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Non-Hermitian (NH) Hamiltonians can be used to describe dissipative systems, notably including systems
with gain and loss, and are currently intensively studied in the context of topology. A salient difference between
Hermitian and NH models is the breakdown of the conventional bulk-boundary correspondence, invalidating the
use of topological invariants computed from the Bloch bands to characterize boundary modes in generic NH
systems. One way to overcome this difficulty is to use the framework of biorthogonal quantum mechanics to
define a biorthogonal polarization, which functions as a real-space invariant signaling the presence of boundary
states. Here, we generalize the concept of the biorthogonal polarization beyond the previous results to systems
with any number of boundary modes and show that it is invariant under basis transformations as well as local
unitary transformations. Additionally, we focus on the anisotropic Su-Schrieffer-Heeger chain and study gap
closings analytically. We also propose a generalization of a previously developed method with which to find all
the bulk states of the system with open boundaries to NH models. Using the exact solutions for the bulk and
boundary states, we elucidate genuinely NH aspects of the interplay between the bulk and boundary at the phase

transitions.
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I. INTRODUCTION

One of the fundamental postulates of quantum mechanics
is the assumption that observables are described by Her-
mitian operators, which ensures realness of the measured
eigenvalues. This, however, fails to take into account that in
reality systems typically interact with the environment, giving
rise to dissipation and other nonequilibrium phenomena. An
effective approach to describe such open systems is by mak-
ing use of non-Hermitian (NH) operators. The study of NH
Hamiltonians has in recent years become increasingly popu-
lar and finds applications in classical systems, e.g., in optics
[1-11], electric circuits [12—18], and topological mechanical
metamaterials [19-22], and also in quantum systems, such as
quasiparticles with finite lifetimes in heavy-fermion systems
[23-25] and material junctions [26]. Recently, there has been
an increasing focus on studying the topological properties of
such NH systems [27], which have been studied both theoret-
ically [28—-54] and experimentally [55—-65].

Alleviating the Hermiticity condition may introduce effects
that, at first glance, seem surprising or unintuitive, such as the
possible breakdown of the conventional bulk-boundary corre-
spondence (BBC) [30-38]. This phenomenon is accompanied
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by the so-called NH skin effect, which refers to the piling up
of bulk states at the boundaries [37], as well as the appear-
ance of exceptional points (EPs), which are degeneracies at
which the geometric multiplicity is smaller than the algebraic
multiplicity, whose order scales with system size [38]. The
breakdown of the conventional BBC as well as the emer-
gence of the NH skin effect has been experimentally verified
in mechanical systems [20,21], topoelectrical circuits [16],
and optical [61] systems. This phenomenology has also been
suggested to be of practical use in sensors whose sensitivity
increases exponentially with the size of the system [66].

Crucially, when the conventional BBC is broken, it is no
longer possible to directly use topological invariants derived
from the Bloch Hamiltonian to characterize the topological
phase of the system or to predict the presence of boundary
states. In Refs. [30,31] several of the authors of this work
proposed an alternative BBC to remedy this breakdown called
the biorthogonal bulk-boundary correspondence, which finds
its basis in biorthogonal quantum mechanics [67]. Explicitly
using the fact that the left and right eigenstates of an NH
Hamiltonian are generally different and nonorthogonal, the
biorthogonal BBC considers the combination of these eigen-
states to accurately predict the localization of boundary modes
as well as gap closings in the open-boundary-condition (OBC)
spectrum [30].

Indeed, one of the central results of Ref. [30] is the intro-
duction of the biorthogonal polarization

1 A
P=1— lim (] ) nfllys), )

where IT,, is the projection operator onto the nth unit cell of
the lattice with OBCs, N is the total number of unit cells,
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FIG. 1. Hamiltonian for (a) the two-leg ladder, (b) the anisotropic
SSH chain, and (c) the Lee model. The differently colored sites refer
to different sublattice sites.

and Yy, and Yy are the left and right eigenstates, respectively,
of the boundary mode. This predicts the presence (P = 1)
or absence (P = 0) of a boundary mode on each boundary
in quasi-one-dimensional systems, i.e., systems with OBCs
in one direction, and can thus be interpreted as a real-
space invariant. In this paper, we generalize this quantity to
quasi-one-dimensional systems with any number of boundary
modes and show with an example that its value corresponds
exactly to the number of boundary modes on the boundaries.
Additionally, we show that the polarization is invariant under
gauge transformations as well as unitary transformations that
are local, thus corroborating the invariance of the polarization.

