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Universal competitive spectral scaling from the critical non-Hermitian skin effect
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Recently, it was discovered that certain non-Hermitian systems can exhibit qualitative different properties at
different system sizes, such as being gapless at small sizes and having topological edge modes at large sizes L.
This dramatic system-size sensitivity is known as the critical non-Hermitian skin effect ((NHSE), and occurs due
to the competition between two or more non-Hermitian pumping channels. In this work, we rigorously develop
the notion of a size-dependent generalized Brillouin zone (GBZ) in a general multicomponent cNHSE model
ansatz, and found that the GBZ exhibits a universal a + b'/+1 scaling behavior. In particular, we provided
analytical estimates of the scaling rate b in terms of model parameters, and demonstrated their good empirical
fit with two paradigmatic models, the coupled Hatano-Nelson model with offset, and the topologically coupled
chain model with offset. We also provided analytic result for the critical size L., below which cNHSE scaling
is frozen. The cNHSE represents the result of juxtaposing different channels for bulk-boundary correspondence
breaking, and can be readily demonstrated in non-Hermitian metamaterials and circuit arrays.

DOLI: 10.1103/PhysRevB.107.155430

I. INTRODUCTION

Non-Hermitian systems harbor a host of interesting physics
not found in equilibrium systems, such as exceptional point
sensitivity and robustness [1-17], enlarged symmetry classes
[18-21], and intrinsically nonequilibrium topological phases
[22-35]. Once thought to exist almost exclusively as mathe-
matical constructs, these novel phenomena have one by one
been experimentally demonstrated in the recent years, thanks
to rapid technical advances in ultracold atomic gases [36—40],
electrical circuits [41-53], photonic systems [11,23,54-62],
coupled acoustic cavities [63-67], as well as other metamate-
rials [68-80].

A particularly intriguing type of non-Hermitian phe-
nomenon is the breaking of conventional bulk-boundary
correspondences (BBCs), which generically occurs whenever
reciprocity is also broken. Topological BBCs relate bound-
ary topological states with bulk topological invariants, and
are cherished tenets in topological classification [81-86].
The most well-studied type of non-Hermitian BBC is the
non-Hermitian skin effect (NHSE) [87-104], which is char-
acterized by exponentially large boundary state accumulation
that leads to very different energy spectra under open and
periodic boundary conditions (OBCs and PBCs). To restore
an effective bulk theory, the customary approach has been to
define a generalized Brillouin zone (GBZ) with complexified
momentum [91,105-112], such that quantities computed in
the GBZ correctly correspond to physical observations.

Most interesting is the relatively little-understood scenario
of critical NHSE (cNHSE) [113], where even the scaling
properties of the system are drastically modified by non-
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Hermiticity. For instance, the same metamaterial exhibiting
cNHSE can behave qualitatively differently at different sys-
tem sizes, such as being gapless (metallic) at small sizes but
topologically insulating at large sizes [113—116]. Physically,
such peculiar size-dependent transitions are due to the com-
petition between multiple NHSE channels (nonreciprocity
strengths) in the system; at different length scales, the same
physical coupling can be “renormalized” to very different
values dependent on the dominant NHSE channel. Due to their
peculiar size dependency, the cNHSE systems also harbor
different entanglement scaling laws [113] from those of other
Hermitian and non-Hermitian phases [7-9,117-126].

In this work, we focus on addressing the following open
question: How exactly can we understand cNHSE scaling be-
havior in terms of the GBZ, which is widely used for restoring
the BBC in the thermodynamic limit? Specifically, we find
that a cNHSE system of finite size can be accurately described
through an “interpolated” GBZ that lies between the com-
peting GBZs describing the same (but behaviorally distinct)
system in the small and large size limits. Furthermore, this
interpolation occurs at a rate obeying a universal exponential
scaling law, with exponent inversely proportional to system
size. Since the effective GBZ allows one to represent the sys-
tem with a Hamiltonian with an effective Bloch description,
this scaling law carries over into most physical properties of
cNHSE Iattices.

To motivate and substantiate our results, we consider a
generic two-component ansatz for modeling a cNHSE system
with two competing NHSE channels. Our ansatz encompasses
the minimal model studied in Ref. [127], and showcases
how some of its results can be generalized in the context
of arbitrary NHSE channels. By subsequently specializing
into two paradigmatic models, we provide detailed derivations
of the universal a + b'/(¢*1) scaling behavior governing the
effective finite-size GBZ, where L is the system size, and
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a, b constants depending on the model details. We also pro-
vide detailed and empirically verified estimates of the lower
critical system size L, above which such a scaling relation
holds.

We pause to briefly elaborate on the experimental prospects
for the cNHSE models discussed in this work. Most directly,
electrical circuits, i.e., “topolectrical circuits” can be con-
nected in very versatile manners, and are thus readily suited
for their experimental implementation [41-53]. In general,
operation amplifiers serve as almost perfectly linear compo-
nents with asymmetric Laplacians [42], and are thus ideal
building blocks for models with the asymmetric couplings
necessary for cNHSE. Recently, the coupled Hatano-Nelson
cNHSE model of this work has also been realized in an even
simpler experimental circuit platform [52] involving only
RLC circuit components since asymmetric couplings can be
rendered symmetric via a basis rotation in this model. Circuit
realizations can also be largely generalized to photonic plat-
forms [55,128—134]. Coupled resonator arrays can be used to
experimentally realize the arrays in our models, with the ring
resonators [128] (which are the primary resonators) represent-
ing the sites in our model chains. Experimental values of the
hoppings in such photonic systems are highly tunable, ranging
approximately from 5 to 30 GHz [135,136]. The optical gain
and loss in a photonic system can be used to experimentally
realize the gain and loss in our non-Hermitian models.

The paper is organized as follows: In Sec. II, we set up
the cNHSE formalism using a general two-component ansatz.
Next, we illustrate our results through detailed calculations
on two paradigmatic models, a coupled Hatano-Nelson model
with energy offset (Sec. III) and a model with size-dependent
topology (Sec. IV). We show how their OBC spectra and
effective GBZs depend greatly on the system size, and provide
quantitative derivations of their exponential scale dependence,
as well as the critical system size above which such scaling
holds. In Sec. V, we demonstrate the robustness of the scaling
of imaginary energy against substantial disorder. Finally, we
summarize the key findings in the discussion in Sec. VI.

II. GENERAL TWO-COMPONENT cNHSE ANSATZ

To understand the cNHSE phenomenon, we first review the
concept of the GBZ. The GBZ formalism restores the BBC
via a complex momentum deformation. For a momentum-
space one-dimensional (1D) Hamiltonian H(z) with z = e/,
the GBZ corresponding to an eigenenergy E can be obtained
from solving for z = ¢/* in the following characteristic Lau-
rent polynomial [89,105]:

f(z E):=det[H(z) — EI] = 0. (1

For E that does not coincide with any of the PBC eigenen-
ergies, i.e., eigenvalues of H (™) for real k, we must have
complex k = —i Inz. Such FE lies in the OBC spectrum when
the latter is very different from the PBC spectrum. It can be
shown that [87,89,91,99,101,110] in the thermodynamic limit,
the OBC eigenenergies are given by' solutions of k that are

!'This double degeneracy in Im(k) is required for the state to vanish
at two boundaries that are arbitrary far apart.

doubly degenerate in both Im(k) and E: For such solutions,
we define the GBZ as «(k), where the complex momentum
deformation is given by k — k + ik (k). In other words, we
say that the conventional (Bloch) BZ is replaced by the (non-
Bloch) GBZ defined by z — eke=*®),

To understand how the GBZ formalism needs to be
modified in a cNHSE system, we start from a generic
two-component ansatz ¢cNHSE Hamiltonian, written in the
component basis Cx = (ck’ A Ck, B)T as

7{aa fHab s haa hab
7{g(Z)=( (@) beg;) = Z (h'éa hbb)zv 2

Hba (Z)

where ny € Z, 7 = ¢*. In principle, cNHSE exists as long
as H and H" exhibit dissimilar inverse skin localization
lengths «(k), and couplings H%, H>* # 0. The former con-
dition is equivalent to having asymmetric hoppings h%¢ # h%
and h%? = h? for some n, as well as h@®/h%® # Wb /hPb

To implement OBCs, we first Fourier transform to real
space, where one obtains the real-space tight-binding Hamil-
tonian

Jaa hab
Z Z C (hba th>Ci+”’ (3)

i=1 n=—n_
where L is the system size, i.e., number of unit cells,
1<ne <L/2, C=(cy, cl.yB)T with the annihilation
(creation) operator ¢, (cja) on site o (¢ =A,B)
in cell i. For a real-spéce wave function |[¢¥) =

(V1A ¥1.8, Y20, V285 - YA, Y2.8)T, We express the
real-space Schrodinger equation H,,|Y) = Eopc|V) as
ny
Z (heYriin A +h Vi 8) = Eopc¥ia
T )

Z (ho"Visna+h Wiins) =Eopc¥is,

n=—n_

where H,, is the Hamiltonian matrix of H, in the basis
(C1,C, ...,C)T and Eogc is the eigenenergy under OBC.
To relate to the complex momenta present in non-Hermitian
skin modes, we solve the real-space Schrodinger equation via
the ansatz

i) 5)

(wn,Av wn,B)T Z(’Bj )n ¢(J)

where A, B are the site indices in the cell, and n represents
the position of the cell (A,B) in the real space. Here, f;
are specific solutions to z = ¢*, and characterize the spatial
localization of the boundary skin-localized wave function. By
substituting Eq. (5) into (4), we can write the bulk eigenequa-
tion as

ny
Z hy (B;)" —Eogc /(f)

n=—n_

ny ny
Do mBYSL | D m(B)Y —Eonc |¢y’ = 0.

n=—n_ n=—n_

Z hab(ﬂj)n (])

n=—n_

(6)

155430-2



UNIVERSAL COMPETITIVE SPECTRAL SCALING FROM ...

PHYSICAL REVIEW B 107, 155430 (2023)

Equation (6) can be recast into the energy dispersion charac-
teristic equation

Edpc — Z (R + 1)) (B})" Eopc
H YD medy || D] )
B ny ar ny ]
=1 ST mkep || Y meyt =0 )

where we have labeled the solutions 8; with increasing mag-
nitude |B1| < [B2] < -+ < |Bam|. Here M =n_ +n,.

