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Abstract. Although free-fermion systems are considered exactly solvable, they generically
do not admit closed expressions for nonlocal quantities such as topological string correlations
or entanglement measures. We derive closed expressions for such quantities for a dense
subclass of certain classes of topological fermionic wires (classes BDI and AIII). Our results
also apply to spin chains called generalised cluster models. While there is a bijection between
general models in these classes and Laurent polynomials, restricting to polynomials with
degenerate zeros leads to a plethora of exact results: (1) we derive closed expressions for
the string correlation functions—the order parameters for the topological phases in these
classes; (2) we obtain an exact formula for the characteristic polynomial of the correlation
matrix, giving insight into ground state entanglement; (3) the latter implies that the ground
state can be described by a matrix product state (MPS) with a finite bond dimension in
the thermodynamic limit—an independent and explicit construction for the BDI class is
given in a concurrent work [Phys. Rev. Res. 3 (2021), 033265, 26 pages, arXiv:2105.12143];
(4) for BDI models with even integer topological invariant, all non-zero eigenvalues of the
transfer matrix are identified as products of zeros and inverse zeros of the aforementioned
polynomial. General models in these classes can be obtained by taking limits of the models
we analyse, giving a further application of our results. To the best of our knowledge, these
results constitute the first application of Day’s formula and Gorodetsky’s formula for Toeplitz
determinants to many-body quantum physics.
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1 Introduction

Modelling certain many-body quantum systems in terms of non-interacting fermions has proved
to be unreasonably effective. Historically forming the basis of Fermi liquid theory [72], it has
in recent times led to the discovery of topological insulators and superconductors [9, 29, 36,
45, 48, 58, 70, 71, 74]. Free-fermion chains—dual to famous spin models such as the two-
dimensional classical Ising model and one-dimensional quantum XY model—have also been
fertile ground for mathematical innovations. Whilst correlation functions of local fermionic
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operators are simple, non-local string correlation functions—essential for calculating certain
local spin correlations as well as understanding the topological nature of fermionic systems—
required and indeed stimulated significant developments in the theory of the asymptotics of
Toeplitz determinants (determinants of matrices that are constant along each diagonal) [19].

Considering only the two-dimensional classical Ising model as an example, there are a vast
number of remarkable exact results for spin correlations [57]. However, it is unusual to find
simple closed formulae for these correlators. Typically, in analysing string correlations or the
entanglement properties of fermionic systems, one finds closed expressions for dominant terms in
the asymptotic expansion for, respectively, large string length [6, 44] or large subsystem size (for
the entanglement entropy) [39, 42, 46]. A rare and famous exception! that does admit simple
closed formulae for arbitrary distances is the ‘disorder line’ in the XY spin chain—this is dual
to a nearest-neighbour free-fermion model and there are two symmetry-broken product state
ground states [6, 15, 27, 38, 39, 52, 60, 84].

In the present work, we consider Hamiltonians for one-dimensional classes of spinless fermions
with phases classified by a topological winding number (commonly referred to as the BDI and
AIIT classes [3, 48, 59, 71]). The BDI class consists of superconducting time-reversal invariant
spinless fermions, while the AIII class consists of charge-conserving spinless fermions with a sub-
lattice symmetry; these classes are non-interacting instances of symmetry-protected topological
(SPT) phases [14, 22, 68, 76, 78]. We show that for a simply characterised subclass of both
the BDI and AIII classes, we can find closed expressions for certain physically relevant string
correlation functions for models within this subclass. Moreover, we give an exact formula for the
characteristic polynomial of the correlation matrix—intimately related to entanglement proper-
ties of the system—where this formula depends only parametrically on the size of the matrix.
We further show that our subclass of interest is dense in the whole class, meaning that any
Hamiltonian in the BDI or AIII class can be obtained as the limit of a sequence of Hamiltonians
studied in this work.

The above results allow us to prove the existence of an exact matrix product state (MPS)
representation [16, 66] of the ground state for this dense subclass. An MPS is one of the sim-
plest tensor networks for describing many-body wavefunctions and has proven to be a valuable
concept both analytically (e.g., in the discovery of fixed-point SPT states [2]) and as a numerical
ansatz (underlying the density-matrix renormalization group (DMRG)) [89, 90]. In a concurrent
work [43], we give an explicit construction for the MPS ground state in this subclass of the BDI
class (up to a measure zero set of exceptional cases), where this subclass is referred to as the
MPS skeleton. Particular examples of models in this subclass were previously studied in [80, 92].
While the explicit MPS representation is a valuable tool (for example, they could serve as initial
states for DMRG or dynamic quenches in non-integrable models [43]), it is not straightforward
to extract closed analytic expressions for the string correlations and entanglement spectrum,
motivating the analysis in this work. Moreover, we prove the existence of an MPS for a subclass
of class AIII, where the construction in [43] does not directly apply. It is interesting that the
techniques used here, from Toeplitz determinant theory, are rather different to those used in
the explicit construction, which is based on Witten’s conjugation argument for frustration-free
models [43, 94]. Both are in turn different to approaches to free-fermion MPS based on Gaussian
states [51, 77]. One can think of the MPS ground state as two x x x matrices, where x is the
bond dimension of the MPS. As well as proving that y < oo (even for infinite system sizes) in
both classes, for the BDI class we find a rigorous lower bound on x. The explicit construction
in [43] gives an upper bound on x and in certain cases this upper bound coincides with the lower
bound given here, proving that this is the optimal bond dimension in these cases.

! Another exceptional case, less relevant to this work, is the spin-spin correlator ‘along the diagonal’ at T = T
in the 2D classical Ising model (equivalently, at the phase transition in the 1D quantum transverse-field Ising
model). This can be expressed in an exact closed form as a ratio of Barnes G-functions [19].
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We now expand on the above claims. As we review in detail below, any (finite-range) Hamilto-
nian in theses classes is equivalent to a Laurent polynomial f(z) =), tx2", (where the coupling
constants ¢, € R for BDI and ¢, € C for AIII). This Laurent polynomial is characterised by
the degree of the pole (or zero) at z = 0 and a finite number of zeros away from z = 0. If no
zero is on the unit circle, then the corresponding Hamiltonian is gapped and the ground state
phase diagram is labelled by a winding number [44, 87]. Physically, a non-zero winding number
is topologically non-trivial, as evidenced—for instance—Dby topologically-protected zero-energy
edge modes [5, 47, 87]. Each gapped phase has a string order parameter [44, 62]. These are
non-local string correlation functions defined as a ground state expectation value of a product
of an extensive number (O(N)) of fermionic operators. In the phase with winding number w,
the corresponding string order parameter is non-zero in the limit of large N, while the string
correlation functions that are order parameters for other phases decay with N. The subclass of
models that we consider in this work is the case where every zero of f(z) away from z = 0 has
even multiplicity. An exact formula for all string correlation functions for each model in this
subclass constitutes our first main result.

For free-fermion systems, the entanglement spectrum of a subsystem is simply calculated
from the eigenvalues of the correlation matrix—a matrix with elements consisting of two-point
fermionic correlators [63, 65, 88]. From these eigenvalues one can easily calculate the entan-
glement entropy. Our second main result gives a method for finding a closed formula for the
characteristic polynomial of the correlation matrix for a subsystem of size N, with explicit N
dependence. As mentioned, this result allows us to prove the existence of an exact MPS repre-
sentation of the ground state. We also use this to give the characteristic polynomial in a series
of examples.

Given an MPS, a useful construction in analysing correlations is the MPS-transfer matriz.
Our results on string correlation functions allow us to derive properties of this transfer matrix,
without needing the MPS itself. We focus on the BDI class; then, given a property that is
generically satisfied in our class of models, we use the transfer matrix to give a lower bound on
the bond dimension of any MPS representation of the ground state. The proof of this lower
bound is through identifying eigenvalues of the MPS-transfer matrix that appear in correlation
functions. As mentioned, in certain cases this lower bound coincides with an upper bound derived
in [43], giving the optimal bond dimension of the exact MPS ground state. In these cases, given
the upper bound, we can find the entire spectrum of the transfer matrix—the eigenvalues are
products of zeros and inverse zeros of f(z) (multiplied by a sign that we determine). We also
show how our results constrain the eigenvectors of the transfer matrix.

The class of models that we consider is a class of exceptional cases in the full class of BDI
or AIIT Hamiltonians. However, in this work we show that any (finite-range) model in these
classes can arise as a limit of Hamiltonians considered in this paper. We remark that as we take
the limit, we allow longer and longer range couplings. We illustrate how taking the limit of the
string order parameter recovers the result for general models obtained in [44]. The concurrent
work [43] discusses a concrete example, where the transverse-field Ising chain is approximated
by a sequence of models in this subclass.

The key object determining ground state correlations for these models is the symbol, or

generating function, \/ f(2)/f(1/2) (note f(z) = ., x2"). In particular, Fourier coefficients
of this function give the fermionic two-point function, and other correlations follow from this
through Wick’s theorem. In the general case, this is a multivalued function that we can analyse
with branch cuts in the complex plane. For example, we can calculate asymptotic Fourier
coefficients using the Darboux principle [20]. In our case, since every zero has even multiplicity,
we have a rational function. This allows us to find a closed form for the Fourier coefficients
(this observation has been used for identifying the correlation length of Gaussian MPS in [75]).
Moreover, our result on string correlation functions is an application of Day’s formula for Toeplitz
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determinants with rational symbol? [17] and our result on the correlation matrix is an application
of Gorodetsky’s formula for block Toeplitz determinants with rational symbol [10, 33, 34]. Day’s
formula arises from a reduction of the determinant of a rationally generated N x N Toeplitz
matrix, to a product of determinants of matrices of fixed size (independent of N). Evaluating
the determinant leads to a relatively simple closed formula in terms of the zeros and poles of
the generating function. Toeplitz determinants have long been associated with problems in
statistical physics (see, for example, the review [19]), and Toeplitz determinants with rational
symbols have previously appeared in problems in statistical mechanics and quantum many body
physics [8, 24, 25]. However, to the best of our knowledge, this is the first application of Day’s
formula and Gorodetsky’s formula in this context.

We note that similar conditions on particular generating functions being rational have pre-
viously appeared in works on Gaussian MPS—Gaussian states with finite bond dimension
[16, 51, 77]. One characterisation of these Gaussian MPS is that the correlation matrix in
Fourier space is a rational function of e€*i, for momenta ki, ..., kg (this result applies in any
spatial dimension d). Hence, in the models we consider, the correlation matrix having a rational
symbol is a necessary condition that we have an MPS ground state. Our results show that in
the one-dimensional BDI and AIII classes this is also sufficient.

The paper is organised as follows. In Section 2, we introduce the BDI class, and the corre-
sponding subclass of interest. We then introduce the necessary theory of Toeplitz determinants
in Section 3, including Day’s formula and Gorodetsky’s formula. For each gapped phase of the
BDI class, we have a string order parameter that can be viewed as a correlation function of two
string operators. Section 4 gives our results for the value of the correlation function of all such
string operators in any model in the given subclass. Section 5 then gives our results for the
characteristic polynomial of the correlation matrix. We give examples of how to use this to find
the eigenvalues of the correlation matrix. In Section 6, we introduce the AIII class and explain
how the main results of Sections 4 and 5 apply to a subclass of these models. Following these
results and corresponding remarks, we give the proofs. In Section 7 (Section 8), we prove the
results of Section 4 (Section 5). Finally, we include two applications of our results. In Section 9,
we discuss how our results allow us to understand properties of the ground state MPS-transfer
matrix in class BDI. Then Section 10 shows how to obtain general models in both classes as
limits of models studied in this work; we moreover demonstrate how this can be used to obtain
the formula for the order parameter in general BDI models.

2 The BDI class

Consider a periodic one-dimensional chain with L-sites, where for each site we have a spinless
fermionic degree of freedom c}; (forn =1,..., L) that satisfies {¢,, ¢} = 0 and {C;r“ cm} = dpm.-
We will analyse this model in the thermodynamic limit L. — oco. Define the Majorana operators

%z:CL—FCn, &n:i(c;rl—cn),

which satisty {vn,Ym} = {¥n,Ym} = 20nm and {vyn,¥m} = 0. The class of BDI Hamiltonians
is defined as the vector space of all Hamiltonians that are quadratic in fermionic operators and
that are symmetric under the anti-unitary involution 7+, T = =, and T%,T = —4, [87]. The
most general translation-invariant one-dimensional BDI Hamiltonian is of the form

1 -
H= Y tAnnin i €R (2.1)

K neEsites

2This means that the matrix elements are Fourier coefficients of a rational function, in this case related to

\/ f(2)/f(1/z). We review this terminology and the relevant theory in Section 3.
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This model was first analysed in [82]. We will work in settings where t, is only non-zero for
a finite number of k € Z (physically, this corresponds to local Hamiltonians). Using the Jordan—
Wigner transformation, the above Hamiltonian is equivalent to a spin-Y2 chain—details are given
in Appendix A. As discussed above, it is helpful [44, 87] to introduce the complex function

flz) =) tea" (2.2)

The Hamiltonian (2.1) is diagonalised as follows. For each momentum k € [0, 27), } f(eik)’ is
the one-particle energy of the mode labelled by k, while the mode itself is given by

M = % (1 + %) cf, + % (1 - %) c, (2.3)

where ¢, is the Fourier transform of ¢,. The eigenstates of the many-body Hamiltonian then
corresponding to filling these modes. Other properties of the model follow from knowing the
zeros of this function. For a finite-range Hamiltonian, f(z) is a Laurent polynomial: asymptotic
correlations for that case were analysed in [44] and asymptotics of the characteristic polynomial
of the correlation matrix and the entanglement entropy were analysed for gapped Hamiltonians
in [41] and for certain® gapless Hamiltonians in [46].

If the Hamiltonian corresponding to (2.2) is gapped, then the ratio appearing in (2.3) satisfies

1) _ [ o)

£ (2)] fQ/z)

In this paper, we are interested in continuous families of ‘exceptional cases’ for this model.

In particular, we restrict to the case where (2.4) is a rational function. Let us consider two
of the simplest examples. First, the case f(z) = %(z —a)? for a € R, which corresponds
to the fermionization (Jordan-Wigner transformation) of the disorder line of the XY model
[6, 15, 27, 38, 39, 52, 60, 84]:

1 - - -
H=3 Z (Fn¥n-1 = 2690 Yn + a*FnYn+1)
nesites

w1
= =3 7 (YaYusr + 2020 + @ X Xopa)-

nesites

Second, the case f(z) = (z — a)? which is the fermionization of a cluster-Ising chain [43, 80, 92]:

i B _ ~
H = 5 Z (7n7n - 20/}%’}%—}—1 + a27"7"+2)
nesites

w1
YA (Zn + 20X, Xpt1 — * X Zpi1 Xn42).

neEsites

In general the condition that (2.4) is a rational function means that we can take? every zero
to have even multiplicity, i.e., f(z) has the following form:

f&) =t [[G-= [l G- 2% oc{=), (2.5)
k=1

Znp
J=1

3Subject to the restriction that f(z) = f(1/z)—physically this means an additional symmetry under spatial
inversion.

“For completeness, let h(z) denote any Laurent polynomial that satisfies h(z) = h(1/z), has no zeros on the
unit circle and has positive constant term. Then we can multiply (2.5) by h(z) without changing the ground
state—see the discussion in [43], as well as comments in Remark 5.11.
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where np € Z (an integer shift affecting the interaction range of the Hamiltonian (2.1)) and we
have that 0 < |zj| <1 < |Zg|. (In Section 10, we will see that general models in the BDI class
can be obtained from limits of these exceptional cases.) We have implicitly normalised f(z),
or equivalently the Hamiltonian, since this overall normalisation does not affect the ground
state. Note that since t,, € R, zeros of f(z) are either real, or come in complex-conjugate pairs.

. . . . -1 -1
Given this form, we will assume the generic case, that {Zjl 125y 3 Ly Ly J1dammatks ka =1

are pairwise distinct. Assuming this generic case is mainly for ease of presentation. In fact, our
results on the correlation matrix (implying the existence of an exact MPS ground state) can be
applied directly to the non-generic case, while other results can be generalised to non-generic
cases by taking an appropriate limit, this is discussed in Remark 5.11. It is also helpful to

index each set of zeros by proximity to the unit circle, i.e., |Z1| < |Z2] < --- < |Z,,| and
|z1| > |#z2] > -+ > |zn,|. Unless explicitly mentioned, we fix 0 = 1 (see Remark 5.11 for the
case 0 = —1). Since this model has no zeros on the unit circle, it is gapped® and the gapped

phase diagram is labelled by a winding number, given by w = 2n, — np.

Ground state correlations are determined, using Wick’s theorem, by the fermionic two-point
correlation function [53]. This correlator is calculated in Appendix B for the class of models
given by (2.5), but the closed form is not required for our main results.

The fermionic string operators that form the string order parameter for the phase w = « are
given by® [44]:

( n—1
ile/2] (H i:Ym'Ym> InYn+1 " Inta-1; a>0,
m=1
n—1
Oa(n) = (i)l (H ﬁmvm> (=) -+ (—Wgja-1), @ <0, (2.6)
n—1 m=l
H YmYm. a=0.
m=1

The (string) order parameter in the phase w is limy_,00[(Oy, (1) Oy, (N +1))|, where angle brackets
denote the ground state expectation value. In this phase,

i (Oa(1)Oa(N + 1)) =0

for o # w.

