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Abstract

I solve a quantum chain whose Hamiltonian is comprised solely of local four-fermi operators
by constructing free-fermion raising and lowering operators. The free-fermion operators are both
non-local and highly non-linear in the local fermions. This construction yields the complete
spectrum of the Hamiltonian and an associated classical transfer matrix. The spatially uniform
system is gapless with dynamical critical exponent z = 3/2, while staggering the couplings gives
a more conventional free-fermion model with an Ising transition. The Hamiltonian is equivalent
to that of a spin-1/2 chain with next-nearest-neighbour interactions, and has a supersymmetry
generated by a sum of fermion trilinears. The supercharges are part of a large non-abelian
symmetry algebra that results in exponentially large degeneracies. The model is integrable for
either open or periodic boundary conditions but the free-fermion construction only works for
the former, while for the latter the extended symmetry is broken and the degeneracies split.

1 Introduction

Free-fermion models yield profound insights in every area of theoretical physics. Essentially all
such models are found by expressing the Hamiltonian and/or action as a sum over bilinears of local
fermionic operators or fields. To put the Hamiltonian in this form, sometimes a non-local Jordan-
Wigner transformation needs to be done [1, 2]. The purpose of this paper is to define and analyse
a free-fermion model that requires a much subtler transformation, both non-local and non-linear
in the original interacting fermions. No form of the Hamiltonian as a sum over local bilinears of
fermions seems to exist.

A nice way of characterising a free-fermion model without having to delve into details of such
transformations is via its spectrum. All eigenvalues F of a free-fermion Hamiltonian are given in
terms of energy “levels” ¢ as

E=+etet---teg. (1.1)

where each eigenvalue is specified by making a choice of each of the + signs. The key property
making the model free fermionic is that this choice does not affect the values of the €. All energies
are given in terms of the same set of values €, which typically are found as the roots of an Sth
order polynomial. Similarly, the eigenvalues of a transfer matrix for a classical free-fermion model
are also given in terms of the €, only with a more complicated expression than (1.1).

The best way of solving a free-fermion model is to construct the raising and lowering operators.
Advantages include not only making it possible to find the spectrum with boundary conditions other



than periodic, but with spatially varying couplings as well. The raising and lowering operators W,
obey

[H, \Ijik] == :|:26k \Ifik 5 (12)

where k = 1,...,.5 labels the vector; in the periodic and uniform case one can instead label by the
momentum. Acting with W4, on an eigenstate of H either annihilates the state, or gives a different
eigenstate with energy shifted by +2¢,. What makes these operators free fermionic is that they
obey the anticommutation relations

{Wip, Oy} =0, {Uih, Vo } = i (1.3)
The operators VW _; for all k£ then are commuting projectors:
(R0 _p)® = W0y, (UpU_g, U W] =0 (1.4)

The fact that the spectrum is given by (1.1) then immediately follows. Since ¥y and W_j each
square to zero and anticommute with each other, they can be thought of as creating or annihilating
a fermionic particle of energy ¢, respectively. Moreover, the Hamiltonian can be written as a sum
over these bilinears as

H e [Wr, Ui , (1.5)
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as suggested by (1.2) and (1.4).

When the Hamiltonian is a bilinear in free-fermionic operators, constructing the raising and
lowering operators is straightforward. Because commuting a fermion bilinear with any operator
linear in fermions gives a fermion linear back again, the commutator then can be represented
as a matrix acting on the space of fermion linears. The rank of the matrix grows only linearly
with the size of the system, and varying the couplings simply varies the entries. The eigenvectors
determine the raising and lowering operators, while the eigenvalues give the €, as clear from (1.2).
This procedure works for a host of interesting models, and by now, the technology for doing this
construction is standard and simple.

In this paper, I describe and solve a model that is free-fermion as described above, but where the
standard construction does not apply. No Jordan-Wigner-type transformation gives a local Hamil-
tonian bilinear in fermionic operators. Even with spatially uniform couplings, the Hamiltonian is
purely-four fermion:

2M
H, = Z wj¢j+1wj+3wj+4 ) (16)

j=1
where the operators ¢; with j =1...2(M + 2) obey the usual Majorana-fermion Clifford algebra
{wj, i} =20 . (1.7)

The equivalent spin Hamiltonian is given in (2.2) and (2.3) below. Despite its having no local
fermion-bilinear form, with open boundary conditions this Hamiltonian has a spectrum given by
(1.1), along with raising and lowering operators that satisfy all the free-fermion properties (1.2)—
(1.5). As befitting a free-fermion model, the construction still works when taking an arbitrary
coupling in front of each term in (1.6). It also works for a family of commuting classical transfer
matrices, whose spectra are determined in terms of the same €.



Although the construction given here seem rather miraculous, it is inspired by the solution of
a Zp-invariant Hamiltonian of Baxter’s [3, 4]. Exact raising/lowering operators can be constructed
for it using “free parafermions”, yielding the entire energy spectrum of the original Hamiltonian [5]
and an associated transfer matrix [5, 6, 7] with open boundary conditions. The free-parafermion
construction utilises only the algebra of the generators of the Hamiltonian and transfer matrix,
which in this case is quite simple. Unfortunately, the Baxter Hamiltonian is not Hermitian and its
spectrum is complex, except in the n = 2 case where it reduces to Ising. However, the beautiful
algebraic way in which it is solved suggests that the method will apply to other models constructed
from generators obeying a simple algebra. The main purpose of this paper is to show that (1.6) is
a hermitian Hamiltonian indeed solvable in the same fashion.

In addition to this marvellous property, the Hamiltonian (1.6) is very interesting in its own
right. It is a Majorana version [8] of a model introduced long ago by Nicolai as simple example of
lattice supersymmetry [9]. It reappeared as a limiting case of a self-dual Hamiltonian introduced
to analyse the physics of the tricritical Ising Hamiltonian and the appearance of supersymmetry
there [10]. Indeed, the uniform Hamiltonian (1.6) can be written as

2M
1
H, = §Q2 —2M, where Q =Y ;1142 , (1.8)
j=1

so that supercharge Q commutes with H,. It is worth noting that a supercharge trilinear in fermions
also appears in the zero-dimensional supersymmetric SYK model [11].

Not only is (1.6) supersymmetric, but I show below that the supersymmetry algebra extends
to a much larger non-Abelian one commuting with the Hamiltonian/transfer matrix. However, the
generators of this large symmetry algebra do not commute with the raising and lowering opera-
tors. Because their number increases linearly with M, each energy level has a degeneracy growing
exponentially with M. In both this respect and the fact that the spectrum is free-fermionic, the
model analysed here is reminiscent of the “Cooper pair” supersymmetric chain of [12]. Another
similarity is that the degeneracies in both models are broken by taking periodic boundary condi-
tions. However, the degeneracies there are much subtler, coming from Cooper pairs whose number
depends on the level. Here, all levels have the same degeneracy. Moreover, the U(1) symmetries
of the Cooper-pair chain make it simple to solve using the Bethe ansatz. While the model here is
integrable with either open and periodic boundary conditions, the lack of a U(1) symmetry makes
the free-fermion approach described here much more suitable.

A striking property derived here is that (1.6) is critical but not Lorentz-invariant in the con-
tinuum limit. Instead, the excitations have a dispersion relation with dynamical critical exponent
z = 3/2. When the couplings are staggered with periodicity of three sites, the system exhibits
three critical lines with z = 1 meeting at the uniform point (1.6). The critical lines are of a more
conventional free-fermion/Ising type, with spontaneously broken supersymmetry. The z = 3/2
uniform point is thus a novel multicritical point separating three phases with different ordering, as
shown in the phase diagram in figure 1 below.

In section 2, I introduce the model in more detail, and find an extensive set of conserved
quantities for the Hamiltonian and a more general transfer matrix. The open chain is solved in
section 3 by explicit construction of the raising and lowering operators. The generators of the
supersymmetry and extended algebras are found in section 4, and a different model with the same
algebra solvable by the same methods is introduced there. The spectrum and phase diagram for
the uniform and staggered models are explicitly derived in section 5. I collect some technical
calculations in the appendices, in particular finding an R matrix that shows that the models are
integrable in the traditional sense for periodic or open boundary conditions.



2 Conserved charges and commuting transfer matrices

2.1 The Hamiltonian and the generating algebra

The operators in the quantum and classical models studied in this paper act on a Hilbert space
constructed from two-state quantum “spin” systems arranged into a chain. A useful basis of such
operators acting on this space is comprised of

C=1®1---100°®1---1, (2.1)

where the Pauli matrix ¢® acts on the two-state system labelled by m. The Hamiltonians and
transfer matrices of central interest here are built from the operators

him = by, 07,05 10 mi2 B = b i OOt 10 ma2 s (2.2)

where the b, and Zm are real parameters. Open boundary conditions amount to taking the number
of two-state systems to be M + 2, so that the Hilbert space is of dimension 2M*2 whereas closed
correspond to identifying o7}, ,, = oy, (and hence hy,ypr = hin), so that the dimension is 2M  The
Hamiltonians studied in this paper are then

M _ M~
H=>"hmn, H=Y hpn, (2.3)
m=1

m=1

The different types of operators defined in (2.2) have the very useful property that they commute
with each other:

(", isz/] =0 forallm = [H, ﬁ[] =0. (2.4)

The two thus can be diagonalised independently. Since with an appropriate relation of the by, and
bm, H and H are parity conjugates of each other, it suffices to analyse one of them.