J

a,l
Fl( ),31
F b1

a,l

F2( )ﬂZ
b,1

1 2( )ﬂz

B (B
EP" (B

Fen) (g
F" By
G D gy
GV By

Gy (B
Gy (B

G ()"
G (B

as derived in more detail in Appendix A. This determinant
expression captures the constraints from OBCs at both bound-
aries. In general, it is a complicated expression, but can still
be written explicitly in terms of 8; and Egpc for the two-band
ansatz:

ny
Fel = 30 (e + fh)(8)" — Eoe. )
n=—(i—1)
ny
FP0= 3 (W + i) B)" = fiEose,  (10)
n=—(i—1)
G = 37 (" + fih) B — Eose. (1)
. n,_—i .
GPY = 3" (Wb + i) (B)" — fiEosc,  (12)
where
L Eec =X, )y
J /&j) Yo, (B
ZZ;—n, hﬁa(ﬂ.z‘)" (13)

~ Eopc — Dot BB

G;a. 1 ( ﬂz)L—m,—l)
Gy (o)

Importantly, the key property required for restoring
BBCs, the complex momentum deformation (effective GBZ),
does not require intimate knowledge of most of these
B solutions. This is because fundamentally, the required
complex deformation depends on the decay rate of the
eigenstates, which turns out to depend only on two dom-
inant 8 solutions. Below, we derive the precise conditions
from the bulk eigenequations (6) as well as constraints

from the OBCs w—n,,a == 1//‘—1.,01 = wO,a = wL-H,a =
Vitre = = VYi4n.o =0(@ =A,B; I <nx <L/2).

By eliminating ¢}(3" ) in terms of qb/(\"), we obtain 2M
simultaneous linear equations in (])g) G=12,...,2M),
which yield nonvanishing solutions only if the
determinant

i o
F o
F(a,”+) ) ny
o (Bam)
F(b,n+)( )n+
2M IBZM _ (), ( 8)

Gﬁ,l —~(n_—
2(;‘4)(ﬁ2M)L 1)
b,1 —~(n_—

GS (B )*
o™ (Baw)"

Equation (8) can be rearranged in a compact multivariate
polynomial form

> " J(Biep. Bjco- EOBC>[]"[ (ﬁ»k}

PO ieP

(14)

[ [ |=o0,

JjeQ

where k=1,...,ny, Kk =L—(_—-1),...,L, sets P and
Q are two disjoint subsets of the set {1,2,...,2M} with
M elements, respectively, and J(Bicp, Bjco, Eopc) is the
Eopc-dependent coefficient corresponding to a particular per-
mutation of P and Q. By separating the product contributions
of the Bs which are exponentiated by L, we can extract out
contributions that scale differently with L.

Furthermore, in the case ny = n_ where the maximal left
and right hopping distances are the same, Eq. (14) simplifies
to

> I (Bice. Bico- EOBo[]_[ <ﬂ,->L+1] =0.  (I5)

P.Q ieP

In the thermodynamic limit, the large L in the exponents picks
up the slowest decaying terms, and these would be the phys-
ically dominant contributions amidst the complicated jungle
of terms. Specifically, in Eq. (15), we find that there are two
leading terms proportional to (B By+2B8m+3 - - - ,BZM)LJrl and
(Bums1Bv+2Bm+3 - - - Banr)FH!, which yield in the limit of large
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system size L

Bu

B+

1
:’ J(Biep,» Bjeo,» EoBc) | , (16)

J(Biep,: Bje0,» EoBC) | ok,

where P=M+1,M+2,M+3...,2M}, 0=
{1,2,3,....M}, Bb={MM+2,M+3,...,2M}, O, =
{1,2,.... M—2M—-—1,M+1}, M=ny +n_, and L is
the system size with L — oco. We emphasize that the form
of this result (16) with L — oo still holds for general
higher-component or multiband models [see Eq. (B19),
albeit with more complicated J functions], as derived in
Appendix B. The details are complicated, but physically,
we expect qualitatively similar behavior because the critical
NHSE essentially arises from the competition between the
NHSE and the couplings, and with greater number of bands,
we will have more avenues for the competition. But unless
the model is fine tuned, we will generically still see the direct
competition between pairs of bands, which thus reduces
qualitatively to two-band behavior.

We comment on a few key takeways from Eq. (16).
Without any assumption on the detailed hoppings in the 1D
tight-binding model, we showed how the requirement of sat-
isfying OBCs at both ends generically led to Eq. (16), which
relates |By/Bu41/-T! with a combination of L-independent
model parameters. It picks out the solutions By and B4
of Eq. (7) as the dominant ones at large L, although in this
regime, the L dependence is also generally weak since the ex-
ponent 1/(L + 1) changes slowly. Below, we discuss further
on the large L and moderate L regimes separately.

In the thermodynamic limit of L — oo, the right-hand side
of Eq. (16) tends to unity, giving rise to the standard GBZ re-
sult |By| = |Bm+1] discussed in [87,89,91,110,113,127,137].
Hence, to draw the GBZ for L — oo, we uniformly vary the
relative phase between By and By+1, and trace out the trajec-
tory Cg satisfying |Buy| = |Bu+1l. Since L is large, each point
in the GBZ curve is separated by a 27 /L phase interval that
converges to a continuum, resulting in continuum complex
energy bands.

For finite L away from the thermodynamic limit, we
emphasize that this standard GBZ construction for E, =
lim; ., oo Eopc may no longer be valid. While in many cases,
Eopc does not change significantly as L is extrapolated down
to moderate [i.e., L ~ O(10)], in cNHSE cases, the spectra
and hence other physical properties vary strongly with system
size. To characterize such cNHSE scenarios at finite L, we
note from Eq. (16) that the magnitudes |8y/| and |By+1| can
no longer be treated as equal. Physically, this implies that the
OBC eigenstates are superpositions of different modes with
inverse spatial decay lengths of either —In|B8y,| or —In|Bus+1]-
As such, the effective cNHSE GBZ is described by both | S|
and |By+1], which are no longer equal. Contributions from
other B; solutions affect the eigenstate decay rates negligibly
even in the presence of cNHSE, as numerically verified for
our illustrative coupled Hatano-Nelson model in Appendix C.

In the following two sections, we shall elaborate on how
the pair of GBZ solutions |By| and |By+1| scale with sys-
tem size L. Since the exact scaling dependencies can be
highly complicated, we shall illustrate our results concretely
through two paradigmatic cNHSE models, the minimal cou-

(a) t) |4
C\) [ ). [
ta
=)
IIIIIN EEEER
th
t, -V
eIy V=0 %81b2y V=05
0.4 0.4
0.2 0.2
w H i
£ 00 i i 0.0
-0.2 -0.2
-0.4 —-0.4
—0-67; 1 0 1 3 708 1 0 1 2
ReE ReE

FIG. 1. (a) Coupled Hatano-Nelson chain model [Eq. (18)] with
interchain hopping fy, intrachain hopping asymmetries 1= = #; + 4,
and thi = t; = Jp, and chain energy offsets V. (b) Energy spectra of
Eq. (18) under PBCs (blue) and OBC (red) in the L — oo limit for
(bl) V =0 and (b2) V = 0.5. Parameters are t, = 0.01, t; = 0.75,
and §, = —4, = 0.25. While the PBC and OBC spectra coincide in
the V = 0 case studied in [127], they deviate when V # 0, leading to
broken bulk-boundary correspondence.

pled Hatano-Nelson model with energy offset in Sec. III and
a model with size-dependent topological states in Sec. IV.

III. COUPLED HATANO-NELSON MODEL
WITH ENERGY OFFSET

In this section, we elaborate on a cNHSE model formed
by coupling the simplest possible NHSE chains: two equal
and oppositely oriented Hatano-Nelson chains. Going beyond
the minimal model introduced in Ref. [127], which provided
elegant analytic results, we additionally introduce onsite en-
ergy offsets =V on the two chains, respectively, such that
the interchain coupling now also faces nontrivial competition
from the energetic separation of 2|V |. The coupled chains are
illustrated in Fig. 1(a), with each chain constituting one of
the sublattices A and B. In the basis Cx = (¢ 4, ckB)T, its
momentum-space Hamiltonian is o

_(tFz+t )z +V f
H(Z)_< to et e—v) D

where ta:‘E =1t £, tbi = 1] £ &, 1y is the interchain hopping,
and £V is the onsite potential energy. We denote z = ¢/ as
before, where k is the momentum. It is related via Fourier
transformation to the corresponding real-space tight-binding

Hamiltonian

— § : + . -7 T
Hr — (ta Cn‘Acn-H,A + ta C,H_lchn,A + tOCn’ACn,B
n

+ .7 — .7 T
1, ¢, gCnt1.B 1, €y gCnB +10C, gCna

+VCZ,ACn,A - VCZ,BCn,B)y (18)
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where ¢, , (¢} ,) is the annihilation (creation) operator on site
o (¢ = A, B) in unit cell n. Evidently, ¢ /t; and 1,7 /1, are
the hopping asymmetries of chains A and B.

The energy eigenvalues of the Hamiltonian (17) under
PBCs are given by

Efsh(k) = 2ty cosk + (8, + 8) sink

£ /i — &p)sink + VP +12, (1)

where k € RandtF =1, £8,,t; = t; 8. In Fig. 1(b1), we
see that in the large-L limit, the PBC spectrum (blue) agrees
well with the OBC spectrum (red) only in the V = 0 case
which Ref. [127] has considered. When V # 0 [Fig. 1(b2)],
the OBC spectrum lies in the interior of the PBC loops
and can only agree with Ech(k) if we perform an ap-
propriate complex momentum deformation k — k + ix (k)
[89,91,99,101,110,113]. While it may appear here that the
V =0 case does not experience BBC breaking (i.e., the
NHSE), that is actually untrue once we consider finite system
sizes [127]. Below, we show that this model exhibits cNHSE
at finite system sizes for all values of V, and compare some
analytic approximations with numerical results.

A. Finite-size scaling from the cNHSE

To understand how the PBC and OBC
differ beyond the thermodynamic limit
Figs. 1(bl) and 1(b2), we examine the
Schrodinger’s equation H | ¥) = Eopel¥),
) = WA, Y18, Y28, V2.Bs -+ YnA> YnBs - - - )T5

{la_lﬁnl,A+lo%,B +15 Y1, A +V YA =Eosc¥na,
ty 1.8 +t0Vna+1, Vns1.8—V ¥ =Eosc¥ns.

where H, is the Hamiltonian matrix of H, in the basis
C1,G, .., Gy ...)T. Based on the approach developed in
Sec. II, we can use as an eigenstate ansatz which is a linear
combination of 8 solutions, such as to solve the real-space
Schrodinger equation [87,112,127]

(J)
()-gor) e

This allows us to rewrite Eq. (20) as

tFp+1 871 +V fo ba
fo B+, B =V )\¢s

— Eosc (f;‘;), 22)

where we have written 8; = 8 and qb,ij ) = ¢ (¢ = A, B) for
notational simplicity since Eq. (22) applies separately to dif-
ferent j. Essentially, this ansatz has allowed us to replace
z = ¢/* by B. Nontrivial solutions to Eq. (22) satisfy the bulk
characteristic dispersion equation
it B — () + 1, )Eopc + (] —1,)V1B
+(t 1t + Edge — 15 — V?)

