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Kondo effect in a non-Hermitian P77 -symmetric Anderson model with Rashba spin-orbit coupling
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The noninteracting and non-Hermitian, parity-time (P7") symmetric Anderson model exhibits an exceptional
point (EP) at a non-Hermitian coupling g = 1, which remains unrenormalized in the presence of interactions
[J. A. S. Lourengo et al., Phys. Rev. B 98, 085126 (2018)], where the EP was shown to coincide with the
quantum critical point for Kondo destruction. In this work, we consider a quantum dot hybridizing with
metallic leads having Rashba spin-orbit coupling (1). We show that for a non-Hermitian hybridization, A can
renormalize the exceptional point even in the noninteracting case, stabilizing P7 symmetry beyond g = 1.
Through exact diagonalization of a zero-bandwidth, three-site model, we show that the quantum critical point
and the exceptional point bifurcate, with the critical point for Kondo destruction at g. = 1, and the exceptional
coupling being gz > 1 for all U # 0 and X > 0; A # U/2. On the line A = U/2, the critical point and the
EP again coincide at g, = gzp = 1. The full model with finite-bandwidth leads is investigated through the
slave-boson approach, using which we show that, in the strong-coupling regime, A and interactions cooperate in
strongly reducing the critical point associated with Kondo destruction, below the A = 0 value.

DOLI: 10.1103/PhysRevB.106.075113

I. INTRODUCTION

Conventional quantum theory postulates that every physi-
cal observable may be represented by a Hermitian operator,
since Hermiticity ensures that the eigenvalues of the corre-
sponding operators would be real. A generalization to the
existing quantum postulates can be made with considera-
tion of a parity-time (P7) symmetric orthonormal set of
eigenstates [1,2]. These states preserve the norm and form a
complete set which also allows for an unambiguous definition
of expectation of physical observables. Physically, non-
Hermitian models represent open quantum systems [3-5].
These models can exhibit eigenvalue degeneracies at certain
values of non-Hermitian parameters, called exceptional points
(EPs), which correspond to quantum phase transitions of the
level-crossing type. Concomitantly, these points also show a
breakdown of P77 symmetry. Beyond such exceptional points,
the eigenvalues develop finite imaginary parts, and the norm
of the corresponding eigenvector is not conserved. Hence,
probabilities of eigenstates oscillate with a decay factor as a
function of non-Hermitian strength. The emergence of imagi-
nary eigenvalues may be associated with a loss of bound states
and a crossover to scattering states of open quantum systems
[6-8].

Many theoretical studies of non-Hermitian Hamiltonians
have been motivated by experiments that realize such models
in open systems with balanced gain and loss [3,9-12]. Recent
experiments in cold atoms have observed level-crossing-like
transitions even though many-body interactions are present
in the system. The observations of gain and loss due to de-
pletion of atoms have been attributed to the phenomenon of
the continuous quantum Zeno effect [13—16]. Conventional
Kondo-type systems such as impurities coupled to baths have
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been realized in controlled environments like atoms in har-
monic traps [17-22], where the small number of excited states
mimic magnetic impurities and the atoms in the ground state
provide the bath. In experiments where Rashba-type spin-obit
coupling is generated synthetically, induced artificial mag-
netic fields break parity and time-reversal symmetries. It is
important to note that when both of these symmetries break,
SU(2) symmetry will also be violated. Exceptional points may
also lead to exceptionally sensitive sensors [23,24] since for
an EP of order n, any perturbation of strength € leads to a
splitting of the levels (Ap) that is proportional to the nth root
of €, which is in contrast to that of a diabolic point where
A L ™ €.

Open quantum systems are generally investigated through
master equation techniques with various kinds of noise terms
as discussed by Plenio and Knight [25]. Quantum criticality in
‘PT-symmetric effective field theories has been studied in the
sine-Gordon model [26] which has been shown to describe the
transition between a Mott insulator and a Tomonaga-Luttinger
liquid [27]. The PT-symmetry breaking transition has also
been studied in a classical system, where critical behavior,
similar to that found in quantum systems, has been observed
through numerical calculations [28]. Classical spin chains
with imaginary fields also exhibit similar phase transitions
[29]. Another work in interacting quantum many-body sys-
tems discusses a novel way of doing path integrals for such
systems to capture the Anderson localization transition with
non-Hermitian disorder [30].

Lourengo et al. [31] considered a real-space parity-time
symmetric model comprising a correlated impurity connected
to left and right leads through a non-Hermitian hybridization
coupling. They have employed a perturbative renormalization
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group (RG) approach to investigate the exceptional points in
the strong-coupling regime. The noninteracting exceptional
point was shown to coincide with the critical point for Kondo
destruction and also found to remain invariant under RG flow.
Nakagawa et al. [32] have considered a non-Hermitian (NH)
Kondo model that is not P77 symmetric. It is an extension of
the standard Kondo model to one with complex spin exchange
couplings and the justification for these non-Hermitian terms
is given through Lindbladian dynamics. A standard two-loop
poor man’s RG yields a phase transition, as seen through
RG reversion, which occurs at a very small value of the
complex coupling, since there is no symmetry and there is a
local-moment type fixed point. These results have been further
supported through Bethe ansatz calculations.

Our interest is to explore exceptional and quantum crit-
ical points in a non-Hermitian quantum many-body system
subjected to a decohering term such as the Rashba spin-orbit
coupling (RSOC). The interplay of RSOC and interactions
has been investigated extensively in the Hermitian case us-
ing RG methods such as poor man’s scaling and numerical
renormalization group [33-37]. Other special, but Hermitian,
cases such as an impurity in graphene, nanoribbons, and
an impurity in a topological insulator have been considered
[37,38], and through a mapping onto the pseudogap An-
derson model, a quantum phase transition has been shown
to occur. The SO coupling, particularly the Rashba type,
breaks parity symmetry in conventional models represented
by an angular momentum basis. Concomitantly, this also
leads to the generation of P77 -symmetric channels and hence
a Dzyaloshinskii-Moriya (DM) interaction in the effective
model of impurity subspace, which leads us to consider inter-
esting possibilities. If we consider NH coupling to these P7T
channels, there is an emergent parity-time breaking DM inter-
action which may modify the exceptional points of the NH
model. In the conventional Hermitian case, closed systems
may exhibit phase transitions as a function of SO interactions
only for some special lattices like a honeycomb lattice as seen
in, e.g., Bi,Se; and Bi,Te;. However, in NH systems, one can
expect phase transitions driven by the imaginary interaction
generically irrespective of the lattice. With the prospect of
the above possibilities, we ask the following questions: (a)
Can RSOC renormalize the exceptional point in the nonin-
teracting case? (b) What is the combined effect of interactions
and RSOC on Kondo destruction and the exceptional points?
For investigating these, we have considered a single-level
quantum dot connected to a bath which has RSOC (which is
important for realizing P7 symmetry [17,39]). The model is
also motivated by recent experiments [17] where singlet and
triplet scales in open conditions have been measured.

We set up the full, non-Hermitian, single-impurity Ander-
son model, and establish P77 symmetry, first in a simplified
zero-bandwidth, three-site model, and subsequently in the
full model. Using exact diagonalization, we show the emer-
gence of distinct quantum critical and exceptional points in
the three-site model. Subsequently, the full model in the
noninteracting case is solved through exact diagonalization,
Green’s functions methods, and total energy calculations. In
order to understand the effect of interactions, we utilize the
slave-boson method, and show the cooperative interplay of
non-Hermitian coupling and RSOC (A) in inducing Kondo

destruction. We show that a finite A protects P77 symmetry
by pushing the exceptional point beyond the A = 0 value. In
the strong-coupling regime, a quantum phase transition occurs
between a Kondo screened phase and an unscreened moment
at a critical non-Hermitian coupling g. = 1 for A = 0. With
increasing X, the critical coupling decreases monotonically
showing a strong renormalization of the quantum critical point
due to RSOC.

