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The open supersymmetric
Haldane—Shastry spin chain
and its associated motifs

J. CARRASCO, F. FINKEL, A. GONZALEZ-LOPEZ,
AND M. A. RODRIGUEZ

We study the open version of the su(m|n) supersymmetric
Haldane—Shastry spin chain associated to the BCy extended root
system. We first evaluate the model’s partition function by mod-
ding out the dynamical degrees of freedom of the su(m|n) super-
symmetric spin Sutherland model of BCy type, whose spectrum
we fully determine. We then construct a generalized partition func-
tion depending polynomially on two sets of variables, which yields
the standard one when evaluated at a suitable point. We show
that this generalized partition function can be written in terms of
two variants of the classical skew super Schur polynomials, which
admit a combinatorial definition in terms of a new type of skew
Young tableaux and border strips (or, equivalently, extended mo-
tifs). In this way we derive a remarkable description of the spectrum
in terms of this new class of extended motifs, reminiscent of the
analogous one for the closed Haldane—Shastry chain. We provide
several concretes examples of this description, and in particular
study in detail the su(1]1) model finding an analytic expression for
its Helmholtz free energy in the thermodynamic limit.
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1. Introduction

Recent experiments involving trapped ions and optical lattices of ultracold
Rydberg atoms have made it possible to simulate spin chains and low-di-
mensional lattice models with long-range interactions, leading to a renewed
interest in this type of fundamental quantum systems [IH6]. The quintessen-
tial example of these models is the spin 1/2 chain independently introduced
by Haldane [7] and Shastry [8], in which the spins are uniformly arranged
on a circle and the spin-spin interactions decay as the square of their inverse
(chord) distance. The relevance of this model for theoretical and mathe-
matical physics cannot be understated. Indeed, its importance in condensed
matter physics is well known, as one of the simplest models whose elemen-
tary (spinon) excitations [9] [10] can be naturally regarded as anyons in the
framework of Haldane’s fractional statistics [I1]. It has also found numerous
applications in such fundamental fields as the quantum Hall effect [12] [13],
the theory of long-range magnetism [6], or quantum transport in mesoscopic
systems [14) 15], to name only a few. More recently, it has been found that
the ground state of the su(n) generalization of the Haldane-Shastry (HS)
chain can be expressed in terms of chiral correlators of suitable primary fields
of the su(n) Wess—Zumino-Novikov—Witten model at level 1, a result that
has been extended to similar models with long-range interactions [I6HI9].
From a more mathematical standpoint, two key properties set the HS
chain apart from other integrable one-dimensional models, namely its close
connection with a spin dynamical model and its Yangian symmetry even
for a finite number of sites. Indeed, the HS chain can be obtained from
the spin Sutherland model [20] 21] in the strong interaction limit, through
a mechanism usually known as Polychronakos’s freezing trick [22] 23]. In
essence, as the parameter a governing the strength of the spin-spin interac-
tion in the spin Sutherland model goes to infinity its eigenfunctions become
increasingly peaked at the coordinates of the equilibrium positions of the
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Sutherland scalar potential, which coincide with the HS chain sites. Thus
in this limit the dynamical and spin degrees of freedom effectively decouple,
and the latter are governed by the HS Hamiltonian. This connection can be
used to compute in closed form the partition function of the HS chain as the
a — oo limit of the quotient of the partition functions of the spin and scalar
Sutherland dynamical models [24]. In fact, this non-standard method for
evaluating the partition function can be readily applied to other spin chains
of HS type with rational [23], 25] or hyperbolic [26] 27] interactions, known
respectively as the Polychronakos—Frahm (PF) and Frahm-Inozemtsev (FT)
chains and related to the integrable spin Calogero [28, 29] and Inozemt-
sev [30] dynamical models. The latter method has also been extended to the
su(m|n) supersymmetric versions of the HS [10, 1] and PF [32], 33] chains,
in which each site is occupied by either an su(m) boson or an su(n) fermion.

The second characteristic feature of the HS chain (including its su-
persymmetric version) is its invariance under the Yangian quantum group
Y (gl(n)) (for su(n) spin) even for a finite number of sites [34] [B5], which
is in fact at the root of many of the model’s most salient properties. To
begin with, a direct consequence of the Yangian symmetry is the high de-
generacy of the spectrum, a fact already noted in Haldane’s original paper.
On a more quantitative level, the model’s eigenstates can be classified using
certain representations of the Yangian labeled by a class of skew Young dia-
grams known as border strips, whose dimension coincides with the number
of their associated semistandard Young tableaux [36, B7]. As it turns out,
these border strips are in a one-to-one correspondence with sequences of the
binary digits 0 and 1, which essentially coincide with Haldane’s motifs [34].
It should be noted, however, that this elegant description of the spectrum
in terms of motifs (or border strips) and their associated Young tableaux
cannot be obtained directly from the model’s partition function. Indeed, to
derive this description it is necessary to infer a generalized partition func-
tion depending polynomially on certain auxiliary variables, which reduces
to the standard one when evaluated at a suitable point. It is then shown
that this generalized partition function can be expressed in terms of skew
Schur polynomials associated to border strips. Using the combinatorial def-
inition of the latter polynomials, it is then immediate to assign an energy
to each border strip and to relate its degeneracy to the number of asso-
ciated Young tableaux (see, e.g., [38, 39]). This is seen to imply that the
spectrum of the supersymmetric HS chain coincides with that of a classical
vertex model with local interactions and a suitably chosen energy function.
Again, the Yangian symmetry and its consequences described above also
hold for the supersymmetric PF chain [39, 40]. Remarkably, this description
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of the spectrum of the supersymmetric HS and PF chains holds with minor
changes if we add to the Hamiltonian of these models a chemical potential
term [41, [42]. As shown in the latter references, this makes it possible to
compute the thermodynamic functions of these models and analyze their
critical behavior using the (inhomogeneous) transfer matrix method.

The spin chains of HS type discussed so far are connected to the root
system of the simple Lie algebra An_1, since in all of them the spin-spin
interactions depend only on the difference of the site coordinatesﬂ The same
is true for the corresponding spin dynamical models of Calogero—Sutherland
type, whose interaction potential is a function of the difference of the par-
ticles” coordinates. Since the pioneering work of Olshanetsky and Perelo-
mov [43], it has been known that it is possible to obtain integrable variants
of the (scalar) Calogero—Sutherland models of Ax_; type associated to the
extended root systems of all the classical simple Lie algebras. It is then rela-
tively straightforward to construct (supersymmetric) spin dynamical models
associated to the non-exceptional root systemﬂ BCy, By and Dy, each of
which gives rise to a corresponding spin chain through the freezing trick (see,
e.g., [44-51]). Of these three types of models the BCn ones have received
the most attention, in part because they contain one or two more free pa-
rameters than the By and Dy ones, respectively. In particular, a reduction
of the HS chain of BCy type (in which the spin reversal operators are re-
placed by the identity) has recently appeared as the parent Hamiltonian of
certain infinite matrix product states constructed from the chiral correlators
of primary fields of a boundary conformal field theory [52), 53].

On the other hand, the spin Calogero—Sutherland models of BCy type
and their associated spin chains have not been studied to the same extent
as their Ay_1 counterparts. Most notably, although the partition functions
of both the PF [48] and HS [47] chains of BCxy type have been computed
in closed form (the latter only in the non-supersymmetric case), till very
recently a description of their spectrum in terms of suitable motifs has been
conspicuously lacking. For the PF chain such a description has just been
provided in Ref. [54], building on previous work on the generalized partition
function of this model [55]. More precisely, each Ay _1-type motif splits into

'Note, however, that the PF and FI chains are not translationally invariant, since
their sites are not uniformly spaced.

2In fact, the spin Calogero model of Cy type is equivalent to the By one, while
the C'y spin Sutherland model is a trivial special case of its BCy counterpart.
Scalar dynamical models associated to the exceptional root system have also been
considered, but their interest is more limited since they involve only a fixed number
of particles.
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up to N + 1 “branched motifs” with different energies, whose degeneracies
can be obtained through a combinatorial formula.

The aim of this paper is to derive a complete description of the spectrum
of the supersymmetric Haldane-Shastry chain of BCy type in terms of
suitable motifs. This model can be regarded as an open version of the original
(closed) HS chain, since its sites lie on the upper unit half-circle and each
spin interacts with the remaining ones and with their reflections with respect
to the circle’s horizontal diameter. Our approach significantly differs from
that of Refs. [54, 55], since the structure of the partition functions of the PF
and HS chains is considerably different. In particular, while the generalized
partition function of the PF chain is a straightforward generalization of a
Rogers—Szeg6 multivariate polynomial, this is not the case for the HS chain.
Our starting point is instead a different ansatz for the generalized partition
function of the supersymmetric HS chain of BCy type, which reduces to the
standard one when evaluated at a suitable point. This generalized partition
function is then expressed in terms of two different variants of the classical
super Schur polynomials. Remarkably, it can be shown that each of these
polynomials can be associated to an extended border strip of length N + 1
(or, equivalently, motif of length N), where NN is the number of sites, and its
energy expressed in terms of the model’s dispersion relation in the usual way.
The crucial difference with the Ax_1 case is that the allowed skew Young
tableaux for these extended border strips must have their last box filled by
a fixed integer depending on the number of fermionic and bosonic degrees of
freedom. In this way we obtain a simple description of the spectrum in terms
of extended motifs and restricted Young tableaux, with a combinatorial
expression for the degeneracy of the corresponding multiplets.

The above result has important consequences in connection with some of
the model’s fundamental properties, as we shall now discuss. To begin with,
the existence of a motif-based description of the spectrum strongly suggests
that the twisted Yangian symmetry possessed by the non-supersymmetric
open HS chainlﬂ [44] is also present in its supersymmetric extension studied
here. Another consequence of such a description, together with the simplic-
ity of the model’s dispersion relation [56], is the huge degeneracy of the
spectrum, which we have numerically checked for a relatively large number
of particles taking advantage of our simple characterization of the spectrum.
We have also applied this characterization to find a simple formula for the

3Although in Ref. [44] only three particular instances of the HS chain of BCy
type with uniformly spaced sites were discussed, the argument presented in this
reference actually applies to the general case.
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partition function of the su(1|1) model for an arbitrary number of spins,
from which we have derived a closed-form expression for its free energy per
site in the thermodynamic limit. For the general su(m|n) chain, our motif-
based description of the spectrum can be regarded as the first step towards
determining the model’s thermodynamics via the inhomogeneous transfer
matrix method successfully applied to its Ay_1 counterpart [42].

