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Abstract. We study the thermodynamics and critical behavior of su(m|n)
supersymmetric spin chains of Haldane-Shastry type with a chemical potential term.
We obtain a closed-form expression for the partition function and deduce a description
of the spectrum in terms of the supersymmetric version of Haldane’s motifs, which we
apply to obtain an analytic expression for the free energy per site in the thermodynamic
limit. By studying the low-temperature behavior of the free energy, we characterize the
critical behavior of the chains with 1 < m,n < 2, determining the critical regions and
the corresponding central charge. We also show that in the su(2|1), su(1|2) and su(2|2)
chains the bosonic or fermionic densities can undergo first-order (discontinuous) phase
transitions at 7' = 0, in contrast with the previously studied su(2) case.
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1. Introduction

Spin chains of Haldane-Shastry type have been extensively studied as the prototypical
examples of one-dimensional lattice models with long-range interactions, due to their
remarkable physical and mathematical properties. The best known of these models
is the original Haldane-Shastry (HS) chain [1, 2], which consists of a circular array
of N equispaced spins with inverse-square two-body interactions. This chain is
integrable [3,4] and invariant under the quantum Yangian for arbitrary values of N,
which in turn makes it possible to derive a complete description of its spectrum
in terms of Haldane’s motifs [5]. From a more applied standpoint, the HS chain
has appeared in such disparate contexts as conformal field theory [6-8], fractional
statistics and anyons [5, 6,9, 10|, quantum chaos vs. integrability [11-15], quantum
information theory [16] or quantum simulation of long-range magnetism [17]. One of
the characteristic features of the HS chain is its close connection with the (dynamical)
spin Sutherland model [18], whose spin degrees of freedom are governed by the HS
Hamiltonian in the large coupling constant limit. Using this idea, known in the literature
as Polychronakos’s freezing trick [19], it is possible to compute in closed form the
chain’s partition function [11]. In fact, the same approach can be applied to the long-
range dynamical spin models of Calogero [20] and Inozemtsev [21], which yield the so-
called Polychronakos-Frahm (PF) [22,23] and Frahm-Inozemtsev (FI) [24] spin chains.
Although they are not translationally invariant, these chains share many fundamental
properties with the original HS chain. For this reason, we shall collectively refer in this
work to the HS, PF and FI chains as spin chains of Haldane-Shastry type.

In all the chains of HS type discussed in the previous paragraph, the term “spin”
actually stands for su(m) spin. In fact, Haldane himself was the first to consider
an su(m|n) supersymmetric version of the HS chain, whose sites can be occupied either
by an su(m) boson or by an su(n) fermion [25]. An analogous supersymmetric chain
of PF type was introduced shortly afterwards [26]. The partition function of both
the HS and the PF supersymmetric chains have been exactly computed using the
freezing trick [26-28], and their spectra have been fully described in terms of a suitable
generalization of Haldane’s motifs [29-31]. On the other hand, the supersymmetric
version of the Frahm-Inozemtsev chain [31] has received comparatively less attention
in the literature. It should also be noted that, apart from their intrinsic interest, the
supersymmetric chains of HS type are closely related to important models in condensed
matter theory describing the dynamics of holes in a spin background. Indeed, the HS
su(m|1) chain with m > 1 is equivalent to the long-range su(m) ¢t-J model with equal
exchange and transfer energies proportional to (z; — z;)~2, originally introduced by
Kuramoto and Yokoyama [32].

The study of the thermodynamics of spin chains of HS type, which goes back to the
early work of Haldane [6], has received a good deal of attention. In the latter reference
the spinon description of the spectrum is used to deduce an expression for the entropy of
the su(2) HS chain in the thermodynamic limit. A heuristic formula for the free energy
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of the PF chain appeared shortly afterwards in Ref. [23]. A similar result for the FI
chain using the transfer matrix method was derived by Frahm and Inozemtsev [24], who
also computed the magnetization of this chain in an external constant magnetic field.
More recently, a comprehensive study of the thermodynamics of the three (spin 1/2)
chains of HS type in a constant magnetic field was performed in Ref. [33], using again
the transfer matrix method. In the supersymmetric case, the thermodynamic functions
of the su(1]1) HS chain (with a chemical potential term) have been exactly computed
taking advantage of the equivalence of this model to a free, translationally invariant
fermion system [34]. This approach cannot be applied to the su(1|1) PF and FI chains,
since these models are not translationally invariant, nor in fact to any chain of HS type
with m or n different from 1. To the best of our knowledge, the thermodynamics of the
supersymmetric chains of the latter type, or the non-supersymmetric ones with m > 2,
have not been analyzed in the literature.

The connection between the original su(2) HS chain and the level-1 su(2) Wess—
Zumino-Novikov—Witten conformal field theory (CFT), stemming from the Yangian
symmetry of both types of models, was already numerically observed by Haldane [1]
and subsequently established by several authors in the (purely fermionic) su(n)
case [5,6,35,36]. Thus the su(n) HS chain (with no magnetic field or chemical potential
term) is critical (gapless), with central charge ¢ = n — 1. This result was later extended
to the su(m|n) PF chain (again with zero chemical potentials) in Ref. [29], where it
was shown that the central charge in this case is ¢ = m — 1 +n/2 for m > 1. The
same is true for the su(m|n) HS chain with m > 1, by virtue of the relation between
the partition functions of the supersymmetric PF and HS chains established in Ref. [7].
The criticality of the su(1|1) HS chain with a chemical potential was also proved in
Ref. [34], where it was shown that the central charge is instead ¢ = 1 for a certain range
of nonzero values of the chemical potential. In particular, it should be noted that in all
cases reviewed above the central charge is integer or half-integer, as in a CFT of free
bosons and/or fermions.

The aim of this paper is to study the thermodynamics and the critical behavior of
the three families of su(m|n) spin chains of HS type with a general chemical potential
term. To this end, we shall first evaluate in closed form the chains’ partition functions for
arbitrary finite values of the number of sites N. Exploiting the connection of the latter
chains with a certain inhomogeneous vertex model, we shall achieve a concise description
of the spectrum in terms of a generalization of Haldane’s motifs. This description shall
then be used to compute the transfer matrix and obtain a closed-form expression for
the free energy per site in the thermodynamic limit. With the help of this expression,
we shall study the thermodynamics and criticality of the supersymmetric chains of HS
type with 1 < m,n < 2. First of all, examining the low-temperature behavior of the
free energy per site we shall determine the values of the chemical potentials for which
these chains are critical, and compute the corresponding central charge. In particular, it
turns out that the central charge can take rational values that are not half-integers. We
shall also analyze the existence of phase transitions at zero temperature in the densities
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of bosons and fermions. We shall show that these densities exhibit only second-order
(continuous) transitions for m = n = 1, while for m +n > 2 (and 1 < m,n < 2)
either the bosonic or the fermionic densities undergo a first-order (discontinuous) phase
transition.

We shall end this introduction by briefly outlining the paper’s organization. In
Section 2 we present the three supersymmetric chains of HS type under study, and
discuss their duality under exchange of the bosonic and fermionic degrees of freedom.
The partition function of these chains is computed in closed form in Section 3 by means
of Polychronakos’s freezing trick. In Section 4 we establish the equivalence of su(m|n)
supersymmetric spin chains of HS type to certain inhomogeneous vertex models, from
which we deduce a simple formula for the spectrum in terms of supersymmetric motifs.
By means of this formula, in Section 5 we evaluate the chains’ free energy per site in
the thermodynamic limit. We also discuss in this section several symmetries of the
free energy and the main thermodynamic functions, with particular emphasis on the
one arising from the boson-fermion duality. Sections 6-8 are devoted to the analysis
of the critical behavior and the existence of zero-temperature phase transitions in the
spin densities for the su(1]1), su(2|1) and su(2|2) chains. In Section 9 we present our
conclusions and discuss several lines for future research suggested by the present work.
The paper ends with a technical appendix providing a detailed discussion of the behavior
of the free energy per site of the su(1|1) chains for finite values of N.

2. The models

An su(m|n) supersymmetric spin chain is a one-dimensional array of N sites, each of
which is occupied by either a boson or a fermion with m and n degrees of freedom,
respectively. Thus the Hilbert space L0 = @N  C™" of the system is spanned by
the basis vectors

|s1 - sn) =[51) ® -+ ®|sn), si €41,....,m+n}, (2.1)
where the one-particle state |s;) is regarded as bosonic if s;, € B = {1,...,m} and
fermionic if s; € F = {m+1,...,m + n}. The su(m|n) permutation operators Pijmln)
(with 1 <1 < j < N) are defined by

R§m|n)|slsj> :6”(5’1”51\[)‘5‘75@>7 (22)

where the sign €;;(s1,...,sn) is equal to 1 if s;,s; € B, —1if s;,s; € F, and (—1)”
if s; and s; are of different type, v being the number of fermionic spins s; with k =
i+1,...,7—1. We shall also define the number operators N, with « =1,...,m+n by

No|s1---sn) = Na(s)|s1- - sn),

where

Ny(s) = Z Osi.a (2.3)
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is the number of spins of type « in the state |s; - - - sy). The supersymmetric spin chains

we shall deal with in this paper are described by a Hamiltonian of the form

m—+n—1
H=>Jy(1— Py = S Ny =Ho + Hy, (2.4)
1<J a=1

where (as in what follows, unless otherwise stated) the sum over Latin indices ranges
from 1 to N. In the last term the real constant u, has a natural interpretation
as the chemical potential of the a-th species, and without loss of generality (since
ijl” « = N) we have chosen the normalization pi,,+, = 0. The models we shall
focus on are those for which H, is the Hamiltonian of the supersymmetric Haldane—
Shastry, Polychronakos—Frahm and Frahm-Inozemtsev spin chains, whose interaction

strengths J;; are respectively given by

J km
J
] Hy(&) = 0, (2.6)
J L& (e26) = 0. 2.7)

%_QMN@—QV
Here J # 0 is a real constant, Hy denotes the Hermite polynomial of degree N and
L5 ' is a generalized Laguerre polynomial of degree N (with c a positive parameter).
In the non-supersymmetric case (mn = 0) the model (2.4) with interactions (2.5)—
(2.7) is the one solved in Ref. [33]. Indeed, in this case P,; = £5;;, where S;; is the
operator permuting the i-th and j-th spins and the “4” (resp. “—") sign corresponds to
the case n = 0 (resp. m = 0). Moreover, the operators

ja:Na_Nern, a:17...’m+n_1,

are a basis of the standard su(m + n) Cartan subalgebra, in terms of which H; can be
expressed as
m+n—1

Hl - Z Bajoc + BO

a=1
for suitable real constants B,. It also worth mentioning that the Hamiltonian (2.4), for
which we shall use the more explicit notation H™™)| is related to H™"™ by a duality
relation that we shall now briefly explain [30,37]. To this end, let us define the unitary
operator U : X(mn) — w1(7lm) 1y

U‘Sl .. .8N> — (—1)21“1-(31) 8& .. .S§V>7

where 7(s;) = 0if s; € B (resp. m(s;) = 1if s; € F) and s, =m+n+1—s;. We then
have

U_IR(Jn‘m)U = _P(mln) ) U_lNaU - Nm—i—n—i—l—a )

1

and therefore

U 'HImYU = By — HmIm . EBy=2Y"Jy. (2.8)

Ma—>—MUm+nt+l—a ’L<]
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Thus the spectra of H"™ and H(™™ are related by

El(gn|m) (/vbla c 7,um+n) = Lo — El(cmm)(_um—i-m SRR —,U,l) : (29)

We can therefore assume without loss of generality that m > n in what follows.