The free-parafermion solution [5] of Baxter’s Z,, Hamiltonian [3, 4] relies crucially on its gener-
ators satisfying a simple algebra. The generators here satisfy a simple algebra as well:

W2, = (b))% Pmhmit = —Pmiihm . hmhmss = —homsohm
hmhpn = hphy, for |n—m|>2. (2.5)

for m =1... M. The generators ﬁm satisfy the same algebra. For periodic boundary conditions,
these relations are interpreted with indices mod M, while for open they are not; e.g. hjr—1 and
h1 anticommute for periodic boundary conditions but commute for open. I will show how the
exact solution for open boundary conditions requires only utilising properties of a slightly extended
version of the algebra (2.5), without recourse to the explicit representation (2.2). This analysis
will then apply to any model with Hamiltonian H whose generators obey (2.5), such as the model
with Hilbert-space dimension ~ 2M/2 given in section 4.2 below. In the special case b3; = 0,
the remaining h,, satisfy the same algebra as do the generators of the Ising Hamiltonian, and the
analysis here then simplifies to the standard construction of raising and lowering operators for Ising
(see e.g. [5]). N N

The four-fermion Hamiltonian (1.6) corresponds to Hy, = H + H with all b,, = b,, = 1, a simple
consequence of the Jordan-Wigner transformation

m—1
mefl = Urzn 0-7:2 ) me = _io—ﬁﬂ/}?m—l . (26)

n=1



Although H, is a special case of a Majorana-fermion analog [8, 10] of a supersymmetric model
introduced long ago [9], the decomposition into two commuting models does not seem to have been
observed before. Its physics is quite different from the pure four-fermion Hamiltonian comprised of
terms with consecutive operators ¥, ¥ 1+1U¥m+2¥m+3 studied in [13, 14]. For example, the latter is
gapped, while H,, is gapless, as shown in section 5. More insight into the distinction between these
two models will appear soon [15].

2.2 Conserved charges

Expressing the Hamiltonian in terms of generators satisfying (2.5) makes it easy to show that the
Hamiltonian commutes with an extensive number of conserved charges. The method for construct-
ing them is quite similar to that used for free parafermions [5]. Non-local conserved charges are
constructed in terms of products of different h,, that commute with each other, e.g. h,, h,, with
|m —m/| > 2 mod M. For example, the sum

Q¥ = Z Py Bt

[m—m/|>2

commutes with H, as is easy to verify because Q2 = H? /2 plus a constant. An entire hierarchy
of conserved charges is defined by the same rule:

QY = > Bony By - - - B, (2.7)

{M2>myqp1>m,+2}

where Q) = H. The notation in the summation means to sum over allm, = 1... M withr =1...s
subject to the constraints m,41 > m, + 2, with the additional constraint ms —mq # M — 1, M — 2
for periodic boundary conditions. To prove they commute with the Hamiltonian for all s, first
consider commuting H with a single term in Q():

M
[H, hiny hiny -+« hm, | = (oms By By - b, ] =2 > iy by i,

m=1 |Tr7,7m»,-|=1,2
|m—mqr+1]#1,2

by using the algebra (2.5). The latter sum is over all m such that m is one or two sites from a
single but not two m,. The latter restriction arises because e.g. [hp+1, Amhm+3] = 0. It means
there always occurs another contribution to [H, Q(s)] where the indices m and m, change places:
hy, comes from a term in Q). while hum, comes from H. These pairs cancel in the sum over the
My

s Pomy -« Po_ By Py < B ] 4 [Py By« - By B o1 < - - )] = 0

yielding [H, Q)] = 0.

When given a hierarchy of commuting conserved charges, it is natural to define the transfer
matriz of a two-dimensional classical lattice model that commutes with the quantum Hamiltonian.
It is simply the generating function of these charges

Tar(u) = Y (—u)* Q") (2.8)



where u is a real parameter. The sum truncates at S = [M/3] for periodic boundary conditions
and S = [(M + 2)/3] for open, with [z] the integer part of x. For open boundary conditions, a very
useful equivalent definition of the transfer matrices are via the recursion relation

TM(U) = TM_l(u) — uhMTM_g(u) . (2.9)

for M > 1, with Thy = 1 for M < 0. A more traditional expression of this transfer matrix in terms
of a vertex model (i.e. a matrix product operator) is given in Appendix A. The Boltzmann weights
are local, but I am not aware of any previous appearance in the literature.

In the appendices I present two proofs that not only do the conserved charges Q(®) commute
with the Hamiltonian, but also with one another, so that

[T (w), Tae(u)] =0 (2.10)

for all u and u/. The parameter u is typically called the spectral parameter, since whereas the
spectrum of 7" depends on it, the eigenvectors do not. In appendix A, I give a proof of (2.10) valid
for both open and periodic boundary conditions by using the standard Yang-Baxter technique [16].
I supply an alternative proof in Appendix B.1 using the product form derived next. The latter
proof has the disadvantage that it applies only for open boundary conditions, but the advantage
that it requires only use of the algebra (2.5). It thus applies to any Hamiltonian and transfer matrix
whose generators obey (2.5) such as that given in section 4.2, not only those of the form (2.2).

2.3 The product form and inverse of the transfer matrix

The main result of this paper is that for open boundary conditions, H and T);(u) can be rewritten
in terms of non-local free-fermion operators. Despite its being integrable both for periodic and open
boundary conditions, its features are much more striking in the latter case. Indeed, it appears the
free-fermion solution only applies for open boundary conditions. Henceforth the analysis in this
paper applies to having open boundary conditions.

The method for deriving this remarkable property relies on rewriting the transfer matrix as a
product of local (but not commuting) operators. Namely,

Tu(uw) = Gu(w)Gif(u) ,  Guw)=giga. .. gu - (2.11)

where the superscript T means transpose, with g = g,,. The basic building blocks of this product
form are the local operators

h
Jm = COS d)?m + i sin (b?m , (2.12)
where the angles ¢,, are defined recursively via
ubp41

COS Pyr—1 COS Gy

SiD Prgt = — (2.13)

with ¢9 = ¢_1 = 0. The spectral parameter u can always be chosen small enough to make all the
¢m real and the g, hermitian. These operators obey ¢, gm' = gm’gm When |m —m’| > 2, while

ImhnGm = hp €OS Oy, for n—m|=1or2. (2.14)

The proof of (2.11) follows by induction using the recursion relation (2.9), along with the
identity (2.14) and

h U
2 m .
m)2— 1= " 8in ¢ = —hum . 2.1
(g ) bm Sln¢ COs d)m—l COos ¢m—2 ( 5)



Assuming (2.11) holds up to some given M — 1 implies

GuGhrr = Gu-195Gy_1 = Tar—1 + Gar—1(g3; — DGRy
=Ty_1— _
Mot G ' cos Par—1 cos prr—2 i

=Th—1— Gu—suha Ghy_g

=Try—1—uhyTh—3 =T,

since hps and hence gp; commute with Gps—3. Since G_o = G_1 = Gy = 1, by induction (2.11)
therefore holds for all M.

The product form (2.11) makes finding the inverse of T'(u) easy. Since sending u — —u sends
all angles ¢, — —@m,, it follows immediately that g, (+u)gm(Fu) = cos ¢, and

M
Gu(—u)Ghy(u) = Gip(—u)Gur(u) = J] cosdm ,
m=1

M
Tos(u)Tar(—u) = [] cos® gm = Py(u?) (2.16)
m=1

Thus the transfer matrix is invertible except when u is a root of Py(u?), and when it exists, the
inverse of T (u) is proportional to Th;(—u).
The function Pys(u?) is a polynomial in u?, as follows from the recursion relation
Pm(u2) = mel(u2) - U’Zb%n Pm73(u2) (217)
for m > 0, with Py = P_y = P_5 = 1. This relation follows simply from the recursive definition

(2.13) of the ¢p,:
P P,
= = cos? =1 —sin® ¢, = 1 —qufnL?’ .
P m—1
The polynomial Py;(u?) is thus of order S = [M /3], where [z] means the integer part. The similarity
of the recursion relations (2.17) and (2.9) means that the polynomial takes on the same form as the
transfer matrix, with the role of the h,,u in the latter replaced by (b,,u)? in the former. Namely,

its coefficients are sums of products of the b2,, such that in any product by,b,, appears only if
|m —m/| > 2. For example,

Pr=1-bju*, Po=1—(b3+b3)u?, Py=1— (b3 +b3+03)u?,
Py=1— (b2 + b3+ b3+ b3)u? + b3b3u’ .
This correspondence between transfer matrix and polynomial holds in the Ising and free parafermion

models with open boundary conditions as well [5]. With the normalization defined here, the poly-
nomial can be written in terms of its roots u% as

Pyw?) =] (1 — 2) . (2.18)

k=1



2.4 Higher Hamiltonians

The fact the non-local conserved charges all commute with each other makes possible the construc-
tion of conserved charges that are the sum of local operators. These “higher Hamiltonians” are
generated by the logarithmic derivative of Th;:

- d 1

HOy ' =Hw) = ——InTW) = ————
where the prime here means d/du. This relation should be understood as a formal definition of the
higher Hamiltonians H (") given by expanding the final expression in a series in u around u = 0.
Equivalently, one can exploit analyticity. Since the order u® term in the polynomial Pys(u?) is
non-vanishing, none of its roots are at u = 0. Therefore H(u) is analytic in a region around u = 0,
since T'(u) is a finite series in u with coefficients given by the bounded (for finite M) operators Q).
Moreover, H(u) is a meromorphic function in u, since the only singularities arise at the zeroes of
Ppr(u?). Thus the higher Hamiltonians can be extracted by contour integrals around u = 0:

Toar(—u) Ty (u) (2.19)

g = L 7{ duu " H () (2.20)

- 211

for r a positive integer.
This definition (2.19) of course yields H) = Q) = H. The Hamiltonians H(?%) are simply
constants, as is easy to show from taking the derivative of the inversion relation (2.16) for Ths(u):

Phy(u?) = Top(—u)Thy(w) — Thp(—u)Tar(u) = 2Py (u?) Y - HEDu?71 (2.21)
s=1

Therefore all even Hamiltonians are diagonal operators, e.g.