The paper is organized as follows: The following sec-
tion introduces the model and formalism. Section III intro-
duces a simplified three-site, zero-bandwidth model using
which P77 symmetry is analyzed and exceptional points are
found in closed form. Through exact diagonalization of the
interacting three-site model in Fock space, we show the bi-
furcation of the exceptional point and the quantum critical
point. We present the results and discussion for the full, finite-
bandwidth leads model in Sec. IV, and conclude in the final
section with a short discussion and open questions.

II. MODEL AND FORMALISM

As mentioned in the introduction, we have chosen to work
with a single-impurity Anderson model (SIAM) comprising a
single nondegenerate level quantum dot system connected to
an electron reservoir, for which the Hamiltonian, H, is given
in standard notation as

Hsiam = Ho + Hg + Hhyyp, (D

where the two-dimensional conduction band reservoir may be
represented by Hy = >, echacka and the isolated quantum
dot is given by Hy = ) €4dd, + Ungyng,. The hybridiza-
tion term is given by Huyp = Y 1 Vio (cled(7 +H.c.).

The presence of spin-orbit coupling in a two-dimensional
conduction electron bath has been considered previously
by several groups [34-37]. In this work, we have investi-
gated the interplay of Rashba-type spin-orbit coupling (SOC)
with the presence of non-Hermitian but P77 -symmetric terms
in the Hamiltonian. Defining ¥, = (ciy cxy )T, the SOC term
is given by

Hrso =2 ) Y/ (K x &), = A Zk(e"“)kcj(?ck¢ +H.c.),
k k
2

where k = |k| and 6 = tan~! [—k/(—ky)]. The action of the
parity operator is

P oy = Ckt — Ckls 3)

and using the above, we see that Hrsp is not invariant under
parity transformation.

The conduction band terms, namely Hy and Hgrsp, may
be combined [34], which leads to the emergence of chiral
conduction bands. This is accomplished using an angular
momentum expansion for the conduction band operators, fol-
lowed by a unitary transformation as

1
V2mk

Y Cimo exp(—imby),  (4)

m=—0o0

Cko = Ciiyo =
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where k = |k|. The inverse transform is defined as cye =
k
27
[Eq. (4)] into the Hamiltonian, and assuming an isotropic
dispersion, which depends only on k = |K|, such that ex = ¢,

the Hy becomes

=Y e =Y &
HO - Ekcka Cka - ekckma ckma ’ (5)
ko

kmo

02” dByciy ™% . Substituting the above expansion [34]

where &, = ¢;/k. Further, with the same transformation, the
RSO term transforms to:

Hgso = A ) (€} oy, +HC. (©6)

km

In Appendix A, we develop a non-Hermitian Anderson model
Hamiltonian by combining the above terms and a few ex-
tra terms invoking Lindbladian dynamics, and the resulting
Hamiltonian has the following form:

I T
H = Z €1h ki kg T+ Zxkﬂh(cknhdh +H.c)
khn knh

+eq Z ngp +Unging_, (7)
h

where & is a “chiral” quantum number and can be thought
of as a pseudospin index, and n € {L, R} is the channel in-
dex, which is, in fact, the j,, = m + ¢ index in the angular
momentum representation. The hybridization coefficients are
Xien = V2|Xi|e* and Xigy = —hX};,. The model obtained
in the rotated basis above has the interpretation of a dot con-
nected to two leads, and appears very similar to the real-space
model considered by Lourenco e al. [31]. The main difference
is that the real-space model had non-Hermitian coupling to
just two sites that were directly connected to the dot. In our
case, the hybridization elements, Xi,, being complex, render
the Hamiltonian non-Hermitian when ¢, # 0, 7 and for all k.

Before we investigate the full model in Eq. (7), we have
considered a three-site, zero-bandwidth model that has a struc-
ture very similar to Eq. (7). We will see that the symmetry
class, exceptional points, etc., can be obtained easily and
exactly, and hence are very instructive. Furthermore, a gen-
eralization of the symmetry analysis to the full model will be
straightforward.

III. THREE-SITE, ZERO-BANDWIDTH MODEL
IN THE CHIRAL BASIS

Consider a simplification of the above model [Eq. (7)],
where the leads are replaced by single sites with two orbitals
each,

H = Zehcznchn + ZX,,h(c;hdh + H.c.)
hn nh

+eq Z nan + Ungying_, (8)
i

where €, = € + h, Xy, = Ve'®, Xgy, = —hX},, and V is areal
number (V € R). The exceptional points may be found in
terms of ¢ or a coupling g defined as the ratio of the imaginary
part to the real part of the hybridization, which is simply
g =tan¢. Using ¥ = (cpcridid_cp_cg_)", we can write

the above Hamiltonian as

H=y"Hy +Unging, ©)
where
€4 0 XL+ 0 0 0
0 €4 XR+ 0 0 0
XL+ XR+ €4 0 0 0
H=10" 0 0 e x. x| 1O
0 0 0 X e 0

0 0 0 Xz 0 €_

This matrix is block-diagonal, since the chiral channels do not
mix in the absence of interaction, i.e., for U = 0. It is also
non-Hermitian, but symmetric, i.e., H' # H, but HT = H.
Now, we explore the noninteracting case first, before moving
ontoU # 0.

A. Noninteracting case: U = 0

Keeping X, general, we want to find conditions so that the
eigenvalues are real. The eigenvalues of the above Hamilto-
nian (A), for the special case of € = €; =0 and U = 0, are
given by

A=E0 A — (EVA - (X +Xg)=0. (1D
Thus the condition that determines real eigenvalues is
)\'2
82’
which reduces to ¢ < /4 in the absence of RSOC, while if
A # 0, the condition is as given above, so RSOC stabilizes
‘PT symmetry by increasing the range of ¢ to beyond r /4.

And if A > 24/2V, PT symmetry cannot be broken for any
¢. Thus, for A < 2+4/2V, the exceptional point is given by

cos2¢p > — (12)

2

1., A
G =m/4+ 5 sin (13)

8y2’
or equivalently in terms of g, the EP is given by

14 A2/8V2
p =1 P — P ITTIR 14
Sr =10 =\ T2 gy (14)

So, the minimal condition necessary for real eigenvalues is
X2, + X7, € R for h = +. From an inspection of the Hamil-
tonian, a mapping that yields H — H' is

CL+ —CR+
CR+ —CL+
|4 d.
v=|S =13 | (15)
Cr— CR—
CR— Cr—

This implies that the matrix representation of the metric oper-
ator, 1, that should yield this transformation should be

0 -1 0 0 0 0
1 0 0 0 0 0
O 0 1.0 0 0

=10 o 0 1 0 of (16)
0O 0 0 0 0 1
O 0 0 0 1 0
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such that n> = 1, and thus ' = 5!

