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In spite of extensive works on the non-Hermitian topology, interaction effects remain crucial
questions. We hereby analyze correlated non-Hermitian systems with special emphasis on the one-
dimensional point-gap topology. Specifically, our analysis elucidates that interactions result in
reduction of the topological classification Z x Z — 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; interactions destroy the non-Hermitian skin
effect at the non-interacting 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 new light on the topology of correlated systems and open up new directions of

researches on non-Hermitian topological physics.

I. INTRODUCTION

Topological insulators and superconductors have been
extensively analyzed in these 15 years'™. In particular,
considerable efforts have been devoted to understanding
interaction effects on the non-trivial topology, which has
revealed a variety of unique phenomena. For instance,
interaction effects induce topological ordered phases'® 16
which host anyons. In addition, it has turned out
that interaction effects change Z-classification of topo-
logical superconductors at the mean-field level to Zg-
classification'”. Such a reduction phenomenon of pos-
sible topological phases for a given symmetry class has
been theoretically reported for arbitrary spatial dimen-
sions'®32.  Furthermore, a theoretical work33 has elu-
cidated that the reduction can also occur in synthetic
dimensions which are considered to be fabricated in cold
atoms3*37. These developments reveal the ubiquity of
the reduction phenomena.

Along with the above significant progress, understand-
ing of the non-Hermitian band topology has been rapidly
developed in these years®®#3. Remarkably, it has been
elucidated that the point-gap topology induces novel phe-
nomena which do not have Hermitian counterparts4-2°.
A prime example is the emergence of the exceptional
points®6%0 (and their symmetry-protected variants®!6)
on which the point-gap topology induces band touch-
ing for both the real and the imaginary parts. An-
other remarkable phenomenon is a non-Hermitian skin
effect which results in extreme sensitivity to the pres-
ence/absence of boundaries?®70 76 So far, the non-
Hermitian topological band theory has been applied to
a wide range of systems from quantum’ ®® to classical
systemsgg)’103 .

While most of the studies have focused on the non-
interacting cases so far, interaction effects on the non-
Hermitian topology attract growing interests'%4123 due
to the potential presence of novel non-Hermitian phe-
nomena. Such interest of interaction effects on the non-
Hermitian topology is further enhanced by recent devel-
opment of technology in cold atoms which allows us to
experimentally tune both dissipation and two-body inter-

actions'?*12%  Despite these efforts, current understand-
ing of the point-gap topology in correlated systems is
quite limited. In particular, the knowledge about the re-
duction of the point-gap topology is limited only to zero
dimension'?%, which poses the following significant ques-
tion: fate of the higher dimensional point-gap topology
under interactions.

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

The rest of this paper is organized as follows. In
Sec. II, we discuss the reduction of non-Hermitian topo-
logical classification in one synthetic dimension by intro-
ducing topological invariants. In Sec. III, computing the
obtained topological invariants, we address the reduction
of topological classification in one spatial dimension. A
brief summary and discussions are provided in Sec. IV. In
Appendix A, detailed analysis of a non-Hermitian quan-
tum dot is provided. Appendix B is devoted to detailed
analysis of the extended Hatano-Nelson chain.

II. POINT-GAP TOPOLOGY IN ONE
SYNTHETIC DIMENSION

A. Topological invariants

Firstly, we provide a generic argument in terms of topo-
logical invariants. Consider a quantum dot whose many-
body Hamiltonian reads

ﬁ:ﬁo(g)"‘ﬁint; (1)



with Ho(0) = Y ,5¥lhap(0)¥s, and W7 =
(€ats €als Cot, Cpy, - - ). The second term H;py denotes two-
body interactions of fermions. Here, one-body Hamil-
tonian h(6) is non-Hermitian and satisfies h(27) = h(0).
The synthetic dimension is parameterized by 6 which cor-
responds to a tunable parameter in experiments!'?7:128
(e.g., a hopping integral in cold atoms). The opera-
tor & (&) creates (annihilates) a fermion in orbital
(I=a,b,...) and spin state o (¢ =7,]). The subscript «
labels the set of [ and o.