Another basic symmetry of the spectrum of the Hamiltonian (2.4) is related to
changes in the labeling of the bosonic or fermionic degrees of freedom. More precisely,
let Tpp : X0 — B (with o # B € {1,...,m + n}) denote the linear operator
whose action on a basis element |s;---sy) consists in replacing all the s;’s equal to «
by 5, and vice versa. If w(a) = w(5) (i.e., if @ and § are either both bosonic or both
fermionic) it is clear that T, 5 commutes Wlth the su(m|n) permutation operators P(m‘”)
and hence with Hy. It is also straightforward to verify that

Ti Ny Tos = N3, Tog NoTop =N, TaNTag =N, (v#a,p),
and thus

m+n

Ta_ﬁl HTa,B = HO - ”aN,B - :uﬁNa - Z /J”YN
=1
V;Yéoc,ﬁ

It follows that

E](gmln)( RN TRy P ) = E]E;mln)( e BBy s Has - ) (71'(0() - W(ﬂ)), (210)

in other words, the spectrum of H is invariant under permutations of the bosonic or
fermionic chemical potentials among themselves. Note, finally, that combining Eqs. (2.9)
and (2.10) we obtain the more general relation

Elgmm) (/Lly . 7,um+n) = EO - Elgmln)(_:ual’ T _Mam"'”) ’

where (aq,...,Qmin) is a permutation of (1,...,m + n) such that {ay,...,a,} =
{n+1,...,n+m} (and, consequently, {mi1,...,min}t = {1,...,n}).

3. Partition function

In this section we shall compute in closed form the partition function of the chains (2.4)—
(2.7) by exploiting their connection with the su(m|n) spin versions [25-27, 38] of
the dynamical models of Sutherland, Calogero and Inozemtsev, respectively. For
definiteness, we shall present the details of the calculation only for the PF model (2.4)-
(2.6), which is technically the simplest.

To begin with, recall that the Hamiltonian of the su(m|n) spin Calogero model is

given by
P(W\ﬂ))
282 —l—a27"2+2 , 7“252;17?, (3.1)
z;ﬁj xl - x]) 7
with scalar counterpart
ala —1)

282 +a2r2+z

3.2
z;éj x]) ( )
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Defining

H = Hy+ 2; H, (3.3)
we then have

H=Hy+ QJG h(x), (3.4)
with x = (z1,...,2zy) and

1— P(m|n) m+n—1

h(X):JZ<7 Z falN.

Hence the Hamiltonian (2.4) with interactions (2.6) is simply H = h(§), where
&= (&,...,&) and the &’s are the chain sites (i.e., the zeros of the Hermite polynomial
of degree N). From Eq. (3.1) it follows that in the limit a — oo the eigenfunctions of
the su(m|n) spin Hamiltonian H are sharply peaked at the coordinates of the (unique)
equilibrium of the scalar potential

U=r —i—z

3.5
z;éj xj) ( )

in the configuration space (A ~—1 Weyl chamber)

A:{XGRN‘Il < - <IN},
which coincide with the chain sites & [39]. By Eq. (3.4) and the relation H = h(&), it
follows that for large a the eigenvalues of H are approximately given by

« | 2a
EZJEE —|—7€j,

where E5¢ and e; respectively denote two arbitrary eigenvalues of Hy, and H. From
the latter equation it is immediate to deduce the following exact formula relating the
partition functions Z, Z,. and Z of the three Hamiltonians H, Hy. and H:

. Z(2aT/J)

Z(T) = lim ———-

(1) =t ot

The argument just outlined leading to Eq. (3.6) is known in the literature as

(3.6)

Polychronakos’s freezing trick [19].
The partition function Zs. of the scalar Calogero model (3.2), which is well known
(see, e.g., Refs. [12,19]), is given by
Zs(2aT/J) =¢q 28 H(l —q¢’H, g=ec VT, (3.7)

where
Egs = aN + a*N(N — 1)

is the ground-state energy of both Hy, and Hg., and we have taken Boltzmann’s
constant kg as 1. We shall next outline the computation of the spectrum of the
Hamiltonian H in Eq. (3.3). To this end, note first of all that, although the
Hamiltonians Hy and H are naturally defined on the Hilbert space L?(A) @ %™,
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mln)

they are actually equivalent to any of their extensions to the space L*(RY) ® i)
This is essentially due to the fact that any point x € RY outside the singular
hyperplanes z; — x; = 0 can be mapped in a unique way to a point in A by an
appropriate permutation. For reasons that will be clear in the sequel, from now on
we shall identify Hy and H with their symmetric extension, defined on the Hilbert
space A(L(RN)@ L™ Here A is the total symmetrizer with respect to simultaneous
permutations of both the coordinates and the spin variables, determined by the relations

KyPI"A = AK P = A, 1<i<j<N, (3.8)

where K;; denotes the operator permuting the i-th and j-th coordinates. With the latter
identification, it can be shown that H is represented by an upper triangular matrix in
an appropriate basis that we shall now describe. To this end, let

n,s) = Ap(x) [T - Is)), (3.9)
where [s) = |s;---sy) and
p(x) = e/ I 1z — ;1% (3.10)
i<j
The states (3.9), partially ordered according to the total degree |n| = >, n;, are a (non-

orthonormal) basis of A(L*(RY) ® X™™) provided that (for instance) the quantum
numbers n and s satisfy the following conditions

i) n;=2mniq foralli=1,... N —1
11) If Ny = Njq1 then s; < Si+1 for S; € B, or s; < Sj4+1 for s; € F.

Indeed, note first of all that if n, = n; and s; = s; € F' then the state (3.9) vanishes by
antisymmetry. Otherwise, acting with the permutation operators K;;F;; on a state of
the form (3.9) we can always obtain a state satisfying the first condition and differing
from the original one at most by a sign. Applying to this state permutations acting on
indices ¢, j such that n; = n; we arrive at a state, again differing from the initial one
by at most a sign, in which the spin variables are ordered so that the second condition
is also satisfied. Moreover, it can be shown that the states satisfying the above two
conditions are linearly independent and complete.
Proceeding as in Ref. [12], it is straightforward to show that the action of the spin
Hamiltonian Hy on the basis (3.9) is given by
Holn,s) = Ep(n,s) + Y coens|n,s) (3.11)
In’|<|n[.s’

with cpre ns € C and
Ep = 2an| + Egs . (3.12)

The matrix of Hy on the basis (3.9) is upper triangular, as claimed, and its spectrum is
given by Eq. (3.12). On the other hand, since H; clearly commutes with the symmetrizer
A (since each N, does) and

m—+n—1

Hals) == X maNa(s)ls) = ~(X )

s)
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(with sy = 0), we have

Haln,s) = —(3 s

i

n,s). (3.13)

Thus H, is diagonal in the basis (3.9), and by Egs. (3.11)-(3.13) the spectrum of H is
given by

2a
En,s - 2(1,|I1| - 7 ZﬂsL + EGS s (314)

where the quantum numbers n and s satisfy conditions i)-ii) above.

We are now ready to evaluate in closed form the partition function of the chain (2.4)
using the freezing trick formula (3.6). In the first place, in order to compute the partition
function of the su(m|n) spin model (3.3) it is convenient to parametrize the multiindex n
satisfying condition i) above as

n= V...,V Vpyuo,Up), (3.15)
— —
k1 kr
where vy > --- > v, >0and k1 4+ --- + k. = N with k; > 0 for all 7. In particular, note
that the vector k = (ky, ..., k,) can be considered as an element of the set Py of ordered

partitions of the integer N. We shall also refer in what follows to each maximal group
(V4, ..., v;) of repeated components of the multiindex n as a sector. From Eq. (3.14) for
the spectrum of H it immediately follows that the partition function H is given by

ZJk v;
Z(2aT)J) = ¢ =55 Sog= Y g Xt (3.16)
kePy vi>>vp20 seEn
where the notation s € n stands for all possible multiindices s € {1,...,m + n}"

satisfying condition ii) above for a given multiindex n. Let us next evaluate the inner
sum in Eq. (3.16)
SEDN RS (3.17)
sen
which clearly depends on n only through k. Since condition ii) above effects only the
ordering of the spin variables s, within each sector of the multiindex n independently
of the others, we have

Y(k) = H o(ki), (3.18)
where

— i s 7zj:l‘m P
— Z Zq l:zlul Zq p=1 o (319)

i+j=k 1<s1<-<s<m 1<l <<l <n
is the contribution to X(k) of a sector of length & (with ¢ bosons and j fermions).
The sum o(k) is easily expressed in terms of the complete and elementary symmetric
polynomials h;(xy, ..., xy,) and ej(xy, ..., x,) of degrees i and j, respectively defined by

hi(x1, ..., om) = Z otk ej(z1, ..., x,) = Z Ty, - Ty

P14+ +pm=i 1<l < <lj<n
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where it is understood that e;(z1,...,z,) = 0 for j > n. Recall that h; (respectively e;)
is nothing but the Schur polynomial associated to the partition (7) (resp. (17)). We
shall also need in the sequel the supersymmetric elementary polynomial of degree k in
m bosonic and n fermionic variables, defined by

ek(x17"'axm|y17"'7yn): Z hi(xlw"7xm)ej<y1a"'7yn)’

it+j=k
We then have
s .
Z q =1 t — Z H i 2727 - h Hl’ . ’q*p«m)’ (320)
Issi<ssism Pt tpm=i =1
j
- Z Mm+lp
doq =gt g, (3.21)

1<l <-<lj<n

where (as usual) ft,4, = 0. Thus

= Z hi(g™#, . o g Fm)e (g Hmtt oo g i)

it+j=k
=ep(q" g g )

and therefore, by Eq. (3.18),

= H €k; (q_ula cee 7q_“m|q_“m+la s aq_um+n)

= FEx(qg ™, .. g tm|g et oo g Fmn). (3.22)