Indeed, we find that

= 5, which is unitary.

nHn ' =H', (17)

implying that H is pseudo-Hermitian. Since H is also sym-
metric, i.e., HT = H, the pseudo-Hermiticity is identical to
PT symmetry [40]. We can also make a statement about
the left (W, ) and right eigenvectors (W), as follows. Since
HWur = EoWyr, Where E, is the ath eigenvalue, and given
the property (17), we can see that

H' (nWer) = E(¥ar), (18)

and hence the left eigenvector corresponding to the complex
conjugate eigenvalue E; would be W,; = nWyg. We can also
construct the metric operator in the second quantized form, as

n=vny =—(cg.cr, +He)+ (chc,_ +He.)
+(dld, +d'd.). (19)

For the Hamiltonian to be pseudo-Hermitian, it is easy to see
from Eq. (17) that the condition to be satisfied is

[H+H', 7]=0, (20)

and indeed we see that this condition is satisfied as shown
below:

[H, 7] = Xy + Xp)((c] | +ch,)d, —Hec)
+ (X, —Xg )((c]_—ch )d_—Hc). (1)

With the above result, we see that the condition for pseudo-
Hermiticity [Eq. (20)] is satisfied since

Re(2Xp; + Xp+ — Xg_) = 0. (22)

Thus, with the combination of pseudo-Hermiticity and sym-
metric form, we establish P77 symmetry.

B. Interacting case: U > 0

We perform exact diagonalization of the three-site model
for U # 0 [Eq. (8)] in the Fock space to get an insight into the
combined effect of U, A, and non-Hermiticity on the phase
diagram. The exceptional point is found as usual from the
emergence of a nonzero imaginary part in the eigenvalues of
the Hamiltonian, while a quantum phase transition would be
signaled by a crossing of the real-valued ground state and the
first excited state eigenvalues.

We have seen in the noninteracting case [refer to Eq. (12)]
that the spin-orbit coupling stabilizes P77 symmetry, in the
sense that ¢, increases from 7 /4 at A =0 to 7 /2 at A, =
242V beyond which the exceptional point does not arise,
implying that the P77 symmetry does not break. As mentioned
before, the non-Hermitian coupling at the exceptional point
defined as g, = tan(¢;,) increases from 1 to co. Now, we can
investigate the exceptional points in the presence of U and A.

The top panel of Fig. 1 shows the inverse exceptional
coupling, i.e., g;} = cot(¢zp), as a function of A for various
U values, while the bottom panel shows the same as a func-
tion of U for various A values. We see that for U = 0, the
exceptional points shift to higher values (¢, > 7/40rg > 1)
upon increasing A, which is consistent with that found in the

o
o0

Inverse Exceptional Coupling (cot(d,))

Inverse Exceptional Coupling (cot(¢;,))

Interaction (U)

FIG. 1. The inverse exceptional coupling, g;, = cot(¢sp) as a
function of (top panel) A for various U values and (bottom panel)
U for various A values.

noninteracting case. The effect of finite interactions is to en-
hance the critical A beyond which P7 symmetry is violated.
Eventually for large U, the P77 symmetry is unbroken up to a
critical A. Interestingly, we notice that at . = U/2, the excep-
tional point reverts back to ¢, = 7 /4, which is just the same
as the noninteracting value, thus negating the effect of A and U
completely. The implication is that, for a fixed U, if A = U/2,
the exceptional point is the same as that in the noninteracting
and zero SOC case, and is hence unrenormalized. The bottom
panel shows a similar behavior as the top panel, with the roles
of U and A reversed, and again the A = U/2 points are seen to
be special unrenormalized points. In Fig. 2, we have shown
the eight lowest eigenvalues as a function of ¢ for U = 4.0,
€q = —U/2, A = 1.2, in the PT -symmetry unbroken regime.
The ground state, being adiabatically continuous with the
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FIG. 2. The lowest eight eigenvalues as a function of the non-
Hermiticity parameter, ¢, for U = 4.0, A = 1.2, and ¢, = -U/2.
The cyan dot shows the first crossing of the ground state and the
first excited state, and is thus identified as the quantum critical point.

Hermitian case (¢ = 0), is identified as the Kondo screened
phase. This is also confirmed by examining the ground state
eigenvector in the Fock space. The first crossing of the ground
state and the first excited state eigenvalue, identified as the
quantum critical point of the many-body level crossing type,
remains at ¢ = /4 or g =1 for all U # 0 and any A. We
have confirmed through an eigenstate analysis also that the
quantum critical point represents a transition from a Kondo
screened singlet phase to a local moment phase.

The exceptional point phase diagram in the U-XA plane is
shown in Fig. 3. The color represents inverse exceptional cou-
pling, g-!. The extent of renormalization of the exceptional
point due to interactions and SOC is indicated by the darkness
of the color. As mentioned above, the solid circles represent
the line A = U/2, where the exceptional point is completely
unrenormalized with respect to A = U = 0. Finally, in the
U-A plane, the Kondo destruction critical point for all U # 0
and any A coincides with the exceptional point for A = U/2,
while the exceptional point gets strongly renormalized away
from this line, and does not even exist for U/A > 1 and
U/h L 1.

IV. FULL MODEL: RESULTS AND DISCUSSION

Taking cues from the solution of the three-site model,
we can now explore the eigenvalues, and the symme-
try of the full model, i.e., Eq. (7). Again, using vy =
Ckr—) , We can write the

(cke+  Cr+  dy d- cp-

Hamiltonian of Eq. (7) as

H=Y y/Hi+ey nan+Ungna, (23)
K h

1.0

0.6

Inverse Exceptional Coupling

. 0.0
0 2 4 6 8 10

Interaction (U)

FIG. 3. The exceptional-point phase diagram for the three-site
model in the interacting regime is shown. The color bar shows the
inverse exceptional coupling. The solid circles represent the line
A =U/2, on which the exceptional point remains at ¢ = 7 /4 or
g = 1. Everywhere else the exceptional point is strongly renormal-
ized by interactions and SOC. In the dark regions (low U, high A and
high U, low 1), the inverse exceptional coupling vanishes, implying
gep — 00, and hence P77 symmetry is never violated.

where
€L+ 0 X+ 0 0 0
0 €r+  Xkr+ 0 0 0
5 — X+ Xirt 0 0 0 0
k=10 0 0 0 Xu- X
0 0 0 XkL— €kl — 0
0 0 0 Xka 0 €LR—

(24)
We observe from the form of the matrix above that the metric
operator can be generalized from the case of the three-site
model as

n=>Y vin v,
k

= [ (cfpscips + Hee) + (clg_cy_ +He]
k

+did, +dd), (25)
which will again yield
[H+H', 7]=0, (26)

thus showing that the Hamiltonian is pseudo-Hermitian even
for U # 0, and since H = H”, we can identify the symmetry
as being equivalent to P77 symmetry.

A. Exact diagonalization of the noninteracting model

For U =0, €x1n = €xrn, and the hybridization elements
assumed to be k-independent, the characteristic polynomial
that yields the eigenvalues is found to be

(X5, +Xz,)
(a—N)—Y B =0 forh==%  (27)
P €n — A
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Real Eigenvalues
L h
< I -
—
| Complex |
Eigenvalues
0.5 1
0 \ [ S \
0 0.1 0.2 0.3 0.4 0.5

/T

FIG. 4. Phase diagram in the ¢-A plane is shown for the non-
interacting case (U = 0). The solid circles represent exceptional
points, where certain real eigenvalues coalesce and complex conju-
gate eigenvalues emerge.

