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Reduction of one-dimensional non-Hermitian point-gap topology by interactions
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In spite of extensive works on non-Hermitian topology, interaction effects remain crucial questions. We
analyze correlated non-Hermitian systems with special emphasis on the one-dimensional point-gap topology.
Specifically, our analysis elucidates that interactions result in a reduction of the topological classification
Z x 7 — Z for systems of one synthetic dimension with charge U(1) symmetry and spin-parity symmetry.
Furthermore, we analyze an extended Hatano-Nelson chain which exhibits striking interaction effects; interac-
tions destroy the non-Hermitian skin effect at the noninteracting level. This fragility of the non-Hermitian skin
effect against interactions is consistent with the reduction of the point-gap topology in the one spatial dimension.
The above discoveries shed light on the topology of correlated systems and open up different directions for

research on non-Hermitian topological physics.
DOI: 10.1103/PhysRevB.106.205147

I. INTRODUCTION

Topological insulators and superconductors have been ex-
tensively analyzed for these 15 years [1-9]. In particular,
considerable efforts have been devoted to understanding in-
teraction effects on nontrivial topology, which has revealed
a variety of unique phenomena. For instance, interaction ef-
fects induce topological ordered phases [10-16] which host
anyons. In addition, it has turned out that interaction effects
change the Z classification of topological superconductors at
the mean-field level to the Zg classification [17]. Such a reduc-
tion phenomenon of possible topological phases for a given
symmetry class has been theoretically reported for arbitrary
spatial dimensions [18-32]. Furthermore, a theoretical work
[33] elucidated that the reduction can also occur in synthetic
dimensions which are considered to be fabricated in cold
atoms [34-37]. These developments reveal the ubiquity of the
reduction phenomena.

Along with the above significant progress, understand-
ing of the non-Hermitian band topology rapidly developed
in recent years [38-43]. Remarkably, it has been elucidated
that the point-gap topology induces novel phenomena which
do not have Hermitian counterparts [44-55]. A prime ex-
ample is the emergence of the exceptional points [56—60]
(and their symmetry-protected variants [61-69]) at which the
point-gap topology induces band touching for both the real
and imaginary parts. Another remarkable phenomenon is a
non-Hermitian skin effect which results in extreme sensitivity
to the presence or absence of boundaries [46,70-76]. So far,
the non-Hermitian topological band theory has been applied
to a wide range of systems from quantum [77-87] to classical
[88—102] systems.

While most studies have focused on the noninteracting
cases so far, interaction effects on non-Hermitian topology
are attracting growing interest [103—122] due to the potential
presence of novel non-Hermitian phenomena. Such interest
in interaction effects on non-Hermitian topology is further
enhanced by the recent development of technology in cold
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atoms which allows us to experimentally tune both dissipation
and two-body interactions [123,124]. Despite these efforts,
the current understanding of point-gap topology in correlated
systems is quite limited. In particular, knowledge about the
reduction of point-gap topology is limited only to the zero
dimension [125], which poses the following significant ques-
tion: fate of higher-dimensional point-gap topology under
interactions.

We herein address a primitive version of the above ques-
tion. Specifically, we analyze the fate of one-dimensional
point-gap topology in both cases of synthetic and spatial
dimensions. We start with the topology in one synthetic di-
mension. Our analysis reveals the reduction of Z x Z —
Z for systems with charge U(1) symmetry and spin-parity
symmetry. We end up with this conclusion by analyzing
a toy model, as well as by using an argument in terms
of topological invariants. Furthermore, we analyze an ex-
tended Hatano-Nelson chain in which such a reduction
results in a striking phenomenon: the fragility of a non-
Hermitian skin effect against interactions in one spatial
dimension.

The rest of this paper is organized as follows. In Sec. 11, we
discuss the reduction of the non-Hermitian topological classi-
fication in one synthetic dimension by introducing topological
invariants. In Sec. III, computing the obtained topological
invariants, we address the reduction of the topological clas-
sification in one spatial dimension. A brief summary and
discussion are provided in Sec. IV. In Appendix A, a de-
tailed analysis of a non-Hermitian quantum dot is provided.
Appendix B is devoted to a detailed analysis of the extended
Hatano-Nelson chain.

II. POINT-GAP TOPOLOGY IN ONE
SYNTHETIC DIMENSION

A. Topological invariants

First, we provide a generic argument in terms of topolog-
ical invariants. Consider a quantum dot whose many-body

©2022 American Physical Society
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Hamiltonian reads
H = Hy(0) + Hi, (D

with Hy(0) =Y o5 Wihap(0) Vg and W =
(Cat» Cays Cbys Cpy,...). The second term, H,, denotes
two-body interactions of fermions. Here, the one-body Hamil-
tonian &(6) is non-Hermitian and satisfies #(27) = h(0). The
synthetic dimension is parameterized by 6, which corresponds
to a tunable parameter in experiments [126,127] (e.g., a
hopping integral in cold atoms). The operator 6}0 (&) ) creates
(annihilates) a fermion in orbital [ (I =a,b,...) and spin
state o (o =1, |). The subscript « labels the set of [ and o.

