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Despite recent extensive studies of the non-Hermitian topology, understanding interaction effects
is left as a crucial question. In this paper, we address interaction effects on exceptional points
which are protected by the non-trivial point-gap topology unique to non-Hermitian systems. Our
analysis in a two-dimensional parameter space elucidates the existence of exceptional points and
symmetry-protected exceptional rings fragile against interactions; they are topologically protected
only in non-interacting cases. This fragility of exceptional points and symmetry-protected excep-
tional rings arises from the reduction of non-Hermitian topological classifications, which is elucidated
by introducing topological invariants of the second-quantized Hamiltonian for both non-interacting
and interacting cases. These topological invariants are also available to analyze the reduction phe-
nomena of gapped systems. The above results strongly suggest similar reduction phenomena of
exceptional points in generic cases and open up a new direction of research in the non-Hermitian

topology.

I. INTRODUCTION

Extensive efforts have been devoted to wunder-
standing effects of interactions on topological insula-
tors/superconductors. In particular, it has turned out
that interplay between the topology and interactions
triggers off exotic phenomena such as the emergence
of fractional topological insulators'® and topological
Mott insulators®. Furthermore, it has been elucidated
that interactions change the topological classification of
free fermions'® 12 which provides systematic understand-
ing of topological states and serves as the corner stone
of the material searching. For instance, interactions
change the Z-classification to the Zg-classification for
one-dimensional topological superconductors with time-
reversal symmetry'3. This fact indicates that the num-
ber of possible topological states is reduced by interac-
tions; there exist an infinite number of topologically dis-
tinct states in non-interacting cases while there exist four
topologically distinct states in interacting cases. Further
extensive works have elucidated the ubiquity of such re-
duction of topological classifications'437. Namely, the
reduction phenomena occur for arbitrary dimensions and
symmetry classes. In addition, they occur even in param-

eter Spaces38.

In parallel with the above significant developments, in
these years, a topological aspect of non-Hermitian sys-
tems attracts as one of hot topics in condensed matter
physics®®2. For such systems, extensive works of the
non-interacting non-Hermitian topology have discovered
a variety of novel phenomena induced by the point-gap
topology unique to non-Hermitian systems, such as non-
Hermitian skin effects which result in extreme sensitivity
to the presence/absence of boundaries®® 596061 Further-
more, the non-Hermiticity induces a new type of topolog-
ical degeneracies dubbed exceptional points (EPs) which
are protected by the point-gap topology®27. This new

type of topological degeneracies is further enriched by
symmetry, which results in the emergence of symmetry-
protected exceptional rings (SPERs) and symmetry-
protected exceptional surfaces in two and three dimen-
sions, respectively®® 7. The EPs and their symmetry-
protected variants in non-interacting systems attract in-
terdisciplinary interests because they are reported for a
wide variety of systems60,65-67:75-81

The above two progresses lead us the following is-
sues to be addressed; effects of interactions on the non-
Hermitian topology. Although several works addressed
this issue®?193, fate of EPs under interactions remains
highly crucial question. The significance of this question
is further enhanced by recent experimental progresses in

cold atoms'%4 196 and quantum circuits!??.

We hereby analyze effects of interactions on an EP and
an SPER in a two-dimensional parameter space which
are protected by symmetry. In particular, we elucidate
that interactions may destroy the EP and the SPER
without breaking relevant symmetry. The above fragility
of EPs against interactions arises from the reduction of
the non-Hermitian topological classification, which is ob-
tained by comparing topological invariants of the second-
quantized Hamiltonian for both non-interacting and in-
teracting cases. Specifically, our analysis elucidates that
the reduction Z(N+F'+1/2 5 7 (7 — 7Z,) results in the
fragility of EPs (SPERs) for systems with charge U(1)
symmetry and spin-parity symmetry (chiral symmetry).
Here, we have focused on the Fock space with the particle
number N. For even (odd) N, P’ takes £1 (0).

The above topological invariants are also applicable to
the reduction for gapped systems®%192. For gapped sys-
tems with charge U(1) symmetry and spin-parity symme-
try, our topological invariants indicate the reduction of
one-dimensional point-gap topology: Z(N+P'+1/2 5 7,
For gapped systems with chiral symmetry, our topologi-
cal invariants indicate the reduction of zero-dimensional



point-gap topology: Z — Z.

The rest of this paper is organized as follows. Sec-
tion II is devoted to clarifying the fragility of EPs against
interactions in systems with charge U(1) symmetry and
spin-parity symmetry. Section III elucidates the fragility
of SPERs with chiral symmetry. In Sec. IV, a brief sum-
mary is provided. In Appendix A, we count the number
of the subspaces for a given Fock space. In Appendix B,
we demonstrate that there also exist EPs robust against
interactions. In Appendices C and D, we address the
reduction phenomena for gapped systems®?1%? by com-
puting the above topological invariants.

II. EXCEPTIONAL POINTS WITH CHARGE
U(1) SYMMETRY AND SPIN-PARITY
SYMMETRY

There exist EPs protected by the point-gap topol-
ogy only when the second-quantized Hamiltonian is
quadratic. In order to see this, let us analyze interaction
effects on EPs for the two-dimensional parameter space
in the presence of charge U(1) symmetry and spin-parity
symmetry. The Hamiltonian reads,

E[ = I;[() + ﬁinta (18.)