Thus the possibility of real eigenvalues exists if (X2, + X2,) €
‘R. However, Eq. (27) is not suitable (numerically) to find
all the eigenvalues, especially if some of these are complex;
hence we create the Hamiltonian matrix for the two chiral
channels separately (since they do not mix for U = 0) using
Eq. (23) and the basis ¥, = (Cleh Ck\Rh - -+ CkyLh CkyRh dh)T.
Using a uniformly spread sequence of N ¢, values between
—D to D, we get a Hamiltonian matrix of size N + 1. We
then directly diagonalize the Hamiltonian matrix using nu-
merical diagonalization methods (HTDQLS [41]) for general
complex symmetric, but non-Hermitian, matrices. In practice,
we have used D = 1 and have tested our results for various
sizes of the Hamiltonian matrices, and the results reported
here (Fig. 4) are for N = 100 values of €. The phase diagram
for U = 0 in the ¢-A plane is shown in Fig. 4. The solid curve
is the line of exceptional points, which shows that increasing
spin-orbit coupling enhances the range of ¢ within which
real eigenvalues are obtained, and hence SOC stabilizes P7T
symmetry. The exceptional point for A = Oisat¢ = 7 /4. Itis
interesting to see that for even an infinitesimal ¢ > 7 /4, the
SOC needed to restore P77 symmetry is A ~ O(1). This is in
contrast to the three-site model where the line of exceptional
points was given by ¢ — 7 /4 oc A% for A — 0. The reason for
the discrepancy is that the full model has a conduction band,
and we find that the minimum spin-orbit coupling needed to
restore P77 symmetry is of the order of bandwidth, which is
O(1) in the present case, and was zero in the three-site model.

B. Spectral sum rule in the U = 0, noninteracting case

Since the model is P7 symmetric, and the eigenval-
ues of the Hamiltonian are real in a finite range of the
parameter space, the time evolution of operators will be uni-
tary, for ¢ < ¢.,, where the latter represents the exceptional
point. Hence, we can use the equation of motion (EoM)

method to find the retarded Green’s functions [G/g(t,t’) =
—i(WE{Ap (1), B, (t)|WE)YO(r —1')] in the unbroken P7T-
symmetry regime [42]. The Green’s function is defined with
respect to the left and right (L/R) eigenstates of the full
Hamiltonian. The equations of motion are given by

w*Gy(w) = ({A, B}) + Gy (0) = ({A, BY) + G}y 5 ().
(28)

In order to gain insight into the interplay of P77 symmetry and
SOC, we investigate the noninteracting case (U = 0). We first
find the retarded Green’s function for the dot operators in the
chiral basis, i.e., GZZ . The following equation is obtained for
the dot Green’s functions,

Giiy = [0 — € = Th(@)] ™, (29)
where the hybridization function is given as
Xen + X5
TCi(w) = kLh th. 30
) Xk:—w—m (30)
Using X, = Xpi— = |Xi|e'®, so that Xz, = —|Xi|e % =

—Xkr—, the diagonal dot Green’s functions are obtained as (for
U=0)

1

. 1Xi |2 cosey)
] €4 2 Zk T ot—ay

Giiy (@) =

3D

The Green’s function is causal, as long as either (i) ¢ <
/4, Yk or (ii) the imaginary part of hybridization is zero.
The spectral density is guaranteed to be positive-definite in
this regime. Interestingly, although the Hamiltonian is non-
Hermitian for ¢ # 0, the Green’s function, being exactly
the same as for a single-impurity Anderson model with a
renormalized hybridization [Vk2 — 2|X;|? cos(2¢y)], is fully
causal, and has the same analytic structure of the usual
Green’s functions. We also see that the eigenvalue equa-
tion (27) is identical to the equation obtained for the zeros
of the denominator of the Green’s function (31). This is not
surprising, since the noninteracting Green’s function is given
by G = [w*1 — A]7".

Taking X; = Xy and ¢, = ¢ to be independent of k, the k
sum in the hybridization can be converted to a density of states
integral, which is then given by

[j(w) = Tocos(po)Hr [ — hA], (32)

where 'y = 2X02 and Hr[z] is the Hilbert transform defined
by

Hylz] = /oo de ). (33)

[ Z—€

The exact diagonalization calculation required us to choose
energy values, €, distributed in a certain way, and for conve-
nience, we chose a uniform distribution. The density of states
accordingly for the Green’s function calculation has been
chosen to be a flat band, namely py(e) =), 8(€ — &) =
0(D — |exn|)/(2D), for which the Hilbert transform may be
obtained in a straightforward way as

1 ‘a) —hr+D

Hrylo™] =

— |2 T 0D — w — ).
2 lo—m—D| 2D

(34)
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FIG. 5. Dot density of states (DoS) as a function of frequency
for various values of SOC (legends are the values of 1) and ¢ = /5
(top panel) and ¢ = 7 /3 (bottom panel). In the top panel, the system
does not violate P77 symmetry for ¢ = 7 /5 for any A. The bottom
panel is for ¢ = /3, for which A = 1.5 represents the SOC value
beyond which P7T symmetry is restored.

The spectral function is given by
1 1
Dy(w) = ——ImG¥ = ——Im[w" — ¢; — Th(w)]'. (35)
b4 b4

For a representative set of parameters 'y = 1/4, we show the
spectral function of the chiral index summed Green’s function
(Gqa =0.5, G4y in Fig. 5. The numbers mentioned in
the legends are values of the SOC(A). Both panels shows
the dot density of states (DoS) in the non-Hermitian case
of  =0.27 < /4 (top) and ¢ = 7 /3 > 7 /4 (bottom). The
top panel shows that for A = 0, the DoS is a Lorentzian, as
expected, while for higher A, the DoS splits into two peaks.
These peaks grow in intensity, while becoming narrower as
A > 1. In fact, in the latter limit, it is easy to show that the
DoS reduces to just two poles at w = 21"y cos2¢/|1|. We
see that for any value of X in the top panel, the DoS preserves
the spectral sum rule, and is hence causal. The bottom panel

2
1.5~ Spectral Sum
Rule Preserved
L h
—
< 1r Spectral Sum
Rule Violated
0.5 —
0 \ \ \ \
0 0.1 0.2 0.3 0.4 0.5

/T

FIG. 6. The U = 0 phase diagram in the ¢-A plane found through
the norm violation condition of the Green’s function. The solid
symbols represent the line of exceptional points, where the spectral
sum rule gets violated and the norm deviates from unity.

shows the DoS for ¢ = 7 /3, which is greater than /4, so for
A = 0, the DoS should be expected to be acausal. Indeed, we
see that for A = 1.4 (and all lower values), the DoS is negative
and acausal, but for all A > 1.5, we recover causality, in the
sense that the integrated spectral weight or the spectral norm is
1. But as the figure shows, the DoS does become negative over
a finite frequency range, albeit, the negative weight is compen-
sated by the positive part, preserving the total spectral norm.
The density of states being negative is of course not physical
in a conventional Hermitian picture, but for a non-Hermitian
system considered here, such a result can be speculated to
imply states that are not stationary and are either lossy or
amplifying. We note that further studies are required for find-
ing the correct interpretation of negative density of states. The
inference from the above investigation is that higher A values
restore P77 symmetry that was broken spontaneously at lower
A, and hence SOC protects P symmetry.

In the Hermitian case, the spectral function is positive-
definite and causal, i.e., normalized to 1 [ f dwDp(w) = 1].
We will explore the violation of causality by computing the
deviation of the norm from unity, as a function of ¢ and A. The
most interesting feature about the phase diagram, computed
through the violation of spectrum sum rule condition, and
shown in Fig. 6, is that although the hybridization, being
proportional to cos(2¢), has an acausal imaginary part beyond
¢ > m /4, the spectral function sum rule is not violated above
a certain value of the spin-orbit coupling, 1. The critical A for
¢ = m /4 is found to be equal to the effective bandwidth of the
conduction band. Since A shifts the center of the conduction
band away from @ = 0 for each “chiral” index, this implies
that if the imaginary part of hybridization is either vanish-
ingly small or negative-definite (causal) at @ = 0, the spectral
function norm is preserved. Thus, the inference is that, as
found through exact diagonalization in Sec. IV A, spin-orbit
coupling stabilizes P77 symmetry.
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FIG. 7. The sum of energies of all occupied causal states at a
given ¢ measured from a reference value of ¢ = 0 for various values
of SOC. The ¢ value at which the discontinuity in total energy occurs
is marked by arrows.