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

[H,N]=0, [H,e™] =0, (2)

with N = Y Ul ¥, and 57 = ¥, (¢hay —
&l éu)/2

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

_ / T e log [1(6) — ol 3)
w = 0 i plr 10g Erefdl],

with the reference energy e, € C. The derivative with
respect to 0 is denoted by Jy. The symbol “tr” denotes
the trace of a matrix (i.e., trh =" haa)-

In addition, we can introduce spin winding number wg

T

ws = /O W?@gtr [s*1og (Rh(0) — €rer1)], (4)

with (s*)ap = sgn(o)das. Here, 044 takes 1 (0) for a = 3
(a # ), and sgn(o) takes 1 (—1) for o =1 (}). For the
spin winding number the spin-parity symmetry is essen-
tial; the one-body Hamiltonian satisfies [s%, h(6)] = 0 in
the presence of the spin-parity symmetry!2°.

The above results indicates that in the presence of the
U(1) symmetry and the spin-parity symmetry, the point-
gap topology 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
symmetry, the Hamiltonian H can be block-diagonalized
with N and P := (—1)M = ¢5Ne™5" . Here, Ny de-
notes the operator of total number of fermions in the
up-spin state. Therefore, for each Fock space, the fol-
lowing many-body winding number Wy p) can be intro-
duced®30;

2
do .
Win,p)(Eret) = /0 %&;Tr log[H(n,p)y — Eret1], (5)

where N and P are eigenvalues of N and }5, respectively.
The reference energy is denoted by Eyer € C. By Hiy p),

we denote the many-body Hamiltonian for the subsector
with (IV, P). The symbol “Tr” denotes the trace over the
subsector of the Fock space.

In the absence of interactions, eigenvalues of the many-
body Hamiltonian H(y, py for each Fock space is com-
puted from the eigenvalues of the one-body Hamiltonian
h(6) whose point-gap topology is characterized by w and
Ws.

The above results indicate that the point-gap topology
of the one-body Hamiltonian h(f) 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 py for each sector of the Fock space. As
we see below, this fact is consistent with the behavior
that the non-trivial topology characterized by (w,ws) =
(0,1) is trivialized by introducing the interactions.

B. Two orbital quantum dot: non-interacting 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) [hap(8) = ha(0)dap] whose diagonal elements are
written as

ha(0) = X8, (a1) + A 00 (a.1) + €100 (1,0)- (6)

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

The topology of h(f) is characterized as (w,ws) =
(0,1) for ;0 = 0 and |e45] < A (6 =1,1). To be concrete,

o=1 o=
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FIG. 1. Spectral flow of the one-body Hamiltonian k(). Data
for the subsector with o =1 [0 =] are plotted in panel (a)
[(b)]. The color denotes the value of §. The data are obtained
for (X, €at, €al, €bt, €by) = (1,0.2,—0.1,0.35, —0.25).

we plot a spectral flow of the one-body Hamiltonian in
Fig. 1 for ()\, €ats €als €bT €b¢) = (1, 0.2, 70.1, 035, 7025)
This figure indicate that increasing 6 from 0 to 2w,
an eigenvalue winds around the origin in the clockwise
(counter-clockwise) direction for the subsector o =%
(o0 =J). The above numerical data support that the
topology of h(6) is characterized as (w,ws) = (0,1).



Figure 2(a) displays a spectral flow of the many-body
Hamiltonian Hy for the subsector with (N,P)=(2,1) of
the Fock space. We can observe the loop structure of the
spectral flow due to the topology of the one-body Hamil-
tonian h(#). However, this figure indicates that H (s ;) is
topologically trivial [i.e., W 1) = 0] for Eycf = 0 because
an eigenvalue winds around the origin in the clockwise di-
rection, and the other eigenvalue winds around the origin
in the opposite direction.

C. Two orbital quantum dot: interacting case

Now, let us introduce the following two-body interac-
tion

. iJ . AT
o = %(s;s; Fhe) + %(5;5; the), (7)

with real numbers J and V. Here, “h.c.” denotes the
Hermitian conjugate of the corresponding operator [e.g.,
iJ(SFS, +h.c.) =iJ(SFS, +8;5,)]. The spin opera-
tor Sit is defined as S = S +iSY with Sf(y) being the
2- (y-) component of the spin operator for orbital {. The
above two-body interactions respect charge U(1) sym-
metry and spin-parity symmetry; applying the operator

- &z . : z A i Qz
e'™5" transforms the spin operators as '™ Slie w5t —

—S'Zi, meaning that the interactions respect spin-parity
symmetry.