This paper is organized as follows. In Section 2 we introduce the model
and outline the computation of its partition function applying Polychron-
akos’s freezing trick. This computation is carried out in detail in Section 3,
after determining the spectrum of the su(m|n) spin Sutherland model. Sec-
tion 4 is devoted to a brief review of the definition of the classical skew super
Schur polynomials and their connections with border strips and skew Young
tableaux. In Section 5 we construct a generalized partition function for the
model, which is then applied in the following section to deduce a complete
description of the spectrum in terms of extended border strips and restricted
supersymmetric Young tableaux. We provide some specific examples of this
general result in Section 7, where we also study in detail the su(1|1) model
and its thermodynamics. Finally, in Section 8 we present our conclusions
and point out several avenues for further research suggested by our results.

2. The model

The open (BCy-type) supersymmetric Haldane-Shastry spin chain de-
scribes an array of N particles, which can be either bosons or fermions,
lying on the upper unit half-circle at fixed angles 20; € (0, 7) determined by
the IV roots 6; of the equation

(2.1) P (cos 20) = 0.

Here B and (' are two positive parameters, and P](Vﬁfl’ﬁlfl) is a Jacobi
polynomial of degree N. Note that the chain sites €% (with j =1,...,N)
are not uniformly spaced unless the pair (5, 3’) takes the values specified in
Table 1. If m and n respectively denote the number of bosonic and fermionic
internal degrees of freedom, the Hilbert space of the system is the linear space
Smin) — ®£\;151-(m‘n) with Sfm|n) = C™*" gpanned by the basis vectors

(2.2) |s1---sn) == ]s1) ® - @ |sn), 1<s; <m+n.

In order to define the bosonic and fermionic degrees of freedom in
C™*" consider two complementary subsets B, F C {1,...,m +n} with
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[ G5 ] 0, |
(1/2,1/2) | =(5 —1/2)/2N
(3/2,1/2) 7rj/(2N+1)
(3/2,3/2) 7j/(2N + 2)

Table 1: Values of the parameters (3, 3') for which the points €% with j =
1,..., N determined by Eq. (2.1) are uniformly spaced (the corresponding
values of 6; are listed in the second column).

B={b1,...,bp} and F = {f1,..., fn}, where by < by < --- < by, and f; <
fo <+ < fn. In what follows we shall accordingly call the single particle
state |s;) bosonic if s; € B or fermionic if s; € F.
Setting 9;5 := 0; £ 0;, the model’s Hamiltonian can be taken asﬁ
(2.3) N
1 1-8; 1-=5; 1 I5; B
H= 8 Z <sin2 0;; * sin? 9:;) + 8 Z <sin2 0; + cos? 9i> (1-5),

where the Latin indices (as in the sequel, unless otherwise stated) run from
1 to N and we have set

(2.4&) Sij = SiSjSij .

The Hamiltonian (2.3]) depends on two types of operators implementing the
long-range interaction among the spins. More precisely, the supersymmetric
spin permutation operators S;; = Sj; are defined by

(24b) SZ]‘S’LSj> = (—1)V(Si""’8j)|"‘Sj"'Si"'),

where v(s;, ..., s;) is 0 (respectively 1) if s;, s; € B (respectively s;,s; € F'),
and is otherwise equal to the number of fermionic spins s with ¢ + 1 < k <
j — 1. Likewise, the spin reversal operators S; are defined by

(2‘4(3) Sz'|"'5i"‘>:: )\ss’(si)|"‘@(5i)"'>,

where ¢, = =+ are two fixed signs and A..(s;) is € for bosons (i.e, for s; € B)
and ¢’ for fermions (i.e., s; € F'). Here ¢ is in general any nontrivial involution
leaving invariant the bosonic and fermionic sectors, i.e., 1> = I #1,1(B) = B

4For the sake of simplicity, we shall omit in what follows the explicit dependence
of H, S;; and S; on m,n and ¢,¢’.
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and «(F') = F. Assuming that + has at most one fixed point in each sector,
we shall fix its action by setting

1(ba) == bmt1-a, 1(fg) = fnr1-8,

where, as in the sequel, the Greek indices are assumed to label the elements
of the sets B and F so that they run from 1 to m for bosons and from 1 to
n for fermions unless otherwise stated. The existence of fixed points of the
involution 2 obviously depends on the parity of the integers m and n. Indeed,
there is a bosonic (respectively fermionic) fixed point if and only if m is odd
(resp. n is odd). One can intuitively think of 2 as reversing the spin of a
site, by simply relabeling the bosonic degrees of freedom according to b, —
by, = a — (m + 1)/2 or the fermionic ones according to fg — fj := 8 — (n +
1)/2. (In other words, [1(ba)] =¥, 1o =m+1—a—i(m+1)=F(m+
1) — a = —b,,, and similarly for fermions.)

Remark 1. As mentioned in the Introduction, the model can be
regarded as an open version of the (supersymmetric) Haldane—Shastry chain.
More precisely, the chain sites z; := €?% lie on the upper unit circle, and
the spin at z; interacts not only with the remaining spins at z;, (with k # j)
but also with their reflections with respect to the real axes z;. Moreover, the
strength of these interactions is equal to the inverse square of the distance
between z; and the points z; and Zz, respectively. Writing the last term in

Eq. as
B 5’ 46’
Z <s1n 20, sin2(29i)> (1=5)

shows that the Hamlltonlan is obviously related to the BCy extended
root system with elements 9;';, Hi and 26;, with 1 <4 < j < N. Note also in
this respect that the operators S;; and S; obey the algebraic relations

(2.5a) St =1, SijSik = SikSij = SjkSik » SiiSki = Sk1Sij
(2.5b) S? = , SzSJ = SjSi, S”Sk = SkSZ] , Siij = SWS’” R

where the indices 1, j, k,[ take distinct values in the range 1,..., N, and
thus generate an algebra isomorphic to the group algebra of the BC'y Weyl

group.

The partition function of the chain (2.3)) was evaluated in Ref. [47] in
the purely bosonic (n = 0) or purely fermionic (m = 0) cases applying Poly-
chronakos’s freezing trick [22] to the spin Sutherland model of BCy type
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[45]. This method can be easily generalized to the genuinely supersymmet-
ric case mn # 0, as we shall explain in the next section. More precisely, the
Hamiltonian of the su(m|n) spin Sutherland model is defined by

- s
2.6 Hyin = —A Y
( ) P +az<51n X, . Sln2 x+>

ij ij
b(b—S;) b’(b’ Si )
+ )
;( sin? x; cos?x
where a,b,b’ are real parameters greater than 1/2, x =z, tx;, A=

>, 02, and S;;, S; and SU are defined by Egs. (2.4). The particles can
be regarded as distinguishable and confined to the interval (0,7/2) due to
the inverse-square singularities at the hyperplanes :1: = km and z; = km/2
with k € Z. We can thus take the system’s conﬁguratlon space as

C'={x:= (xl,...,xN)eRN:0<x1<x2<---<xN<7r/2},

with corresponding Hllbert space H' = L?*(C") @ StI"). The scalar version
of the Hamiltonian is obtained by replacing the supersymmetric spin
exchange and reversal operators by the identity, namely

(2.7) HSC:—A+a(a—1)z( S +>

11 - in
it S % S T ij

bb—1) V(b —1)
* ;( sin? z; + cos?x; )’

which acts on the Hilbert space L?(C”). Note that Hg. coincides with the

dynamical Hamiltonian for the choices (m|n) = (1|0) and € = 41 under

the canonical identification L?(C") ® SM0 =~ [2(C") ® C = L*(C").
Setting b = af3, b’ = a8’ we obviously have

Hgpin = Hye +8aH (x) = —A + a’U(x) + O(a),

where H (x) is obtained from the spin chain Hamiltonian ({2.3|) replacing the
fixed sites 0; by the dynamical variables (coordinates) x; and

B 1 ,8/2
Ulx) = Z (Singx sin? o ) +Z<Sm Z; COSQ :c,) .
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As a grows to infinity the particles tend to freeze at the coordinates of the
equilibrium of the scalar potential U(x) on the configuration space C’. It can
be shown that this equilibrium is unique [57], and its coordinates coincide
with the chain sites 6; [58]. Thus in this limit the spin degrees of freedom
decouple from the dynamical ones, and are governed by the Hamiltonian
H(61,...,0n) = H. It follows that when a > 1 the eigenvalues E;; of Hgpin
behave as

Eij = Esc,i —+ 8an + O(CL),

where Eg.; and E; are any two energies of the scalar Hamiltonian and
the spin chain Hamiltonian , respectively. Let us respectively denote by
Zspin and Zg. the partition functions of the BC Sutherland spin dynamical
and scalar models. The partition function Z of the spin chain is then given
by the exact expression

T Zspin(8aT)
(2.8) Z(T) = ahﬁngo Zee(8T)

This is, in essence, Polychronakos’s freezing trick as applied to the

chain ([2.3)).
3. Partition function
3.1. Auxiliary operator

In view of the freezing trick formula , in order to compute the partition
function of the chain we need to determine the spectra of the spin
dynamical model and its scalar counterpart . To this end, we
introduce the auxiliary operator

— — B,
3.1 =-A =
( ) +a Z (sm T Sln2 .CL‘+)

ij ij
"o - P o
* z; ( sin? z; cos? ’

where P;;, P; are defined by

(32&) (ow)(,l‘l,,l‘j,) :f(,.%‘],,aj‘z,),
(3.2b) (P iy )= [l —i,..)
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and R-j = P,P;P;j. The operators Hgu., F;j, and P; are assumed to act
on the space L?(C) of square integrable functions defined on the whole
open cube C = (—7/2,7/2)N C R¥. In particular, by contrast with H. the
configuration space of the latter operators is not restricted to the ordered
tuples in C'. We shall also tacitly identify in what follows H,ux with its trivial
extension Hyuy ® I to the Hilbert space L?(C) ® S(min),

We next define total (i.e., acting simultaneously on a particle’s coordi-
nates and spin degrees of freedom) permutation and flip operators II;; and
II; as

(3.3) IL;; = P;; ® Sij, II; = P, ®S;.