—[(t; +1, YEopc+(t; —i,)V1IB +1,5,7 =0.  (23)

spectra
shown in
real-space
where

(20)

(al)Vv

0.4 m 0.4
f:“.“--"'--:\,\ 0.2

| X i

.K‘ ll‘.
F

(a2)v=0

0.2

ImE

ImE

* L=10
= L=20
4 L=50
L=100
L=

ReE RgE

FIG. 2. OBC energy spectra of the coupled Hatano-Nelson
model Hamiltonian (18) with (al) V =0 and (bl) V = 0.5 at dif-
ferent finite system sizes L = 10 (black), 20 (blue), 50 (red), 100
(yellow), oo (green). When V = 0, the spectrum is real for short
chains, but complex for long chains due to the strong effective
couplings from large L. But interestingly for V # 0, short chains can
possess some complex energies, and long chains possess some real
energies. PBC energy spectra of the coupled Hatano-Nelson model
Hamiltonian (18) with (a2) V = 0 and (b2) V = 0.5 at different finite
system sizes L = 10 (black), 20 (blue), 50 (red), 100 (yellow), oo
(green). Parameters are ¢y = 0.01, #; = 0.75, and §, = —6, = 0.25,
the same as those in Fig. 1.

For each value of Egpc, there are four solutions g = §;,
j=1,2,3,4, since the maximal and minimal powers of S
areny =n_ = 1.

1. Finite-size scaling of the OBC spectra

To understand the OBC spectrum Eppc in terms of non-
Bloch theory, we need to obtain its effective GBZ. For finite
L, the GBZ comprises the two dominant 8 solutions such that
Epgc(—i In B) numerically coincides with Eggc. The numer-
ically computed Eopc is shown in Fig. 2 for both (a) V =0
and (b) V = 0.5. Evidently, the OBC spectra in both cases
depend strongly on L, being real for small L (i.e., L = 10),
and gradually morphing into the large-L spectrum previously
shown in Fig. 1. Physically, the spectrum remains real when
the couplings (here with small bare values 7y = 0.01) are
strong enough for the directed amplifications from both chains
to cancel;’ as the system gets larger, the cNHSE becomes
exponentially stronger and the couplings serve to “close up”
[52,115,138] the amplification loops, causing unchecked am-
plification that corresponds to complex energies. For V # 0,
some eigenenergies can remain real even at arbitrarily large
system sizes presumably because the potential offsets obstruct
unchecked amplification.

2Thus directed amplification provides an alternative mechanism
for achieving real non-Hermitian spectra [97,139], unrelated to PT
symmetry.
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15'(a)v=0 o ok ko .
1.0
0.51
3 OO_
£ .
—0.51 * |« L=10
s L=20
—1.01 s L=50
o, mEET o L =100
* *
-1.51, . I , 1. t==
-1.5-1.0-05 0.0 0.5 1.0 1.5
1.5
1.0
0.51
2 ool
g .
—0.51 * L=10
s L=20
—1.01 s L=50
L =100
—-1.51 L=w

-15-1.0-0.5 0.0 0.5 1.0 1.5

Re(B)

FIG. 3. GBZ of the coupled Hatano-Nelson model Hamiltonian
(18) at different finite system sizes L = 10 (black), 20 (blue), 50
(red), 100 (yellow), oo (green) for (a) V =0 and (b) V =0.5. At
finite L, the GBZ is given by solutions By = B, and By = Bs; as
L — oo, the B, and S5 loops converge towards the standard GBZ
solution |B,| = |B;|. Note that this standard GBZ can consist of
two loops [as in (b)] since this is a two-band model. Parameters
are to = 0.01, t; = 0.75, and §, = —§, = 0.25, the same as those in
Fig. 1.

2. From OBC spectra to size-dependent cNHSE GBZs

While the size-dependent spectra in Fig. 2 unambiguously
signify the presence of cNHSE, size dependencies in the
spectra are model specific. Key to more fundamental under-
standing of cNHSE scaling is the scaling behavior of the
GBZ. To compute the GBZ, we substitute the OBC ener-
gies into the characteristic equation (23) and obtain the B
solutions. Here, for each Eppc point, we have four solutions
[B1] < |B2] < |B3] < |Bsa| and the GBZ is given by the two
solutions By = B> and By+1 = Bs3. Figure 3 shows the GBZ
computed at various finite system sizes L = 10, 20, 50, 100;
the L = oo case (green) is plotted by solving Eq. (23) with
the standard condition |B8;| = |B3| (i.e., intersecting B, and
B3 solution curves) [91,106—112] valid in the thermodynamic
limit. For the finite-size cases under V = 0 shown in Fig. 3(a),

3 Although the GBZ also depends on the model, at least it remains
invariant across models related by conformal transforms in the com-
plex Eopc plane [99,101].

there are two loops in the Re(8)-Im(g8) plane for each value of
L, corresponding to the 8, and B3 solutions. As the system
size L increases to infinity, they converge towards each other,
as expected from the condition |B8;| = |B3|. Similarly, for the
V # 0 case in Fig. 3(b), the two loops in the Re(8)-Im(B)
plane get closer and closer to each other as the system size
L increases. However, in this case, they do not converge into
one single loop because the GBZ solution |8,| = |B3] itself
consists of two loops [green in Fig. 3(b)]. Here the GBZ solu-
tions are also highly anisotropic in the wave number arg(8),
exhibiting cusps at 8 corresponding to branch points in the
spectrum [99,101].

3. Finite scaling behavior of the GBZ

Having numerically seen how the GBZ varies with system
size, we now rigorously derive the scaling rules governing
it. To do so, we examine the OBC constraints in detail. As
elaborated in Appendix D, imposing open boundaries at x = 1
and L, i.e., Yoo = ¥r+1.« = O gives rise to the condition

X1.4X23[(B1Ba) T + (BaB3) ]
X1 3X2,4[(B1 BT + (BoB)
+X12X3 4[(B1 B T + (BB T =0,  (24)

where X; ; are defined as

Xy =t — B+, (B — A7) (25)

with i, j = 1, 2, 3, 4. This result is equivalent to Eq. (8), but
specialized to our coupled Hatano-Nelson model Hamilto-
nian. Interestingly, it is independent of V and Eopc, even
though they both definitely affect the values of B; since the
individual B; solutions are determined by the characteristic
dispersion equation (23). When L is varied, the 8; solutions
of Eq. (23) vary since Eopc changes with L. How exactly
Eopc can change is indirectly constrained by Eq. (24), which
imposes a L-dependent relation between the 8; solutions cor-
responding to the value of Eppc.

To make progress in deriving the finite-size scaling prop-
erties of the Bs, our strategy is to consider the large-L limit
and obtain the leading-order scaling behavior. In this limit,
we can approximate the boundary equation (24) by retain-
ing only the two dominant terms —X;3X, 4(B82B84)F"! and
X1.2X3.4(B3B4)E 1. To make further headway, we note that the
cNHSE is already well manifested when the bare value of the
coupling 1y is very small, i.e., o = 0.01 as in Fig. 1. (In fact,
if 7 is of the same order as the two Hatano-Nelson chains, it
would be difficult to see the weak coupling/small-L limit with
real spectra.) As such, we can expand up to the second order
of the coupling parameter 7 (see Appendix E) to obtain

3
B3

where E,, = lim; _, o, Eopc, and

- ‘X1,2X3,4

¢@m—vﬂ—4ggJ@m+vﬂ—4gg
h*(Ex)

Joo(Exo) =

’

27
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(a) arg(B) =n/2

(b) arg(B) = n/4

2.00 : 2.00 T
! —— |B3| Exponential fit ! —— |B3| Exponential fit
1.75 i || Exponential fit 1.75; i e |Bs| Numerical
1.50 ! e |B3| Numerical 1.501 \! e |B2] Numerical
h e |B2]| Numerical
1.25 H 1.25¢1 |
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1 1
0.501 i 0.501 i
1 1
0.25 i 0.251 |
i, il
0.00 i " ‘ y 0.00 + v y y
5 14 25 50 75 100 5 14 25 50 75 100

L

L

FIG. 4. The GBZ radii |8,| and | B3] of our coupled Hatano-Nelson model Hamiltonian (18) with V' = 0.5, plotted against the system size L
for (a) arg(8) = 5 and (b) arg(B8) = 7. Results obtained from the numerical OBC spectra exhibit excellent fitting with the exponential scaling

g

of Eq. (28), with fitted parameters alarg(8) = 7] ~ 0.050, blarg(B8) = 5] ~ 78.65, alarg(B) = 71~ —0.057, and blarg(B8) = 5]~ 198.11.
The scaling is frozen below the lower critical length L. ~ 14, limited by the bare asymmetric couplings = and tbi. Parameters are 7y = 0.01,

t; = 0.75, and §, = —§;, = 0.25, the same as those in Fig. 1.

WEx) = E2(ty — ;) — )+ (11, — 1767 + 2E
x (tft; — 6,76,V + (1 +1,)(t; +1, )V2. Notice that Eq
in Eq. (26) depends on #y. Equation (26) is Eq. (16) specialized
to our coupled Hatano-Nelson model Hamiltonian [Eq. (18)].
It expresses the ratio of the GBZ quantities |8,| and |B3| as
a constant exponentiated by 1/(L + 1), which is a scaling
behavior that is universal across cNHSE models.

While the 1/(L + 1) exponential scaling behavior holds
generally for the ratio |By/Bum+1l, it can apply to |By| or
|By+1] individually if they are related in special ways. In
Fig. 4, we show the numerically extracted |B;| and |B;3| at
two special values of arg(8), where |8,| ~ 1/|83| in Fig. 4(a)
and |B,| is constant in Fig. 4(b). As such, |82/B3] &~ |B2|* ~
|B317% in Fig. 4(a) and |B2/B3| o |B3|~" in Fig. 4(b), hence
allowing for | B3] to be fitted to an exponential form

B3] = a + b, (28)

where the parameters a,b € R, b > 0, and |a| < 1 < |b]. In
general, this exponential relation fits the numerically obtained
|Bls very well for sufficiently large L, as demonstrated in
Fig. 4. The actual values of fitting parameters a and b are
shown in Fig. 5 as functions of the onsite energy V [Figs. 5(a)
and 5(b)] and arg(B) [Figs. 5(c) and 5(d)]. It is found that
both a and b are monotonically increasing functions of the
onsite energy V at arg(8) = 7 [Figs. 5(a) and 5(b)]. Also, in
the range of arg(B) € [%, %] for V. = 0.5, a is a monotoni-
cally increasing function of arg(8), but b is a monotonically
decreasing function of arg(8). We see that the condition
la] « |b| is always satisfied with different onsite energy V and
arg().