For the sake of simplicity, we focus on the subsec-
tor with (N, P) = (2,1). The results for the subsector
(N,P) = (2,—1) are provided in Appendix A1l. Fig-
ure 2(b) displays the spectral flow for V"= J = 1. Re-
markably, this figure indicate that the interactions open
a imaginary gap; interactions split the loops which wind
the origin at the non-interacting 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 A = 0 without closing the point-gap at E,.f = 0 the
latter of which is obviously trivial. Indeed, the following
deformation smoothly connects the Hamiltonian H (6) for
A =1 and that for A = 0: (i) Increasing V' from 0 to 1 for
A=1and J =V [see Fig. 2(c)]; (ii) Decreasing A from
1to 0 for J =V = VX [see Fig. 2(d)]. This deformation
demonstrates that the many-body Hamiltonian H (2,1)(0)
is topologically trivial.

We note that difference of the symmetry constraint of
the spin-parity symmetry is essential for the imaginary
gap at ImF = 0 in Fig. 2(b). As discussed above, the
symmetry constraints (2), which results in [s*, h(6)] = 0,
forbids hybridization terms between two distinct subsec-
tors with (NN, S%). In contrast, the symmetry constraint
allows such hybridization terms of two-body interactions
Hiyt. Therefore, the two-body interactions can destroy
the loop structure arising from the non-trivial topology
of the one-body Hamiltonian [see Figs. 2(a) and 2(b)].

For instance, in the subsector with (N, P) = (2, 1), the

(NP=(21) V=0
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FIG. 2. Spectral flow of the many-body Hamiltonian for the
subsector with (N, P) = (2,1). (a): Spectral flow for J =
V = 0and A = 1. Data for the subsector with (N, S*) = (2, 1)
[(2,—1)] are plotted with open circles [closed triangles]. (b):
Spectral flow for V.= J = XA = 1. In panels (a) and (b), we
can see that the eigenvalues flow as denoted by arrows with
increasing 6 from 0 to 2. (c): Spectral flow for several values
of V (J =V) at A = 1. With increasing V from 0 to 1, the
eigenvalues flow as denoted by arrows. (d): Spectral flow for
several values of \ for V = J = v/A. With decreasing A from
1 to 0, the eigenvalues flow as denoted by arrows. The data
are obtained for (€41, €ay, €1, €0)) = (0.2, —0.1,0.35, —0.25).

Hamiltonian is written as
- et +ieqr + iy (s
Hp oy = ( ! T Ne—i? 2 : :
5 [ + 1€qy + 2€py
Here, we have chosen the following basis vectors spanning

the subsector of the Fock space (éZTéZAO}, éTiéZ¢|O>).

The vacuum state is denoted by |0) (i.e., ¢,]0) = 0 for
arbitrary [ and o).
Diagonalizing the above Hamiltonian, we obtain

Ei = Acosf + id ii\/(sin9+6g)2 + (%)2, (8)

with 209 = €at + €pp + €y + €py and 203 = €at Tt €} —
€al — €b)- Equation (8) elucidates that spin-parity sym-
metry allows the hybridization term between states with
(N,S*) = (2,1) and (N, S*) = (2,—1) which opens the
line-gap Im[E; () — E_(6)] > 0 [see Fig. 2(b)]. In con-
trast, spin-parity symmetry forbids such hybridization
terms for the quadratic Hamiltonian Hy.

The above numerical results supports that the many-
body Hamiltonian H, 1)(#) is topologically trivial de-
spite the loop structure due to the topology of the one-
body Hamiltonian with (w,ws) = (0,1). We can also
confirm the robustness of the topology characterized by
finite values of W5 1)'3! (see also Appendix A 2).



Putting the argument in terms of the topological in-
variants and the above results of the toy model together,
we end up with the reduction of the point-gap topology
ZXZ— 7.

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
in one synthetic dimension. Remarkably, this reduction
phenomenon results in fragility of a non-Hermitian skin
effect against interactions. As in the case of one synthetic
dimension, essential ingredients are spin-parity symme-
try and two-body terms flipping spins.