Such operators obviously depend on m,n and the signs ¢,&’, although we
shall omit these labels for the sake of conciseness. Note also that the op-
erators {II;;,II;}, as well as their spin coordinate counterparts defined in
Egs. (2.4) and (3.2), provide a realization of the Weyl group of BCy type.
For fixed values of m,n and &,¢’, let us denote by A the supersymmetric
projector onto states totally symmetric under the action of both II;; and
IT;. The key observation at this point is that the operator Hgpin : H' — H'
can be shown to be unitarily equivalent to its symmetric extension under 11;;
and II; to the space H := L*(C) @ SI") [47, 50]. With a slight notational
abuse, we shall henceforth identify both operators and thus study the action
of the spin dynamical Hamiltonian Hygpy, in the Hilbert space A(7), instead
of the original one H' = L*(C") ® S(™™) . The idea is of course to derive in
this way the spectrum of Hgpin from that of the (essentially scalar) auxiliary
operator . The spectrum of the latter operator can in turn be computed
through the following standard procedure:

i) Introduce a suitable (partial) order in an appropriately chosen subset
of L?(C) spanning a dense subspace, and construct a (Schauder, i.e.,
non-orthonormal) basis in which the auxiliary operator H,ux is upper
triangular, and thus its eigenvalues coincide with its diagonal elements
in this basis.

ii) Take the direct product with S and project onto A(#), thus ob-
taining a Schauder basis of A(#) in which Hgpin is upper triangular,
with the same diagonal elements and hence eigenvalues as Hux.

To better understand the last point, note that on A(#) we have II;; = II; =
I, and thus

P;; = S;;, P =5;.



2974 Carrasco, Finkel, Gonzalez-Lopez, and Rodriguez

It follows that
(3.4) HspinA = HauxA = AHaux:

since the operators A and H,.x commute (indeed, [P;;, A] = [P;, A] = 0). In
the next section we shall implement the above procedure and compute the
spectrum of Hgpip.

3.2. Spectrum of the spin dynamical model

As explained in the last section, we begin by constructing a Schauder basis of
L?(C) in which H,,, is upper triangular. Consider, to this end, the function

(3.5) o(x) = H | sin ZL‘;; sinz;;|* H | sin z,|°| cos z,|”,
i<j k

which is clearly an element of L?(C) invariant under permutations
and reversal of the coordinates, i.e., P;j;¢ = P;¢ = ¢ . For any integer
multiindex p = (p1,...,pn) with p; € Z consider the set {up}, where the
functions up € L?(C) are defined by

(3.6) up(x) 1= e?PXp(x).
Note that
pi =p; = Pijup = up, pi =0 = Pup = up.

The subspace spanned by the elements {up} is obviously dense in L?(C)
(since {e?'P*} is), and we can thus construct a Schauder basis out of it by
introducing an order. To do so, consider the application p — p defined by

f) = (ﬁl,...,ﬁ]\[) = (‘p21|7?’p1N|)

where (i1, ...,iy) is a permutation of (1,...,n) such that p is nonincreasing,
i.e., p; = pi+1 (and obviously nonnegative). We order the set of nonnegative
nonincreasing multiindices using the lexicographical order <, i.e., we write
P < q if and only if the first nonzero difference p; — ¢; is negative. We then
define a partial order in the set of integer multiindices {p} by setting p < q
if and only if p < q. This in turn induces a partial order in {up}, namely
up < ugq if and only if p < q. As shown in Ref. [47], the auxiliary operator
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H,ux is upper triangular in the basis obtained ordering {up} with any order
compatible with <, with diagonal elements given by

(3.7) (HauX)pp = Z (2]71‘ +b 40+ 2a(N — Z))2

%

Let us now turn to the second point of the procedure described at the
end of the last section. To begin with, let us define the spin wave functions

[p.s) = Alup|s)) = A(e"PXo(x)]s)) ,

where p € ZY¥ and |s) :=|s1,...,sy) is an element of the canonical spin
basis of S(MM) Since the span of the set {up} with p € ZV is dense
in L2(C), the set of vectors {|p,s)} with p € Z¥ and s; € {1,...,m +n}
obviously spans a dense subspace of A(H). These vectors are however not
linearly independent, since from the identities

Hij|pvs> = Hl|p7s> = |p,S>

it follows that the state |p,s) is invariant under simultaneous permutations
and reversalsﬂ of the quantum numbers (p,s). For this reason, in order
to construct a basis from the set {|p,s)} we can assume without loss of
generality that p; € NU {0} and p; > p;y1 for all i. Similarly, if p; = pi11
we can obviously take (for instance) s; < s;4;1 for bosons and s; < s;41 for
fermions. Indeed, if s; = s;41 € F we have

|p,S> = Hi,i+1’pas> = _|pvs> — |pas> =0.

Finally, |p,s) =0 when p; = 0 and s; € B is a fixed point of the involution
(“spin reversal”) ¢ when ¢ = —1, or s; € F is a fixed point of s when &’ = —1.
Indeed, in the first case we have

Hi|p7s> = |paS> = 5|p,S> = —|p,S>,

and similarly in the second one. With this observation in mind, we define
the sets B. C B and F., C F by

BE::{blv'”vbms}ﬂ FE’ ::{fla"'vfn51}7

5By “reversal” of the i-th coordinate of p and s we of course intend the mapping
(pi, si) = (=pi,1(s4))-
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withf]
1 1
Me i= 5(m—|—57r(m)), Ner 1= 5(n+5’7r(n)).
It then follows from the above remarks that when p; = 0 we can restrict with-
out loss of generality the corresponding spin component s; to B: U F./. Sum-
marizing, we have found the following necessary conditionsﬂ on the quantum

numbers (p,s) for the set {|p,s)} to be a basis of A(H).

(B1) The integer multiindex p = (p1, ..., pn) is nonnegative and nonincreas-
ing, i.e., p; € NU{0} and p; > p;y1 for all 7.

(B2) If p; = piy1 then s; > s;41 if s; € B and s; > s;41 if s; € F.
(B3) If p; =0 then s; € B- U Fy.

It is straightforward to show that the above conditions are actually sufficient,
i.e., that they ensure the linear independence of the set {|p,s)}.

It follows from Eq. that the action of the spin dynamical Hamil-
tonian Hgpin is upper triangular in any basis B of A(H) constructed from
states {|p,s}) with (p,s) satisfying the above three conditions, provided
that we set |p,s) < |p/,s’) if and only if p < p’. Indeed,

Hgpin|p, s) = HSPinA(up|S>) = AH&HX(“P‘S» = A((Hauxup>‘s>)

= A( Z (HauX)p’pup"S>> = Z (Haux)p/p‘plv S>7

p'=p p'2p

where the symbol p’ < p indicates that either p’ < p or p’ = p. Of course,
if p’ # p the quantum numbers (p’,s) need no longer satisfy conditions
(B1)-(B3) above (in particular, the state |p’,s) could vanish). However, if
|p’,s) # 0 applying suitable permutations and reversals to these quantum
numbers we can always write

p',s) = £[p”,s),

with (p”,s’) satisfying (B1)—(B3). Since the partial order < is obviously
invariant under permutations and sign reversals we obviously have p” < p,
and therefore |p”,s’) < |p,s). This indeed shows that Hgpy, is indeed upper

6We denote by 7(k) the parity of the integer k (i.e., 0 for even k£ and 1 for odd
"To be sure, condition (B2) below could actually be replaced by equivalent ones
like, e.g., s; < s;41 if s, € Band s; < s;41 if 55 € F.



Open supersymmetric Haldane—Shastry chain 2977

triangular in the basis B of states |p, s) satisfying conditions (B1)—(B3) and
partially ordered by <, with eigenvalues

(3.8)  (Hpin)ps.ps = (Hawx)pp = D (201 + b+ b + 2a(N —1))* =: By

1

Since Ep, does not depend on s, each multiindex p satisfying condition (B1)
gives rise to an eigenvalue of Hgpin whose intrinsic (or spin) degeneracy d(p)
is equal to the number of spin configurations s satisfying conditions (B2)
and (B3).

Remark 2. A similar argument shows that the eigenvalues of the scalar
Hamiltonian H. are also given by Eq. (3.8)), although in this case each of
them has no spin degeneracy. Thus Hgpi, and Hg. have the same (distinct)
eigenvalues, but with different degeneracies.

In order to compute the spin degeneracy of the eigenvalues of Hgpiy, let
us divide the vector p in “sectors” consisting of equal entries, i.e.,

(3.9) P=(T1,e ey T yeee Ty, M),
~ H
k‘l kT

where k; is the number of entries with the same value m; and w1 > --- >
7y 2 0 on account of condition (B1). Note that the number of sectors r is
always between 1 and N, and that k1 + ko + --- + k. = N, i.e., k belongs to
the set Py of compositions of the integer N (that is, partitions with order
taken into account). The spin degeneracy d(p) of the eigenvalue Ep, depends
only on the vector k = (k1,...,k;) (i.e., on the lengths of the sectors in
p) and on the value 7, of the last (smallest) distinct entry of p. Indeed,
d(p) is obviously a product whose factors are the different ways of “filling”
the spin components of s corresponding to each sector in p in accordance
to conditions (B2)-(B3) above. For each of the first r — 1 sectors we have
m; > 0, so that condition (B3) is vacuous. Hence in this case the number of
fillings is simply equal to the number of ways in which one can choose k;
values among m bosonic spins (which can appear more than once) and n
fermionic ones (which cannot), i.e.,

k.
~/m+1-1 n min
(3.10) Z( , ><k —z> ="

=0

The same is true for the last sector when m. > 0. On the other hand, if
7 = 0 we must take condition (B3) into account, and hence the number of
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bosonic and fermionic values available to fill the last sector of p is reduced
respectively to m. and n.. Hence the number of fillings of the last sector is
in this case given by d(mgln ") Thus the intrinsic degeneracy of the eigenvalue
of Hgpin associated Wlth the multiindex p is given by

r—1
(3.11) d(p) = d" (k) T ™
=1
where d™™ is defined by Eq. (.10) and
" >0,
(3.12) d (e k) =
dl(;na'ns,)) mr = 0.