H® = > vk, HY = D (b7 + 2651 + 27 0)

Writing Py (u?) in terms of its roots as in (2.18) and expanding out the product in P,/ Py gives
simple expressions for all even Hamiltonians in terms of the zeroes:

/ 2 2u (2s) d —2s
= (InPy) =— Z — = H® =% u>. (2.22)
o vt/ k=1

Py (u?)
PM (u2)

3 The solution of the open chain

3.1 The spectrum and the degeneracies

The product form of the transfer matrix with open boundary conditions makes it possible to find
the raising and lowering operators explicitly, and derive many interesting properties. Because there
is no way to rewrite the Hamiltonian in terms of local free-fermion bilinears, the analysis is much
more involved than typical for free-fermion models (although it is essentially all straightforward
algebra). I thus summarise the results of this section here.

The basic properties of the raising and lowering operators are summarised in the Introduction.
In this section I construct these operators explicitly, and show how the energy levels ¢, are related
to the S roots uj of the polynomial Py/(u?) defined in (2.17). Namely,

€= — , fork=1...5. (3.1)

Uf;



There are thus S = [(M + 2)/3] pairs of raising and lowering operators. Since H is Hermitian and
the € are the coefficients in its commutator with the Wy, they must be real. Thus even though it
is not obvious from the definition, all the roots ui must always be positive and real, so ¢ is also
taken positive and real.

Because they obey (1.2), acting with a raising and lowering operator on an eigenstate of H
either annihilates the state, or gives an eigenstate with energy shifted by e;. Moreover, because
{Uk,U_;} =1 and \Ifi = \IIZ_k = 0, all eigenstates can be grouped into pairs where one state
is annihilated by Wy and the other by W_j, the former with energy 2¢; higher than the latter.
The projection operator W W_; therefore projects onto the former, while ¥_; W, projects onto the
latter. These projection operators with k = 1....S all commute with each other, so these pairs
then can be grouped into multiplets of dimension 2°. Since the Hamiltonian in the form (1.5) is a
sum over these projection operators each such multiplet has energies

E:j:i:tii---j:i. (3.2)
U U us
Each + sign can be chosen differently, giving 2° distinct energies for the states in the multiplet. This
spectrum is precisely that of a free-fermion theory, i.e. precisely of the form (1.1) with e = 1/u.
The spectrum of the higher Hamiltonian H() is given by the natural generalisation; using the
commutation relations (3.17) for odd r and the already derived result (2.22) for even r yields

E") = (+e1)" + (£e2) 4 - + (Fes)” . (3.3)

Since the Hamiltonians commute amongst one another, a single choice of + signs fixes all the E().
I also show in this section that the relation for the transfer matrix analogous to (1.2) is

(w+u) T(w) ¥ = (w —u) ¥ T(u), (3.4)

where | = £k and w; = 4ug. Exchanging the order of a raising or lowering operator with the
transfer matrix therefore results simply in multiplying by a numerical factor. In addition, I show
that the transfer matrix can be written in terms of the raising and lowering operators as
S
T(w) =[] (1 —uex[Vy, V_y]) . (3.5)

,_.

The eigenvalues of the transfer matrix T(u) are then
S

H(l F ueg) , (3.6)
k=1
where for a given eigenstate the choices of 4 are the same as those in (1.1). Here and henceforth I
omit the subscript M in the transfer matrix, so T'(u) = Ths(u).
Of course, for H and its corresponding transfer matrix, the same formulas apply with uy replaced
by uk., the roots of the polynomial PM( 2) formed from the couplings by in the same fashion as
Pyr(u?). Thus the spectrum of H is

Botlala.o.xl (3.7)
U u us
and analogously for the higher Hamiltonians.

The spectrum of the parity-invariant Hamiltonian H + H is therefore given by the 225 =
22[(M+2)/3] epergies E + E. The dimension of the Hilbert space is 2M+2 for this M + 2-site system,
and so is exponentially larger than the number of distinct energies. Thus each energy must be
degenerate with an exponentially large multiplicity 2M—2(M-1)/3] — 95+1  The degeneracy is
identical for the higher Hamiltonians and hence the transfer matrix.



3.2 Raising/lowering operators

The nicest way to find raising/lowering operators with non-zero ¢, is to build them using an “edge”
operator xas+1. The edge operator is defined so that it commutes with all the h,, except for the
last one:

hyxarer = —Xars1har s hxavr1r = Xpgp1hm  form=1...M —1. (3.8)

Moreover, (Xm,m)2 = 1. In the explicit representation of the h,, given by (2.2), one can take e.g.
XM+1 = 0749, but nothing below depends on this choice. Another choice is given below in order
to satisfy a larger algebra (4.1) involving xas4+1 and the supersymmetry generators. The proofs
in this section follow only from the fact properties of the transfer matrix already derived, and do
not require any knowledge of the explicit representations of the h,,. The relations listed at the
beginning of this section are thus valid for all models whose Hamiltonians can be written in terms
of the h,, obeying the algebra (2.5) extended to include xar41 via (3.8).
The raising and lowering operators are then simply

1
Ui = MT(:FUI@)XMHT(:‘:UI@) ) (3.9)
where the factor Vi is a normalisation specified below. Their commutation relations with H follow
from an identity derived in the appendix. Namely, given the algebra (3.8) and the fact that the
Hamiltonian commutes with the transfer matrix,

[H, T(u)xar1T(—u)] = 2T (wharxar 1T (—u) (3.10)
for any u. The right-hand side obeys the identity
uT(Why X T(—u) = =T (W)xpr 1 T(—u) + Par(u?) (1 = whar) Xar i1 (3.11)

proven in appendix B.2 by exploiting the product form (2.11) of the transfer matrix. The raising
and lowering operators now follow simply by exploiting the fact that Py(u?) = 0. Setting u = Fuy
in (3.10,3.11) gives

2
H, T(Fup)xp T (Fug)| = iIkT(¢Uk)XM+1T(iUk)a

i.e. (1.2) and (3.1). In order to obtain distinct operators, here and henceforth I assume that no
ug = uy for k # k’. If two roots do happen to coincide, they can be split by varying one of the b,,.
The subsequent analysis then applies, and the degenerate case is obtained by taking a limit.
Acting with W, on an eigenstate of H with energy Fq therefore either annihilates the state or
gives another eigenstate with energy Ejy 4 €. Since the original Hamiltonian is Hermitian, the eg
and hence the u; must be real. By convention I take ug > 0 for £k = 1,2,....5 and often write the
raising/lowering operators as U;, where | = +k and u; = £uy. The definition (3.9) requires that

(U))? o T(w))T(—w;) = Pry(u?) =0, (3.12)

so acting with the same raising or lowering operator twice annihilates any state. These operators
thus satisfy Pauli exclusion. Moreover, the W; are the right and left eigenvectors of T'(u;) with
zero eigenvalue:

T(w) ¥ =0_T(w)=0. (3.13)

10



Since T'(u) is Hermitian, (3.9) also means that (¥;)7 = ¥_,.

The relation (3.9) between the transfer matrix and and the raising and lowering operators
makes it straightforward to find the effect of the latter on the eigenvalues of the former. Since the
Hamiltonian commutes with T'(u) for any u, they share the same eigenstates. Since the T'(u) at
different values of v commute as well,

T(u) ¥, T(—u) = ]\10T(—ul)T(u)XMHT(—u)T(ul) . (3.14)

Using the identity (3.11) as well as the definition (3.9) of the raising and lowering operators then
gives

T(u) 0 T (1) = 3T () (~aT@hapo i T(u) + Par(u)(1 = whar)xassr) T(-a)

= — 5 T(w) [H, 0] T(~u) + Par(a?) (90 = S[H, W]

_ ;( T (@)W (~u) + Py () — )W) | (3.15)

yielding the elegant formula
(u + u)T(u) U, T(—u) = Ppr(u?)(uy —u) ¥, (3.16)

When u? is not a zero of Py(u?), the transfer matrix can be inverted and so (3.4) results. This
formula still holds in the limit w — fwuy, where it reduces to (3.13).

The commutators of the higher Hamiltonians with the raising/lowering operators are easy to
work out using the derivative of the identity (3.4) with respect to u, namely

(w —w) T (u) — (u+w) T (w) ¥ = {¥;, T(w)} .
Multiplying by T'(—u) on the left and using (3.4) to commute it with ¥; gives
(u2 — ulQ) [T(—U)T/(U) y \I’l:| = QUlPM(’LL2)\I’l .

Expanding T'(—u)T"(u) in terms of the higher Hamiltonians using (2.19) and comparing the terms
at each order in u gives

[0, 0] = 2(e) 1y [H®), w] =0. (3.17)

for all positive integers s. The ¥; are thus raising and lowering operators for all the non-diagonal
Hamiltonians.