Throughout this paper, we suppose that the Hamiltonian (1)
respects the charge U(1) symmetry and spin-parity symmetry.
Namely, the zero-dimensional Hamiltonian satisfies

[A,N]1=0, [HA,e57=0, 2)

with N =Y, Uid, and & =3, , (& e — ¢ é1,)/2.

Here, let us discuss the point-gap topology of the above
system. In terms of the one-body Hamiltonian, we can in-
troduce two distinct Z invariants due to the spin-parity
symmetry. Because the one-body Hamiltonian /(6 is periodic
in 6, we can introduce the winding number w:

2 d9
w = / A0 oyt In [h(0) — e 11, 3)
0 27Tl

with the reference energy €,y € C. The derivative with respect
to 6 is denoted by dy. Here, tr denotes the trace of a matrix
(e, tth=23", haa).

In addition, we can introduce the spin winding number wy:

2 g
wy = — ptr{s* In[A(0) — e 1]}, 4)
0 dmi

with (s%)ys = sgn(o)d.p. Here, dup takes a value of 1 (0) for
o = B (¢ # B), and sgn(o) takes a value of 1 (—1) for o =1
({). For the spin winding number the spin-parity symmetry is
essential; the one-body Hamiltonian satisfies [s°, 2(6)] = 0 in
the presence of the spin-parity symmetry [128].

The above results indicate that in the presence of the U(1)
symmetry and the spin-parity symmetry, the point-gap topol-
ogy of h(6) is characterized by two distinct Z invariants.

Now, let us discuss the point-gap topology of the many-
body Hamiltonian. In the presence of the spin-parity sym-
metry, the Hamiltonian A can be block diagonalized with N
and P := (—1)™ = ¢/i¥¢"5 Here, N; denotes the operator
of the total number of fermions in the up-spin state. There-
fore, for each Fock space, the following many-body winding
number Wy py can be introduced [129]:

2
do N
W, py(Erer) = / o 0o TrIn[Hpy py — Erec 1],  (5)
0 Tl

where N and P are eigenvalues of N and P, respectively. The
reference energy is denoted by Es € C. By ﬁ(N, p), we denote
the many-body Hamiltonian for the subsector with (N, P).
Here, Tr denotes the trace over the subsector of the Fock
space.

In the absence of interactions, eigenvalues of the many-
body Hamiltonian I-?(N, py for each Fock space are computed

o=T o=1
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FIG. 1. Spectral flow of the one-body Hamiltonian 4(6). Data for
the subsector with (a) 0 =% and (b) o =] are plotted. The color de-
notes the value of 6. The data are obtained for (A, €44, €4y, €p1, €5)) =
(1,0.2, 0.1, 0.35, —0.25).

from the eigenvalues of the one-body Hamiltonian /(6 ) whose
point-gap topology is characterized by w and w.

The above results indicate that the point-gap topology of
the one-body Hamiltonian /(6) is characterized by a set of two
Z invariants (w, ws), while the topology of the many-body
Hamiltonian H is characterized by the Z invariant Wy, p) for
each sector of the Fock space. As we see below, this fact
is consistent with the behavior that the nontrivial topology
characterized by (w, ws) = (0, 1) is trivialized by introducing
the interactions.

B. Two-orbital quantum dot: Noninteracting case

As a specific case of Eq. (1), let us consider a two-orbital
quantum dot (I = a, b) with a diagonal matrix h(0) [h,g(0) =
ha (8)84p] whose diagonal elements are written as

ha(0) = 7e"84 () + 2 84 0 1) + i€1600.1.0)-  (6)

Here, A and ¢, (I =a,b and o =1, ) are real numbers.
At the noninteracting level, couplings between orbitals are
absent. The one-body Hamiltonian of orbital a corresponds
to the small cycle limit of an extended Hatano-Nelson chain
under the twisted boundary condition [see Eq. (10)].

The topology of k() is characterized as (w, wg) = (0, 1)
for €.y = 0 and |e,,| < A (0 =%, |). To be concrete, we plot
a spectral flow of the one-body Hamiltonian in Fig. 1 for
(A, €4t €ay, €t €py) = (1,0.2, 0.1, 0.35, —0.25). Figure 1
indicates that as 6 increases from O to 27, an eigenvalue
winds around the origin in the clockwise (counterclockwise)
direction for subsector 0 =1 (¢ =|). The above numerical
data support that the topology of /(9) is characterized by as
(w, wg) = (0, 1).