9

On the other hand, the change of variables v; —v; 1 = [; (withi =1,...,r and 1,1 = 0)
easily yields

=1 =1 j=i j=1 i

=1
and hence
ZT:sz‘Vi r—1 oo
Z‘PZI _ Z H gl = H Z 'Kl Z /Kl
V1> >0 20 I yeolyp 10,120 j=1 j=11;=1 1,=0
r—1 qJKj 1
:]Hll_qJKj ' 1— /K

From the latter equality and Eq. (3.16) we thus obtain

res Sk r
Z(2aT)J) = ¢ S E(k)g= [ —¢"F ) (3.24)
kePn =1
with ¥ (k) given by Eq. (3.22). Using Eq. (3.7) and the freezing trick formula (3.6) we
finally arrive at the following closed-form expression for the partition function of the
su(m|n) chain (2.4) with interactions (2.6):

r—1
ZJKi N—r

=Y %(k)g= [T -¢™), (3.25)

kePyn =1
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where K; is given by Eq. (3.23) and the integers K] < --- < K),_,. are defined by
{Ki,...,Ky_,}={1,...,N =1} \{Ky,..., K, 1}. (3.26)

The above procedure can be repeated with minor modifications for the su(m|n)
chains (2.4) with interactions (2.5) or (2.7). It turns out that the resulting formula
for the partition function can be written in a unified way for all three models (2.5)-(2.7)
as
r—1
YoJE(K) N ,
S S L= D), (3.27)

kePn i=1

where the dispersion relation £ is given by
i(N —1), for the HS chain
E(i) =1 1, for the PF chain (3.28)
i(i+c—1), for the FI chain.

4. Associated vertex models

The Hamiltonian H, in Eq. (2.4) is closely related to an inhomogeneous classical vertex
model first introduced in Ref. [31] that we shall now briefly describe. The model consists
of a one-dimensional array of N + 1 vertices joined by N bonds o;, each of which can
be in m + n states {1,...,m} = Band {m+1,...,m+n} = F. Thus a configuration
of the system is specified by a vector o = (071, ...,0x), with 0; € BU F. The energy of
such a configuration is then defined by

N-1

EMmM () = J > 6(04,0041)E(0), (4.1)

=1
where

5. ) 1, t>jori1=7€kF
/1/7 = . . . .
J 0, 1<jori=j€B.

The authors of Ref. [31] introduced the so-called generalized partition functionf

(4.2)

m-+n

2(exly)= 3 Ho:Na Hw% g (4.3)

with N, given by Eq. (2.3), in terms of which the partition function of the vertex model
with energies (4.1) is simply

2¥(q) = 2" (¢: 1"1"). (4.4)
As shown in Ref. [31], this generalized partition function satisfies the remarkable identity
Z JE(K5)

Z¥(g:xly) = > Sk(x|y)gi= (4.5)
kEPN

1 From now on, with a slight abuse of notation we shall regard Z as a function of the variable ¢ = e=%/T

instead of the temperature 7.
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for all x € R™, y € R™, where Sk(x|y) is the super Schur polynomial associated to the
border strip (ki, ..., k) (see, e.g., Ref. [30]). In the latter reference it is also shown that
the RHS of Eq. (4.5) can be alternatively expressed as

r—1 r—1

S TE(K;) S JE(K;) N=r JECK?)
> Sk(xly)g= = Y Ex(x|y)g= [Ta—¢*%) . (46)
kePn kePy =1

Combining the last two equations we obtain the identity

JE(K
2 (gxly) = D Ex X|y)qzzl H (1—¢”"), (4.7)
kEPN i=1
valid for arbitrary x € R™, y € R™.
Equations (4.3) and (4.7) immediately yield a strikingly simple description of the
spectrum of the chain (2.4) with interactions (2.5)—(2.7) akin to Eq. (4.1). Indeed,
taking into account Eq. (3.22) we immediately have

Z(q) =2V (g g™, ... g gL g )

m—+n
min - BN (e)= 37 paNa(o) fag (min) (g)—
= Y ¢ ast = Y e (48)
01,...,0N=1 01,...,0N=1
Thus the spectrum of the HS-type chains (2.4)—(2.7) is given by

N-1

E(a) = E™M(a) =3 o, =] Z 805, 0141)E(0) = 3 o (4.9)

where o € {1,...,m +n}". In fact, the vectors 6(c) € {0,1}¥~! with components
dx(0) = 0(ok, 0x11) are essentially the supersymmetric version of the celebrated motifs
introduced by Haldane et al. [5]. Equation (4.9) will be the starting point for the
evaluation of the thermodynamic functions of the chain (2.4) in the next section.

5. Thermodynamics

5.1. Computation of the free energy

The first step in the computation of the thermodynamic functions of the chains (2.4)-
(2.7) is to suitably normalize their Hamiltonians so that the mean energy per site tends
to a finite limit as N — oo. To this end, note that

trPZ.(ij = (m+n)V"2(m —n), tr Ny = N(m +n)V 1,
and hence the mean energy of the Hamiltonian H is given by
tr'H m-—n min
L —— ) ..
s (m+n)N ( (m+n)? ; m—i—nzu
The sum >, ; Ji; is easily evaluated by observing that it is half the maximum energy

of the Hamiltonian H, in the purely fermionic case m = 0, so that by Eq. (4.9) with
1o = 0 for all @ we have

> Jiy = JNzlg (5.1)

i<j
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and therefore

J m—n N-1 N m+n
S L £(i) — .. 5.2
a 2( (m—irn)?); Q m—l—naz::lu (5:2)
Using Eq. (3.28) we immediately obtain
N
E(NQ - 1), for the HS chain
N—1 N
E() = §<N — 1), for the PF chain
i=1
N
E(N —1)(2N + 3¢ —4), for the FI chain.

Thus the mean energy per site will tend to a constant in the thermodynamic limit
N — oo provided that the constant J scales as

7K , for the HS and FI chains
N2

J = I (5.3)
N for the PF chain,

where K is a real (positive or negative) constant independent of N and we have assumed
that limy_, ¢/N =7 > 0 is finite. With this choice of J we can write

?

JE(i) = Ke(x;), Ti = 75 (5.4)
where ¢(z) is given by
z(l —x), for the HS chain
e(x) =1 =, for the PF chain (5.5)

z(yN + ), for the FI chain

and we have defined vy = (¢—1)/N. Since we shall be mainly interested in what follows
in the thermodynamic limit, from now on we shall implicitly assume that vy has been
replaced by its limit ~.
Equation (4.9) for the spectrum of the chain Hamiltonian (2.4)-(2.7), which by
Eq. (5.4) can be written as
N-1

1 1

E(G> = Z {K5(Uz, Ui+1)€(xi) - 5(”01 =+ /’I’Ui+1>i| - 5(“01 =+ /’I’UN)7 (56)
i=1

makes it possible to evaluate in closed form the free energy per site in the thermodynamic

limit by the transfer matrix method. To this end, note that from the latter equation we

have

Z(q) = tr[A(zo) A1) - - - Alwn-1)], (5.7)
where A(x) is the (m +n) X (m + n) matrix with entries

Aaﬁ(x) — qKa(x)fS(aﬁ)—%(ua-Wﬁ) ) (5.8)

Let J(z) denote Jordan canonical form of A(z), so that

A(w) = P(x)J(x)P(z)~
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for a suitable invertible matrix P(x). This matrix is of course not unique, but should
be chosen in such a way that it is a smooth function of the variable x € [0, 1]. Writing,
for simplicity,

A =Aly), Ji=J(x), P=Px)
we then have
Z(q) = tr [PoJo(Fy ' Pr)Jy - (PylyPr—1)In-1 Pyly .-
On the other hand, from the smoothness of the matrix P(z) it follows that

Pry1 = P(wiy) = P(a) + (i1 — 2) P/(2:) + o241 — 25) (5.9)
- pi+ifpf(mi) +o(N"Y = P+ O(NY). (5.10)

Thus
PPy =T+ 0N,

and the dominant contribution to the free energy per spin f(T) = —(T/N)log Z(q) in
the thermodynamic limit is given by

T
FT) =~ log (Ui Jyor), U= lim Py, Fy= P(1)7P(0).

We shall assume at this point that the matrix Jy--- Jy_1 is diagonal. In fact, it suffices
that J; - -- Jy_1 be diagonal, since Ay is symmetric and therefore Jy is diagonal. If this
is the case, denoting by A\, (x) (« =1,...,m + n) the eigenvalues of A(x) and defining

N-—1
Aa = H )\a(xi)
i=0

we have

m—+n

tr(UJO ce JNfl) = Z UaaAa .
a=1

Since all the entries of A(x) are strictly positive, by the Perron—Frobenius theorem this
matrix has a positive and simple eigenvalue, that we shall take as A;(x), satisfying

() > [Aa(2)], Va > 1.

(In particular, it is understood that the matrix P(z) must be chosen so that its first
column is an eigenvector corresponding to the Perron—Frobenius eigenvalue.) This is
readily seen to imply that

A
A}lgéoA—l—O, Va > 1.

Indeed, we have

(5w G5

with
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Since the integrand is everywhere negative, the latter integral is a negative number or
—o00. In either case

A
lim log<| a|) = —00,

which is equivalent to our claim. It follows that when N > 1 we have
N—1
tl"(UJQ ce JN—l) ~ U11A1 = U11 H )\1($i),
=0

provided only that Uy; # 0. If this is the case, the free energy per site in the
thermodynamic limit is given by
N-1

1 1
FIT) = =T lim — Y log A (z;) = —T/ log M (z) dz . (5.11)
N—oo N = 0

The latter formula, which is valid for the three types of chains (2.5)—(2.7) (and actually
for any model whose energies are given by an equation of the form (4.9)-(5.4)), is the
main result of the paper. Recall that for the validity of Eq. (5.11) we have made the
following two assumptions, which will be explicitly checked in each of the examples to
which we shall apply it in the next section:

i) The matrix J; - - - Jy_1 is diagonal
i) Up #0

The last condition can in fact be somewhat simplified, as we shall next explain. Indeed,
note first of all that

Aup(0) = vv5, Vo = g Hel2,

2

It follows that the eigenvalues of A(0) are v* > 0, with corresponding eigenspace

spanned by v = (vy, ..., Un4n), and 0, whose eigenspace is the orthogonal complement
of Rvy. Hence in this case the Perron-Frobenius eigenvalue is A;(0) = v?, and

P,1(0) = kv = kg /2 for some non-vanishing constant . We thus have

m+n m+n )
UH = Z [P(l)il]lapal(o) =K Z [P(l)fl]laqfil“)"
a=1 a=1
and therefore the condition U;; # 0 is equivalent to
m+n )
2 [P g 2 #0. (5.12)
a=1

This condition can be alternatively expressed as

m—+n

S (= 1) Mar(1)g ™2 # 0, (5.13)

a=1
where M,z(z) is the cofactor of P,s(z). It is also worth mentioning that Eq. (5.12) is
automatically satisfied for the su(m|n) HS chain (2.4)-(2.5). Indeed, in this case £(1) = 0
implies that P(1) = P(0), and hence

m-+n

Un = > [P0),,Pu(0)=1.

a=1
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Finally, it is important to note for the sequel that in the genuinely supersymmetric case
mn # 0 the matrix A(z) always has a zero eigenvalue, since its first and last rows are
proportional. Indeed, in this case we have

(l,a) =0, d(m+n,a)=1, a=1,....,m+n,
so that

Apinalz) = qKs(r)—%(um+n+ua) — qu(f”)‘%(“mM‘“l)Am(x) .