3.3 The algebra of the raising and lowering operators

Here I derive the algebra (1.3), i.e. show that the ¥; can be viewed as annihilating and creating
free fermions. To start, note that

{w, \If,m}:Ni lim {9, T(u)xpT(—u)} (3.18)

m U—>Um,
Using (3.4) to commute the transfer matrix with ¥; gives

U +u

{‘I’h T(U)XM+1T(—U)} = w — T(U){‘I’la XM+1}T(—U)
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The anticommutator on the right-hand-side can be done by using

1 4
{‘1’17 XM+1} = E{T(_UI)XM—i-lT(Ul)v XM-H} = EPM—l(“lQ) ) (3~19)

which follows by anticommuting x,,,; with the expression written in the second line of (B13) and
the fact that Pp(us) = 0. Then

4 up+u 4 up+ u
{W, T(w)xpr 1 T(—u)} = ﬁPM 1(uf) - UT(U)T(—U) = EPM—I(UIQ)PM(UQ)UZ 0

Taking the limit © — u,, to get (3.18) means that this anticommutator vanishes for any m except
m = [. In this case both the numerator and denominator vanish, and so taking the limit gives

U, Vot = —0im—rs 2 P 1 (u}) Py (uf) -

This gives the algebra (1.3) of the raising and lowering operators when the normalisation is set to

S
(N))? = —8u Pay—1(uf) Phy(uf) = 16Pyr 1 (uf) [ < - ) . (3.20)
s=1,s7#l

3.4 The Hamiltonian and transfer matrix in terms of raising/lowering operators

The task of this subsection is to derive (3.5) and so give the transfer matrix in terms of the
raising/lowering operators. The key to the derivation is showing that, as suggested by their com-
mutation relations (3.17), all the Hamiltonians can be written nicely in terms of the bilinears as

S
HEHD — Z [ Wy, U] (3.21)
k=1

for ¢ any non-negative integer.

The contour-integral definition of the H® gives an expression for the Hamiltonians useful in
this derivation. Since H(u) is meromorphic, this contour integral can be rewritten by changing
variables to € = 1/u, where the contour in € is now at a circle at some very large |e|, encircling all
the poles at € = Le;. Thus

— )

Since the maximum power of u in T'(u) is S, for positive r the integrand has no pole at e = 0, only
those at 4¢;. Thus

o1 2 _ 25+r—2 LT e
I _27”74(1 Hu y{ T @ YT

o Iy g / ’ /
HY =—=3 ; I, szklen —€2) (T(=1/ex)T'(1/er) = (=1)"T(1/ex)T'(—1/€x))
S _
; Pz'\jlzuk (—up) T (ug) — (=1) T (ug)T' (—ur)) (322)

For r even, using the identity (2.21) shows that (3.22) indeed reduces to (2.22).

12



Thus to prove (3.21), consider

(W), U_y] = Ni lim (U, T(u)X 1T (—u)] (3.23)

k U— UL

Using (3.4) to commute the transfer matrix with ¥; gives
U + U
[\Ijkv T(U)XM+1T(_u)] = T(u) [\Ij/ﬁ XM—i—l]T(_u)

U — U
Since this denominator is vanishing as u — uy, taking this limit in (3.23) requires some care. The
zero eigenvectors in (3.13) come to the rescue, guaranteeing the numerator also vanishes in this
limit, giving

(7
(O, U] = _2F]Z (T" () Wrxpg 1 T (—up) + T (ur)xXar 1 ORT" (—ug)) -

The order of x;,,, and ¥; in each of the two terms can be switched by using the anticommutator
(3.19). The terms involving ¥y then vanish because of the zero modes in (3.13) so that

(O, O] = W(T/(Uk)T(Uk) + T(*Uk)T/(Uk)> (3.24)

using the expression (3.20) for the normalisation. Using (3.24) in (3.22) then gives instantly (3.21),
and as a special case, the expression (1.5) of the Hamiltonian in terms of the bilinears.

Relating the transfer matrix to the bilinears ¥;¥_; as in (3.5) is now straightforward to do.
The algebra (1.3) requires that all these bilinears commute with each other and that each squares
to itself. Moreover,

([, ©])” = {h, U4} =1,
The expressions (2.22) and (3.21) then can be unified to give
S
HO =" (e [T, U_y])" (3.25)
k=1
for all positive integers r. The sum of the higher Hamiltonians is then related to the transfer matrix
via their definition (2.19) as

[ Wk, U_g]

S
_—lnT ZH Z 1—U€k[‘1’k, \I/,k] =~ lnH 1—uek[\1’k, v_ ]) .

k=1 k=1

This differential equation in « is valid in the region near v = 0. Solving it using 7'(0) = 1 gives at
last the elegant expression (3.5). As a consistency check, note that the commutation relation (3.4)
follows simply from the facts that

(Wgy U |Wyy = £y, Uy [Wh, Uog] = FUsg,
as follows from the algebra (1.3).

4 Supersymmetry and its extension

The exponentially large degeneracies described in section 3.1 come as rather a surprise. They occur
in this model only for open boundary conditions; it is easy to check using exact diagonalization
that taking periodic boundary conditions splits the degeneracies without spoiling the integrability.
Whereas such degeneracies do occur in integrable models, having them identical for each level is
rather unusual. I show in this section that this behaviour is a consequence of a symmetry algebra
extending the supersymmetry algebra. Its generators commute with the transfer matrix but not
each other, and not with the raising/lowering operators.
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4.1 Supersymmetry

Although not obvious via its formulation in terms of spins, any Hamiltonian whose generators obey
(2.5) in general has a supersymmetry analogous to that appearing in particle physics, where the
Hamiltonian itself is part of the supersymmetry algebra. Precisely, it is supersymmetric whenever
its generators can be written in terms of fermionic operators x,, obeying the algebra

Xm = Qms XmXm+1 = Xm+1Xm > XmXn = ~XnXm for |TL - m| >1 ) (41)

where a,, is a real number. Setting

hin = Xm—1Xm (4.2)

means that (4.1) immediately implies that the h,, obey (2.5) with b2, = (a;,_1a.,,)?. For open

boundary conditions, the index on x,, runs over m = 0,--- , M + 1, although the Hamiltonian
does not involve xas4+1; this “extra” operator is involved only in the construction of the raising and
lowering operators in section 3. For simplicity, ap;+1 = 1. The Hamiltonian for open boundary
conditions is therefore

M M
H = Z Xon—1Xm = Z hom (4.3)
m=1 m=1

The basic fermionic conserved charges are constructed in a similar fashion to those found in
various chains in [17]. Here, there are two such “supercharges”, consisting of sums of the x, with
even and odd indices:

[(M+1)/2] [M/2]

0= Z X2j+1 5 E= Z X2j - (4.4)
j=0

Since each term in O anticommutes with each of the others, its square is proportional to the identity,
and likewise for F:

[(M+1)/2] [M/2]
(0)2 = Z a%j—l ; Z 023 . (4.5)
j=1

Defining the Hamiltonian in the usual supersymmetric fashion [18] gives the generalisation of (1.8)
to non-uniform couplings:

H= (E+O

l\')\v—l

M 1
—=> a, = = ;{E.0}. (4.6)
m=0

Since E? and O? are constants, (4.6) requires that [O, H] = [E, H| = 0. This supersymmetry is also
present for appropriately twisted boundary conditions when the generators are interpreted mod M.
However, I remain focused on open boundary conditions here.

It is easy to find explicit x,, for each of the Hamiltonians in (2.2). For a collection of L spins,
2L Majorana fermion operators are defined in the usual fashion in (2.6). Two sets of x,, then are

Xm = 1Gm Yomt+2V2m+3¥om+4 ; Xm = tm Yom+1¥2m+2¥om+3 (4.7)
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for m = 0...M and M = L — 2. The operator used in constructing the raising and lowering
operators can be taken to be xar41 = ¥om44. The xp, obey (4.1) among themselves as do the X,
while the different types anticommute:

{Xm, Xm'} =0 for all m,m’ .

Defining E and O analogously to £ and O gives two commuting supersymmetric Hamiltonians
defined using (4.6), namely those given in (2.2) and (2.3). Written in terms of the fermions, each
is purely four-fermion:

M M
H = Z bm ¢2mw2m+1¢2m+3¢2m+4 ) H = Z bm, ¢2m71¢2m¢2m+2¢2m+3 ) (48)
m=1 m=1
where b,,, = —a,,—1a,, and Em = —Qm—10m-

An obvious symmetry of the Hamiltonians H and H is “fermion-number parity” or equivalently,
flipping all the spins. The generator F obeys F2 = 1 and can be written in terms of the spins and
fermions as

L 2L
F=]]er =" - (4.9)
=1 j=1

The spectrum can then be grouped into sectors with eigenvalue £1 of F. Since the supercharges
each anticommute with F and square to a non-zero constant, they map between the two sectors.
Since they also commute with H, the spectrum in each of these sectors must be identical. In other
words, each of the supercharges is a strong zero mode.

The supercharges commute with all the symmetry generators Q) and hence the full transfer
matrix, just as the Hamiltonian does. The proof is similar. A key identity is

XmXm+1Xm+2 = XmPm42 = —hmioXm = —Xm+2hm+1 = hin1Xm+42 - (4.10)
while otherwise
[Xm» han'] =0 form#m' +2,m' —1. (4.11)
Then

2Xmhmy by - g m—m,=1,-2, a#mpp1—1, a #my_1 +2

0 otherwise .

[vahrm Py - hms] = {

The additional restrictions arise because [Xm, hm—1hm+2] = 0. Doing the sums over m and the m,.,
the terms cancel pairwise because

[Xm7 herl] + [Xm+2, hm] =0.

as a consequence of (4.10). All terms in each of [0, Q)] and [E, Q(*)] pair in this fashion because
of the additional restrictions, and because each pair involves x,, and Xm42. Thus both E and O
are conserved charges:

[E, T(u)] = [0, T(u)] =0. (4.12)
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4.2 An equivalent Hamiltonian

The solution of the open chain in section 3 using raising and lowering operators requires only a set of
generators h,, obeying the algebra (2.5). Since having fermionic operators obey (4.1) implies both
(2.5) and the supersymmetry, it is straightforward to find other models with the same physics. Here
I present such a model where H stands alone; i.e. there is no analogous commuting Hamiltonian
H.

