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Recent years have seen a growing interest in topological phases beyond the standard paradigm of gapped
isolated systems. One recent direction is to explore topological features in non-Hermitian systems that are
commonly used as effective descriptions of open systems. Another direction explores the fate of topology at
critical points, where the bulk gap collapses. One interesting observation is that both systems, though very
different, share certain topological features. For instance, both systems can host half-integer quantized winding
numbers and have very similar entanglement spectra. Here we make this similarity explicit by showing the
equivalence of topological invariants in critical systems with non-Hermitian point-gap phases, in the presence
of sublattice symmetry. Also, the corresponding entanglement spectra show the same topological features.
This correspondence may carry over to other features and even be helpful to deepen our understanding of
non-Hermitian systems using our knowledge of critical systems and vice versa.

DOLI: 10.1103/PhysRevB.107.235112

I. INTRODUCTION

In recent years non-Hermitian systems have attracted a
great deal of attention in the condensed-matter commu-
nity due to the unique phenomena that they can exhibit.
In the field of symmetry protected topological phases, non-
Hermitian systems harbor a particularly rich variety of phases,
as the non-Hermiticity enhances the ten Hermitian topological
classes [1-3] into 38 [4-7]. This enhancement originates in
having effectively more symmetries available, as conjugation
and transposition are not equivalent any longer. Furthermore,
non-Hermiticity may lead to new physics without a Hermitian
equivalent: So-called point-gap phases and exceptional points
[8,9] lead to new physics with no Hermitian equivalent, like
the skin effect [5,8,10-13].

For non-Hermitian systems, we need to distinguish be-
tween line-gapped and point-gapped systems. For the former,
it is possible to draw a line in the complex plane which sep-
arates the different bands. On the other hand, a phase is said
to be point gapped at Ej if it has a nonzero energy vorticity
for this point, i.e., the complex energy bands wind around
Ey. While the topology of line-gapped systems can be under-
stood from their connection to Hermitian and anti-Hermitian
Hamiltonians [6], point-gapped systems have features that are
thought to be intrinsically non-Hermitian. In this paper we
focus on these systems and show how some of their features
are inherited from related Hermitian critical models.
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The topic of topological phenomena in critical systems has
recently been revisited [14—18]. Topology is a global (non-
local) property of the system and it was previously thought
that the divergent correlation length of critical systems always
rendered the system topologically trivial. However, it has been
shown recently that this is not the case [14]. Critical systems
can harbor topologically protected zero-energy edge states
that are protected by a topological invariant and do not hy-
bridize with the bulk. The topological phases in these systems
have been characterized by invariants that are quantized to
half-integers [15].

The latter is also true for some non-Hermitian systems.
For example, systems in the topological class Al (with a
sublattice symmetry S that commutes with time reversal) are
characterized by two winding numbers which can take half-
integer values when the system has a point gap [5,19-21].
This similarity in the topology of Hermitian critical and non-
Hermitian systems has been pointed out in the literature before
[22], but it has not yet been explored in depth. In this pa-
per we aim to relate the bulk topological features of critical
Hermitian systems and point-gapped non-Hermitian systems.
We will introduce two different methods of generalizing a
Hermitian critical Hamiltonian to a non-Hermitian one, show-
ing that the resulting model always is in a point-gap phase.
We also analyze how bulk topological features evolve with
the non-Hermiticity, in particular the topological invariants
and the so-called entanglement occupancy spectrum (EOS)
[23-25]. While the two generalizations considered here are
somewhat limited, the second includes two of the most used
non-Hermitian models, the Hatano-Nelson model and the Su-
Schrieffer-Heeger (SSH) chain with unbalanced hopping.

In Hermitian systems the EOS, computed for periodic
boundary conditions, provides the same topological informa-
tion as the surface energy spectrum [26,27], and it has been
connected to topological invariants such as the polarization
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[28] and the winding number [29]. For non-Hermitian point-
gapped systems the bulk-boundary correspondence is broken
due to the skin effect. Thus one cannot use the surface spec-
trum to study bulk topology (and vice versa). In this case,
the EOS becomes more interesting, as it can be computed
for periodic boundary conditions and can be related to bulk
invariants [30,31]. We show that the topological features of
the EOS of non-Hermitian point-gap phases are dictated by
the related Hermitian critical one, thus providing a physical
interpretation for the former. More generally, connecting Her-
mitian critical and non-Hermitian point-gap systems would
allow one to compute objects for non-Hermitian models using
Hermitian physics, as well as use the more developed topo-
logical classification for non-Hermitian systems to address
questions regarding critical Hermitian systems.

The paper is organized as follows. In Sec. II we cover some
necessary background material. In Sec. III we consider a very
simple non-Hermitian generalization to elucidate the main
ideas. A more complex generalization is shown in Sec. IV,
where the non-Hermiticity is introduced by making the mo-
menta complex. The entanglement occupancy spectrum is
discussed in Sec. V. Some explicit examples are covered in
Appendix A.

II. BACKGROUND

Throughout the paper, we restrict the discussion to a gen-
eral two-band model given by the Hamiltonian

H(k) = h(k) - 0 = hy(k)oy + hy(k)o,

_( 0 fitk)
‘Q@ 0>’ M

where we set h, to zero because of sublattice symmetry.
Both ways of describing the Hamiltonian will prove useful in
the following. Note that for non-Hermitian models, f>(k) #
fi(k), while in the Hermitian case we suppress the index
and use f(k) = f1(k) = f; (k). The right eigenstates of such
two-band Hamiltonians are in general given by

1
Vi (k) = ﬁ[i\/.fl (k)/ f2(k), 11, 2
with energies 4/ f| (k) f>(k). The corresponding left ones are

1
vitk) = E[ivfz(k)/fl(k), 1]. (€)

For Hermitian two-band models, the winding number [3]
can be written as
1 2

V= —
21 0

or alternatively as

1 /2” [Oxh. (K)]hy (k) — Ry (k)Ochy (k)
V= — dk
27 J, hy(k)? + hy(k)?

For non-Hermitian models both expressions are no longer
equal. The second expression (5) is usually employed to
compute the winding number [5,6,19]. While the Hamilto-
nian (1) is of course restrictive, it nevertheless covers two of
the most studied non-Hermitian models, the Hatano-Nelson

dk 0y arg[hy(k) — ihy(k)] “

&)

model [32-34] and the non-Hermitian extension to the SSH
model [35].

A. Topological invariants for critical systems

Topological invariants are usually considered meaningful
only in gapped systems. This raises the question if and how
topological features survive the presence of gapless modes,
e.g., by coupling to a gapless environment [36] or by driv-
ing to a phase transition between two topological phases
[14,15]. For the latter, the usual definitions of topological
invariants become ill-defined. A general recipe for obtaining
well-defined invariants for critical systems was first presented
in [15], by removing an infinitesimal region around each of
the gapless points.