Ho = Ul hop(z,y)¥ps. (1b)

Here, summation is assumed over the repeated indices.
The first-quantized Hamiltonian is denoted by h(z,y).
Real variables x and y describe the two-dimensional pa-
rameter space. Operator W1 (I) denotes a set of creation
operators ¢! (annihilation operators é4) of fermions. The
subscripts « and 3 label the internal degrees of freedom
such as orbital and spin. Here, one might consider that
the above setup is somewhat artificial. However, EPs in
such a parameter space have been reported for quantum
circuits”?80,

In this section, we consider a system of fermions with
spin-1/2 whose Hamiltonian preserves charge U(1) sym-
metry and spin-parity symmetry;

[H,N]. =0, (2a)
[H,e™5:], =0, (2b)

with N = Ny + Ny and S, = (Ny — N,)/2. Here N,
denotes the operator of the total number of fermions in
spin-state ¢ =1,]. The commutation relation denoted
by square brackets [A, B]. := AB — BA. The above
equations indicates that the second-quantized Hamilto-
nian H can be block- diagonalized with respect to N and

P = (= 1)V = imN/2¢i7S: We denote cigenvalues of N,

5”2, N, and P by N, S,, N, and P, respectively.

In the reset of this section, we introduce topological
invariants and demonstrate the presence of EPs which
are fragile against interactions.

A. Topological invariants

For the Fock space with [N, P], the number (N + P’/ +
1)/2 of Z-invariants are introduced in the non-interacting
cases, while the number of Z-invariants is reduced to one
in the presence of interactions. Here, P’ takes P (0)
for even (odd) N. This fact indicates the reduction of
the topological classification of H: ZWN+P'+1/2 _y 7
(for application to gapped systems, see Appendix C). In
other words, there exist EPs which are destroyed by in-
teractions without breaking relevant symmetry. The key
ingredient is the additional symmetry imposed on the
quadratic Hamiltonian Hy [see Eq. (4)].

1. Non-interacting case

In the presence of the spin-parity symmetry (2b), the
number (N + P’ +1)/2 of Z-invariants can be introduced
when the second-quantized Hamiltonian is quadratic.

Firstly, we note that the spin-parity symmetry imposes
the following constraint on the first-quantized Hamilto-
nian

[h,s:]c =0, (3)

with s, being the z-component of the first-quantized spin
operator. This commutation relation can be seen by not-
ing the relation e™5= Wl e =175 = ¢im(s:)eas Gl The above
constraint indicates that at the non-interacting level, the
second-quantized Hamiltonian H satisfies

[ﬁOaSZ]C =0, (4)

meaning that the Hy can be block-diagonalized with re-
spect to S,.

Thus, the Fock space with [N, P] can be divided
into subspaces with (N4, N|). For each subspace with
(N4, N}), the following winding number can be intro-
duced

dA ~
W(NT’NL) = 7{ i Ox logdet[H(NTyNi)(/\) — Erefll],
()

with the block-diagonalized Hamiltonian I:[( Ny,N,), the
reference energy F,or € C, and the identity matrix 1. The
integral is taken over a closed path parameterized by A =
(z,y) in the two-dimensional parameter space. Here, we
have supposed that along the path, the point-gap opens
at the reference energy F,r; det [H(NT,NU (A)—Ereel] £ 0
holds for A parameterizing the path. Here, we note that
for a given set of [N, P], the number (N + P’ +1)/2 of
the sets (N, N)) are allowed where P’ takes P (0) for
even (odd) N. The detailed derivation is provided in
Appendix A.

Therefore, it is concluded that the number (N + P’ +
1)/2 of Z-invariants are introduced in the non-interacting
cases.



2. Interacting case

For correlated systems, the second-quantized Hamil-
tonian can be block-diagonalized not with .S, but with
pP= (—1)™ due to spin-parity symmetry.

Thus, the point-gap topology is characterized by

dX N
Win,p = ?{% - Oxlog det[Hy,p)(A) — Erer1]. (6)

Here, H, (v,P](A) denotes the second-quantized Hamilto-
nian for the Fock space with [N, P].

In the non-interacting case, the above winding num-
bers satisfy

Wine = > Wy, (7)
(NTvNJ-)

where the summation is taken over sets of Ny and V|
satisfying Ny + N| = N and (—1)M = P for given N
and P.

Equation (7) indicates that for the Fock space
with [N, P], the point-gap topological states form the
ZWNHP'H1)/2 o16up in the non-interacting case while the
point-gap topological states form its subgroup Z in cor-
related cases In particular, it indicates that interactions
may destroy EPs without breaking charge U(1) symme-
try and spin-parity symmetry if they are characterized
by vanishing Wy pj and finite Wy, n)-

B. Analysis of a toy model

EPs can be fragile against interactions due to the
reduction of the non-Hermitian topological classifica-
tion for systems with charge U(1l) symmetry and
spin-parity symmetry. In order to demonstrate this
fact, let us analyze a three-orbital system described

by the second-quantized Hamiltonian (1) with ¥ =
(éaTv éb']‘7 écTa éaia ébiv éc,I,) ;

0 z+w O
1 0 0
0 0 0
h(z,y) = o 10l ®
z+is,y 00
0 00
and
Hipe = iV[(S + 55)8F +heel. (9)

Here, a fermion in orbital [ = a, b, c and spin-state o =1, |
is created (annihilated) by applying operator élTa (é15)-
The parameter s takes 1 or —1. Unless otherwise noted,
we set 5, = —1 in the main text. Operator S;% (S,) is
defined as S’;“ = clTTcl 1 (S‘l_ = CzT¢ClT)~ The prefactor V is
real. The above Hamiltonian satisfies [H' ,ee|e = 0 for
o =1, 1, and thus, we suppose that'%® a fermion occupies

orbital c¢. In this section, we focus on the Fock space with
[N, P] = [2,1] because there is no topologically protected
EPs in the other subspace'®® with N = 2.