Thus, for fixed m + n, the genuinely supersymmetric models are easier to treat than
their non-supersymmetric counterparts.

We have numerically verified that the N = oo exact equation (5.11) for the free
energy per site of the three su(m|n) chains of HS type provides a good approximation
to its finite N counterpart fy(7') = —(T'/N)log Z(q) for N as low as 20. For instance,
in Fig. 1 we have compared f(7") in Eq. (5.11) with fx(7') for the su(1|1) PF chain with
N =10,15,20,25, K > 0and pu; = p = £ K. It is apparent that the error | f(T)— fn(T)|
is quite small even for NV ~ 10, and decreases steadily as N increases. It may at first
seem surprising that at low temperatures this error is noticeably larger for y = —K than
for p = K. A detailed explanation of this fact, which is essentially due to the different
behavior of the ground state energy for positive and negative values of u, is presented
in the Appendix.

-1.0}

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Figure 1. Left: free energy per site of the su(1]1) PF chain with yy = p= K >0
for N = 10 spins, f10(T), as a function of T (solid red line) compared to its
thermodynamic limit computed via Eq. (5.11) (dashed gray line). Right: same plot
for p = —K. Insets: difference f(T) — fn(T) for N = 10 (red), 15 (green), 20 (blue)
and 25 (black) spins in the range 0 < T < 10. Note: in all plots, fn, f and T are
measured in units of K.

5.2. Symmetries of the free energy

We shall next deduce several symmetry properties of the free energy per site f of
the Hamiltonian (2.4)—(2.7) stemming from Egs. (2.9) and (2.10), which shall be
frequently applied in the following sections. To this end, in the rest of this section
we shall drop the temperature dependence but otherwise use the more descriptive
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notation f(u1, ..., fmin—1;K) for the free energy per site. Note, in particular, that
the latter notation underscores the fact that we have chosen fiy,+, = 0 in Eq. (2.4). It
is of interest for the sequel to determine how would a different “normalization” of the
chemical potentials like, e.g., ;3 = 0 affect the free energy per site. To see this, let

m-+n
A~

H(ﬂ?a s )/:Lm—i-n) = HO - Z /:Loz-/\/’aa

a=2
and denote by f(ﬂg,...,ﬂm+n;K ) the corresponding free energy per site (in the
thermodynamic limit). Using the identity

m+n—1
Nern:N_ Z Na
a=1

it is straightforward to deduce that

A

/H(ﬂ% ‘e 7/lm+n) = H(Mla cee 7ﬂm+n71) — Nilmin,
where H(u1, ..., fhmin_1) is given by Eq. (2.4) with g4, = 0 and the chemical
potentials p,, fi, are related by

Po = fla = flm+n (/ll = O) = fla = fla — 11 (Nm+n = 0)- (5~14)
It then follows that

A

[y s fiman; K) = fpa, - oy Bman—15 K) = flmin = f(p1, -+ o5 Bman—1; K) + 1, (5.15)
with p, and fi, related by Eq. (5.14). Consider next Eq. (2.9), which relates the spectra
of H™) and H™™) . Dividing by N and letting N — oo we obtain the relation
: E F(m|n
f(nlm)<,u1> <oy Hmn—1; K) = ]\;gnoo WO + f( | )<,um+n*17 SRRy OB _K)a

where f™™) and f(m‘”) respectively denote the free energy per site of the
Hamiltonians H ™™ (with the choice pipin = 0) and H™™ (with i1 = fmyn = 0).
From Egs. (2.8), (5.1) and (5.4) we have

lim Eo _ K lim 1 Nz_la(xi) = K/la(x)dx = Keg
N—oo N N=oo N 4 0 7
where
% ) for the HS chain
g0=19 3, for the PF chain (5.16)
% +3, for the FI chain.

Using Eq. (5.15) we finally obtain the remarkable relation

FO s a1 K) = Keg— pa 4 L™ (=, o1 — i1, - - - o — pi; —K).(5.17)
Similarly, from Eq. (2.10) we immediately deduce that

FOo by tars s K) = foo s ooy a3 ) (r(a) = m(a)), (5.18)
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so that f is invariant under permutations of chemical potentials of the same type
(bosonic or fermionic). Using the latter identity the relation (5.17) can be generalized
as follows:

f(n‘m)<,u17 <oy Hmn—1; K) = K€0 ~ Ha
+ f(mln)(_“ozn,uowm-n—l — Mags -+ Has = Hags _K)’ (519)

where (aq,...,Qmin) is a permutation of (1,...,m + n) such that {ay,...,q,} =

{1,...,n}.

5.3. Thermodynamic functions

Once the free energy per site is known, all the remaining thermodynamic functions can
be easily derived through standard formulas. For instance, the density of su(mn) spins
of type a (with o =1,...,m +n — 1) is given by

Na) _ 1 ey
o= =—SY'N, PE() =1/T
where (NV,) is the thermal average of N,. From Eq. (4.9), which can be alternatively
written as
m+n
E(o) = E(mm)(a) - Z ftar Nov (o)
a’'=1
(with E0"") () independent of the N,’s), we immediately obtain
0
Ne = ——f. (5.20)
Olig
The variance (per site) of the number of spins of type «
_ 1 2 2
va = (V) = (NQ)?) (5.21)
can be similarly computed, with the result
o0 f
N L 5.22
o= =654 (5.22)

The internal energy, heat capacity (at constant volume) and entropy per site are
respectively given by the usual formulas
af

0 0
= %(ﬁf), cy = —6282, s =3 95 = Bu—f). (5.23)

The symmetry properties of the free energy derived in the previous subsection

u

yield analogous properties of the thermodynamic functions just reviewed. For instance,
it follows immediately from Eq. (5.18) that the thermodynamic functions u, ¢y and s are
invariant under permutations of chemical potentials of the same type, while the particle
densities n, (with o =1,...,m +n — 1) behave as§

Moo oy ftary ooty 3 K) =0 (co o oy ooy flary - -3 K) (m(a) = 7(a"))

§ In fact, from the behavior of the densities n, with @ = 1,...,m + n — 1 it follows that n,,4, is
invariant under permutations of chemical potentials of the same type.
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for a # o/, a” and

Moo oy oy - o s flars -3 ) = (e Loty ooy fhy - -3 ) (7(a) = 7())

(similar relations hold for v,). In view of the last equation, we can restrict ourselves
without loss of generality to studying just one bosonic and one fermionic density.
Likewise, Eq. (5.17) implies that

u (- pnn—1; K) = Keo— 4+ ul™™ (=1, poggn—1—pa, - pa—pin; —K), (5.24)

and similar identities for ¢,y and s. As to the boson densities, differentiating (5.17) with
respect to p; we obtain

m—+n—1
2" (s e K) = 1= S 0l (g, gt — s i — s —K)
a=1
= 0\ (— iy, i = 1y e a5 —K) . (5.25)

On the other hand, differentiation of Eq. (5.17) with respect to p, with « =2,... m+
n — 1 yields

ngL'm)(,ula oo Pmgn—13 K) = n?&T—L?L)-l-l—a(_/’Lb Hmin—1 = K155 H2 — H1; _K> ) (526)
Note that the latter equation is actually valid for « = 1,...,m + n, on account of

Eq. (5.25) and the identity 1,4, = 1 — X741 n,. Of course, similar relations hold for
the variances per site v,. In particular, when m = n Eqgs. (5.24) (and its analogues for
cy and s) and (5.26) imply that we can restrict ourselves without loss of generality to
positive values of K.

In Sections 6-8 we shall apply the results of this section to study the
thermodynamics of the su(1|1), su(2|1) (or, equivalently, su(1|2)) and su(2]2)
supersymmetric chains (2.4)—(2.7).

6. The su(1|1) chains
6.1. Free energy per site
In this case the transfer matrix A(z) is simply

I
qg* q 2 _
Alz) = ( qu(a:)—% qKs(:r) ) ’ =,

with eigenvalues zero and
Mi(z) = g g

In particular, the matrix A(z) is diagonalizable for all z € [0, 1], and condition i) in the
previous section is thus trivially satisfied. Condition ii) is also easily verified, as we can

—(Ke(@)+%5) _, %
q 2 q-?
P(z) = ( h )

simply take

1
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and therefore

NS

I3
2

: . ¢ —q oo
D (1) M (L)g 2t = ‘ =q 2 +q> >0.
= 1 1
Thus the free energy per site is given by Eq. (5.11), which in this case reads
1 1 1
F(T,p)=—-T / log(¢"™*@) + ¢ Mda = —p — 3 log(1 + e K@) g (6.1)
0 0

For the su(1|1) HS chain (2.4)-(2.5), Eq. (6.1) coincides with the formula derived in
Ref. [34]||. The derivation of Eq. (6.1) in the latter reference is based on the equivalence
of the su(1]1) HS chain to a translation-invariant free fermion model, which in turn
relies on the symmetry of its dispersion relation e(z) = z(1 — z) about x = 1/2. This
derivation is therefore not valid for the PF and FI chains, as their dispersion relations
are monotonic. The approach followed in this paper circumvents this problem since, as
remarked in the previous section, Eq. (6.1) is actually valid for the three chains of HS
type (2.5)—(2.7).

As explained in the previous section, since m = n = 1 we can restrict ourselves
in this case to positive values of K. This also follows directly from the alternative
expression for the free energy per site

- Lk L M log [2cosh(2 (K d
f—§( 80—M)—B/0 og[ e (5( 5(@"‘#))} T,
which implies (temporarily dropping the dependence of f on the temperature) that

fl=p;—K) = f(i; K) + p — Keo
(cf. Eq. (5.17)).