In the dual spin-% chain the physics is different, and the O, (n) are local operators for odd «
and non-local for even «. Hence, for the spin chain, we have a non-zero string order parameter
given by impy_,00[(O,,(1)O, (N +1))| for even w, while we have a (spin-flip) symmetry-breaking
order parameter (impy_,oo|(Oy(1)Oy(N + 1)>|)1/2 for odd w. The nature of the symmetry-
breaking and (interacting) SPT order in the spin-chain is discussed in [44].

3 Toeplitz determinants

The theory of Toeplitz determinants is central to our analysis, and we review key notation and
theory in this section.

50ur analysis can be applied to gapless models where the multiplicity of zeros on the unit circle is even. As
discussed in Remark 5.11 and [43] these models have the same ground state as a gapped model in our class.

5The phase factor ensures that O, = @},. Note that there is an erroneous absolute value in the corresponding
term in [44]. Other formulae in that paper are unchanged given the correct definition (2.6).
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An N x N Toeplitz matrix takes the following form:

to t-1  to L (N-1)
t to t_q tf(N72)
(Tmn) (tmfn) = t2 t1 to t—(N—S) . (31)
tn-1 tn-—2 ITn-3 ... to

We say the Toeplitz matrix has (scalar) symbol ¢(z) if the entries of the Toeplitz matrix are the
Fourier coefficients of the function (z), i.e.,

1 2

tn t(eik)e_i"kdk. (3.2)

- 2 0
Given this symbol, we can generate an N x N Toeplitz matrix for any N. We define Dy[t(z)]
to be the determinant of the N x N Toeplitz matrix generated by the symbol ¢(z). Toeplitz
determinants have a rich theory; see, for example, the review [19] and references therein. We
will also need to consider block Toeplitz matrices—generalising the above to symbols that are
matrix valued functions. Our cases of interest have a 2 x 2 matrix symbol ®(z), where the
determinant Dy |[®(z)] will be the determinant of the 2N x 2N matrix with form as in (3.1),
with 2 x 2 matrix Fourier coefficients defined as in (3.2).

Now, for translation-invariant free-fermion chains in class BDI, we have that the correlator
of string operators is the following Toeplitz determinant:

(—D)NE(O,(1)On (N + 1)) = det 1/% 7 eTiokgmim=n)kqp, '
o o 21 Jo ‘f(elk)| S
N N N N e
=Dy [ F1/2) ] =Dy [ (o) ] , (3.3)

(the final equality is det M = det M T). Since the non-trivial fermionic two-point function is
given by

25 _ o f(eik) —i(m—n)k
(=1 Ym) = /0 ‘f(ei’f)|e dk,

the formula (3.3) follows from Wick’s theorem—a derivation is given in [44]. At z =1, f(z) is
real and we choose the branch of the square-root in (3.3) so that y/f(z)/f(1/z) is equal to the
sign of f(1). For f(z) defined in (2.5), the scalar symbol can be simplified to a rational function.
The Fourier coefficients that give the matrix entries are evaluated in Appendix B, while Day’s
formula gives us an expression for the determinant in this case [10, 12, 17]. Day’s formula may
also be applied to evaluate string correlations in class AIII, introduced in Section 6.

Theorem 3.1 (Day 1975). Consider symbols of the form:

Hz) = H;:l (z = 75)
M (= 2/ T (= — 55)

withp>1,q¢>1,s>p+q, |0;| <1, |y > 1 and {71,...,7s} pairwise distinct. Then we have

(3.4)

Dn[t(z)] =Y _ Cyriy,  N2>1,
M
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where the sum is taken over all subsets of M C {1,...,s} such that |M| = p and Cy, v are
defined as follows. For each M define M€= {1,...,s}\ M, and also define P = {1,...,p} and

Q={1,...,q}. Then

= (=17 I =
keMe

Cu= JI m=6n) I[ u—m) I (u=0u)' JI G—m)"

keMec,meP l€Q,jEM leQ,meP keMe jeM

The condition that the 7; are pairwise distinct is necessary because differences 7, — 7; appear
in the denominator of Cy;. However, we will want to study cases where the 7; are degenerate,
this is important since the factor z¥ = (z — 0)* appears in our analysis of correlators. As
pointed out in [12], one can still use Day’s formula by taking an appropriate limit. In particular,
let us write zF = lim. g H?Zl(z — ex;) for x; pairwise distinct. For finite ¢ we do not have
degenerate zeros and can apply Day’s formula. Moreover, the Fourier coefficients, and hence the
matrix elements of the Toeplitz determinant will depend continuously on e. Indeed, the Fourier
coefficients of H;?:l(z —ex;)t(z) will just be sums over shifted Fourier coefficients of ¢(z). Since
we are taking a finite Toeplitz determinant, we can then take the limit of Day’s formula as ¢ — 0
and this will be the determinant we are interested in.

We are also interested in the eigenvalues of the correlation matrix. For translation-invariant
free-fermion chains in class BDI, the correlation matrix for a subsystem of size N is a 2N x 2N
block Toeplitz matrix generated by the symbol ®(z,0) [41], where

. I
D(2,\) = /) (3.5)
o
e

By evaluating the determinant generated by this symbol for general A, we can find the eigenvalues
of the correlation matrix. Note that changing the branch of the square-root takes ®(z,\) —
—®(z, —\); since the eigenvalues come in +\ pairs, they are independent of this branch choice.
Moreover, notice that ®(1/z,\) = —®(z, —A). Again, since the eigenvalues come in £\ pairs
this means that this determinant is unchanged under f(z) — f(1/z). Note that following [7] for
A =0, we have

D[®(2,0)] = (~1)¥ Dy [VI)/F(1/2)] Dn [-VI(172)/ ()]

— ((Oo(1)Os(N + 1)))2. (3.6)

In our analysis of the entanglement spectrum in class AIIl, a closely related block Toeplitz
matrix arises, the symbol is given in Appendix E.

As before, in the models that we consider these symbols simplify to a matrix where each
element is a rational function. For a certain class of such rational matrix functions, we have
Gorodetsky’s formula [10, 33, 34]. The general statement is too long to include here, but let us
consider a simplified version sufficient for illustration:

Theorem 3.2 (Gorodetsky 1981). Suppose a(z) = ijo a;z’ is a matriz polynomial, where
a; € C™" and suppose that as is invertible. For symbols of the form

1

P(z) = ?:1(1 —z/vj) H?:1(/Z — dj)

a(z),
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where |0;| < 1 and |v;| > 1, and subject to some simple conditions involving p, q, s and the
matrix ag, then

ydet M[N, ®(z)] N>

Dy[®(z)] = (det ay) det M0, 0(2)] = 1

where M[n, ®(z)] is an rs x rs matriz such that det M[0, ®(z)] # 0, and that depends paramet-
rically on n.

The construction of M|n, ®(z)] can be found in [10] and requires the Smith canonical form of
the matrix polynomial a(z) [10, 32]. In particular, given a(z), there exist r x r matrix polynomi-
als y(z) and w(z) with non-vanishing and z-independent determinants, such that y(z)a(z)w(z)

is a diagonal matrix d(z). This matrix d(z) has entries of the form dyi(z) = Hle(z — tj)Mak,
where the t; are the R zeros of det(a(z)), and 0 < mj; < --- < my, . The integers mj;, are

such that ), mj; = m;, the multiplicity of the zero t; of det(a(z)). M|n,®(z)] requires both
the entries of y(z) and the mj;. When we apply this theorem to our problem, r = 2, mj; = 0
and mjo = 2. We give the explicit construction of M|n, ®(z)] for this special case.

4 Results: correlations of string operators in BDI

Our first result concerns the behaviour of the correlation functions (Oq(1)On(N+1)) for finite N.
The case with n, = 0 and nz = 0 is trivial: in that case f(z) = 1/2"F and the string correlators
satisfy (0 (1)Oa(N +1)) = 64 _np(—1)NP=D_ For all other cases, we have an exact formula
in terms of the zeros of f(z). In fact, the correlators are zero for N sufficiently large, apart from
the cases w—n, < a < w+ny. For these cases, the formula is a linear combination of terms r]\]\},
where each rj)s is a product of zeros and inverse zeros. The precise statement is quite involved,

so let us first give as an example the case f(z) = (2 —a)?(z — b)?, where either a,b € R or a = b.

Example 4.1. Let f(z) = (z —a)?(z — b)? where |a| < 1 and |b| > 1. Since n, = nyz = 1, we are
in the phase w = 2, and the only correlators that are not exactly zero (for sufficiently large N)
are those with 1 < a < 3. We have that

b2 —1)(ab—1
(@ R

(O1(1)O1(N + 1)) (—1)N(

ab?(b — a)
— a2 — 2 —ab)? /a
©:00u(v 1)) = (- (LS B ™) sy
Order parameter
(O3(1)O5(N + 1)) = (—1)¥ (L-a)A—abb v oy (4.1)

(_1) (b — a) )

Let f(2) = (z — a)?(z — b)? where |a| < 1 and |b| < 1. Since n, = 2, ny = 0, we are in the
phase w = 4, and the only correlators that are not exactly zero (for sufficiently large N) are
those with 2 < a < 4. We have that

(03(1)O5(N + 1)) = (-1)N (ab)Y, N >1, (4.2)
(Os(OS(N + 1)) = (-1)¥;

X (b<1 — (1 — ab)bY — a1 — b?)(1 — ab)aN>, N>1, (43)
(O4(1)O4(N +1)) = (-1)N (1 —a?) (1 = *)(1 —ab)?, N >2. (4.4)

order parameter
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Let f(2) = (z — a)*(z — b)? where |a] > 1 and |b| > 1. Since n, = 0, ny = 2, we are
in the phase w = 0, and the only non-zero correlators (for sufficiently large N) are those
with 0 < a < 2. We have that (Oy(1)Og(N + 1)) is given by (4.4), (O1(1)O1(N + 1)) is given
by (4.3) and (O2(1)O2(N + 1)) is given by (4.2) under the replacements a — 1/a, b — 1/b.

The correlations take the form of a sum of terms where each term is a coefficient that is
a rational function of zeros and inverse zeros of f(z), multiplied by rj\]\/fj, where 7, is a product of
zeros from inside the unit circle and inverse zeros from outside unit the circle. This term rj; is
labelled by a set M that tells you which zeros and inverse zeros contribute. The order parameter
term appears for the particular set where rj; = 1. Informally, for values of a outside the range
of a given, we ‘run out’ of zeros to include in the product, and so the correlator is zero. Notice
that the formulae given are symmetric functions of zeros inside the unit circle and, separately,
the zeros outside the unit circle. Furthermore, we are able to define the non-trivial correlators
for |al,|b] > 1 in terms of the non-trivial correlators for |al,|[b| < 1, under the transformation
a — 1/a, b — 1/b. Moreover, for |a| < 1 and |b] > 1, the formula for (O;(1)O1(N + 1)) is
identical to the formula (O3(1)O3(N + 1)) under the replacements a — 1/b and b — 1/a. These
relationships apply more generally, due to an identity between the (O, (1)O4(N + 1)) in the
chain corresponding to f(z) and (O_o(1)O—_o(NN + 1)) in the chain corresponding to f(1/z).
We will see in the proof that depending on the sign of n, + ny — np — « the calculation uses
either f(z) or f(1/z) (this inverts the zeros), giving the two cases in the following general result:

Theorem 4.2. Consider a chain with a non-trivial f(z) as defined in (2.5), assuming the
generic case, and for each o € 7Z define N, = max{|n, +nz —np — «|,1}. Then

(1) fora<w—mn, and a > w +ny

(Oa(1)Oa(N + 1)) =0, N > Ng;
(2) forw—n,<a<w+nyg

(Oa(DO(N +1)) = (=1)NOP*D N "Crly, N 2 N, (4.5)
M

where for n, >0 and ny > 0:

o forw—n, <a<w+ng—n, the sum is over sets M that label sets of zeros, with
the non-zero constants Cyr and vy defined in Case 1 below.

o forw+ny—n, <a<w+ny the sum is over sets M that label sets of inverse zeros,
with the non-zero constants Cyr and rys defined in Case 2 below.

If either n, =0 orny =0:

e ifn, =0, and a < w+ ng, then put n, = 1, a« — a + 2 and take the limit

z1 — 0 with Case 1. Ifn, = 0 and a = w + ny then the correlator is given by
- -N
(~DN@DIRZ, 2.

e ifny =0 and a > w —n,, then put nyz = 1, and take the limit Z1 — oo with Case 2.

Ifng =0 and a = w — n., then the correlator is given by (—1)N@=1) H}Zl zjv.

In both cases, in the formula (4.5), the sum is over all subsets M C {1,...,n,+nz} of some
fized size |M|. For each such M, we also define: M¢={1,...,n,+nz}\ M and further define
M,={1,...,n.} and Mz ={1,...,nz}. Then we have

Case 1: Define 7; = z; for1 < j <n, and 7,,+j = Z; for 1 < j <ngz. Then the sum in (4.5)
is over all subsets M of size |[M| = o+ np —n,, and Cy; and rp; are defined by

rap = [Tiense 7
- )
H?é Z;
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o= Il -2z II G'=m) [Tz

keMemeMy leM.,jeM leM,
-1 —1\—1 -1 —(nzt+nz—np—a)
X H (Zl _Zm) H (Tk—Tj) H Tk .
leM, meMz keMe jeM keMe

Case 2: Define 7; = z; Vfor1<j<n, and Tnatj = 4 Y for1 < j < ny. Then the sum
in (4.5) is over all subsets M of size [M| =2n, +nz —np —a, and Cy; and rpy are defined by

Nz
o={15 T

j=1 keMec
np+oa—mnz—mn
Cy = H (Tk - zm) H (Zl — Tj) H Zl P =he
keMemeM, leEMzg,jeM leMyz
—1 (npta-nz—ngz)
« T @-at I ee-m* [ w0 '
lEMz,meM, keMe.jeM keMe

Note that in both Case 1 and Case 2, we can have |M| = 0 or |[M¢| = 0. For |[M| = 0,
we define double products with one wvariable in M that appear in the above formulae, such
as HleMz,jeM( . 1 Tj), to be equal to one. Similarly double products with one wvariable in
|M¢| =0 are equal to one. Note also that & = w4+ nz — n, can be evaluated using both Case 1
and Case 2.

Remark 4.3. Theorem 4.2 is proved by considering a particular limiting case of Day’s for-
mula for Toeplitz determinants (see Theorem 3.1). The limit in question arises by writing
k= lim._,o H?zl(z — ex;), for x; pairwise distinct, so that we can apply Day’s formula. The
limit of the final formula simplifies for N > N, leading to the result above. However, for any N
such that 1 < N < N, the steps outlined in the proof can be used to evaluate the correlator.

Remark 4.4. One evaluation of this limit for N < N, is the following: for n, # 0 and nz =0
we have that for any v > 0:

nz(w 1)<1n—[ > [ H — 2j1%j,), N =mng,

= J1=1j2=1
0, N >n,.

<Ow+u(1)0w+u(N + 1)> =

This follows from the results of [35, Section 7]. Note that in this case, Theorem 4.2 gives that
this correlator is zero for N > n, 4+ v. There is an analogous formula for the case ny # 0
and n, = 0.

Remark 4.5. For o = w, there is always one choice of M where rj; = 1. For this choice
of M, C)y is the order parameter. We can evaluate this C'y; using Theorem 4.2 to reach

a1~ 2050 I (1~
lim ‘< ( )Ow(N_i_l)H _ J1,52=1 J1732 k1,k2 1( Zk1Zk2)'

N—voo T M2 (- 2)°

(4.6)

This formula also holds in the non-generic case—see Remark 5.11. Note that this result, follow-
ing from Day’s formula, agrees with the general formula for the order parameter given in [44]
as applied to our case. The general formula is proved using Szeg&’s theorem [83]. In fact, by
taking a limit of models, one can use (4.6) to recover the result of [44] for the general case (see
Section 10).
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Remark 4.6. For o« = w +nyz and o = w — n,, we see that there is only one choice of M, and
hence the correlator has a particularly simple form. Indeed, one has

nz —N
(Outns (N0t (¥ + 1) = (-1 00y ([T 4) . N 2 max{n 11
k=1

Nz

N
(Oup—n. (1)Opn. (N + 1)) = (=1)NrtDy, <H z]-) , N > max{ng,1}.
j=1

For n, = 0 or ny = 0, these formulae apply and this means that the order parameter reaches
its limiting value for N > N, with no correction term. This property was emphasised for the
case f(z) = (z — a)? in [80]. While the result for n, = 0 or nz = 0 follows from our analysis, it
may also be derived as an application of the results of [35, Section 7).

Remark 4.7. The large N, asymptotics for each correlator can be deduced easily from The-
orem 4.2. To find the dominant term, one chooses the subset M such that the correspond-
ing s is as large as possible. Note that choosing M of size m is equivalent to choosing M€ of
size n, +ny —m. We maximise r); by choosing the n, +ny —m largest zeros (or inverse zeros)
to make up M¢. Concretely, for a correlator in Case 1 we choose M¢ = {Z,,, Z,,_1,...} of the
appropriate size. Since all zeros are either real or come in complex-conjugate pairs, this is not
necessarily a unique maximum. If we find a dominant ry; as described and it contains a complex
zero but not its conjugate, then there will be a corresponding M’ with the zero replaced by its
conjugate such that |rps| = |7;|. In general, we could have more than two zeros of the same
absolute value. The dominant asymptotic term will then be a sum over contributions from all M
with the maximal rj;. The result is in agreement with [13, Theorem 3] (where it is assumed
that there is no degeneracy of the smallest zero that appears in r3; and so we have a single
dominant contribution).