The correctness of our exponential fit can be checked by
comparing against analytic results involving the model param-
eters. From Eq. (26), we see that in the case of |8,| & 1/|8s],
the parameter b in the exponential scaling relation is approxi-
mately given by

|71/2

b |(tfty —t, 1 Y foo(Ec)tg (29)

As shown in Fig. 5(b), both the analytical and numerical
results agree well with each other when the onsite energy V
is smaller than 0.2, where the |8,| =~ 1/|B3| approximation
accurately holds. For different fixed arg(8), Eopc would be
different, leading to different values of b. Indeed, as evident in
Fig. 3(b), the convergence behavior of |8| and hence b varies
significantly with arg(8) [Fig. 5(d)].

0.02 2) g0 (L)
—e— numerical 70
60
50
© 0.01 Q 40
30 .
20 —4— analytical
10 —e— numerical
00 0.1 0.2 0.3 00 0.1 0.2 0.3
(c) v oold) V
0.02 150
125
o 0.00 Q 100
-0.02 75
50
—0.04 —e— numerical 25| —@— numerical
_0'065 51 3n 7n [ig Oz e L [ig
4 6 8 16 2 4 6 8 16 2
arg(B) arg(B)
FIG. 5. (a), (b) Exponential scaling parameters a and b [Eq. (28)]
of |B3] as a function of V at arg(8) = 7. Their numerical values are

extracted from the plot of | 85| against L, which is computed from the
numerical Eggc data. In (b), this numerically obtained b is shown
to be well predicted from the model parameters through the ana-
Iytic result (29), which is derived under the small-V approximation.
(c), (d) Show the numerically obtained a and b as a function of
arg(p), at fixed V = 0.5. Parameters are t, = 0.01, #; = 0.75, and
84 = —6, = 0.25, the same as those in Fig. 1.
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FIG. 6. (a) Critical system size L. versus V at arg(Eopc) = %
The analytical result given by Eq. (30) (blue) agrees reasonably
well with numerical results (red stars) estimated by the threshold
system size L = L., below which the spectrum is unaffected by L.
We observe that L. increases with V, confirming the intuition that
the interchain energy offset V obstructs critical NHSE hybridization.
(b) Absolute value of the maximal imaginary part of the eigenvalues
Im(EoBc )max| @s a function of the system size L, also at arg(Eopc) =
% - The onset of complex Eogc typically occurs at L., except for small
systems (L = 10), where the nonzero V offset can give rise to com-
plex energies [see Fig. 2(b)]. Parameters are t, = 0.01,#, = 0.75, and
8, = —&, = 0.25, the same as those in Fig. 1.

B. Lower critical system size for the cNHSE

As seen in Fig. 4, the scaling of the GBZ parameters |By/|
and |By+1| (M = 2 here) is only exponential and described
by Eq. (28) above a certain lower critical system size L..
Below that, they remain effectively constant, indicative of the
absence of the cNHSE. The reason is that the spatial skin
decay lengths —1/1n|8y| and —1/In | B+ | cannot be faster
than that of the physical NHSE chains in the cNHSE model.
In our model, noting that |83| > |B2|, we must have |B3.| =
Vit and |Ba] = x/t;'/tb_, corresponding to the |S]s of the
individual Hatano-Nelson chains.

Substituting |8,/ 83| with |B2./B3.| in Eq. (26), we obtain
the critical system size L. of our coupled Hatano-Nelson
model as

2 In |1, — 745 fo B3]
In |t 1, /(1 1)

%

1. @30

c

As shown in Fig. 6(a) for arg(Eopc) = %, this analytic ex-
pression [Eq. (30)] for L. (blue curve) agrees rather well with
its numerical determination (red stars), i.e., from plots such
as Fig. 4. Not surprisingly, it increases monotonically with
the interchain energy offset V since the offset impedes energy
matching and acts as an obstruction to the critical coupling
between the Hatano-Nelson chains.

L. can also be thought of as the lower critical length
above which the interchain coupling #, is “switched on” to
cause the cNHSE. As seen in Fig. 6(b), the energy spectrum
becomes complex precisely above L.. Since our OBC Hatano-
Nelson chains have real spectra when uncoupled, it means that
they become effective coupled only when L > L.. Naively,
we would expect small #, to continuously give rise to small
imaginary energies; yet, in reality, there exists a sharp real-
to-complex spectral transition [113,127] controlled by L.. We
note that L, — oo as fp — 0, consistent with the expectation
that uncoupled chains will never experience the cNHSE.

FIG. 7. Topologically coupled two-chain model [Eq. (33)] with
crisscrossing interchain nonreciprocal couplings £3,, and asymmet-
ric hoppings tai =1 £4, and tbi =t; £ 8, in chains A and B. The
chains are given energy offsets of +V.

IV. TOPOLOGICALLY COUPLED CHAIN MODEL

To complement the exposition of our coupled Hatano-
Nelson ¢cNHSE model above, we next consider more so-
phisticated interchain couplings which lead to size-controlled
topological states, as first designed in [113]. In the basis
Ci = (¢ 5. € p)" - it is given by

_(tizt 24V
Hiop(2) = ( —8up(z+1/2)

where 1 =t; £8,, t;" = 1| £ 8, and z = €. Here, the sim-
ple interchain couplings #, of the coupled Hatano-Nelson
model are replaced by crisscrossing interchain couplings %3,
which can potentially introduce topological flux [140]. Under
PBCs, the energy eigenvalues can be simply obtained from the
Hamiltonian (31) as

ESgu(k)=2t) cos k + i(8, + 8) sink

Sar(z+ 1/2)
t;z—i-tb_/z—V)’ (31

j:\/ [i(8, — &) sink+V1>—482 cos’k  (32)

with k=—ilnzeR and tFf=1 %8, ;=1 +8, By
Fourier transformation, one obtains the real-space tight-
binding Hamiltonian (Fig. 7)

— E + .7 -7 T
H, = (ta Cp, ACn+1,A +1, Crr1,ACnA + 8abcn,Acn+l,B
n
i + .7 — .7
= BapCpy gCn.A +1, € gCri1 B +1, €,y gCnB
i T i
+ aabcn_;,_]’Acn,B - Sabcn,Banrl,A + Vcn,ACn,A

— Vel genn), (33)

where ¢, , (cjm) is the annihilation (creation) operator on site
o (@ = A, B)incell n.

Following the similar derivations as Eq. (23), we can obtain
the characteristic energy dispersion equation

(e, +62) B + [—F + 1 )Eosc — (¢ —1,)V1B
+(t 1t + 282, + Egpe — V?)
+[—(t; +1, )Eopc — (t, — 1, V1B~
+(t, 1, +82,)8 2 =0. (34)

Similarly as before, we can compute the OBC energy spectra
and the GBZ of the topological coupled chain model Hamil-
tonian (33) at different finite system sizes L = 10, 30, 50,

155430-8
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0.4
0.2
Ly
E 0.0
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. L=
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FIG. 8. OBC energy spectra of the topologically coupled chain
model Hamiltonian (33) with (a) V = 0 and (b) V = 0.5 at different
system sizes L = 10 (black), 30 (blue), 50 (red), 100 (yellow), oo
(green). Notably, topological zero modes (circled) appear at E =
0 in the point gap only at sufficiently large system sizes of L =
50, 100. The other parameters are 8,, = 0.5 x 1073, f; = 0.75, and
8, = =6, =0.25.

100, oo as shown in Figs. 8 and 9, respectively. We find that
they are qualitatively similar to those of the coupled Hatano-
Nelson model, except that there is a topological zero mode
at £ =0 (dirty red and yellow). These topological modes
also correspond to isolated solutions in the GBZ plot (Fig. 9),
although they are exempted from the finite-size scaling behav-
ior. It is found that the topological zero modes appear at E = 0
in the point gap only at sufficiently large system sizes as
shown in Fig. 8. The reason is that the GBZ depends strongly
on the system size as shown in Fig. 9, and so does the OBC
spectrum as shown in Fig. 8. When we tune the system size L
(regarding L as a parameter), the OBC spectrum changes. At a
critical L, the OBC spectrum’s gap closes and, after that, topo-
logical zero modes appear, as shown in Fig. 13 in Appendix F.
Different from the famous single-chain Su-Schrieffer-Heeger
model [141-146], our topologically coupled chain model has
two coupled chains, i.e., the coupling between these two
chains plays an important role here. In the topologically cou-
pled chain model, the competition between the coupling of the
two chains and the finite system size determines the existence
or absence of the topological zero modes. This conclusion can
be found by calculating the topological phase diagram of the

1.5-(a)V=0 L
* .l l. *
0.51 *
2 ol :
E | iyik. <37
-_— x =ANAY « * *
=051 7 NS z“f * L=10
* Mg “A.AIA-A.J:HA--"A“ & L=30
~1.01 X T ."-' * £ or0
. -.‘.“AA‘.‘.I " L=100
_15. | * W ox e L=
-1.5 - 10—05 00 05 10 15
15{0)V=05 _ » »x .
Lenrnnn s
1.0
0.51 *
2 o0l
E .
= *
—0.51 * L=10
L=30
“1.0. s L=50
= L=100
~1.51 s ——

-15-1.0-0.5 0.0 05 1.0 1.5

Re(B)

FIG. 9. GBZ of the topologically coupled chain model Hamilto-
nian (33) at different finite system sizes L = 10 (black), 20 (blue),
50 (red), 100 (yellow), oo (green) with (a) V =0 and (b) V = 0.5.
Parameters are §,, = 0.5 x 1073, #, = 0.75, and §, = —§, = 0.25,
the same as those in Fig. 8. The GBZ is qualitatively similar to that
in Fig. 3, apart from the isolated topological modes (dirty red and
yellow) which by definition do not belong to any continuum of states.

topologically coupled chain model as shown in Fig. 4(d) in a
previous work [113]. Therefore, the strength of the coupling
of the two chains determines the threshold system size which
is required for the topological modes.