For the winding number, this implies that instead of (4), we
use the regularized version

wzifﬂmmmm—%wL ©
2 0

where () denotes that we removed a region [k, — €, k. + €]
from the integration around each gapless point k.. In the limit
€ — 0, v becomes half-integer quantized and is given gener-
ically by the mean of the winding numbers on either side of
the critical point (for details see Ref. [15]). In particular, at the
critical point between gapped phases with winding numbers 0
and 1, respectively, the winding number v, — % fore — 0.
There is an alternative formulation of the winding number
for gapped systems by interpreting f (=f; = f;) in Eq. (1) as
a complex function f(z = ¢’*) and relating the winding num-
ber to the difference in numbers of zeros and poles within the
unit circle, using Cauchy’s argument principle [5,14,37,38],

) B dzf’(z):
f@)

2mi
where Z and P denote the numbers of zeros and poles, re-
spectively, within the unit circle. This identity is not valid
for gapless systems because there is a zero in the contour.
One alternative for gapless systems is to again exclude an
infinitesimal region around each point z,

ve= a2

2ni Jo o f(2)

Each zero of order n on the unit circle contributes n/2 to
the winding number, in agreement with the discussion in
the previous above. One could, however, have chosen to de-
fine the invariant differently, namely, as ¥ = Z — P, where Z
and P are the zeros and poles strictly within the unit circle,
respectively. This instead gives an integer (not half-integer)
quantized invariant, which in addition is related to the number
of topologically protected edge modes [14,17].

One disadvantage of Verresen’s approach in Ref. [15] is
that one needs to compute different invariants, depending on
whether the system is gapless or gapped; the invariant for
gapped systems is ill-defined for gapless ones. A different way
of regularizing the winding number for gapless systems was
discussed in Ref. [18], namely, by considering the system at
finite temperatures. Computing the 7 — 0 limit in a gapped
system yields (4), while doing the same for a critical system
yields the € — 0 limit of Eq. (6), as the Boltzmann weights

Z—P, @)

®)
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suppress the contribution in the vicinity of gapless points.
It thus has the advantage that gapped and gapless systems
can be treated on the same footing. The generalization to
non-Hermitian systems detailed in Secs. III and IV can, in
some sense, be regarded as yet another regularization of the
winding number that treats gapped and gapless systems on
the same footing.

Note that the winding number lim._, ¢ v. does not uniquely
characterize the critical system, nor is it connected to the
number of topologically protected edge modes. Two differ-
ent critical points, e.g., the phase transitions v =0 — 3 and
v = 1 — 2, have the same value v = % of the winding num-
ber. The first critical point has no protected topological edge
modes, while the latter has one. In general, the number of
topological edge modes is given by [14]

v ifv >0
Nep = ID+N| if D < =N 9
0 otherwise,

where ' =Z — P =v —N/2, Z and P are the number of
zeros and poles strictly within the unit circle, respectively, and
N is the number of zeros (times their multiplicity) on the unit
circle. A complete characterization of the critical system thus
requires two numbers, e.g., U and N. This is very similar to
the non-Hermitian point-gap phases discussed below.

B. Non-Hermitian systems with sublattice symmetry

In this paper we focus on systems in symmetry class Al,
with a sublattice symmetry S that commutes with time rever-
sal.! Such systems are specified by two winding numbers. A
commonly used characterization uses winding numbers v and
V', where v is given by Eq. (5) and v’ denotes the winding
of the complex energy bands around the origin [5,10] (some-
times referred to as energy vorticity):

Vo= % y§ dk 3 arg[,/ hy(k)? + hy(k)?]. (10)

An alternative formulation was presented in Refs. [5,19].
Since fi # f; (1) in non-Hermitian systems, we can define
two independent winding numbers by

1
V= — /dk O In[f1 (k)]
2mi

1
= o / dk 3 In[ f>(k)], (11
2mi
which fulfill
V= %(U] + Vz),

V=1 — ). (12)

Note that the minus sign in the second of Eqgs. (11) ensures
that v; = v, in the Hermitian limit.> An appealing feature of

'In the notation of Table VII in Ref. [6] we consider systems in Al

with S,.

2We should note that our conventions differ from those of [19].
Using a tilde to indicate the conventions of the latter, we use v = —9,
V =v,v = -, and v, = —7.

the winding numbers vy ; is that they are directly related to the
presence of topologically protected boundary modes present
at the right/left edge of a semi-infinite open system [19].
We will later see that vy, also have a natural interpretation
in the connected Hermitian critical system: They can often
be identified with the winding numbers of the neighboring
gapped phases, which will be discussed in Sec. IV.

C. Entanglement occupancy spectrum

The entanglement spectrum was originally proposed for
strongly interacting fractional quantum Hall liquids [39] as
a useful tool to obtain information about the topology of the
state. It is obtained by first partitioning the system into two
parts A and B (usually in real space) and tracing out the
degrees of freedom in B to obtain the reduced density matrix
pa = Trg(|¥){¥]), where |¢) denotes the ground state of the
system. We can now define an entanglement Hamiltonian Hy
by

PA = et (13)

whose spectrum is called an entanglement spectrum and con-
tains valuable information about the topological properties of
the system.

The entanglement spectrum is also of interest in noninter-
acting systems, as it is directly connected to the topological
edge modes in gapped topological insulators [26]. Peschel
showed that for noninteracting systems one does not need
to compute the full many-body entanglement spectrum (a
difficult task even for noninteracting systems) [24]. Instead,
one can obtain the same information from the spectrum of the
reduced correlation matrix

Cﬁj’,a,ﬂ = <gslcj‘,acj’,ﬁ|gs)» (14)

where o and B denote internal degrees of freedom and j and
j' denote sites in region A. In the following, we will call the
spectrum of C# the EOS. Topological states correspond to £ =
% modes of the EOS, since these give rise to degeneracies in
the many-body entanglement spectrum. The number of £ = %
modes is identical to the number of topologically protected
edge modes (see Ref. [26]).

The correlation matrix spectrum for non-Hermitian sys-
tems was first studied in Ref. [31]. Since left and right
eigenstates are not equivalent anymore, there are in principle
three distinct versions of Eq. (14), using either the left-left,
right-right, or left-right ground states. As argued in [31], the
left-right choice is usually the one that behaves best and which
we use throughout the paper. Numerical simulations suggest
that the topological features of the EOS for line gap phases are
similar to those of Hermitian gapped phases. In particular, one
finds a one-to-one correspondence between the topological
zero-energy states in the open system and the § = % modes
in the EOS. For a sublattice symmetric model with winding
number v there will be 2v topological zero-energy modes, v
on each edge, and the same number of % modes in the EOS.