We also present a study of the OBC properties of the
anisotropic Su-Schrieffer-Heeger (SSH) chain [see Fig. 1(b)]
by studying the gap closings, which so far mainly have been
studied numerically, as well as analytical solutions for all
the bulk states. By making use of analytical results from
Refs. [30,38] for the periodic-boundary-condition (PBC) and
OBC cases, we study the behaviors of the band-gap closing in
the PBC and OBC spectra and find that they scale differently
with system size. Additionally, we show that the method in
Ref. [69] for finding all bulk-state solutions analytically can
be extended to the NH realm. Whereas in Hermitian systems
this method relies on a spectral mirror symmetry in the Bloch
spectrum relating the eigenvalues at k to the eigenvalues at
—k, here, we find that this symmetry needs to be present only
in the OBC spectrum, i.e., Egogc(k) = Eopc(—k), whereas it
may be absent in the Bloch spectrum. By taking a closer look
at these solutions at the gap closings, we can show that they
are equivalent to the boundary states up to a twist, similar to
what was done in Ref. [68], thus proving that the gap, indeed,
disappears.

This paper is organized as follows: In Sec. II, we intro-
duce the generalized biorthogonal polarization and discuss its
properties. This is followed by a thorough study of the

anisotropic SSH chain in Sec. III. Last, we conclude with a
discussion in Sec. IV.

II. THE BIORTHOGONAL POLARIZATION

In this section, we define, generalize, and discuss the prop-
erties of the biorthogonal polarization, which was originally
introduced in Ref. [30] for quasi-one-dimensional models
with a maximum of one boundary state on each bound-
ary [see Eq. (1)]. We note that throughout this section
we assume models with OBCs, where the boundaries have
codimension 1.

A. Basic properties of the biorthogonal polarization

We define the following generalized biorthogonal polariza-
tion operator:

N
. 1 .
P=1- 1i —§ I 2
1 ﬂ%N_ﬂnm 2)

where N is the total number of unit cells in the system and
I, = > lenm) (enml, with |e,,) = c;‘;m|0), is a projection op-
erator that projects onto the nth unit cell with m labeling the
internal degrees of freedom inside the unit cell n. From this
we define the biorthogonal polarization P as

P = tr[Papl, 3
where the trace is over the matrix P,g with matrix elements

Pus = (Yar|Pl¥sr), )

where [Y4g/r) labels the right/left boundary modes. For a
system with M edge modes, we thus find

M N
P =M~ lim % > (W (Znnn) Var), ()
a=1 n=1
where we see immediately that we retrieve Eq. (1) for M = 1.
The biorthogonal polarization P takes integer values P €
Z. This was explained in Ref. [30], and we summarize the
argument here for the sake of completion. Assume a lattice
model with a broken unit cell at one of the boundaries, by
which we mean a model where the unit cell at one end of
the chain misses one or more sublattice sites, such that each
boundary state contained in M always exists regardless of
the choice of parameters [70], where the parameter choices
determine the boundary on which the state is localized. Addi-
tionally, assume that the boundary states are chosen in such a
way that they are biorthogonal to each other, i.e.,

(IlfaLh//ﬁR) = 6&ﬂ<1/faL|wotR) = Saﬂ' (6)

Let us focus on what happens when a boundary state is local-
ized to unit cell n = 1. In this case, the limit in Eq. (5) goes
to zero. Similarly, if the state is localized to unit cell n = N,
the limit goes to 1. Therefore, each localized state contributes
either a0 or a 1 to P, and P must thus be quantized.

Another consequence of the above explanation is that the
biorthogonal polarization P of a system with a broken unit
cell tells us how many of the boundary states in the system
are localized to the boundary at n = 1 (while M — P tells us
how many boundary states are localized at n = N). Crucially,
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‘P is also a relevant quantity for systems without a broken unit
cell. In this case, one can think of the lattice as having mirror
symmetry up to local permutations of the internal degrees of
freedom in a unit cell, such that each boundary state localized
ton = 1 has a “mirror-symmetric” partner localized ton = N.
In other words, this means that if one finds p boundary states
on the boundary n» = 1 (n = N) in the case of a lattice with
a broken unit cell, one would find p (zero) boundary states
on both boundaries in the case of unbroken unit cells. There-
fore, for a lattice with no broken unit cells, the value of P
corresponds to the total number of boundary states on either
boundary, and P = 0 when there are no boundary states. In
the following, we always assume that the unit cell is unbroken
unless otherwise specified.