By enforcing OBCs in the real-space Hamiltonian, we ar-
rive at

(2012358180 + 219233 (B2 530 ]
(2230818 + 219230280
HZIHZ3B1 ) 212373 (Bspa) T 1=0. (35)

where dispersion relation solutions 8;(j =1,2,3,4) are

arranged so that || < || < B3] < |Bal, and Z) (i, j =
1,2,3,4; ¢ = a, b) are defined as

7 =xy©@ - xy©, (36)
LJ l J J !
Here, X j(") andY j(c) are defined as
X = Eopc— (1} —1,)B; — V. (37
Y = Eopc—(t7 =1, )B; + V. (38)
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FIG. 10. The GBZ radii |B,| and | ;| of the topologically coupled chain model Hamiltonian (33) versus the system size L at (a) arg(8) =
7 and (b) arg(B8) = 7. The exponential fits of |8;] correspond to scaling parameters alarg(8) = 5] ~ 0.0520, blarg(B) = 7] ~ 1476.563,
alarg(B) = 1~ —0.0607, and blarg(8) = 5]~ 8791.616. The cNHSE scaling is frozen below L = L. ~ 23, butat arg(8) = 7, | 2| remains
constant across all L. Here, V = 0.5 and the other parameters 8., = 0.5 x 1073, ¢, = 0.75, and 8, = —8;, = 0.25 are the same as those in Fig. 9.

X" = Eopc+tf—17)8;" = V. (39)

Y " = Eopc+(t7 =1, )87 + V. (40)

The corresponding derivation of Eq. (35) is given in
Appendix G.

To deal with Eq. (35), we only consider the two dominant
terms —Z3Z") (BB and Z{9Z{")(B3B4)-+! on the left-
hand side. In this case, by substituting the solutions of the
characteristic equation (34) into this approximated boundary
equation, we can approximate Eq. (35) as

1
(@) () | T+1
Ba| Z5Zy |
- (a) (D)
Bs 232y, Fosc—FEn

| DBV A A (ExtV +Ap)

~ , (@1
\2t;tb— [V2—EZ +2(t}t; +t;t;)+AaA,,]| 1)
where A= /(Ex — V2 —dt}t,, Ay =

V(Esw +V)? — 4th t,, and we have used the approximation
84p — 0 under the condition of weak interchain couplings.
Notice that E,, in Eq. (41) depends on §,,. Therefore, we
can also follow Eq. (28) and postulate an exponential fitting
ansatz of | B3] as

B3] = a + b, (42)

for cases where |8,| &~ 1/|B3]|. The scaling behavior of @ and b
in Eq. (42) can be extracted or estimated from the asymptotic
result (41) with the model parameters.

In Figs. 10(a) and 10(b), we show |B;| and | B3| for the topo-
logically coupled chain model Hamiltonian (33) as a function
of the system size L both from the exponential formula in
Eq. (42) and from numerical diagonalization. We observe an
exponential scaling behavior qualitatively similar to that of the
coupled Hatano-Nelson model, which should also universally
hold for other cNHSE models.

V. ROBUST SPECTRAL SCALING BEHAVIOR
UNDER DISORDER

In this section, we check the robustness of the scaling
behavior of the OBC spectra in the presence of uniformly
distributed onsite disorder

Hgis = Y _ i, a)c} Cn.a (43)

n,o

with random number @ € [—w/2, w/2] and @« = A, B are the
site indices in the cell n. Since the GBZ is directly determined
through the OBC spectrum, robustness in the scaling behavior
in the spectrum would also imply similar robustness in the
GBZ.

In Fig. 11, we plot the absolute value of the maxi-
mal imaginary part of the eigenenergies |Im(Eopc)max| as a

(a) Coupled Hatano-Nelson (b) Topologically coupled

0.35
0.30
%025
£
00.20
o
o
Wo.15
=0.10
0.05

0.00

10 20 30 40 50
L

FIG. 11. Absolute value of the maximal imaginary part of the
eigenvalues |Im(Eopc)max| for different system sizes L, which is
satisfied for the eigenenergy with arg(Eopc) = 7. In both (a) the
coupled Hatano-Nelson model [Eq. (18)] and (b) the topologically
coupled chain model [Eq. (33)], the spectral scaling behavior is very
robust up to disorder strength w = 0.2, as defined in Eq. (43). Even
at much larger disorder w = 0.5, the same qualitative spectral scal-
ing prevails. Here, V = 0.5 and the other parameters are f, = 0.01,
8a = 0.5 x 1073,#, = 0.75,and 8, = —8;, = 0.25, the same as those

in previous figures on these respective models.
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function of the system size L under different disorder
strengths from w =0 to 0.5. |Im(Eopc)max| determines the
“width” of the spectrum in the imaginary direction and can
be used as a measure of how the shape of the spectrum
is deformed under disorder. For our models, |Im(Eogc)max|
usually occurs when arg(Eopc) = % but that is not neces-
sarily universal. From Fig. 11, we find that relatively weak
disorder (w < 0.2) affects the spectrum negligibly, but mod-
erately large disorder (w = 0.5) gives rise to visible spectral
perturbations. However, the qualitative spectral scaling behav-
ior remains very robust, which indicates that the cNHSE is
strongly robust against onsite disorder. This is not surprising
given that the cNHSE arises from the competition between
different NHSE channels, and should not be affected too much
by the onsite energy landscape. It has to be noted that hopping
disorder, however, can affect the long-time state dynamics
and hence significantly modify the overall energy spectrum
[126,147-150].

VI. DISCUSSION

Systems experiencing the critical non-Hermitian skin ef-
fect ((NHSE) are particularly sensitive to the system size,
exhibiting qualitatively different spectra and spatial eigen-
state behavior at different sizes L. How the cNHSE scaling
is exactly described by the GBZ, particularly for a system
of finite size, is an open question. As we already know, the
GBZ can be used to restore the BBC in the thermodynamic
limit. But for a system of finite size, can GBZ still be a valid
theoretical framework? Using the GBZ as a tool to investigate

J

the cNHSE scaling behavior provides an effective way to
understand the physical picture of the finite-size effect on the
competing NHSE tendencies between small and large size
limits.

In this work, we considered a generic two-component
cNHSE ansatz model with two competing NHSE channels,
and provided detailed studies of two paradigmatic models,
of which the minimal model studied by Ref. [127] is a spe-
cial case. We find that our effective finite-size GBZ obeys
a universal exponential scaling law, with exponent inversely
proportional to the system size, and scaling rate b expressible
in term of the model parameters in certain cases. Based on
this, we provide detailed and empirically verified estimates of
the critical system size L. where such a scaling relation begins
to hold both analytically and numerically.

Such cNHSE phenomena can be readily experimentally
demonstrated in non-Hermitian metamaterials with well-
controlled gain and loss and effective couplings, such as
photonic crystal arrays and electrical circuits. Since the nonre-
ciprocity from different NHSE can cancel, the setup may not
even require physical asymmetric couplings, such as in the re-
cent experiment [52]. Moving forward, it would be immensely
interesting to explore the interplay of cNHSE and many-body
interactions in emerging and rapidly progressing platforms
such as ultracold atomic arrays and quantum circuits.
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APPENDIX A: DERIVATION OF THE DETERMINANT FORM OF THE OBC CONSTRAINTS
FOR A TWO-BAND ¢cNHSE MODEL [EQ. (8)]

From the bulk eigenequation in Eq. (6), we obtain

ny ) ny (j) E, Z haa(ﬂ )n
aagp \n__ ) (j) OBC ™ Zpn=—n_""n
; hi(B;)' —Eosc |4 +; e (B;Y'¢’ =0, ¢(,) R S ST AT
(A1)
ny ny ) (j) Zlu hba(ﬁ NG
hba n (j) hbb Y _E, ) =0, n=—n_""n \Fj ,
n;f (ﬂj) n;f n (ﬁ]) OBC B d)(j) EOBC _ ZZ;,,,_ hsb(ﬂ])n
ie., A
¢y’ Eosc— 2,1, h(B)" Dot (B
(j) ny hab \n = E _ ny hbb Y = f]v (AZ)
(b anfn, n (IBI) OBC anfn, n (ﬂ/)
ny ny ny ny
SR | Y] WeB) | = | Eosc — Y BB || Eose — > KB | (A3)
n=—n_ n=—n_ n=-—n_ n=—n_
(J) =f ¢(/) (A4)

which also relates Eogc with 8; solutions.

Substituting these real-space eigenequations under the OBC constraints ¢_, o = - -
= Yr4n,0 =0 (@ =A,B; 1 <ngy <L/2) into the real-space Schrodinger equation H,, [v)

= w—l,a = 1pO,oz = 1//L-H,ot = 1ﬁL+2,o{ =
= Eogcl|¥) [where H,, is the

155430-11
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Hamiltonian matrix of H,, in the basis (C, Gy, - - -, C)T], we can get

ny

n=0 n=0

n=0 n=0

ny

n=-—1 n=-—1

n=—1 n=—1

ny ny

ny

n_—l1 n_—l1

n=—n_ n=—n_

n_—l1 n_—I1

n=—n_ n=—n_

n=—n_ n=—n_

n=—n_ n=—n_

n=—n_ n=—n_

n=—n_ n=—n_

ny

Z hyVrina + Z hYr1 48 =Eopc¥i,a,
ny ny

> B YA+ Y Y1 =Eosci b,
ny

Z h Woin A + Z "W 08 =EoBc¥2..

ny ny
> R Yrina+ D W2 =Eoscy2n.