This equivalent Hamiltonian is easiest to express in terms a Majorana chain coupled to an Ising
chain. The Majorana operators 1); are defined as above on a chain of L sites, while the Ising chain
is comprised of 2L sites, each having a two-state system. Denoting the Pauli operators acting
non-trivially on the latter chain by 7']‘.1, the x,, defined by

X3j—3 = @3j—3 VT, Xgj_o = @3j—2vj,  Xsj_1 = G3j—1 ;T T (4.13)

satisfy the algebra (4.1) for m = 0...6L — 2. Thus I take M = 6L — 2 with the edge operator
defined as xar4+1 = ¥, 77. The supersymmetry generators and Hamiltonian are defined via (4.4)
and (4.6) as above, giving

2L 2L—1
Hiyo—chain = Y bgj—o7) + (b3j717—j27—jz+1 + iijwjd)j-i-lszT}I.H) (4.14)
=1 j=1

Rewriting the Majorana chains in terms of spins means the bilinear 43);1;41 corresponds to o7 for
J odd, and o507 for j even. The Hamiltonian (4.14) has only one set of raising and lowering
operators, because there is no second set of commuting generators. Its complete spectrum thus is
given by (3.2), where the u remain zeroes of the polynomial Py (u).

The Hamiltonian (4.14) provides some insight into the degeneracies. When b3; = 0, the two
chains decouple and the Hamiltonian is simply that of the transverse-field Ising chain. In this
limit, the Hamiltonian acts trivially on the 2L Majorana degrees of freedom, and so the degneracy
per level is 2. The construction of raising/lowering operators guarantees that these degeneracies
persist for all bs;. Indeed, (4.13), yields 6L different x,, for a system with 3L sites, i.e. twice as
many supersymmetry generators as there are sites, just as with the four-fermi Hamiltonian H + H.
There thus remain just 2[(M+2)/3] — 22L ({istinct energies with a Hilbert space of dimension 23L.

In some ways this coupled-chain system resembles that introduced in [19] to provide a lattice
model with emergent supersymmetry. Both feature an Ising chain coupled to a Majorana chain,
where the number of Majorana fermion operators in the latter is the same as the number of spins
in the former. Both feature a self-duality for uniform couplings, and as discussed below in section
5, a multicritical point with a flow to Ising with supersymmetry spontaneously broken. However,
the couplings between the two chains are different, leading here to the multicritical point z = 3/2
point analysed below, whereas that of [19] leads to the tricritical Ising point, described by a z =1
(but not free-fermionic) conformal field theory in the continuum limit.

4.3 Extended supersymmetry

The operators E and O commute with the Hamiltonian and transfer matrix, but not with each
other. Their anticommutator gives H, while their commutator thus gives a bosonic conserved
charge comprised of non-local operators. An important but less obvious feature is that the latter
can be split into two pieces, each of which commutes with T'(u). I show here how this feature can
be used to construct a hierarchy of bosonic and fermion operators obeying a generalisation of the
supersymmetry algebra.
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The bosonic conserved charge [E, O] can be split as

1
- —0® _g®
5 [E, 0] =0% - E®)
0% = Z X2kX25—-1 > E® = ZX%—IXQ]’ . (4.15)
j>k+1 >k

where the upper limit of any sum is chosen to make all x,, have m < M. It is easy to check
explicitly using (4.10) that H commutes with 0® and E® individually. More generally,

[[E,0], T(w)] =0 = [0, T(w)] + [E®, T(u)] .
There can be no cancellation between the latter two expressions because

X2kX2j—1hm1 cee hms 7é iXQk’—1X2j’hm'1 e hm/S

for any choice of j > k+1, j* > k/, and the m, and m/,. Therefore
[0(2),T(u)] - [E@),T(u)} ~0. (4.16)

These bosonic conserved quantities O®) and E? neither commute with each other nor with Q.
Thus a huge zoo of quantities commuting with H can be constructed by taking products of O, F,
O® and E®), and then splitting into the even and odd parts as in (4.15). A useful hierarchy of
such operators O®) and E®) is similar to O® and E@, in that the indices on the Xm in each term
in the sum must differ by at least three, and alternate between even and odd. The label s simply
is the number of x,, present, so that having s odd gives a fermionic charge, while s even bosonic.
The easiest way to prove that such operators are indeed charger is to express them as commutators
or anticommutators. For example, the next charges are given by

1 1
0B — 5{0’0(2)} = §{O,E(2)} = Z X2j/—1X2kX2j—1 »
G>kA+1>5'+1
1 1
E®) — 5{E,E(2)} = 5{E,O(Q)} - Z X2/ Xok—1X2; - (4.17)
j>k>5'+1

Each therefore must commute with the Hamiltonian and transfer matrix.

The trick for even s in general is to split a commutator or anticommutator into the difference
0 — E() where O®) contains all the terms where the highest index m on a X, in that term is
odd, while E®®) contains all highest indices even. Thus for example

[B,08)] = —[0, E®] =20W —2EW |

and it is easy to see that all terms obey the rule that all indices differ by at least three and alternate
between even and odd. Both O® and E® commute with T'(u) by the same argument leading to
(4.16). Continuing in this fashion gives the odd ones as anticommutators. Letting O(0) = E(0) =1,
O = E and EMW = O gives

T 1 T 1 T T J— 1 T 1 T
or+l) = 5{O,O<2 N = 5{(),E(2 N, BOD = 5{E,o<2 N = 5{E,E<2 L (418)
The even ones need to be split:
1 1
2r) _ p2r) — = (2r—1) _ _ = (2r—1)
@ E¥) = 2[E,O ] 2[O,E ]- (4.19)
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All terms in these currents obey the property that the indices are at least three apart. These
defining relations use the “unnatural” commutator or anticommutator; for example the bosonic
charge O®) is obtained from the commutator of two fermionic charges O and E. The remaining
unnatural ones are simply

[070(2j+1)] -0, [E,E@j“)] =0 , (4.20)

because O? and E? are constants.
The charges O®) and E®®) do not commute or anticommute among themselves like the Q(*) do.
A few of the relations are simple; for example,

%{o@), E®} = Q® + oW 4 EW |

In general, however, the commutators/anticommutators are not so nice, and so still more conserved
charges are generated. I have not found a closed algebra, nice or not, like that that found in [12]
for the Cooper pair model.

4.4 Degeneracies from the extended supersymmetry algebra

The charges O®) and E(®) commute with the Hamiltonian and transfer matrix, but in general not
the raising and lowering operators. They thus can be used to construct other raising and lowering
operators defined by

\Ijl(QT‘) = %{0(27‘—1) + E(QT_I), \Ijl} ’ \I]l(2T+1) = %[0(27’) + Ev(?’r‘)7 \Ijl] . (421)

Defining O = E(©) =1 gives \I/l(l) = ;. Taking the appropriate commutators and anticommuta-
tors with (1.2) and (3.4) then gives

[H, \Ifl()} =20\ | (w + ) T(u) ¥ = (u; — u) T T(w) (4.22)

for all s.

The i’l(s) do not satisfy the full free-fermion algebra in general, but their satisfying (4.22) is
sufficient to make them raising and lowering operators, either annihilating a eigenstate of H or
mapping it to another with energy shifted by ¢;. These operators are non-trivial and distinct for
s < 5, as is easy to check using the explicit expressions of the charges in terms of the y,, and the
fact that xp; commutes with xp741. Thus for at least some energy eigenstates |E) and s # s,

viE) # v|E) (4.23)

because energy eigenstates form a complete set of states. The energy shift however is independent
of s, so the distinct states in (4.23) must be degenerate. The states therefore form degenerate
multiplets, as typical in the presence of any non-abelian symmetry algebra. Since for a given [ all S
operators \I/l(s) are distinct and, it is natural to expect that the dimensions of these multiplets are
exponentially large in S and hence the system size. Such degeneracies indeed occur in the spectra
of H and T'(u), as described in section (3.1), and thus are a natural consequence of the symmetry
generators O®) and E().

Characterising the multiplets precisely from representation-theory point of view seems an ambi-
tious task, given that that algebra involving all the O®) and E(®) is not known. However, the earlier
analysis suggests that this representation theory is very simple, in that the size of the multiplets
is completely independent of state, as showing in section (3.1). This strongly suggests that even
though the W) defined in (4.21) do not have nice commutation/anticommutation relations, there
exists some subalgebra of the full algebra which does. Moreover, given the structure of degeneracies,
it is natural to expect that it is some sort of Clifford algebra.
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5 Staggered and uniform couplings

The analysis above has been rather formal, and applies to any couplings b, as long as the generators
of the Hamiltonian obey (2.5). The upshot is the complete spectrum is determined simply in terms
of the roots uj of the polynomial Pps(u?) of order u?M/3] Here 1 describe some of the physical
properties of the spectrum when the couplings are staggered. The easiest form of staggering to
handle is where they repeat every third term in the Hamiltonian, i.e.

b3j+1 = b1 = \/&, b3j+2 = b2 = \f, b3j+3 = b3 = \/’7, . (51)

This form of staggering is quite natural from the point of view of the commutation relations, since
each all elements of the set {h;, hjy3, hjt6, ...} commute with one another. It also is quite natural
in the Hamiltonian Hiyo—chain 10 (4.14), where v provides a way of tuning the coupling between
the two chains, with a and 3 the Ising couplings usually denoted h and J.