Figure 2(a) displays a spectral flow of the many-body
Hamiltonian H, for the subsector with (N, P) = (2, 1) in the
Fock space. We can observe the loop structure of the spectral
flow due to the topology of the one-body Hamiltonian 4(0).
However, Fig. 2(a) indicates that 1-7(2,1) is topologically trivial
(i.e., Wo,1y = 0) for Es = 0 because one eigenvalue winds
around the origin in the clockwise direction and the other
eigenvalue winds around the origin in the opposite direction.
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FIG. 2. Spectral flow of the many-body Hamiltonian for the sub-
sector with (N, P) = (2, 1). (a) Spectral flow for / =V =0 and
A = 1. Data for the subsector with (N, $°) = (2, 1) [(2, —1)] are plot-
ted with open circles (solid triangles). (b) Spectral flow forV =J =
A =1.1In (a) and (b), we can see that the eigenvalues flow as denoted
by the arrows with 6 increasing from 0 to 2. (c) Spectral flow for
several values of V (J = V) at A = 1. With V increasing from 0 to 1,
the eigenvalues flow as denoted by the arrows. (d) Spectral flow for
several values of A for V = J = +/A. With A decreasing from 1 to 0,
the eigenvalues flow as denoted by the arrows. The data are obtained
for (ea1, €4y, €1, €py) = (0.2, —0.1, 0.35, —0.25).

C. Two-orbital quantum dot: Interacting case

Now, let us introduce the following two-body interaction:

Hp = %(SJS*,; +H.c)+ %(SJ.@; +Hc), (D)
with real numbers J and V. Here, H.c. denotes the Hermi-
tian conjugate of the corresponding operator [e.g., iJ (S’jS’ , T+
H.c)=1iJ (S‘jS‘b’ + 3‘;3‘;)]. The spin operator Sli is defined
as 8§ = 8y +£i8), with Sf(y) being the x (y) component of the
spin operator for orbital /. The above two-body interactions
respect charge U(1) symmetry and spin-parity symmetry;
applying the operator ¢ transforms the spin operators as
e"”szﬁlie‘i”sz = —S;*, meaning that the interactions respect
spin-parity symmetry.

For the sake of simplicity, we focus on the subsector with
(N, P) = (2,1). The results for subsector (N, P) = (2, —1)
are provided in Sec. A 1. Figure 2(b) displays the spectral
flow for V =J = 1. Remarkably, Fig. 2(b) indicates that
the interactions open an imaginary gap; interactions split the
loops which wind the origin at the noninteracting level [see
Fig. 2(a)].

This fact indicates that interactions [Eq. (7)] allow a
smooth deformation of the spectral flow for A = 1 to that for
X = 0 without closing the point gap at E..s = 0, the latter of
which is obviously trivial. Indeed, the following deformation
smoothly connects the Hamiltonian H(®) for » = 1 and that

for A = 0: (i) Increasing V from O to l forA=1andJ =V
[see Fig. 2(c)]; (ii) decreasing A from 1 to O forJ =V = N
[see Fig. 2(d)]. This deformation demonstrates that the many-
body Hamiltonian 1-7(27 1y(9) is topologically trivial.

We note that the difference in the symmetry constraint
of the spin-parity symmetry is essential for the imaginary
gap at ImE = 0 in Fig. 2(b). As discussed above, the sym-
metry constraint (2), which results in [s*, h(0)] = 0, forbids
hybridization terms between two distinct subsectors with
(N, §%). In contrast, the symmetry constraint allows such hy-
bridization terms for two-body interactions H... Therefore,
the two-body interactions can destroy the loop structure aris-
ing from the nontrivial topology of the one-body Hamiltonian
[see Figs. 2(a) and 2(b)].

For instance, in the subsector with (N, P) = (2, 1), the
Hamiltonian is written as

f. o _ (A" i€t +ien 5
@n = % re " +ie, +iep )

Here, we have chosen the following basis vectors spanning
the subsector of the Fock space: (éZTéM|O), 6Z¢€‘Z¢|O>). The
vacuum state is denoted by |0) (i.e., ¢;»|0) = O for arbitrary /
and o).

Diagonalizing the above Hamiltonian, we obtain

Vv 2
Ei=Acos@+i80ii\/(sin9+53)2+<E>, ®)

with 2§y = €atr + €pp + €4 T €py and 265 = €at + €pp —
€4y — €p)- Equation (8) elucidates that spin-parity symmetry
allows the hybridization term between states with (N, $°) =
(2,1) and (N, S%) = (2, —1), which opens the line gap
Im[E,(0) — E_(0)] > 0 [see Fig. 2(b)]. In contrast, spin-
parity symmetry forbids such hybridization terms for the
quadratic Hamiltonian H.

The above numerical results support the many-body
Hamiltonian I-?Q,])(Q) being topologically trivial despite the
loop structure due to the topology of the one-body Hamil-
tonian with (w, ws) = (0,1). We can also confirm the
robustness of the topology characterized by finite values of
W1y [130] (see also Sec. A 2).

Putting the argument in terms of the topological invariants
and the above results of the toy model together, we end up
with the reduction of the point-gap topology Z x Z — Z.