Let us start with the non-interacting case. For the Fock
space specified by [N, P] = [2,1], the second-quantized
Hamiltonian H’O[Q,l] is written as

Ffo[z 1] = Hoz - 0 ) (10a)
’ 0 | Hoo,2)
with

- 0 z+71

Ho 2,0 ( L0 Y ) ; (10Db)

- 0 1

H = . 10c
0(0.2) (x—l—isw 0) (10c)

Here we have chosen the basis as
(CZTCiT‘0>> CITCZT|O>7 clici¢|0>, CZ¢CZ¢|O>)~ (11)

The matrix ﬁo(z,o) [.Ho((),Q)] is the Hamiltonian for the
subspace with (N4, Ny) = (2,0) [(0,2)]. The above equa-
tion is consistent with the fact that the non-interacting
Hamiltonian Hy can be block-diagonalized with respect
to S, in the presence of spin-parity symmetry [see
Eq. (4)].

The Hamiltonian H, 2,1) exhibits EPs for V' = 0, which
can be seen by diagonalizing H0(2,0) and ﬁ0(0,2)~ Fig-
ures 1(a) and 1(b) display eigenvalues of }AI()[Q,H against
xz and y. In these figures, EPs emerge at zero en-
ergy E = 0 and (z,y) = (0,0) which are denoted by
red dots. The point-gap topology protecting these EPs

ReE =0 ImE =0
32 :

FIG. 1. (a) [(b)] The real- [imaginary-] part of eigenvalues
of H[le] for V.= 0. (c) [(d)] The argument of detﬁoa,o)
[det]—?[o(og)]. We recall that ﬁ[N’p] and IAJ(NT,N” denote the
Hamiltonian for the Fock space with [V, P] and (N4, N,). The
data are obtained for s; = —1.



is characterized by the winding numbers. For compu-
tation of W) and W 2), we plot det[Hn, n,)] for
(N4, N;) = (2,0) and (0,2) in Figs. 1(c) and 1(d), re-
spectively. From these figure, we can extract the wind-
ing numbers (W(s,0), W(o,2)) = (1, —1) for Eef = 0 com-
puted along a path enclosing the origin (z,y) = (0,0).
Here, the path is taken so that it winds the origin in
the counterclockwise direction. Therefore, the EPs [see
Figs. 1(a) and 1(b)] are robust against perturbations at
the non-interacting level because they are protected by
the non-trivial point-gap topology.

In the presence of interactions, however, the above EPs
are no longer protected by the topology, implying that
they can be destroyed by interactions. This is because
the subspaces with (N4, N} ) = (2,0) and (0, 2) are unified
in the presence of interactions.

Specifically, Eq. (7) elucidates that the point-gap
topology is trivial in the presence of interactions; Wi 1) =
Wi2,0) + Wo,2) = 0 for Eyes = 0. Correspondingly, in-
troducing the interaction (9) destroys EPs. For the Fock
space with [N, P] = [2,1], the second-quantized Hamil-
tonian is written as

ﬁ[z,l] = H0[2,1] + gint[Z,l]a (12a)

Hint[Q,l] =1V ) (12b)

with the basis defined in Eq. (11). Figures 2 displays
eigenvalues of H (2,1 for V= 1. As observed in this fig-
ure, EPs are destroyed by interaction V' which mixes the
subspaces with (N4, N;) = (2,0) and (0, 2).

Putting the above results [Figs. 1 and 2 and Eq. (7)] to-
gether, we end up with the conclusion that the reduction
72 — Z results in the fragility of EPs against interactions
for the Fock space with [N, P] = [2,1].

We finish this section with two remarks. Firstly, we
note that if the winding number Wy p) is finite, the EPs
are robust against interactions, which can be seen in the
case for s; =1 (see Appendix B).

Secondly, we point out that for the Fock space with
[N, P] = [2,1], the winding numbers can be analytically
computed along the path specified by 22 +y? = 1. Along
this path the Hamiltonian is written as

0 e Vv 0
A 1 0] 0 Vv
Aev=\1%voT0 1 | (13)
0 iV]es? 0

with (x,y) = (cosf,sind) and 0 < 0 < 2. Here, we have
chosen the basis (11). Diagonalizing the above Hamilto-

nian, we have eigenvalues!? for s; = —1
0 . /.50 )
Epi(0) = |cos 3 +44/sin 3t V2|, (14a)
0, . /.50
En+(0) = — |cos 3 +44/sin 5t VZi. (14b)

For V' = 0, eigenvalues for the subspace with (N4, N|) =
(2,0) are given by (Epp, Emy) = (€12, —€'%), which in-
dicates Wz 9y = 1 for Eef = 0. In a simiar way, we
obtain W 2y = —1 along the loop. For V' > 0, Eq. (14)
indicates that the imaginary-part of all eigenvalues are
finite for 0 < 6 < 27. This fact results in Wy 1) = 0 be-
cause no eigenvalue winds the origin. The above analysis
is consistent with Eq. (7).