The second most dominant term will be where we take the dominant M€, remove the smallest
zero that appears, and replace it by the largest zero that did not feature in the dominant term
(up to accounting for zeros of the same absolute value as above). In general, by ordering the
size of [[case Tk, one can find as many terms in the large N asymptotics as desired.

We can define the correlation length, &, for the operators O, with o # w by
(Oa(1)O4(N + 1)) = O* (e*N/ﬁa)

as N — oco. Following [75], we write f(xz) = O*(g(z)) if g(x) is a tight upper bound for f(x);
ie., f(x) = O(g(z)) but f(x) # o(g(x)). This allows for oscillatory cases where £ gives the
exponentially decaying envelope, but f(z) may vanish for some values of x. Theorem 4.2 and
Remark 4.7 lead to:

Corollary 4.8. Consider a chain with a non-trivial f(z) as defined in (2.5). Then the correla-
tion length is given by

w—a
Z log‘zj_l}, w—n, <a<w,
j=1

571 _ Jaw
“ Zlog\ZjL w<a<lw+ng,
j=1

00, a<w—n, or oa>w-+ng.

Remark 4.9. In [44], an expression for the large N asymptotics of each correlator is given.
The models we consider here arise as limiting cases of models in that paper, so it is interesting
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to compare our results. We firstly point out that the method used in [44] for evaluating the
asymptotics requires the evaluation of the determinant of an |w — a| X |w — | matrix, where
the matrix elements are, up to some error terms, the asymptotically large Fourier coefficients
of functions [(z) and m(z) that are defined in Appendix C [35]. Analysing this determinant

for the cases studied here is non-trivial, except when |w — a| = 1. Firstly, let us suppose
that nz > 1 and n, > 1. In Appendix C, we show that Iy = O*(|Z1|_N) and my = O*(|21\N).
Then we have that for w — o = 1, the correlator behaves like my and for w — a = —1 the

correlator behaves like {y. This agrees with our results here. For example, suppose the order
parameter can be calculated using Case 1. Then for @« = w the dominant term comes from
M¢={Z,,,Zn,~1,-..,Z1}. For a = w — 1, |M] is one smaller, so |M¢| is one larger and so
dominant terms come from M¢ = {Z,,,Z,,1,...,21,%;} where |zj| = z1—each of these sets
has |rys| = |21], and hence the asymptotic behaviour O*(|rps|) agrees with my. We give an
explicit example in Appendix C, showing that the terms match exactly.

An important difference with the results of [44] is that, in the more general class consid-
ered there, generically in that class the correlation length of each string operator is given by
&1 = ¢ w — al; where the basic correlation length ¢ is given by

710g|Zl‘}

¢! =min { log ‘zl_l

This means that the decay of these correlators depends only on the zero closest to the unit circle.
By comparing this result with Corollary 4.8, for |w — | > 1 we see that generically in the class
of models given by (2.5) we have faster decay than in the generic class of models considered
in [44].

Remark 4.10. Recall that the one-particle energies of our model are given by ‘ f (eik) | Allowing
for a non-zero temperature, T, the following equation appears in studying zeros of the partition
function [85, 86] (often one considers a large but finite system, so that & is quantised):

|f(e®)| =i@2n+1)xT, neZ (4.7)

For example, the Fisher zeros correspond to solutions of this equation” in the complex § plane
for B = 1/T [23]. If we instead take this equation and complexify z = el*, we see that at zero
temperature the zeros of f(z) and zeros of f(1/z) coincide with the set of zeros of (4.7); this
method is used to study disorder lines in [85]. Note that to analytically continue the left-hand
side of (4.7) we can write |f(2)| = +/f(2)f(1/z) on the unit circle. The subclass of models
considered in this paper then corresponds to degeneracy of solutions to (4.7)—it would be of
interest to understand how our results generalise to the finite-temperature case.

Remark 4.11. Another important correlator is the emptiness formation probability [1, 26, 49,
50, 79], given by

N
P(N) = <H cjc;[->.

This is a string correlator for complex fermions, rather than the Majorana fermions considered
above, and is the probability, in the ground state, that N consecutive fermionic sites are unoc-
cupied (equivalently, in the spin chain picture, that there are N consecutive up-spins). A closed
formula for P(N) was found for the disorder line in the XY model in [26], using the simple for-
mula for the ground state in that case. We remark that closed formulae for P(N) can be found
for the class of models considered in this paper, since this correlator may also be evaluated using
Day’s formula. We give an example below, and in Section 7.3 outline the general approach.

"More generally, for a system of size L, Fisher zeros are solutions of Z (L,B) = 0. In our case, we have that
Z(L,B) =114, (1+ efﬁ‘f(km)‘) (where we have fixed the ground state to have zero energy), leading to (4.7).
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Example 4.12. Let f(z) = 272(2 — a)?(z — b)?, with |a| < 1 and |[b| > 1. Then

bt —a\" /(1 —a)(1+b) (1+a)(1—b)
P(N):< 5 > ( 20— a) +(—1)N—2(a_b) ) N > 1.

This is derived using Day’s formula in Section 7.3.

5 Results: correlation matrix in BDI

Let a2,—1 = v, and ag, = ,. The correlation matrix for a subsystem of size IV is defined by
An = (i(ajar) — i5jk)j,k:1,...,2N‘

The matrix Ay has 2N imaginary eigenvalues, {£ivy, ..., +ivy}. Ay always has an even number
of eigenvalues that are equal to zero. If there are 2m such eigenvalues then vq,..., v, = 0 and
the remaining v; are non-zero. With a slight abuse of terminology to simplify our discussion,
we will call the NV non-negative imaginary parts {v1,...,vy} ‘the eigenvalues’ of the correlation
matrix (these eigenvalues are zeros of the characteristic polynomial det(i\ — Ay)). Let py be
the density matrix of a subsystem of our chain of size IV, the eigenvalues of px can be computed
from the eigenvalues of the correlation matrix. Indeed, the following formula (given in, for
example, [88]) allows us to write the eigenvalues of the reduced density matrix in terms of the
eigenvalues of the correlation matrix:

D1+ (=1,
Aroin = H +(2)J7 G =01

j=1
We go over all values (;, so have 2V eigenvalues of py from the N eigenvalues of the correlation
matrix {v1,...,vn}. That the X are eigenvalues of a density matrix means that each v; <1. An
eigenvalue v; = 1 we call trivial. Moreover, the von Neumann entanglement entropy (S(N) =
—tr(py log pn)), or more generally the Rényi entropy (Sa(N) = ﬁ log tr(p%)), has a simple
expression in terms of the non-trivial eigenvalues v; [27, 40, 41, 46, 88].

In our class of interest, there are only a finite number of non-trivial eigenvalues as N — oo.

For f(z) = 2*, then

det(ix — Ay) = (=A%) (1 = A2)N 1M,
In all other cases, the claim follows from:

Theorem 5.1. Consider a chain with a non-trivial f(z) as defined in (2.5) such that np =
n. +nz. We allow the non-generic case where zeros may coincide, but assume that z; # Z,;l
for any j, k. Denote the correlation matriz on a subsystem of size N by An. Then

Ny N
[Tj212\  det M(N,\)
172,22 ] det M(0, )’

where M(n, \) is a 4(ny+nz) x 4(n, +nz) matriz that can be determined from the zeros of f(z)
and the Smith canonical form of a known 2 X 2 matriz polynomial (defined in (8.1)—(8.3)).
Moreover, there exist d',d" € N (independent of n) such that

2\ " 4 O
I_Hzi_lz]l%) H()‘Q_ﬂjl(n)g) H()‘_Cjz)'

J1i=1 j2=1

det(ir — Ay) = (1 =227 <

det M(n, \) :u<
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The £0j and cj are zeros of det M(n, \) as a function of \. We differentiate between the zeros
that depend on n, £0j(n), and those that do not, c;. (Along with the overall constant i, the c;
drop out of the ratio of interest.) The n-dependent zeros satisfy v;(0) = 1, 0 < 7j(n) < 1
forn>1 and v;(n) <1 for some n > 0.

For any f(z) as defined in (2.5) such that np # n, +nz, the characteristic polynomial of the
correlation matriz can be found by taking a limit of a related case where np = n, +ny that can
be evaluated using the above. Details of this limit are discussed in Remark 5.7.

As we explain below in Remark 5.11, the assumption that f(z) cannot contain mutually
inverse zeros can be trivially accounted for. Then we have

Corollary 5.2. Given any f(z) as defined in (2.5), with no assumptions of a generic case,
Theorem 5.1 leads to the following expression for the characteristic polynomial of the correlation
matriz:

d
det(ir — Ay) = (1- 2" x [T (7(3)? - 22), (5.1)

j=1
where d € N is independent of N.

By computing det M (N, \) we can determine d, the number of non-trivial eigenvalues of the
correlation matrix. This is illustrated in Examples 5.3 and 5.4.

Example 5.3. Let f(z) = 1(z —b)? with [b] < 1. This corresponds to the aforementioned
disorder line of the XY model [15]. We can evaluate the terms appearing in Theorem 5.1 as
follows. Using the definition of M (N, \) given in Section 8 and the Smith canonical form for
this example given in Appendix D, we have

A1-0%) 0 0 0
AA2=3)b ix2 N 0
M(N,\) = (b¥* -1
( ) ) ( ) 0 0 0 —i)\2 (b2 _ 1)b—(N+2) )
0 —iA2 A3V A2 (VD (B2 — 1)N - 2)

det M(N, ) = (=b2(b% — 1)°A0)672N (A2 — p?N),
det M(N,\) 02N (A2 — %)

oy — (1 _ a2\ N-1poN 42
At M0, N) PCI , det(ix — Ax) = (1= X%) (b A%).

This means that there is one non-trivial eigenvalue of the correlation matrix for a subsystem of
size N: vy = |b|N. As N — oo the limit gives one zero eigenvalue. This agrees with taking the
limit as we approach the disorder line in the XY model—there the infinitely many correlation
matrix eigenvalues in the limit N — oo are known for all values of the couplings (away from the
disorder line these models are outside the class analysed here) [28, 38, 39].

For f(z) = (2 — b)? with |b| > 1, there is one non-trivial eigenvalue for a subsystem of size
N: vy = |[b|~N. This follows from the result for || < 1 and Remark 5.7 below.

Example 5.4. Let f(z) = Z%(z —a)?(z — b)%. First consider the case |a] < 1 and |b] < 1. We
can evaluate the terms appearing in Theorem 5.1 (see also Appendix D) to give

det M(N,)) a 2Np=2V (x* PR
(a

det M(0,))  (AZ—1)2 —b)2

X (2(1 —a®)(1 = b?) — (1 — ab)? ((Z)N - (2) N)) + a2Nb2N>. (5.2)
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Thus we have two non-trivial eigenvalues of the correlation matrix for a subsystem of size N,
given by the zeros of (5.2). As N — oo the coefficients of A2 and \° go to zero, so in this limit
we have two non-trivial eigenvalues equal to zero.
Now consider the case |a] < 1 and || > 1. We can evaluate the terms appearing in Theo-
rem 5.1 to give
det M(N,)\)  a 2Np2N (A4+ ; A2

det M(0,))  (AZ—1)2

_ a)Q (2(1 — a2) (1 — b2) _ (1 _ ab)Z(QQN n b_QN))

B 2
N (aNb N(1—ab)? — (1—a?)(1 - b2)> ) (5.3)

(b—a)?

Taking the limit N — oo gives us that the two non-trivial eigenvalues of the correlation matrix
are degenerate and given by

L, -y
L 2 (1—a/b)?

Note that these limiting eigenvalues are equal to each other and to the order parameter, given
in (4.1)—these points are discussed in Remarks 5.9 and 5.10.

The final case |a| > 1 and |b| > 1is equivalent to the first case, where we make the replacement
a — 1/a and b — 1/b in all formulae. We explain this in general terms in Remark 5.7.

1%

Remark 5.5. Corollary 5.2 tells us that as we take a subsystem of size N — oo, there are a finite
number of non-zero eigenvalues of the reduced density matrix. This in turn directly implies that
the ground state for f(z) of the form (2.5) can be written as an MPS of fixed bond dimension.
Except for a measure zero set of cases, an MPS is explicitly constructed in [43] using different
methods. The results of that paper give us an upper bound on d, the number of eigenvalues
that depend on n in (5.1). The bond dimension, x, of the optimal MPS representation of the
ground state is related to d by 2% < x2. The upper bound is determined by the range of the
Hamiltonian: d < 2logy(x) < 2[range(H)/2|, where range(H) is the largest value of |a| such
that t, # 0. This holds in Examples 5.3 and 5.4. It would be interesting to derive this bound
in general using the methods of this work.

Remark 5.6. The correlation matrix is of block Toeplitz form, defined in Section 3. The
Szeg6-~Widom theorem for block Toeplitz determinants [91] tell us that as N — oo

det(ix — Ay) = (1= 23V Ew (1 +0(1)),

where Ey, Widom’s constant, may be zero (see, for example, [7]). This theorem is discussed in
the context of the correlation matrix of a quantum chain in [40, 41].

Applying Theorem 5.1 allows us to derive formulae for Ey, in our case. For example, for
f(2) = (2 —a)*(z — b)? with |a| < 1 and |b| > 1, by taking the limit of (5.3) we have that Ey
is given by

_ 1<v_u—fxr4w%f,

=Ty (- a/b)

We prove Theorem 5.1 using Gorodetsky’s formula (see Theorem 3.2). Note that [11] gives
a detailed discussion of asymptotics of determinants of block Toeplitz matrices that can be
analysed using Gorodetsky’s formula. As with our Theorem 5.1, to use these results to derive
the non-trivial part of the asymptotics, Ey, we require an expression for the matrices in the
Smith canonical form of the relevant matrix polynomial.

The models we consider are limiting cases of those studied in [41]. Another approach to
finding the asymptotics would be to take a limit of the results of that paper.
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Remark 5.7. Given f(z) defined in (2.5), and suppose that np = n, +nz — k for k > 0. We
can write this as

Zk ns ) nz ) 1 n.+k ) nz )
f(z) = Jnatnz H(Z*Zj) H (2 = Zp) :;%W H (2 — zj) H (2 —2Zw)",

where z; = ez for n, +1 < j < n,+k. Before taking the limit ¢ — 0, we can define n), = n, +k
and then apply Theorem 5.1 with np = n/,+nz. Since we are evaluating the finite determinant
det(i\ — Ay), taking the limit e — 0 of this result gives us the characteristic polynomial of the
correlation matrix for cases with np = n, + ny — k.

We also have that the eigenvalues of the correlation matrix for the system corresponding
to f(z) are identical to the eigenvalues of the correlation matrix for the system corresponding
to f(1/z). This follows from the block Toeplitz form defined in Section 3. Moreover, for the
purposes of calculating the eigenvalues of the correlation matrix, this transformation amounts
to replacing all zeros by their inverse, and replacing np — 2(n, + nz) — np. This allows us to
analyse np =n, +n, + k for k£ > 0 as follows:

ok ny ny
FUf2) = oy [[G-12)7 1] -1/2).
j=1 k=1

Using the same reasoning as above, we then apply Theorem 5.1 with np = n/, + n/,, where
n,, = nyz+k and n’Z = n,, and then take the limit where k zeros inside the unit circle go to zero.

Example 5.8. We can use Remark 5.7 and Example 5.4 to find the correlation matrix eigen-
values for f(z) = (2 — b)2. For |b| < 1 we take the limit a — 0 in (5.2). For |b| > 1, we take the
limit @ — 0 in (5.3). Moreover, the correlation matrix eigenvalues for f(z) = Z%(z — b)2 can be
found by replacing b — 1/b appropriately in the above results.

Remark 5.9. In Example 5.4, on taking the subsystem size N — oo, we had two non-trivial
eigenvalues such that v; = 5. Such a symmetry, where we have a twofold degeneracy of non-
trivial correlation matrix eigenvalues, was observed for the infinitely many non-trivial v, in the
XY model in [38, 39]. In fact in that case vy is not degenerate, but for all m > 1 we have
Vom = Vom+1 in the limit. This has a straightforward physical origin, as pointed out in [64]. Let
us consider the spin chain picture, with the model given in Appendix A. If the winding number
is even, there is no symmetry breaking, and the correlation length is thus finite. Hence, for
a large enough block, the two edges will decouple. Moreover, there is a symmetry between the
two edges.® All correlation eigenvalues (in the limit N — oo) must thus come in degenerate
pairs, corresponding to the correlations associated to each edge and the exterior of the block.
For odd winding numbers, the ground state spontaneously breaks spin-flip symmetry. Hence,
a symmetry-preserving ground state can be seen as a macroscopic ‘cat state’ superposition of two
ground states which obey the aforementioned doubled correlation matrix eigenvalues, resulting
in one additional, non-degenerate correlation eigenvalue. This explains the observations in
Example 5.4 and [38, 39]. On these physical grounds, we conjecture this property to hold much
more generally, although we do not have a proof of this even for the class considered in this paper.