Yo WYwat Y KV as=Fopc¥n, A, 1<2np <L, 1<ng <L/2

n=—(ny—1) n=—(ny—1)

4
S B Yaiaat+ > W ws=Fopc¥u.s. 1<2n, <L 1<n, <L/2
n=—(ny—1) n=—(ny—1)

Z YL n_—1y4na + Z K1 —tyins =EocYin-1ya, 1 <L—2n_+1<L

Z RP"Yrp i 1yina + Z BP0 1yins=EoscVin 1B, 1<n_<L/2

I I
D B iwat Y B s =Eobc¥i 1.4,

I 1
> B vina+ Y BV s =EoBc¥L 18,

0 0
D Yiiwa+ > WV =FEosc¥ra. 1<L-n_ <L 0<n <L-1

0 0
> W Yiiwat Y WVrs=Eosc¥rp, 1<L-n_<L 0<n <L-L

155430-12
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Invoking the non-Bloch ansatz (¥, A, ¥,.5)" = Z?Z] (B j)"(¢jg), ¢l(3j ))T (M = n_ + n;) into the above equations (AS5), we
have, generalizing [89],

2M  ng 2M  ny

DO B e + Y D he(B) ¢ =Eosc Z(ﬂ ey,
j=1 n=0 j=1 n=0

M ng M ng

Zzhza(ﬂj)l+n ) + Zzhbb(ﬁj)l+n (])_EOBC Z(ﬁj)(p(])
j=1 n=0 j=1 n=0 Jj=1

2M  ng ] 2M  ng

DO T REBTS + > Y BBy =Eogc Z(ﬂ]) ¢y,
j=1 n=—1 j=1 n=-1 j=1

Z Z hba(lg/)2+n ) + Z Z hbb(ﬂj)2+n (I)_EOBC Z(ﬂj)Z (/)
j=1 n=-1 j=1 n=—1 j=1

2M ny 2M ny
BB + R B9y =Eopc Y (B)™ ¢y
Z Z aa ni+n X) Z Z b +n 4 () __ Z (j)

J=1 n=—(ny—1) Jj=1 n=—(n.~1) =1
ny ny
Z Z hba(, )n++n¢(]) +Z Z HPP (B, Y+l U) = Eopc Z(ﬂj)m(p(z)
Jj=1 n=—=(ny—1) Jj=1 n=—(ny—1) Jj=1
oM n—1 oM n—1 oM (A6)
Z Z hza(ﬂj)L4n,—1)+n¢/gj)+Z Z hzb(ﬁj)L—(n,—l)-rn ](3j)=EOBC Z(ﬁj)Hn:l)‘ﬁg)s
j=1n=—n_ j=1n=-n_ j=1
oM n-1 oM n-1
Z Z hZa(IBj)L—(n,—l)+il¢X)+Z Z hzh(ﬁj)L—(n,—l)+n ) _ =Eopc Z(,B )L—(n —1)¢(/)
j=1 n=—n_ j=1 n=—n_ j=1

2M 1 2M 1
Z Z hza(/gj)L71+n¢/(\j)+Z Z hzb(ﬁj)Lfl#»n (])_EOBC Z(ﬂj)L 1 (/)

j=1 n=—n_ j=1 n=—n_ j=1
Z Z hha(IB )L l+n¢(J) + Z Z hbh(ﬂ )L 14+n (I) EOBC Z('B )L 1 (/)
j=1 n=—n_ j=1n=—n_ j=1
Z Z haa(ﬂ )L+n¢(j) + Z Z hab(ﬁj)L+n (/)_EOBC Z(ﬂj)L (I)
j=1 n=—n_ j=1 n=—n_ j=1
2M 0 ] 2M 0 ) 2M .
Z Z hZa (13] )L+n¢gj) + Z Z hl}:b(ﬂ] )L-‘rﬂ 1(3]) :EOBC Z(ﬁ] )L ](3J)'
j=1 n=—n_ j=1n=—n_ j=1

155430-13
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Substituting Eq. (A4), i.e., ¢>(’)

&)
<

=

~.
Il

S
<

N

fiox U into the above equations (A6) such as to eliminate the ¢](3j ), we have

mony

D (r+ fR) B - EOBC} BV =0

Ln=0

o

D (b + FiR) (B — f,EOBc} (B))pY =0,
D (e FR) B - EOBC} B)Po’ =0

> (WX + fil?)(B;)" — fiEonc | (B ¢y =0,

n=—

Z (he + £;R°)(B)" — EOBC:| (B ¢ =
_n:—(n+—l)

ny

(R + £ B — fiEose |(B))Y o =0.

_nzf(n_,_fl)

n_—l1

Y (i) B~ EOBC:| (B =0,
- )

Y (i) B — fiEose |(B)7 Vg =0,

1
Do (e R By —anc}ﬂ,# ‘g =0,

n=—n_

1

Z (2 + FiR2)(B;)" — fiEomc | (B)F "'oY =0,
™ o

Z (n4* + f;12°)(B))" — Eonc | (B)) 9% =0,
)

S (B + ) (B — fiEose [(B)EeY =0

155430-14
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We can express Eq. (A7) in more compact notation

where

For a nontrivial state qb(]) (G=12,...,

F@ _
j -
gD —
j
G(a,i) _
j

(b,i) _
G =

F"VBy
F"V B

Fm By
F" (B
G V(g
G (gE Y

G\ (B*
G (Bt

Z F l)ﬂj¢(j)

2M

ZF(b 1)/3 ¢(J) —

j=1

2M )
3 Fem(g ) =0

j=1
2M

N |
DET b)) =
j=1

2M )
Z G;a,l)(ﬂj)L4n,fl)¢f\J) -0

J=1

2M )
Z G;b, l)(ﬂj )LA(nffl)(p/(\J) — O

j=1

2M

ZG(Q" )(ﬂj) ¢(})

j=1

ZG(I?” )(ﬂj) ¢</)

j=1

i

n=—(i—1)
ny

> (e + ) (B — Eoc.

Z (h2* + £;h2°)(B))" — fiEogc,

n=—(i—1)

n_—i

n=—n_

n_—i

n=—n_

,1
Fz(a, )132
b,1
Fz( ) B

Fz(a,m )(,32 )n+
E"" (o)
Gy V(o)
Gy (Ba)

Gy (Bo)
Gy (B)"

155430-15

Z (" + fth")(ﬂ_,- )" — Eogc,

Z (h2* + £;h2°)(B))" — fiEosc-

,1

E Boy
b,1

F( ),32M

(a ”l+) ( ﬂ )”+
b,
F;M””wm '
1 _—
Gy (Ba)" 70
b,1 _—
Gay (Ba) 7

Gy (B
o™ (Bawn)"

2M) that does not vanish, we hence require the vanishing determinant

(A8)

(A9)

(A10)

(Al1)

(A12)

(A13)
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APPENDIX B: DERIVATION OF THE DETERMINANT FORM OF THE OBC CONSTRAINTS
FOR A GENERAL MULTIBAND MODEL

Here, we generalize the above derivation to a general multiband model, and show that the OBC constraints result in
an analogous vanishing determinant expression. In momentum space, an N-band model Hamiltonian in the basis Cyx =
(C 15 Cpns -+ -5 Oy 1 given by

h'ooh? o Y
s 21 22 2N
h h A h
Hup()=Y_ | ™ T (B1)
=T th hNZ . . hNN

where N is the number of bands, which we set to be an even number.
By Fourier transformation, one obtains the real-space tight-binding Hamiltonian of this system as

hll h12 . th
Lo 21 2 ON
h h T
Huy=Y_ Y Ci|™ " 0 T, (B2)
j=1n==n- th hN2 . . hNN
where Cj = (ij[, Cjdyenns Cj,N)T.

With %) = (Y11, Y12 oo VIN Y21, Y220 oo s WaNs oo s W1, YLos ..., Yry)T, the solutions of the real-space
Schrédinger equation - |%) = Eopc|¥) [where H,, is the Hamiltonian matrix of H,,, in the basis (Cy, Cs, - -+, C1)"] can
be given by

)

wn,l ¢1]

Yn2 M )
C =26 | (B3)

: = P

wn,N ¢)I(Vj)

where 2M = N x (n_ + ny) and B = B; are the solutions of the characteristic equation

Det[Hmu(B) — Eopcl = 0, (B4)
where H,,,(8) is the non-Bloch matrix [127] as
hll h12 . th
s Rloop22 L RN .
HuwB)= D |70 e (BS)
=T th hNZ . . l’lNN

In general, the characteristic equation (B4) has 2M solutions for 8, where M = N x (n_ 4+ n4)/2 is an integer and N is an even
number. We label these solutions such that |8;]| < |B2] < -+ < |Bom]-
From the eigenequations, we obtain

ng ny ny
Y mABYO+ D mEBY S+ D N (B) ¢y =Eoscey”,
ny ) ny ) ny . )
D B+ Y B+ D B9y = Eoscdy” 6

ny ny ny
Z hs/l(ﬁj)ngbf.])_'_ Z hnNz(:Bj)n §])++ Z h;VN(,Bj)n(ﬁ](\/]):EOBC(p(J)v

n=—n_ n=—n_ n=—n_

155430-16
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ie.,

ie.,

where f j(o’)

wherea =1,2, ...,
As we know, Eq. (B3) has 2M x N unknown coefficients, but with the real-space Schrodinger equation H . |v)

ny

Z h:,](,Bj)n_EOBC (})+ Z hlz(ﬁﬂ"‘f’m Cot Z th(,Bj)n (J) ,
n=—n_ n=—n_ n=—n_

ny ny ) ny )
Z hZI(ﬂj) d)(j) Z hlzlz(ﬁj)n_EOBC ¢§])+ ct Z hiN(IB])nd)(]):O’

Yo W BY eI+ Y WP Be | Y W) —Eonc | ¢y =0,

n=—n_ n=—n_ n=—n_

ny ny ny
> B —Eosc |¢+ Y mIB) P+ + D N Ve =0,

n=—n_ n=—n_ n=—n_

Z hil (ﬁ] )ﬂ¢§]) + Z hiz(ﬂ] )n _EOBC f(2)¢(J) 4t Z h2N (ﬂ] )nf(N)¢(J)

n=—n_ n=—n_ n=—n_

Z han(IBj)i1¢(]) Z /’ZNZ(,BJ nf(2)¢(l)+ + Z hNN(,BJ)n Eopc f(N)¢(]) 0,

n=—n_ n=—n_ n=—n_

=¢d /o witha =1,2,..., N, ie.,

60 = f @,
N.

B7)

(B3)

(B9)

= Eopcl¥)

and an additional 2M boundary conditions, the 2M x N coefficients can be reduced to 2M -independent coefficients. By rewriting

the coupling constraints in terms of ¢>§j ) Gg=12,...,

~ (L1 F(1,1 (11
R0y B o By B
F1(231),31 Fz(zyl)ﬁz T F(2 l)'BZM
Fl(NYI),Bl FQ(N'I),BZ T F(N 1)’32M

~(1, \ (1, Y ;.