To illustrate this in more detail, we consider the example
of a two-leg ladder, as shown in Fig. 1(a). The Hamiltonian
reads

H = Hy + Han, @)

with

Hy =1 Z C,'Ll,ACn,l,B + 1 Z C,',_‘_],a,Acn,a,B
n,l n
+1 Z C;+1,b,Acn,b»B + 1 Z C;’a’Acn,b,B +Hc. (8)
n n

and

Han =y Y _le}, scnrs —Hel, )
n,l

where ¢’ (cn1.q) creates (annihilates) a state at sublat-

nl,a
tice @ € {A, B} in unit cell n with channel / = a, b. When

t3 = 0, we obtain two decoupled anisotropic SSH chains [see
Fig. 1(b)]. We note that Hy is Hermitian and that Hay is anti-
Hermitian, such that the Hamiltonian H is non-Hermitian. As
each individual SSH chain may host at most one end mode
at each end, we may find two, one, or zero end modes on
each of the boundaries of the two-leg ladder depending on the
choice of parameters. In Figs. 2(a) and 2(b), we plot the band
spectrum and the biorthogonal polarization, respectively, for
different system sizes. We see that the number of end modes
varies as a function of #;, where P [see Fig. 2(b)] accurately
predicts the number of zero-energy end states in accordance
with Fig. 2(a). Indeed, the biorthogonal polarization jumps at
those values of #; at which the band gap closes. We note that
the biorthogonal polarization approaches a step function as we
increase the system size as advertised.

B. Properties of the biorthogonal polarization

Here, we discuss several interesting properties of the
biorthogonal polarization. First, P is gauge invariant: Assum-
ing that the edge modes |¢, r) are degenerate and that there is
an invertible matrix V such that

Var) = Y 1bar) Ve (10)

and that both ¢ and ¢ are normalized according to

(YarlVpr) = (ParlPpr) = Sup, (11)

— N =20
= = =N =60
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FIG. 2. (a) Absolute value of the energy eigenvalues and (b) the
biorthogonal polarization for the two-leg ladder [see Fig. 1(a)] with
t =3,t, =1, =0.1, and y = 0.5. The eigenvalues are computed
for N = 80 unit cells, and the polarization is computed for the values
N = 20 (blue solid line), 60 (red dashed line), and 100 (black dash-
dotted line) unit cells.

the corresponding left eigenvector can be written as

(Varl =) Voo (Gurel, (12)

where V! = [V ], This gives
| M

5 2 Wl (Z nm) )

a=1

R R

=5 2 Vay(qsﬁa(Znnn)wymvw
o,B,y=1 n
1 Y R

=52 <¢>,3L|<Znnn>|¢ﬂk>, (13)
B=1 n

and we thus find that the polarization is invariant under the
change of basis. This is an important characteristic of P be-
cause it means that regardless of the choice one makes for
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representing |Y4g/1), one would always find the same result
for P.

Another interesting property of the biorthogonal polariza-
tion is that it is invariant under unitary transformations of the
Hamiltonian that are local in the sense that they act locally on
all unit cells in the same way. Indeed, suppose that we have
two Hamiltonians H and A that are related via

A = U HUy, (14)

where Uy is a unitary operator of the form Uy = 1y ® U, with
1y being the N-dimensional identity matrix and U being ad X
d matrix, where d is the total number of degrees of freedom
in a unit cell in the system described by H. Next, suppose
[Wr/L) is the right/left eigenvector of H with eigenvalue E;
then U |yg/1) is a right/left eigenvector of A with eigenvalue
E. This means that the biorthogonal polarization P of H is
given by

M
_ o L
P=M— lim - E—1 (WralU Y nfLU o), (15)

where [T, projects the states onto unit cell n such that it can
be written as I1, = J, ® 1, where J, is an N-dimensional
matrix with zeros everywhere except at position (n, n), where
we have a 1. Since Uy and ﬁn have the same block structure,
they must commute, and therefore,