III. POINT-GAP TOPOLOGY IN ONE SPATIAL
DIMENSION AND FRAGILITY
OF A NON-HERMITIAN SKIN EFFECT

By analyzing an extended Hatano-Nelson chain [see
Fig. 3(a)], we elucidate that interactions reduce the point-
gap topology in one spatial dimension, as is the case of one
synthetic dimension. Remarkably, this reduction phenomenon
results in the fragility of a non-Hermitian skin effect against
interactions. As in the case of one synthetic dimension, essen-
tial ingredients are spin-parity symmetry and two-body terms
flipping spins.
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FIG. 3. (a) Sketch of the extended Hatano-Nelson chain. Spectral
flows for (b)J =V = 0and (d) J =V = 1. Red dots denote the data
obtained under the open boundary condition. Expectation values of
fljso for (c) J =V =0 and (e) J =V =1 under the open bound-
ary condition. In (c) and (e), (ijae) = r{(DPnlfijas |Pn)r is plotted
against j, and (N3) = g{(®,|N,3|®,)r. Here, |®,)r (1 =0,1,...)
denote the right eigenstates of H.n. Red (blue) lines denote the data
for 0 =1 (0 =). These data are obtained for subsector (N, P) =
(3, —1) and parameter set (L, ?) = (7, 1).

Let us consider an extended Hatano-Nelson chain [see
Fig. 3(a)] whose Hamiltonian reads

Heun(0) = Ho(0) + Hin, (%a)
Ho(0) =) Wl hap(k, 0)Wsg, (9b)
k
o= > [JGS, +He)+ V@SS, +He)).
j=0,L—1
(90)
with a diagonal matrix h(k,0) [hep(k,0) = hy(k, 0)dup,
kL/2m =0,1,...,L — 1], whose diagonal elements are

ho(k, 0) = 184 a1y ) + 184, 4 e " CTE L (10)

Here, we have imposed the twisted boundary condition in
order to compute the winding numbers (for more details, see
Sec. B 1). The operator Wy, is the Fourier transformed anni-

(Cjat» Cjays Cjbrs €jpy ). The two-body term H., describes the
interaction between fermions in orbital ¢ and localized
fermions in orbital b. This model also preserves charge U(1)
and spin-parity symmetry, meaning that {-LHN (6) can be block
diagonalized with N and P = (—1)M+M1 where N;, and N
are defined as N, = Zj éjzaéﬂv and N = Yo Ny, respec-

tively. The Hamiltonian H.pn(6) also commutes with 7 b=

FIG. 4. Expectation values of i, for subsector (N,P)=
(9, —1) and parameter set (L,7) = (7, 1). In (a) and (b), data for
J=V =0 and J =V =1 are plotted, respectively. These fig-
ures are plotted in the same way as Figs. 3(c) and 3(e).

ZU 6;baéj;,g for j =0, L—1, and thus, we suppose that
orbital b is occupied at both edges (j = 0, L — 1) by focusing
on the corresponding Fock space.

Now, we demonstrate that for N, = 1 (i.e., N = 3), a non-
Hermitian skin effect observed at the noninteracting level is
fragile against the two-body interactions due to trivial topol-
ogy of the many-body Hamiltonian. Let us start with the
noninteracting level. Under the twisted boundary condition,
the spectral flow shows a loop structure [see Fig. 3(b)] due to
the point-gap topology of the one-body Hamiltonian i(8) :=
P, h(k,0) characterized by (w, ws) = (0,1) for e, =0.
This nontrivial topology of % induces the non-Hermitian skin
effect at the noninteracting level. In the presence of the bound-
aries, all of the eigenvalues E, (n = 0, 1, ...) become zero, in
contrast to the eigenvalues in the absence of the boundaries
[see Fig. 3(b)]. In addition, a fermion in the up- (down-) spin
state is localized around the right (left) edge under the open
boundary condition [see Fig. 3(c)].

However, interactions destroy the above non-Hermitian
skin effect due to the trivial topology of the many-body
Hamiltonian W3 _;y = 0 for Ery = 0 (for computation of the
many-body winding number, see Fig. 6). Because of the trivial
topology, we can observe that interactions destroy the loop
structure of the spectral flow and open a line gap for J =
V =1 [see Fig. 3(d)], which is also confirmed by analysis
based on the perturbation theory (see Sec. B 2). This result
verifies the reduction of the point-gap topology Z x Z — Z
for the subsector with (N, P) = (3, —1). Correspondingly, the
interactions destroy the extreme sensitivity of the spectrum
to the presence or absence of boundaries [see Fig. 3(d)].
Furthermore, in the presence of interactions, fermions extend
to the bulk even under the open boundary condition [see
Fig. 3(e)]. This result is also intuitively understood as follows:
While the one-body term Hy(#) localizes the fermions in
orbital a and the up- (down-) spin state around the right (left)
edge, the two-body interactions Hiy flip their spins at edges,
which suppresses the effects of boundaries. The above results
indicate that the non-Hermitian skin effect observed at the
noninteracting level is fragile against two-body interactions
[131]. Our numerical calculations indicate that such fragility
of the non-Hermitian skin effect is also observed for the case
of many fermions in orbital a (see Fig. 4). More detailed data
are provided in Sec. B 3.