Finding the dispersion relation for the excitations amounts to finding the roots of Pys(u?) in
the special case (5.1). I give this derivation in appendix C, parametrising the roots in terms of two
variables, B and p. Because the interactions are next-nearest neighbour, B ends up being related
to p by the cubic equation

B3 =2afycosp + (o + ay + 3v)B . (5.2)
The solution needed is the one where B is real and obeys
B> (afy)'? . (5.3)

The resulting explicit expression for B(p) in general is not terribly illuminating. The variable
0 < p < mis akin to the momentum for this open-chain problem, and for S large satisfies the
standing-wave condition
) B3e—tp
o205 _ B'e™ + aBy (5.4)
B3e® 4 afy
where M = 35 is a multiple of three. When M is not a multiple of 3, the right-hand side of (5.4)
is modified, but remains a phase. Given B and p, the expression for the energy levels is
1
2 2 2 2
=—(B°— B — B — . 5.5
€= g8~ ef) (87— an) (B - 5v) (5.5)
The dispersion relation €(p) thus can be found simply by solving the cubic equation (C11) to get
B(p) and substituting into (5.5). The standing-wave condition (5.4) determines the precise values
of p allowed, which are labelled by the integers £ = 1,...,5 in the foregoing. For large S, the
splitting between successive solutions of (5.4) is Ap ~ /S, and so the density of states is simply
37w /M to leading order in 1/M. The ground-state energy per site is therefore
Ey 1 (7
— d . 5.6
x g | ) (56)
Excitation energies simply correspond to changing any of the signs in (1.1) from negative to positive,
thus increasing the energy by 2¢; when the kth sign is chosen.
Gapless excitations arise when €(p) — 0 in some limit. In appendix C they are shown to occur
only when p — 7, and moreover, only if two of the couplings «, 8, are equal. Setting a = =1,
the cubic equation (C11) for B, = B(m) reduces to

(By—1) (B2+B,—2y) =0
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Figure 1: The phase diagram with staggered couplings, with a+ 8+~ = 3. Each side of the triangle has one
vanishing coupling, and each corner two. The multicritical point at & = 8 = < = 1 has dynamical critical
exponent z = 3/2, while the dashed lines are Ising-type transitions with z = 1 that separate gapped phases.

Only for v < 1 does the solution By = 1 obey the inequality (5.3), so
(5.7)

Utilising (5.5) means that e(p) — 0 as p — 7w only for v < a = f. It is shown in the appendix
that ¢(p) vanishes linearly here, and so a critical phase transition across these line segments. For
v > « = f3, the system is gapped.

The phase diagram of the staggered model in therefore given in figure 1, where for convenience
the couplings are normalized to satisfy oo+ 8+ = 3. At the corners of the triangle, two couplings
vanish, and the Hamilton is trivial to diagonalize. The order parameters for the three phases are
therefore simply expectation values of h,,, as shown in the figure. In the original four-fermion
model, this amounts to favouring alignment among spins on two of the three sublattices, e.g. on
the sites m = 35 and 3j 4+ 2 in the phase at the top of the diagram. The critical line segments are
therefore typical order-disorder transitions; symmetry between sublattices (broken only by being
on an open chain) implies they happen when two couplings are equal.

More useful intuition comes from considering the coupled-chain Hamiltonian (4.14). Setting
v = 0 there corresponds to decoupling the two chains, leaving an interacting Ising chain and a
Majorana chain with trivial Hamiltonian. Thus along the bottom of the triangle, the physics is
simply that of the Ising chain, which indeed has a critical transition when the two couplings are
equal. The symmetry under exchange « <> § is simply Kramers-Wannier duality. Turning on - is
a (marginally) irrelevant perturbation, leaving the transition intact for v < oo = 3.

The Hamiltonian H, with uniform couplings is therefore a multicritical point where the three
critical line segments meet. The physics here turns out to be rather striking. The solution to (C11)
is simply

B, = 2cos§ , (5.8)
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with 0 < p < . The dispersion relation (5.5) in the uniform case is then exactly

a3

sm-p
p)= S22 (59)
Slngsnl 3

=3V}
—

so indeed €(p) — 0 as p — w. However, the dispersion relation at the fermi sea is not linear.
Instead, for p near ,

4 3/
ct)~ (3) ln-al (5.10)

Since Ap o 1/L for large system size L, the gapless dispersion relation (5.10) corresponds to
having dynamical critical exponent z = 3/2. The critical line segments have z = 1, more typical
for free-fermion systems.

This critical exponent in the uniform case is something of a surprise. Another uncommon
exponent comes by studying the gap as the multicritical point is approached. Tuning to this point
along the gapped a = 3 line gives a gap vanishing as (y—«)%/2, as follows from (5.7) and (5.5). The
same scaling occurs when approaching the multicritical point from any gapped direction. Namely,
varying the couplings slightly away from 1 while fixing o + § + v = 3 gives B(w) =~ 1 + 6 B, where

(6B)? = %(5(155 1 (60)? + (68)?) | (5.11)

with the right-hand side indeed always greater than zero for a non-vanishing variation. The gap to
leading order in the variations is then

A? o (26B — 6o — 6B) (26B + 6c) (26 B + 63) = 2(6B)® — a6 B(5ex + 613) . (5.12)

It is straightforward to check that the only directions where the gap stays zero are along the three
critical line segments da = 05 > 0, da = —208 > 0 and 68 = —26a > 0. Thus indeed the gap
vanishes with the same exponent 3/2 that appears in the dispersion relation.

6 Conclusion

The models described in this paper have the remarkable feature that they can be solved by con-
structing free-fermion raising and lowering operators, despite their Hamiltonians having no apparent
expression in terms of local fermion bilinears. Thus while the spectrum is given by the canonical
free-fermion form (1.1), other free-fermion characteristics need not apply. For example, the local
fermions ¢; cannot be obtained as a linear sum of the W4,, since there are more of the former
than the latter. Thus the approach here does not seem to give further insight into the correlation
functions beyond the critical exponents and gap derived above.

It is thus difficult to guess even qualitatively some of the physics will be beyond the results here.
For example, since the model is solvable for any couplings, it should be possible to understand the
behaviour when they are random. Presumably an infinite-randomness critical point occurs as in
the analogous random Ising chain [20], but is not at all obvious what it will look like. It is not
even immediately clear how to adapt the decimation procedure used in [20] to this model, since the
interactions are not nearest-neighbour.

Of course, the situation here is rather unusual, in that each level has an exponentially large
degeneracy ~ 2M/3 " as described in section 3.1, even with random couplings. Imposing periodic
boundary conditions splits these degeneracies, and there is no particular reason to expect that the
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resulting energy splittings de will have the same dynamical critical exponent. Indeed, numerics [8]
and analytic arguments [15] suggest that the splitting will be de oc p®, where p is the momentum
here. Since as shown in appendix A the model remains integrable with periodic boundary con-
ditions, this splitting should be computable, presumably using some sort of nested Bethe ansatz.
However, the lack of an obvious U (1) symmetry makes using the Bethe ansatz much more difficult,
and I have not been able to do this calculation.

Another interesting direction to explore would be a connection of this very non-standard in-
tegrable model with other integrable systems. One intriguing observation is that the dynamical
critical exponent z = 3/2 at the uniform point is identical to that of the famous 1 + 1-dimensional
KPZ equation [21]. Perhaps this correspondence is a coincidence. However, the fact that correla-
tors for KPZ [22] and free-fermion models such as the Ising model [23] can be written as Fredholm
determinants hints that it is not.

Less ambitiously, the techniques described here almost certainly can be applied to simplify the
solution of the “free-parafermion” model [5, 6, 7]. Indeed, the transfer matrix there can also be
decomposed into a product form like (2.11), the observation that made possible the much simpler
analysis here. A more intriguing possibility for application of these techniques is the Cooper-pair
chain of [12], shown in [24] to be equivalent to another interesting chain [25]. Like here, the spectrum
with open boundary conditions is free-fermionic even though the Hamiltonian is not comprised of
free-fermion bilinears. Also like here, the Cooper-pair model is integrable and supersymmetric,
with a underlying large non-Abelian symmetry algebra extending the supersymmetry. The algebra
of the Hamiltonian generators there is more complicated than (2.5), however, so the analysis may
take a little more finesse.

I thank Dave Aasen and Jason Alicea for sharing their unpublished results, Hosho Katsura for
reminding me that z = 3/2 in KPZ, and Jacques Perk for pointing out the R matrix is that of the
Perk-Schultz model. This work was supported by EPSRC through grant EP/N01930X.

A The R matrix and integrability

All the derivations in the main text followed from expressing the transfer matrix as the product
(2.11), and then doing manipulations using the algebra (2.5). This product form is only valid for
open boundary conditions, rendering the techniques fairly useless for periodic boundary conditions.
In this appendix I first rewrite the transfer matrix in matrix-product operator form using the specific
representation where h,, is given by (2.2). I then find an “R-matrix” that makes it straightforward
to show that transfer matrices at different values of the spectral parameter commute with either
open or periodic boundary conditions, so that the model is integrable.

The transfer matrix is a sum over products of h,, = by05,05 105, 5. For ease of notation, I
give the derivation for the uniform case b,, = 1, and then explain the generalisation to couplings
varying in space. In order to define the appropriate Yang-Baxter equation, it is useful to rewrite
the transfer matrix as a matrix-product operator, or in more traditional statistical-mechanical
language, as a vertex model. The matrix-product operator (MPO) is of the form

Tpe(u) = Z Ayl AP AR L CARE ot oy?os® . oth (A1)

bty tr—1c

{am}{tm}

A nice picture for this MPO is
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Each vertical line corresponds to acting with the operator o on the Hilbert space, where a,, = 0,z
or z, with 69, = 1 and the other two given by (2.1). The horizonal line segments are labelled by the
“auxiliary” or “internal” indices t,,. Each crossing corresponds to the tensor At“;“_ 11, that gives
the appropriate weighting for the corresponding term in the transfer matrix.

