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The relaxation of a many-body system is still a challenging problem that has not been well understood. In
this work we exactly calculate the dynamics of the quantum XY model with boundary dissipation, in which the
density matrix in terms of Majorana operators can be decoupled into independent subspaces ; represented by
different number of Majorana fermions. The relaxation is characterized by multiple timescales, and in the long-
time limit it is determined by the single-particle relaxation process in a typical timescale 7*. For the bulk bands,
we find T* o« N*?/yn? in the weak dissipation limit and T* o y N3 /n? in the strong dissipation limit, where N is
the chain length, y is the dissipation rate, and # is the band index. For the edge modes, T* o 1/y indicates the
most vulnerable to dissipation in the long-chain limit. These results are counterintuitive because it means any
weak dissipation can induce strong relaxation, while strong dissipation can induce weak relaxation. We find that
these two limits correspond to two different physics, which are explained based on the first- and second-order
perturbation theory in an equivalent non-Hermitian model. Finally, we show that even in the long-chain limit
with weak dissipation, the relaxation may exhibit strong odd-even effect, which can be washed out by the strong
dissipation. These results shed new insight into the dynamics of topological qubits in the environment, and the
mechanism for many-body dissipation may also have universal significance in understanding the many-body

dissipation in the other models.
DOI: 10.1103/PhysRevB.101.155150

I. INTRODUCTION

The isolated quantum system can be well described by
the time-dependent Schrodinger equation. However, the quan-
tum systems are inevitable to interact with the environment,
which can lead to various dissipation behaviors. While the
dynamics of qubits in the environment have been well studied
[1,2], the same issue in the many-body systems is still one
major challenge in theory [3—15] due to the more expensive
computation cost [16] and the more complicated dissipation
channels involved. However, this is an important question at
least from two diverse aspects. First, the many-body systems
may possess some features that are totally different from the
single-particle systems, such as ergodicity and thermalization
[17,18], which are fundamental concepts in statistical physics.
In the trapped ions, it may exhibit different dynamics de-
pending strongly on the initial states, which are explained
based on quantum many-body scar [19-21]. Second, it is
also an important issue in topological quantum computation
[22-24], in which the two ground states are separated from
the excited bands by a finite energy gap [25-33]. Thus, if the
temperature is much lower than the excitation gap, then the
occupation of the excited states is exponentially small and
thus is negligible. This picture is not necessarily true in the
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presence of dissipation, which can induce direct coupling be-
tween ground states and excited states. A possible mechanism
to go beyond the stability of topological protected modes in
terms of quasiparticle poisoning has been discussed [34,35].

Here we explore the roles of edge modes and bulk bands
in the dynamics of the quantum XY model with boundary
dissipation. We consider this model for several basic reasons.
First, when the system is interacting with the other controlled
systems, the dissipation is more likely to be introduced to
the system from the two contacted regimes. Second, this
model can be solved analytically in several limits, thus the
dissipation of the many-body states in terms of many-body
and single-particle dissipation can be seen easily. Third, this
model, after a proper transformation, can be mapped to the
p-wave superconducting model [36], which can be used for
the realization of Majorana zero modes at the two open ends
for topological quantum computation. The major findings in
this work can be summarized as follows:

(1) In terms of Majorana operators, the density matrix
is decoupled into different subspaces represented by differ-
ent number of Majorana fermions. In time evolution, the
density matrix exhibits multiple relaxation scales, in which
the slowest decay is given by the single-particle relaxation
with longest relaxation process. This timescale 7* is used to
determine the relaxation time of the many-body ground state
with dissipation.
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(ii) In the weak dissipation limit, T* o« N3/y, where N
is the total chain length and y is the boundary dissipation
rate. However, in the strong dissipation limit, 7* o y N 3. The
edge modes are shown to be most vulnerable to dissipation
due to T* o< 1/y. These results are counterintuitive because it
means that weak dissipation can induce fast relaxation, while
strong dissipation can induce weak relaxation. We understand
these results by mapping the single-particle dynamics to a
non-Hermitian model and derive the analytical results using
perturbation theory with a proper decomposition of the non-
Hermitian Hamiltonian.