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

HeHN(e) = I:I()(a) + Hint, (9&)
Ho(0) =Y ¥} hap(k, 0) s, (9b)
k

o= Y [J(g;ﬁj; +hee) + V(S5 + h.c.)] ,
j=0,L—1
(9¢)

with a diagonal matrix h(k,0) [hag(k,8) = ha(k, 0)0as,
(kL/2m =0,1,...,L —1)] whose diagonal elements are

ha(k,0) = t(Sa’(a’T) ik +0/L) + t(sa’(a’i)e_i(k+9/l/).(10)

Here, we have imposed the twisted boundary condi-
tion in order to compute the winding numbers (for
more details, see Appendix B1). The operator \ilka is
the Fourier transformed annihilation operator Wy, :=
T im0, po1 € Wja with OT = (&ja1, Ejats S, Ejb)-
The two-body term ﬁim describes the interaction be-
tween fermions in orbital a and localized fermions in or-
bital b. This model also preserves charge U(1) and spin-
parity symmetry, meaning that ﬁeHN(G) can be block-
diagonalized with N and P = (—1)NettNot where N,
and N are defined as N;, = Zj é}laéjlo— and N =
> Ny, respectively. The Hamiltonian ﬁeHN(Q) also
commutes with 7;, =) é}bgéjbg 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 non-interacting
level is fragile against the two-body interactions due to
trivial topology of the many-body Hamiltonian. Let us
start with the non-interacting level. Under the twisted
boundary condition, the spectral flow shows a loop struc-
ture [see Fig. 3(b)] due to the point-gap topology of one-
body Hamiltonian h(0) := €, h(k,0) characterized by

FIG. 3. (a):

Sketch of the extended Hatano-Nelson chain.
(b) [(d)]: Spectral flow for J =V =0 [J =V = 1]. Red
dots denote the data obtained under the open boundary con-
dition. (c) [(e)]: Expectation values of fijqoe for J =V =0
[J = V = 1] under the open boundary condition. In pan-
els (c) and (e), (Njao) = R{Pn|fjac|Pn)r is plotted against
j and (Nap) = r{®Pn|Nat|Pn)r. Here, |®n)r (n = 0,1,...)
denote right eigenstates of ﬁeHN. Red (blue) lines denote the
data for o =1 (0 =]). These data are obtained for the sub-
sector (N, P) = (3,—1) and a parameter set (L,t) = (7,1).

(w,ws) = (0,1) for €ef = 0. This non-trivial topology
of h induces the non-Hermitian skin effect at the non-
interacting level. In the presence of the boundaries, all
of the eigenvalues [E,, (n =0,1,...)] become zero in con-
trast 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)].

I I .
Ij’/aT (a) mjaT O (b)
! /) /) /) /) /) 0 ! —— =1
N, O
O atr 7 0 ar
J 0 J 0

FIG. 4. Expectation values of 7144 for the subsector (N, P) =
(9,—1) and a parameter set (L,t) = (7,1). In panels (a)
and (b), data for J =V = 0 and J = V = 1 are plotted,
respectively. These figures are plotted in the same way as
Figs. 3(c) and 3(e).

However, interactions destroy the above non-
Hermitian skin effect, which is due to the trivial
topology of the many-body Hamiltonian W3 _1y = 0 for



E.of = 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 Appendix B2). 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/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 H(6) localizes the fermions in orbital a
and the up- (down-) spin state around the right (left)
edge, the two-body interactions Hint flip their spins at
edges, which suppresses the effects of boundaries. The
above results indicate that the non-Hermitian skin effect
observed at the non-interacting level is fragile against the
two-body interactions'3?. 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
Appendix B 3.

IV. SUMMARY AND DISCUSSION

We have analyzed interaction effects on the one-
dimensional point-gap topology in both cases of synthetic
and spatial dimensions. Our analysis has elucidated that
the reduction Z x Z — 7Z occurs for systems of syn-
thetic one dimension with charge U(1) symmetry and
spin-parity symmetry. This conclusion is obtained by
the argument of topological invariants as well as by ex-
plicit 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 non-interacting level.