Focusing on two-band models with sublattice symmetry as
in (1), an intuitive way of arguing for this is the following:
The correlation matrix in momentum space can be written as

C(k) = 5[1+ Q(k)], s)
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where Q(k) is given by

—f1(k)/ fa(k)
k) = , 16
o <— fa(k)/ f1(k) 0 ) (16)

using the explicit form of the left and right eigenvectors in
(2) and (3). We can choose the branch cuts of the square
root in such a way that Q(k) is continuous and differentiable.
In addition, it is 27 periodic in k. Thus, we can interpret Q
as a Hamiltonian with sublattice symmetry and compute the
winding number relevant for line-gapped systems,

1 2

— dk oy In+/ f1(k)/ f2(k)

2mi 0

11 2

= 52— dk O[In fi(k) — In f>5(k)]
Tl Jo

<
Il

1
= 5 Wi+ w). 7)

Since the system is line gapped, v; = v, = v and Q(k) has the
same winding number as the original Hamiltonian. Comput-
ing C* amounts to computing the real-space Fourier transform
of Q inregion A. The latter harbors 2v topological zero modes,
resulting in 2v, % modes in the EOS using Eq. (15).

The situation for Hermitian critical and non-Hermitian
point-gap phases is more complicated. An imminent problem
is that it is not clear which ground state to use in (14). Numer-
ical simulations show that for point-gapped systems, the EOS
seems to harbor min(Ny, Ng), % modes, where N; and Ny are
the topological zero modes of a semi-infinite system [40]. In
addition, these topological features were seen to be insensitive
to the particular choice of ground state, while nontopological
modes may be affected. In our numerical simulations, the
same seems to hold for critical systems, where now Ny = Ng
are the number of topologically protected edge modes on
the left/right edge in the open boundary system. We will
comment more on this in Sec. V, where we will also prove
the equivalence of the EOS between Hermitian critical and
non-Hermitian point-gapped phases for simple yet nontrivial
cases.

III. GENERALIZING EIGENENERGIES

As we mention in the Introduction, the aim of this paper is
to show the connection in the topological features of critical
Hermitian models and point-gapped non-Hermitian ones. In
order to do that we first start with Hermitian models at a
critical point and deform them to become non-Hermitian,
showing that the topological features remain unchanged by
this deformation. We consider two distinct ways of deforming
the Hermitian critical system. The first and simpler approach,
discussed in this section, amounts to making eigenenergies
complex while keeping the eigenstates unchanged. Since we
do not modify the eigenstates, the left and right non-Hermitian
eigenstates are still equal to each other and one can use
all the usual techniques in Hermitian quantum mechanics.
To further simplify the discussion, we only consider critical
systems where the gapless points are zeros of order 1. Gener-
alizing to higher orders is straightforward. A less restrictive

generalization, which also modifies the eigenstates, is dis-
cussed in Sec. IV.

For a given Hermitian Hamiltonian, written in the eigenba-
sis

H =" exvn) (Y, (18)

ku

the eigenenergies are modified by adding the perturbation

H(@) = e1u (Vi) (Vi

kp

= Z(é‘ku + 180k ) Wiy ) (Wi 19)

ku

where ¢y, are the energies of the Hermitian system, w is
the band index, and 0dyg,, is by assumption nonzero. By
construction, the eigenstates remain intact. As will be shown
below, this generalization results in a point-gapped Hamilto-
nian. However, we first want to illustrate this generalization
by the simplest possible example, assuming eigenenergies
&k, = Esin(k/2) with a single gapless point at k = 0. In
order to construct the resulting complex band structure, it is
easier to regard the model as an effective one-band model
in an extended Brillouin zone k € [—2m, 27r). The resulting
complex energies are

&(g) = sin(k/2) + ig cos(k/2), (20)

which is nothing but the parametric equation of an ellipse
in the complex plane. The system has therefore a point-gap
around zero. More generally, zeros of the Hermitian model
correspond to crossings of the imaginary axis (with a finite
imaginary part), while maxima and minima correspond to
crossings of the real axis.

In terms of the Hamiltonian (1), the generalization in (19)
can be written as

H(k, g) = e(k, 9)h(k) - 0 = [e(k) + igde(k)]A(k) - o, (21)

with both €(k) and A(k) continuous and differentiable. This
can always be done for finite-range hopping Hamiltonians.
Even though h(k) is not uniquely defined at a gapless point
k., there is a consistent limit

lim Ak +8) = lim h(k. — 6) (22)

as long as €(k) changes sign at k. (for a single zero). For
explicit examples on how to choose €(k) and h(k), we refer
the reader to Appendix A.

We now proceed to compute the winding number v for the
original, critical Hamiltonian H (k, 0), using the conventions
of (21). A short calculation shows that v only depends on A,
but not on €,

1 [0k (k)1hy (k) — By (k)dhy (k)
(k)% + hy (k)?
_ 1 dke(k)z(fl;ﬁy — h})

2 0 E(k)2

Ve = —
¢ 2 0

1 A ~ A
— —/dk(h;hy —hhl) for € —0, (23)
2 i )
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where we abbreviated 94, = fz; The last equality is valid
as long as the integrand is regular, i.e., neither h or i has
singularities at the gapless points of the critical system. This
is trivially satisfied for the finite-range hopping models usu-
ally considered. The resulting winding number is half-integer
quantized (see [15]). Repeating the same computation for the
non-Hermitian Hamiltonian, we find that the winding number

1 [0khy(k, @)hy(k, &) — hy(k, )dkhy(k, &)
v(g) = o dk > >
b4 hy(k, 8)* + hy(k, g)

L[k 8)° (b, — hily)
e(k, g)?

2
1 P -
= 5= dk(hhy — hh)) (24)

is again independent of € (and thus g) and equal to the last
line of (23). This shows that the generalization of the critical
system to the non-Hermitian one does not alter the winding
number v.

We can now continue taking a look at the second non-
Hermitian winding number

1 2
V= — f dk 9, Imlog det[h(k, &)1, (25)
2 0

which is equivalent to the phase winding of one of the energy
bands. In order to use the form of Eq. (21), it is advantages
to compute 2V’ by extending the integration from 0 to 4,
thus allowing us to consider €(k, g) as one of the energy
bands. In order to compute the winding, we now count the
crossings at the positive imaginary axis (with an additional
sign depending on the orientation). We will now show that
the contribution of all gapless points to the winding number
sums up, with only an overall sign depending on the sign of g.
Let us fix the sign of g to be positive and focus on one of the
gapless points, denoted by k. If ;e (k) > 0, the crossing hap-
pens on the positive imaginary part from Re[e (k. — §)] < O
to Re[e (k. 4+ §)] > 0. If instead dre (k) < O, the crossing hap-
pens on the negative imaginary part from Re[e (k. — §)] > O to
Re[e(k. + §)] < 0, i.e., it has the same orientation as above.
Thus, the contributions of all gapless points simply add up
with a positive sign. Switching the sign of g, switches the
orientation. Thus, the winding number v’ is given by

V' = sgn(g)N/2, (26)

where N is the total number of zeros, without multiplicity, and
the % factor is because our previous argument was made for
2v'. Clearly, V' itself is not well defined in the g — 0 limit,
though its absolute value is and simply counts the number of
gapless points.