ReE =1 ImE =1
(&2

FIG. 2. (a) [(b)] The real- [imaginary-] part of eigenvalues of
H[Q’l] for V =1.

III. SYMMETRY-PROTECTED
EXCEPTIONAL RING WITH CHIRAL
SYMMETRY

As is the case of EPs, there exist SPERs protected
by the point-gap topology only when the Hamiltonian is
quadratic. In order to see this, let us analyze interac-
tion effects on SPERs for the two-dimensional parameter
space in the presence of chiral symmetry. Consider the
Hamiltonian (1) preserving chiral symmetry

[H,Z], =0, (15)

with anti-unitary operator = which is a product of time-
reversal and charge conjugation operators. In the reset
of this section, we introduce zero-dimensional topological
invariants and demonstrate the presence of SPERs which
are fragile against interactions.

A. Topological invariants

For a given Fock space, a zero-dimensional Z- (Zz-) in-
variant can be introduced in non-interacting (interacting)
cases. This fact indicates the reduction of the topological
classification of H: Z — Zs (for application to a gapped
system, see Appendix D). In other words, there exist
SPERs destroyed by interactions without breaking chiral
symmetry. As is the case of Sec. II, the key ingredient is



an additional constraint imposed only on the quadratic
Hamiltonian Hy [see Eq. (18a)].

We also note that Eq. (21) is essential for the above
reduction.

1. Non-interacting case

In the presence of chiral symmetry, a zero-dimensional
Z-invariant can be introduced when the second-quantized
Hamiltonian is quadratic.

Firstly, we note that the chiral symmetry (15) imposes
the following constraint on the first-quantized Hamilto-
nian

¢nte = —n, (16)
with unitary matrix ¢ satisfying ''' €2 = 1. Here, we
have considered that h is a traceless matrix. We note
that the chiral symmetric Hy may include iy, (fa — §)
with 7, € R and #,, = ¢&},é,. However, this fact does not
affect the following argument. Equation (16) can be seen
by noting the relation

E@Lé71 = fa[%\ijﬂ- (17)

Summation is assumed over repeated indices.
As proved below, Eq. (16) results in the following con-
straint on Hy:

Ho=-TH{T, (18a)
with
L= (-1, (18b)
- 1
N_ =l ( 5) ] (18¢)
Equation (18a) can be proven as follows. Firstly, we
rewrite Eq. (16) as
§hul = —hu, (19a)
Eha& = ha, (19b)

where we have decomposed h into the Hermitian part hy
and the anti-Hermitian part ha. Equation (19a) indi-
cates that applying Hoy = UthyV increases/decreases
the number N_ by one "2, where N_ denotes elgenval—
ues of N_. Thus, Hoy anti-commutes with I' = (— 1)N—
Equation (19b) indicates that Hos = \I!ThA\If commutes
with T Noting the relation HO HOH + HoA, we obtain
Eq. (18a).

Equation (18a) allows us to define the zero-th Chern
number Nycp which is the number of eigenstates with
negative eigenvalues of

Hor =i (ﬁo — Erefn) I (20)

Here, we have that Z and I are anti-commute with each
other

[1]>

[=-I= (21)

In addition, we have supposed that the point-gap opens
(det[Hy — Eretl] # 0) for E,s € iR. The above zero-
th Chern number is previously introduced for the first-
quantized Hamiltonian h7072:92,

The anti-commutation relation between I' and = is es-
sential for the above topological characterization. For
systems where I' and = commute with each other, Nycp
does not characterize the topology due to the relation!13
EHor = —HorE.

In the above we have introduced the zero-dimensional
Z-invariant Nycyp for chiral symmetric systems where =
satisfies Eq. (21).

2. Interacting case

In the presence of interactions, the second-quantized
Hamiltonian is no longer quadratic, meaning that
Eq. (18a) does not hold. However, we can still introduce
the following Zs-invariant

v =sgn (det[ﬁ - Eref]l]) , (22)

for Eref € R due to the symmetry constraint (15). Here,
sgn(z) takes 1 (=1) for z > 0 (z < 0).

In the non-interacting case, the parity of Nycp corre-
sponds to v for E,.. = 0;

v = sgu(det[iT])(—

The above relation can be seen as follows

1)Nocn, (23)

(—1)Nocn = ggn (det[.ﬁor])

— vsgn (det [z‘f}) , (24)

where we have used the
det[iT)det[Hp).

Equation (23) indicates that for the Fock space with
N, the point-gap topological states form the Z group in
the non-interacting case while the point-gap topological
states form its subgroup Zs in interacting cases. In par-
ticular, it indicates that interactions may destroy SPERs
without breaking chiral symmetry if they are character-
ized by ¥ = 0 and finite Nycp,.

relation det[iH,[] =

B. Analysis of a toy model

The SPERs can be fragile against interactions due to
the reduction of the non-Hermitian topological classifi-
cation for systems with chiral symmetry. In order to
demonstrate this fact, let us analyze a system described

by the Hamiltonian with
1
ao a ) 2
<n 2) (25)

Hy=0'h¥r+ > i
0=1,0,—1



%zﬂ 2z*

2z —3if @7)

i8 3z*
3z —if

Here, operators U and 7y, are defined as ¥ =
(a1, 112a0: Cb0l¢am1, -1)T and iy, = &, 15, vespec-
tively. Subscripts [ = a,b and o = 1,0, —1 label orbital
and spin degrees of freedom''*, respectively. Parameters
B, U and 7, are real numbers. A parameter z takes a
complex number, z = x + iy with z,y € R.