Remark 5.10. We have the following relationship between the correlation matrix and a string
correlation function that may be evaluated with Theorem 4.2:

N
det(An) = [] 72 = ((Oo(1)O0(N + 1)) (5.4)
j=1

8For example, note that bond-centered inversion swaps the two edges and maps f(z) — f(1/2); an on-site
rotation over an angle 7 also maps f(z) — f(1/z). In combination, we thus have a symmetry of the model which
exchanges the two edges of the block.
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This follows from the block Toeplitz structure, see also (3.6). This relationship holds for all IV,
and one can check, for example, that the product of the zeros of (5.3) is equal to the square of the
right-hand side” of (4.1). Moreover, suppose that we have two non-trivial correlation eigenvalues,
and assume the symmetry argued in Remark 5.9, so that 141 = 15 in the limit N — oo. Then it
follows immediately from (5.4) that the limiting correlation eigenvalues are equal to the order
parameter, as observed in Example 5.4. Equation (5.4) also shows that, in the limit N — oo, the
correlation matrix has at least one zero eigenvalue if and only if the winding number is non-zero.
Equivalently, we have a degeneracy of the entanglement spectrum if and only if the trivial string
order parameter Oy(NN) does not have long-range order, consistent with the physical fingerprints
associated to non-trivial SPT phases [68].

Remark 5.11. Throughout we have assumed that f(z) defined in (2.5) has a positive overall
sign. For our purposes, if the overall sign is negative, the correlators (Oy(1)On(N + 1)) are
multiplied by (—1)"—this is shown in Section 7. Moreover, the correlation matrix eigenvalues
are unchanged—see Section 3. However, at the level of the Hamiltonian the sign-change can
cause frustration, and in certain cases care must be taken with boundary conditions and the
thermodynamic limit before evaluating physical quantities [54, 55, 56].

We define the generic case for (2.5) to be where {zjl,zjzl, Z.s Zk_; etk ey
are pairwise distinct. If we allow mutually inverse zeros, i.e., some z; = Z,- ! then it turns out
that the ground state is equivalent to a related generic model: we simply remove all of these
mutually inverse pairs of zeros and shift np. This is also the case when we allow zeros on the
unit circle of even multiplicity. A full analysis of these cases can be found in the paper [43]. We
can further relax the condition that the zeros are pairwise distinct by writing, say, z; = z; + ¢

and taking the limit € — 0, as in Remarks 4.3 and 5.7.

Let us consider more carefully the case of degenerate zeros with z; = 25 +¢, or Z; = Z; + ¢
in Theorem 4.2. An example would be given by the correlator (O3(1)O3(N + 1)) given in (4.3),
where we set b = a + €. Then for ¢ — 0,

(03(1)O03(N + 1)) = (-1)V (1 —a?) (1 — a®) N + 1+ a?)a™ (1 + o(1)). (5.5)

This limit is non-trivial in that the denominator of (4.3) is order e—the constant term in
the numerator cancels to give a finite limit. This illustrates the general case. Suppose M
contains z; but not z; + ¢, then the term J[;cpse jens (7o — ;)71 that appears in Cps diverges
as € — 0. However, there will be a corresponding set M’ that is the same as M except that it
contains z; + ¢ in place of z;. Then Cjy also diverges, but we have that C’Mr]]\\g + C’M,r]]\\g, is
finite. This discussion further generalises to multiple nearly degenerate zeros. This cancellation
must occur in general since Day’s formula is an exact formula for the determinant, and by
considering the matrix elements this limit is well behaved (see the discussion in Sections 3
and 7).

This analysis allows us to deduce that the formula for the order parameter given in Re-
mark 4.5 applies also for the case of degenerate zeros. In fact, this formula holds in all non-
generic cases. Recall that if we have mutually inverse zeros, this model has the same ground
state as the model with those zeros removed (and with a shift of np that fixes the wind-
ing number) [43]. By removing the zeros, we are in a case that we have already analysed
and so can evaluate the order parameter with (4.6). However, this result agrees with keep-
ing the zeros and evaluating (4.6), any terms involving zeros that are mutually inverse will
cancel.

9Example 4.1 has np = 0, while Example 5.4 has np = 2, so this is the relevant correlator.
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6 Results: correlations in AIII

6.1 The AIII class

We now consider a different class of models on a one- dlmensional fermionic chain. Let us
take 2L spinless fermionic degrees of freedom CL and ¢! Bon for n =1,...,L. The class of AIII
Hamiltonians [3, 71] are charge- conservmg and are symmetrlc under the antl—unltary involution T’
such that TCTA T = cay and TcB T = —cp,, (physically T is the sublattice symmetry). The

class of models which are translation-invariant with respect to the two-site unit cell is given by

H= Z Tﬂcg,ncA,n+n + ?ncz,n+ncB,n' (61)

K,

We can diagonalise H = >, | f ()| (771 W — n 7 1) with bands given'” by

Ul,k = \2 (CTA,k + f](”l(ji)cgle) ) (6.2)

where f(z) = Y., 742" and f(z) = Y., Tx2". As in BDI, the gapped phase diagram is char-
acterised by w, the winding number of f(eik). Since f(z) is a Laurent polynomial, we have
that w = N, — Np where N, is the number of zeros inside the unit circle, and Np is the de-
gree of the pole at zero. Examples in this class include the Su-Schrieffer-Heeger model [81].
Non-trivial ground state correlations may be easily derived from (6.2) as

<CTB,n—aCA,n> = <C;i-4,nCB,n cx - 47‘(‘1/ 1/2’ (63)

and <cf4 nCa nia> <cB nCB a> «,0- For the subclass of models we focus on, we give these
two-point functions in Appendlx B
A natural change of variables is defined by

1 . 1 .
CAn = 5(—7271 +ivon—1), CBn = 5(’)’%—1 + i2n),

where the ~,, ¥, are Majorana operators as introduced in Section 2. The Hamiltonian (6.1)
becomes:

1 - - -
H = 5 Z (Re(Ta)fYann—lﬁa + Im(Ta)(_72n—172n+2a + 72n72n+2a—1)) . (64)

a,n

The sublattice symmetry T acts as Ty,T = vn, T9T = —3n, and we see that (6.4) is a BDI
Majorana chain, with two-site unit cell. If 7, € R then the model is actually translation-
invariant, and is a special case of (2.1), while for complex 7, this class of models is distinct.

6.2 Correlations of string operators

The string order parameters in this class will, as before, be given by string correlators of fermionic
parity strings with certain end-point operators

n—1 n—1
Op(n) = exp (Z iﬂ-(CTA,mCA,m + cg’ch’m)> = (-1 H Yom—172m—11%2mY2m;

m=1 m=1

'°The branch of the square-root is chosen so that this is equal to f(z)/|f(#)| for z on the unit circle.
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n—1 n+oa—1
= (_1)7171 ( H i:YZm—lrmm—li:?Zm’YQm) (_i’YQj—l')’Zj) for a0 > 0,

m=1

~ n—1 n+|al—1
Bulr) = exp (z (e g + c*B,ch,m>) (126 )

m=1

n—1 n+|ol—1
= (—1)n_1< H 112m1’72m115/2m72m> H (—i’?gjfys/zj) for av < 0. (6.5)
j=n

m=1

String order parameters are usually defined for interacting SPT phases [62, 67], our case is
different since we have a free-fermion system—see the discussion in [44]. In Theorem 6.1 below,
we prove that these string correlators are order parameters for the different phases; i.e., O,
has long-range order if and only if @« = w, the latter being the topological invariant defined
above. Special cases of these fermionic string order parameters'! appear in [4]. We can evaluate
the ground-state correlation <@a(1)@a (N + 1)) using Wick’s theorem [6, 53] and the two-point
correlators given above. We show in Appendix E that these correlators are equal to the square
of the absolute value of a Toeplitz determinant. This determinant can be evaluated using the
same techniques as in the BDI case. We now justify that these are indeed the AIII analogues of
the string order parameters in the BDI class—this follows by generalising the analysis of [44] to
this class of models. We will not pursue this fully, but give the following result:

Theorem 6.1. Consider a general model in the AIII class. This corresponds to

N, NZ

O3 | () | (G (6.6)

j=1 k=1
where |z;| < 1, |Z| > 1 and 6 € [0,27). The winding number is given by w = N, — Np and the

string correlators satisfy

lim <(§a(1)(§a(]\f +1)) = const X da-

N—o00
The non-zero constant is the value of the order parameter, given by

N. — N —1%-1
Hj17j2=1(1 B Zjlzj?) Hki]@il (1 B Zkl ZkQ )
Z]' 2

Z,

1/2

lim (O,(1)O0y(N +1)) =
N—o0
- 5 I

We outline the proof, using Szegd’s theorem [18, 83] and results of Hartwig and Fisher [35],
in Appendix E.
For models with f(z) of the form:

1) = [ = 2 T] - 2™, (6.7)
j=1 k=1

we can proceed using the methods of this paper, leading to an analogue of Theorem 4.2. The

. . 1 — N ..
generic case here is that {Zj17 Z, s Ly Dy } are pairwise distinct.

J1,j2=1,...,nz;k1,k2=1,....,nz

"For example, the correlator of ((7),1(71) -0 (n))/2 is used to detect a phase with two Majorana edge modes.
This would correspond to winding number 41 in our model, consistent with @il(n) being the order parameter
for those phases.



Exact correlations in topological quantum chains 21

Theorem 6.2 (AIII restatement of Theorem 4.2). Consider a chain with a non-trivial f(z) as
defined in (6.7), assuming the generic case, and for each o € Z define No = max{|n, + nyz —
np —al,1}. Then

(1) fora<w—n, and o« > w+ny

<@a(1)@a(N + 1)> =0, N > Ng;
(2) forw—n,<a<w+ng

(Oa(1)Ou(N +1)) = ]ZCMTW, N> N, (6.8)
M

where for n, > 0 and ny > 0:

o forw—n, < a<w+nyg—n, the sum is over sets M that label sets of zeros, with
the non-zero constants Cyr and vy defined in Case 1 below.

o forw+nyg—n, < a<w+nyg the sum is over sets M that label sets of inverse zeros,
with the non-zero constants Cyy and rp; defined in Case 2 below.

If either n, =0 or ngy = 0:

e ifn, =0, and o < w+ nyg, then put n, =1, a — a + 2 and take the limit z1y — 0
with Case 1. If n, =0 and o = w+ ny then the correlator is given by HZil|Zk|_2N.

e ifny =0 and a > w —n,, then put ny = 1, and take the limit Z1 — oo with Case 2.
Ifnz =0 and o = w — n,, then the correlator is given by H;lezﬂzN.

In both cases, in the formula (6.8), the sum is over all subsets M C {1,...,n,+nz} of some
fized size |M|. For each such M, we also define:

Me={1,....;n,+nz}\ M

and further define M, = {1,...,n,} and Mz ={1,...,nz}. Then we have
Case 1: Define 7j = zj for1 < j <mn, and 7, 1 = Z; for 1 < j <ny. Then the sum in (6.8)
is over all subsets M of size |[M| =« + np —n,, and Cy; and rp; are defined by

_ szeMC Tk
™7,
Hj:l J
-1 -1 —(nztnz—np—a)
Cu = H (6= Zom ) H (7' -1) H Zl
keMemeMz leM,,jeM leM,
——1 _  Z—1-1 -1 —(nztnz—np—a)
X H (zl —Z ) H (Th — 75) H T )
leM,,meMy keMejeM keMe

Case 2: Define 7; = z;l for 1 < j < n. and 7,4, = Z;l for 1 < j < ng. Then the sum
in (6.8) is over all subsets M of size |M| =2n,+nz —np — «, and Cpr and vy are defined by

n nz Z
TM:HZ]HZ H Tk

=1 k=1 keMe

Cu = H (Tk — Zm) H (Z,— 7)) H ZyprtamnaTnz

keMe meM, leEMz,jeM leEMy

< JI @-=)7" I @-m !t I nrre)

lEM 7z ,meM, keMce,jeM keM«e
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Much of the discussion in Section 4 applies analogously here. We will simply give one further
example.

Example 6.3. Let f(z) = (z — a)?(z — b)* where |a| < 1 and [b| > 1. Since n, =nz =1, we
are in the phase w = 2, and the correlator (O2(1)O2(N + 1)) is given by

(1= laP) (B2 =1) (0\Y |1 =t (o) ?
b —a? 5 b—a? \3

_(OdaP) (el =)\ bt e
= ( |b— al? ) +\b—a|4 <|b\2)

Vv
order parameter

. (1- |a|2)(||bbf ;|41)\1 — ba)? <(Z>N n (Z) N) ., N>1.

Note that for a,b € R this example reduces to a translation-invariant BDI model. Given the
form of (6.4), we see that we have two decoupled BDI chains, each with f(z) = (2 —a)?(z — b).
The correlator (O3(1)O2(N + 1)) can be calculated for each of these decoupled chains using
Example 4.1 and we see that in that case (O2(1)O2(N + 1)) <(’)2 )Oo(N + 1)).

<02 Oz(N + 1)> =

6.3 Correlation matrix

For the AIII class, the correlation matrix for a subsystem containing N two-site unit cells is
defined by

Cn = (<b}bk>)j,k:1,...,2N’

where we define byj_1 = c4 j and by; = cp ;. Following the discussion in [65], to find the eigen-
values of the reduced density matrix or, equivalently, the entanglement spectrum, we want the
eigenvalues of the matrix Ay =1-2Cy. The eigenvalues, A, of A are real and satisfy —1 < A < 1.
The values A = £1 are trivial eigenvalues that do not correspond to entanglement. Our main
result for class AIII is that the proof of Theorem 5.1 carries over, leading to:

Theorem 6.4 (AIIl statement of Theorem 5.1). Consider a Hamiltonian of the form (6.1) with
a non-trivial f(z) of the form (6.7) such that np = n, +nz. Recall that in this class zeros need
not come in conjugate pairs, and we allow the non-generic case where zeros may coincide, but

assume without loss of generality'? that 2 # 7,;1 for any j, k. Denote the correlation matrix
on a subsystem of size N by Cn and define Ay =1 —2Cy. Then

N
iy ey (I B IEAZ) - det M(N, )
det(A — Ay) = (A2 - 1) ( (T2, 12,7)° ) det M (0, \)

where M(n, \) is a 4(ny+nz) x 4(n, +nz) matriz that can be determined from the zeros of f(z)
and the Smith canonical form of a known 2 x 2 matriz polynomial (defined in (E.4)—(E.5)).
Moreover, there exist d',d”" € N (independent of n) such that

1, % sz 1Zk>_n d’ , , d’
det M(n, \) = =15 A =15 (n A—¢jy),
. M( (T, 200 1?)? jgl( 8 ))jg1( »)

12As in Remark 5.11, if there were such zeros they can be removed without affecting the ground state.
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where the constants p and c; are independent of n and vj(n) satisfies 7;(0) =1, 0 < pj(n) <1
forn>1 and v;(n) < 1 for some n > 0.

For any f(2) as defined in (6.7) such that np # n, + nyz, then the characteristic polynomial
of the correlation matriz can be found by taking a limit of a related case where np = n, + ny
that can be evaluated using the above. Details of this limit are discussed in Remark 5.7—in
particular, this discussion does not rely on zeros of f(z) appearing in complezx-conjugate pairs.

For further details see Section 8 and Appendix E. As in the BDI case, this results allows us
to conclude that there exists an exact MPS representation of the ground state.

To find the entanglement spectrum requires using the definition of M (n, A) given in Section 8
(with the changes for class AIII given in Appendix E), as well as finding the Smith canonical
form of the relevant matrix. By analogous calculations'® to those in Example 5.3, we find that
for f(z) = (2 —b)? with |b| <1, b € C:

~

det(A— Ay) = (A2 = 1)V (A2 = p?N).

7 String correlators—analysis

As stated above, the BDI string correlators satisfy
(=)0 (1)Oa(N + 1)) = Dy [t1(2)] = Dn[ta(1/2)],

where t1(z) = \/f(2)/f(1/z)z=*. Moreover, in AIII the string correlators satisfy

2

)

(0a(1)04(N + 1)) = [Dy[ta(2)][* = [ Dnlta(1/2)]

where to(2) = 1/ f(2)/f(1/2)2=%. We hence see that we can understand both classes by analysing
Dnlt(z)] for t(z) = ta(z). Then for class BDI we reach Theorem 4.2 by noting that f(1/z) =
f(1/z) for t, € R and, since zeros come in complex-conjugate pairs, we can simplify certain
formulae. For class AIIl we reach Theorem 6.2 by simply taking the absolute value squared of
the result.

We will show now that for

olf = nz
HOEST2 1 ICEEON | [CEE/ (7.1)
j=1 k=1

then either Dy[t(z)] or Dy[t(1/%)] can be evaluated using Day’s formula. Some further analysis
is then needed to reach our results. First, note that we can simplify by setting & = 0. In the
BDI case, § € {0,7}; if § = m we take the other branch of the square-root and multiply the
Toeplitz matrix by —1. This sign hence gives an additional factor of (—1) when we evaluate
the determinant, as mentioned in Remark 5.11. In the AIII case 6 € [0,27), this would give
an additional complex phase when we evaluate the determinant, but since we take the absolute
value this drops out. If n, = 0 and nz = 0 then f(z) = 27”7 and the string correlators are
trivial. We treat the case n, > 0 and nz > 0 first. Then we analyse the remaining cases where
either n, =0 or ny = 0.