IV. GENERALIZATION TO COMPLEX MOMENTUM

In the preceding section we have shown a method for
obtaining a point-gapped phase from a Hermitian critical
system that can be used to relate the topology of both mod-
els. However, the generalization considered, modifying only
the eigenvalues and not the eigenstates, is overly simplistic
and artificial. A more realistic generalization one can make
is by performing an analytical continuation of the momenta

in the Bloch Hamiltonian into the complex plane, H (k) —
H(k, g) = H(k — ig). For a Hermitian model, a general Bloch
Hamiltonian with sublattice symmetry can be written as

H (k) = <J9 6) f=) e, 27)

where t, are all possible hoppings. The non-Hermitian gener-

alization reads
0 Zn z‘negneikn
Z t*efgnefikn 0 : (28)

n'n

H(k,g)=<

It is equivalent to introducing nonreciprocity in the intercell
hopping terms, which is a common way of introducing non-
Hermiticity. Adding nonreciprocity generically leads to an
unbalanced hopping resulting in the skin effect, where for
open boundary conditions electrons accumulate at one of the
boundaries. The skin effect is a characteristic property of
point-gapped phases, and the expectation is that the pertur-
bation (28) will evolve the critical system into a point-gapped
phase. We will see below that this is indeed the case.

Before continuing, let us consider g as a small perturbation

H(k,g) =h(k, g) - o
=h(k, 9h(k,g) - &
~{h(k)h(k) + glgh(k, g)lg=olh(k)
+ gh(k)dgh(k, 8)|s=0} - 0. (29)
Using that d,h(k, g) = —idch(k, g),
H(k, g) ~[h(k) — igdeh(k)1h(k) - 0
— igh(k)ogh(k) - o, (30)

we note that the first term is exactly the generalization con-
sidered in the preceding section (up to the unimportant sign
of g), but we now obtain a second term that also modifies
the eigenvectors. Therefore, in the perturbative limit the two
generalizations may be similar, though not identical. More
specifically, they connect to the same phase as long as the
critical system has no zeros with multiplicity n > 1.

In contrast to the first generalization to non-Hermitian sys-
tems considered in Sec. III, it is now much easier to compute
the winding numbers v; /, and then use their relation to v and
V' (12) to connect the result to the critical system. We begin by
rewriting the expression for winding number v; in (11) in the
complex plane, employing z = ¢/* as the holomorphic variable
dz 9, In[f(ze™®)] 31

Vi = - —
27Tl lzl=1

and using f(z) = ), 1,2", i.e., the appropriate expression for
the critical system. We can absorb the scale factor by a change
of variables 7 = ze™# and obtain

1 / /

=5 [ aamireL 6
27T l lz|'=e¢

which can now be obtained as v; = Z; — P, where Z; and

P, are the zeros and poles, respectively, of f(z) inside the

circle |z| = e78 (times their multiplicity). Note that, for the
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Hamiltonian considered here,

f@) = Z 2"

n=—1

_ Pz+r(Z)

(33)

is a polynomial with P = [ poles at zero and / + r zeros. For
most of the commonly used model Hamiltonians, / = 0 (e.g.,
the extension of the SSH model used in Appendix A or the
Hatano-Nelson model), but this is by no means a prerequisite.

For v, we perform exactly the same steps, after substituting
k' = —k so that f, becomes a holomorphic, not antiholomor-
phic, function after expressing z = e’*':

2
V) = — dk'0y In f(ze®)
2mi
1
=— dz 9, In[f (ze®)]. (34)
27 |zl=1

We can again absorb the scale factor by a change of variables,
but now we set 7/ = ze® instead. Consequently, v, is given by
v, = Z; — P>, where Z, and P, are now the zeros and poles,
respectively, of f(z) inside the circle |z] = eS.

For infinitesimal g > 0, v; counts (Z — P) for all zeros and
poles that lie strictly within the unit circle v; = D, while v,
even counts the zeros that lie on the unit circle. Assuming we
do not go through any phase transition when enlarging g, the
difference of the two winding numbers is simply the number
of zeros of f(z) on the unit circle times their multiplicity,

vi(g) —m(g) =N =2v" (35)

When the underlying critical system has only single zeros, this
is consistent with our previous results (26).> Interestingly, as
long as we look at phase transitions where zeros do not move
simultaneously into and out of the unit circle, v; and v, also
correspond to the winding numbers of the gapped Hermitian
phases surrounding the gapless point. However, this interpre-
tation of v; and v, depends on our particular generalization
from critical to non-Hermitian systems and will not hold in
general.

In order to illustrate this, we consider a very small anti-
Hermitian perturbation to our Hamiltonian such that

Jitk) = f(k) + 3,
falk) = f(k) — 8" (36)

Nonzero § will generically move the complex zeros either into
or out of the unit circle. Let us first consider v; and observe
that since f(z) has a zero on the unit circle, we can write f;(z)
as

f1(2) = A(2)(z — 20) + 4, (37)

where zy denotes the position of the gapless point. Given that
§ is small, we can approximate A(z) by a constant in the

3In the case in which the critical system has zeros with higher
multiplicity, the two generalizations to non-Hermitian systems are
not equivalent, as (26) only depends on the number of zeros, but not
their multiplicity. This is a direct consequence of the generalization
in Sec. III being too simplistic.

environment of zy, yielding

f1(2) = Azo)[z — 20 + 8/A(20)] (38)
for z =~ zp. Similarly, for the other winding number we have
f2(2) & Az0)z — 20 — 8" /A(20)]- (39)

From these expressions we can now deduce how the zeros
move. In the case where § is real, the zero of one of the
functions moves inside the unit circle while the other one
moves out, depending on the sign of § /A(zp). This results in v,
and v, being the winding numbers of the gapped neighboring
phases of the gapless point. That is no longer the case for
purely imaginary &, as both zeros move in the same direction.

V. ENTANGLEMENT OCCUPANCY SPECTRUM

In this section we show some rigorous results on the EOS
for the non-Hermitian generalizations considered above.

A. EOS for generalizing eigenenergies

In this simple case it is trivial to see that the EOS is in-
dependent of g, the non-Hermitian parameter. This is because
the EOS only depends on the occupied eigenstates, which are
not modified by this particular generalization. If we choose to
occupy the same eigenstates, independently of g, then the
Hermitian and non-Hermitian models will share the same
EOS. Furthermore, since the real part of the energies is also
independent of g, the common choice of occupying the states
with Re(gg,,) < 0 will lead to the same EOS.