P ="P. (16)

The biorthogonal polarization is thus indeed invariant under
this type of unitary transformation. To illustrate the implica-
tions of this equality, we consider the anisotropic SSH chain
[30] and the Lee model [35] shown in Figs. 1(b) and 1(c),
respectively. These two models have the following Bloch
Hamiltonians:

Hglsolgh = (tj + tycosk, tpsink + iy, 0) - o, an
HES, = (t) +tycosk, 0, ysink +iy) - o,

where ¢ is the vector of Pauli matrices. We immediately see
that these Hamiltonians can be related via

H]%l?ch = UTHgiPthU’ (18)

where U is given by

U= i<1 i ) (19)
IRVAUER YA

It is straightforward to show that the Hamiltonians for the

anisotropic SSH chain and the Lee model under OBCs are

also related by a unitary transformation,

Hy® = USHS Uy, (20)

where Uy is defined as above and HyH and H® are the
OBC Hamiltonians with N unit cells for the NH SSH and
Lee models, respectively. Therefore, the biorthogonal polar-
izations of these systems are equivalent. A complementary
consequence of the relation in Eq. (20) is that the spectra
of H,\S,SH and H]I\,‘ee are identical, while their eigenstates are
equal up to permutations inside the unit cell determined by U'.
Therefore, the exact solutions for the zero-energy end states
of the anisotropic SSH chain found in Ref. [30], which are

discussed in more detail in the next section, are also relevant
for Lee’s model.

III. BULK STATES AND GAP CLOSINGS

In this section, we study the anisotropic SSH chain in more
detail through explicit analytical solutions. It was previously
shown that this model breaks conventional BBC and thus
displays a spectral instability as well as the non-Hermitian
skin effect [30,37]. Here, we make use of analytical solutions
to study the gap closings of the spectrum in more detail.
Additionally, we show that the method developed in Ref. [69]
for finding all bulk states in the presence of a spectral mirror
symmetry can be generalized to this NH model.

A. Closing of the energy gap

We consider the Bloch Hamiltonian for the anisotropic
SSH chain in Eq. (17) with the energy eigenvalues

EPBC(k) = £/t + 1} — y2 + 21112 cos(k) + 2itry sin(k)

(21
and (unnormalized) eigenstates
_(ntytne™
wR,:t(k) - ( EiBC(k) )v (22)
_(t—=vV +t2671k

Here, we include the label PBC for the eigenvalues, indicat-
ing that if we parametrize k such that k = 27 j/N for j =
0,1,...,N — 1in E?BC(k), we find the band spectrum for the
model with PBCs.

Taking OBCs with a broken unit cell at one boundary, we
find that one zero-energy end state appears. In Ref. [30], it is
shown that this end state is captured by the exact solution

N
W) = NrjL Y riici 410), (24)

n=1

with NR/L being the normalization and rg/; = (t; F y)/12.
This end state is delocalized when |rgr;| = 1 [30], which can
also be seen from the biorthogonal polarization in Eq. (1),
where P changes values when |rgry| = 1. Therefore, we ex-
pect the bulk-band gap of the OBC spectrum to close at this
point. To see this, we compute the eigenvalues of the OBC
system from the PBC spectrum by applying a shift in k in the
latter, similar to the shift in Refs. [37,38], i.e.,

z‘ —
k- k—iln <—“”> (25)
ity
such that the OBC spectrum reads
t J—
E9BC (k) = EPBC [k —iln <—V ! ”)}
Sty
=4/} + 13 — y2 420/t — v/t + y cos(k).
(26)

We note that |rgr| =1 yields t, = +,/t? — y? for |t] >
ly|, such that EQBC(k) = 0 for k = 0, 7, depending on the
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FIG. 3. The lowest bulk energy bands of the OBC spectrum [see
Eq. (26)] with a broken unit cell after taking the absolute value for
fi=1land (@), =+/3/2and y = 0.5 and (b) &, = /5/2 and y =
1.5. The former case corresponds to the spectrum being real, while
the latter corresponds to the spectrum being complex. Notably, the
spectrum in (b) also exhibits the genuinely non-Hermitian feature of
a nonanalytic (square-root) dispersion.

sign in front of the square root. Similarly, when || < |y|,
lrrr| = 1yields t, = £,/y? — 12, and we find EQBC(r/2) =

EBC(37/2) = 0. This means that the gap closes at these
parameters for k = 0, w or k = /2 and 37 /2, respectively,
as illustrated in Fig. 3. Furthermore, we see that the PBC
spectrum EYBC(k) remains gapped for all k when |rgr| = 1.
This is in full agreement with the previous statement that this
model features a spectral instability [30].