6.2. Thermodynamic functions

From Egs. (5.23) and (6.1) we immediately obtain the following explicit formulas for
the main thermodynamic functions of the su(1]1) chains of HS type:

1 dx
M=) T ¥ e AR (6:2)
by = i / sech?[2(Ke(z) + p))de, (6.3)
L Ke(x) +
U= Rt 0 1+Z[g(138($)ﬁu) dz, (6.4)
cy = 54 Ol(Ke(x) + ) sech® (8 (Ke(x) + p)dz, (6.5)
s — /01 { log|2 cosh(§ (Ke(x) + )| — g (Ke(x) + p) tanh (2 (Ke(x) + M))} dz. (6.6)

In Fig. 2 we present a plot of the internal energy, specific heat and entropy per site as a
function of T for the three su(1|1) chains of HS type with y = 1/2. In fact, we have found

|| It should be taken into account that in Ref. [34] the alternative convention p1 = 0, po = —\ was
used.
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Figure 2. Internal energy (left), specific heat (center) and entropy (right) per site
versus the temperature for the HS (blue), PF (red) and FI (with v = 0, green) su(1]1)
chains with pu/K = 1/2. (The internal energy, specific heat and temperature are
measured in units of K.)

that the latter functions have the same qualitative behavior for a wide range of values
of u, which is essentially the same as their su(2|0) counterparts analyzed in Ref. [33].
In particular, the specific heat exhibits the so called Schottky peak, characteristic of
two-level systems like the Ising model at zero magnetic field or paramagnetic spin 1/2
anyons [40].

As was the case for the su(2|0) PF chain studied in Ref. [33], it turns out that the
thermodynamic functions of the su(1]|1) PF chain (2.4)-(2.6) can be expressed in closed
form in terms of elementary or well-known special functions. To this end, recall first of
all the definition of the dilogarithm function [41,42]

Lis(2) = — /0 Og(tt)dt,

where log z denotes the determination of the logarithm with Imlog 2z € (—7, 7) and the
integral is taken along any path not intersecting the branch cut on the half-line [1, 00).
Performing the change of variables t = —e #(K2+1) in Eq. (6.1) for the PF chain we
immediately obtain

FT) ==+ 5o

Differentiation of this expression with respect to p yields a remarkable closed formula in

| Lia(—e ™) — Lig(—e )] (6.7)

terms of elementary functions for the density of bosons of the su(1|1) PF chain, namely

1 1+ e B0
nl:l_Kﬁ log(1+e_5(K+“)>. (6.8)
The remaining thermodynamic functions admit similar closed-form expressions, namely
1 —Bu(1 — ¢=BK
"= elzen) (6.9)
KB (14 e Pr)(1+ e PE+w)
K
u = log(1 o) - S 2 log(1 4o W) f o, (610)
2 2(K
cy = },u log(1 +e 1) — (KW log(1 4 e AU+ (6.11)
B’ B(K + p)?
+ - B 2(s + ), (6.12)

K(1+efr)  K(1+ efE+m)
s =pu—f). (6.13)
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6.3. Critical behavior

We shall next determine the low temperature behavior of the free energy per site (6.1)
for the three HS-types chains (2.5)—(2.7). As is well known, when 7" — 0 the free energy
per unit length of a (1 4 1)-dimensional CFT (in natural units & = kg = 1) behaves as

wcT?

FT) = f0) - o

where ¢ is the central charge and v is the speed of sound [43,44]. Since the value

(6.14)

of f at small temperatures is determined by the low energy excitations, the validity
of Eq. (6.14) is generally taken as a strong indication of the criticality (conformal
invariance) of a quantum system. In fact, the latter equation is one of the standard
methods for identifying the central charge of the Virasoro algebra of a quantum critical
system.

Let us suppose, to begin with, that the boson chemical potential p is strictly
positive. In this case Ke(z) + p > 0 for all z € [0,1] (since, as remarked above,
we are taking K > 0 throughout this section), so that f(0, ) = —p and

F(T, ) — 0u|<T/ AR 10 < T,

so that the system is not critical. A similar result holds for y < —Kepax, where
for the HS chain
for the PF chain
1+7, for the FI chain.

1
40
5max—&13§15( r)=141

Consider next the case —Kep.x < p < 0. It is now convenient to rewrite Eq. (6.1)
as

y
F(Top) + i = —nT / Mog (1 + e P g (6.15)
0

where

2, for the HS chain
= 1, for the PF and FI chains.
This is certainly possible, since the dispersion relation ¢(z) = x(1 — z) is symmetric

about © = 1/2. Let 2 denote the unique root of the equation Ke(x) 4+ p = 0 in the
interval (0,1/7n), namely

A= y1+3%), for the HS chain
To = — %, for the PF chain (6.16)

1 (_7 + \/H), for the FI chain.

Since Ke(x) + u is negative for 0 < z < xy and positive for xy < x < 1/7, we have

fO,p)+p= 77( /0 e(x dm+,uxo> (6.17)
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and

1/
P ) = 10, ) = =T [ log(1+ e IKe@ )z,
0

If we now fix A < min(zo, 1/n — x¢) independent of 7" and set A = [0, 29 — A] U [z +
A, 1/n], the latter integral can be approximated by
To+A
I(T) = / log (1 4 e AlK=@+ul) q
(T) A g( )da
with an error

/ 10g(1 + e_ﬁ‘Ke(wH“‘)dx < / e PIKE@) Tl gy < o=Fr
A A

with Kk = min(—p — e(zg — A), u + e(zo + A)) > 0 independent of T'. Performing the
change of variables y = §|Ke(x)+ p| in each of the intervals [z — A, x¢] and [zg, 2o+ A]
we obtain
T BlKe(@o—A)+ul log(1 4 e7Y) BlEe(zo+A)+ul Jog(1 +e7Y)

i ="( ] L) P g1 +07) )

(T) K( 0 e'(z) yr e'(x) Y
Moreover, since € does not vanish on [zg — A, xg + A] we have

1 1 1

= O(r —xp) = —— + O(T
8’(%) 6’(%0) + (:E l‘o) 8’(1’0) + ( y)a
and therefore (taking into account that [;°ylog(1 + e ¥)dy is convergent)
T </6|K6(xo—ﬂ)+u| n /BIKa(Io+A)+MI

(6.18)

i) = Ke'(0)

It can be easily checked that the error incurred by replacing the upper limits in each of

) log(1+ e ¥) dy + O(T?).
0 0

the above integrals by 400 is O(e™#), where again &’ is a constant independent of the
temperature (see, e.g., Ref. [45]). Hence

2T 00 2T
I(T)=—— [ log(l+e¥ )= ——— T?
(1) = eaay Jy 100 +e7)dy+ O(1) = s 4 O(T7),
and therefore
22
nmT 3
T, p) = —E L 0o(T?).

(See Fig. 3 (left) for a graphic comparison of the latter approximation to the exact
expression (6.1) for p/K = —epax/4 and T/K < 0.3.)

It was shown in Ref. [34] that the su(1]|1) HS chain (2.4)-(2.5) can be mapped to a
translationally invariant system of free fermions with energy-momentum relation E(p) =
Ke(p/(27)), where p € (0,27) is the momentum (mod 27). Moreover, at low energies
the spectrum of this chain consists of small excitations with momenta around pg = 27w,
(or 2m — pp), so that the speed of sound is given by
_dE|  Ké'(wo)
N dip L

p=2mxg

(for the HS chain).

v

Of course, the situation is quite different for the PF and FI chains, since these systems
are not translationally invariant and, in particular, their dispersion relation e(x) is not
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symmetric around x = 1/2. In this case we must therefore take as energy-momentum
relation the symmetric extension of Ke(p/m) around , i.e.,

E(p) = Ke(1 — |1 —p/n]) (for the PF and FI chains) (6.19)
(cf. Fig. 3, right), so that now p = 7z and the speed of sound is given by
dE K¢
v= | = (o) (for the PF and FI chains).
P lp=nao

Note that this implies that in the thermodynamic limit (though not for any finite V) the
su(1]1) PF and FI chains are equivalent to a translation-invariant free fermion model
with energy-momentum relation (6.19), since under the change of variables © = p/m
Eq. (6.1) becomes

T [~ -
f(Top) =—p— ;/0 log(1+e /3(E(p)+u)) dp.

Thus for all three su(1|1) chains of HS type we can write

o= K@) (6.20)
nm

and we can therefore express the asymptotic equation for the free energy per site in the

unified way

T? 3
f(T,u)Zf(O,u)—@JrO(T), (6.21)
where
K \/@ , for the HS chain
v="{ %, for the PF chain (6.22)
% v2 — 4?“ , for the FI chain.

Comparing with Eq. (6.14) we conclude that for —Ke., < p < 0 all of these chains
are critical, with ¢ = 1. In other words, the free energy per site of the three su(1|1)
chains of HS type behaves as that of a CFT with central charge ¢ = 1 (for instance, a
free CFT with one bosonic field).

For u = 0, a similar analysis shows that the HS, PF and FI (with v # 0) su(1|1)
chains (2.4)-(2.7) are again critical, but the central charge is now ¢ = 1/2 (i.e., that of
a free CF'T with one fermionic field). On the other hand, the FI chain with v =y =0
is not critical, since following Ref. [45] it can be shown that in this case

1.0 = =55 (1= 75 ) B2 792+ 0%,
where ((z) denotes Riemann’s zeta function. Finally, for 4 = —Kepay the PF and FI
chains are critical with ¢ = 1/2 (since the root g = 1 of Ke(x) — Kepay is simple in
both cases), while for the HS chain it was shown in Ref. [34] that

F(T, —K/4) = [6( _ \/? (1 _ \}5) C(3/2) T2 + O(T?).
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Figure 3. Left: free energy per site versus temperature (both in units of K) for
the su(1|1) HS (blue), PF (red) and FI chains (with v = 0, green) for pu/K =
—&max/4. In all three cases, the dashed black line represents the low-temperature
approximation (6.21). Right: energy-momentum function E(p) for the su(1]|1) HS
(blue), PF (red) and FI chains, with 7 = 0 (green) and v = 1/2 (light green) in the
latter case.

In particular, the su(1|1) HS chain with u = —K/4 is not critical. In summary, the
phase diagram of the three su(1|1) chains of HS type is as represented schematically
in Fig. 4. For the su(1|1) HS chain, the above result follows from the general ones in
Ref. [34] for a system of spinless free fermions, as well as the direct calculation in Ref. [7].
On the other hand, our result for the su(1|1) PF chain with g = 0 is in agreement with
the heuristic analysis of Ref. [29].

B c=1/2
B c=1

o ® /J/ (K Emax )
-1 0

Figure 4. Phase diagram of the su(1|1) chains of HS type with K > 0. The critical
line and points are colored according to the value of the central charge ¢, as shown in
the accompanying legend. The origin is not critical for the FI chain with v = 0, while
the point —Kepax is not critical for the HS chain.