(iii) These dynamics exhibits strong odd-even effect in
the weak dissipation limit. However, in the strong dissipation
limit, which greatly influences the single-particle behavior,
the odd-even effect is washed out. These results shed new
insight into the dissipation and relaxation of the topological
qubits in the environment.

These results yield a new picture for the understanding
of the many-body dissipation in terms of single-particle and
many-body dissipation. In the short-time regime, the many-
body dissipation is dominated; however, in the long-time
limit, which is used to characterize the relaxation time 7%, it is
determined by the single-particle dissipation. This manuscript
will be organized as follows. In Sec. II, we will discuss the
quantum XY model subjected to boundary dissipation and the
related representation of the density matrix using Majorana
fermions. In Sec. III, we will discuss the evolution of the
density matrix and its multiple timescales. In Sec. IV, the
approximated solutions of the eigenvalues in the weak dis-
sipation limit and strong dissipation limit are discussed. The
mechanisms for these results based on perturbation theory, in
which the above two limits will have totally different physics,
will be presented in Sec. V. Finally, we conclude in Sec. VI.
More details about the derivation of these results will be
presented in Appendices A-D.

II. MODEL AND MASTER EQUATION

We consider a quantum XY model with boundary dissipa-
tion, whose Lindblad equation in terms of the density matrix
p reads as

p = L(p) = —ilHxy, p]1 + D(p). ey

Here the Hamiltonian of the XY model [37—41] and its
boundary dissipation by the Lindblad operator [42,43] can be
written as

N—-1
Hyy =— Z (q1070}" ) + 8207 07,4), 2
i=1
4 z
D(p) =75 Y Qojpo —2p), 3)
j=LN

where y is termed as the dissipation rate and N is the total
chain length. Here we assume g; > g, > 0, while the other
conditions can be connected to this case through some uni-
tary transformations (see the symmetry transformations for
the quantum XY model in Appendix A). This model can
be fermionized to a p-wave superconducting model using
Majorana operators via the Jordan-Wigner transformation as

follows:

Jj—1 j—1
i = <l_[0',f>0f, o = (H@f)U}-’, 4)

k k

where «; are Majorana fermions satisfying {o;, a;} = 26;;.
With this, we have [36,44,45]

N—1 N-—1
Hyy = igi E Q200 +1 — ig2 E a2/ 1002j42. (5)
=1 j=1

Notice that throughout this work, the subscript in the XY
model has been removed when the model is transferred to the
fermion representation. In this case, the Lindblad operator is
still made by local dissipation as follows:

Dip)=—y I (@ 10jporj1azj+p).  (6)

j=1N

This operator can also be rewritten in terms of canonical
fermions as

D(p) =y Z (4cjc_,-pc;cj - 2c}cjp - ch;[cj, (7N
J=1N

where ¢; = () +i0z)/2 and cy = (wan—1 + ioony)/2. The
similar feature can be found when the dissipation is located
at the other sites.

First, let us consider the case with y = 0. Then the spectra
between the XY model and p-wave superconducting model
are related by

E = Znieia n; = {Os l}v (8)

where ¢; are single-particle spectra in p-wave superconducting
model and E is the many-body spectra in XY model. Thus,
the N eigenvalues from the single particle Hamiltonian can be
used to construct all the 2V eigenvalues in the quantum XY
model [see Figs. 1(a) and 1(c)]. In the fermion representation,
the two localized zero modes at the open ends give rise
to the twofold degeneracy in the XY model. We focus on
g1 > 0 and g, > 0, and the phase diagram for the XY model
and its corresponding single fermion phases are given in
Fig. 1(b), with boundary at A = g,/g; = 1 (see Appendix A).
In fermion representation, it can be regarded as two separate
Majorana chains A(oy, a4, o5, - - -) and B(as, o3, o, - - - ), as
shown in Fig. 1(d). We can bring Eq. (5) to a form of paired
Majorana operators [36,46],

i iSE

_ - /10! c
H=> k;ekbkbk + = oaw, )
where 8E. ~ e M¢[(—1)V + 1]. After a special orthogonal
transformation, the Hamiltonian in Eq. (5) can be brought into
small Jordan blocks, with b and b} being some new Majorana
operators, following the pioneering work by Kitaev [36]. By a
transformation from Majorana fermion to canonical fermion,