FOmpoys B gy inl””(ﬂzw"*

Fem gy B2 gy "™ (B )™

EN gy BNy Fy ™ (Baan )

G 1,1 —~(n_—
~( )(ﬁ )L n_—1)
(2,1

9(12 )(IB )L—Ul —1)

G(qu 1 )(ﬂl )L—(n,—l)

G-
G (Bt

G (B1)"

G 1,1 [—(n_—
2,1 [—(n_—

Gy V(o)

&)t
Gy (B

Gy ()"

155430-17

G 1,1 I—(n_—|
Gz,l [ —(n_—|
(ZM )(IBZM) b

~(N, 1 . —
G (Ban) 0

Gy (Baw)"
Gﬁ’j”)(ﬂm )"

G )(ﬁ

2M), which should have nonzero values, we have, analogously as before,

(B10)
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where
FO = " () + £+ -+ £VmN)(B))" — Eogc, (B11)
n=—(—1)
ni
FEO = 3" (' + P07 + -+ £VRY)(B)" — £ Eosc, (B12)
n=—(i—1)
. n+
FN0 =% (W + P+ VRN 8y = £ Eoge, (B13)
n=—(i—1)
GU = " () A+ PR+ + £V ) (B))" — Eoge (B14)
GP =" (I [P+ VW) B — P Eonc, (B15)
G = 3 (WY PR 4 1R B~ £ Eonc. (B16)

We can collect the terms and express Eq. (B10) as a multivariate polynomial of the form

> " J(Bicr. Bico- EOBC>[1"[ (ﬂok} [[B" |=o0. (B17)

P.Q ieP jeo

where k =1,...,ny, K =L—(n_—1),...,L, the sets P and Q are two disjoint subsets of the set {1,2,...,2M} with M
elements, respectively.
By setting ny = n_, Eq. (B17) can be reduced to

> T (Bicr. Bjco- EOBC)|:1_[ (&-)L“} =0. (B18)

PO ieP

In Eq. (B18), there are two leading terms proportional to (BuBur+2Bm+3 - - - Banr )X and (Byro1Burs2Bms3 - - - Bar)E L. There-
fore, in the limit of large system size L, we can reduce (B18), which solves the characteristic dispersion equation (B4) and open
boundary conditions, to the familiar form

Bu

Bu+1

1
L+1

_J(Bicn Bjco, Eonc) , (B19)
J(ﬁiel’z i :BJGQz ’ EOBC) Eopc=E~

where P = {M + 1M +2,M +3,....2M}, 01 ={1,2,3,... M}, P, ={M,M +2,M +3,....2M}, 0, ={1,2,.... M —

2,M — 1, M + 1}, and L is the system size with L — oo. For large L, the right-hand side tends towards unity, and hence |By| ~

| Bu+1| for the OBC eigenfunctions in the thermodynamic limit (in practice, L =~ 20 is usually sufficient large when the cNHSE
is absent).

|

APPENDIX C: NUMERICAL CONFIRMATION OF THE VALIDITY
OF THE GBZ UPON EXTRAPOLATING TO FINITE-SIZE SYSTEMS

Here in Fig. 12, we numerically confirm that for our coupled Hatano-Nelson model, the GBZ solutions 8y = f, and By =
Bs still largely determine the eigensolution decay rates down to small system sizes.

APPENDIX D: DERIVATION OF EQ. (24) FOR THE OBC CONSTRAINTS OF THE COUPLED HATANO-NELSON MODEL
From the real-space eigenequations (20) subjected to OBCs Y9y = Y1410 =0 (¢ = A, B), we have

tovi1s + 1 VoA +Via = Eopc¥ia,
toVi.a +1, V28 — Vi s = Eopc¥1.8,
t7Yr 1A +tovrs + V¥ra = Eopc¥ra,
ty Y18 +to¥ra — V¥rs = Eopc¥LB-

(D1)
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(a) L=10 (b) L=20 (c) L=30 (d) L=40
10 5.0 5.0
~ . 2.5 2.5
e~ 0.0 0.0 —kx
= o o) — —KX
R -25 -25 -
= O A kg, 5.0 5.0 e
o ** —KaX
9o _g -75 -75
ﬂ\\‘.\ log|yn|
®e — -10.0 -10.0 loglual
-10 . ~12.5 ~12.5 e ogly:
1 5 10 1 5 10 15 20 1 5 10 15 20 25 30 1 5 10152025 303540
X X X X

FIG. 12. Spatial decay of eigenstates and how they are determined by Sy, and By (M = 2). Plotted are the In[|1 (x)|] of two representative
eigenstates with different left and right localizations (red stars and blue disks), at different finite system sizes L = 10, 20, 30, 40 (a)—(d).
Compared against them are the decay profiles corresponding to the four k = —In |B| solutions. We see that |8,| = ¢ and |B3]| = e
controls the eigenstate decay rate very well down to L = 20, even though, in principle, they rigorously determine the decay rate only in the
thermodynamic limit. (a) The eigenstates correspond to arg(Eopc) = 0 and Max[Re(Eopc)]. (b)—(d) The eigenstates correspond to arg(Eopc) =
7. Here, V = 0.5 and the other parameters are #, = 0.01, #; = 0.75, and 8, = —3, = 0.25, which are the same as those in Fig. 1 of the main
text.

By substituting the ansatz (Y, A, ¥,.8)" = Z] . ﬂ”(qb(” ¢)T into Eq. (D1), we can get
4 4
toZﬁ oy + 15 Zﬁjzfpfgw +V Z,Bj v = Eosc Z.Bj J,
= = =
4 .
fo 2,3] ) + t;j— Z’B ¢(J) 1% ZIB] ) _ = Eope Zﬂj ](3]),
j=1 j=1 j=1

! \ (D2)
oY B 0y Brey +V Z By’ = Eorc Zﬂ ¢y,
- o
4 A .
tb— Zﬂ]@—l ) + 10 Z:B ¢(]) N v ZIBJL¢I(31) — EOBC ZIB]LQS](;)
j=1 Jj=1 J=l
Furthermore, by using the bulk eigenequation in Eq. (22),
tfB+t B +V —E
(4167 +V — Eopc)pn + 1oy =0, 22— UaPHP o),
®a lo
| o8 lo B9
7 tfB+t, 7 —V —E =0, —=-— .
opa + (@, B+1, 8 oBC)PB Pa (tyB+1, B~ —V — Eopc)
ie.,
g5 _ (Eosc—1Bi—1:8;' —V) _ 0 =f (D4)
¢(/’ fo (Eosc — 1, B —1, B +V) "
tO = (EOBC — t[;L,Bj — t;ﬂ;l — V)(EOBC - t}jﬂj - tl;ﬁ;I + V)’ (DS)
(j) f]¢(]) (D6)
we have

4
fo Z Bifioy +1f Z Bigy +V Z B¢ = Eosc Z Bioy.

to§ :ﬂ,¢“>+r;§ Bifiby — VE Bifipy —EOBc§ Bty
Jj=1 j=1
‘ (D7)

ta_Z:le“_] (j)+l Z:B fj (j)+VZﬁ]L¢‘(A])_EO Zﬂ ¢(])

ty ZﬂL 'fiod) +roZﬂ§¢“> VZﬂ fiod —EOBcZﬂ fi0d,

j=1 j=1 j=1 j=1

155430-19



QIN, MA, SHEN, AND LEE PHYSICAL REVIEW B 107, 155430 (2023)

4
Z (Eosc — 1B — 1, ;' = V) B +1.f Zﬂ o +V Zﬂj V) = Eopc Zﬁﬂi’m

=1 j=1 j=1

~.

4 4
tOZ.Bj(b/(\j) + Y (4B =V — Eonc) Bif i} ¢ =0,
=1 =1
4 ' 4
t; Z‘B;"fl(pl(xj)_FZ(EOBc _t;,Bj _t;ﬂII _ (J)+VZ’3 ¢(J) E CZﬂ ¢(])
= =

4
> (1, 871 =V — Eosc)BEfi95 + 10 Zﬂ ¢y =

J=1

4

> (1870 =

j*l

—V —E
0y OBC) (J) _
ZIB} Z EOBC_t;, ﬂj_tbﬂ +V)ﬁ] 7

Z(—r;ﬁjwf@&” =0,

j=1

4 —1
(¢ , B, —V — Eosc
E b ) (J)+§ ,B ¢(])
= EOBC—fb,B]—tbﬂ +V)

Z¢(})
4

E 1 (J) - 0 _ : + o ) _
7 E - ta L ta .
(EOBC t, ,3] —t /3 + V) Z¢ Z:: OBC Bj ,Bj )¢

j*l

Z /3L+l¢(j)

4

1
— (Eosc — 1, B; — tb_/gj_l +Vv)/

4
ﬂL+l¢(j) =0, Z (EOBC _ t:'ﬂj _ ta_IBj_l )BL+1¢(J)
j=1

where we have used the characteristic dispersion equation

1 _ (EOBC_t;ﬂj_t;ﬂj_l -V)
(EOBC — l‘b+,3j — l;,B;l + V) tg '

Imposing the condition that qbi\j) (j =1,2,3,4) do not vanish, we must have the vanishing determinant:

1 1 1 1
X Xo X3 Xy
= 0’
L+l :32L+1 ’331:-4—1 13‘%-4-1

X ,3L+1 X2’8£‘+1 X3,3§‘+1 X4‘Bi‘+l
where 81| < |B2| < |B3] < |B4l. Here, X; (j = 1,2, 3, 4) are defined as
Xj=Eosc — 1t Bj—1, ;7' =V (j=1,2,3,4).

Simplifying, we obtain the boundary equation (24) from Eq. (D12):

X1.4Xo03[(B1Ba) T + (BoB3) ] — X1 aXoal(B1 B! + (BaBa) ] + X1 0X3 4[(B182) T + (BB =0,
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where X; ; (i, j = 1, 2, 3, 4) are defined as
Xj=Xi—X; =178, —B)+1, (B —B7") (1,j=1,2,3,4). (D15)
APPENDIX E: DERIVATION OF EQ. (26)
We start from the characteristic equation of our coupled Hatano-Nelson model with offset:
titr B+ - +t)Eopc — ¢ — ;) WVIB + (671, + 1t + Edgc — 15 — V?)
+—(t, +1, )Eopc — (t; — 1, V1B~ + 1,4, 7> = 0. (E1)
We consider a perturbative solution up to the second order in #( by first expanding in terms of the fSs:
B~ x 9 +y 982,
Br = x + 9082,
®) | 5,2 (E2)
By = x +yLg,
B =+ )05,
where 1,7 > 17, 17 <17, 17 > 1,7,V > 0,[B1] < |B2] < |Bs] < |Bal,
20 = L (Bope —V + ),
2t
w_ 1
xy = - (Eopc +V £ Ay),
2t
@  —Edsc — 21y +V(V F Ay — 2V F Au)Eosc] (E3)
Y= = @ ’
8+
® [E3sc — 28,71, + V(V £ Ap) + 2V & Ap)Eopc]
y:t - (b) )
8+
and
Ao = \/(Eorc — V) — 411, (E4)
Ay = \/(Eose + VP — 451, (ES)
0 = Elpctr — ;) — 417 + 6V + (¢ + V3 F 2ty — 1750 A,
F 5 +1,)ANV? + ESpcl 3t — OV £ (17 — ;1) Al
+ Eopcl—4t (11 — 7)) — (¢ + 367V £ 26,7 A, V], (E6)
eV = Edpctr — 1) — 461, (7 + 1)V 4+ (¢F + 5OV F 27 (1 — 1750,
(] + 1AV + ESpclBt) — 6,0V £ (17 — 1) A]
+ Eopcl[—4t,t, (tF —t,7) + (¢ + 3tV £ 267 A,V ] (E7)
With Egs. (E2) and (D13), we can get
(tft, —t )AL
Xi2= - )¢t — ¢t +- 7+b2 Zb 0+— += — )+t 2+0(t3)’
ESpc(ty —t,))@f — 7))+ (e, —t74,7) + 2EopcV (tfty — )71, ) + (t; +1,)tF + 1)V
ety 2
X34 = P Ap + 0(2‘0),
b b (ES)
X _ ! t;(E +V — Ay — (E V—A)|+ 2,1y 251y +0(t3)
3= 5 = OBC b OBC a Eonc+V — Ay Eose—V — A, 0)s
Yo = M (Bone +V + 8 — ope —V + &) | + [ -—20le 2l o)
S} 4 OBC b oBC ¢ Eopc+V + A,  Eopc—V + A, o