Performing a series expansion of E9BC(k) at £, =
+./t} —y? and t, = +,/y? —t} around the points k = 7
and k = /2, respectively, we find that the gap closes as
Egap ~ 1/N and Egy, ~ 1/ VN, respectively (see the blue lines
in Fig. 4), where E,,, is determined by first taking the absolute
value of the energy spectrum and subsequently computing
the smallest energy above zero. The latter result is partic-
ularly interesting as this type of scaling typically does not
occur in Hermitian systems, and in this case it happens when
the eigenvalues are complex. We can understand this differ-
ence between Hermitian and NH systems by noting that in a
Hermitian system the bulk energies are essentially the same
under PBCs and OBCs up to possible boundary states. Under
PBCs, the energies are periodic functions of k ~ 1/N and
have Fourier expansions in k. This means that the gap closes
at least as fast as 1/N. This argument clearly fails in the NH
case in the absence of a conventional BBC.

B. Exact bulk-state solutions

In Ref. [69], it was shown by some of the authors of this
paper that it is possible to find all bulk-state solutions for
a large family of d-dimensional lattice models with OBCs
when the spectrum has mirror symmetry, ie., E(k;, k) =
E(—k,, k), where k| is the momentum in the direction of the
open boundary and k|, is the crystal momentum in the periodic
directions. Here, we propose a generalization of this method
to the NH realm by specifically focusing on the anisotropic
SSH chain.

(@) (®)

0.3

0 50 100 0 50 100
N N

FIG. 4. Energy gap closing E,,, which corresponds to the lowest
nonzero energy bulk band in the absolute value spectrum in the OBC
spectrum with a broken unit cell as a function of N for (a) £} = 12 —
y?and (b) £} = y? — t}. The red dots are analytically computed from
Eq. (26), whereas the blue lines correspond to the lines Egy, = trw /N
and E,,, = t,4/7 /N in the left and right panels, respectively. We see
that there is good agreement between the actual gap sizes (red dots)
and the approximated result (blue line).

We start by observing that even though the eigenvalues for
the PBC spectrum in Eq. (21) are not symmetric under in-
version symmetry, i.e., EYBC (k) # EPBC(—k), the eigenvalues
in the case of OBC do display this spectral symmetry, i.e.,
EgBC(k) = EEBC(—k), and we should thus be able to adopt
the method developed in Ref. [69] to find the eigenstates
also in this NH setting even in the presence of the NH skin
effect. We note that such a distinction between the PBC and
OBC spectra does not exist in the Hermitian case because the
spectra would be essentially identical.

To find the right eigenstates, we start by considering a
periodic chain with 2N unit cells. From Ref. [69], we know
that the state in the nth unit cell of a Hermitian system reads

Wp 1 (k, n) = e* "y 1 (k), 27

where g 4 (k) is the eigenstate of the corresponding Bloch
Hamiltonian. We now wish to apply the same idea for NH
systems. Previously, we saw that to obtain correct results in
the OBC case from the PBC solutions, we need to apply a shift
in k [see Eq. (25)]. Applying the same logic here, we make
the following ansatz for the bulk eigenstates of the anisotropic
SSH chain:

=)

Bps(kony = 2=V
ralem) = G T

Mg 1 (k), (28)

where

JH + :
) h+y+ tzl—yeflk
Vg (k) = Vi =y : (29)

EBC (k)

which we obtain by applying the shift in k£ in Eq. (22).