IV. SUMMARY AND DISCUSSION

We have analyzed interaction effects on the one-
dimensional point-gap topology in both cases of synthetic
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FIG. 5. Spectral flow of the many-body Hamiltonian for the sub-
sector with (N, P) = (2, —1). (a)—(d) are plotted in the same way
as Figs. 2(a)-2(d). (e) is a magnified version of the range —0.12 <
ImE < 0.12 in (d).

and spatial dimensions. Our analysis has elucidated that the
reduction Z x Z — Z occurs for systems of one synthetic
dimension with charge U(1l) symmetry and spin-parity
symmetry. This conclusion was obtained with the argument
of topological invariants as well as by explicit analysis of the
toy model. Furthermore, we have also analyzed the extended
Hatano-Nelson chain, which exhibits striking interaction
effects: Interactions reduce the point-gap topology and
destroy the non-Hermitian skin effect at the noninteracting
level.

We stress that the spin-parity symmetry plays an essential
role, which leads to qualitative differences with results of
previous works [118,119]. Instead of Eq. (9c), one can
introduce Hubbard-type interactions preserving spin U(1)
symmetry. This type of interactions does not flip the spins
and thus would not destroy the non-Hermitian skin effect
as discussed in Refs. [118,119]. Analysis of other types
of interactions is left as future work to be addressed. We
also note several open questions. Our results indicate that
interactions result in the same reduction phenomenon for both
cases of synthetic and spatial dimensions whose generality for
other symmetry classes remains an open question. In addition,
establishing strict one-to-one correspondence between the
many-body winding number and skin effect also remains a
crucial open question.

The above discoveries shed light on non-Hermitian corre-
lated systems and open up different directions for research on
non-Hermitian topological physics. For instance, the above re-
sults imply the possibility of similar reduction phenomena for
other cases of symmetry and dimensions. As well as the above
theoretical open question, experimental observation of the
reduction is also a significant issue that needs to be addressed.
We believe that cold atoms could be promising candidates
where interactions and non-Hermiticity can be tuned in
experiments.

a) 1 b) 1
(@) o1 ® =
2 Eref=0 & Eref=0
W 0 w0
< [+
1 -1
0 1 2 0 1 2
o/n o/n
©1 5 " PBC @15 PBC
OBC = OBC =
e &
s A
0 0 ﬁ

0 3 6 0 3 6
j j
1 1
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FIG. 6. Data for (L, t) = (7, 1) and subsector (N, P) = (3, —1).
(a) and (b) The twist angle 6 dependence of arg[]_[n(En — Er)] for
E.t = 0. Expectation values (ij,5) = r(®Ps|jas |P,)r With (c) and
(d) 0 =% and (e) and (f) o =|. Here, |®,)r (n =0, 1,...) denote
right eigenstates of H.un. Data obtained under the open boundary
condition (the periodic boundary condition) are shown with colored
(gray) symbols. (a), (c), and (e) [(b), (d), and (f)] display data for
J=V=0J=V=1).
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APPENDIX A: DETAILS OF A TWO-ORBITAL MODEL
1. Analysis for the subsector with (V, P) = (2, —1)

In the main text, we saw that interactions open a line
gap for the subsector with (N, P) = (2, 1), which is consis-
tent with the trivial topology W, 1y = 0 for Eref = 0. In this
section, we show that a similar behavior is observed for the
subsector with (N, P) = (2, —1).

Despite the nontrivial topology of the one-body Hamilto-
nian, the many-body winding number takes a value of zero
(Wia,—1y = 0) for Eer = 0, as shown in Fig. 5(a). Correspond-
ingly, the spectrum of the many-body Hamiltonian I?(z,,l) can
smoothly shrink to the points [see Figs. 5(b)-5(d)].

In this subsector, the interaction J is essential for the de-
struction of the loop structure observed in Fig. 5(a), which can
be seen as follows. In the subsector with (N, P) = (2, —1), the
Hamiltonian is written as

ﬁ(z,fl) = 1‘70(2,71) + ﬁim(z,q), (Ala)
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I‘?O(Q’,]) = di.‘%lg()»ei(9 + i€a¢ + ieb@ re™ + i6a¢ + i€b¢

X 2A cos O + iegp + i€y, i€pr +i€p)), (Alb)
0O 1 0 O
N iJ{1 0 0 O
Hino, -1y = >lo 0o o o (Alc)
0 0 0 O

with diag(---) denoting a diagonal matrix. Here, we have
chosen the following basis vectors spanning the subsector of
the Fock space:

@h.e},10), ¢ 2,10y, &1.el 10), ¢5.¢7,10)).  (A2)
Diagonalizing the Hamiltonian, we obtain
J 2
Ey = Acosf + i) % iy (sin0 + 8,2 + (5) . (A3)
E' =2Xcos0 + i€q + i€y, (A4)
E' = i€py + i€py, (AS)

with 28) =€ap + €5, + €4, +€py and 28, = €4y + €5 —
(€qy + €p1). The above results elucidate that the spin-parity
symmetry allows the two-body interaction which splits the
loop structure observed in Fig. 5(a).