When extending the critical model to non-Hermitian
phases, we note that ¥ in Eq. (9) becomes identical to v;
(v,) for sufficiently small g > 0 (g < 0). The second important
quantity, the number of gapless points on the unit circle N, is
encoded in |V'| = |v; — v,|/2. For the non-Hermitian phases
that are of current interest, v/, > 0, which explains their
identification with the number of left/right topological edge
states in Ref. [19]. However, this identification will fail if one
or both of the winding numbers are negative, and one needs to
revert to arguments similar to those used in Ref. [14] to derive
the correct number of topological edge modes. In general,
extensive numerical simulations suggest that the number of
topological 1/2 states in the EOS is equal to min(N., Ng),
where Ny are the number of edge modes in the semi-infinite
chain (see Ref. [40]). In the limit of the Hermitian critical
system, this reduces to Eq. (9). Note that even though the
second non-Hermitian winding number v’ does not have a
well-defined Hermitian limit, its absolute value |v'| = N/2
still carries topological information.

B. EOS for generalizing to complex momenta

Making the momenta complex, k — k — ig, modifies the
eigenenergies in a similar way to our first generalization [see,
e.g., (30)], but it will also modify the eigenstates. So it is
far from obvious that the EOS will remain qualitatively un-
changed by this generalization.

In the following we show how the number of topological
eigenvalues in the EOS remains unchanged by the non-
Hermiticity. To do so, instead of the correlation matrix C, we
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consider the matrix
0=2C—-1 (40)

[see Eq. (16)]. The spectrum of the subsystem matrix Q4
is equivalent to the EOS, with the virtual topological states
having zero eigenvalue.

For critical systems, the ground state is degenerate and Q
generally depends on the particular ground state chosen. For
systems with only one gapless point at k., there is a well-
defined procedure to choose the ground state by filling either
the + or the — band from (2) for k € (k, k. + 2m].* Using this
choice of ground state, the momentum space representation of

QO becomes
0 _id)
i) 0 ) (41

where % = /f(k)/f*(k). Note that ¢(k) is not nec-

essarily 2w periodic, in contrast to Hermitian gapped or
non-Hermitian line-gapped phases. Inspecting the explicit
form of the eigenstates (2) reveals that ¢(k) is 2w periodic
for gapped systems, as well as critical systems with an even
number of zeros (counting their multiplicity), while for an odd
number of zeros it is 4w periodic, as vy (k + 27) = v_(k).
After the non-Hermitian generalization, the Q matrix becomes

__Lip(k—ig)
¢ 0 ) (42)

We express the subsystem matrix in position space as

_(-0 4'®
QA<g)—(qA(g) 0 ) (43)

k) = (

0
Ok, g) = <_ei¢(kig)

where

Zelk(x ) i k= lg) (44)

Zelk(x ) it (k— 18) (45)

oy g (8) =

gh(g) =

and x, y € [1, L/2]. We will now show that assuming that for
the critical system there exists an (approximate) zero-energy
state of Q%(g = 0), localized at one of the edges, there also
exists an (approximate) zero-energy state at 94(g # 0), again
localized at the edge.

We start by assuming that the critical system harbors a
zero-energy state |y (0)) that is localized on the left edge near
x = 1, with only support on the b sublattice. (The discussion
of localized states on the other edge, localized on the a sub-
lattice, can be found in Appendix B.) This is the case for
the Hamiltonian of critical semi-infinite chains [14,17]. Our
numerics suggests that this is also valid for the EOS.

For a finite size the topological states are not exactly at
zero, but one can always construct a state with only support
on the b sublattice such that

10*(0)¥(0))| = O(1/L?). (46)

“This choice ensures that the Resta polarization behaves consis-
tently with the 7 — 0 limit of finite-temperature computations [18].

Given a finite g and Eq. (46), we can construct the state |1 (g))
such that

10" ()Y (g))] < const x [Q*(0)|¥(0))] 47

holds. For a general non-Hermitian matrix, the equation above
does not guarantee that the matrix has an eigenvalue close to
zero in the thermodynamic limit. However, since there is no
skin effect in the EOS, it is reasonable to expect that O(1/L)
effects also vanish for the non-Hermitian case. This is also
confirmed by our numerical simulations.

In order to simplify the notation, we express the state with
support only on the b sublattice as

_( ©
() = (|u< g)>) (48)
and the eigenvalue equation reduces to
7' (®)lu(®) ~ 0. (49)

1. Case 1: Gapped systems

Before proceeding with critical systems it is worth consid-
ering a simpler case first: gapped systems, where g* is 27
periodic. In this case, we can expand the exponential as a
Fourier series, given by

O =% e, (50)

m=—0o0

For a gapped system ¢ (k) is continuously differentiable and
thus the Fourier series converges. However, we need to addi-
tionally require that the coefficients y,, decay exponentially
for large m and that |g| is sufficiently small such that even
yme®" decays exponentially. We confirmed numerically that
the coefficients y,,e!8"™ decay exponentially for the short-
range hopping model considered here, (Al).

Plugging this expression into Eq. (44), assuming g > O,
and evaluating the sum, we find that

7h(8) = Yy—xes T (51)

Inserting this expression in the eigenvalue equation, we obtain

QM @IV (@) ==Y ryre S Mue).  (52)

y€EA

We now use the (unnormalized) ansatz |/ (g)) = e~y (0)),
where |1/ (0)) is the approximate zero eigenstate of Q*(0),

(x| (@Y (@) = —e ™ Y %2ty (0)

yEA
= ¢ ¥ (x|Q*(0)|¥(0)). (53)

Since ¢~ % is bounded from above for x € [1, L/2], we find
that

(x]Q ()Y () < const x (x|Q*0)[Y(0)) (54

and thus Eq. (47) is satisfied and the ansatz is an approximate
zero eigenstate of Q*(g) in the line-gapped phase. The expo-
nential factor in the ansatz may seem problematic for g < 0,
even though our numerics shows that it is not, at least for the
simple model Hamiltonian considered here. The proper way
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to deal with g < 0 is to consider the left eigenstate of Q*(g)
(see, e.g., the discussion for the gapless case below).

2. Case 2: Critical systems with a single zero

We now consider the case where ¢(k + 27 ) = ¢p(k) + 7.
In this case the exponential can be decomposed as

00
ei¢>(k) :eik/Z Z ymeikm. (55)

m=—0oQ

For a system with only a single zero, we can again choose the
branch cuts such that ¢(k) is continuously differentiable in
the interval (k., k. + 27], where k. denotes the gapless point.
This ensures that the Fourier series converges. However, as in
the discussion above, we need to require that the coefficients
¥ decay exponentially for large |m/|, which is the case for the
critical lines in the model system used in Appendix A 1. The
non-Hermitian generalization can then be written as

o0
piPk—ig) _ ,ilk=ig)/2 Z Ymeliem (56)
m=—0o0
and we require |g| to be sufficiently small such that y,,e¥" still
decays exponentially for large |m|. This allows us to truncate
the sum at large |m|, up to errors that are exponentially small
in |m]|.
We look again at the matrix ¢”(g), with elements

e
q;‘v(g) = Z Ze’k(x Y)eKP(k ig)

k

00
1 ) ,
— eg/2 Z egmym (Z Zezk(m+x}+l/2)>' (57)
k

m=—00

We can identify the expression in large parentheses as a matrix
with dimensions L x L/2,

1 ik(m—y+1/2)
Mm,y ZZ Xk: € ’ (58)
where y € [1, L/2], whereas m is defined modulo L. The ma-

trix M is well defined and invertible (see Appendix C. Now g
can be written as

00
q?y(g) = eg/Z Z engmMn1+x,)'

m=—00

o0
— 82 Z eg(m—X)ym_meyy

m=—00
L 00

= eg/Z Z Z eg(mix+jL)ym—x+jLMm,ya (59)

m=1 j=—o0
where in the last step we use that M,,;1.y = My .