The Hamiltonian is chiral symmetric; H satisfies
Eq. (15) with70,115,116

= H (o + Cac) (), — Ero)K. (28)

0=1,0,—1

[1]>

Here, K is the complex-conjugation operator.
As well as chiral symmetry, the above Hamiltonian pre-
serves charge U(1) symmetry and spin U(1) symmetry*!7;

the Hamiltonian H satisfies

[H,N]. =0, (29)
[H,S5.]c =0, (30)

with N = ", fuy and S = 3, 07y, Thus, the Hamil-
tonian can be brock-diagonalized with respect to N and
S.. By H(n,s.), we denote the second-quantized Hamil-
tonian for the Fock space with (N, S,). Here, N and S,
denote eigenvalues of N and S., respectively.

We demonstrate that H s ) hosts an SPER character-
ized by the zero-th Chern number for E..s = 0 in the
non-interacting case which is fragile against the interac-
tion U. The emergence of the SPER at zero energy £ = 0
can be observed in Figs. 3(a) and 3(b) (see red lines).
On the SPER, four eigenvalues touch for both real- and
imaginary-parts [see Figs. 3(c) and 3(d)]. In addition,
Figs. 3(e) and 3(f) indicate that the zero-th Chern num-
ber for Eief = 0 jumps from Nocn, = 6 to Nocn = 4 on
the SPER with increasing z. The above results indicate
that the system exhibits the SPER at zero energy £ = 0
which is characterized by the zero-th Chern number, a
Z-invariant.

Here, the Zs-invariant v does not change its value on
the SPER; form Eq. (23) and Fig. 3(e), we can see that
the Zs-invariant remains v = 1 for E.of = 0 by noting
the relation det[il'(3,0)] = 1.

The fact that the Zs-invariant does not jump on
the SPER indicates the fragility of the SPER against
the interaction U, which is demonstrated below. Fig-
ures 4(a) and 4(b) display the real- and imaginary-parts

1] 1o
Eo {Eof ]
_l— A _l,
0 0.5 1 0 0.5 1
X X
@ s
y=0 M1 Noch 5
ey
8
= SN0 ¢ 5
4r---- -1 ‘ 4
0 1 -1 0 1
X X

FIG. 3. Eigenvalues of I:‘I(gﬁo) and its point-gap topology for
U = 0. By ﬁ(g,o), we denote the second-quantized Hamil-
tonian H for the Fock space with (N,S.) = (3,0). (a)
[(b)] The real- [imaginary-] part of the eigenvalues against
z and y. The red lines denote the SPER. (c) [(d)] The
real- [imaginary-| part of the eigenvalues for y = 0. (e) The
zero-th Chern number Nocn for y = 0. (f) Color plot of
Nocn. The vertical lines in panels (c), (d), and (e) denote
the critical value . ~ 0.6 where the band touching occurs.
Data in panel (e) correspond to the zero-th Chern number
on the black line in panel (f). These data are obtained for
(B,71,70,v-1) = (0.8, —3,—2.945, 1).

of the eigenvalues against = and y for U = 0.2. In con-
trast to the non-interacting case, the SPER cannot be
observed; the real- and imaginary-parts do not touch si-
multaneously. The absence of the SPER can also be con-
firmed in Figs. 4(c) and 4(d). These numerical results
demonstrate that the interaction U destroys the SPERs
on which the zero-th Chern number jumps by an even
number.

Putting the above results [Figs. 3 and 4 and Eq. (23)]
together, we end up with the conclusion that the reduc-
tion Z — Zo results in the fragility of the SPERs against
interactions.
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FIG. 4. Eigenvalues of 127(3,0) for U = 0.2. (a) [(b)] The
real- [imaginary-] parts of the eigenvalues against z and y.
(¢) [(d)] The real- [imaginary-] parts of the eigenvalues for
y = 0. Panel (c) displays the data multiplied by 5 [i.e., 5ReE,
n=1,2,...,8]. These data are obtained for (8,v1,7v0,7-1) =
(0.8, —3, —2.945, 1).

IV. SUMMARY

We have addressed interaction effects on the EPs and
the SPERs in the two-dimensional parameter space. Our

analysis elucidates that interactions may destroy the
EPs and the SPERs without breaking relevant symme-
try. The fragility of EPs and the SPERs is due to
the reduction of the non-Hermitian topological classi-
fication. Specifically, we have seen that the reduction
ZINHP' /2y 7 (7 — Z) results in the fragility of
EPs (SPERs) for systems with charge U(1) symmetry
and spin-parity symmetry (chiral symmetry). The above
results strongly suggest that the reduction of topologi-
cal classifications results in the fragility of EPs and their
variants in generic dimensions and symmetry classes.
We finish this paper with a remark on gapped sys-
tems. Topological invariants defined in Egs. (5) and (6)
[Egs. (20) and (22)] are available for the characteriza-
tion of one- [zero-] dimensional gapped systems. In par-
ticular, Eqgs. (5), (6), and (7) indicate the reduction
of one-dimensional point-gap topology ZN+P'+1)/2 _
Z for gapped systems with charge U(1) and spin-
parity symmetry (see Appendix C). In addition,
Egs. (20), (22), and (23) indicate the reduction of zero-
dimensional point-gap topology Z — Zs for gapped sys-
tems with chiral symmetry (see Appendix D).
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Here, ga+ and ga— are anti-Hermitian matrices.