We stress that the spin-parity symmetry plays an es-
sential role, which leads qualitative differences from re-
sults of previous works'1%120, Instead of Eq. (9c), one
can introduce the Hubbard type interactions preserv-
ing 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. 119 and 120.
Analysis for other types of interactions is left as future
works to be addressed. We also remark several open ques-
tions. Our results indicate that interactions result in the
same reduction phenomenon for both cases of synthetic
and spatial dimension whose generality for other sym-
metry classes remains as 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 new light on non-Hermitian
correlated systems and open up a new directions of re-
searches on non-Hermitian topological physics. For in-
stance, the above results imply the possibility of similar
reduction phenomena for other cases of symmetry and
dimensions. As well as the above theoretical open ques-
tion, experimental observation of the reduction is also a
significant issue to be addressed. We expect that cold
atoms are promising candidate where interactions and
non-Hermiticity can be tuned in experiments.
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In the literatures, there are two types of synthetic di-
mensions. Reference 35 regards internal degrees of free-
doms of particles as synthetic dimension, while Ref. 33
regards periodic parameters as synthetic dimensions. By
making use of the latter type of synthetic dimensions, two-
dimensional topology has been studied for a system in one
spatial dimension®37. Following these works, we regard
the parameter 0 as a synthetic dimension and discuss one-
dimensional non-Hermitian topology for the quantum dot.
In the case of synthetic dimension, one does not have to
consider thermodynamic limit which significantly simpli-
fies the analysis.

Instead of w and ws, one can also use wy and w; which
are rewritten as 2w = w4+ 2w, and 2w, = w — 2ws. The
winding number w¢ (w, ) can be computed in a similar way
as Eq. (3) by replacing h to the one-body Hamiltonian for
the up-spin (down-spin) sector hy (hy) .

We note that introducing additional terms makes other
subsectors irrelevant. For instance adding the term pu(N —
2) with u € C to Eq. (1) can make subsectors labeled by
N =0,1,3,4 irrelevant to the topology for Eyef = 0.
Equation (5) indicates that the topology characterized
by a finite value of the many-body winding number is
robust against interactions. Its robustness can be ex-
plicitly checked for W1y = 1 and W1y = 2. For
Wiz,1) = 1, the robustness of the topology can be seen in
Figs. 2(a) and 2(b). Figure 2(a) indicates that the topol-
ogy is characterized by W<2,1) =1 for E,ef = ¢ in the ab-
sence of the interactions. Figure 2(b) indicates that this
nontrivial topology is maintained in the presence of the in-
teractions. The topology characterized by W3 1) = 2 can
be discussed by replacing h whose robustness is discussed
in Appendix A 2.

At the non-interacting level, fragility of the skin effect
against spin-flipping terms has been discussed in Ref. 55.
In the previous work, the one-body term maintains the
point-gap topology nontrivial, while our two-body inter-
actions destroy the nontrivial topology.

and S. Chen, Phys. Rev. A
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Appendix A: Details of a two-orbital model
1.  Analysis for the subsector with (N, P) = (2,-1)

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

(N,P)=(2-1)

@ 2 (b R — 2
A
LLI LLI e : oo
£ g0 fEmeateriseieny 1
* 0
1 0 1 o
Re E
(0 1
w w
£ E
0 ,,,,,,,, S
0.1 (e A ‘ o
10 1,

FIG. 5. Spectral flow of the many-body Hamiltonian for the
subsector with (N, P) = (2,—1). Panels (a)-(d) are plotted
in the same way as panels (a)-(d) in Fig. 2. Panel (e) is
a magnified version of the range —0.12 < ImF < 0.12 in
panel (d).

Despite the non-trivial topology of the one-body
Hamiltonian, the many-body winding number takes zero
[W(2,—1) = 0] for Eiet = 0 as shown in Fig. 5(a). Corre-
spondingly, the spectrum of the many-body Hamiltonian
H 3, _1y can smoothly shrink to the points [see Figs. 5(b)-
5(d)].

In this subsector, the interaction .J is essential for 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,—l) = ﬁo(z,—l) + ﬁint(z,—l), (Ala)
I:IO(Q,—l) = diag ()\ew + ieaT + ifbia e + iea,l, + iEbT
2Acos 6 + ieaT + iew, iﬁbT + iebi) R (Alb)

0100

A iJ [ 1000

Hint(2,—1) = ? 0000 ) (A]-C)
0000

with diag(- - - ) denoting a diagonal matrix. Here, we have

chosen the following basis vectors spanning the subsector

of the Fock space
(elef o), b el o, ebyel oy, efie o) - (A2)

Diagonalizing the Hamiltonian, we obtain

J
Ey =)\0089+i§6:l:i\/(sin9+(5§)2+(2)2, (A3)
E’" =2X\cos0 + icqt + i€qy, (A4)
E' = iGbT + Z.Ebj,v (A5)

with 256 = €qt t €py + €y + €pp and 2(55 = €qt + €p) —
(€ay + €p1). The above results elucidate that the spin-
parity symmetry allows the two-body interaction which
splits loop structure observed in Fig. 5(a).