13The matrix from the Smith canonical form needed for this calculation is given in Appendix E.
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7.1 Proof of Theorems 4.2 and 6.2 with zeros inside
and outside the unit circle

Suppose first that n, > 0 and nz > 0. By inserting (7.1) into #(z) and rearranging, we reach

Y (R 1720 (= = 2) ITRZ, (= — Z)
t(Z) — an+nz np—o _Zj J — ,
91_11( ) H;'l’zzl (1- z/zfl) 132 (= - Zk’l)

r- <H Z ) 2 (2 — 2 ) 2 (= = 2 )

2) = gnpta—n.—ng — = ’
¢(1/2) [1=2) Zk) T (2 — %) [0 (1 - 2, )

j=1
Recall that in Theorem 3.1, the canonical form (3.4) for the symbol has the degree of the
numerator greater than or equal to the degree of the denominator. Hence, for n,+nz—np—a >0
we evaluate Dylt(z)] and for n, + nz — np — o < 0 we evaluate Dy[t(1/z)]. Note also that
in order to apply Day’s formula we must have pairwise distinct zeros in the numerator. Hence,
forn, +nz —np —«a >0, we write

k=1

2n,+2ny;—np—a )
H(2) = lim p Hj—l (z —75)

= T (125 ) I (- 2 )
ng -1
{2, 20 L1y Dy €T, o ETp L dny—np—a ) p= <H(Zk)> (7.2)

)

and for n, +ny —np —a <0:

+
H?P1 “(z - 7;)

(l/z)_il_r)% nyg —_ 1\
I[Z (= — )Hj:l(l_zzj )
T; € {zl e gj 7 1 . anl,exl,...,5a:np+a,nz,nz},
Ny ny
ZA
p={TI(==) H?]
J=1 j=1"J

In each case, before the limit is taken these are in the canonical form (3.4) and we can evaluate the
determinants using Theorem 3.1—this has the form >_,, C,,r}; where the sum is over sets M
defined in Theorem 3.1. Then, by taking the limit, we can determine the string correlator.
Recall that in Theorems 4.2 and 6.2 we assume the appropriate generic case. This means that,
for € # 0, C)s is a product of finite, non-zero terms Coincident zeros require taking a limit, as
discussed in Remark 5.11, while if we have z; = Z k , then C) can be zero'?.

Now, a difficulty with the limit ¢ — 0 is that when |n, +nz —np — «| > 1, there are choices
of M where both M and M¢ contain'® 7, of order . This means that

Cyp x H (p — ) L =0("™)
keMe,jeM
for some m > 0. However, since M by assumption contains a 75 of order ¢, ry; is ©(e") for
some n > 0. Then, since the contribution of this M to the N x N determinant is C Mr]]\\g, for N

sufficiently large this term will have a positive power of €, and so will vanish upon taking the
limit e — 0. More precisely, we have

11 fact, as we discussed in Remark 5.11, the ground state is equivalent to a model with those zeros removed.
Hence, terms containing those zeros should not appear in the result, and so if we have a set M where these zeros
appear in 77, the corresponding Cy must be zero. We can see this in Example 4.1 by setting b = 1/a.

!5We are abusing notation slightly: M corresponds to a set of indices, but it is helpful to also think of M as
the set of 75, corresponding to those indices.
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Lemma 7.1. For N > N, = max{|n. +nz —np — «a|,1}, in evaluating Dy[t(z)] using Day’s
formula, any set M€ that contains a term of order € does not contribute to the determinant in
the limit € — 0.

Let us first consider Dy[t(z)] in the case n, + nz — np — a > 0. By Lemma 7.1, the only
sets M that contribute are those where M¢ contains no terms of order €. By comparing (7.2)
and (3.4) we see that p = nz, and thus the sum over M gives all subsets of {7;} of size nz.
Since |M| = nyz such sets exist when nz > n,+nz —np —«a, which is equivalent to « > n, —np.
Hence, for @« < n, — np and N > N, the determinant is zero. For the other cases under
consideration, n, —np < a < n, + nyz — np, by applying Day’s formula we reach the result
given in Theorem 4.2. Since all M that have a non-zero rj; in the limit € — 0 contain all terms
of order ¢, in stating the theorem we simplify the formulae by removing this fixed number of
terms of order € from the definition of M, and adjusting the definition of the Cj; to account
for this. Note that here, and in the other cases below, the sign in the definition of r3; in Day’s
formula does not depend on M and so we combine it with the oscillatory factor of the correlator.
For 1 < N < N, we can still evaluate the determinant using Day’s formula, but the analysis
and simplifications just discussed will not apply and so one must take the limit after applying
Theorem 3.1 directly for the symbol (7.2).

An analogous discussion applies to the case n, +nyz —np — a < 0. In this case, |[M| = n,
and so choices of M where M¢ contains no terms of order € exist when o < 2n, + ny — np.
Hence, the correlator is zero for a > w+nz. By applying Day’s formula in the remaining cases,
and simplifying to only include the M that contribute, this completes the proof of Theorem 4.2
with n, > 0 and nyz > 0.

Proof of Lemma 7.1. Consider the case n, +nz —np — « > 0. Let us suppose that M is
such that M¢ contains n > 0, 73, of order . This means that r); = ©(e™), and that M contains
(ny +nz —np —a—n), 7 of order . Then, we have that

CMT]]\\/[[ — @(g—n(nz-i-nz—np—a—n)—f—nN) _ @(5n2+n(N—nZ—nz+np+a))’

which is a positive power of € for N > n, +nz —np — a. The analogous proof goes through for
the case that n, + ny —np — a < 0. In the case « = n, + nz —np all 7, = ©(1), then Day’s
formula applies for N > 1.

7.2 Proof of Theorems 4.2 and 6.2 for n, = 0or nz =0
7.2.1 No zeros outside the unit circle

Let us now consider the case ny = 0, and n, — np — a < 0. Note that we have n, > 0 as
we do not include the trivial case. The strict inequality allows us to apply Day’s formula. In
particular,

nz Ny -1 np+o
oz —z. gl Z2—T;
t(]_/Z) _ an+a_nz l I(—Z]) H];zl( i ) = li p H]:i_ ( .])

aiey [[[Z1 (2 —%)  e20Z1i900 (1—=22, ) [1j2, (2 — %))

)

Nz
—1 1 -1 —
ez, 2y e, e pan. 1}, p= H(—zj)

J=1

Thus, the result we want follows from the formula for ny = 1 and then taking the limit Z; — oo.
Taking the limit by setting 2, 1 = ez, we derive that contributions from sets M¢ that contains
a 7; = O(¢e) are zero for N > np + a — n,. Moreover, note that the correlator is exactly zero



26 N.G. Jones and R. Verresen

for « > w and N > np + a — n;, since in that case all sets M will contain a 7; that goes to
Z€ro.

In the case n, — np — a > 0, it is easier to analyse the determinant directly. Since nyz = 0,
the Fourier coefficients of the symbol, as calculated in Appendix B, can be seen to be one-sided.
In particular t, = 0 for n < n, — np — «. This means that if n, — np — a > 0, the determinant
is zero. For the only remaining case, n, — np — a = 0, we have that

Uz
Dyl =) = [[(-=)V, N>1.
j=1
7.2.2 No zeros inside the unit circle

Finally, let us consider the case n, = 0, nz > 0 and ny — np — « > 0. The strict inequality
allows us to apply Day’s formula. In particular,

ny -1 ny
t(z) — an—np—a (H (_Zk)> Hk:l (Z —7Zk)

k=1 Zi('z_ lel)

nz -1 2,”z+2nZ_nP_(a+2) — T
— hm hm (H (_Zk‘)> H]:1 : - (Z 7_72) )
e02120 \ - (1 —z/Z] ) [T:Z: (z — 2 )

—1
nz
Tj S {217217"’7Z’I’L27€m17‘"7€xnz+nzf’np7(a+2)}7 pP= (H(_Zk)> .
k=1

As before, we can then apply the result for n, = 1 and take the limit z; — 0, while also
replacing o by a + 2. Taking the limit by setting z; = exg, we derive that contributions from
sets M€ that contains a 7; = O(e) are zero for N > nz — np — a. Moreover, for a < —np =w
all sets M¢ contain a 7; = O(¢), and so for N > nz — np — o these correlators are exactly zero.
Finally, as in the case n, = 0, one can argue we have one-sided Fourier coefficients that imply
the correlator is zero for ny — np — a < 0 and for &« = ny — np, we have

Dylt(2)] =ty = I_Z[(—Zk)’N, N>1.
k=1

We have considered all cases and thus, by using that the zeros come in conjugate pairs, we have
proved Theorem 4.2 for the BDI class, and by taking the absolute value squared we have proved
Theorem 6.2 for the AIIT class.

7.3 Emptiness formation probability

Here we prove that the emptiness formation probability, P(N), introduced in Remark 4.11, can
be evaluated using Day’s formula. Following [26], for a translation-invariant BDI Hamiltonian
as in (2.1), we have that

Pen =[ow [ (- )|

Then, for a generic BDI model of the form given in (2.5), P(N) = |Dy [t(z2)]|, where

10— 2/5Y) 11 (= — 270) — oemetnz=ne 1] (2 — ) 11 (1 — 22
Hz) = 1 j=1 k=1 j=1 k=1
2 ns

Jj=1

II (1 - z/zj_l) jjl(z — Zk_l)
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This is a rational symbol, where one can check that the numerator has degree at least the
degree of the denominator. We can allow for degenerate zeros by taking an appropriate limit,
and, assuming that n, > 0 and nz > 0, we can evaluate P(/N) using Theorem 3.1.

If n, = 0and ny = 0, then t(z) = 3(1—02"?)—if np # 0, then P(N) = 2~ while if np =0
then P(N) =0 for c =1 and P(N) =1 for 0 = —1. If ny = 0 and n, > 0, then one can
write t(z) = lim. 0 Z=5t(2), and then evaluate with Day’s formula before taking the limit ¢ — 0.

Similarly, if n, = 0 and nz > 0, one can take t(z) = lim._,o %:Zt(z).

To derive Example 4.12, recall that f(z) = 272(z — a)?(z — b)?, with |a| < 1 and [b| > 1. We
suppose the generic case that b # 1/a. Then we can write

(1/b—a) (z+1)(z—1) ]
2 (1—az)(z—1/b)

9

P(N) = ‘DN[

which is of the form (3.4) with p = ¢ = 1 and s = 2. There are thus two contributions
to the determinant, leading to the given formula. Note that this formula is strictly positive
given b # 1/a.

8 Correlation matrix—analysis

We can find the characteristic polynomial of the BDI correlation matrix by evaluating the block
Toeplitz determinant generated by (3.5). Note that Dy [®(z, A)] is the determinant of a 2N x 2N
matrix, with i\ on the diagonal. This means that Dy [®(z, \)] = (—1)V vazl (A2 = VJQ) More-
over, since this is a correlation matrix we have that 0 < v; < 1.

8.1 A canonical form for rational symbols and the definition of M (n, \)

Let us define ®(z, \) to be the symbol ®(z, \) with f(z) restricted to be of the form (2.5). Then
define

Tz nz Tz nz

i@ =1e-=2 [1G-2"). A =] -2 [T -22").
j=1 k=1 j=1 k=1
We then have

(i)(z )\): a(f) _ 1~ (an(z) a12(z)>
T Gz) a(2)h(2) )

where

a11(2) = ax(z) = i)\w ﬁ(z — zj)(z — z;l) ﬁ(z — Zk)(z — Z,;l), (8.1)

( k:l(_Zk)) j=1 k=1
B 1 Uz nz
aip(z) = 2=z nPW H(Z —z)° H(Z — Zy)?, (8:2)
k=1"k j=1 k=1

nz

ag(z) = —z M=zt H zj2 H(z — zj_l)2 H (z — Zk_l)z. (8.3)
j=1  j=1

k=1

Now, in order to apply Theorem 3.2, a(z) must be a matrix polynomial of the form Zj’:o a2l
This is the case if n, +nyz = np, and in fact if this condition is not satisfied we cannot apply
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Gorodetsky’s formula'®: we thus fix n, +nz = np. We then have that all a;j(%) are polynomials
of degree 2(n, + nz), and

[z, 2
HZZ ZQ

Define the set of zeros and inverse zeros by

det(as) = (1 -\ =—%

1
{TZ}Z 1,...,2(nz4nz) € {z.]l’ J2 7Z]€17Zk2 }j 1,...,nzk=1,...n

Recall that we do not assume that the {r;} are all pairwise distinct, however, in the statement
of the theorem we assume'” that 2j # 2y ! for any j, k. Then there exist 2 x 2 matrix polyno-
mials y(z) and w(z) such that det y(z) and det w(z) are non-zero and independent of z and

1 0
y(Hawz) = |, 1 (2= 2:)2(z — 2712 ¥ (o= 2o (2 — 212 | (8-4)
H J ( i ) ’g k ( k )

this is the Smith canonical form of a(z) [10, 32]. Define

G(z) = §(z)(1, Zyoon, z”ﬁnz*l),
H(z) = h(z)(1,z,..., 2"z,

4(nz+nz)

where the second row of y(z) from the Smith canonical form appears in the definition of m(™,
and we make the A dependence explicit. Then we define a 4(n, + nyz) x 4(n, + nz) matrix

m™ (1, \)
2.m™ (11, \)

m™ (19, \)
M(n, \) = 9-m(" (73, \)

m(n) (TQ(nz—i—nz) ) >‘)
8z7n(n) (TZ(anrnZ) ) A)

This matrix is, in our generic case, the matrix M [n, é(z)] appearing in Theorem 3.2.

8.2 Proof of Theorem 5.1

Given the canonical form of ®(z, \) and the definitions of the relevant functions above, we simply
apply Theorem 3.2 as given in [10], leading to

1102, 22) det M(0,A)

Tf n, + nz # np, then there is a pole in either (8.2) or (8.3)—we could try to pull this pole out and
redefine g(z), however, in that case we have that as has only one non-zero entry and one of the conditions of
Gorodetsky’s formula is that as is invertible. As explained in Section 5, we can analyse np # n, + nz by taking
an appropriate limit of a case with np =n, + nz.

'"In fact, if this is the case one can still apply Gorodetsky’s formula as given in [10], but the given formulae will
be slightly altered. Alternatively one can note that, as discussed in Remark 5.11, this assumption on our model
is without loss of generality.

D[z N)] = (1-2%)" (H% JQ>N det M(N, )
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This is the first part of our result, we now show that there are only a finite number of zeros
of the characteristic polynomial Dy [@(z,)\)] that are not equal to +1. Firstly, note that A
dependence in det M (n, ) comes from y21(z, A) and y22(z, A). Importantly, the definition (8.4)
of y does not depend on N. One can determine y and w through a finite sequence of elemen-
tary transformations of a(z). In particular, the elementary transformations with A dependence
reduce the order (as a polynomial in z) of the matrix elements of a11, a2, ag; by taking linear
combinations of rows or columns multiplied by coefficients from these polynomials at each step.
These coefficients will be polynomials in A, since initially all matrix elements of a(z) are poly-
nomials in z and A (8.1)—(8.3). Hence, there exists a dy € N such that we can find'® a y(z, \)
with entries that are polynomial in A of degree at most dy. This means that det M(n, \) is
a polynomial in \ of degree 2d’ + d” < 4dy(n. + nz), where this degree does not depend on n.
Now, recalling that Dy [Ci(z, N = (=1 vazl (A= 1/]2), we have

TIOR8 = (-

Jj=1

| N det M(N, \)

[1:2, 27 ) det M(0, )
= (1-a)" ( s )N an T, (2 = 5(N)2) TTY, (A = o))
[i212¢)  ao [T (B = 20 [T (A — o)

By comparing the two sides of this equation, we have that

M=, 22\ "2 4
det M(n,\) = p (H) H()\2 - ﬂj(n)2) H(/\ —¢j),

nz ZQ
Hk:l k j=1 j=1

where y1 and ¢; are independent of n and 7;(n) satisfies 7;(0) = 1, 7j(n) < 1 for n > 1
and 7j(n) < 1 for some n > 0. Thus we have d’ € N non-trivial eigenvalues of the correlation
matrix, even in the limit N — oco. Theorem 6.4 is proved similarly, with the relevant changes
pointed out in Appendix E.

9 The MPS-transfer matrix

As discussed in Remark 5.5, Theorems 5.1 and 6.4 allow us to deduce the existence of an exact
MPS representation for the ground state of BDI and AIIl models with f(z) of the form given
in (2.5) and (6.7) respectively. Moreover, an exact MPS representation is constructed for the
BDI class in [43]. Given an MPS, it can be put into a canonical form [61]—we will henceforth
suppose that the MPS under consideration is in this form. From the MPS, we can define the
MPS-transfer matrix (hereafter referred to as the transfer matrix) and in this section we show
how Theorem 4.2 allows us to deduce properties of this transfer matrix for the BDI case. As an
application of this, we can find a lower bound on the bond dimension of an MPS representation
of the ground state—this complements the upper bound found in [43]. In certain cases, the
upper and lower bounds coincide and allow us to give the optimal bond dimension of such an
MPS. Throughout this section we will work with the spin chain model (see Appendix A), and
use standard graphical notation to give an intuitive illustration of some formulae [16, 66]. While
we focus on the BDI case, an analogous discussion based on Theorem 6.2 would allow us to
deduce properties of the transfer matrix in the AIII class.

8Note that after applying this sequence of transformations, the matrix we have will differ from the right-hand
side of (8.4) by a polynomial in A in each diagonal entry. We get the Smith canonical form by dividing each
entry of w(z,\) by one of these polynomials as appropriate. Hence, we can find y(z,\), w(z,A) such that y is
a polynomial in A while w is a rational function of A\. Examples are given in Appendix D.
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Figure 1. Graphical notation: a) is the MPS tensor with bond indices a, 8; b) is the generalised transfer

matrix; ¢) is a formula for EJ* when the transfer matrix is diagonalisable.