We note that such a conclusion is sensitive to the choice of
the conduction band density of states. For example, the choice
of an infinitely wide flat band will result in the exceptional
point being ¢gp = 7 /4 or ggp = 1 for any value of the spin-
orbit coupling, A. We will find the trace of the Hamiltonian in
the next section, and identify the violation of P7 symmetry
from the dependence of total energy on ¢ and A.

C. Total energy of the causal states (U = 0)

A violation of P7 symmetry introduces complex conju-
gate eigenvalues into the eigenspectrum. Thus, if we measure
the energy of the system as the trace over the occupied
states of the real part of the eigenspectrum, we should ob-
serve some form of singular behavior such as discontinuity
or non-differentiability, when one or more pairs of real eigen-
values become complex. From the exact diagonalization done
in Sec. IV A, we have the eigenvalues of the Hamiltonian.
Now, we consider a sum of all the real eigenvalues which
are below the chemical potential (which is zero in our case),
and denote that as E. As shown in Fig. 7, the quantity
[Ewot (@) — Eio(0)], where E(0) is the corresponding quan-
tity for ¢ =0, is discontinuous at specific ¢ values, that
depend on the value of the SOC, and the discontinuities are
marked by arrows. Such a discontinuity provides an alter-
nate measure of the exceptional point. It is also interesting
to see that the total energy is conserved below the excep-
tional point, while for ¢ > ¢gp, since some of the states
develop imaginary eigenvalues, they would be excluded from
[Ewot (@) — Eio(0)], and this quantity, which is a fictitious en-
ergy in the P7T-symmetry broken regime, then appears to
increase with increasing ¢. Figure 8 shows the phase diagram
computed through the energy discontinuity superimposed on
the phase diagrams obtained through exact diagonalization
and the spectrum sum rule violation. The three criteria for
finding the exceptional points match reasonably well. Thus,
we establish that the P7T violation as seen by the exact di-
agonalization of the Hamiltonian is also indicated to a good
extent by causality violation of the Green’s function, and by
the energy discontinuity condition.

2 —
=—u Spectral Norm
|  e—e Exact diagonalization A
/>=4\ Energy Discontinuity e
1.5
PT - symmetry
preserved
< 1F
0.5
0 | |
0 0.1 0.2 0.3 0.4 0.5

FIG. 8. The phase diagram in the ¢-A plane, computed through
an identification of the energy discontinuity (see text for details)
showing the line of exceptional points (triangles). The shaded region
represents the spontaneously broken P7 -symmetry broken regime,
and the unshaded region represents the P7 -symmetry protected
regime. The circles and squares represent the exceptional points
derived through exact diagonalization and the spectral sum rule vio-
lation, respectively. All three conditions for determining exceptional
points agree reasonably well.

Until now, we have restricted ourselves to the noninter-
acting case (U = 0). In the following subsection, we will
investigate the other extreme, i.e., the U — oo limit using the
slave-boson formalism.

D. Slave-boson mean-field solution

The Hamiltonian in Eq. (7) may be rewritten in the U —
oo case using Coleman bosons [43] as

H=Hy+ Y Xupc),b,d, +Hc)
knh

+éa anh+g(2b;bn+edzndh —~ 1),(36)
h n h

_ - -
where Hy = Zkhn €4nChehnCrcnn and ¢ is the Lagrange mul-

tiplier which enforces the constraint that the total filling
(fermions + bosons) is 1. Note that the two channels, namely
L and R, have been associated with two different bosons as
a general possibility. Hence, with the mean-field approxima-
tion, (b}) = (by) = re” and (bl) = (bg) = re™, implying
that the total mean boson number will be (bsz + b;bR) =
2r2 cos(20), the mean-field Hamiltonian becomes

Hyr = Ho+ Y _ Xilc],,d, +Heell
knh

+& Y nan+ 2 cos(20) — 11, (37)
h
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where iy = re?Xupn = 2| X; @0, Xrn =
}_tre_iQXth = ﬁfzr|Xk|e_i(¢+0), and €;=¢;+¢. The
parameters r, ¢, and 6 may be found self-consistently
by minimizing (Hyr). Since the slave-boson mean-field
Hamiltonian has exactly the same form as the noninteracting
Hamiltonian, Eq. (7), we will find the expression for the total
energy in the U = 0 case, and generalize it to the slave-boson
case.

For finding the expectation value of the Hamiltonian in
Eq. (7), we need Green’s functions other than the one com-
puted before [Eq. (31)]. These are listed below:

G ! X G 38
T ot — &g (0 — &) 8
X,
knh knh
G = Gan' = =g~ (39)

Using these to find the expectation value of the Hamiltonian,
Eq. (7), we get

o0
Eii = / do f(@)D(w), (40)
—0Q
where
- 1 -
D = ——1 G
(@) = —— m; (@)
1
—~Lim| 3 et 20 0ty) + o |
T khn A
@1)
and

Ao — [ b
(5 ezt
dh khn wt khn
Gl (€d+zw+_€kh Z (w+_5kh)2)

(42)
which when simplified yields
Dy(w) = oDey(@ — hi) + €4Daon(@)
1 dary,
— —Im| G Ty —0—= ) |. 43
7_[ |: dh( h— W do >:| 43)

The first term contributes to the conduction electron energy,
and depends on A as follows:

0
Ey = Zf wDyo(w — hA) dw
h -
0 A
= 2/ wD(w)dw + 2[ (w — M)Dp(w)dw
—00 0

A
=Ey+ 2/ (w — A)Dy(w)dw, 44)
0

where Ej is independent of A, and we have assumed that
D.y(w) is symmetric about w = 0. The second term yields a

contribution proportional to the dot occupancy. Thus

2
Eo — Eo = 2/ (@ — 2)Deo(@) do + €4 Y _ naro
0 h

_ Z/ do —Im[(;f,z (rh - w‘iﬂﬂ

(45)

A Gaussian conduction band is chosen for convenience as
po(€) =", 8(e — &) = exp(—e€?/2t2)/ /(7 )t (with t, = 1
as the unit of energy), for which the Hilbert transform may be
written in terms of the Faddeeva function, w(z), as Hr[z] =
(—i/7 /t)w(z/v/2t,) if Im(z) > 0. With a Gaussian DoS, the
hybridization function, I';,(w), is given by [Eq. (32)]

[p(w) = Tocos(2¢)Hr[z4]

= Ty cos(2¢)[ — is«/7 exp ( — z; )erfe(—isz)],
(46)
where z, = ™ — hA, s =sgn(Imz;,) = +1, and erfc(z) is
the complementary error function. The derivative of the hy-
bridization function is given by

Cilr — Iy cos(26) T(Z)
®

= 2T cos(2¢)(1 — z,Hr[z1]).
47

The total energy expression (45) shows that the first term is
the conduction electron contribution, and the second and third
terms are the contributions due to the dot and the hybridiza-
tion, respectively. If A =0 and ¢ = 7 /4, then for ¢; = 0,
the total energy is just zero. In fact, the third term, being
proportional to cos(2¢), will yield zero for any A and €, at
¢ =m/4.

The slave-boson mean-field Hamiltonian may be treated
exactly as the noninteracting limit, and the average energy
E.ot = (Hyr) is obtained as

s
B —Ey=2 / (@ = MD(w)dw + & Y fian
0 h

_Z/ dw—lm[GZﬁ(Fh ‘;F”)}

+ {[2r cos(20) — 1], (48)

where the renormalized dot Green’s functions and hybridiza-
tions are given by

Gil(w) = [0" — & — D)™, (49)

D(w) = 4r*1Xo[* cos(2¢ + 20)Hr[za], (50)

and the Hilbert transform is defined by the Faddeeva function
given above Eq. (46). We observe that the first term in Eq. (48)
does not depend on r, ¢, or 8, and hence will not affect the
minimization.