We now assume g > 0 and consider the (unnormalized)
ansatz
L L2
uy(®) =3 Y My le Mypup(0), (60)

s=1 y'=1

where again | (g)) = [0, |u(0))]” is the approximate zero-
energy eigenstate of Q*(0). The state |u(g)) is also localized

to the edge x = 1 and exists on the same sublattice as |u(0)).
Acting with 0" (g) on this state | (g)) gives

L/2
—xIQ Y (@) =D gt (Duy(2)
y=1
L2 o~

= egﬂz Z eg(m_X)meme,yuy(g)

y=1 m=—00

L 0
_ 2—gx m+jL
— ¢8/278 § : 2 : 8t ))/m—x+jL

m,s=1 j=—o00
L2
X Y My (M) e [Mu(0)) ]

y=1

Sm.s

L [e’e}
— eg/27gx Z Z egjL)/m_x+jL[M|u(0)>]m

m=1 j=—o00

L
~ 8PNy M u(0)) ] - 61

m=1

=—(x|0*(0)|¥(0))

Going to the last line, we use that terms in the j sum different
from j = 0 are exponentially small in system size. In order to
see this explicitly, we can take a closer look at the j sum. The
terms for j = —1,0, 1 are

ey g, =
Ay i = 1€ Vs j=0 (62)
Ly =1
For j = —1 we have the largest terms for m — x — L ~ 0, but

they are still exponentially suppressed compared to e 5 y,,_

due to the exponential ¢~¢-. On the other hand, with j = 1

the largest terms are obtained for m = 1 and x close to L/2

(remember that by assumption the y,, decay faster than e5”

grows). The resulting terms, such as e-/?y;;; >, are still sup-

pressed due to the exponential decay on the y,, coefficients.
In general, for j > 0 we have that

|esiL—& | < |eg(m+jL—X)

VYm—x+jL Ym—x+jL | P

where the latter decays exponentially in system size for large
J by assumption. For j < 0,
|egjL7gXVm—x+jL| < |Vm—x+jL|a

where the latter also decays with j exponentially by assump-
tion. As |(0)) is a zero-energy eigenstate of Q*(0) up to
finite-size corrections and the prefactor is bounded from above
for g > 0, it follows that |1/ (g)) is a zero-energy state of 0*(g)
up to finite-size corrections.

The proof above was done assuming that g > 0 and the
eigenstates are localized on the left edge. In the case where
the eigenstate is localized on the left edge but g < 0, we can
look at the left eigenstate of 0" instead,

'y (9) ~ 0. (63)
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FIG. 1. (a) Real part of the EOS as a function of g, when generalizing the critical Hamiltonian defined by f(k) =14 e —
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[see Eq. (1)]. (b) The EOS remains qualitatively unchanged until g = In 2, where a phase transition to a trivial phase occurs.

As with the right one, the eigenvector is localized on the b
sublattice |¥L(g)) = [0, |u*(g))]” and the eigenvalue equa-
tion reduces to

(&) lu" () ~ 0. (64)
Comparing ¢”(g) and §*(g) in Eq. (44), we see that
7®" =q'(~g. (65)
The eigenvalue equation can now be expressed as
7' (=9)"lu"(g)) ~ 0. (66)

where —g > 0. Therefore, the same proof used above for
g > 0 can be used in this case to show the existence of zero
eigenvalues of Q4(g)". Since the eigenvalues of Q4(g) and
04(g)" are related by conjugation, a zero eigenvalue of Oy (o)
implies that Q4(g) also has a zero eigenvalue. The proof
for eigenstates localized at the right edge (x = L/2) can be
found in Appendix B. Apart from the topological modes in
the EOS, we generically observe that the rest of the entan-
glement occupancy spectrum remains qualitatively invariant
to the non-Hermitian term, as it can be seen in Fig. 1 for
a Hermitian Hamiltonian defined by f(k) = 1 + e* — 2¢%*,
This is correct up to the point where non-Hermiticity drives
the system to a phase transition, where the EOS changes
drastically from the initial Hermitian case.

VI. CONCLUSION

In this paper we have proven analytically that the topologi-
cal invariants characterizing Hermitian critical systems are the
same as those of two distinct generalizations to non-Hermitian
point-gap systems. While one of the generalizations also
leaves the EOS (a useful tool for characterizing topology)
invariant, the other one in general does not. Despite that,
numerical simulations strongly suggest that the topological
features remain unchanged. We have proven this explicitly
for a simple yet nontrivial model. The close relation between
Hermitian critical and non-Hermitian point-gapped phases
also lends some physical interpretation to some properties of
the latter, in particular explaining the number of topological
modes in the EOS.

The two non-Hermitian perturbations we considered here
are not the only types of perturbation that lead to the same

result. In Appendix D we analyze which types of perturbations
drive the system into a gapless phase and which to one of
the neighboring gapped phases. In particular, we show that
any perturbation that mixes the left- and right-moving states
directly at the band crossing results in a line-gapped phase.
Perturbations that shift the momenta by an imaginary value
k + ig result in a point-gapped phase. Note, however, that
this restriction only applies directly at the critical point. Away
from the critical point, we can allow mixing of the right and
left movers and still obtain a point-gapped phase. The second
generalization considered in this paper is a special case of the
latter, because it does not mix left and right movers at any
momentum.

Our results might be utilized in at least two different ways.
We can regard the non-Hermitian generalizations discussed
in Secs. III and IV as a regularization of the critical phase,
which might prove useful in studying critical systems. It also
allows us to compute quantities for non-Hermitian models
using Hermitian physics and to address questions regarding
critical Hermitian systems using the well-studied topologi-
cal classification for non-Hermitian systems. The latter has
proven useful in finding a physical explanation for the number
of virtual edge modes in the EOS of non-Hermitian systems,
which in fact is determined by the corresponding Hermitian
critical system.

In this paper we focused on one-dimensional systems
chiral symmetry, which are characterized by winding num-
bers. We expect our results to generalize to other topological
classes, although a thorough analysis of this is beyond the
scope of this paper. In one dimension, the nontrivial critical
systems are those with a Z classification and therefore are
covered by the results of this paper. However, more interesting
phenomena could appear in higher dimensions. Consider the
Chern insulator in topological class A, for example. In the
Hermitian case, the critical point is characterized again by a
half-integer invariant. As opposed to one dimension, adding
a perturbation will generically lead to a gapless phase with
exceptional points. We expect that the gapless non-Hermitian
phase inherits some of the topological features of the Hermi-
tian critical system.