9.1 Overview

For a periodic spin-% chain with L sites, a translation-invariant MPS representation of a state
is of the form

[Wy=" > (A A i)

jl,--~,jn:i1/2

We will take |¢)) to be the ground state of a model defined in (2.5). For a fixed value of j, A;
is a x x x matrix, and one can think of A; as a x X x X 2 tensor. Given A;, one can compute
various quantities for a system of size L and then take the limit L — oco. A useful operator is
the (generalised) transfer matrix

Bx= Y XyA;@A4, for Xy = (kX]j).
Gk=%1/2

We can view this as a x? x x? matrix, where we group indices connecting sites to the left and

sites to the right'” (see Figure 1). The transfer matrix, Ey, can be used to calculate the norm
of the state, through

(| ) = lim_tr(Ef).

Note that A; can be rescaled so that the state is normalised in the limit, the canonical form
fixes a rescaling [61]. Moreover, correlations of single-site operators X; and Xy take the form

. - L—(N+1
(XX [ = lim tr(By B By By N+, (9.1)
It is simple to extend this to more general correlators, for example,
(VXXX [¢) = lim te(EBy By BY By By~ ).

Thus, the transfer matrix Ey = ) k=12 A; ® Aj is intimately related to correlations—indeed
in this limit our MPS is a finitely correlated state [21, 61, 62]. We now discuss how the results
of Theorem 4.2 relate to this framework.

9.2 General discussion

Viewing the transfer matrix Ep as a x? x x? matrix, then it has a Jordan normal form with y?
eigenvalues (counting multiplicity). Let us first consider the case where Ej is diagonalisable.

197f we put the indices in we have Eé“”‘lﬁﬁ/) =2 ket1)2 ijA;a;ﬂ)Z,(ca o,
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For A in canonical form, the largest eigenvalue of Ey (in absolute value) equals one, and more-
over, for the purposes of this discussion, let us suppose this largest eigenvalue is unique (see
Remark 9.1). Then (9.1) simplifies to

XZ

WX Xy [9) =D e (Ll Bx|rw) (el Bx |r) (9.2)
k=1

where 1 = 1, |pg| < 1 for & > 1 and {|rg), ([;|} are the left and right eigenvectors of E,
satisfying (l;| ri) = 0jk-

Now, consider the operators O, defined in (2.6). For @ = 2k + 1 these are correlators of local
operators, for example,

X2

(O1)O1(N +1)) = (L] Ex |ri) (k] Ex 1),
k=1
X2
(O 1(DO_1 (N +1)) = py " (L] By |ry) (x| By |r1),
k=1
(O3(1)O3(N +1)) = > " p (| ExEy Ex |r) (I| Ex Ey Ex |r1) .
k=1

Thus, using the results of Theorem 4.2, the terms proportional to r]]\\g that appear mean we can
identify eigenvalues of the transfer matrix: {(—1)"#*1ry} C {u}. Moreover, the terms C)y
will correspond to the overlaps such as (I1| Ex |ri). Note that if Ey had off-diagonal terms in the
Jordan normal form, then these would appear in correlators as, e.g., n,uz_l. Such correlations do
not appear in Theorem 4.2 in the generic case, although they can appear for non-generic cases,
for example in (5.5). In any case, since non-trivial Jordan blocks correspond to degenerate
eigenvalues, the dimension of the transfer matrix is always lower bounded by the number of
distinct rps.

Now, for O, with o = 2k we have a non-local operator. However, we can do a similar analysis,
using the generalised transfer matrix Fz. For example, we have

(O2(1)Os(N + 1)) = lim tr(Ex By By "By ExEf~ ")

X2

= 4 L |ExEy |ri){Ix| By Ex|r1),
k=1

where we suppose for simplicity that we can diagonalise
X2
Ez = Z/jk‘rk><lk‘-
k=1

Because [ | j Zj is a symmetry of our system, it can be shown that Fz and Ej have the same
eigenvalues up to phase factors [73]. This follows from the result that a symmetry operator on the
physical index corresponds to a transformation on the bond indices of the form A — WUAUT
where U is unitary and W is a diagonal matrix of phase factors €l%. This is illustrated in
Figure 2. As before, we can use Theorem 4.2 to identify eigenvalues ji of Fz. Moreover, we
know that for each k, |jig| = |p;| for some j. Hence, we can lower bound x? by the number
of rys that give us distinct p; and distinct fi; where none of these rj; have the same absolute
value.
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Figure 2. Graphical representation of the relationship between F; and Fj. U is a unitary matrix,
and W is a diagonal matrix of phase factors. This follows from Theorem 5 of [73].

Remark 9.1. An MPS is called injective if the transfer matrix has a unique largest eigenvalue.?’
In the models considered in this paper, the MPS ground state is not necessarily injective. Indeed,
suppose that w = 2k+1 for k € Z. Then we have a local order parameter Qs 1. Note that Ogp41
is odd under the symmetry [] ; Zj- Hence, given a unique largest eigenvalue, we must have

(O,(1)) =(l1| ExEy ... Ex |r1) =0, (9.3)

where for definiteness we fix w > 0. From (9.2), the two-point correlation function will behave
like:

A}i_{nm((’)w(l)OM(N +1)) = (4| ExEy...Ex|r1) (| ExEy ... Ex |r1), (9.4)
where the left-hand side has a non-zero limit given in Remark 4.5. Equations (9.3) and (9.4)
are inconsistent, and so for w = 2k + 1 we must have further eigenvalues of absolute value one.
This means that if the MPS is injective, we must have w = 2k.

It is simple to generalise (9.1) to the non-injective case, and the relation between Ez and Ej
illustrated in Figure 2 does not rely on the MPS being injective. However, if we do have an
injective MPS, this means that W is a matrix of the form e¢?l. By applying the symmetry
transformation on the physical index twice we have A — XU AUT. Since the transfer ma-
trix E,2 = Fj, we can conclude that ¢ = +1. Hence, in the injective case, either the spectrum
of Ez is the same as the spectrum of Ej or it is the same as the spectrum of —Ej.

Remark 9.2. Throughout the paper We have considered the generic case to be where the
zeros and inverse zeros {zjl, le,Z , =Ltk ka1, 1€ pairwise distinct. For the
purposes of finding a lower bound on the ’7b0nd dimension, we will now suppose the following

‘strongly generic’ condition. For m, C {1,...,n,} and mz C {1,...,nz} define the products

R(my,mgz) = H 2j H Z_

jemz kEmZ

The ‘strongly generic’ condition is that |R(m.,mz)| = |R(m/,m/,)| if and only if m, and m/,
(similarly, mz and m/,) differ only by replacing the index of any zero by the index of its complex-
conjugate.?! This is a natural condition given the form of f(z), and moreover implies the usual
generic case assumed above.

9.3 Lower bound on the bond dimension

We will now consider the number of different rj; that appear in Theorem 4.2, and use this to find
a lower bound on the bond dimension. For ease of notation, we analyse the case np =n, + nyz,

2%Tn some literature this is called a pure MPS [66], and injective has a slightly different definition [61, 73].
21Recall that since f(2) has real coefficients, zeros are either real or come in complex-conjugate pairs.
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where, for np even, we can find a lower bound that coincides with the upper bound in [43]. The
general lower bound then follows easily. We remark that the N, that appears in Theorem 4.2
has a natural explanation for this value of np. Recall that for N > N, the given formula for
the correlator applies, where N, = max{|a|,1} (for N < N, we can take a limit to evaluate
the correlator). This is exactly the number of sites that the local endpoint operator of O,
occupies—in particular, this is the value of IV for which the product of Ex at each endpoint is
fixed, and as N increases we simply increase the number of Fy or F; that appear in between
the endpoints.

Corollary 9.3. Suppose that f(z) satisfies the strongly generic condition given in Remark 9.2.
Then

2nz+nz S X2'

In [43], the upper bound y? < 22[ranee(H)/2] ig derived, where range(H) is defined in Re-
mark 5.5. If np = n, + nyz, then range(H) = n, + nyz. Hence, when np = n, + nyz is even
(implying also that w is even), combining the two inequalities gives us that 277"z = 2.
When np = n, +nyz is odd, and for other values of np, 2[range(H)/2] > n. +nz. Hence, these
two inequalities do not fix the optimal value of x in these cases, although we conjecture that
the upper bound is optimal;?? i.e., logy(x) = [range(H)/2].

9.3.1 Proof of Corollary 9.3

Let us fix np = n, + nyz, Theorem 4.2 gives non-zero correlators for —ny < a < n,. Note that
there are 2"#7"Z subsets of S = {zl, T A Zfl, e Z,;Zl}. Given any subset, one can take
the product of the elements contained within it. Clearly all rj; appearing in Theorem 4.2 are of
this form. Moreover, we show in Appendix F.1 that for any such product, there is a set M that
appears in (O (1)On(N +1)) = >, Cyrd; for —nz < o < n, such that rjy gives this product.
The constants C'y; are non-zero, so we can identify ry; as eigenvalues uy of Ey or i of Ez. The
local (non-local) correlation functions are those with o odd (even). Note that in Theorem 4.2,
for a fixed « the products s that appear always correspond to either an even-size or an odd-size
subset of S. If w is odd, then the local order parameter contains only even-size subsets, since
there must be an M such that rp; = 1. If w is even, then the non-local string order parameter
contains only even-size subsets for the same reason. Moreover, if we shift o, we alternate between
correlators containing only even- and only odd-size subsets. Suppose w is odd, then products of
terms in all of the even-size subsets of S (and only these products) appear as rj in correlations
of local operators. Using the strongly generic condition, this gives us 27:1"2~1 different uy.
Moreover, products of terms in all of the odd-size subsets of S (and only these products) appear
as 7/ in correlations of non-local operators. This gives us 271721 different fi;,. Since each jiz
is a product of an odd-size subset in S, by the strongly generic condition, it cannot have the
same absolute value as any p; that appears in a local correlator. This means that there must
be additional eigenvalues of Ep that correspond to each of these jip. If w is even the same
argument goes through exchanging odd-size and even-size. Hence, we can conclude that there
are at least 2"=7"7 different eigenvalues of Fy, i.e., 2172 < y2. Moreover, for np = n, +nz+k,
we simply shift the labels of the O, by o« — a—k in each formula. This means that 27772 < 2
holds in general.

22More precisely, we make this conjecture given the generic condition used throughout the paper: i.e., that

{zv 2k Zy 7, 0o are pairwise distinct. If this does not hold then there are counter
J17772 1 2 Jj1,j2=1,....,nz;k1,ka=1,...,n7

examples. For example, f(z) = 27 2(2—2)%(2—1/2)? has a product state ground state with bond dimension x = 1,
while range(H) = 2.
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9.4 Spectrum of the transfer matrix

In the proof of Corollary 9.3, we identify eigenvalues of the transfer matrix, £y, up to complex
phase factors, in order to find a lower bound on the bond dimension. In the case that we
have np = n, + nz is an even integer, and using the upper bound on the bond dimension
from [43], we can go further and find the spectrum of the transfer matrix. This is summarised
as follows:

Corollary 9.4. Consider a model of the form given in (2.5), with o = %1, that satisfies the
strongly generic condition given in Remark 9.2 and has np = n, +nyz = 2n for somen € Z. We
define S = {zl, ey Zngs Zl_l, el Z;Zl}. Then the MPS is injective and the 2"=T"Z eigenvalues
of the transfer matriz are labelled by subsets s C S and are given by

uls) = (=) [T 7 (95)

T; €S

In Remark 9.7, we show that subject to the strongly generic condition, and with np =
n, + nyz + k = 2n, then the non-zero eigenvalues are given by (9.5), and all further eigenvalues
of the transfer matrix are zero. Note that if np is even, then so is w. We do not give results for
the spectrum of the transfer matrix in cases where w is odd.

Remark 9.5. Let us define e = —¢ and
— log zj, 1 <5< n,,
E; =
’ —long_lnz, n,+1<j5<n,+ng,

where ¢; € C in general. Then given the assumptions in Corollary 9.4, we have that the
eigenvalues of the transfer matrix are given by

Moo iny =€ > mi(ej+i0)
We can view these eigenvalues as coming from an free-fermion effective Hamiltonian (in general
non-hermitian)

nz+ngz

Ha= Y (g +i0)ala; (9:6)
j=1

for some fermionic modes a;. Then the spectrum of Ej coincides with the spectrum of e Hesr Tt
would be interesting to determine whether there exist choices of a; such that Ej is equal to e Hest
and, if so, whether the form of the a; can be determined straightforwardly from properties of the
function f(z). Such a free-fermion form of Heg in the XY model® with f(z) = 1(z —a)(z — b)
is analysed analytically for the case of a,b € R in [69]. The zeros are restricted to be real so
that the quantum to classical mapping can be used [82]. For the case of complex zeros, the
eigenvalues of the transfer matrix were studied numerically in [95], but no formula for Heg is

given.

Remark 9.6. As shown in the proof of Corollary 9.4, the phase factor e = 41 is the phase
difference between Ey and Ez. In particular, whereas the dominant eigenvalue of Ey is always 1
(by normalisation), the dominant eigenvalue of Ez is ¢!. This is a Zy invariant of the gapped
phase of matter [44]. Its value is independent of the topological invariant w; indeed, even
when w = 0, one can have § = 0 or § = 7. These are known as two distinct symmetry-protected

23Except on the disorder line a = b, this model is outside the subclass analysed here. The MPS and transfer
matrix that correspond to Heg are exact only in the limit of infinite bond dimension.
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trivial (SPt) phases of matter [30]: whilst they are not accompanied by protected edge modes
or degeneracies in the entanglement spectrum, they are nevertheless separated by a quantum
phase transition.

Physically, the SPt phases associated to § = 0 or § = 7 are distinguished by noting whether
or not the string order parameter with long-range order oscillates, i.e., (O,(1)O,(N + 1)) =
constant x €N (1 + o(1)). Hence, one can interpret § as the momentum of the string order
parameter. Intuitively, the reason this is quantized (i.e., that it has to take on a discrete
value 6 € {0,7}) is due to the string order parameter being related to a Zy symmetry, implying
that €2 = 1. As discussed in Remark 9.1, this can be made precise in the MPS framework by
noting that E,2 = Fr.

Remark 9.7. As derived in Remark 5.7, all models with np = n,+nz —k for k > 0 are limiting
cases of models with np = n/,+nz, where n, = n,+k and we have k additional zeros ex; with z;
pairwise distinct. Suppose also that the zeros of these models (including our chosen x;) satisfy
the strongly generic condition, and moreover that np (and therefore w) is even along this path.
Then all models with € > 0 have a transfer matrix that can be analysed using Corollary 9.4; this
means that the MPS is injective and that we can identify the spectrum of the transfer matrix
as 27=172FE eigenvalues that are products of the zeros and inverse zeros. In the limit ¢ = 0,
the limiting MPS is the ground state of a model with np = n, + ny — k. The corresponding
limiting transfer matrix has 277" known non-zero eigenvalues, and has 2m=+nz+k _ gn:+nz
zero eigenvalues (arising from products of the form (9.5) for sets that contained any ex;). Note
that a priori this limiting MPS need not be in canonical form; bringing it to canonical form
can potentially reduce the bond dimension, thereby removing zero eigenvalues of the transfer
matrix.?* An analogous argument can be made for k¥ < 0 by considering f(1/z) and noting that
the models defined by f(1/z) and f(z) differ by an on-site change of basis and so have the same
transfer matrix.

9.4.1 Proof of Corollary 9.4

The proof essentially follows from the proof of Corollary 9.3. In particular, given our assumptions
we have that w is even and so, as explained above, we have 2"*T"2~1 distinct eigenvalues of Fj
labelled by odd-size sets s C S:

ps)=o(-1)"" [ r=-c]] 7

T; €S T;ES

(Recall that if 0 = —1 in (2.5), we have an additional factor of (—1)" in all correlators given in
Theorem 4.2.) Furthermore, we also have 277721 distinct eigenvalues of Ez, labelled by the
even-size subsets

a(s) = —o H ;.

T;ES

Moreover, by the strongly generic condition, |fi(s)| # |u(s)| for any s, s’. Now, the upper bound
on the bond dimension means that we have identified all eigenvalues of E1 up to phase factors,
and since all |7j] < 1 we have a unique largest eigenvalue: this is fi(s) = —o, where s is the
empty set. Hence, the MPS is injective. As discussed in Remark 9.1, having an injective MPS
implies that the spectrum of E is either the same as the spectrum of Ej or the same as the
spectrum of —Ep. We can then conclude that £/i(s) is an eigenvalue of Ej for all s (where the
sign does not depend on s). We can identify this sign since we know that p = 1 is an eigenvalue

24However, our conjecture for generic models implies that the limiting MPS does have optimal bond dimension—
see the discussion below Corollary 9.3.
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Figure 3. Graphical representation of the transfer matrix for f(z) = 272(2z — a)?(z — b)? with a < 1

. a2—1)b2—a
and b > 1. We define Z = Z — %. The normalisation constants Cx, Cy and Cs = —CxCy

are given in (9.7).

of Er. Hence, if 0 = —1, we have that fi(s) is an eigenvalue of Ej for all s, while if ¢ = 1, then
—fi(s) is an eigenvalue of Fp for all s. We have hence identified 2"#7"Z eigenvalues of Fj, and
by the upper bound on the bond dimension this means we have the full spectrum.