3.3. Computation of the partition function

We are now ready to compute the partition function Zgui, of Hgpin in the
large coupling constant limit a — oco. To this end, given a multiindex p of
the form (3.9)) satisfying condition (B1) let us denote by

the partial sums of the vector k. Setting

Fi=s(B+8) = b”

and expanding Eq. (3.8]) in powers of a after a straightforward calculation
we obtain [47]

Epro—l—SaZﬂ] (B+N—Kj_1—(kj +1)/2) + O(1),
7j=1

where

Ey=4a) (B+ N —i)* = §Na2(2N2 +3(28-1)N+63(8—1)+1)
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is the ground state energy of Hpin and Hg.. Writing ¢ := e~ UT

the limit a — oo we thus have

lim ¢~ Eo/Say spm (8aT") Z Z d(p) qza (ki (BN =K1~ (k'+1)/2)_

a—r o0
KEPy m1>>7,. 20

and taking

The latter sum can be evaluated using the formula

U mk( B+N—K k+1)/2 l gt )
Y, = Z qu:ﬂI’j S (BHN—K;_1—(k;+1)/2) _ H : _qg(Ki) )

T > > >0 i=1

proved in Ref. [47], where
: 1= .
(3.13) &) ::§j(2B+2N—]—1)

can be interpreted as the dispersion relation of the HS chain of BCy

type (2.3). Indeed, taking Egs. (3.11)-(3.12) into account we easily obtain
the following asymptotic expression for the partition function of the su(m|n)

supersymmetric spin Sutherland mode of BCy type:

(3.14) Jim g B8z i (8aT)
s (Hdm oot i)
kePn =1
(mln) 8( ) r—1 d(m|n) E(K)
_ (ms\n/) ki q
- ¥ (A )Hl_qm |
kePn i=1

The partition function of the scalar Sutherland model of BCy type was
computed in Ref. [47] in the same fashion (or is just obtained from the
previous expression setting m = 1, n = 0 and € = +1), with the result

N
(3.15) lim g~ #/% 7. (8aT) = [ (1 _ qw))‘l

a—00 !
=1

The partition function Z(T') of the spin chain ({2.3)) follows from the freezing

trick formula (2.8), namely
(3.16)
r—1

21 =Y Flgk) ( dfmetne) 4 ( dimi dl(gmama/)) qs(N)> TT e,

s (s

kePn =1
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where {K],...,K}j_,} is the complement of the set {Ki,...,K,} in
{1,...,N} (with K] < Kj < --- < K}y_,) and

N-—r
£0) T (1 — g5

r—1

(3.17) F(gq,k) := ]j q
i=1

4. Skew super Schur polynomials
4.1. Symmetric polynomials

We shall start by briefly reviewing some well-known properties of symmetric
polynomials to fix the notation (see, e.g., Ref. [59] for an in-depth treatment).
The complete (homogeneous) symmetric polynomial hx(x) of degree k in the
vector variable x := (z1,...,%y,) is defined by

hi(x) = g Ty, Ty -
1<y < <grsm

Likewise, the elementary symmetric polynomial ex(y) of degree k in the
vector variable y := (y1,...,yn) is given by

)= D, Ui
11 << jusn

The generating functions for these polynomials are respectively

n n

@y II; _1w =S ot [+t =S eyt
i=1 ¢

k=0 =1 k=0

From these families of symmetric polynomials we construct the polynomials
(supersymmetric elementary functions) E]E:m‘n) in the vector variables x =

(@1, sTm), ¥ = (Y155 Yn) aSE|

k
(4.2) B (x,y) = 37 hi(x)er—;(
7=0

The generating function of these polynomials is obviously []i~, (1 — ta;) ™! -

H?Zl(l + ty;). It is immediate to check thatf’| that the value of E,gm‘") (x,¥)

81t is understood that ex(y) = 0 for k > n.

UIndeed, (1+0)" = S (il (1=1)7 = 5%, ("),
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at the point x = (1,...,1) =: (1™), y = (1) is given by

(mln) Y mt -1 n (mn)
-S4

j=0 J
where it is understood that the combinatorial number (Z) vanishes for s > r.
4.2. Schur polynomials

We next define the standard Schur polynomials. To this end, consider
the Young diagram labeled by an integer multiindex A = (A1,...,\;) with
A1 = -+ = A > 0, which by definition consists of A; boxes in the first (top)
row, Ag boxes in the second row, etc. (cf. Fig. 1). A semistandard Young
tableau of shape A is any filling of the Young diagram A with natural num-
bers whose entries weakly increase along each row (from left to right) and
strictly increase down each column. The Schur polynomial Sy(z1,...,Zm)
corresponding to the Young diagram A is then defined by

(4.4) SA(xl""vxm):Z.%il"'-%'?l",
T

where T'is any semistandard Young tableau of shape A filled with the integers
{1,...,m} and t; is the number of times the integer i appears in 7. In
particular, note that ex = S(ix) and hgy = S(). The polynomial Sy can be
expressed in terms of either the complete or the symmetric homogeneous
polynomials through the Jacobi—-Trudi determinantal formulas

(45) SA(J,‘l, e ,CCm) = det (hki—i—l—j(lea ce ,xm));jzl
= det (6>\2_2‘+j(l‘1, e ’xm)):,jzl’
where X' = (\|,...,\}) is the Young diagram conjugate to A (obtained ex-

changing the rows and columns of A, or equivalently reflecting A\ about its
main diagonal; cf. Fig. 1).

More generally, a Schur polynomial can be associated to any skew Young
diagram, which we define next. If A = (A1,...,A;) and p = (p1,...,pus) are
two Young diagrams such that p C A (i.e.,, s <7 and p; < \; for all ), we
define the skew diagram A/ as the set-theoretic difference A\ — p, obtained
by removing u; boxes from the i-th row of A starting from the left. As
for Young diagrams, a (semistandard) skew Young tableau of shape \/u is
any filling of the skew Young diagram A/p with natural numbers which is
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Figure 1: Young diagram of shape A\ = (5,4, 1) (left) and its conjugate \' =
(3,2,2,2,1) (right).

weakly increasing along rows and strictly increasing down columns. The cor-
responding (skew) Schur polynomial Sy, (%1, ...,2x) is defined again by the
right-hand side of Eq. , where the sum is now over skew Young tableaux
of shape A/u. The Jacobi-Trudi formulas for skew Schur polynomials akin

to (4.5) are

(4.6) Sy, an) = det(h)\i,uj,iﬂ'(xl, .. ,a;n));j:l
= det(e)\g,ug,iﬂ-(xl, e ’x”))j,jzl'

Clearly, a skew Young diagram A/u need not be a Young diagram. A partic-
ular type of skew Young diagram which in general is not a Young diagram is
a border strip, i.e., a connected@ skew Young diagram with no 2 x 2 blocks.
The height of a border strip is defined as the number of its rows minus one,
and its length as the total number of of its boxes. We shall use the notation
(k1,...,kr) to refer to the border strip with k; boxes in the i-th column,
numbered from right to left (cf. Fig. 2), and shall denote by S, . k. the
corresponding Schur polynomial. Border strips are closely related to motifs
in the description of the spectrum of spin chains of Haldane—Shastry type, as
we shall discuss in Section 6. This is due to the connection of these diagrams
with the corresponding skew Schur polynomials labeling the irreducible rep-
resentations of certain Yangian algebras [36] 37].

All of the above definitions can be readily extended to the (m|n) super-
symmetric case by suitably adapting the definition of semistandard Young
tableau. More precisely, given a skew Young diagram A/u, an (m|n) super-
symmetric Young tableau of shape \/u is a filling of A/ with the integers
1,...,m+n that is:

10A skew Young diagram is connected if it is possible to join any two of its boxes
by a path. A path is a sequence of squares such that any two consecutive squares
in the sequence share a common side.
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(YT1) Weakly increasing along rows and strictly increasing down columns
for integers in F'.

(YT2) Strictly increasing along rows and weakly increasing down columns
for integers in B,

where as usual B = (by,...,bp), F = (f1,...,fn) and BUF ={1,...,m+
n} (see Fig. 3 for an example). The skew super Schur polynomial

Figure 2: The border strip (3,1,2,4,2) = (5,5,5,3,2,2,2,1)/(4,4,2,1,1,1).

S/(\T/ln) (x,y), where x := (z1,...,2y,) and y := (y1, ..., Yn), associated with

a skew Young diagram \/p is defined by

mln tom tl L
(4.7) Sy (x, y le- gy

where the sum runs over all the tableaux T of shape A\/u filled according to
the rules spelled above. We shall be mainly interested in super Schur poly-

nomials associated with border strips (ki,..., k), which we shall denote
by ngln) . The function S((k: mn) Tk >(x y) is a homogeneous polynomial in

the variables (x,y) of degree equal to the length of the associated bor-
der strip. It can be conveniently expressed in terms of the supersymmetric
elementary functions E,(gm|n) (x,y) introduced above by the determinantal
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formula [36, [38), [40]

(mln)  (mIn) (i) i)
B Ek:?_ ?\H;CT . E(‘k%:j;'"i’kr fszr+?+ k.
min mln mln
1 B E,E ek E,E e
min mln
(4 8) S(mln) _ O ]_ .. Ek?2+"'+k7‘—2 Ek1+"'+kr,2
. 2 . ‘ .
. . (mln) (mIn)
) X e BT Ekﬁ%
1 B
1 31414
2
2

Figure 3: (3]|2) supersymmetric Young tableau of shape (5,4,1) for the
choice B ={1,2,3}, F = {4,5}.

5. Generalized partition function

Let us now turn back to the study of the partition function of the super-
symmetric HS chain of BCy type . The method we have applied in
Section 3 for its computation is a generalization of that used for the Ay_1
HS chain in Refs. [24] [31]. In order to construct a representation of the par-
tition function of the BCy-type chain in terms of (a variant of) super Schur
polynomials, we shall therefore briefly review how this is done in the Ax_1
case [38] [39].