2. Robustness of the topology characterized by
Wiz =2

Let us analyze a toy model in order to demonstrate the
robustness of the topology characterized by Wy 1) = 2.

Specifically, consider H specified by
ha(0) = Ae™ (8a,(a,) + ay(ap) + i€toda,1,0), (AG)

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

. e +ieqr + i€y v
Hisq) = a1 N
21 ( % et + i€q, +i€py )’

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

E:t = )\eie + i(S() +1 ((53)2 + (g)27 (A7)
where 0y and d3 are defined just below Eq. (8). This
result demonstrate that the topology characterized by
W1y = 2 is robust against interactions. Let us
choose the parameters as §g = d3 = 0. In this case,
Egs. (5) and (A7) indicate that the topology is charac-
terized by Wy 1) = 2 for Eyer = 0 in the absence of the
interactions. Equation (A7) also indicates that this non-
trivial 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
Hamiltonian reads



Hen = Ho(0) + Hiy, (Bla)
) L—2 . L—-1
Ho(0) =t | e qrrar + D Eyraqbiar | +1 |78 1, 0as + Y & 14y8iaL] s (B1b)
§=0 j=1
Hit (0) = LG 6= 4 G &) 4 iv(SH St + 6765 B1
lnt( ) Z 2( ja*~jb + Jja ]b) +7’ ( ja jb + ja jb) . ( C)

j=0,L—1

(

Under a gauge transformation ¢4, — e~iti ¢jao, the open boundary condition, hopping terms between sites

one-body term is written as j=0and j =L -1 [ie., the first and the third terms of
Eq. (B1b)] become zero.

I In the presence of charge U(1) symmetry and spin-

_ i6/L At A —if/L 5t . parity symmetry, the one-body Hamiltonian is charac-

Ho(®) [te C+1arGar 1€ Ci-taiCat] terizeyd Zy w ar};d ws [Egs. (33), and (4)] with h(f) =

@rh(k,0). The topology of the many-body Hamiltonian

for given subsector with (N, P) is characterized by the

many-body winding number [Eq. (5)] with }AI(N’ p) =

|
—

<
Il
=)

(B2)

with éJrLaT = éJ(rJaT and éf—lw = éTL—my Heun(n,p). Here, fICHN(Nyp) denotes the many-body
Applying the Fourier transformation to the above  Hamiltonian of the extended Hatano-Nelson model for
Hamiltonian yields Eq. (10). We note that under the  the given subsector with (N, P).

J

2. Analysis based on the perturbation theory

Based on the perturbation theory, we confirm that interactions 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 subsector of (N, P) = (3, —1), the non-interacting Hamilto-
nian Hy(0) is written as

et 0 0
;0
0 0 0 et
with w = ¢’2" and the basis
(In 13 11), [0 1500, In 1), [n i 41) (B4)
for given n (n = 0,1,2,...,L —1). Here, [no;0'0") is defined as [no;0'0") = (jmégbg,éz_lbg,/m) with c?m =

> é}aTRjn and d,| = > é;aﬂﬂfn- Matrices R and LT (R;, := %w‘"j and Llj = \%Lw”j) diagonalize the matrix
h (hij = i j41)

L'hR = tdiag(1,w,w?,--- ,wk™1) (B5)
which corresponds to the kinetic term of fermions in orbital a and the up-spin state f9r 0 = 0 [see Eq. (Blb)
and Fig. 3(a)]. Here diag(---) describes a diagonal matrix. Introducing the operators dpy := 3_; éjar(L1),; and

dpy =Y i ¢jay (R")nj, we have anti-commutation relations

{szﬂ dAma’} = 6nm600’7 (B6)
for n,m = 0,1,2,...,L — 1 and 0,0’ =1,], which can be seen by noting the relations }, lejij = Opm and
{Gilo, é}l,a,} = 0;j01/000:. We note that (dAW)Jr = dpy holds due to the relation R;, = lej.
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Now, let us compute energy eigenvalues at the first order of the interactions. Firstly, we note the following relations.