In order to investigate the effect of finite bandwidth and
SOC in the strong-coupling limit, we go back to Eq. (48),
and minimize the total energy for a Gaussian band and for
finite SOC. We will find the equations for the determination
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of ¥, &, and 0, and solve them numerically. The derivatives
of the total energy are

AF,
a;t =A@y, 1, 0) +2r2cos20 — 1, 51
Ay 1
O~ By, 12, 0) + 2¢ cos 26, (52)
8,.2 1’2
8EN‘tot ~ 2 2 .
%0 = —2{tan[2(¢p + 0)]1B(&y, r~, 0) + 2¢r-sin 20}, (53)
where
1 0
A@y, 1, 0) = ——Im/ th(w)da),
T —00 G
1 0
Ber o) =-—in [ Y G@do. (54
T —00 5
and

2 . dTy
Fiu(w) = (G4p) (ed+rh—w daj)wz;:,

g2 - - dr
Gn(w) = (G4) T <ed + T - wd—wh>
i dr
+ Gj’,;(Fh - wd—aj’) (55)

Using the above expressions and the definitions, we get the
following self-consistent nonlinear equations:

Ay, ?,0) =1 —2r cos(20), (56)
B(Eg, 1%, 6) = —2¢r% cos(26), (57)

tan(2¢ + 20)B(E4, r*,0) = —2¢r*sin(20).  (58)

Since Egs. (57) and (58) yield the result that 6 # 0 only if
¢ = 0, we conclude that the slave-boson equations do not
renormalize the non-Hermitian coupling strength, which is
nonzero only if ¢ # 0. Thus, we restrict ourselves to 6 =
0, and solve Egs. (56) and (57) to determine &é; = €; + ¢
and r%. Again, we choose a Gaussian density of states for
the bare conduction band. The numerical solution proceeds
with the choice of a parameter, a = r%/&,, and using this,
Eq. (56) can be transformed to a single-variable nonlinear
equation, and hence can be solved easily. Given both r? and
€4, we can substitute in Eq. (57) and get ¢, and hence ¢,.
For vanishing SOC (A — 0), we expect to find a Kondo scale
that has a dependence similar to the conventional Hermitian
case. Defining Ag = X po(0) which is equal to /TX7 /1,
for the Gaussian DoS, Fig. 9 shows that the Kondo scale,
Tx/D = rz,/A% + éﬁ /D, found with the Gaussian density of
states, is indeed exponentially dependent on e,/ Ay, but with
an exponent, that is slightly different than the one obtained for
the flat-band case.

With increasing SOC, since the hybridization value at
o = 0 decreases, we may expect that the Kondo scale should
also decrease. A countereffect is provided by a concomitant
increase in the total bandwidth. However, since A affects
['(w = 0) exponentially (Gaussian DoS), the Kondo scale
decreases exponentially with an increase in SOC as shown

107

o—e Slave-Boson solution ’
— - Fit: y=0.52exp(1.17x) Al

-6 5 4 3 )
e d/4A0

FIG. 9. Ty (black solid) and the exponential fit (red dashed) as a
function of scaled dot-orbital energy, we,; /4Ao, for A = 0and ¢ = 0.

in Fig. 10. This finding must be contrasted with that of
the flat-band case [44,45], where, since the I'j,(w = 0) does
not change with varying A, the bandwidth becomes the only
controlling parameter, and the scale increases linearly with
increasing SOC in the flat-band case.

Now, we investigate the variation of the scale with in-
creasing non-Hermitian strength for fixed SOC and ¢, in the
strong-coupling regime. To recapitulate the results from the
noninteracting case, we had found that for A = 0, the excep-
tional point was at ¢gp = 7 /4, and that increasing X increased
the ¢gp to beyond 7 /4, showing that SOC stabilized P7T
symmetry for U = 0. In the zero-bandwidth, three-site model,
we found that the exceptional point (g,, > 1) and the quantum
critical point (g, = 1) become distinct in the U-A plane except
on the A = U/2 line, where g,, = g. = 1. With the slave-
boson calculation, we will be able to extract the Kondo scale,
Tk, and hence the quantum critical point (QCP) will be iden-
tified through the vanishing of 7Tx. However, we may not be

E ' =1 T ]
S ° N ]
B N

- [ ] ° \ ,
L o \ |

2 '\\
107 F N E
I \ N
r s ]
N I \ 1
= " % ]
S e Slave Boson result . .
10 E ) 4 » 3
F —= 0.07exp(A”- 2.11") *\‘ 1
[ > ]
L x\ ]
10-4 3 | | ‘\ | E
0 0.5 1 1.5 2

SOC (\)

FIG. 10. Tk (black solid) and the exponential fit (red dashed) as
a function of spin-orbit coupling (A).
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FIG. 11. Tx/Txo for A =0 (black circles) and A = 1.5 (red
squares) and the respective fits (green dashed and blue dashed) for
€4 = —1.75.

able to identify the exceptional point since the zero-bandwidth
case indicates that P77 symmetry breaks spontanecously at
a non-Hermitian coupling, g > 1, which is always greater
than or equal to the QCP (g = 1), while the slave-boson
mean field vanishes at the QCP, and the theory may not even
be valid beyond the QCP. Now, we discuss the slave-boson
results.

Defining Tk as the Kondo scale for ¢ =0, in Fig. 11,
we show Tx/Tko vs ¢ for ¢, = —1.75 and A =0, 1.2, and
1.5. The scale decreases sharply with increasing ¢, and is
seen to vanish at a critical ¢ (as seen by the power law
fits). The critical values of ¢ and the non-Hermitian cou-
pling g = tan(¢) for various A are given in Table I. It is
observed that the critical coupling decreases sharply with
increasing A, and at some value of A = A., the critical ¢
will vanish, which implies that the model will not have a
Kondo screened state for any finite value of the non-Hermitian
coupling if A > A.. The results shown in Table I also con-
solidate the inference that interactions and SOC cooperate
in reducing the value of the quantum critical non-Hermitian
strength.

Using the above results in Fig. 11, we can draw a phase dia-
gram in the ¢-A plane. The shaded region in Fig. 12 represents
the parameter regime where the Kondo scale is finite, while
the dashed line is where the scale vanishes. The red crosses
are the actual slave-boson results found through the analysis
shown in Fig. 11, where for a fixed A, we have found the Tk vs

TABLE I. Table showing the results of the fits of Tx vs ¢ of
Fig. 11, from which the critical ¢ has been obtained.

A P 8c = tan(¢c)
0.0 0.2367 0.916
1.2 0.2097 0.771
1.5 0.177 0.591

o/T

FIG. 12. The shaded region represents a parameter regime,
where a finite Kondo scale is found. The slave-boson results for the
vanishing of Tx are shown by red crosses (¢ scan) and blue stars (A
scan), and the dashed line represents a fit, and is a guide to the eye.

¢. This will be called the ¢ scan. In order to validate the phase
diagram, we have carried out A scans for fixed ¢, and the blue
stars shown in Fig. 12 are found to lie on the same curve as
the red crosses. The fit shows that the critical A, discussed
above is given by 1. = 2.96(0.236)"/* = 2.06, beyond which
the model does not support the Kondo screened state for any
finite ¢.