5.1. Review of the An_1 case

The Hamiltonian of the su(m|n)-supersymmetric HS chain of Ax_; type
can be taken as

1 1-8;; i
5.1 H :fE ;= — ,=1,..., N
(5:1) A7 9. ‘ sin ¢ &i N oy
1<J )
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where as usual S;; is the (m|n)-supersymmetric spin permutation opera-
tor (2.4b)). Its partition function [24) 38| is given by

(5.2) Zar) =Y [T - Falg %),

kePy i=1

where
(5.3) Eali) :=1(N —1)

is the An_1-type dispersion relation and F4(q,k) is defined by the right-
hand side of with &£ replaced by £4. Using the properties of the
skew super Schur polynomials introduced above we can define a generalized
partition function of the variables ¢, x and y by

(5.4) Algxy) =Y. HEm'" (x.¥) - Falg. k).

kePy i=1

It follows from Egs. (4.3) and (/5.2 that the partition function of the Ay _1-
type HS chain can be expressed in terms of the generalized partition function
Z4 as

(5.5) Za(q) = Za(g; 1™, 1").

Since the dispersion relation £4 is integer valued, the function F4(q, k), and
hence the generalized partition function Z,4, is obviously a polynomial in q.
It can be shown [38] that the coefficients of the expansion of Z4 in powers
of ¢ can be expressed in terms of the skew super Schur polynomials through
the remarkable formula

T2 EA(KG
(5.6) q,x y Z S(]:[n, ) it €al )‘
kePy
One of the aims of this article is to construct the corresponding expression
for the BC'y model.
5.2. The BCp case

Let us now turn to the partition function (3.16)) of the open supersymmet-
ric Haldane-Shastry spin chain derived in Section 3. As in the Ay_; case,
we extend this function to a generalized partition function depending on
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the variables (x, y) replacing the degeneracies dl(;n‘n), dgﬁsms') by the corre-

sponding supersymmetric elementary functions E,Em'n) (x,¥5), E,(Jns‘ns/)(x, y).
We thus arrive at the following definition of the generalized partition func-

tion in the BC'y case:

B )

57) Z(gxy) =Y

kePn

r—1
+ (E,ii”"> (x,y) — E,in'"s'Nx,y))qﬂN)} [TE"™ (x,y) - F(a, k).
=1

From Eq. (4.3) it again follows that the partition function of the su(m|n)
supersymmetric open HS chain (2.3) can be obtained from the generalized
partition function Z by setting x = (1), y = (1"), i.e.,

Z(q) = Z(g; 1", 17).

Our aim is to show that this function can be expressed in terms of
suitably modified (BCy-type) skew super Schur polynomials as
(5.8)

Z(gx,y)= Y <S<(Zfl,7.),kr>,o(x7>')+Séﬁ?.),m,l(x,y)qg(N)>q251 EK)

kePy
where
(meln.s) (meln.r) (melngr)
£, kvt L*;klr Sk,
min min
- gomy | 1 B LT
(5.92) (ko) 0 : :
(m|n)
0 0 B
(m|n)
(5.9b)  Siy ko
min)  (melng) (melng) min (melng)
EI(CT | )_EkT / E’(Crr-—‘lz"kr_Ekr—l‘Hér T E1<€1-i|---)-+kr_Ek1+---+/k‘r
1 B e B e,
0 0 e E}(Jln\n)

Expanding the determinants in Egs. (5.9) along the first row and taking
into account Eq. (4.8)) we obtain the following equivalent expressions for the
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polynomials S<( min) ) (with a = 0,1):
(510) SEZ[H)7]€,>7Q = (_1)T_1fN,a + Z(_1)5_1fN—KT_S,aSg]?flVT'L'),krig7

with fro:= E,imima') and fi 1 := E,gmln) — E,gme‘ni'). Note also that we ob-
viously have

(5.11) Slksoer) = Slrrveder}0 T Sk ) 1

The proof of Eq. (5.8) closely follows the argument in [31] for the Ay_;
case. To begin with, we can rewrite Eq. (5.7]) for the generalized partition
function as

(5.12) Z(g;%,5) = 2o(g;x,y) + NV 21 (g%, y),
where
r—1
(5.13) Zolgxy) = Y Fla.K)fi.axy) [[ B (xy)
kePn =1

and F(q;k) is given by Eq. (3.17). Expanding the second product in the
definition of F' we obtain

1
F(q,k) = Z (—1)onttan—r oS EE)+TT (KD,

ai,...,an =0

For a given partition k = (ki,..., k) € Py of length r, the numbers
(Ki,... K, 1, KL,... K.}
(with1<i3 <--- <y <N —randl <N —r) are clearly the partial sums
(Ki,...,Ks 1}

(excluding K, = N) of another such partition k € Py of length s =17 +1
finer than k. We can thus rewrite Z, as

(514) q,X y Z 6ka X y *15( )
kePn
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where the coefficients Gy (x,y) are to be determined. From the previous dis-
cussion it is clear that the only partltlons k= (kl, Lk s) € Py in Eq. ( -
which contribute to the term g¢2-i- 1E(K) in the previous sum are those
coarser than k, i.e., such that

{I’El, .. .,f}s_1} C {Kl, R ,KT»_1} .

]Qeﬁnigg the integers Ly < --- < Ls—1 by I~(Z =Ky, 7~and noting that ]Nc, =
K, — K; 1 (With Ky 2:0) for i=1,...,s—1 and ks =N —-K; 1 =N —
Ky, ., we thus obtain

(5.15) Gka=(-1)""fna

s 5 EEy VP HlEggj_KL .

s=2 1<L1<-+<Ls_1<r—1

where the first term corresponds to the partition k = (N) of length s = 1.
We next define the integers ¢; := L; — L;—1 > 1 (withi=1,...,s — 1) and
Lo := 0, in terms of which L; = 35_, ¢;. Calling p = r — Ly_1 > 1, it follows
that € := ({1,...,0s—1) belongs to the set P,_,(s — 1) of partitions (taking
order into account) of the integer r — p. Since p =r — Zf;ll b <r—s+1,
we can rewrite Eq. as

r r—s+1
Ska = (=1 frvat D D Z (1) Koo HEI?Z‘”_KL N
s=2 p=1 LeP,_,(s—1) =1

Exchanging the sums over s and p and setting s = j + 1 we obtain

Gk,a = (—1)T_1fN,a
r—1 r—p
+ Z(_]‘)p_lfN_Kr—pva Z T - J Z H E}?Z['II_)KL7_1
p=1 J=1 LePr_p(j) 1=
Recalling the identity

=P
r

ey HEKL—KL I_SEZI,n)k )

LEP:_(5) i=1

—_
—~

<.

(cf. Eq. (3.25) in Ref. [38]) and comparing with Eq. (5.10) we conclude that

(m[n)
Sy, S<k1, k)
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Equation (5.8)) then follows immediately from the latter relation and ((5.12))-
(5.14]).

Remark 3. Following Ref. [54], equation (5.8) can be written as

(5.16) Z(gxy) = D S (g%, )= S0,
kePy
where
N
(5.17a) Ség!n) (¢;x,y) ZS Z‘n & ‘l y)q‘g(l)
1=0
with

(5.17b) Sfm'")w)(x y) = oS >0<Xa}’)+5INS<(;T|77.)’]CT>71(X>Y)'

We see that Eq. ( is formally the analogue of Eq. , with the skew
super Schur polynormals S( min) >(x y) replaced by thelr g-deformed ver-
sions . (Note, in this respect that the dispersion relation of the Poly-
chronakos (ratlonal) chain of BCy type discussed in Ref. [54] is simply
E(x) = z.) A major difference between Eq. and its counterpart for
the rational chain studied in Ref. [54] is the fact that in our case the only
nonvanishing polynomials S<( min) k \l>( x,y) are the first (I =0) and the last
one (I = N), whereas for the ratlonal chain all of the corresponding polyno-
mials are in general nonzero. An important consequence of this fact is that
the “branching” of the spectrum of the Polychronakos chain of BCy type
is far greater than is the case for the present model, as we shall explain in
Remark 8 below.

6. BCn-type motifs and border strips

In this section we shall take advantage of the explicit formula for the
BCp-type generalized partition function Z(¢;x,y) to show that the spec-
trum of the HS chain coincides with that of a vertex model with appro-
priate interactions between consecutive vertices plus an additional boundary
term. This will lead to a description of the chain’s spectrum in terms of a
novel BCn-type version of Haldane’s motifs [10, B4, 38, 40]. As before, it
will prove convenient to start by reviewing the motif-based description of
the spectrum of the Ay _1-type HS chain.
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6.1. Review of the An_q case

From Eq. (5.6)) it follows that the partition function of the su(m|n) super-
symmetric HS chain of type Anx_1 can be expressed as

(61) JA= Z dA(k) ng;ll SA(IQ)7
kePn

where by Eq. (4.7)

(6.2) da(k) = S amam).
This shows that the spectrum of H4 consists of the numbers (nonnegative
integers)

r—1
(6.3) Ea(k) = &a(K:), k= (ki,....k) € Py,
i=1

each of which possesses an intrinsic degeneracy d 4 (k). Moreover, by Eq.
da(k) is the number of (m|n) supersymmetric skew Young tableaux corre-
sponding to the border strip (ki,..., k), i.e., the number of fillings of the
latter border strip with the integers {1,...,m + n} = B U F consistent with
rules (YT1)-(YT2) in Section 4.2. These facts make it possible to find a
motif-based description of the spectrum of the supersymmetric HS chain of
type An_1 as follows.

To each tableau corresponding to the border strip (ki,...,k,) we as-
sociate a bond vector s = (s1,...,sn) € (BUF)N whose components are
the numbers filling the tableau read from right to left and top to bottom.
This obviously establishes a one-to-one correspondence between tableaux
associated with a border strip and allowed bond vectors, where a bond vec-
tor is said to be allowed if its corresponding tableau satisfies rules (YT1)-
(YT2). It is apparent that the energy Fy 4 associated to a given border strip
(k1,...,ky) is given by

N-1
(6.4) Bea= Y 0;€a(i).