6.4. Boson density at low temperatures

The low temperature behavior of the su(1|1) boson density (6.2) can be analyzed using
the results of Ref. [34], which are valid for an arbitrary dispersion function e(x). To this
end, let us rewrite Eq. (6.2) as

1/n dx
= /0 1+ e BKe()tn)’
so that £(x) is monotonically increasing in the interval [0, 1/n] for all three chains of HS
type. It readily follows from the latter expression that the value of the boson density
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at T' = 0 is given by

0; /1/< _Kgmax
nl(ovlu): 1—7”]512'0, _Kgmaxgug()
L, p =0,

where xg is given by Eq. (6.16). Thus the su(1|1) boson density presents a second order
(continuous) phase transition at zero temperature (cf. Fig. 5).

ni

-1.5 -1.0 -0.5 0.5 N/

Figure 5. Zero temperature boson density n; as a function of p/K for the HS (blue),
PF (red) and FI (green for v = 0, light green for v = 1/4) chains.

The low temperature behavior of the boson density for the su(1|1) PF chain follows
directly from Eq. (6.8). For instance, in the critical region —K < p < 0 we have

K
with £ = min(2|u|, K + p) for —K/2 < p < 0 and £ = min(|p|, 2K + 2u) for —K <
u < —K/2. For the HS and FI chains, an asymptotic approximation for n; at low

T , T
ng =1+ 2 sgn(K + 2p) 17d e Amin(ul. Ktu) O(K e_“5>,

temperatures can be easily derived from the general formulas in Ref. [34]. For instance,
in the critical region —Kéemax < pt < 0 we have

ny=1—nzo+ (Qg)T2—|—O(T3)

6mnv
VAR 51722 (1 T 4?#)7 322 +0(T?), for the HS chain

LHd(r= 2 = %)+ (v - %) T+ 0T, for the FI chain

The qualitative behavior of the boson density for finite T" can also be analyzed with
the help of the closed formula (6.2). To begin with, since

oni /1/’7 Ke(z)+p
oT 477 cosh’[5(Ke(z) + )]

and we are taking K > 0, it is clear that for y < —Kepax (resp. g > 0) the boson

density increases (resp. decreases) monotonically to its T — oo limit 1/2, as expected.
The qualitative behavior of the boson density is more subtle when p lies inside the critical
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interval (—Kéepmax, 0). To help analyze this behavior, in Fig. 6 (left) we have represented
the implicit curve 2% = 0 for the three su(1|1) chains of HS type and 11/(Kemax) in the
critical range (—1,0). From the latter plot it is clear that for the HS and FI chains there
is a range of values of p for which n; is not monotonic. More precisely, for the HS chain
the boson density has a unique minimum at finite temperature for —Kep. < g < pte
for a certain critical chemical potential pu., since n; is decreasing to the right of the
% = 0 and decreasing to its left (this is clear from the behavior of n; for
pw > 0 and p < —Kepay). Similarly, the boson density of the FI chain presents a

curve

unique maximum at finite 7" in the range pu. < p < 0, where now the critical value p,
of p depends on the chain parameter v. The situation is totally different for the PF
chain, for which n; is monotonically increasing (resp. decreasing) for —K < u < —K/2
(resp. —K/2 < p < 0), since now ny is constant for p = —K/2 = pu. (cf. Fig. 6, left).
The critical chemical potential p. can be computed in all cases from the condition
TIHI;OTQ%Z}(T, fe) = —111 (Keg+ pe) =0,

which yields pu. = —Key. The qualitative behavior of n; just described is apparent in
Fig. 6 (right), where we have plotted the boson density for the three chains of HS type
for p = —3Kepax/4 and p = —Keppay /4.
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Figure 6. Left: plot of the implicit curve % = 0 for the su(1]/1) HS (blue),

PF (red) and FI chains, with v = 0 (green) and v = 1 (light green) in the
latter case. The dashed black lines represent the vertical asymptotes p/(Kemax) =
—€0/€max = —2/3,—5/12,—1/3. Right: boson density for p/(Kemax) = —3/4 (solid
lines) and u/(Kemax) = —1/4 (dashed lines), with the same color code.

7. The su(2|1) chains

This case is of particular interest, since its dual su(1|2) version with HS interaction (2.5)
can be mapped to the spin 1/2 Kuramoto—Yokoyama ¢-J model in an external magnetic
field [46] with a suitable choice of the chemical potentials.
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7.1. Free enerqgy per site

The transfer matrix A(x) is now given by

g q 5 (n1+p2) —q’%l
Az) = qKE(w)*é(Hlﬂlz) g q*%Q 7
Ke@-15 JEe@-F  Ke@)
and its eigenvalues are zero and
As(z ) & \/ g (mtp2) (gie(@) — 1)

where
1
— = (gm —H Ke(x)
a(@) =5 (a7 +q7" + g 0).

Thus the Perron—Frobenius eigenvalue is A (z) = Ay (z). (Note that the term under the
square root is clearly positive, since it is strictly greater than 1 (g — g "2)2.) Moreover,
the matrix A(z) is again diagonalizable for 0 < z < 1, since for these values of z its
three eigenvalues are simple on account of the inequality ¢"*® = 1. Hence condition i)
of the previous section is again satisfied. Moreover, when 0 < x < 1 the matrix P(z)
for the su(2|1) PF and FI chains can be taken asq

q%(#Q*#l) 0 q%(/”*“l)
P(x) = | 14 {5(g"@ —1) —¢F 1+ @@ =) | (T
qKE(x)“‘HTQ 1 qKs(x)—&-“TQ
Thus Eq. (5.13) in this case reads
qf% O q%(ﬂ?fﬂl) "
— 5 tu2
K2 “2 - . q 2 e -
7T —¢7 1+ )?_?11) ("W —1) | = ) (1 — ¢ (1))<)\7<1) +gq (mﬂu)) £ 0.
1 1 qu(1)+“—22

For the PF and FI chains e(1) = 1 and £(1) = 1+~ > 1, respectively, so that the second
factor never vanishes. The last one is positive, since it can be written as p — /p? — v
with
1
p=5 (g7 + g7+ 2q7 ) 4 g >,
v = g 2mtnz) 4 g=Unt2u2) 4 o=Cutnz) 4 o=(ntu) 5

Thus condition ii) is also satisfied in this case. Applying Eq. (5.11) we then obtain,
after a slight simplification,

1 1
f(T7M1>M2>:_§(M1+M2)—T/O 10% +\/b 2 4 e~ KAel )—1>d$7 (7.2)
with
1
b(z) = 5 o BlKe@)+3(m+nz)] Cosh(gw1 _ M2))- (7.3)

9 Equation (7.1) is valid for the HS chain only for 0 < x < 1. However, as shown in the previous
section, condition ii) is always satisfied for this chain.
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Comparing the expressions for the eigenvalue A\ () = Ay (z) from the su(1|1) and su(2|1)
cases we conclude that the su(1]1) thermodynamic functions can be formally obtained
from the su(2|1) ones in the limit ps — —o0, as expected. The thermodynamic functions
of the su(2|1) chains can be computed without difficulty from Eqs. (7.2)-(7.3) and the
general equations (5.20), (5.22) and (5.23), although the corresponding expressions are
rather cumbersome and shall therefore not be displayed here.

7.2. Critical behavior

With the help of the explicit formula (7.2), we shall next briefly analyze the criticality
properties of the su(2|1) chains of HS type as a function of the chemical potentials
and the interaction strength K. We shall see that these chains exhibit a richer critical
behavior than their su(1|1) counterparts, both in terms of the complexity of the critical
region and the possible values of the central charge.

ﬂ2/(§<‘9maX) 12/(1K|Emax)
B c=1/2 .
m c=4/5
c=1
m c=32 1

c=2

5 H1/(Kémax) 2 H1/(IK]Emax)

m c=2/5

m c=1/2
c=3/4
c=1
c=3/2

-2 m c=8/5 -2

c=2

Figure 7. Phase diagram of the su(2|1) chains of HS type with K > 0 (left)
and K < 0 (right). The critical regions, lines, and points are colored according
to the central charge ¢ as shown in each plot’s legend. For K > 0, the origin
and the half-lines 1 = 0 > po, po = 0 > py, g1 = pe > 0 are not critical
for the FI chain with v = 0, while the point (—Kéemax; —KEmax) and the half-
lines 1 = —Kemax > W2, o = —Kemax > w1 are not critical for the HS chain.
Similarly, for K < 0 the origin and the half-lines pu; = 0 > po, po = 0 > pq,
w1 = p2 > 0 are not critical for the FI chain with v = 0, while the points (| K|emax, 0),
(0, | K |emax), the segment {p; + po = |K|emax; 0 < 1 < |K|émax} and the half-
lines {1 = |Kl|emax, t2 < 0}, {2 = |Kl|emax, 1 < 0}, 0 < py = po £ |K|emax are
not critical for the HS chain.

The phase diagram of the su(2|1) chains is presented in Fig. 7, both for positive and
negative values of K. For the sake of conciseness, we shall only present the calculations
for a few cases of interest when K > 0 (the remaining ones can be analyzed in a similar
fashion). To begin with, by Eq. (5.18) we can restrict ourselves to the case pu; > po
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without loss of generality. First of all, it is clear that the open region puy > 0, 1 > o
is not critical. Indeed, in this region we have

1 8
~ —B(Ke(@)+m) ) o3 (m1—p2) = 5(p1—p2)
bz) = 2(1 te : )e? 1m12) = B(g)ez(ir2), (7.4)
from which it easily follows that f(0) = —%(,ul + p2) — %(,ul — p2) = —p1. Hence

when T — 0+ we have
1/n

|If(T) — f(0)] ~ nT/ log [B(az) + \/Bz(x) + e~ Blu—n2) (e~KBel@) — 1) }dx
0

1/n 1/n
< nT/ log[2B(z)] dz < nT/ e @) qg L Te P,
0 0

since K > 0 by assumption. Similarly, if —Kep.c > 1 > po we have

b(x) ~ ;(1 + eB(KE(x)-Hn))e—§(2K8(w)+M1+M2) = é(i)e—g(2K~€(:c)+u1Jruz)7

so that
1 n [in
f(0) = —§(M1+M2)+§/0 (2Ke(x) 4 1 + po)dz = Keg
and
|f(T) = f(O)] =nT / log| B(z) + )+ \/ B2(x) + PKe@) tithz) (e~ Ke(z) — 1)]dz

1/n
< nT/ log[QB(x)] dz < nT/ ePKe(@)tm) gy < TP Kemaxtin)
0 0

Thus the triangular region —Kepa > 11 > o is also noncritical.