Note added. Recently, another work was put forward [41]
that deals with the relation of non-Hermitian to Hermitian
critical systems. However, in [41] the authors relate Hermitian
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FIG. 2. Phase diagram for the Hamiltonian (A1) with #; = 1 for
(a) g=0 and (b) g =0.2. The color code indicates v, while the
numbers indicate v’ (only nonzero for g # 0).

critical systems to non-Hermitian critical systems. An im-
portant aspect of their construction is that the non-Hermitian
energy spectrum is real (and gapless). Thus, their construction
is distinct from ours, even though many of the features are
similar. In particular, also for point-gap phases, one obtains
an entanglement entropy scaling linear in subsystem size,
implying critical behavior.
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APPENDIX A: EXPLICIT EXAMPLES

In this Appendix we exemplify some of the statements of
the main text. Throughout, we use a simple model Hamilto-
nian given by

H =h(k) - o, (A1)
with
h,(k) =ty + t; cos(k) + 1, cos(2k)
hy(k) = t; sin(k) + 1, sin(2k),
which implies that
flk) =ty + 1™ + et (A2)

The phase diagram of the Hermitian system is shown in
Fig. 2(a). We focus our analysis on four critical points given
by

) {to, 11,2} = {0, 1, =1}
(ii) {to, 11, 12} = {1, 1, 0}
>iii) {to, t1, 1} = {—1, 1, =1}

(iv) {to. t1, 12} = {—3. 1, —4} (tricritical).

w:1—2),

wv:0—1),
v:0—2),

(A3)

Without loss of generality, we assume g > 0 in the following.

1. Generalizing eigenenergies

Let us first consider the first method, described in Sec. III,
on how to connect these critical points to non-Hermitian

point-gap phases. Below we give the analytical expressions
for e(k, g) as well as A.
(i) Forv:1— 2,

ek, g) = 2sin(k/2) + igcos(k/2),
hy(k) = sin(3k/2),

hy(k) = cos(3k/2). (A4)
@ii)) Forv:0—1,
e(k, g) = 2sin(k/2) + igcos(k/2),
he(k) = — sin(k/2),
hy(k) = — cos(k/2). (A5)
@iii) Forv:0 — 2,
€(k,g) =1—2cos(k) + 2igsin(k),
h(k) = cos(k),
hy(k) = — sin(k). (A6)
@iv) For the tricritical point,
€k, g) =1—cos(k) + igsin(k),
hy(k) = cos(k),
hy(k) = — sin(k). (A7)

Note first that whenever there is an odd number of gapless
points, € (k) cannot be chosen as 27 periodic, but must be 47
periodic. This is intimately related to h(k +27) = —h(k) and
thus a half-integer quantized winding number. The winding
numbers of (i) and (ii) are % and %, respectively. For cases
(iii) and (iv), we note that both € and & are 27 periodic. The
corresponding winding number is 1. At first glance, it may
be surprising that the winding number of the tricritical point
is at all well defined. It is however a fact that appears again
in our second non-Hermitian generalization. In the latter, the
tricritical point connects to the same point-gapped phase as

(iii).

2. Generalizing to complex momenta

We now consider the non-Hermitian generalization of criti-
cal systems, obtained by letting the momenta become complex
as ¢’ — ¢*~¢_ The resulting phase diagram is shown in Fig. 2,
with the color code indicating v and the numbers indicating
V. Note that increasing g turns the critical line into point-gap
phases, while gapped phases smoothly evolve to line-gapped
phases (with v" = 0) as expected [6].

For (i) v : 1 — 2 and using z = /¥, f) is given by

fiz) = e 8z — e 2827 = e 8z(1 — e57),

which has single zeros at z =0 and z = ¢'¢. Thus, the second
zero has moved outside the unit circle and the resulting wind-
ing number in Eq. (31) evaluates to 1. For f, we instead find

£(2) = ez — %72 = efz(1 — ef2), (A9)

(A8)

with z = ¢ = ¢~ which has single zeros at z = 0 and z =
e '8, Thus the zero has moved inside the unit circle and the

resulting winding number [see Eq. (34)] is 2.
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For case (i), f1/f> instead become
fip=—1+ze™,
which when compared to (i) above lacks the single zero at
z =0, thus yielding vi = 0 and v, = 1 when evaluating the

winding number integrals.
For case (iii),

fip = —1+ze™8 — 7™

=(z— e_ﬂi/Seq:g)(z _ eiﬂ/3e:Fg);

(A10)

(Al1)

thus both zeros move simultaneously either inside or outside
the unit circle yielding v; = 0 and v, = 2.
Finally, for case (iv) one finds

1 1.2, F2 2
fip=—75+ze™ — 3777 = (z — 7),

which is completely equivalent to case (iii), except that both
zeros now sit at the same point. Again, the winding numbers
are given by v; = 0 and v, = 2. In all these cases, the gapless
point(s) for each winding number move either all inside or all
outside, thus allowing us to identify v; and v, with the gapped
phases on each side of the critical point.

(A12)

APPENDIX B: EOS MIDGAP STATES
FOR LOCALIZATION AT L/2

Here we discuss the case where the approximate eigenstate
exists on the a sublattice and is localized on the edge at x =
L/2. In this case, we need to ensure that the ansatz for g £ 0
is localized at L/2, which is achieved by using

L2 L2
Wy(g) — Z ZM;sl eg(L/z_S)Ms,y/ I/ny(O),

s=—L/2+1y=1

B

where we assume that g < 0. Note that it is important to
change the range of the internal index of M to [—L/2 + 1,
L/2]. Strictly speaking, this is now a different matrix than
in the main text, but we will still call it M. Now we need
to Fourier transform ¢*(g), which has in fact the same form
as ¢” just that we replace y by y. If |y,,| is maximal for
small positive m, 7 will be so for small negative m. Otherwise,
they share the same features. In particular, we also require the
exponential decay for large |m|.
Let us now act with 9 on our ansatz
L2 oo
— (IO (@) =e> Y Y &P Moy ()

y=1 m=—0o0

L2

oo
2- iL
— o828 Z Z 8t )ym7x+jL

s,m=—L/2+1 j=—00
L/2
XY My (M) €647 My, (0)

yy'=l

Sm.s

L2

o0
_ ,8/2+g(L/2—x iL
— 8/2+8(L/2=x) 2 : 2 : Y
m=—L/2+1 j=—00

X Y Moyt (0). (B2)
;

We will now argue that we can restrict the sum to the terms
with j = 0, making an exponentially small error. First of all,
we notice that e%/Ly,,_,. ;; decays exponentially in system
size with large |j|, independently of m and x. Note that
m—x € [—L+1,L/2 — 1]. We now compare coefficients for
different values of j = —1,0, 1,

efg(L/ZJrX)ym_(lA_x), ] =—1
eg(']L+L/2_X)ym7X+jL — eg(L/Z—JC)ym_x, j=0
eSCL2™y 1, =1
(B3)

and show that all but the j = 0 term can be neglected. Consid-
ering j = —1, the largest coefficient is generically obtained
by choosing m = L/2: e 8“/>*y_; ».\. Since x > 0, and
e "y, is assumed to decay exponentially for large |m|, this
coefficient is exponentially small in system size. For j =1,
the largest term is generically obtained for m = —L/2:
e$BL2=0y, 5. For the latter, y can be of order unity for
x ~ L/2, but the full term is again exponentially suppressed
by the extra e®¢. As a result, we can truncate the sum over
j to the j = 0 term, which implies that the second part of the
expression is again equal to the eigenvalue equation for g = 0:

(12 @Y (g) = TP x| QNO) Y (0).  (B4)
Given that the x-dependent factors in front lie in the interval
[0,1], we can conclude that |y (g)) is again a zero-energy
eigenstate up to finite-size corrections.