Finding the appropriate elements of this tensor is easy given the simple form of the transfer
matrix, where all the h,,, in a given term must commute with each other. The auxiliary indices
run over the same three channels 0, z and z that the a,, do. Then the only non-vanishing elements

of the tensor are A3, AZ,, A% and A%, and

A80217 6zz xi_u’ (A2)

zxtz0 —

are the only constraints needed. The transfer matrix is then found by doing the sum in (A1) over
all a,,t;, = 0,z and z, with the end indices labelled by b and c. For periodic boundary conditions,
the transfer matrix is given by

TP ) = 3 Tyw) (43)
b=0,x,z
with L = M, while for the open boundary conditions used in most of the paper it is

T(u) = Too (A4)

with L = M +2. This transfer matrix is that of an eight-vertex model, since there are eight different
configurations possible at each vertex. However, this most definitely is not the famed eight-vertex
model solved by Baxter [16], as there are three channels here in the auxiliary /internal space.

The derivation of commuting transfer matrices follows from the “RTT” relation. These involve
a 9 x 9 matrix R(u,u’) whose matrix elements Rbc, are labelled by letting a,a’,b and o’ each take
the values 0,z and z. The art is to find an R matrix that satisfies

S RE (! ) Torer (W) Tae(w) = 3 Toa(u) Ty (W) RES (u, ) (A5)
d,d’ d,d’

for all b,b, ¢, and u,u’, along with
(R(u,u))™ = R(u',u) . (A6)

If such an R matrix exists, then it immediately follows that [TP"(u), TP (u)] = 0. For those with
open boundary conditions to commute, the additional conditions

R (u,u) = oo = Rpg (u,u') (A7)

must be satisfied as well.

The beauty of the R matrix approach is that the RTT relation can be reduced to a local one
by rewriting the transfer matrix as an MPO /vertex model as in (Al). To find the matrix R, one
needs to solve

Z Rbd’ (u, U/)A&/C/Adc = Z AbdAZ/d/Rz/C;(U, U,) y (AS)
d,d’ d,d’
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where the non-commuting operators A and A’ are defined by

Acd = Z Aly(u)o® ed = Z Agy(u')o”

a=x,Yy,z a=x,y,z

with the tensor elements A%,(u) defined in (A2). Repeatedly applying (A8) allows the R matrix to
be commuted from one end to the other, yielding (A5).

Since there are 81 matrix equations in (A8), the system is wildly overconstrained. It is thus
straightforward to work through and find what I believe is the unique solution for R, up to an
overall constant and gauge choices. The 9 x 9 matrix breaks into three 1 x 1 blocks with

RG) = Ry =RZ =1, (A9)
and three 2 x 2 blocks
R R
(s S

with d # c. All other matrix elements of R vanish. The solution is easiest to display by making
the gauge choice

6-(u) = AZo(u) = Vu, A (u)=-1, (A11)

for u positive. Then (A8) and (A6) require

/
u—1u
Rgx:_RxOZROZ:_RzOIR:Bz:_Rzm:
0 Ox 20 0z 2T Tz 7
u+u
NI !

ROO_ zx_ROO_Rz2_2 uu Rxa:_ 2u Rzz_ 2u A12
xx — 00 — flzz — 00_u+u/7 zz_u+u/7 mz_u+u/' ( )

These elements satisfy (A7) as well, so the model is integrable for both periodic and open boundary
conditions.

This R-matrix can be put in standard difference form by defining u = exp(26) and v’ = exp(26’),
so that the blocks (A10) for d = 0 and ¢ = z or z are

1 sinh(0" — 6) 1
cosh(6 — 0") ( 1 sinh(6 — 9')) ) (A13)

while the block for d = z and ¢ = z multiplies the off-diagonal elements by e+(®=%). In this form
it is recognised as the well-known Perk-Schultz R-matrix [26, 27], but the transfer matrix 7' does
not appear to have arisen previously in this context.

The transfer matrices commute even with spatially varying couplings. The MPO is defined
simply by generalising (A1) to have position-dependent tensor elements A{™ , (u,,), with the
gauge choice (A11) changed to

0z(um) = bpu ,  Ajg(um) =1, A7, =-1, (A14)

The proof is simply to check that (A8) is satisfied for any gauge choice, and that in any gauge, the
solution is invariant under rescaling u and u’ by the same constant like (A12) is. Equivalently, it
is a consequence of the R matrix satisfying the difference property.
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B Essential but technical proofs

Here I provide the derivations of two essential results. One is that the commutation of the transfer
matrices for open boundary conditions requires only the properties of the algebra (2.5), and so will
apply to any model whose Hamiltonian and transfer matrices are generated by such h,,. The other
is an identity essential in deriving the properties of the raising and lowering operators. In both
cases, the product form of the transfer matrix is essential.

I define some notation to simplify the equations. First of all,

Cm = COS Oy (B1)
while a rescaled Hamiltonian generator obeys

o P (B2)

h! = sin ¢y, —
m m
b Cm—1Cm—2

Then
(h)? =sin® ¢ =1—ch,  (gm)> =1+hy,

by using the definitions and the identity (2.14). Throughout the appendix, the +u arguments are
usually omitted, with —u accounted for by defining O~ = OT(—u) for any operator. Then

gmgr; =Cm , gmhn = hngy:z ) gmhng;n = 972nhn = (1 + h;n)hn s (B?’)

with |m —n| =1, 2.

B.1 Direct proof of commuting transfer matrices for open boundary conditions

Here I prove that the conserved charges QS\Z) and the transfer matrices comprised of them commute
among themselves. The key ingredient in the proof is to show that conjugating with G implements
a sort of duality. Namely, defining

~ COS P41 COS P12
m = Nm B4
h " COS Q1 COS Py 2 (B4)
means that
(CuEw) Q=) = S Ty by -+ B, = QY (B5)

MZ2mpq1>mp+2

for any u? # u% In this expression, one must set cos gpr11 = cos pprro = 1 inside EM and ﬁM_l
along with the usual cos ¢g = cos ¢_1; = 1. This relation (B5) immediately leads to the commutation
of transfer matrices at different values of the spectral parameter:

QY = Gur()QW(Gar(w) ™" = Gar(u)(Gar(—u) ' QWG (—u) (G (w)) ™
= Toy (W) QW) (Tay (w)) " . (B6)
Since this identity holds true for any u # ug, [Q®), Q)] = 0 for all s, ', and so transfer matrices
at different values of the spectral parameter commute, yielding (2.10).

I first prove (B5) for s = 1 using induction. Let Hp and Hjps be the Hamiltonians with
generators h,, and h,, respectively, and assume that

(GM)_lHMGM = ﬁM .
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Then

(Grr1) " Hy1Gugr = mgﬂ}HﬁM!]MH + (Gy+1)  har1Gara
+

~ [y —~ —~ Grr9ns_
= Hyp_o + M4 (hMl + hay 4+ ML 9M19M> I+ - (B7)
CM+1 CMCM—1

AA crucial point is that in this expression the ?Lm are defined not including cpr41 or caryo, €.g.
har = har/(cpr—1¢p—2) here. The middle terms in (B7) are simplified using

IM+1 (hM—l + hM) IM+1 = (hM—l + hM) (1+ Rhyp)
while the final term can be simplified using
Inte19nIni—1 P19 - 190 90+1 = Inpr9arhar1 (U + hay—1) 99aria
= 9M+1hM+1(1 + hiy + CMhQ\/[—1) IM+1

= cpp1hpr + hargr (R + earPly—1) (1 + Riypy)
= earriharer — (W + earhly—1) (Para + bargasinarg). (BS)

Using these simplifications in (B7), terms non-linear in the h,, cancel because

Y hyv  —uhyn o, hun
hy hM+1 = = hMi )
CM—-1CM—2 CM—1CM CM—-1CM
~ haria haria
Y N VAL S v TR (B9)
CM—-1CM CM-1
To simplify the linear terms in (B7), note that
a1 singarer = —u” (1 — i1 )emenr—1 -

Therefore (B7) becomes

+ cMh?\/I—l)

2
-~ 1 hyr— h h 1—c¢
_1 M-1 M M+1 M1 [
Gy Hv1Gu1 = Hy—2 + + + + (R

CM+1CM—2 \ CM -3 CM—1 CM—-1CM UCM+1
har—1enrenrva n harenr+1 +hM+1CM+1

CM—2CM—3 CM—1CM—2 CM—1CM

= fAIM—z +

using (B2). The last three terms are precisely h M—1 +ﬁ M +ﬁ M+1, defined now so that they involve
all cos ¢y, with m < M + 1 (but not cos ¢pr42 or cos ¢pry3). Thus finally

(Grron) " Har1Garor = Hargs -
Quite obviously, (B5) holds for M = 1,s = 1 because
91 higr = gih1 = ciha

By induction, it then applies for s =1 and all M.
The general duality relation (B5) follows in a very similar manner. A crucial ingredient is the

recursion relation for the Qs\fl) found from (2.9) and (2.8), namely

W =@+ Qi (B10)
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Assuming (B5) holds true for up to some fixed M,
—1(s) L~ 50 1 (s—1)
(Gu+1)” Q1 Guy1 = mgMHQM 91+ (Gar1)  har1Qyy_ g Gargt (B11)

where here hy; and hy_1 are defined without including cy+1. The first term in (B11) simplifies
as in s = 1 case:

9M+1©§\84)9M+1 = CMJrl@\S\Z)—Q + (EMQE\Z:IP)) + EM%@\Z:Z)) (1+hlhsyr) -

This expression includes a slight abuse of notation: the ﬁm inside the @g\“})_? keep all ¢, with
m < M. The second term in (B11), however, requires more effort:

_ —1 Iv+19v9n— ~(s—1 har—a 25 hars 2
G]\41+1hM+1Q§\S4_2)GM+1 = MMM 1hM+1( 5\2_4) + Q]\Z 5) + S\Z_G)>9M_19M9M+1
CM+1CMCM -1 cMeM CM—1
(B12)

where again the ¢, with m < M are not set to 1. Of the three terms in (B12), the first simplifies
using (B8), the g, present commute through the middle term, and the last term is simplified via