For systems where I' and = commute each other, _consider

an elgenstate \E) of the Hermitian operator Hor with

eigenvalue E € R. Then, we have HorZ|E) = —EZ|E),
meaning that the state H|E> is an eigenstate with eigen-
value —E. Thus, tuning parameters does not change the
zero-th Chern number Nycn when r andA = commute
each other. In contrast, for systems where I' and = anti-
commute each other [see Eq. (21)], the zero-th Chern
number Nocn can change its value; in this case, the rela-
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in Sec. III A is directly available by replacing the H to the
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Appendix A: The number of the subspaces for the
Fock space with [N, P]

For a given set of [NV, P], we count how many sets of
(Ny, N}) are allowed, which elucidates the number of the
subspaces for the given Fock space with [N, P]. We count
the number of the sets (Ny, N|) for the following four
cases.

(i) For even N and P = 1, the following sets of (N4, N|)
are allowed:

{(2M7 0)7 (2M - 27 2)7 (2M - 474)7 ty (Oa 2M)} )
(A1)

with N = 2M and M being a non-negative integer. Thus,
there exist the number N/2 + 1 of the sets (N4, N|) for
the given set of [N, P] = [2]M, 1].

(ii) For even N and P = —1, the following sets of
(N4, N,) are allowed:
{(2M —1,1),(2M —3,3),(2M —5,5),...,(1,2M — 1)},

(A2)

with N = 2M and M being a non-negative integer. Thus,
there exist the number N/2 of the sets (N4, N|) for the
given set of [N, P] = [2M, —1].

(iii) For odd N and P = 1, the following sets of



(N4, N,) are allowed:

{(2M +1,0), (2M — 1,2), (2M — 3,4),...,(1,2M)},
(A3)

with N = 2M + 1 and M being a non-negative inte-
ger. Thus, there exist the number (N + 1)/2 of the sets
(N4, N}) for the given set of [N, P| = [2M + 1,1].

(iv) For odd N and P = —1, the following sets of
(N4, N,) are allowed:

{(2M, 1), (2M — 2,3), (2M — 4,5),...,(0,2M + 1)},
(Ad)

with N = 2M + 1 and M being a non-negative inte-
ger. Thus, there exist the number (N + 1)/2 of the sets
(N4, N)) for the given set of [N, P] = [2M +1,—1].

Taking into account the above results, we end up with
the fact that there exist the number (N + P’ 4+ 1)/2 of
the subspaces with (N4, N} ) for the given Fock space with
[N, P]. Here, P’ takes P (0) for even (odd) N.

Appendix B: Robustness of EPs for s; =1

EPs characterized by a finite value of the winding num-
ber Wy, p) are robust against interactions. In order to
demonstrate this fact, let us analyze the Hamiltonian dis-
cussed in Sec. IIB for s; = 1 [i.e., the Hamiltonian (1)
specified by Eqgs. (8) and (9)].

As is the case of s; = —1 (see Sec. IIB), we focus on
the Fock space with [N, P] = [2,1]. Figures 5(a) and 5(b)

ReE =0 ImE =0

(@2 (b)2

FIG. 5. (a) [(b)] The real- [imaginary-] part of eigenvalues of
H[le] for V=0 and s; = 1. The red dots denote EPs. (c)

[(d)] The argument of detHoy(z,0) [detHy(o,2)). The data are
plotted in a similar way to Fig. 1.

display eigenvalues of H'[Q)l] for V.= 0 and s, = 1.
For V' = 0, the Fock space can be divided into sub-
spaces with (N4, N;) = (2,0) and (0,2). For both sub-
spaces, EPs emerge which are characterized by the wind-
ing numbers (W(2,0), Wo,2)) = (1,1) for Eret = 0 [see

10

Figs. 5(c) and 5(d)]. Thus, recalling Eq. (7), we have
Win,p) = 2 for Eret = 0. This result is consistent with
Fig. 6(a); Wy, p) takes two which is computed along a
path winding around the singular point (denoted by a
white arrow) in the counterclockwise direction.

3 1
>~ 0 0
-3 -1

FIG. 6. (a) [(b)] The argument of detﬁ[gyl] forV=0[V=1]
and s, = 1. The white arrows indicate the points where EPs
emerge.

The finite value of Wy, pj in the non-interacting case
indicates the robustness of EPs against interactions. Fig-
ure 6(b) displays color map of det H(y y) for V = 1. In this
figure, we can see that Wy pj takes one which is com-
puted along a path winding around the singular point
(denoted by a white arrow) in the counterclockwise di-
rection. Correspondingly, the EPs emerges even in the

ReE V=1
(@2

FIG. 7. (a) [(b)] The real- [imaginary-] part of eigenvalues of

Hpa 1 for V.= 1 and s; = 1. Red dots denote the EPs at
zero energy E = 0. The data are plotted in a similar way to
Fig. 2.

interacting cases. Figure 7 displays eigenvalues of H 2,1]
for V=1 and sy = 1. The above results indicate that
EPs characterized by a finite value of Wy pj are robust
against interactions.