Next, we assume that all states have zero amplitude on the
B sublattices n = 0 (or, equivalently, n = 2N) and n = N, as
shown in Fig. 5. Upon cutting the chain open by removing
the B sites atn = 0 (n = 2N) and n = N, we end up with two
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n=2N

p*i\‘nl

¢ A
B \“
—_

; V.
[ ]

FIG. 5. Schematic picture of the periodic chain with A and B
sublattices in red and blue, respectively, and the unit cells labeled
by n depicted with gray ovals. Upon removing the B sublattices in
unit cells n = 0 (n = 2N) and n = N, the periodic chain reduces to
two open chains with A sublattices at their ends.

chains with N unit cells. In the following, we focus on one
chain and imagine that we reattach the B sites at both ends.
Using the spectral mirror symmetry of E9B€ (k) = EQBC(—k),
we may write the bulk state in the nth unit cell as a superposi-
tion of \TJRi(k, n) and \IJRi(—k, n),

Wg Bulk,+(k, 1)
= C\Vg +(k,n) + CWg +(—k, n)

_ (i —y)?

(1 +y)?

where k = wj/N, with j =1,2,..., N — 1, and impose the
boundary condition

Wr Bulk,+,8(k, 0) = Wg puik,+.8(k, N) =0, 3D

where the label o in Wp puik, +.« (k, 1) refers to the amplitude of
Wg Buik,.+ (k, n) on sublattice «. The boundary condition leads
to

[C1e™ " Yp 4 (k) + Cre™ g L(—k)], (30)

G Yrask)

=2 =1, 32
Ci (32)

Ur+p(—k)
such that

Wr Bulk, +,a (k, 1)

_ (i —y)”?

(l] + J/)n/2

We thus make the following ansatz for the (unnormalized)
bulk states:

[ YR +.0(k) — e Pp £ o(—K)].  (33)

Wg Bulk,+,4(k, 1)
Wr Bulk,+,8(k, 1)
Wp Bulk,+,4 (k, 2)

Wp Bulk,+,8(k, 2)

Wg Bulk,+ (k) = , 34

Wr Bulk,+,8(k, N — 1)
Wp Bulk,+,4 (k, N)

and a straightforward computation of the eigenequation,
HOBC\pR’Bulk,i(k) = Ech(k)\pR,Bu]k,i(k), ShOWS that these

are, indeed, eigenstates with energy EQBC (k). The left eigen-
states can be found by making use of the fact that the daggered
Hamiltonian of the anisotropic SSH chain, i.e., (H SSHYT s
simply obtained by transforming y — —y in the Hamiltonian
HSSH such that these states are found by taking the complex
conjugation of the right states and y — —y, as shown in
Appendix A.

We notice that Eq. (33) has two interesting features: First,
we see that its weight explicitly depends on the unit-cell label
n and the bulk sates are thus all localized to a boundary when
t1, y # 0, while the states change localization when passing
through #; = 0 and/or y = 0.

Second, we notice that the bulk states [and also the shift in
Eq. (25)] are singular when #; = £y . From the Hamiltonian
in Fig. 1(b), we immediately see that at these values of #; it
is possible to hop in only one direction, and consequently, all
eigenstates are exactly localized at the boundary. Addition-
ally, the bulk spectrum has only two eigenvalues, +#, [see
Eq. (26)]. This behavior of the eigenstates and eigenvalues is
associated with the presence of EPs, and indeed, these points
correspond to EPs with an order that scales with system size
[38]. The bulk states thus merge into two different states as
they approach one of the EPs.

A natural question is, What happens with the bulk-state so-
lution in Eq. (33) at these points? We note that an eigenvector
of an operator is determined only up to multiplication by a
scalar, and we show in Appendix B that we can choose a scalar
in such a way that the limit #{ — =y exists. We note these
multiplicative factors differ for the two EPs. We then find that
the right and left eigenstates have only nonzero amplitudes at
opposite boundaries [e.g., Eqs. (BS), (B6), (B9), and (B10)],
which means that the states are not normalizable, which is
consistent with the behavior of an EP.