Likewise, it can be shown that the open region p; > po, —Keéepax < p1 < 0 is
critical, with central charge ¢ = 1. To this end, let us denote by zy the unique root of
the equation Ke(x) + p; = 0 in the interval (0,1/n). We then have

1/n
f(T) =~ —py — nT/ log )+ \/B2 + e Blm—n2) (e~ KPe(z) — 1)}dx
0

where the last term under the square root tends to 0 as T — 0+, and Ke(z) + py is
positive for zo < x < 1/n. It follows that

J0) = =+ [ (Ke(a) + ) de = K [ e(@)de = (L = o).

and thus
f(T) = f(0) ~ =TI, + 1),
where
I - 77/xo log[ )+ \/B2 ) + eB@Ke@)+u1tp2) (e-BKe() —_ 1) ]dg;7 (7.5)
0
1/n
I, = 77/ log —|— \/32 + e—Blui— MQ)( —Kpe(z) 1)]dx (7.6)
o

As in Subsection 6.3, the main contribution to both integrals comes from an arbitrarily
small neighborhood of zy, where |Ke(x) + p] is small. In such a neighborhood, the
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remaining terms under the square root are negligible, since their exponents are strictly
negative in the whole integration range. We thus have

xQ ~ 1/n
I ~ 77/0 10g[2B(:L’)}dx, I ~ n/xo log[2B(x)}dx.

We now perform in each of this integrals the change of variables y = [|Ke(z) + 1.
Taking into account that in a small neighborhood of xq

n U 1
Ke'(x) - Ke'(xg) +0(Ty) = v +0(Ty),

where the effective speed of sound v is given by Eq. (6.22) with u = py, we easily obtain

T 5‘,“‘1| T ﬁlemax+ﬂl‘
I ~ */ log(l +e_y>dy, Iy ~ —/ log(l + e_y)dy
v Jo v Jo

up to a term of order O(7). Extending both integrals to +oo (which produces an
exponentially small error in 3, as shown in Subsection 6.3) we finally obtain
'l

T e’}
Iy~ —/ log(1+ e )dy = ~—
1,2 v Jo Og( te ) 4 12v

and therefore
nT?
JT) = fO) = =T

Comparing with Eq. (6.14) we conclude that the open set j1 > pg, —Kéepax < p11 < 0 is
indeed critical, with central charge ¢ = 1.

The latter results, together with the symmetry of the free energy under exchange
of the bosonic chemical potentials, establish the validity of the phase diagram in Fig. 7
in the “generic” subset p; # pe minus the half-lines g = 0 = po, o = 0 = py,
1 = —Keéepax = o, o = —Kenax = 1. We shall limit ourselves to analyzing the two
points g1 = pe = 0, — Kepay, which illustrate the general procedure.

First of all, at the origin we have

1/n
1 —KBe(x —KBe(x 1 .- e(x
f(T):—nT/O log[1 + 4 e P 4\ [oe—Kpe(o) 4 L o-2K5e(e) | d,

Performing again the change of variables K 5e(z) = y and proceeding as above we obtain
2

o 2

f(T) ~ _:v/o log{l +1leV 4 /2ev+ %e—Qy}dy = —Wj;,
where now v = K¢'(0)/(nm). (Of course, the latter formula is clearly not valid for the
FI chain with v = 0, as €/(0) = 0 in this case. In fact, it is straightforward to show that
this chain is not critical when p; = py = 0, since f(T) — f(0) oc T~3/2)) Comparing with
Eq. (6.14) we conclude that (except for the FI chain with v = 0) the model is critical in
this case with central charge ¢ = 3/2 (i.e., that of a free CFT with one boson and one
fermion). This is again in agreement with the general result of Ref. [29] for the su(m/|n)
PF chain with zero chemical potentials, according to which ¢ = m —1+4n/2 for m > 1.
In fact, the same is true for the su(1|2) chains with p; = po = 0 (excluding again the
FI chain with v = 0). Indeed, using Eq. (5.19) we readily obtain

T2 7T?

FT) = £0) = F(T) = Ky = —— [log[L+e7 4 /] 4 2070 ]dy = =T

0
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so that ¢ =1 =m — 1+ n/2 also in this case.
Consider, finally, the case p; = pg = —Keyax = —Ke(1/n) = p, for which

1/n
Py = —p =T [ log[1 + emeketerm
0

+ \/efB(Ks(w)Jru) + L em28(Ke(@) ) 4 o= Kie() ]dx,

and hence
1/
FO)=—p+n | (Ke(w)+p)de = Keo.
We thus have

1/n
f(T) = f(0) = —nT /0 1og[§+eﬁ<f<€<x>+“>+\/§+eﬁ<Ks<w>+u>+eB<KE<w>+2u>]dx,

1/n
~ _HTA 10g[% + eﬁ(Ka(l‘)-i-M) + \/i + eB(Ke(z)+p) }dl‘,

since p < 0. The PF and FI chains both satisfy the condition (1) # 0. In this case,
performing the usual change of variables 5(Ke(z) + 1) = —y and taking into account
the definition (6.20) of the effective speed of sound v we obtain

f(T)—f(O)z—::)/O log{ +e_y+\/i+e—y]dy:—2f5€2.

Thus the su(2|1) PF and FI chains with gy = gy = —Kepax are both critical with
central charge ¢ = 4/5, as claimed. Note, in particular, that the latter models

cannot be equivalent at low temperatures to a free CF'T with any number of bosons
or fermions, since the central charge of such a theory is necessarily integer or half-
integer. Obviously, the latter conclusions do not hold for the HS chain, since in this
case we have €’(1/n) = (1/2) = 0. In fact, it can be shown without difficulty that this
chain is not critical when p; = py = —K/4.

7.8. Zero-temperature densities

From Egs. (5.20) and (7.2)-(7.3) we obtain the following explicit expressions for the
particle densities of the su(2|1) chains of HS type:

1 1/n Slnh B lefﬁ(KE(m)ﬂu)
(T, s i) = = + / i dz, (7.7)
2 2 e KpBe(z) — 1
no(T, p, pr2) = na (T, pio, 1) (7.8)
. /1/n ) o
S T, 9
3 241 MQ 2 \/b + e—KﬂE(l‘) 1
with
1
He = §(M1iﬂz)-

We shall limit ourselves to analyzing the behavior of these densities at zero temperature.
By contrast with the su(2|0) and su(1|1) cases, we shall show that in this case the
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bosonic densities exhibit a first-order (discontinuous) phase transition across the half-
line gy = po > —Kepay for K > 0.

Suppose, to begin with, that K > 0, and consider first the fermionic density ns.
Since this density is clearly symmetric under exchange of the bosonic chemical potentials,
we shall restrict ourselves without loss of generality to the case 1y > po. When pg > po,
using the low temperature approximation (7.4) we have

1/n -1/2
ng ~ 1 /0 (1 + P2 ge2bKel)tus)] "z, (7.10)

where we have taken into account that ef(Ke@)+2u4) o @28(Ke(@)trt) a5 T — 04 for
0 <z < 1/n. When Ke(z)+py > 0, the term e??(Ke(@)+11) dominates over the remaining
ones as T" — 0+, so that the integrand tends to zero in this region. On the other hand,
when Ke(z) 4 1 < 0 the integrand clearly tends to 1 as 7' — 04. We thus have

n3(0) = nlI (p)],
where |I(p)| denotes the length of the (possibly empty) interval
I(p) ={z €[0,1/n] : Ke(z) + p < 0}.

Denoting by (1) the unique root of the equation Ke(z) 4+ 1 = 0 in the interval [0, 7]
(cf. Eq. (6.16)), we conclude that for K > 0 and p; > po the zero temperature fermionic
density is given by

07 1251 > O,
n3(0) = n'ro(lu’l)a _Kgrnax < M1 < O,
1’ H1 < _Kgmax-

Likewise, for K > 0 and p; = po = p we have
ng =1 /1/77 {1 + 4ePEE@TH) 4 gofKE@)+20) _1/2dx,
0

so that again n3(0) = n|l(u)|. From the previous formulas and the symmetry of ns
under the exchange of p; with us we obtain the following expression for n3(0), valid in
the whole (u1, 12) plane when K > 0:

0, max (g, p2) > 0,
n3(0) = § nro(max (g, po)), — Keéemax < max(pu, p2) <0, (7.11)
1, max (g1, o) < —Keéemax -

It is apparent from the latter expression that ns is continuous, but its gradient is
discontinuous along the segment —Ke . < 1 = o < 0 and the half-lines p; = 0 > po,
po =0 > py, pg = —Keéepmax > l2, flo = —Kemax > 1 (cf. Fig. 8, left).

Consider next the density n; of the first species of bosons, which for p; > py can
be expressed as

1 1/
=g (1 —mng3) + g / nD(;p)_l/de, D(z) =
0

b(x)? 4 e K@) 1
sinh?(Fp-)

(7.12)



Thermodynamics and criticality of supersymmetric spin chains 34

H1/(K&max) _3
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Figure 8. Left: fermion density at zero temperature for the su(2|1) HS chain with
K > 0. Right: same plot for the bosonic density n1, with a red line drawn to illustrate
the discontinuity along the half-line p; = o > —Kepax.

At low temperatures we have
2
D(x) = (1 + e—ﬂ(Ka(w)—i-ul)) + O(e_w“*)’

so that

iim [ D) 20 =[x € 0,1/n] K@) + > 0} =~ 11w
750+ Jo ’ . 1 n 1)1
and thus

m(0) = 5 (1= ns(0)) + 5 (1 = al 7))

Using the previous formula for n3(0) we obtain the following expression for n;(0)
when K > 0 and pq > ps:

1 ) 1 > 07
nl(o) =q1- 77530(#1>7 —Keémax < 1 <0,
07 1 < —Ksmax .
On the other, when K > 0 and puo > py we have
1 1/n
m=5(=ng) = [ D) e,

so that proceeding as before we obtain

m(0) = 5 (1= ns(0)) — 5 (1= nlT(m)]) = 0.

Finally, when p1 = ps by Eq. (7.12) we simply have n,(0) = (1 — n3(0))/2. Taking
into account the symmetry of n; under exchange of p; with py we obtain the following
general expression for the latter density (for K > 0):

0, p1 < flg OF —Kéemax = i1 > [,
5 = po = 0,
n1(0) = %(1 —nwo(u)), —Kemax < i1 = o <0, (7.13)
1 —nzo(p), —Kepax <1 <0, p1 > pio,
L, pa >0, p1 > po.
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Figure 9. Left: fermion density at zero temperature for the su(2|1) HS chain with
K < 0. Right: same plot for the bosonic density 7.