Jj=1

where 0; =1 if j € {Kj,...,K,_1} and ¢; = 0 otherwise. The vector  :=
(81,...,6n_1) € {0,1}¥~1 is the motif corresponding to the border strip
(k1,...,kr). Note that there is also a one-to-one correspondence between
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border strips and motifs, since given a motif d the associated border strip
can be constructed by starting with one empty box and successively adding
a box to the left of the i-th box (respectively below the i-th box) provided
that §; = 1 (resp. §; = 0). Again, we shall say that the motif § is allowed if
its corresponding border strip admits at least one tableau consistent with
rules (YT1)-(YT2) above. It is easy to see that in the truly supersymmetric
case mn # 0 all motifs are allowed, whereas in the purely bosonic case n =
0 (resp. purely fermionic case m = 0) the only allowed motifs are those
containing no sequence with m or more 1’s (resp. n or more 0’s).

Given an allowed motif 8, the intrinsic degeneracy of its energy
is given by the number of tableaux corresponding to the border strip
(ki,...,ky) associated with &, or equivalently of bond vectors allowed for
this border strip. Since the 1’s in the motif § occupy by construction
the positions labeled by the partial sums {Ki,...,K,_1} (called rapidi-
ties in the literature) of the partition k € Py corresponding to the bor-
der strip (k1,...,k,), a moment’s reflection shows that a bond vector
s = (s1,...,sn) is allowed for the border strip (ki,...,k,) constructed from
the motif & if and only if §; = 0(s;, s;41) for i =1,..., N — 1, where the
function § : (BU F)? — {0,1} is defined by

0 <t =teB
(6.5) §(s,t) =4 0 TS ’
1, s>tors=tekF.

We conclude that the spectrum of the su(m|n) supersymmetric HS
chain (5.1)) (with the correct degeneracy for each level) can be generated
through the formula

N-1
(6'6) Z 5 31731+1 SA( )
=1

where the bond vector s runs over the set (B U F)V

Equation admits an obvious interpretation as the energy function
of a classical vertex model with N 4 1 vertices and N bonds, where each
bond can be in one of m + n possible states, m of which are of “bosonic”
and the remaining n of “fermionic” type. Indeed, it suffices to assign the
energy 0(s;, Si+1)€4 () to the i-th bond if i = 1,..., N — 1, and zero energy
to the last (N-th) bond. The vertex model’s partltlon function can thus be

written as
Zi@= Y ™.
s€(BUF)N
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Note that, by construction, we have
Z4(q) = Za(q)-

6.2. The BCy case

Let us now turn back to the BCy case. To begin with, setting

S((Z[q.l..),krfl,m—w,o(x’y>7 kr > 1

(6.7) S (k) = -
S(kl,...,kr,zykrflxl(xvY)a kr=1

we can more conveniently rewrite Eq. (5.8) as

(6.8) Zgxy)= D SEoy) =i,
kEPN+1

It should be stressed that the border strip (ki, ..., k) in the LHS of Eq.
corresponds to a partition k = (ki,...,k,) of N + 1 of length r, whereas the
border strips (ki,...,k.—1,k — 1) and (k1, ..., ky—1) in the RHS correspond
to partitions of N with respective lengths r and r — 1.

Equation again entails that the partition function of open HS
chain can be expressed in a more compact way as

(6.9) Z@= ) d(k) g=i=r ),
kEPN 11
with
Sfﬁﬁ),ml,kr—lxo(lm» 1") = do(k), kr > 1

ak) = S =

SO ) = (k) Ry = L.

By Eq. (4.3), da(k) can be obtained replacing E( ™) and E,S:mi‘ni/) in
Egs. (5.9) by d, m‘n) and d(mfln ") respectively.

To get a better understandlng of the latter formulas, it is useful to con-
sider them in the two simple cases k = (N + 1) and k = (N, 1). In the first
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case, from Eq. (5.9a) with (x,y) = (1™, 1") it follows that
d(k) = do(k) = d\<"").

Hence the degeneracy corresponding to the single column border strip (N +
1) is equal to the number of (mg|n.) skew Young tableaux of shape (N). If
we order the spin variables so that

(6.10)

{br,...;om JU{f1,. - o} ={1,...,me + 00}, by, = me + 1,

it is easy to convince oneself that one can express d(k) as the number of
(m|n) supersymmetric skew Young tableaux of shape (N + 1) with the last
box filled with the integer * := m. 4+ n./, which is by construction of bosonic
type. We shall symbolically denote the shape of these tableaux by

Equivalently, d(k) is given by the number of bond vectors s = (s1,...,Sn+1)
corresponding to the partition k = (/N + 1) according to the rules (YT1)-
(YT2) in Section 4.2, with sy41 = * fixed.

Remark 4. When m. =0 and n. >0 (i.e.,, for m=0or m=n=¢=
—e = 1), we have * = n., B. = (), and B: U F.. = F... It should be clear from
the above discussion that in this case we should still regard the * symbol
in the last box as bosonic, even if n. = f,,_, is of fermionic type otherwise.
Indeed, in this case n. is allowed in the box above the last (starred) one.

Likewise, for the partition k = (N, 1) € Pn4+1 by Eq. (5.9b) with (x,y) =
(1™,1™) we have

d(k) = dy(k) = d%ﬂ\n) _ d%ngmg/).

Thus d(k) equals the difference between the number of (m|n) and (mg|ng)
supersymmetric tableaux corresponding to the single column border strip
(N). This is evidently equal to the number of tableaux of shape (N)
containing at least one entry greater than m. + n., which in turn (since
skew Young tableaux are non-decreasing down columns) coincides with the
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number of such tableaux whose last entry is greater than m. + n... Since
* = mg + N = by, is of bosonic type, this is the same as the number of
tableau of shape (NN, 1) whose last box is filled by *. We shall again indicate
the shape of these tableaux by the diagram

’ *

Equivalently, d(k) is given by the number of bond vectors s = (s1,...,5n41)
corresponding to the partition (N, 1) according to the rules (YT1)-(YT2),
again with syy; = * fixed.

Remark 5. As in the previous example, when m. =0 and no > 0 the
symbol * = n. should be regarded as bosonic even if n., = f,,_, is fermionic
in this case, since from the preceding discussion it follows that n. is not
allowed in the box to the right of the last (starred) one.

The above considerations suggest that in all cases the degeneracy asso-
ciated with a partition k € Py is the number of (m|n) supersymmetric
skew Young tableau of shape (ki,...,k,) with the last (leftmost and low-
ermost) box filled with * = m. + n./, regarded always as bosonic. We shall
prove below that this is indeed the case. More precisely:

(R1) The eigenvalues of the open su(m|n) HS chain (2.3 are labeled by
the partitions (with order taken into account) k = (k1,...,k,) of the
integer N + 1 according to the formula.

where the dispersion relation £ is defined by Eq. (3.13).

(R2) The intrinsic degeneracy d(k) of the eigenvalue E(k) (which could
possibly be equal to zero) coincides with the number of (m|n) super-
symmetric skew Young tableaux of shape (ki,...,k,) of length N + 1
whose last (i.e, lowermost and leftmost) box is filled with * = m. + n,
regarded always as bosonic.

Remark 6. It is of course understood that the spin variables must be
chosen according to the convention (6.10) (with the proviso mentioned
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in Remark 4 when m. =0 and n. > 0), which we shall tacitly follow
in the sequel. There are obviously other conventions yielding the same
rule for the degeneracy d(k). For instance, we could have equivalently set
* = Mg +ne + 1= fr_ 41, regarded as fermionic even when m. >0 and
ne = 0. Alternatively, we could have defined * = m. + no + 1/2, which has
the advantage of not requiring a special proviso when m. or n. vanish. It
should also be noted that d(k) could be zero for some partitions k € P41
(even in the truly supersymmetric case mn # 0), in which case Z:;ll E(K;)
is not an eigenvalueiﬂ of the chain ([2.3).

Before proving the above two rules, we shall briefly outline some of its
main consequences. First of all, as in the Ax_1 case, from (R1)-(R2) above
it follows that the spectrum of the supersymmetric HS chain of BCy type
can be equivalently described in terms of “starred” border strips (i.e, with
the last boxed filled by ) and motifs, where now the motifs have length N
instead of N — 1. In other words, the eigenvalues of the Hamiltonian ({2.3)
can be generated by the formula —akin to its Ay_1 counterpart —

N
(6.11) Es =) 6&(),  8:=(61,...,0n) € {0,1}.
=1

The degeneracy of the eigenvalue Eg5 (which can possibly be zero) is given
by the number of (m|n) supersymmetric starred tableaux having as shape
the border strip corresponding to the motif 6. We stress that the rule for
filling the tableaux is exactly the same as in the An_1 case, i.e., is given by
conditions (YT1)-(YT2) in Section 4.2. The only differences with the latter
case are that i) the tableaux now have one extra box (i.e., they are of length
N + 1), and ii) the last box must be filled by * = m. + n./, regarded always
as bosonic.

Just as in the Ay _1 case, the previous description of the spectrum of the
BC'n chain can be reformulated in the framework of classical vertex
models. Indeed, the spectrum of the chain can be equivalently gen-

erated using bond vectors (si,...,sn41) € (BUF)V*! with sy,1 = * by
setting

N
(6.12) Ee = 0(si,si41)E(D),

i=1

UUnless, of course, Z:;ll E(K;) = Zf;ll E(K;) for some other partition k :=
(k‘l, ey k‘f«) S PN+1 with d(k) > 0.
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where §:(BUF)? — {0,1} is defined exactly as in the Ay_; case
(Eq. ) The latter formula can of course be interpreted as the energy
function of a classical vertex model with N + 2 vertices and N + 1 bonds
each of which can be in one of m + n possible states, m of which are bosonic
and n fermionic, with the following two restrictions: i) the last bond has zero
energy, and ii) the bond before the last is always in the state x = m. + ne/,
regarded as bosonic.