We can obtain Eq. (26) by substituting Eq. (E8) into X; »X3 4/(X) 3X>.4) and expanding up to the second order in #y
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FIG. 13. OBC energy spectra of the topologically coupled chain model Hamiltonian (33) with V = 0 at different system sizes (a) L = 10,
(b) L =30, (c) L =32,(d) L = 35,(e) L =40, (f) L = 50. Notably, topological zero modes appear at E = 0 in the point gap only at sufficiently
large system sizes of L = 35, 40, 50. The other parameters are 8., = 0.5 x 1073, ¢, = 0.75, and §, = —§, = 0.25.

APPENDIX F: OBC SPECTRA FOR TOPOLOGICALLY COUPLED CHAIN MODEL

In this Appendix, in order to understand why the topological zero modes appear at E = 0 in the point gap only at sufficiently
large system sizes, we show the OBC energy spectra of the topologically coupled chain model (33) with V = 0 for various
system sizes.

It is indicated from Fig. 13 that, when we tune the system size L (regarding L as a parameter), the OBC spectrum changes. At
a critical L, the OBC spectrum’s gap closes and, after that, topological zero modes appear.

APPENDIX G: DERIVATION OF EQ. (35)

In this Appendix, we describe the derivation of Eq. (35), which expresses the OBC constraint of our coupled topological
model. Under OBCs, we can write the real-space Schrodinger equation H|vy) = Eopc|v¥) [Where H; is the Hamiltonian matrix
of H, in the basis (Cy, Cy, - -+, C)"], where [) = (V1,a, Y18, V2.4 V2.Bs - - - » YnAs Yn,--. ), as

{fa‘ﬁn—l,A + 8 Vn—18 +V¥na + 15 Vuria + 8Vt = EoBcVnas G1)

ty Un-1.8 — Sav¥n—1.4 — VU + 1, ¥ur1.8 — SapWnt1,a = EoBc¥nB.
According to the theory of linear difference equations, we can take as an ansatz for the eigenstates the linear combination
Y A 4 @)
n, _ n A
() =2 (5) @
j=1

Hence, Eq. (G1) can be rewritten as

B+ 7V Sw(B+BTY \ (A _ b
( Cou BB A —V) <¢B> —EOBC(¢B)- (G3)

From the real-space eigenequation in Eq. (G1) and the open boundary conditions Y9, = Y141« = 0 (@ = A, B), we can get the
equations for the eigenstates in real space as

SV + YA + Vi a = Eopc¥ia,
—SapV2.a + 1, V28 — VY18 = EopcV1s,
tyWr—1a + 018+ VA = EoscYra,
ty Y18 — daw¥i—1.a — VV¥rLB = Eopc¥LB-

(G4
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Now, Eq. (G4) can be rewritten into coupled equgtions for the coefficients ¢(§j ) (¢ =A,B; j=1,2,3,4) by substituting the
general solution (Y, A, ¥, )7 = Z, . ﬂ”(d:(“, ¢1(3’))T as

4 4 4
Sab 2,3 o5 +1 Zﬁfd)&” +V Zﬂj@\j) = Eogc Zﬁj 3,
=1 =1 j=1

4 4
—Sap Z Bro +1,7 Y Bi¢y —V Y Bidy = Eosc Z Bidy
j=1 j=1 j=1

(G5)
4 4 4
tw Y BT + 8wy BT +V Y BieY = Eosc Zﬁ ¢y,
j=1 j=1 j=1 j=1
4 ' 4 , 4 '
tb ZIBL 1 (]) — S ZIBJI"71 /(\J) -V Zﬁj‘(péj) = Eopc Zﬂf¢](3j)
j=1 j=1 j=1
Furthermore, by using the bulk eigenequation in Eq. (G3),
FB+1, 87 +V —E
(B +17 B +V — Eoncltn + 8B+ ppp =0, 22— (aP TP+ V= Fonc)
®a Sar(B+ A7)
¢8 San(B+B7") (@0
—Sa(B+B s+ @t B+1, 87—V —E =0, —= : ,
b(B+ B )pa+ (1, B+1, B 0BC)9B on BB =V —Eono)
ie.,
g5 _ (Eosc —1fB—1:8,' = V) —Su(B+B")
20 -1 = + — g1 =i (G7)
o Sap(B + BT (Eoc — 1,7 B —1, B; ' +V)
—bap(B+ B = (Eonc — 1 Bj — 17 B;' — V) (Eosc — 1 B; — 1, B +V). (G8)
(J) f] (]). (G9)

The general solution is written as a linear combination

; e o@ R (o
(11//;,;2) = A <¢<1)> + 8 ( o) A\ o) tA\ @ (G10)
’ B B B B

which should satisfy the open boundary conditions (G5):

4
ab Zﬂ f]¢(]) t+ ZIB (/J)(J) + 1% ZIBJ¢(]) EOBC Zﬂ](l)(l)

J=1 J=1

4 4
_Sabzﬁ ¢(1)+t;2’3 18 =V Y _Biti9" = Eosc ) Bifi93.

Jj=1 Jj=1 j*1

(G11)
4 4
r;Zﬂf—‘asi() +ou Y B0 +V Y BieY = Eop cZﬁ ¢y,

j=1 j=1 j=1

4 4 4
by Yy B 05 —dw Y B —V Y B¢ = Eonc Z B9,

=1 j=1 Jj=1 j=1
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i(anc—tiﬁj—fJﬂf‘—) 0

P Z(EOBc—r Bi = VIBioy,
=1 J J

j=l1

~.

4 4
—8aw ) BI + Y (15 B —V — Eosc)Bifi05 =
j=1 j=1

G12
24: ose ~0h1 —ta by = )ﬂL 'py) = i(Eosc —t, 87 = V)oY o
=1 Bi+B;! = @l
4
Z(tb B;' —V — Eoc) B! [0 -8, ZﬂL o) =
Jj=1
4 .
> [(Eosc =1 B; — 1, 8" = V)B; — (Eosc — 1 B; = V)(B; + B;)|Bi¢x = 0.
j=1
. (B +B;")(ty B =V — Eosc)
(J) + J b PJ G _ —0.
JZZ;'B Z_: (Eosc — 1, Bj — 1, B;' +V) Pida
(G13)
4
Z [(EOBC - t:ﬂj - tzI_IB]'_] _ V)ﬂj_l _ (EOBC — ta_ﬂj_l _ V)(IB] + ﬂ]— )]:3 ¢(])
j=1
(BB B -V - EOBC o) L1 4
- + 7 —
,Zzl: (Eonc — 1 Bj —1, B;' +V) Zﬁ %A
4
Z [—t. — (Eosc — 1, 8, = V)B} NBie ) =
=1
4
> [(Eosc — 675 — 1 By +V)B; — (Eosc — 17 B + V) (B; + B7") 1B =
j=1
4 (G14)
>[4 — (Bosc — 17 ;" = V)Bi]BreY) =
j=1
4
Z [(Eosc — 1, B — t{ﬁjl + V)ﬂj*1 — (Eopc — t;ﬁjfl +V)(B; + B; )]ﬂ ¢(1>
j=1
4 .
> [—ta = (Eose = 178, = V) 1885 =0,
j=1
4 .
> [ty — (Eosc — 1 B, + VIB 180 = 0,
J:I (G15)

Y[t = (Eosc — 1,87 = V)B1B1 ¢ =

j=1

4
Z [~ — (Eosc —1, B;' +V) 8,187 oy =
=1
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Z[EOBC—W OB = VY =

j=I

4
Y [Eosc — (7 —1,)B; + Vg =

s (G16)
Y [Eosc + (7 — 1087 = V1B ¢y =0,

j=1

4

Y [Eosc + @t — ;)87 + V)BT ey =

j=1

Here, we have obtained the coupled equations in terms of only ¢>g) (j=1,2,3,4). For qbX) (j =1,2,3,4) to have nonzero
values, the determinant condition is

(a) (a) (a) (a)
X] X, X, X,

Y(a) Y(a) Y(a) Y(a)
X gLt Graril  y et yoraii| =0 (G17)

Bi X, By X3P X, By

Yl(b)ﬁ{‘+l Yz(h)ﬂéﬂrl Ys(b)IBSI:H Y4(b)/3£+1
with |B1] < |Ba2] < |B3] < |Bsl. Here, X and Y; (j =1, ..., 4) are defined as

X = Eopc—(tf —1;,)8; =V = Eopc—28.8; =V (j=1,....4), (G18)
Y@ = Eopc—(tf =1, )B; +V = Eopc =26, +V (j=1.....4), (G19)
X" = Eonc+(t; —1;)B; " =V = Eopc+28.8;' =V (j=1.....4), (G20)
Y” = Eopc+(t =1, )87 +V = Eopc+28,8; +V (j =1.....4). (Gz21)

Finally, we can obtain the boundary equation (35) from Eq. (G17) as
(223981 B + 2020 (B2B3) ]
—[ZZ5)(B1 B + 2421 (BB ]
HZHZG BB + 29288 ] = 0, G22)

where 8; (j =1, 2,3, 4) satisfy |B;| < |B2| < B3] < |B4l, anle.(,Cj) (i,j=1,2,3,4; c = a, b) are defined as

Zi(,Lj) — Xi(C)Y;L) _ Xj(C)Yi(C) (G23)
@ =1, Eose — V) — (¢ —17)(Eosc + V)I(Bi — B))s c=a (G24)
[t — 1, )(Eosc — V) — (¢ — 1, )(Eosc + VI(B7' = B7'), ¢=b
wherei, j =1,2,3,4,c=a,b.
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