C. Twisted states

We will now elucidate and provide physical intuition
by comparing the boundary state to approximate variational
states. We do this by studying what happens with the bulk
states at the gap closings in the spectrum, i.e., at |rgrz| = 1.
To gain further understanding of this, we normalize the bulk
states found in the previous section for |t;| > |y|andt; + y >

0 at the point 1, = /17 — y2,

k
(WL Butk,+|Wr Buk,+) = —16N (1] — y?) cos® <§) (35)

such that the normalized state takes the form

|WR Bulk,+ (k) = [Wiwisa (k) £ [Wiwis8(k)),  (36)

where
1 N Hh—vy n—1
Wmm@»=—ﬁgx . )
2 — Dk -
mméiylymm G7)
and
1 =g \"
1— . ¥
|%Mw=7m(h)mw%m<w
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We note these states are twisted versions of the eigenstates of
the zero-energy mode in Eq. (24) in the sense that while they
have the same amplitude, they also feature an additional phase
that changes along the chain. Indeed, the larger the length of
the chain is, the smaller the local twist becomes. This means
that in the limit of going to infinite system size, the twisted
state has the same energy as the zero-energy state, and they
are thus degenerate. Therefore, the bulk-band gap must close

when t, =

and y +1; > 0 at the point7, = ,/y2 — 7 in Appendix C and
show that we arrive at the same conclusion.

tlz — p2. We repeat this calculation for |f;| < |y|

IV. DISCUSSION

In this paper, we have further expanded the toolbox of
methods for characterizing and finding analytical solutions
in NH systems. Specifically, we generalized the biorthogonal
polarization P first proposed in Ref. [30] to be applicable to
quasi-one-dimensional systems with any number of bound-
ary modes. Crucially, we showed that this generalization is
applicable to models that cannot be described as copies of a
single system. We showed that P is gauge invariant, which
is a crucial property for measurable quantities. Additionally,
we showed that P is invariant under local unitary transfor-
mations. As a consequence, the biorthogonal polarizations for
models that are related via the same unitary transformation are
thus equivalent. We emphasize that even though we explicitly
treated one-dimensional examples to study the generalized
biorthogonal polarization, the formalism developed in this
paper works for any model with boundaries of codimen-
sion 1, i.e., for any d-dimensional system with boundaries
of d — 1 dimensions. Moreover, we believe that the gen-
eralized biorthogonal polarization should be readily further
generalizable to systems with boundaries of higher codimen-
sion. Indeed, in Ref. [31], the quantity (Y |1, .. |¥g), with
n,n', ... labeling the unit cells in the different directions, was
shown to accurately capture the presence of corner and hinge
states for lattice models with OBCs in more directions.

We also studied the anisotropic SSH chain in Fig. 1(b)
in great detail. By making use of a shift in £ that connects
the PBC and OBC cases to each other [see Eq. (25)], it is
possible to find analytical expressions for the eigenvalues as
already presented in Ref. [38]. Making use of these solutions
for the OBC case, we showed that the finite-size gaps may
close slowly in NH systems compared to Hermitian ones. In
particular, we find Egp, o< N™V/7, while gap closings in the
Brillouin zone may scale as Eg,p o (k — ko)!'/?, with p being
some integer. These gap closings are sharper than those in
Hermitian systems, which remain analytic. While we focus
on two-band models in this work, where p < 2, this type of
scaling is expected to persist once more bands are considered.
In this context we note, however, that two-band models are
sufficient to study (ordinary) band crossings as these gener-
ically occur in a three-dimensional parameter space and that
models with band crossings involving more bands generically
require the tuning of a large number of parameters.

By extending the method in Ref. [69] and making use of the
shift in Eq. (25), we were able to not only find the eigenvalues
but also find closed-form analytical equations for all bulk

states for the anisotropic SSH model with OBCs in addition
to the end state solutions that were already found in Ref. [30].
Making use of these solutions, we were able to prove that the
band gap indeed closes when |rgr.| = 1 [69]. While we here
showed only that this method works for a specific example,
the anisotropic SSH chain, we believe that it should be appli-
cable to a large family of quasi-one-dimensional NH lattice
models with EOBC(k, k) = E98C(—ky, k), in analogy to
the Hermitian version of this approach [69].

Our analytical results complement a large body of recent
numerical and experimental studies on non-Hermitian sys-
tems and offer as such complementary and detailed insights
into an active field of contemporary and cross-disciplinary
physics.
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APPENDIX A: RELATION BETWEEN THE RIGHT
AND LEFT EIGENSTATES

Here, we show that in a system with open boundary
conditions, we can find the left eigenstates from the right
eigenstates by using the fact that the Hamiltonian is symmetric
under Hermitian conjugation and y + —y. Therefore, the
left eigenstates are given by the complex-conjugated right
eigenstates with mirrored y. To see this, suppose that

HW)|Wr(y)) = E«)|vp(y)).