We shall now provide a complete proof of rules (R1)-(R2) above. The
proof will be based on an alternative recursion relation satisfied by the BC'y-
type super Schur polynomials S<( min) ko) obtained expanding the determi-
nants in Eq. (5.9) along their first 7cc;luﬁ1n, namely

(mfn) (mln) (m|n)
(6.13) S<k1, Sk )0 —f’f O‘Skl, k1) S(k:1,...7k7,,2,kr,1+k7‘>,a

Flrst of all, it is clear from Eq. . ) that the eigenvalues of the Hamil-
tonian can only be the numbers 115( K;), where k is a partition
of N + 1 of length 7. This establishes the first rule. The second one will be
proved by induction on the number of columns 7’ of the border strip corre-
sponding to a given partition of the integer N + 1 with the last box removed.
The two examples presented above then show that the rules (R1)-(R2) are
valid for ’ = 1. Assume, therefore, that they hold for partitions of N + 1
with 7’ < p, and consider a partition with ' = p + 1. Suppose, first, that this
partition is of the type k = (k1,...,k,) with k, > 1, so that d(k) = dy(k)
and r =1’ = p + 1. Evaluating the identity with o = 0 at the point
(x,y¥) = (1™,1™) we obtain the recursion relation

(6.14) d(k) = do(k) = S, ) (1,17

= da(kr,. .. ko)A — do (R, Ko Ko+ Ry — 1),

The first term in the RHS is the number of fillings of the border strip
(k1,...,kr—1) according to the (m|n) supersymmetric rules (YT1)-(YT2)
in Section 4.2 times all possible fillings of a single column of height
k, — 1 using only the integers {1,...,m. + no}. By the induction hypoth-
esis, the second term counts the number of fillings of the border strip
(k1,...,kr—2,kr—1 + kr — 1) according to rule (R2), i.e., such that the last
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box is filled only with the integers {1,...,m. + n.}. We now use the fol-
lowing elementary identity involving border strips:

(6.15) X = | +

where each border strip represents the total number of (m|n) supersymmet-
ric Young tableaux associated with it, and the shaded columns are filled
using only the integers {1, ..., m. + n. }. Equation can thus be sym-
bolically expressed as

J *

Thus in this case d(k) is equal to the number of fillings of the border strip
(k1,...,kr) according to the rule (R2) (i.e., filling the last box with the
integer m. + n.), as claimed.

Consider next a partition k = (k1,...,k;) of N+ 1 with v’ = p+ 1 and
k. =1, so that d(k) =dy(k) and " =r — 1 = p+ 1. Evaluating the iden-
tity with @ = 1 at the point (x,y) = (1",1™) we obtain the recursion
relation

(6.16)

d(k) = di(k) = S amam)

- (dgm‘”) - d;ﬁsj”eﬂ)m(kl, ko) —di(kr, e Ky Ky k1)

r—1

The term in parentheses in the RHS is equal to the number of fillings of the
single column of length k,_; whose last box contains only integers greater
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than m. + n.. By the induction hypothesis, the last term represents the
number of fillings of the border strip (ki,...,kr—3, kr—2 + kr—1) whose last
box is filled with integers also greater than m. + n... We can thus symboli-

cally express Eq. (6.16) as

where the gray box is filled only with integers greater than m. + n... By the
elementary identity

we conclude that in this case

nE

as claimed. This completes the proof of rules (R1)-(R2) above.
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Remark 7. A similar argument can be used to find the followm% combi-

natorial expression for the BCy-type super Schur polynomials 5’ R

(6.17) S = > A
TeT,

where Ty (respectively 77) denotes the set of all supersymmetric tableaux of
shape (kq,...,k,) whose last box is filled by an integer < m. + n. (respec-
tively > m. + ng). Indeed, the formula is clearly true for » = 1, and it can
be easily proved by induction on r using the recursion relation .

Remark 8. Setting x = (1™), y = (1) in Eq. (5.8) or (5.16) we obtain the
following alternative formula for the partition function of the su(m|n) HS
chain of BCy type:

(6.18) Z(q) = Z (do(k)+d1(k)q€(N))qE;;f€(Ki)7
kePn
where
do(k) = U™ (1™ 1) di(k) = S - am
0 (ks fO)\ 5 (e Y UL 1)

It is important to observe that, by contrast with Eq. , the border strip
(k1,...,kyr) appearing in the latter equations corresponds to a partition k =
(k1,...,ky) of length N. Since

o (17 1)+ S ) (1)

by (175 1) = da(k)

by Egs. (5.11), (5.17b) and (6.2]), Eq. (6.18) admits an obvious interpre-

tation in terms of the “branching” of type Any_i1 border strips. To wit,
each border strip (k1,...,k,) with k = (k1,...,k.) € Py, whose degener-
acy and energy for the HS chain of Ay_; type are respectively d4(k) and
Sy ! £4(K;), splits into two different “branched” border strips (k1, ..., k.|0)
and (kl, ..., kr|N) with respective degeneracies dy(k) and d;(k), and en-
ergies 22;11 E(K;) and YI-! £(K;) + E(N). Moreover, by Remark 7 the
degeneracies dy(k) and d; (k) of each of these branched border strips are re-
spectively equal to the number of supersymmetric Young tableaux of types
To and 77. This description of the spectrum of the su(m|n) supersymmetric
HS chain of BCy type is in fact closely connected to the analogous one for
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the Polychronakos chain of BCy type deduced in Ref. [54], the main differ-
ence between both models being that in the latter each type Ax_1 motif in
general gives rise to N + 1 branches with different energies instead of just
two.

7. Examples

In this section we shall provide a few concrete examples illustrating the
motif-based description of the spectrum of the open supersymmetric HS
chain developed in the last section, spelled out in the two rules (R1)-
(R2) above.

7.1. su(1]2), N =3

Let us start with a simple example with N = 3 spins, one bosonic and two
fermionic degrees of freedom. To begin with, since n is even we have n. =
n/2 = 1 regardless of the value of &’. Thus the spectrum is independent of
¢’, which is obviously a general feature of the model when n is even. On the
other hand, as we shall see next, the spectrum is highly dependent on e.

7.1.1. € = +1. In this case m. = no =1 and hence * = 2, so that B =
{2} and F' = {1, 3}.

In Table 2 we list all the partitions k = (kq,...,k;) of N+ 1=4, to-
gether with their corresponding (1]2) supersymmetric tableaux filled ac-
cording to rules (R1)-(R2) in the previous section (with x = 2). Taking into
account that for N =3

5@:#(3+B—§@+10::é@6+5—@

we see that the chain’s energies (in ascending order) are in this case given
by

02, (B +2)4, (28 + 3)s, (364 3)2, (38 +5)6, (48 + 5)4, (564 6)a, (63 + 8)1,

where the subscripts indicate the corresponding degeneracies. In particular,
since B > 0 the ground state (associated to the partition (4)) has zero energy
and is twice degenerate. It easily follows from the motif-based description of
the spectrum that this last property is actually valid for general N. Indeed,
since £(1) >0 for 1 <i < N, it is clear from Eq. (6.11) that the ground
state energy vanishes provided that the motif § = (0V), corresponding to
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| Partition [ Motif [ Tableaux [ Energy [ Degeneracy ‘
(4) (0,0,0) 0 2
1 2
(3.1) (0,0,1) £(3) 2
2 2 2
22 | (L) o £(2) 6
2,1,1) | (0,1,1) £(2) +E£(3) 2
w3 | (100 £(1) 1
(1.2,1) | (1,0,1) E(1) +£(3) 4
1 1 1 2 1 3
2 2 2
(1,1,2) (1,1,0) TTeTE T (215 E(1)+£(2) 6
(1,1,1,1) | (1,1,1) E(L)+E(2)+E(3) 1

Table 2: Allowed motifs for the su(1|2) supersymmetric chain of BCy
type (2.3) for N =3 spins and ¢ = +1, with their corresponding energies
and degeneracies.

the border strip (N + 1), is allowed. This is obviously the case when m =
1, n=2, e =1, since *x =m, +n. =2 € B implies that the border strip
(N + 1) can be filled according to rules (R1)-(R2) in the previous section by
the two tableaux with bond vectors (2V*1) and (1,2"). In particular, the
ground state is twice degenerate in this case.

7.1.2. e = —1. Now m =0, no =1 and thus * = 1. This is exactly the
situation covered in Remarks 4 and 5 in the previous section, since neces-

sarily f1 = 1 but * = 1 should be regarded as bosonic. Thus a tableau like
1[1]-]

1
garded as bosonic in the comparison with the one above it, while all the

other 1’s in the tableau are considered to be of fermionic type. For the same
reason, tableaux like are forbidden. Taking (for instance) F' = {1,2}
and B = {3}, and applying rules (R1)-(R2) above, it is straightforward to
show that the spectrum is given in this case (in order of ascending energy)

is allowed in this case, since the 1 in the last (lowermost) box is re-
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l Partition [ Motif [ Tableaux [ Energy [ Degeneracy

31 | ©001) £63) A
(2,2) (0,1,0) £(2) 4

2,1,1) | (0,1,1) £(2) +£(3) 4

121) | (1,0,1) £(1) + £(3) 8
(1|1 111(2 113
H H o £(1) +£(2) 5
P EP

(1,1,1,1) | (1,1,1) E)+E(2) +E£(3) 2

(1,1,2) (1,1,0)

Table 3: Allowed motifs for the su(1|2) supersymmetric chain of BCy
type (2.3) for N =3 spins and ¢ = —1, with their corresponding energies
and degeneracies. (We have taken F' = {1,2} and B = {3}.)

by
(28+3)s, (38+43)s, (3B+5)5, (4B+5)s, (58+6)s, (68+8)2

(cf. Table 3). We see that the degeneracies differ significantly from those in
the case e = +1 listed in Table 2. In particular, the two levels corresponding
to the partitions (4) and (1, 3) are absent in this case. Moreover, the ground
state is now associated to the partition (2,2), has energy 23 + 3 > 3 and
is four times degenerate. For arbitrary IV, an analysis similar to the one
above shows that the ground state corresponds to the motif (0V=3,1,0), or
equivalently to the border strip (N — 1,2), and has energy E(N — 1) = (N —
1)(B + N/2). The ground state is again four times degenerate, corresponding
to the four tableaux

allowed for the border strip (N — 1,2) according to the rules (R1)-(R2) in
the previous section. Incidentally, for both e =1 and € = —1 the highest
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excited state, with energy
Zs N(N +1)(33 + 2N —2),

is obviously associated to the single-line border strip (1V*1), and is nonde-
generate for € = 1 (the only allowed tableau is [2]3]-[3]) and twice degener-
ate for ¢ = —1 (the two allowed bond strips being [1]2]-]2] and [1]2]-[2]3]).
In particular, the spectrum is less spread for € = —1 than for e =1, as is
already apparent from Fig. 4 for the case N = 15.