2. Robustness of the topology characterized by W, 1) = 2

Let us analyze a toy model in order to demonstrate
the robustness of the topology characterized by W, 1) = 2.
Specifically, we consider H specified by

ho(0) = 7€ 8y tat) + Sutal)) + i€108u.i.0)  (AG)

and the interaction term [Eq. (7)]. Then, we have

0 . . i
Hon = e lf‘(/lT ot 0l ;
' 5 re” +ieq + i€

for the subsector with (N, P) = (2, 1) [see also arguments
above Eq. (8)]. Diagonalizing the above Hamiltonian, we
obtain

4 V2

Ey = he® +i8o i [ (83)° + (5) , (A7)
where §p and 83 are defined just below Eq. (8). This result
demonstrates that the topology characterized by W21y =2
is robust against interactions. Let us choose the parameters
as 8o = 63 = 0. In this case, Egs. (5) and (A7) indicate that
the topology is characterized by W(,, 1) = 2 for Eref = 0 in the
absence of the interactions. Equation (A7) also indicates that
this nontrivial topology is maintained for finite values of V.

APPENDIX B: DETAILS OF THE EXTENDED
HATANO-NELSON CHAIN

1. Hamiltonian under the twisted boundary condition

We provide the explicit form of the extended Hatano-
Nelson chain under the twisted boundary condition. The

2 J0 E,=03i
(b) g S S B
Con A
R\
& RS ANn
1= 0 | | ‘ [
; © Fl ‘ |
§ Vol
: 0 0 1 2
2 1 0 1 2 o/n o/n
Re E
c)1 d)1
( ) PBC ( ) PBC
OBC - OBC -
|0 ~ J=0
S £
0 0
0 3 6 0 3 6
J J

FIG. 7. Numerical data for / =V = 0 and subsector (N, P) =
(4, 1). (a) Spectral flow of the many-body Hamiltonian. (b) The twist
angle 6 dependence of arg[]_[n(E,, — E,r)] for E.; = 0.3i. Expecta-
tion values (f1j45) = r(Pp|fjao |P,)r With (c) and (d) o =1 and (e)
and (f) o =|. Here, |®,)r (n =0, 1, ...) denote right eigenstates of
H.un (0 = 0). Data obtained under the open boundary condition (the
periodic boundary condition) are shown with colored (gray) symbols.
These data are obtained for parameter set (L,7) = (7, 1).

Hamiltonian reads

Hen = Ho(0) + Hi, (Bla)

L-2
A 0 AT A R A
Hy(0) = t|:el C(‘)aTCLflaT + : :C.]]L'-‘rlaTCjaT]
Jj=0

L—1
+f[€i952_1u¢@0a¢ + Z 5_;—1“51@}’ (B1b)
j=1

A J oai ol Al a
Hin (0) = Z I:E(S}tzsjb + 8553
j=0.L—1

+iV (358 + SjaSjb):|. (Blc)
Under a gauge transformation &;,, — €™ tie jac» the one-
body term is written as

L—-1
Ay©) =) [te "/ el | ljar +1e e Ejayl. (B2)
j=0

with ] . == ¢jand el =0] .

Applying the Fourier transformation to the above Hamil-
tonian yields Eq. (10). We note that under the open boundary
condition, hopping terms between sites j =0 and j =L — 1
[i.e., the first and third terms of Eq. (B1b)] become zero.

In the presence of charge U(1) symmetry and spin-parity
symmetry, the one-body Hamiltonian is characterized by w
and wg [Eqgs. (3) and (4)] with h(0) := @yh(k, 8). The topol-
ogy of the many-body Hamiltonian for a given subsector with
(N, P) is characterized by the many-body winding number
[Eq (5)] with H(N’p) = HeHN(N,P)~ HCI'C, HeHN(N,P) denotes
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J=1 E,=03i
(b) 1 — =
£
g
<
()1
s‘l
J )

FIG. 8. Numerical data for / =V =1 and subsector (N, P) =
(4, 1). These figures are plotted in the same way as Figs. 7(a)-7(d).

the many-body Hamiltonian of the extended Hatano-Nelson
model for the given subsector with (N, P).

2. Analysis based on the perturbation theory

Based on the perturbation theory, we confirm that interac-
tions open a line gap as shown in Fig. 3(d). As mentioned in
the main text, we suppose that orbital b is occupied at both
edges (j =0, L —1).