Ini+19m 90 —1 Inm
H—hM+1hM 39M—19MmIM+1 AL

hMJrlEM 3 1+ A )
- M )9 M+1
CM+1CMCM—1 CM+1CM (

~ 1 ~
= —hyyrhyv—3 + ————hyp Kyhar—s(1+ Rlyyq)
CM CM+1CM

Now I can group together all the terms in (B12) multiplying hasq1(1 + Py )/ (emrrremenr—1):

(Bhs + enrhyr_1) QS + harhar—sQS 0 = Wy QY + earhlyy Q5
The other three terms in (B12) simplify to

haviyr (AG-1) o ~(s—2) o A=) haryr Aes—1)
_ —uhp— —uh _ .
CMCM 1 (QM,4 un g ZQM75 unpr— Q ) MM 1 QM,Q

Combining all the terms in (B11), the terms non-linear in the h,, (not including those within the
Q) all cancel as before using (B9), leaving

— S S5— S— h (s—
(Gm1) 1Q§\/[)+1GM+1 QM g+ —— (h Q( Y —I—hM 1Q( 1)) ﬁ@wf}
CM4 creM -1

1- N(s—1 N(s—1
¥ Tﬁ?l (1, @57Y + ety 157
2@( +hMQ(S Y4 B QM )+ e QS Y

= Q1 -

where now the h M and h m—1 are defined including cpry1. Thus indeed (B5) holds for all M, and
so transfer matrices commute.
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B.2 Proof of identity (3.11)

An identity extremely useful in constructing the raising and lowering operators is given in (3.11).
Its proof is given here. The first part in proving it is to rewrite the basic form of the raising and
lowering operators as

Trvxpa Ty = mGM—l (QM)2 XM+1 (9174)2 Ghrq
= MGM_l(l +sin® ¢ar + 20 ) Xar1 G sy
= 2y/Py1 Grr1 (9:)* Xars1 Gry_q — €08” dar Par_iXars1
= 2y/Prr1 Gar X1 G — PurXoga - (B13)

With some more effort, the same type of simplification can be done for their commutator with H:
s hygxara Tap = VPri—3 Gri—1 (9m)2g0—190—2 harXars1 9ar 29071 (90)> Gar 1

= /Prr—3 Gr—1 (gm)* (1 + Wy + enr—1 By—o) hourXars1(93)* Gy y

=/ Py_3Grp_1 (1 + sin? o+ 2h/M + C%W (h/M—l +cp—1 hIM,Q)) hMXM+1 G]T/[fl

= —QUb%wPM—SXM_H + v Pru-3Gu-2 ((1 + h/]\/[—l) (2 + C%\/I( ,M—l - 1))

+ C%ﬁl‘ﬁ\/ﬂﬁ%ﬂ) haeXn1 Gor—o
where to extract the term in front of the last equality, I used
AVA PM_3GM_1 h/]\/[hMG&,l = v/ PM_3PM_1bM sin ¢M = —U b%w PM_3 .

Then note that
(1+ Ry )2+ (1 — 1)) = 2(gar—1)" — a1
so that

TM hMXM-i—lT_ = _2Ub?\/[PM—3XM+1 + 2\/ PM_3 GM_1 hMXM-H G]T/[—l
+V/Pu—ac®er 163 Gr—2(Wyy—o = 1) Py Xags Goy_g -

The last term is simply —Pyrhy,x 1, because

gM—2(h§\472 -1) harXar+1 9pr—o = —C%VFQ hnrxar+1 s

while the middle term can be rewritten because

VPu-3hy = —u/Paoi by = u”Puoa(1 - (gu)°) -

Thus

_ 2 _
T hprX 1Ty = vV Pri—1(VPr—1Xar1 — GuXar1Gar) — 2uby Pr—sXars1 — PahoasXarss-
The recursion relation (2.17) gives Pyy—1 — u2b?\/[PM,3 = Py, so finally

UTM hMXM+1T_ = —2\/ PMfl GM XM+1 G]TJ + (2 — UhM)PMXM+1 . (B14)

Adding (B14) to (B13) gives the desired identity (3.11):

Tar (14 whag)Xars1 Tap = (1= uhog) Xagg1 Par -
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C Derivation of dispersion relation

Here I provide the derivation of the dispersion relation for staggered couplings described in section
5, as well as a few of its properties.

The strategy is to find a matrix whose eigenvalues give the energy levels. Imposing the staggering
(5.1) and iterating the recursion relation (2.17) relates polynomials with indices differing by three:

Py = (1—v?(a+B+7))Pu—s —u(aB + By +ay) Py — u®afy Pug - (C1)

In this form, the recursion relation is valid for M > 9, as long as Py = 1. Taking the number of
generators M to be a multiple of 3 simplifies matters, as the relation (C1) holds for M = 3 and
M = 6 as well by defining P_3 = P_g = 0. These recursion relations then can be recast as an
eigenvalue relation by assembling the polynomials into a vector with entries

vs(€?) = € 2 P3,_3(e7?) . (C2)
The recursion relation (C1) along with ng(e,f) = 0 then gives

S
Z Rss’vs’(ei) = Ei US(G%) (C3)

s'=1
for any k,s = 1...5, with the entries of the S x S matrix R given by
Rss’ = 55,3’4-1 + (a + /6 + 7)68,5’ + (aﬁ + B’Y + a’Y)(ss,s’—l + O‘ﬁfy 65,5’—2 .

Crucially, these matrix elements depend only on s — s’, and only on the couplings.
The action of R on the “plane-wave” vector vs = p® gives a solution of the eigenvalue relation
(C3) for 2 < s < S if p obeys

ep? =’ + (a+ B+ )’ + (af + By + o)+ aby . (C4)

I label the three solutions of this cubic equation as 4, p— and pg, so that
(4 a)(u+B)(n+7) —p* = (u— py) (1 — p-)( — po) - (C5)
The eigenvectors of R are then linear combinations of the corresponding three plane-wave vectors:
v =Appd +A_pt 4 g (C6)

Requiring that (C3) be satisfied for s = 1 and s = 2 is equivalent to setting P_3 = P_g = 0, so the
coefficients A+ must obey

Ap(p) P+ A () + (mo) =0, AL+ A_+1=0. (C7)
Requiring that (C3) be satisfied for s = S (i.e. Py(€;, %) = 0) yields the “standing wave” condition
A ()T 4+ A (u)T 4 (o)t =0 (C8)

Combining the standing-wave condition (C8) with the cubic equation (C4) fixes the eigenvalues
ei of R. To give a less implicit expression, it is convenient to reparametrise the solutions. Since all
the coefficients of the cubic equation are real, there are two types of solutions. One type is where
L+, p—, pip are all real, while the other type has one of them (say pg) real, while the other two are
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a complex conjugate pair. For the standing-wave condition to apply in the limit of large S, two of
the solutions must be of the same magnitude. Thus only the latter type of solutions can be used
to build eigenvectors of R, and so I parametrise

py=Be?,  p_=Be ™ (C9)
with B and p real. Furthermore, the roots of (C5) must obey the e-independent relations

Pefi—fio = =By, pipfi— + ppfio + p—po = af + ay + By . (C10)
Combining these two relations gives the cubic equation (5.2) relating B to p:
B? —2aByB lcosp=af+ay+py. (C11)

The energy levels €, are then related to B and p by plugging any one of the roots into (C4). Using
o gives the expression (5.5) that depends on p only through B.

The standing-wave condition (C8) determines the allowed values of p. A solution for large system
sizes exists when first two terms are the same order of magnitude and dominate the last. The first
relation in (C10) requires that puy = —aBy/B?, so such solutions occur when B > (a37)"/3
(5.3). When (5.3) is obeyed, (C8) for large S then reduces to

, l.e.

£12P(S+1) _ _& _ MJ_rl _ MEI 7
A+ M:l _ Mal

using (C7). Rewriting the roots in terms of B and p and simplifying using the cubic equation for
B then yields the quantization condition (5.4). The right-hand side is indeed a phase, and in the
limit of S large, there are solutions for 0 < p < w. The standing-wave condition thus resembles the
usual Bethe-ansatz quantization condition for the quasi-momentum.

Gapless points can occur only when at least two of the couplings are equal. To see this, first
note that taking the derivative of (C11) yields

dB
(B3 + afy cosp) e —afyBsinp . (C12)
p
The expression in parenthesis on the left-hand side is always positive for p # m because of the lower
bound on B. Thus dB/dp < 0 for all 0 < p < 7, and so the minimum of B occurs as p — 7, the
point at which two roots of (C4) coincide and obey py = p— = —B. Taking the derivative of (5.5)
and using (C11) yields

de* 2dB B?  apBy
dp " dp

—t+ —+2 1
aﬁv—i_ 3 + cosp> (C13)

so that de?/dp < 0 except at p = 7. Since €2 > 0 as a consequence of H being Hermitian, any
gapless points therefore must occur at p = 7. Combining this with (5.5) means that any gapless
points must have B2(w) equal to any (or all) of a3, By or ay. A little algebra shows that (C11)
allows for B%(r) = af only if a = 8.

Explicit expressions for the dispersion for « = § = 1 and p near 7 are found by computing
d?B/dp? using (C12) and (5.7), which for v # 1 gives

v 2
BxB,+ —+——(m—p)°, p near T .
T 2B )
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A little algebra then yields

(L= r—p| y<1,
ey(p) = A ) (C14)
7+ Cy(m —p) v>1,
where C., a positive constant and the gap 2A, for v > 1 is
20, =y 7V3(B, —1)(B2 - 1)V/2. (C15)
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