S;z‘m \L7 UU Z S‘;Z.L;km Am¢00bacE 1bo’ |O>

© atoof
=Lj, jaTCObUCL 16010)

ZLJm Ing ”TcgbaCTL 16010)

- Zw”*m”‘m ti00'), (57)
S;z‘m Tﬂ UJ,> = Z S RzmczaTCObaCE 1bo’ |0>

_ N
= ijcj@%baCL 1bo /|0)
N
= ZRJ"L Inj mCObacL 16010)

= EZw_("+m)j|n lo0’). (B8)

Here, we have used the relations RjnL = 61], fat = don LL nt, and ¢ c al = =>. Rmdm
Thus, at the first order, the Hamiltonian is written as I—TICHN(&l) H0(3 1+ Hmt(3 1) with H0(3 1) in Eq. (B3) and

0 0 w31 0 0 0 O

; v{ioo o o), [0 0 1w

Hint(B,—l) = f w2n 0 0 0 + f 0 1 0 0 ; (Bg)
1 0 0 O 0w™ 0 0

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

. 6 / 5.0

Byt =tw <cos(L) +4/C2 - 31n2(L)> ; (B10a)
. 0 ., 0

Ep i =tw cos(z) +14/C2 —sin (f) , (B10b)

with
1
o L [(v2 I e VI A 2V2J2Re[w4n]} : (B10c)
1
= GoIe (V2= J2) = VI 5 JT =2V PRefuw] . (B10d)
w
(B10e)

As well as by directly diagonalizing the matrix, the eigenvalues are obtained by taking square of the matrices (see
below). These results indicate that interactions lift four-fold degeneracy observed for § = 0. Specifically, the imaginary
parts of C, and Cy, lift the degeneracy. To see this, firstly, 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., CS > 0 holds, and Cf) —
sin?(§/L) = 0 can be satisfied]. On the other hand, the finite imaginary parts lift the degeneracy at § = 0 without
inducing exceptional points [i.e., C3 — sin?(§/L) # 0 for 0 < 6 < 27].

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

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

H = (zog10 + yooTs + aoc171 + boare + cogmy + dosmy + fooma + gosTa), (B11)

with complex numbers x, ¥y, a, b, ¢, d, f and g. Here op and 79 denote the 2 x 2-identity matrix. Pauli matrices are
denoted by o, and 75 (s = 1,2, 3). Matrices 0,7, (1, ¥ = 0,1,2,3) denote 4 x 4-matrices. For instance, 017 is written
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as
00 0 —¢
00 —i O
01Ty = 0 i Ol 0 (B12)
10 0 0
For the following parameter set,
T 2Ltw" cos &
Y 2iLtw" sin
a V+iJ
b | 1 -V +iJ
¢ | T2r | (v+inRew>) |’ (B13)
d (V —iJ)Re(w?")
f (V +iJ)Im(w?")
g (V —iJ)Im(w?")
H is reduced to the matrix fAIeHN(&_l).
Taking square of this matrix yields
(H — z0o970)* — (> + > + 0> + 2+ d* + f2 + ¢%)
= —2abos7s + 2(cd + fg)osmo + 2aco170 + 2ag0oeTs 4+ 2bdo173 + 2bfoaTy. (B14)
Thus, we have
_ 2
[(H—x0070)2 _ (y2+a2+b2+02+d2+f2+92)2}
= [{—2@[)0’37’3 + 2(Cd + fg)037'0} + (2&60170 -+ 2bd0’17’3) + (2@90’27‘3 -+ 2bf0'27'0)]2
= {—2abosTs + 2(cd + fg)os0}? + (2aco1 o + 2bdo173)? (2090273 + 2bfoam))?
= 4{(ab)* + (cd + f9)* + (ac)* + (bd)* + (ag)® + (bf)?} — 8ab(cd + fg)ooTs + 8acbdogTs + 8agbfooTs
= 4{(ab)” + (cd + f9)* + (ac)® + (bd)* + (ag)* + (bf)*}- (B15)
Therefore, the eigenvalues are written as
E;)i =z +,/y? + CF, (B16)
By =2+ /i + CF. (B17)
with
2 2,32, .2 2 2, 2
CR=a>+ 0+ + &+ f + ¢ +21/(ab)? + (cd + fg)? + (ac)? + (bd)? + (ag)® + (bf)?, (B18)
Cl=a®+b0"+P+d+ f2+ ¢* — 21/(ab)2 + (cd + f9)? + (ac)® + (bd)2 + (ag)? + (bf)2. (B19)

Thus, choosing the parameters as Eq. (B13), we obtain Eq. (B10).