V. DISCUSSION AND CONCLUSIONS

In this work, we have considered the interplay of in-
teractions, Rashba spin-orbit coupling, and non-Hermitian
coupling to the baths on the Kondo effect and preservation
or violation of P77 symmetry. We begin with a derivation of
the model of an interacting quantum dot hybridizing through
non-Hermitian couplings with noninteracting leads having
Rashba spin-orbit coupling using Lindbladian dynamics. A
simplification of the full model in terms of a zero-bandwidth,
three-site model is considered, which yields a wealth of
information including the demonstration of P7 symmetry,
the dependence of quantum critical points and exceptional
points on Rashba spin-orbit coupling and interactions, etc.
Our analysis shows that the exceptional point at g,, = 1 in
the noninteracting case coincides with the Kondo destruction
critical point, g., forallA = U /2, U # 0, but the two bifurcate
significantly everywhere else in the U-A phase diagram. The
quantum critical point remains at g, = 1 for all U # 0 and A.
The phase diagram of this simple, three-site system shows that
U and X protect PT symmetry inthe U/A > land U/\ < 1
regime for any strength of the non-Hermitian coupling, but in
the neighbourhood of A = U/2, the exceptional point occurs
at a finite coupling strength.
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A detailed analysis of the full, finite-bandwidth model,
in the noninteracting case using exact diagonalization (ED),
Green’s functions, and Hamiltonian trace calculation, is used
to establish that exceptional points may be deduced from
the ED calculations, or equivalently from the violation of
the spectral sum rule of the Green’s functions or the energy
discontinuity condition. Finally, the strong-coupling regime
is investigated using a slave-boson approach, which, by con-
struction, is valid for U — oo. The mean-field equations were
derived through the Green’s function approach. We have
shown earlier (in Sec. IV A) that the spectral function is
positive-definite and norm preserving for all ¢ < 7 /4, while
only beyond 7 /4, the spectral function became negative over
certain frequency regions. Since the Kondo destruction critical
point has been found for all X to lie at ¢. < 7 /4, the derived
mean-field equations are valid. The exceptional points could
not be found within this approach since the solution to the
slave-boson mean-field equations yields a vanishing boson
mean field implying a Kondo destruction quantum critical
point before the P7 symmetry is violated. The quantum
critical points for the finite bandwidth case get significantly
renormalized below the A = 0 value of g. = 1 by the SOC.
A critical value of X is also found beyond which the model
does not support the Kondo screened singlet state for any
finite value of the non-Hermitian coupling. Lourenco et al.
[31] had considered a real-space non-Hermitian model that
was similar to what we have considered, and through RG,
the authors had found that the exceptional point and the
critical point coincide at g. = 1, and the RG flow does not
renormalize the critical point. This is, of course, contrary
to our findings, and the discrepancy could be due to the
subtle differences between their model and our model. We
are working on trying to understand the origin of these
discrepancies through RG-based approaches. Further, the
solution of the slave-boson equations beyond the Kondo de-
struction critical point is being attempted. We believe that
the slave-boson mean field could take on negative or com-
plex values implying complex values of the boson mean
fields.
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APPENDIX A: DEVELOPMENT OF A NON-HERMITIAN
HAMILTONIAN

In order to incorporate dissipation in a conventional
Hermitian model, one can start with the quantum master equa-
tion [46—48], thereby arriving at an effective model in terms
of a Lindbladian which is non-Hermitian. For spin Hamil-
tonians, the Lindbladians have been constructed by Prosen
and others [49,50]. For a Hermitian Kondo model, Kawakami
and co-workers [32] utilized a similar Lindbladian approach
to justify a non-Hermitian Kondo model. Lindbladians for

the dissipative Bose-Hubbard model have also been consid-
ered [51]. A unique gauge transformed Hamiltonian [52] also
gives rise to a PT-symmetric, non-Hermitian 1D Hubbard
model.

The quantum master equation is given by the following:

ap
20— H,O]+Z|:a:0£3;f_

1.
LiL, Y|, (Al
o= Z{Eoﬁ p}} (A1)

where L, is the P77 -symmetric Lindbladian obeying [53]
PT(Ly) > 6L, (A2)

and p = PTI|¢¥) (Y| is the PT-symmetric non-Hermitian
density matrix. The above master equation can also be writ-
ten in terms of diagonal generators of dynamical quantum
groups by a unitary transformation which is discussed in the
quantum master equation approach to many-body systems
[54]. The last term in Eq. (A1) is the recycling term, which
can be absorbed in the unitary part of the single-particle
effective evolution [47], using an effective Hamiltonian
as

dp

:_.He a~ + £T~£J’7 A3
dt l[ ff p] ;a/: o P ( )
where the effective Hamiltonian is given by
i
— ¥
Hye =H + 3 E L Lo, (A4)

oo’

and Eq. (A3) obeys PT-symmetric Liouvillian dynamics as

Ep as shown in Ref. [50], in terms of an effective
Hamlltoman given by Eq. (A4) [46]. We present a possible
way of deriving a non-Hermitian Hamiltonian through this
formalism in the next Appendix.

APPENDIX B: LINDBLADIAN DERIVATION

The construction of the Lindbladian is based on the angular
quantum number j, =m £ % For simplifying notation, we
drop the k (momentum) index for now, but one can also define
a local operator by summing over the momentum coy, =
> ¢ VkCkmo . The Lindbladians below are in the (m, o) basis,
but they can equally well be written in the (j,, o) basis.
For these local Lmdbladlans we can use the angular mo-
mentum expansion L, = f Z L exp(—im#), and

m=—0Q
SO
LiLy, = Z L}, exp(imf) > Lo exp(—im')
1 : !
= 7= Z e =m0 LY Lover + higher m. ..
T
m,m'=0,+£1

1 ; oy oy s
E(cgaﬁog, +e LI Lo+ LT L,
+ Eilocfla’ + E—IO—KIO" + e_ieﬁggﬁla’
+e L Lo+ €LY Loo +e LI L1y
(B1)

From the above, we can see multiplicative phase factors
for m # m’, and it is enough to proceed with retaining
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only the operator structures. However, one can also start
with generic expansion (B1) and start eliminating interac-
tions that do not preserve the global number to get gain-loss
terms.

We choose the Lindbladian for ground state and ex-
cited states as Loo = [m =0,0) + |m = =£1,0) 4+ 0, 0)q4,
Lo =Im=0,0), orlm==%£1,6), Ly, =|m=0,]), and
Ly = |m = —1, 1). Here k is the bath index, and d represents
impurity states. This choice is based on the low-energy phys-
ical picture of the Anderson model, where the ground state
can be composed of the bath and dot states. Excited states
are only bath states with lifted degeneracy due to spin-orbit
interaction. Also, all Lindbladians satisfy symmetry opera-
tions PT L,y — —L,, and we consider only single-fermion
states. To incorporate dissipation with varying number sce-
narios with essential inclusion of the excited states and out of
them, only certain kinds of electron scattering to these states
will be gain-loss balancing. There is definitely an ambiguity in
choosing these states, but we can derive various Hamiltonians
and show that gauge transformations connect these various
choices:

£g¢ ZC%T—FC_%T —|—d¢,£g¢ =—C%¢—C_%i—d¢,

Eﬁ = C%T"Cei = —C%¢,£f¢ = Cfémﬁfi = _C*%l'
(B2)

We rewrite the sum in Eq. (B1) as L]L, =
D mmi=ge.f Ll Lye. In fact, a similar convention has
also been used in the Supplemental Material of Nakagawa
et al. [32] for two-body losses. This deviates from earlier
approaches [52] like forward and backward hopping having
opposite phases of each other with a finite real part in 1D
tight-binding models.

