLett.71.5
https://doi.org/10.1016/j.aop.2012.07.010
https://doi.org/10.1088/1742-5468/aab3f4
https://doi.org/10.1007/BF01449880
https://doi.org/10.1088/1742-5468/ac8801
https://doi.org/10.1103/PhysRevLett.56.742
https://doi.org/10.1103/PhysRevLett.56.746
https://doi.org/10.1016/S0550-3213(99)00585-4
https://doi.org/10.1016/0370-2693(94)91061-8
https://doi.org/10.1016/S0550-3213(96)00565-2
https://doi.org/10.1016/j.nuclphysb.2007.11.021
https://doi.org/10.1143/JPSJ.64.1047