Numerical results

In the main text, we have briefly discussed the ex-
tended Hatano-Nelson chain. Here, let us numerically
analyze this system in detail. Firstly, we focus on the
subsector with (N, P) = (3,—1) [see Fig. 6]. Although
the topology of the one-body Hamiltonian is non-trivial
i.e., (wy,ws) = (0,1) for € = 0], the many-body
Hamiltonian is topologically trivial [i.e., W _1) = 0 for
E.of = 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 non-
interacting case [see Figs. 6(c) and 6(e)], such localization
cannot be observed in the presence of the interactions [see
Figs. 6(d) and 6(f)]. Correspondingly, the extreme sensi-
tivity 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 in-
tuitively 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. How-
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FIG. 6. Data for (L,t) = (7,1) and the subsector (N, P) =
(3,—1). (a) and (b): The twist angle (0) dependence of
arg([ [,,(En — Eret)] for Erer = 0. (c) and (d) [(e) and (f)]: Ex-
pectation values (fjao) = R{Pn|jao|Pn)r With o =1 [0 =]
Here, |®,)r (n = 0,1,...) denote right eigenstates of Hepn.
Data obtained under the open boundary condition (the peri-
odic boundary condition) are shown with colored (gray) sym-
bols. Panels (a), (c), and (e) [(b), (d), and (f)] display data
for J=V=0[J=V=1]
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ever, due to the topology of the one-body Hamiltonian,
we can observe the extreme sensitivity of the spectrum
and expectation values (7j4,) to the presence/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 fragility of the non-Hermitian skin effect at the non-
interacting level as discussed in the above. Namely, while
the topology of the one-body Hamiltonian induces the
extreme sensitivity of the energy spectrum and the ex-
pectation values (74)) to the boundary conditions, such
extreme sensitivity is not observed in the interacting case
[see Fig. 10].
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0 . 0
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j i

FIG. 7. Numerical data for J = V = 0 and the sub-
sector (N, P) = (4,1). (a): Spectral flow of the many-
body Hamiltonian. (b): The twist angle (0) dependence of
arg[[ [, (En — Erer)] for Fres = 0.3i. (c) and (d) [(e) and
(f)]: Expectation values (Njoo) = R(Pn|fjac|Pn)r With o =1
[c =}]. Here, |®n)r (n = 0,1,...) denote right eigenstates
of erHN(H = 0). Data obtained under the open boundary
condition (the periodic boundary condition) are shown with
colored (gray) symbols. These data are obtained for a param-
eter set (L,t) = (7,1).
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FIG. 8. Numerical data for J = V = 1 and the subsector
(N, P) = (4,1). These figures are plotted in the same way as
Figs. 7(a)-7(d).

13



2 (b) 01—

[ ———
Im E

Im E
m

(e) J=0 E.=004

arg/m
<
arg/m

0 1 2 0 1 2
6/n o/n

FIG. 9. Data for (L,t) = (7,1) and the subsector (N, P) =
(9,—1). (a) and (b) [(c) and (d)]: Spectral flow for J =
V =0[J =V =1]. Panel (b) [(d)] is a magnified version
of the range —0.1 < ImFE < 0.1 and —0.1 < ReF < 0.1 in
panel (a) [(c)]. (e) and (f): The twist angle (0) dependence
of arg[[[, (En — Erer)] for Eres = —0.04 and J =V =0
[J=V=1.
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ImE
ImE

FIG. 10. (a) and (b): Spectrum of the many-body Hamil-
tonian 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 (7jqy) =
R(‘bn|ﬁja¢|¢‘n>R against j and (Ngt) = r(Pn|Nat|Pn)r for
J =V =0and J =V =1, respectively. These data are ob-
tained for (L,t) = (7,1) and the subsector (N, P) = (9, —1).
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