9.5 Diagonalising the transfer matrix for f(z) = 27%(2 — a)?(z — b)?

We now explore how our results can allow us to constrain the eigenvectors of the transfer matrix
as well as the eigenvalues. Let us consider f(z) = 272(2 —a)?(z — b)? with a < 1 and b > 1. The
correlators are non-zero for —1 < a < 1. The values of these correlators are given in Example 4.1
(after shifting the index appropriately). Let P; = |r1) (I1], then, given the upper bound x? = 4,
in Appendix F.2 we prove the following;:

Ei=P —a ( (b—a) EyPlEy) — % <( (a—b) EXPlEX)

(1 — b*2)(1 — ab) 1— a2)(1 — ab)
+ 7 (a—b)° E;PE, ©.7)
b\ (1—a?) (1=b2) (1 —ab2 ™7 7 )7 -
where
P (a2—1)b2—ab—|—1.

b(a — b)

The eigenvalues are {1,—a, —1/b,a/b} and the bracketed expressions are the relevant P;=|r;)(l;|.
This is given graphically in Figure 3. Note that we did not need the MPS tensor to derive this
result, although it is needed to evaluate this formula. We can furthermore use the formula to
identify that, say, |r2) o< Ey |r1). Given this formula for Ej, further calculations are required to
determine whether we can find expressions for fermionic modes a; in (9.6) such that Fy = e~ Hefr,

One can straightforwardly generalise the analysis of Appendix F.2 to derive results about
the eigenvectors of Ej in cases where f(z) has more zeros. However, this will not immediately
lead to a diagonal form as in (9.7). In that example, operators such as Ey P; Ey corresponded
to a unique eigenvalue, while in the general case such operators can correspond to multiple
eigenvalues (i.e., we have a sum over more than one set of zeros in the expressions given in
Theorem 4.2).
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10 Recovering generic models via a limiting procedure

The results in this paper are for the special subclass of BDI and AIIl models where all non-
zero zeros of f(z) have an even multiplicity. This subclass admits closed results for correlation
functions and an exact matrix product state representation of the ground state. In this section,
we show how a generic BDI or AIIl model can be obtained as a limit?® of such special models.
This shows that any ground state in these subclasses can be obtained as a limit of matrix product
states. Moreover, such a sequence can be used to derive results about generic models by using
results derived in the present work.

We note that sequences approximating certain Toeplitz symbols (see Section 3) by rational
functions are discussed in [35]. The methods of expansion are different in general, although
coincide for the case of the quantum Ising model. Moreover, our approach focuses on a sequence
of Hamiltonians with MPS ground states, from which one can then derive a sequence of Toeplitz
symbols.

10.1 A sequence of models

A general gapped BDI or AIIl model corresponds, up to normalisation, to a Laurent polynomial
of the form

1 N, Nz
f&) =0 [HE-2)]] G- 2. (10.1)
7=1 k=1

We have |zj| < 1, [Zg| > 1, and o € {1} for the BDI class [44], while for AIIl, o = €.
For a generic model in this class, we have that all zeros have multiplicity one, and moreover
that no zeros coincide with inverse zeros (or inverse conjugate zeros in AIIT). We now construct
a sequence fn(z) (m = 1,2,...) of models of the form (2.5) such that in an open region of
the complex plane containing the unit circle, we have lim,, oo fim(2z) = f(2). As discussed in
Section 2, the reason that the unit circle is special is because it stores all physical information.
To construct the sequence, we first rewrite

Nz
-0 _ ; z 2 wi z % -
flz) = (g( Zk)) o 9(2) th g(z) = F D

By using the series expansion of the square roots, we obtain a well-defined series expansion
for g(z) for max;{|z;|} < |z| < ming{|Z|} (i.e., an annulus containing the unit circle). More
precisely, if we define the partial sums

- gn(7):

then /1 — z = limy,—y00 Sm(z) (Where we take the principal branch of the square root). We can
thus define a sequence

N. Nz
gm(2) = [ [ sm(zi/2) [ [ sm(z/2), (10.2)
j=1 k=1

where g,,(z) converges uniformly to g(z) on the annulus given above. Hence, the functions
fm(2) oc 2N==NP g (2)2 define a sequence of polynomials which all belong to the special subclass

25While it will be a sequence fi,(2) of finite-range models, the range increases linearly with m (i.e., it increases
without bound). Nevertheless, the limit limm,— oo fm(2) is finite-range.
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of models studied in the present work, and where the limit of this sequence is a generic gapped
BDI or AIII model.?® We explain below that every truncated model has the same winding
number as the limiting f(z).

This path can then be used to extend certain results of the present work to the more general
case. We illustrate this now for the order parameter in the BDI class.

10.2 Order parameter

In a previous work [44], for a general f(z) of the form (10.1), we derived the following value of
the order parameter in class BDI:

1/4

1
N, N.
Hjl,j2:1(1 — Zj; 2j5) Hk;fl@:l <1 - Ze 7 )
lim [(Oy,(1)O,(N 4 1))| = 5 1772
N—oo Nz NZ Zj

| ey | (1 - Zk)

This result is proved using Szegd’s theorem [83]. To illustrate the usefulness of approximating
a generic f(z) by a sequence of models with degenerate roots, as in (10.2), here we demonstrate
how this expression (10.3) is naturally obtained by taking a limit of the formula (4.6) which is
derived in this work using Day’s formula (see Theorem 3.1).

For any m smce sm/(2) is a polynomial with s,,(0) = 1, we know there exists a set of complex
numbers {)\ } I=1.. ., such that we can write

(10.3)

m

Sm(z) = H(l - )\l(m)z).

=1

Moreover, since s;,(z) is real-valued on the real line, the /\( ™) are real or come in complex-
conjugate pairs. One can also show?’ that |>\ m) ‘ < 1 for all m. This means that the winding
number of ¢,,(z) is zero, and so, for all m, f,,(z) has winding number N, — Np.

We thus have

m

VIi—z=lim JJ1-A\"™2), |z <1 (10.4)

m—00
=1

By taking the square root of both sides of (10.4), we obtain the useful identity

(1—2)Y% = lim (1- >‘l(1 ))\l(;n)z), (10.5)
I lo=1

we prove this in Appendix G.
Using the above factorisation of s,,(z), we have that

o= IHI (- )

There are n, = N,m roots inside the unit circle given by A\z; and nz = Nzm roots outside
given by Zj/Ap.

260ne can analyse non-generic models in a similar way, for ease of presentation we focus on the generic case.
For example, if f(z) = (z — z1)(z — 22)?, we could take the sequence gm(z) = sm(21/2)(z — 22).
2Tt is straightforward to see that [1—sm(2)| < 1 for z = ¢'*, and the result follows using Rouché’s theorem [31].
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Using the result (4.6) derived in this work, the order parameter for a given m is

Jim [(0,(1)0u(N + 1)

|| — || — A Z )\ )\

NZ N l l

Ji,J2=1 ?f,lz——1< /\11)‘12 j12j2) Ilk1,k2:1 II?},lz——l < Zl2>
k1Zk2

2
N, N 5
1% T4 T (1 - Mzzl)

Note that, as discussed in Remark 5.11, this formula applies even in the non-generic case.
Using (10.5) to take the limit, we obtain

lim lim [(Oy(1)OW(N + 1))

m—00 N—o00

1

N, N

[ 5=1 (U = 252 20) T %=1 <1 ~ 7 )
= k1 2k . (10.6)

2
HNZ Ny < Zj )
=1 k=1 A
J Zk:

We see that this coincides with the known formula (10.3). For this to be a rigorous independent
derivation of this formula, one should also prove that the two limits on the left-hand side
of (10.6) commute. This would require bounding the subleading terms which are also given by
Theorem 4.2, but we will not pursue this further here.

1/4

11 Outlook

In this paper we have analysed correlations in a subclass of BDI and a subclass of AIII Hamil-
tonians. We derived exact formulae for string correlations and for the characteristic polynomial
of the correlation matrix in both classes. This allowed us to deduce the existence of an MPS
representation, and to give a lower bound on its bond dimension for BDI models. Moreover, for
class BDI we showed how our results constrained properties of the transfer matrix, even leading
to the full spectrum in certain cases. We furthermore saw how generic models can be recovered
as a limit of the models studied in this work. We expect that the analysis of the transfer matrix
in class BDI could be straightforwardly generalised to class AIIT using the results of Section 6.
There are a number of outstanding questions that emerge from our discussion:

e In Section 9, we saw that the spectrum of the transfer matrix has a free-fermion form, sug-
gesting that there could exist a free-fermion Hamiltonian Heg (in general, non-hermitian)
such that Fy = e e, This is a natural question, with connections to quantum-classical
mappings and imaginary time evolution under our class of Hamiltonians [37, 95]. Relat-
edly, in Section 9.5, we showed how our results can be used to diagonalise the transfer
matrix in a simple case. It would be interesting to see to what extent a similar analysis
can be applied to other cases in these classes of models.

e Our methods, based on Toeplitz determinant theory, allowed us to deduce the existence
of an MPS representation of the ground state in both the BDI and AIII classes, but did
not give an upper bound on its bond dimension. Based on the analysis in [43], in the BDI
class we have an upper bound of y2? < 22[range(f)/2] Tt would be of interest to derive this
using the methods of this paper, in particular to see how this arises through Gorodetsky’s
formula.

e In Examples 5.3 and 5.4, we gave exact formulae for the correlation eigenvalues {v;},
both for finite subsystem size N, and for N — oco. It would be interesting to determine
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A

analogous formulae for more general examples in our subclass of models, and to see if
there is any simple relationship between zeros of f(z) and these eigenvalues, as is the case
with the transfer matrix eigenvalues. Moreover, our results based on Gorodetsky’s formula
must agree for N — oo with (limiting cases of) the results of Its, Mezzadri and Mo [41].
It would be interesting to clarify the relationship between the two.

A further problem is to rigorously prove the degeneracy of the correlation eigenvalues,
argued physically in Remark 5.9, from the point of view of (block) Toeplitz determinants.

In Section 10, we showed how general models with f(z) of the form (10.1) in the BDI or
ATII class can be approximated by a sequence of the models considered in this work. We
already saw how this gave a new interpretation to the formula for the order parameter
obtained in [44]. This could potentially be used to appropriately generalise results derived
in this work to more general Hamiltonians.

Finally, it is natural to look for other classes of models where we can find subclasses
of models that admit exact closed formulae for correlations. One extension would be
to study free-fermion models in other symmetry classes, identifying subclasses where the
correlations simplify. The results of [51, 77] imply that rational symbols for the correlation
matrix are a necessary condition for exact Gaussian MPS ground states (or in more than
one-dimension, projected entangled pair states (PEPS) [16, 51]) in free-fermion models. It
would be of interest to see whether any of the Toeplitz determinant methods used in this
work would be applicable to such models.

The corresponding spin chain

Define the Jordan—Wigner transformation by

Then, the Hamiltonian (2.1) becomes

- n—1

Zn, = YnYn, H Wm’Vm Tns H Wm'Vm

m=1 m=1

28

. ‘ nt+a—1 ¢ ntlal-1
H=Y (;zn—Z;Xn< 11 Zm) Xova =2 GV | 1] Zn Yn+|al>-

nesites a>0 m=n+1 a<0 m=n+1

The string operators O, are local for o odd and non-local for « even. For example,

O3(7’L) = XnYn+1Xn+2; 02 <n> = ( H Z]) Yan+17

j<n
01(n> = Xn, Oo(n) = H Zj,
i<n
O_1(n)=Y, 0O_yn)= ( 11 Zj>XnYn+1,
j<n

and results for their (bulk) correlations carry over. Entanglement properties derived from the
correlation matrix also apply to the spin chain. One difference is that phases with odd winding
number spontaneously break the symmetry Hj Zj. There is no symmetry breaking for the

fermionic chain.

28This duality is not quite exact due to the implicit periodic boundary conditions on the spin chain; we will
ignore this here since we focus on bulk properties, see [82].
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B Fermionic two-point correlators

In this section we calculate the Fourier coefficients of

i) = — 172, (2 — ) [1}2, (= — Zn)
snztnz H;F;l (1/z — %) HZil (1/z — Zk) .

The Fourier coefficient ¢, gives the fermionic two-point correlators in the relevant subclass of
both the BDI and AIII classes. For BDI, noting that zeros come in complex-conjugate pairs, t,
gives

- or &) kg,
< 7m7m+n—k:> f f(l/z) t( )

This includes all f(z) in the class considered in the main text. For AIIL, £, gives

_2<Cil,ch,m—n—k> for f{f;i) = 2Fi(2).

Furthermore, these Fourier coefficients are the matrix elements of the Toeplitz determinants
that we use to calculate string correlators. These determinants have symbol #(z) = z*#(z) for
some approprlate k, and we can find the Fourier coefficients using the formulae below along
with &, = t,_k.

We have

- 1 1 H}”l z—zj) [I}2, (= — Z)

th = — Z7 "z,

2mi[172, (=25) T2, (—Zk) Js s T2 (2 =2 DIZ(: -2 1)

with the integrand in a standard form with simple poles at z = z; vz, i and forn =0,at z =0.
We evaluate by deforming the contour: for n > 0 we deform the contour out to infinity, and pick
up the negative residues at each of the poles {z } For n < 0 we deform the contour to z =0
and sum over residues at the poles {Z k } For n = 0 we deform the contour to z = 0 and sum
over the residues at {Z } and z = 0. This gives

{ _i I, (0= 2z) [T;2, (1 = Zz)

- 7 z ) 7’L>0’
' T o G — 2 T4 (2 — 2)

5 nz nz 1— 7 1—Z 7 o

tn=> 120 (1= 2 k)H l Zx) Zy ', n<o

B =1 Hj 1( Zk) j:l,j;ék; (Zj _Zf)

and for n = 0,

- oz " (1 —2,Z "z 1—Z-Z o
=3 o 22 LA ) 1+H o) -2
k=1 H] 1(’2.7 _Zk) H]:Lj#k(z —Zk Pt

If n, = 0 we have o = [[}Z, (—7;1), one can see this directly by changing variables z — 1/z
before doing the contour integral. In class BDI we can remove all complex-conjugates from the
above equations since the zeros appear in complex-conjugate pairs.
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C Comparison of asymptotics of string correlators

In Remark 4.7, we refer to the analysis of the asymptotics of the correlators found in [44]. In
the notation of that paper, we have

2 (- 2z) [[i2, (- 2/2)
(=22 ) L2 (0= 2. /7)

For the calculation, we need the Fourier coefficients [y and my for large N. As in Appendix B,
we can deform the contour and pick up residues from poles outside the unit circle. Then the
asymptotics are dominated by the pole(s) nearest to the unit circle. For [y, this is Z; (and any
other Zj, of the same size) and for my this is 2, 1 (and any other zj_l of the same size). This
gives us the asymptotics needed in Remark 4.7.

Example C.1. Let f(2) = (2 — a)?(z — b)?(z — ¢)?, with |a| < 1, || < 1 and |c| > 1. We will
evaluate the correlator (O5(1)Os(N + 1)) using the methods of [44] and compare to the result
of Theorem 4.2.

Firstly, using Theorem 4.2, we have w = 4, n, =2, ny = 1, np = 0 and we hence use Case
2. Then |M| = 0 and so we have one set M such that r); = 1/c. Evaluating Cys gives
1 1

—a%h3t
c—ac—b>

(O5(1)O0s(N+1)) = (-D)Ne ™ J[ @ '-a)(=" 1)

z€{a,b,c}

Now, using a result from [35] as in [44], we have that

Ny (1=a?)(1=0*)(1—ab)?(1—1/c?)
(1 —a/c)?(1 - b/c)?

lim ps— 00 [(O4(1)O4 (M +1))|

(O5(1)05(N +1)) = (-1) In(1+0(1)), (C.1)

 _n(A=ac)(I =be)(1—a/c)(1—b/c)

(1-1/¢?)

by the residue theorem. On simplifying the constant, we see that the two approaches agree (and
moreover that the o(1) term in (C.1) must be exactly zero).

D Details for Section 5

Here we give details of the Smith canonical form needed to derive the results given in Exam-
ples 5.3 and 5.4. The results below and the formulae given in the examples follow from details
in the main text, where we simplified the relevant expressions using MATHEMATICA [93].