It follows from the previous expression that n; is discontinuous along the half-line p; =
to = —Kepnay, and has a discontinuous gradient along the half-lines 1y = —Kepax = o
and 1 = 0 > pe. Thus in this case the bosonic density n; (and hence ny) presents
both first- and second-order phase transitions for appropriate values of the chemical
potentials p; and ps. A very similar calculation, that we shall omit for the sake of
conciseness, shows that when K < 0 the fermionic density is given by

0, pa — p2 2 |K|emax or max(u, p2) = [K|emax,
n3(0) = 1 —nao(max(py, p2)), 0 < max(un, p2) < [Klemax, min(u, pa) <0,
1 —nao(p1 + p2), p1 =0, pp >0, p1 + po < |Kemax,
L, <0, pe <0,
while the bosonic density n;(0) reads
n1(0) =
0, p1 < 0or pp — pr 2 [K|emax,
1o (p1), 0 < < [Klemax, p2 <0,
3 |wolp + pa2) +sgn(m — po)zo(im — pal)|, 1 20, o > 0, i1+ piz < |K |,
%[1 + nsgn(pn — p2)wo(lpn — M2|)], 1 — 2| < |Klemax, 1+ p2 = | Kemax,
1, = pi2 2 K emax; 1 2 [Kemax -

It can be easily checked that both densities (and hence the remaining one nq(0)) are
continuous, although their gradient is discontinuous along several segments and half-
lines (cf. Fig. 9). Thus when K < 0 the chains (2.4)—(2.7) exhibit only second-order

phase transitions at zero temperature.
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8. The su(2|2) chains

The eigenvalues of the su(2|2) transfer matrix

g M q*%(ulﬂm) q*%(mﬂ%) q*%l

gKe@) =5 Gntuz) g+ g3t R

Alz) = qu(x)—%(M1+M3) qKa(x)—%(erm) gf<e@)—ns q—%?’
qKE(x)*Lgl qKE(UC)*%2 qKs(a:)f%?’ qu(x)

are zero (double) and

Ae(2) = ale) £ \/a(@)? + (gFE) — 1)t — gt m),

where now
1
CL(.I') — 5 <q—#1 + q—#2 + qKE(l")—#S + qKE(:E)) .
Thus the Perron—Frobenius eigenvalue is again A\j(x) = Ay (z). However, in this case
A(x) is not diagonalizable when z € (0,1). More precisely, for 0 < z < 1 its Jordan
canonical form can be taken as

A(z) 0 0 0

0 A_(z) 9 o 0

J(I) — 0 O( ) O,Ad( ) .
0 0 0 0

where 0y \_(;) denotes Kronecker’s delta. Indeed, the eigenvalue A_ (x) vanishes if and
only if Ke(z) = p3 — 1 — po (i-e., for at most two values of x for the HS chain and
one such value for the PF and FI chains), and when this happens it can be shown that
the geometric multiplicity of the zero eigenvalue is one™. It follows that the product
Jp -+ Jy_1 is diagonal in either case provided that N > 4, so that the first condition
is again satisfied. As to the second condition, we shall not present the matrix P(z) in
this case, since it is too unwieldy to display. However, a long but elementary calculation
with the help of the symbolic package Mathematica™ shows that the latter condition
is also satisfied in this case. Thus the free energy per spin is again given by Eq. (5.11),
or equivalently

1
(T, p,s poas pi3) = 5 (p1 + p2)

1
~-T / log[b(x) + Vb(a)2 — (1 — e~ KB@)(1 — e-fKe@)tm+na—ri)) |dz, (8.1)
0

where now
b(x) = e A=) +5 itz —pz)] cosh(%;g) + cosh(g(ul - /,LQ)). (8.2)

Comparing with Eqgs. (7.2)-(7.3) we deduce that the thermodynamic functions of the
su(2]1) chain can be formally obtained from those of its su(2|2) counterpart in the
limit ps — —oo0.

T The eigenvalue A_ () also vanishes at z = 0 and, in the case of the HS chain, at z = 1. The matrix Jy
(or Jy, in the latter case) is diagonal, although this has no influence on condition i).
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Although the thermodynamic functions can be computed without difficulty from
Egs. (8.1)-(8.2), we shall not present here the corresponding expressions as they are
excessively long. An important exception occurs when all chemical potentials vanish,
so that the previous expression for the free energy per site simplifies to

1/
F(T,0,0,0) = —2nT / "og (14 e 27 dz = 20T, 0). (8.3)
0

Thus the energy, specific heat and entropy of the su(2|2) chains of HS type with p, =0
for all v are twice the corresponding values for their su(2|0) counterparts with gy = 0
and the same interaction strength K. Moreover, since the latter chains are all critical
(except for the FI chain with v = 0), with central charge ¢ = 1, it follows that the
su(2]2) chains with zero chemical potentials are also critical with ¢ = 2 (again with the
exception of the FI chain with v = 0). This is once more in agreement with the general
formula for the central charge of the su(m|n) PF chain with zero chemical potentials in
Ref. [29].

We shall not exhaustively analyze the zero-temperature behavior of the particle
densities, given the relative complexity of their explicit expressions. However, our
numerical calculations based on the latter expressions clearly indicate that for K > 0
the fermionic densities ng 4 exhibit only second-order phase transitions at 7" = 0, while
the bosonic ones n; 5 undergo also a first-order phase transition across (a subset of) the
plane p; = po (see Fig. 10, top). On the other hand, from Eq. (5.26) we deduce that

na(M17M2,M3; K) = n5fa<_/ﬁl>/v’l3 — M1, l2 — H1; —K)-

From this equation and the previous observation it follows that for K < 0 the situation is
reversed, i.e., the fermionic densities feature only second-order phase transitions at zero
temperature while the bosonic ones present also a first-order phase transition across (a
subset of) the plane p3 = 0. Again, this statement is fully corroborated by our numerical
calculations (cf. Fig. 10, bottom).

9. Conclusions

In this paper we study the thermodynamics and critical behavior of the three families
of su(m|n) supersymmetric spin chains of Haldane-Shastry type with an additional
chemical potential term. Our analysis is based on two main results, namely the
computation in closed form of the partition function for an arbitrary (finite) number
of spins and the derivation of a simple description of the spectrum in terms of
supersymmetric motifs. By means of the transfer matrix method, we obtain an analytic
expression for the free energy per site, and hence the main thermodynamic functions,
in the thermodynamic limit. For the su(1]1), su(2|1) (or su(1|2)) and su(2|2) chains, we
identify the values of the chemical potentials for which the models are critical by studying
the low-temperature behavior of the free energy per site. In particular, we show that
the central charge can take rational values that are not integers or half-integers, thus
excluding the equivalence to a CFT with free bosons and/or fermions. We also analyze
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Figure 10. Contour and surface plots of the densities nq(0) (left) and nz(0) (right)
for the su(2|2) HS chain with u3 =0, K > 0 (top), and ps =0, K < 0 (bottom).

the existence of zero-temperature phase transitions in the spin densities. More precisely,
we show that in the su(1|1) case there are only second-order phase transitions, while
for su(2|1) and su(2|2) first-order phase transitions occur in the bosonic densities when
the interaction strength K is positive. Moreover, for su(1|2) and su(2|2) the fermionic
densities also undergo a first-order phase transition at 7' = 0 for negative values of K.

The present work suggests several possible lines for future research. In the first
place, the previous results and those of Ref. [33] seem to indicate that first-order
transitions in the spin densities at 7" = 0 will occur provided that m +n > 2. It
would be of interest to ascertain the validity of this conjecture, for instance by studying
the behavior of these densities in the su(3) case. It would also be of interest to study
the existence of a suitable recurrence relation for the (generalized) partition function
of the models under study for arbitrary values of the chemical potentials p,, similar
to the one derived in Ref. [29] for p, = 0. Such a relation could then be used, by
the method explained in the latter reference, to compute the central charge without
explicit knowledge of the highest eigenvalue of the transfer matrix. Finally, another
open problem that comes to mind is the extension of the above results to spin chains of
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HS type associated with root systems different than Ay_q, like BCy, By or Dy. A key
step in this endeavor would be the deduction of a description of the spectrum in terms of
suitable motifs. Note, in this respect, that the partition function of the supersymmetric
Polychronakos—Frahm spin chain of BCy type with p, = 0 is known [37], and the same
is true for the ordinary (non-supersymmetric) PF chain of Dy type [50] and the BCly,
By and Dy Haldane-Shastry chains [47-49]. However, for neither of these models an
expression of the energies in terms of motifs akin to Eq. (4.9) has been found so far.
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Appendix

In this Appendix we provide a justification of the different behavior of the free energy
per site at finite V of the su(1|1) chains for positive and negative values of the chemical
potential © when K > 0 (see, e.g., Fig. 1). For simplicity, we shall restrict ourselves to
the PF and FI chains (the argument for the HS chain is very similar). To begin with,
for m = n = 1 the value of f at zero temperature for the PF and FI chains is given by

K607 p< _Kgmaxy
f(0) = K/so(.r)d:v—,u(l—xo), —Kemax < <0,
0
—H, /~L>07

with Ke(zg) + = 0 and gy defined in Eq. (5.16) (cf. Section 6). On the other hand,
from Eq. (4.9) for m = n =1 it follows that the ground state of the su(1|1) PF and FI
chains with K > 0 is nondegenerate for u < —Kepa and p > 0, since it is obtained
from the unique values & = (2,...,2) and o = (1,...,1), respectively. The ground
state energy Fgg is thus given by

N-1 N-1

J () =K e(x;)) ~ NKeg, 1< —Kepax,
Egs = ; i=1 N—roo
—Nu, w>0.

For —Kepax < p < 0 and large N, the ground state (still nondegenerate, or with very
little degeneration) is instead obtained from a vector o of the form (2,...,2,1,...,1,2)
with Nz 2’s and N(1 — x) 1I’s (where 0 < 2 < 1). The parameter x is easily computed
by minimizing the energy E(x) corresponding to such a vector o, given by

Nz—1

E(x)=J ; E() — uN(1 —x) v N(K/Oxe(s)ds—u(l—x))

—00
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Differentiating with respect to « we easily obtain Ke(z) + pu = 0, so that © = xy. Thus
in this case we have

Nxg—1 Nxg—1
Eas >~ J Y (i) = Nu(l —x0) = K Y _e(x;) — Nu(1 — )
i=1 i=1
zo
NEOON{K/Oa(x)dx—,u(l—xo)], —Keéemax < <0,

In all cases, when T — 0 we have Z ~ e #F¢s and consequently fy(0) = Egg/N. From
the previous expressions for the ground state energy we indeed conclude that

lim fy(0) = £(0).

as expected. However, for large though finite N the value of fy(0) is ezactly equal
to f(0) when p > 0, while for <0

10— 1500) = K [yt = 3]

(where zo should be interpreted as 1 for ;1 < —Keénay) is nonvanishing and O(N™1).
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