Suppose that interactions are sufficiently weak. In the sub-
sector with (N, P) = (3, —1), the noninteracting Hamiltonian
Hy(9) is written as

dr 00 0
N .1 0 et 0 0
Hya,—1) =tw 0 0 it o | (B3)
0 0 0 et
with @ = eT and the basis
(In ), n s dd), In ds ), In s 31D (B4)

for given n (n=0,1,2,...,L —1). Here, |no;0'0") is
defined as |na;a_’a”) = 3magbg,e;1ba,,|o>, with dA”T =
Zj 6jaTRjn and cf’nl = Zj Ej L* . Matrices R and L'
(Rjy := ﬁw‘"j and L = ﬁw”f ) diagonalize the matrix &

(hij =168i j+1),

L'hR = t diag(1, w, 0?, ..., o' 1), (B5)

which corresponds to the kinetic term of fermions in orbital a
and the up-spin state for & = 0 [see Eq. (B1b) and Fig. 3(a)].
Here diag(- - - ) describes a diagonal matrix. Introducing the
operators d,; := > jar(LY),; and d,y = > jay (RT ).
we have anticommutation relations

{dAna’ dAma’} = 8nm8zrd’ (B6)

for nnm=0,1,2,...,L—1 and 0,0’ =1, which can
be seen by noting the relations »_ j L,'Ljij = 8,n and

@) (b) 01 [~

Im E
=

-5

(©)5 (d) o1
w w
. E
-5
I (e)J=0 E.=0.04
S S
B0 Y
< <
-1 L -1 ﬂ L
0 1 2 0 1 2
o/m o/n

FIG. 9. Data for (L, t) = (7, 1) and subsector (N, P) = (9, —1).
[(c) and (d)]: Spectral flow for (a) and (b) / =V =0 and (c) and
(d) J =V =1. (b) and (d) are magnified versions of the ranges
—0.1 < ImE < 0.1 and —0.1 < ReE < 0.1 in (a) and (c), respec-
tively. The twist angle 6 dependence of arg[[ |, (E, — Erer)] for Eres =
—0.04and (e) J =V =0and () J =V = 1.

{Citors 6;,,0,} = 8;;811850'. We note that (dyo)" = d,y holds due

to the relation R}, = le ;-
Now, let us compute energy eigenvalues at the first order
of the interactions. First, we note the following relations:

ja~im%ial

oF : oFpx af At At
Stim Yoo’y =Y St el &b el 1,100
i

% oAt At At
= L},C 04 Copo Cr—15010)

— Ty G oAt oAt
- Zij(L )”J‘dnTCOb(TCL—lba’|0>
n

1 , )
= Zw<"+m)f|n roo'), (B7)

n
o— . no__ o— AT AT AT
Sja|m T’UU ) - ZSjaRimCiaj*COhoCL—lha’lO)
i
_ p.aT At At
= Rjm€}, Copy €1 14010

= Z Rjm (RT )”jdA’ll@gba 5271170/ 0)
n

1 .
=7 Za)—("+m)f|n lio0'). (B8)

205147-7



TSUNEYA YOSHIDA AND YASUHIRO HATSUGAI

PHYSICAL REVIEW B 106, 205147 (2022)

(a) 5 J=0 ljBC - OBC =~ (b) 5 J=1

PBC - OBC -

FIG. 10. (a) and (b) Spectrum of the many-body Hamiltonian
for J=V =0 and J =V =1, respectively. Blue (red) symbols
denote data obtained under the periodic (open) boundary condition.
(c) and (d) Expectation values (714, ) = g (®Pn|1jqy |P,)r against j and
(Nat) = r{(®y|Nyp |®,)g forJ =V = 0andJ = V = 1, respectively.
These data are obtained for (L, ¢) = (7, 1) and subsector (N, P) =
9, -1).

- P A
Here, we have used the rela_tlons Yo RinLy; = 8ijy €y =
5 AT T
Zn Lnid"T’ and ciaL - Zn Rnidni' . . . .
Thus, at the first order, the Hamiltonian is written as
Henung, 1y = Hos, 1y + Hin, 1y With Hys 1y in Eq. (B3) and

ij»

X vio o o o
Hinl(3,71):z o 0 0 0
1 0 0 0
0 0 0 0
irfo 0 1 w2
TZlo 1 o o (B9)
0 o 0 0

for the basis defined in Eq. (B4).
The eigenvalues of Heyn(s, 1) are written as

E to" 0 + /C2 —sin® 0 (B10a)
= CoOS | — — Sin — a
p =IO L P L))
. 0 . .. (0
En+ =tw"| cos I + [Ci — sin 7

(B10b)
with
1
e — R V4 4+ J4 — 2V2J2Re[w™]],
> = Gl )+ VVE+ e[w*]]
(B10c)
1
C? = V2 —J%) — V44 J* — 2V2]2Re[w?]].
n = Gyl )= VVi+ e[w*]]

(B10d)

As well as by directly diagonalizing the matrix, the eigen-
values are obtained by taking the square of the matrices (see
below). These results indicate that interactions lift the fourfold
degeneracy observed for & = 0. Specifically, the imaginary
parts of C;, and C, lift the degeneracy. To see this, first, let us
suppose that the imaginary parts are zero (ImC, = ImC,,, =0).
Then, Eq. (B10a) indicates that exceptional points emerge at
certain 6 [i.e., Cg > 0 holds, and le — sin>(#/L) = 0 can be
satisfied]. On the other hand, the finite imaginary parts lift the
degeneracy at 6 = 0 without inducing exceptional points [i.e.,
C; —sin*(0/L) # 0 for 0 < 6 < 27].