For g > 0, we instead need to consider the left eigenstate
of 04, using the same steps as explained in the main text for
g > 0 and localization at x = 1. Again, we find that depending
on the sign of g, we can find either right or a left eigenstate of
0% (g), which has eigenvalue 0 [up to O(1/L) errors].

APPENDIX C: BEHAVIOR OF THE ANSATZ STATE

In this Appendix we study the ansatz used in Eq. (60) and
show that it is well behaved. One interesting feature of this
ansatz is that the transformation matrix is model independent,
depending only on the g parameter. Let us focus first on the M
matrix, given again by

1 ik
_ ik(m—y+1/2)
My =+ §k e . (C1)

This matrix is in fact unitary,

. 1 . 1 .
i _ - ik(x—s—1/2) - ik(s—y+1/2)
o, = 3 (1 ) ()
s k' k
_1 Z 8y X /) k(1 /2)
L kk'
1

— I Z ek &=

k

= ax,y y (C2)
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FIG. 3. (a) First 40 x 40 submatrix of the transformation matrix
T=M"'e¥M, computed for g = 0.2 and L = 200. It has two main
features: (b) a diagonal that is exponentially decaying, with the
diagonal shown in a log plot, and (c) the first row shown in a log-log
plot, pointing to a polynomial decay.

and therefore it is always invertible. The elements of the M
matrix can be expressed as

1 ik(n+1/2) 1 = 2l 1
Lze = L+,Z 7 1+ 2+ jL)
k Jj=—00
1l i 1
L = wl1+4+2n+ jL)
+of - (C3)
AL2)

where n is an integer and A a cutoff. Choosing A = 0 still
gives a very good approximation to the correct result in the
large-system-size limit, due to the L—lz dependence of the error.

Despite the simple form of the M matrix, it is not possible
to obtain a compact expression for the transformation matrix
T =M 'e M. We can instead study this transformation
matrix numerically, shown in Fig. 3. The transformation ma-
trix has a diagonal that decays exponentially [see Fig. 3(b)].
The rows and columns decay polynomially away from the
diagonal [see Fig. 3(c)].

It is now necessary to emphasize certain differences be-
tween the topological zero-energy edge modes and the virtual
topological modes of the EOS. The former are always expo-
nentially localized at the edge, for both gapped and critical
systems. For gapped systems, also the virtual topological
modes of the EOS are exponentially localized at the virtual
edge. In the critical case, however, we find that they are
only polynomially localized, most probably due to the long-
range nature of the reduced correlation matrix. Applying the
transformation matrix to such a state results in a state that is
also polynomially localized, i.e., the transformation does not
change the nature of the virtual topological modes. Moreover,
in Fig. 4 we plot the norm of the unnormalized ansatz state
obtained using the model in Eq. (A1) with ) = #1, £, = —21,,
and g = 0.2, showing that it is well behaved and it converges
to a finite number in the thermodynamic limit. Thus, the

0.813 o e

0.8128 / R
0.8126
0.8124

0.8122 -

IT1¢(0)>]|

0.812
0.8118 -

0.8116 - ‘ ‘ ‘ ‘
0.00 0.05 0.10 0.15 0.20

1/ 4L

FIG. 4. Norm of the unnormalized ansatz topological state for
the model in Eq. (Al) with 7o =#, and t, = —2#, for g = 0.2 and
increasing system size, up to L = 600 sites. The ansatz state is well
behaved and its norm appears to converge to a finite number in the
thermodynamic limit.

ansatz will not cause difficulties in our interpretation of the
eigenvalue equation (61).

APPENDIX D: GENERAL NON-HERMITIAN
GENERALIZATION

In the main text we described two different generalizations
to the non-Hermitian case. These are chosen because they
simplify the mathematics and allow us to show analytical re-
sults, but the generalizations are not unique. Here we study the
requirements for a non-Hermitian term to evolve the critical
point into a point-gapped phase by looking at what happens
near the band crossing.

Without loss of generality, consider a system with one band
crossing at k = 0. Near the crossing the Hamiltonian can be
expressed in its eigenbasis as

H = ko, (D1)

with left- and right-moving states. Consider first a perturba-
tion of the form

H = xo, + yo, + ko. (D2)

Any perturbation like this that mixes left and right movers will
result in a line gap opening, even in the non-Hermitian case
where x and y are complex. We can see this by calculating the
non-Hermitian winding number in Eq. (25),

1 [ee]

V= — dk o Imlogdet[h(k, g)]
27 J_ oo
1 *° 2k
= —Im% dk ——
27 N e
=0, (D3)

where the integration now takes place over the real axis.
The winding number vanishes since the integrand is an odd
function of k.

This leaves us with only one type of perturbation,

H = (k+ig)o,, (D4)
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FIG. 5. Energy bands in the complex plane for the Hamiltonian
in Eq. (DS) with g = % for the perturbation constant, resulting in a
point-gapped phase around £ = 0.

which separates left and right movers in the complex
energy plane without mixing them. The corresponding non-
Hermitian winding number can be obtained as v/ = —sgn(g)
[42] and therefore for finite g the system will be in a point-
gapped phase. This is expected because the igo, term gives
different dissipation to left and right movers, which creates

an unbalance in the transport. For open boundary conditions
this will lead to a skin effect [43], which is characteristic of
point-gapped phases.

In this approximation this is equivalent to the second case
considered in the main text, but it only needs to apply exactly
at the band crossing. To exemplify this, consider once again
the critical point of the SSH chain, with an added perturbation
igcos(k)oy,

B 0 1 — e + gcos(k)
H= (1 — e~k — gcos(k) 0 - (DY)

Near the band crossing at k = 0 we have

0 —i(k +ig)
H—Qm+@ 0 )’ (D6)
which is the desired result. Even though the perturbation
might mix both bands at other points in k, as long as the
perturbation is smaller than the band gap at &, the resulting
complex bands should have a point gap. We show that this is
the case for the example considered here in Fig. 5.
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