Appendix C: Reduction of one-dimensional
topology for gapped systems

Computing the topological invariants
[Egs. (5) and (6)], we analyze the one-dimensional
topology of a gapped system, which justifies the re-
duction ZWN+PHD/2 7 for the one-dimensional
point-gap topology with charge U(1) symmetry and
spin-parity symmetry. In the following, the topology in
a one-dimensional parameter space is mainly analyzed,
although a similar analysis can be done for the topology



in one spatial dimension as briefly explained around the
end of this section. .
Consider the Hamiltonian (1) specified with ¥ =

(Caty Cots Cayls Coy) T,

h() = diag(e®,0,e%,0), (C1)
Hy = iVISTSF +5,5,). (C2)
Here, diag(. . .) denotes a diagonal matrix whose elements
are specified by the numbers enclosed in the parentheses.
The coefficient V is a real number. The one-dimensional
parameter space is described by 6 (0 < 6 < 27).

The above Hamiltonian preserves charge U(1) symme-
try and spin-parity symmetry [see Eqs. (2a) and (2b)].
We also note that H commutes with 7y, = CpoCho for
o =7T,}. Thus, we suppose that a fermion occupies or-
bital b.

For the Fock space with [N, P] = [2,1], the Hamilto-
nian is written as

A e iV

Hppqy = (iV o0 | (C3)
with the basis

(ehséls10), él,éi,10)) (C4)

@@ 2 (N'Sz)z(zgl) V=0 (b) 2 (N’Sz)z(zg'l) V=0_,
fop Lol o
2 L 3 : 2 L 3 : 0
-1 0 1 -1 0 1 o
Re E Re E
© 2 NP2 VL
e
W :
£ [ ************ 1
L N
2 - 3 ‘ 0
1 0 1 g
Re E

FIG. 8. Spectral flow of the Hamiltonian H for the Fock space
with [N, P] = [2,1]. (a) [(b)] Spectral flow for the subspaces
with (N, S.) =(2,1) [(2,—1)] at V = 0. (c) Spectral flow for
the Fock space with [N, P] =[2,1] at V = 1.

For V = 0, the above representation indicates that the
Fock space is decomposed into subspaces with (N, S,) =
(2,1) and (2, —1), and that the winding numbers for these
subspaces take W 1) =1 and W3 _1) = —1 at Erer =0,
respectively [see Figs. 8(a) and 8(b)]. Therefore, the

11

loop structures observed in Figs. 8(a) and 8(b) are ro-
bust against perturbations at the non-interacting level
because they are protected by the non-trivial point-gap
topology.

Here, Eq. (7) indicates that the above loop structure
is no longer protected by the non-trivial topology in the
presence of interactions; because of the winding numbers
W1y =1 and Wy 1) = —1 for Eet = 0, Eq. (7) results
in Wiz 1) = 0. Indeed, the interaction V' destroys the loop
structure observed in Figs. 8(a) and 8(b). In order to see
this, we compute the eigenvalues which are written as

E4(f) = cosf +iV/sin? 0 + V2. (C5)

This result elucidates that the loop structure is destroyed
by interactions mixing the subspaces with (N,S,) =
(2,1) and (2,—1); [ImEL(0)] > 0 holds for an arbitrary
6. This fact is explicitly presented in Fig. 8(c).

The above results demonstrate that the reduction of
the one-dimensional point-gap topology for the gapped
systems: Z? — Z for [N, P] = [2,1]. Namely, in the
non-interacting case, the second quantized Hamiltonian
Hj possesses the non-trivial properties characterized by
Wz,1) =1 and Wiy 1) = —1 for Eret = 0. However, the
non-trivial topology is not maintained in the presence
of interactions (W1 = 0), which is supported by the
fragility of the loop structure against the interactions [see
Fig. 8].

We finish this section with two remarks. The previ-
ous work!? has also addressed the reduction phenomena.
We note, however, that Ref. 102 has compared the topol-
ogy of the first-quantized Hamiltonian h and the second-
quantized Hamiltonian H. In contrast, the analysis pro-
vided in this section compares the topology of the non-
interacting second-quantized Hamiltonian Hy with that
of the interacting second-quantized Hamiltonian H which
clearly elucidates that the ZV+F'+1)/2 group formed by
the point-gap topological states in non-interacting cases
reduces to its subgroup Z due to the interactions [see
Eq. (7)].

We also note that a similar argument is applied to
the point-gap topology in one spatial dimension. In
Ref. 102, the point-gap topology in one spatial dimen-
sion is analyzed for an interacting non-Hermitian chain
with charge U(1) symmetry and spin-parity symmetry
[see Eq. (9) of Ref. 102]. Because the Fock space with
[N, P] = [3, —1] is divided into subspaces with (N, S,) =
(3,3/2) and (3,—1/2) in the non-interacting case, the
topology of non-interacting Hamiltonian is characterized
by the two winding numbers taking W3 3/0) = 1 and
W, —1/2) = —1 at Eys = 0 for the Fock space with
[N, P] = [3,—1]. Thus, the loop structure is observed for
the non-interacting non-Hermitian chain [see Fig. 3(b)
of Ref. 102]. This loop structure is fragile against inter-
actions because Eq. (7) results in the vanishing winding
number Wiy p) = 0. Indeed, interactions destroy the
loop structure with keeping the point-gap for E. = 0
and the relevant symmetry [see Fig. 3(d) of Ref. 102].
Correspondingly, the non-Hermitian skin effect observed



at the non-interacting level is also destroyed by the in-
teractions [see Figs. 3(c) and 3(e) of Ref. 102].