The description of the spectrum developed in the previous section makes
it feasible to exactly compute the spectrum of the su(m|n) HS chain of BCy
type for a relatively large number of spins using standard symbolic
packages. For instance, in Fig. 4 we present the result of the computation
with Mathematica™ of the spectrum of the su(1]2) chain with 3 =1 and
N =15 spins for both € =1 and € = —1 (recall that in this case the spec-
trum is independent of ¢’). Much as in the Ay_1 case, both spectra show a
very high degeneracy@ (of the order of 50000 for energies near the median)
and a Gaussian-like shape. In particular, the high degeneracy of the spec-
trum and the existence of a motif-based description thereof strongly suggest
that this model possesses twisted Yangian symmetry. As mentioned in the
Introduction, the existence of this symmetry was established in Ref. [44]
only in the non-supersymmetric case and for the three uniform cases listed
in Table 1.

7.2. su(1|1), arbitrary N

The partition function of the su(1|1) HS chain of Ax_ type can be computed
in closed form for arbitrary N, with the result [60]

ZA,N -9 H SA z)

where we have explicitly indicated the dependence on N for later conve-
nience. A similar formula is in fact valid for the Ay_; Polychronakos—
Frahm [23], 61] (rational) and Frahm-Inozemtsev [26] (hyperbolic) chains,

12Tn fact, since by Eqgs. (3.13) and (6.11]) the energies are of the form 25 + 3
with ¢, j nonnegative integers, it is clear that the degeneracy is higher when [ is a

positive integer or rational number with a small denominator.
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Figure 4: Energy E vs. degeneracy d of the spectrum of the su(1]2) HS
chain of BCy type with N = 15 spins and 8 =1 for ¢ = —1 (blue circles)
and € = 1 (pink squares).

with €4 replaced by the dispersion relation of the latter chains. As in the
Apn_1 case, the partition function of the su(1|1) HS chain of BCy type can
be evaluated in closed form for arbitrary N, as we shall next show. In par-
ticular, we shall see that the result depends in an essential way on the two
signs € and €’

7.2.1. e =&’ = 1. In this case m. = no = 1, and therefore * =2, F' =
{1} and B = {2}. Since 2 is bosonic, no type 1 tableaux of the form

are allowed. Thus all allowed tableaux are of type 0, i.e., of the form
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It is also clear that the 2 in the last box imposes no additional restriction
(apart from the standard rules for (1|1) supersymmetric tableaux) on the
box immediately on top of it. In other words, the number of tableaux of
this form with N 4 1 boxes coincides with the number of regular su(1|1)
tableaux with N boxes obtained by removing the last (bottommost) box.
We thus arrive at the formula

Z++ Z da(k T E(KG) ]
kePy

Realizing that the RHS is nothing but Z4 n(¢) with €4 replaced by £ we
conclude that

Z5 (g 2H 1+ %0

Thus the su(1|1) HS chain of BCy type with € = ¢’ = 1 behaves essentially
as a type Any_1 chain with a different dispersion relation.

7.2.2. e=¢' = —1. We have m. =n. =0, and therefore * = m. +
ng = 0. Thus only type 1 tableaux are allowed, and it is again clear that the
0 in the leftmost box entails no restriction (apart from the standard rules
for (1|1) supersymmetric tableaux) on the box to its right. We thus have

= Y da(l)g" Mgz SR = F N Z 8 (g)
kePN

N-1

=1

Thus the spectrum in this case is obtained by shifting the spectrum in the
previous case by a constant (positive) energy E(INV).

7.2.3. e = —¢’ = 1. In this case m. = 1, no, = 0, and hence * = m, +
ne =1, B= {1} and F' = {2}. A moment’s reflection shows that all border
strips (k1, ..., k,) give rise to exactly one allowed Young tableau, of the form
2]
E [1]
1] 1[2]|2
1[2]-]2 H

[\

[

EES
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respectively for type 0 and 1 border strips. Thus the partition function is
given in this case by

N
ZV ()= ) g e 1 4 3 3 i ()

kePni1 r=2 1<K <--<K,_1<N
N

[T+ )
=1

Thus the su(1|1) HS chain of BCy type with e = —&’ =1 is equivalent to a
system of N free spinless fermions with dispersion relation £ (i.e., for which
the energy of the single-particle mode with momentum 2kw /N is £(k)).

7.2.4. ¢ = —¢’ = —1. Here m. = 0, no = 1, and consequently * = m, +
ne =1, F = {1} and B = {2}. The difference with the previous case is that,
even if now 1 is of fermionic type, * = 1 should be treated as a bosonic
variable (cf. Remarks 4) and 5 above). As a consequence, type 0 and type

1, respectively, where in both cases

1 tableaux can only end in 1 1 and B 3
[] stands for a standard (1|1) supersymmetric tableaux with no additional
restrictions. Since K,._1 = N — 1 + « for type a tableaux, we conclude that

N—2
Z;]—i_(q) _ (qN—l + qN)ZA,N—l(Q)‘gA_)g _ Q(qS(N—l) + qS(N)) H (1+ qc‘)(l))'
i=1
7.2.5. Free energy. With the previous explicit formulas it is an easy
matter to obtain an exact expression for the free energy per spin of the open
su(1]/1) HS chain in the thermodynamic limit. To this end, we first
normalize the Hamiltonian dividing it by 1/N?2, in order to obtain a finite
energy density in the thermodynamic limit. Since

E(i) Bz 1 i
7] ([ = — 1
N2 x( N2 o) iy Ol
we have
S Z(2y—z) = =1+ lim = >1,
N v g By @) =e(@),  yi= 14 lim

where z € [0, 1] is a continuous variable. The free energy per particle in the
thermodynamic limit is then given in all four cases by

T (Nt e [ —p(2))T
f(T) = =T lim ~ log Z§ (e )_ r| log(1+ e )da .
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Figure 5: Dispersion relation ¢(p) = |p|(27y — |p|) /272 of the su(1|1) super-
symmetric HS chain of BCy type (2.3)) in the thermodynamic limit for v > 1
(left) and v = 1 (right).

Changing to the momentum variable p = mx we obtain

(7.1) f(T) = —T/7r log (1 4+ e~®/T)dp,
0

™

where the dispersion relation ¢(p) is given by

72 o) =o(2) = Lriamy o)

272
1
= — [y = (pl—7)?], -m<p<m

27
Thus in the thermodynamic limit all four variants of the su(1|1) HS chain
of BCy type are equivalent to a system of free fermions with dispersion
relation given by Eq. . The latter expression is of course reminiscent
of the corresponding ones for the free energy per spin of the An_i-type
HS, PF and FI chains obtained in Refs. [42] [60]. It is clear that (when
prolonged as a periodic function of period 27) ¢(p) has a cusp at the points
p=km with k € Z when v > 1, or 2kr with k € Z for v =1 (cf. Fig. 5),
much like what happens with the dispersion relation of the Ay_1-type PF
and FI chains (when v > 1) or the HS chain (when v = 1). Since v > 1, the
dispersion relation is clearly monotonic in each of the intervals [—, 0] and
[0, 7], as is the case with the HS chains of Ay_; type. Moreover, for v =1
Eq. coincides (up to a trivial rescaling by a factor of 1/72) with the
dispersion relation of the su(1|1) HS chain of Ax_; type. This shows that
the su(1]1) HS chain of BC type with 3/N — 0 as N — oo is equivalent in
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the thermodynamic limit to its Ay_1 counterpart, a result that is far from
obvious a priori.

8. Conclusions and outlook

The description of the spectrum of the Haldane—Shastry spin chain in terms
of border strips (or, equivalently, motifs) and skew Young tableaux is one
of the hallmarks in the theory of integrable spin chains with long-range
interactions, underscoring the close connections of spin chains of HS type
with the representation theory of Yangian algebras. In this paper we address
the problem of finding a similar motif-based description of the spectrum of
the open version of the (supersymmetric) Haldane-Shastry spin chain, as-
sociated with the BCy root system. More precisely, we first construct the
model’s Hamiltonian by suitably extending the standard definition of the
spin permutation and reversal operators to the supersymmetric case. We
then compute its partition function in closed form by means of Polychron-
akos’s freezing trick, which basically consists in modding out the dynamical
degrees of freedom of the associated BCn-type spin Sutherland model. In-
spired by the procedure for the closed (Axy_1) HS chain [38], we construct a
generalized partition function depending polynomially on two sets of vector
variables, which reproduces the standard one when these variables are set
equal to 1. We then show that this generalized partition function can be
expressed in terms of two variants of the standard skew super Schur poly-
nomials, which can be defined through a simple combinatorial formula in
terms of supersymmetric skew Young tableaux with an additional box filled
with a fixed integer. With the help of this formula, we are able to derive
a complete description of the spectrum of the supersymmetric HS chain of
BCy type in terms of extended motifs and restricted Young tableaux, akin
to the one for the closed HS chain. We illustrate this description with a few
concrete examples, including a complete study of the su(1|1) model and its
thermodynamics.

Much as in the Ay_1 case, the existence of a motif-based description of
the spectrum of the model under study could prove of key importance for
uncovering some of its fundamental properties. In the first place, such a de-
scription is a clear indication that the model possesses some kind of (twisted)
Yangian symmetry. Obtaining an explicit realization of this symmetry, ei-
ther via its generators or through a suitable monodromy matrix [44], is
certainly worth investigating. As in the Ay_; case [41} [42], the motif-based
description of the spectrum deduced in this work can be taken as the starting
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point for deriving its thermodynamics using the inhomogeneous transfer ma-
trix approach. To this end, it is necessary to introduce a chemical potential
term in the Hamiltonian and generalize the above results —in particular, the
characterization of the spectrum in terms of restricted supersymmetric skew
Young tableaux— to the model thus obtained. In fact, the detailed results
for the su(1]1) chains derived in this paper strongly suggest that the thermo-
dynamic functions in the general su(m|n) case can be obtained from those of
the closed supersymmetric HS chain simply by replacing the dispersion rela-
tion of the latter model by that of the present one (cf. Eq. ) A related
application of our results is the study of the model’s criticality by analyz-
ing the low temperature asymptotic behavior of its Helmholtz free energy,
which should exhibit the 72 behavior characteristic of (1 + 1)-dimensional
conformal field theories [62] 63] at the critical phase.
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