Equations (B10c) and (B10d) indicate that the imaginary
parts of C;, and C, can be finite for a proper choice of n, J, and
V. Therefore, the above result for the first-order perturbation
theory indicates that interactions open a line gap.

We show that eigenvalues (B10) can be obtained by
taking the squares of the matrices. Consider the following
matrix:

H = (xo0T0 + Yoo T3 + ao 11y + bor Ty + copty

+dost + foot + go3T2), (B11)

with complex numbers x, y, a, b, ¢, d, f, and g. Here,
oo and 19 denote the 2 x 2 identity matrix. Pauli matri-
ces are denoted by oy and 7, (s =1, 2,3). Matrices 0,1,
(u,v=0,1,2,3)denote 4 x 4 matrices. For instance, o] 1; is
written as

0 0 0 —i
0 0 —i O
o117y = 0 i 0 0 (B 1 2)
i 0 0 O
For the parameter set
x 2Ltw" cos %
y 2iLt®" sin %
a V+i
1 -V +iJ
= ) (B13)

(V 4 iJ)Re(w™)
d (V — iJ)Re(w™)
f (V + i))Im(w®)
g (V — iJ)Im(w™)

H is reduced to the matrix Hene,—1)-
Taking the square of this matrix yields

(H —x0000)’ =’ + @ + 0P+ +d* + 2+ &)
= —2abost; + 2(cd + fg)osty + 2aco 1y + 2agor T3
+ 2bd0‘1 3+ 2bf0’2‘[0. (B14)
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Thus, we have

[(H —x0010)> — O* +a> + V> + P+ d*> + 2 + &)*P?

= [{—2abost; + 2(cd + fg)o310} + (Lacoito 4 2bdo13) + (2agorts + 2bf021’0)]2
= {—2abost3 4+ 2(cd + fg)o3 ‘(()}2 + Qacoty + 2bdo 13 )2 (2agorts + 2bf<72r0)2
= 4{(ab)’ + (cd + fg)* + (ac)* + (bd)* + (ag)* + (bf)*} — 8ab(cd + fg)oots + Sachdoyts + 8aghfoyts

= 4{(ab)* + (cd + fg)* + (ac)* + (bd)* + (ag)* + (bf)*}.

Therefore, the eigenvalues are written as

with

Cl=d+ D0+ +d + f* + & +2/(ab)* + (cd + fg)* + (ac)* + (bd ) + (ag)* + (bf .

(B15)
El, =x% [y +C2, (B16)
E.. =x+.,/y>+C2, (B17)
(B18)
(B19)

Cl=a+b+ P +d*+ f2+ & —2/(ab? + (cd + ) + (ac)? + (bd)* + (ag)> + (bf 2.
Thus, choosing the parameters in Eq. (B13), we obtain Eq. (B10).

3. Numerical results

In the main text, we briefly discussed the extended Hatano-
Nelson chain. Here, let us numerically analyze this system
in detail. First, we focus on the subsector with (N, P) =
(3, —1) (see Fig. 6). Although the topology of the one-body
Hamiltonian is nontrivial [i.e., (w, ws) = (0, 1) for €. =
0], the many-body Hamiltonian is topologically trivial (i.e.,
Wa,—1) = 0 for Eef = 0), as shown in Figs. 6(a) and 6(b). This
fact results in the fragility of the non-Hermitian skin effect
against interactions. Namely, although the fermion with the
up- (down-) spin state is localized at the right (left) edge due to
the non-Hermitian skin effect in the noninteracting case [see
Figs. 6(c) and 6(e)], such a localization cannot be observed in
the presence of the interactions [see Figs. 6(d) and 6(f)]. Cor-
respondingly, the extreme sensitivity of the energy spectrum
to the boundary condition is not observed for J =V =1 [see
Figs. 3(b) and 3(d)].

This fragility of the non-Hermitian skin effect is intu-
itively understood as follows: the interactions flip the spin

(

of fermions in orbital a, which suppresses the effects of the
boundaries.

Now, let us focus on the subsector with (N, P) = (4, 1)
(see Figs. 7 and 8). Figures 7(a) and 7(b) indicate the topology
of the many-body Hamiltonian is trivial. However, due to
the topology of the one-body Hamiltonian, we can observe
the extreme sensitivity of the spectrum and expectation val-
ues (fijqs) to the presence or absence of the boundaries [see
Figs. 7(c) and 7(d)]. As is the case for (N, P) = (3, —1), such
extreme sensitivity is fragile against interactions (see Fig. 8).

Finally, we discuss the case for (N, P) = (9, —1), where
orbital a is half filled. Figure 9 indicates that the many-
body Hamiltonian is topologically trivial, which results
in the fragility of the non-Hermitian skin effect at the
noninteracting level as discussed above. Namely, while
the topology of the one-body Hamiltonian induces the
extreme sensitivity of the energy spectrum and the ex-
pectation values (7,,) to the boundary conditions, such
extreme sensitivity is not observed in the interacting case
(see Fig. 10).
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