Appendix D: Reduction of zero-dimensional
topology for a gapped system

We analyze the zero-dimensional topology of a gapped
system, which justifies the reduction Z — Z, for the
zero-dimensional point-gap topology with chiral symme-
try. Although the following results are essentially the
same as the ones in Sec. 111 B, we discuss the details by
focusing on a zero-dimensional system with the point-
gap. R

Consider the Hamiltonian H specified with
Egs. (25), (26), and (27) for given real parameters
zand y =0 (i.e., 2z =2, 0 <z <1). The Hamiltonian
H preserves the chiral symmetry (15) with = defined in
Eq. (28). Thus, in the absence of interactions, the topol-
ogy of H is characterized by the zero-th Chern number
Nocnh, & Z-invariant [see Sec. IIL A 1]. In the presence of
interactions, the topology of H is characterized by the
Zo-invariant v.

U
0.2

FIG. 9. Phase diagram of the Hamiltonian H(gyo). In the ab-
sence of interactions, the zero-th Chern number takes Nocn =
4 (6) at Fret =0 for 0 < z < z¢ (wc < z < 1) with z, ~ 0.6.
In the presence of interaction, the Zs-invariant takes v = 1
for 0 < x < 1. Dashed allows illustrate a path parameterized
by A.

Let us focus on the Fock space with (N, S,) = (3,0).
Figure 9 displays topological invariants against « and U.
In the non-interacting case, the point-gap at Eres = 0
closes (detH 3y = 0) at the point (z,U) = (x.,0) with
z. ~ 0.6 which separates two regions of distinct point-
gap topology with Nocn = 6 and Nocn = 4 for Eper =
0. In the presence of interactions U, the above point-
gap closing does not occur. Therefore, one can identify
the topology of Nocn = 6 and that of Nogcp = 4 in the
presence of interactions. Correspondingly the topology is
characterized by v which takes v = 1 in the entire region.

In the following, we numerically demonstrate that in-
teractions allow the smooth deformation of H character-
ized by Nocn = 6 to the H characterized by Nocn = 4
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FIG. 10. (a) [(b)] Spectral flow of H 3¢y for U = 0 [0.2]. With
increasing x from 0 to 1, the eigenvalues flow along blue curves
as indicated by black arrows. In panel (a) [(b)], eigenvalues for
x=0,0.6, and 1 [z = 0, 0.8725, and 1] are denoted by open
circles, crosses, and closed triangles, respectively. In panel
(a), the point-gap at Erer = 0 closes as denoted by the green
arrow. The flow in panel (a) is symmetric about the real- and
imaginary-axes due to Egs. (15) and (18a). The flow in panel
(b) is symmetric about the real-axis due to Egs. (15). These
data are obtained for (8,71,70,7-1) = (0.8, —3,—-2.945,1).

which keeps the point-gap and chiral symmetry. Fig-
ures 10(a) and 10(b) display the spectral flow for U = 0
and U = 0.2, respectively. As shown in Fig. 10(a), the
point-gap closes at © = x. ~ 0.6 in the non-interacting
case [see also Fig. 11]. In contrast, the point-gap remains
open in the interacting case [see Fig. 10(b)], which is con-
sistent with the phase diagram [see Fig. 9].

In a similar way, we can see that the gap remains open
along the path parameterized by A (0 < A < 1) which
is illustrated by dashed arrows in Fig. 9. Figure 12 indi-
cates that interactions allow the smooth deformation of
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H characterized by Nocn = 6 to the H characterized by The previous work®? has also addressed the reduc-
Noycn = 4 which keeps the point-gap and chiral symme- tion phenomenon. We note, however, that Ref. 92 has
try. compared the topology of the first-quantized Hamilto-

The above results justifies the reduction of the point- nian h and the second-quantized Hamiltonian H. In
gap topology Z — Zo for zero-dimensional systems with contrast, the analysis provided in this section compares
chiral symmetry. the topology of the mnon-interacting second-quantized

Hamiltonian Hp with that of the interacting second-
quantized Hamiltonian H which clearly elucidates that
the Z group formed by the point-gap topological states
in non-interacting cases reduces to its subgroup Z, due
to the interactions [see Eq. (23)].

X

FIG. 11. The absolute value of eigenvalues |E,| (n =1,...,8)
as functions of x for U = 0. At x = z. ~ 0.6, the eigenvalues
become zero.



|El
O K N W &~ O

A

FIG. 12. The absolute value of eigenvalues |E,| (n =1,...,8)
as functions of A which parameterizes the path illustrated in
Fig. 9. On the dashed vertical lines A takes A = 1/3 and 2/3,
respectively. Here, A parameterizes (z,U) as follows: [region
()] for 0 < X < 1/3, it parameterizes as (z,U) = (0,0.6));
[region (ii)] for 1/3 < A < 2/3, it parameterizes as (z,U) =
(3\ — 1,0.2); [region (iii)] 2/3 < A < 1, it parameterizes as
(z,U) = (1,0.2 — 0.6)).
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