The above Lindbladians (B2) give a total of 36 terms
[which can be identified in (B1); each of the 9 terms will
have implicit 4 terms with o = :I:%, o = :I:%] which are rep-
resented below pictorially. We can see several ways to derive
minimal terms that preserve symmetry. We also verified, in
general, that there is a possibility to derive P7T -symmetric
representations if we find coefficients that commute with the
total number operator (at a single-particle level). Here we see
it is not easy due to the angular momentum and spin indices,
but this method works nicely when only the spin index is
present:

green lines = L7y Loy + LT f Loy + L0 Loy
+L Loy + L Loy + LT Ly,
+ ETgLEfT + LTglﬁeu
blue lines = —2L7 Loy — LT 1 Loy — LT Loy
—2L e Loy = LppLey = LTp Loy
— Lt Lsy = LTy Ly —2L7f Ly

=Ll Lpy = Ll Ly = 2L 11 Lyy5 (B3

Scatterings in I method

This choice of interactions also yields us the only hy-
bridization terms we considered in our model:

dTTc%T —i—duc%l —dT¢c7%T - dT¢c7%¢
—i—cT%Ta} +CT%¢d¢ — ciﬁdi — CtﬂdT; (B4)
green lines = L7y Lo + Lo Loy + LT4 Ly
LG Lry A Lot Lot + LT g Loy
+ L Lo + LTy Ly
blue lines = —L 1 Loy — Loy Loy — LT Lo,
— Ll Ly = 2L7p Loy = 2L7 1 L1,
—LippLey = LTy Ly = 2Ly Loy
— LY Lpy = LT Loy =2L7 Ly

The above Lindbladian construction may be seen graphically
as the following:

(B5)

Scatterings in II method

The above preserves the total number in Kondo-relevant
angular momentum channels since we find the coeffi-
cients by calculating the commutators as [(green lines +
blue lines)no—fiip, (71,0 + 4o )] = 0, and since the flip terms
are odd under parity, their coefficients are evaluated
as {(green lines + blue lines)gip, (1,5 + 145)} = 0. All blue
lines correspond to the negative sign scattering terms and
green correspond to positive scattering terms. Red dots are
the terms left out because we preserve number in j,, = :I:%.
On the dot, dissipation is absent; hence we did not consider
the on-site dissipation for the dot operators and non-flip terms,
which will introduce non-Hermitian spin-orbit interaction on
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the dot, which is out of the scope of the current work. These
terms may arise in controlled dissipation, and these signs
by this way of calculation also tell us about even and odd
under parity, which also ensures commutation with the metric
operator:

green lines + blue lines = —d" te_1y +d7 te_1y +d7 €1y

n
_d'ic%T_C 7%¢d¢ +c *%ldi

+cTWlT —CT%Tdi. (B6)

Following a slightly laborious but straightforward calcula-
tion of commutators and anticommutators, this hybridization
can be written as the following by multiplying a prefactor as
(iV 4 w) to get the following terms. We also bring back the &
index for bath operators and coefficients:

thb — ZVk(CZ%TdT + CZ!_%ld¢ + H.C.),
k

i + _ Vk l +

S g = 3 (<t ) €+,
k

_CTk%'rdl — C+k,—%¢dT + H.C.)

o, L t o _ pyhyb | prhyb
=H +ZZ£(,£ = Hyly + Hy -

(B7)

Out of the two possibilities (B4) and (B6), although we
have chosen the first one in this work on the lines of the real-
space non-Hermitian Anderson model [31], nevertheless, we
have considered both these hybridization terms below, which
are P77 symmetric and also yield the same eigenvalues.

Method I:

byb i i
HpPo = Zxk(ck,+%¢dT +ep s dy+He),
k

hyb sl T o
Hﬂi}l]f’ = ZXk (Ck ,%Tdi + Ck,7%¢d¢ + HC)
k
(B8)
Method 1I:
hyb i +
Hng—ﬂip = Zxk(ck,Jr%TdT + Ck,—%¢d¢ + H.C.),

gg}’ Zxk Co1pdy +cf s +Hc). (BY)

So, we can see that method I compares well with Lourengo
et al. [31], while method II is indeed consistent with the work
of Zarea et al. [34]. However, the additional terms brought
through Lindbladian dynamics are to explore the interplay be-
tween dissipation and parity-breaking interactions. Only in a
bath this parity breaking can be verified with commutation of
only bath S operator [(ny1; —ny1)), H:gbﬂlp H;l}l;b] #£0.
This condition is satisfied by both hybridization terms, and
they yield the same eigenvalues since there is no angular-
momentum-dependent coefficient for hybridization. However,
from method I, it is convenient to find simpler metric operators
(no-phase attached to d operators in eigenvector) to map to the
non-Hermitian studied version of the model and to compare

the results. Here we show from the following gauge choices
that the (B8) and (B7) are equivalent:

for no-flip: iy = e’gckm, Gy = e”gcku;

for flip: iy = —e_’gckm, Gy = —e’eckm.

(B10)
From this choice, we get the following unitary which

shows that both the hybridization terms yield equivalent mod-
els (7) which we used for various calculations:

. 1 6759 eiO dT _ d+
u=Galee o) () =)

Thus, the full non-Hermitian Hamiltonian in the angular mo-
mentum basis then becomes

(B11)

hyb hyb
Hylhy=Ho+ Hy) + H”

flip o—fiip T Frso + Hg. (B12)

Equation (6) is off-diagonal in the m basis, but a simple
transformation to the total angular momentum basis, namely
Jjm = m+ o, gives the following:

Hrso = 1) (¢}, 16y, +Hoc),
i

(B13)

which is diagonal in the j,, basis. The kinetic energy term and
the hybridization terms may also be rewritten in the same way,
and we get the following:

=D &c; o Chinos (B14)
kjmo
Hp o = ZXk (cf ,10dr +c), dy +He),  (BIS)
h b +
Hgy = ZX dite di+He).  (BI6)

where X; = (Vy + iwy)/ 2k. Note that the Lindbladian for-
malism allows us to choose coefficients of the hybridization
in a specific way, that maintains the P7 symmetry of the
Hamiltonian. The RSOC term [Eq. (B13)] is off-diagonal in
the spin index, so we can combine it with Eq. (B14) through
a unitary rotation of the o, basis into a “chiral” basis, namely,

1
Chjuh = ﬁ(ckm + hegj,), (B17)

where i = =+, to a form that is diagonal in the chiral quantum
number (%). So, we get

R P
Ho + Hrso = ) &y, 4Cjn
kjmh

(B18)

where &, = & + hA. The coupling of only the m = 0 lead
states in hybridization follows in a straightforward way by
combining the Fourier transform and the angular momentum
expansion, and is a consequence of the dot states being inde-
pendent of k [34]. In this rotated basis (j,0 —> j.,h), and
with the identification of j,, = £1/2 as the left (L) and right
(R) channels respectively, the model may be interpreted as a
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system with one interacting quantum dot hybridizing with two
conduction electron baths. The full Hamiltonian written below
reflects such an interpretation:

_ ~ f
H = § :ékhckhnckhn
khn

+ 3 Xel(ef, + el d, + (¢l — ¢l )d, +Hel
k

- Zxk*[(cZR+ + CIJZR— )d, + (CZR+ - CItR— )d, +H.c]
k

+ Zfdnda + Unaynay,

o

(B19)

where n = L, R is the channel index. Defining a rotation of
the spin basis on the dot (d; d_)" =U(d; d)", where the

unitary rotation is given by U = (0. + 0y)/+/2, the model
Hamiltonian may be condensed into a form which appears
very similar to a conventional Anderson impurity model con-
nected to two baths, namely,

H = nghcihnckhn + Zanh(C/:nhdh +H.c.)
khn knh

+eq E nan +Ungyng—,
i

(B20)

where X;1;, = v/2|X; | and Xgry, = —hX} .
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