D.1 Example 5.3

Recall that f(z) = 1(z — b)? with |b| < 1. Hence, we are interested in the matrix polynomial
(2) —i\b(z — b)(z — 1/b) (z — b)?
a(z) = .
—b%(z — 1/b)? —iAb(z — b)(z — 1/b)

Then

1 0
y(z, Na(2)w(z,\) = (0 (2 — b)2(s - 1/b)2> ;
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where we define

(2 —bz(A2 1) + A2 —2) (B>~ 1)A
y(z,A) = ( )

A(bz — 1) (bA*(b— z) + bz — 1)

21 iX2(b— 2)
and
1 i(b—2)(A2(bz — 1) + b(b— 2)(b(b+ z) — 2))
(2 —1)°A - B2(b2 — 1)2A2(A2 — 1)
w(z,A) = ib (2 = 1) = b(b— 2) (A2(bz — 1)2 + b(b — 2) (b(b + 2) — 2))
NCE B2A(N2 — 1) (2 — 1)

D.2 Example 5.4

Recall that f(z) = % (z — a)?(z — b)?. For the first case |a| < 1 and [b| < 1, we are interested in
the matrix polynomial

a(z) = idab(z —a)(z —1/a)(z — b)(z — 1/b) (z —a)%(z — b)?
—a?b?(z — 1/a)*(z — 1/b)? iXab(z —a)(z — 1/a)(z = b)(z = 1/b) )

The matrix y(z, A) is given by

y11(z,\) = —ba®(b + 2) + a® + ab(1 — bz) + b2,
y12(z,A) = iX(a® — z(a + b) + ab + b* — 1),
y21(z, \) ( —1)b (b2 —1)(a+b)(ab— 1)2 (a2b2 —a®—ab— b2)(az —1)(bz—1)
x (a®b®A*(a® + ab + b — 1) — a’b® — a®*b! — a®b+a® — ab® + ab+ b* — 1)
(1= 22)(a—2)2(b - 2)%(a®6* + a2bz — a® + ab(bz — 1) — b?)°
(@ = 1)° (0 ~ 1) (@b~ 1)%),
ya2(2,A) = —ia(a® — 1)b(6> — 1) A(a + b)(ab — 1)*(a*(b* — 1) — ab — b*)(a — 2)(b — 2)
x (a®b?A*(a® 4+ ab+b* — 1) — a*b® — a®b* — a’b + a® — ab® + ab + b* — 1)
G —1)° (1" = 1)"(ab = 1)* = (W ~ 1)(a — 2)(az — (b~ 2)(b= — 1)
x (a? = z(a+b) +ab+b* — 1) (a®(b(b + 2) — 1) + ab(bz — 1) — b?)).

We also have

i(anz(aqu)JraberQfl)

w11(2,\) = (a2—1) - ) b1 (B*((N*=1)2(b—2)—1) +1
+a®(b(—20> + 22 +2) + X2 (b—2)(b(b+ 2) — 1) — 2)
+a2(b2( )\2(2 +1)+z +2)+b()\2—1)z(2 +2) )\222—1—22—1)
+ab(B? (=N (22+1) + 22 +2) +b(A* = 1)2(22 +2) — N7 + 22 — 1)),

wiz2(z,\) = —i(a—2)(b— z)()\z(az —1)(bz — 1)(a —z2(a+b)+ab+b* — 1)
+(a—2)(b—2z)(a®(b(b+ 2) — 1) + ab(bz — 1) — b*)) /W,
—ba?(b+ z) + a® + ab(1 — bz) + b?
(a2 1fw_n (ab— 1)2
wae(2,\) = — (az —1)(bz — 1)(a® — 1)(b* — 1)(ab — 1)\/W,

wgl(z, )\) =
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where W is given by

W = (a®(a® = 1)'0*(b? = 1) ']A(A2 = 1) (a + b) (ab — 1)° (=a® (b* — 1) + ab + b?)
x (a®b®A2(a® 4 ab + b* — 1) — b%a* — a®b* — a®b + a® — ab® + ab+ b* — 1)).
The second case |a| < 1 and |b| > 1 is similar. Considering equations (8.1)—(8.3) The matrix
polynomial is given by replacing a(z) by a(z)/b* and thus one can use the same y(z) as above.

(In the Smith canonical form we should replace w(z) by w(z)/b?, but this does not affect our
calculations.)

E Details for Section 6

E.1 String correlators

Here we derive the Toeplitz determinant form of string correlators in the AIII class. Define s,

to be the nth Fourier coefficient of s(z) = 1/ f(z)/f(1/2); then using the definitions of Oq(n)
given in (6.5), we have

2N
(=D)M(0a(1)0a(N +1)) = <H (—Wﬂj+2a)> (E.1)
j=1
Re(sq) Im(sq) Re(sa—1) Re(sq-(v-1)) Im(sq_(v-1))
Im(sq) — Re(sa) Im(sa-1) Im(so-(n-1)) —Re(sa—(nv-1))
Re(sa+1) Im(sq+1) Re(sq) oo Re(sa—v—2)) Im(sq—(v-2))
=det| Im(sat1)  —Re(sat1) Im(sq) Im(sq—(n—2)) —Re(sa—(n-2))
Re(sy-1) Im(sy_1) Re(sy—2) ... Re(sg) Im(sq)
Im(sa+n-1) —Re(sasn—1) Im(Sa+n—2) ... Im(sq) —Re(sq)

This uses the following Majorana correlators:
- i<"~Y2n—1"}/2m—1> = i<:)/2n72m> = Re(sm—n)7
- i<’~}/2n’)/2m—1> - _i<:)/2n—1'72m> - Im(sm—n)

that can be derived from (6.3) and, for & < 0, we used translation invariance in the first equality.
We see that (E.1) has a (2 x 2) block-Toeplitz form. To identify the symbol, we conjugate each
block by the unitary matrix

1[(14+1 —(1—1)
2\1+i 1—-i /)~

Then we have that

0 —« 7f(z)
(0a(1)0a(N +1)) = (-1)" Dy ( T/ (E.2)

:DN[

kﬁ\
Q
—_
>
2
1
ﬁ
|
Q
| I
I
S
=2
| —— |
[y
|~
~ | N
N |~
~—
t\zl
Q
—_
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If f(z) is of the form (6.7), then we have

(0a(1)0a(N +1)) = |Dn [t(2)] |,

where
-1
o (YT > 1721 (2 = 2) [TeZ, (= — Z)
t(Z) — an+nz np—a < -7 ) J e —
kHl( g 12 (1= 2/5 ) T2, (- - 21 )

Forn, >0, ny >0 and n, + ny — np — a > 0, this can be analysed using Day’s formula as
in Section 7. For other cases, as above, we can use Dy[t(z)] = Dn[t(1/z)] along with taking
appropriate limits to evaluate this determinant with Day’s formula.

E.1.1 Proof of Theorem 6.1

To derive the result for the value of the order parameter, we consider the limit of

fz)
DN[ ?(1/2)2 ] as N — o

and then use (E.2) to find the order parameter. The proof follows directly from the analysis
in [44, Section 6.1]; we must simply keep track of the complex-conjugate zeros. Suppose that f(z)
is given by (6.6), then we write

f(Z) LW — eV(z)

f(1/2) ’
where
1
V(z) =Vo+ 5> (Log(l - 2;/2) — Log(1 — 72))

=1

1 s
+5 2 (Log(1—22;") —Log(1 -2 '/2)), (E.3)

k=1

and Log is the principal branch of the logarithm. Szeg&’s theorem expresses the large N asymp-
totics that we want as follows:

LZ)Z—w — V0 >z nVaVon o
DN[ f(1/z) ]_ o V(14 0(1)),

subject to some smoothness conditions that are satisfied by our symbol [18]. The Fourier coef-
ficients V;, for n # 0 follow simply from (E.3). We also have

. 7 i
eVo = 4elf Lf = ¢l? for 6 €[0,2m).
I Zx

The =+1 fixes the correct branch of the square-root, so that () = f(1)/|f(1)]. Since we
will take the absolute value, this oscillatory factor is unimportant and the order parameter is
equal to ‘ exp (Efle nVnV_n) ‘2. This can be evaluated as in [44], leading to the second part of
Theorem 6.1.
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To derive the first part of Theorem 6.1, firstly note that if we have that

Dy [ f{l(;)z)z_a] —0 as N — oo,

then by (E.2) we have that <@a(1)@a(N +1)) — 0. If & # w, then

Nz . nz o -1
F(2) o _ w—agviz) where oV — i’ 12 (0= 2/2) [1R2, (1 - 22, 7)

7/2)° ’ 102, (1— 22 T2, (1 - Z, /=)

Since no zeros are on the unit circle, there exists a p < 1 such that €"?) is analytic on the
annulus p < |z| < p~'. Then using [35, Theorem 4], the determinant Dy [z™e" )] for m € Z
and m # 0 will go to zero as N — oo. One could go further and use that theorem to find the
correlation lengths, as given for the BDI class in [44], but we will not pursue this here.

E.2 Correlation matrix
E.2.1 Proof of Theorem 6.4

In class AIII we are interested in the eigenvalues of the block-Toeplitz matrix with symbol <i>(z, 0),
where

7@
7(1/2)
7(1/2)
1) A

d(z,\) =

generates the characteristic polynomial. Let us suppose then that f(z) is restricted to be of the

form (6.7), but recall that, unlike in class BDI, the zeros do not necessarily come in complex-

conjugate pairs. Note also that since we are taking the determinant, we can conjugate CAI)(z, A)

by the unitary matrix U, with U;; = e_ie, Us1 = Ui = 0 and Uy = 1. This removes any

dependence on #, so we will set # = 0 in the formulae below. Then, as in Section 8, we will use

Gorodetsky’s formula to establish that there are only a finite number of non-trivial eigenvalues.
Let us define

§(z) = ﬁ(z —z) [ (- 7)), h(z) = ]‘](1 —z2z;) [[(1-22.1).
j=1 k=1 j=1 k=1

We then have

i)(z,)\) _ a(z) _ 1 (an(z) a12(z)> 7

§(2)h(z)  §(2)h(z) \a2(2) azn(z)
where

(IT521 (=2) TLZ (= Zk)
12112,

ng

X ﬁ(z—zj)(z—zj_l) H(Z—Zk)(z—Zikil), (E.4)

k=1

au(z) = CLQQ(Z) = )\
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~ 1 ns nyg
ap(z) = — 2" nPW H(z -5 [[ -2,
=1 ' k=1

Nz Z Ny ny _
ag (z) = — z e nzP (HJI_II J % |; k) H(z — 2;1)2 H(z — Zkl)z. (E.5)
k=11 Zk j=1 k=1

As above we fix n, +nz = np so that we have a matrix polynomial Z TLz+7LZ)

have

a]zj. We then

HJZ1 ij 1Zk'
(Hk:1|Z’f’ )

Define the set of zeros and inverse conjugate zeros by

det(as(n. 1ny)) = (N> = 1)

. =1 -1
{Tl}i=1,...,2(nz+nz) < {zjl’zj2 7Zk17 Zk2 }j:l,...,nz;kzl,...,nz

We assume without loss of generality that z; # 7,:1 for any j, k. Then we have the Smith
canonical form:

1 0
y(a(z)w(z) = | 4 ﬁ(z — ) (2 -z ")’ ﬁ(z -2 (-2, )
i k=1

The remaining definitions given in Section 8 are unchanged. By following the proof of Theo-
rem 5.1 in Section 8, we reach Theorem 6.4 for class AIII given in Section 6.

E.2.2 Smith canonical form for the example

In Section 6, we give the correlation matrix eigenvalues for f(z) = z7!(z — b)%2. We need to
calculate the Smith canonical form for a(z) defined in equations (E.4)—(E.5). The following
expression for y(z) follows from the discussion in the main text and was simplified using MATH-
EMATICA [93]:

yi(z) = (A = 2)[b° +1,
yo1(2) = — Ayi1(2)/b,
yo1(2) = (16> = 1) (5((1 — A*)2(|b|* — b(2b — 2)(2b — 1)) — 2b)

2

—z(|p]* = 1) + A2|p|* + 1),
Yyao(2) = 3(A(|b|2 1) (11" (6(A22 — b) — A2+ 1) + 2/b*(b(b — 2) — 1)
—1—5((/\2—1)2'2 (z—2b)) + (A2 —1)2b(2b — 2) + b+ 2))).

F Details for Section 9

F.1 Proof that all subsets of S = {z1,...,2,_, Zl_l, cee Z;ZI
correspond to some 7).

Here we prove a result needed in Section 9.3.1. Suppose that np = n, + nz, and let us first
consider the case n, > 0 and nz > 0. Then in calculating correlators using Theorem 4.2, we
have Case 1 for —nyz < a <0 and Case 2 for 0 < o < n,.
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For —nz < a <0, we have

rag = Ihenre 7
H;‘Zl Zj 7

where 7, are zeros and n, < |[M¢| < n,+ny. Note that there is an r); for any set M€ satisfying
the inequality.
For 0 < a < n,, we have

=112 [ ™ (F:2)

j=1 keMec

(F.1)

where 75, are inverse zeros and ny < |M€¢ < n, 4+ nz. Again, there is an r; for any set M€
satisfying the inequality.

Now let us take any subsets m, C M, = {1,...,n.} and mz C Mz = {1,...,nz} and take
the product:

_ Hk . “k Hk M 2
R(m,,myz) = H 2j H Z, 1 €m L EZ.Z\mZ
jEm.  kémy =177

H;’Lil <j

Ikerrom. 2 kem, Zi

(F.3)

We want to show that R(m,,myz) always appears in a correlator for some «, i.e., it is of the
form (F.1) or (F.2). If n, < |m;| + nz — |mz| then by the second equality of (F.3) we see
that this rp; appears in Case 1. If n, > |m,| + nz — |mz| then ny < n, — |m.| + |mz| and
so by the third equality of (F.3) we see that this rj; appears in Case 2. Hence, for any choice
of m, and my the corresponding 73 appears in a correlator (with a non-zero coefficient Cjy)
for some a.

The same analysis can be applied in the case that nz = 0 or n, = 0. The only complication
is that the expansions ) _,, C’Mr]]\\} are, in general, some limit of a case already considered.
For ny = 0 and for a = 0 we see that H?;l zj is an eigenvalue of Ez. For the other non-zero
correlators, we put ny = 1 and then take Z; — oo. For any subset m, C {z1,..., 2, } we have
that ry; = HjEmz zj appears in some correlator, with coefficient C)y;. It is straightforward to
confirm that for each of these coefficients, limz, oo Cas is non-zero. Analogous statements hold
for n, = 0. Finally, for n, = ny = 0, we have f(z) = 1 and the string correlators give one
eigenvalue, u = 1, for the transfer matrix.

F.2 Diagonalising the transfer matrix

We are interested in the model f(z) = 272(z — a)?(z — b)? for a < 1 and b > 1. We expect
that x? = 4, based on the results of [43]. Now, using Example 4.1, we have

W~

(b2~ 1)(ab— 1)

b2(a—b) ( CL) ) N_l,

> ) ] By ) (k] By [r1) = (Y1Ynga) =
k=1

f

(1 —a?)(1—ab)

_p)-(V-D)

N > 1.

7

> Ul Ex |re) (el Ex 1) = (X1 Xn4a) =
k=1

If we define

(a®> —1)b? —ab+1

Z=7-
b(a —b) '
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we can also compute the correlator

ST 0] By ) (Ul B 1) = (Z1Zn41)

2
— (A > (a2—1)62—ab+1

(1—a?)(1—b"2)(ab— 1) <E>N*1 .

(a —b)? b

this follows from Wick’s theorem. The fermionic two-point function is just the Fourier coefficient
given in Appendix B. We can thus identify p; =1, puo = —a, pug = —1/b and g = a/b.

Note also that the correlators (O, (1)Og(N + 1)) = 0 for o # (3 as a simple consequence of
Wick’s theorem [44]. This means that

4 4

Zﬂg_l (L] Ex |ri) (k| By r1) = Zﬂg_l {a] By [re) {le| Ex [ri) = 0.
pet k=1

Similarly, all further two-point correlators of Z, X and Y with different operators at the different
points all vanish due to Wick’s theorem. Moreover, (X,,) = (V;,) = (Z,,) = 0. This allows us to
deduce, for example, that

b%(a — b)
(b2 —1)(ab—1)

as well as the other results claimed in Section 9.5.

r2) (l2| = Ey |r1) (r1| Ey,

G Details for Section 10

Here we prove that

(1—2)Y* = lim

m—r0o0

[ {T0- 7).
a=1b=1

Firstly, for any m € N and |z| < 1, we have

T— 2 = sm(2) + rm(2) = 5m(2) (1 + Tm(z)) , (G.1)

where

z):Z(1£2> (—2)*  and  rp(z)= Y (1/2> (—2)%.
a=1 —

|m+1

Note that [ry,(2)] < > 02,1 2" =
We now write

e

m

Sm(z) = H(l - )\,(lm)z).

a=1
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As discussed in Section 10, we have that ‘)\ | < 1. Then, by taking the square root of (G.1),
we have

(1= 2)Y* = V/sm(2) 1+::E'2

X
a=1 sm(z)
Py (Na2) S| rn(N2) e ) o
ar=1% ()‘f(lT)Z) a1#az=1i=1 Sm ()\((zT)Z i1 Sm (/\gl )2
S
Consider |2| < R < 1, then [ry,(2)] < 222 and
Rm+1
5D = VI =7~ rn(2)| 2 VT3] ()] = VIR~ o
and thus
',"m(z) < Rm+1 B
m(z)| = U= Rp2— gt — P

In particular, this shows that lim,, 00 ngg 0. Let us now analyse the term S appearing

in (G.2). Note that since ’)\a ‘ < 1, the arguments of r,, and s, have modulus bounded by R.
Then

m (m) m 2 (m) m (m)
m )\CL m )\CL' m )\a-

Zr ((7;)2)7L Z HT ((:n)Z)+”'+HT ((;n)Z)

a;=1 Sm()\m Z) a1#as=11i=1 Sm()\az Z) i=1 Sm()\ai Z)

m m
S oomt D Pt =1 pp)" — 1= em ) g < emem

a1=1 a1#az=1

Since limy,—00 mpy, = 0, we thus see that taking the limit of equation (G.2) simplifies to
/4 _ s )| =
(1+2)" = lim_ [Hl Sm (A ] Jim [H 1:[ (14 AN )
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