We wish to find the corresponding left eigenstate |y (y)),
which we know satisfies

H' W () = Ef |1 ().

Complex conjugating this equation, letting y + —y, and us-
ing that we know that H'(—y) = H' (—y) = H(y) and that
Eq. (26) gives us E,,(—y) = E,(y), we get

HW|Y (=y)) = E)|yi(=y)),

and we get

(AD)

(A2)

(A3)

Vi) = [vr(=»)). (Ad)

For the Bloch Hamiltonian, a slightly different argument
must be used as it not symmetric under Hermitian conjugation
and y — —y separately, but rather under the composition
of those. For periodic boundary conditions, we also have
E(k,y) = E*(k, —y), in contrast to the case for open bound-
ary conditions. The equation for the left eigenstates of the
Bloch Hamiltonian is given by

Hy oo (ks Ik, v)) = E* Gk, )Yk, v)). (A5)
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Letting y — —y, we get
Hoen(k, =)Wk, =) = E*(k, =p)[Yi(k. —y)). (A6)
which implies
Hgioch (K, Y)IYL(k, —y)) = E(k, y)l¥L(k, —y)),
such that

(A7)

[VL(k, ) = [Yr(k, =y)). (A8)
APPENDIX B: BULK STATES AT THE
EXCEPTIONAL POINTS

We study what happens when we approach the exceptional
point at f{ =y > 0 from #; > y. We see that if the right
eigenstates in Eq. (33) are multiplied by

Jity 1 (B1)
/t) — y sin(k)
and the left eigenstates are multiplied by
1 — 4 yN-D/2 1
(t —v) ' , (B2)
(t1 + y)N=D/2 sin[k(N — 1)]
we find
W Bulk,+,4(k, 1)
(@ —y) D2
sin(kn Jt +y sinlk(n — 1
<L+ .( )+t2 1+ [.( ) (B3)
sin(k) — “hi—y  sin(k)
and
(1 =)V ope,,. sintkn)
w kon)y=2i—4—" ___F k)— . (B4
R.Bulk,+,8(k, n) l(l1 +y)n=D2"E (k) sin(k) 6
We see that
lim \IJR,Bulk,:t,A(k7 n)= {Zitz ifn=2, (BS)
h—y 0 ifn>2,
and
) _ +2it, ifn=1,
1}1_1)1;/ Wg Bulk,+,8(k, n) = 0 ifn>1. (B6)

In a similar fashion, the corresponding left eigenstates, after
multiplication by the appropriate factor, are given by

W Bulk,+,4(k, )
(ty — y)N=n=br2
IRt
|: sin(kn)
X

(1 —y)=

. Vi — y sin[k(n — 1)] i|
sin[k(N — 1)]

Py sin[k(N = 1)]
(B7)

and

Lt — )V
VL uk, .5k, n) = — Zlm

sin(kn)

EOBC(fy 7 B8
X B ()sin[k(N—l)] ®Y
and we get
lim W (homy= {72 BTN (g
tll_r)r}/ LBulk,+,4(k, n) = 0 ifn <N,
and
lim T 3 1)
nlE}/ L,Bulk,+,B(K, 1) = 0 ifn<N—1.

We note that we need to pick different prefactors for the
eigenstates in order for them to approach the correct states
at the other EP at #{ = —y but that a similar solution would
be found with the difference that the right and left eigenstates
are now localized to the opposite boundaries.

APPENDIX C: TWISTED STATES
For |y| > || and t; + y > 0 at the point t, = ,/y? — 12,

we instead get

(WL Buk +|Wr Buk,+) = 8iN (1] — y?) cos(k).  (C1)
We again get
[Wr Bulk,+ (k) = [Wiwist,a (K)) £ [Wrwise, (k)), (C2)

but in this case, we have

1 1
|\ytwisl,A(k)> = - ﬁ\/?os(k)
N 1 Hh—vy n-l .
Xzin—l( : ) (sin(kn)
n=1
— isin[k(n — D]} ,10) (C3)
and
| “ptwist,B (k))
_ L Jeos®) E(—')”(“_V)" in (1k)c],510)
VN cos(k) l ) P B

()

The states are not as nice as in the point 17 = t7 — y2, but
one can still see that they are sums of trigonometric functions
that one can interpret as a slow change in phase.
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