cx = (b + ib})/2,

the spectra of the bulk bands can be obtained as *¢;. In the
last term, o, and oy are edge modes at the left and right edges,
which can be written as o;, = @7 — Aos + A2og — - - - and ag

ol = b, —ib})/2, (10)
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FIG. 1. (a) The two lowest energy levels in the XY model are
separated from the excited bands by an energy gap «,. (b) Phase di-
agram. The two ferromagnetic (FM) phases in the XY model will be
mapped to two distinct topological p-wave superconducting phases
after fermionization. The phase boundary given by g; = g, is shown
in Appendix A. (c) Energy levels in the fermion representation,
in which the two edge modes, occupied or unoccupied, give the
twofold degeneracy of the XY model. (d) The odd-even effect due
to the oscillation of coupling between the two edge modes in the two
subchains A and B with weak dissipation.

= ooy — Aoton—s4 + AMaoy_g — - (for A < 1). In 8E,, &
1/]1n g — In g, | defines the correlation length [36]. This odd-
even effect is a typical feature of coupling between two distant
zero modes, which may happen even in the continuous space
[47]. With these operators, the two ground states in Fig. 1(a)
can be written as

14+ ar 1 —oap
= 0), [2) =—

V2 V2

where [0) =[], c,f |vac) is the state that all levels with energy
smaller than zero are occupied. This is the ground state of the
many-body XY model. In the thermodynamic limit, the above
two states are energetically degenerate.

When y is switched on, the many-body dynamics will
respect the parity symmetry [£, P] = 0, with

N 2N
P=[]oi=i"]]- (12)
J J

This parity operator satisfies P? = 1. This parameter operator
in the second equal mark was used by Kitaev in the derivation
of the edge modes in the one dimensional spinless model
in proximity with a p-wave superconductor [36]. This parity
operator accounts for the twofold ground-state degeneracy of
the zero modes. Since it is a product of all aj*? operators or
all the Majorana fermion operators, it is robust against local
perturbation. In the long-time limit when approaching the
steady solution, only this symmetry operator is important and
we have

1)

10}, an

p = lim p(t) = (I + wP)/2V, (13)

where w = (Wy|P|Wy) is determined by the initial wave func-
tion. This corresponds to the maximally mixed state at infinite
high temperature.

III. EVOLUTION OF THE DENSITY MATRIX
A. Majorana fermion representation

In general, there are two different ways to express the
density matrix. In the spin representation, it can be expressed

as
1
Pxy = 2—N Z
0;={0,1,2,3}

Ps0' ® 02 Q03 -~ Qay, (14)

where we have defined ¢°, 0!, 02, 63 to be Pauli matrix

1,0% 0% 0% and 0 = (0)',0,%, 05, ---,04"). The coeffi-

cient p, can be obtained from
pe =Tr(pxyo]' ® 05> @ 03 -+ @ o). (15)

This density matrix has the dimension of 2% x 2V, and the to-
tal possibility of basis is 4", which is too complex to be solved
analytically. A novel way is to express the total Hamiltonian
in terms of Majorana operators as follows [48—50]:

1
— E ay ,a a
o= N Cayay. @) 0 -+ O[21\[/\]’ (16)

where a; = {0, 1}. Notice that the total number of basis in this
new representation is also 4", which is exactly the same as that
in the spin representation pyy. In principle, there is a one-to-
one correspondence between these two representations (see
several examples in Appendix B), thus they are equivalent.

B. Multiple timescales

We can prove that the master equation preserves the num-
ber of Majorana operators (see details in Appendix C), which
is given by n = ), a;, thus the dynamics of p is decoupled
into different subspaces denoted as /C, for n = 0 — 2N. For
this reason, we can define

K=Ki@Ki @K@ Ko, )

where the dimension of K; is Ci,. We can readily check that
the dimension of /C (the whole dimension of the Hamiltonian)
is Oy +Cyy 4+ Ciy + -+ C3y =4V, This decoupling is
essentially the same as the probability distribution in the
classical Ising model by Glauber [51]. By a direct comparison
with Eq. (13), we can find that while the first term (a; = 0)
and the last term (a; = 1) are unchanged, which gives
Eq. (13), all the other terms will disappear in the long-time
limit.

In principle, the dynamics of p can be calculated using
the hierarchy equations, similar to that used in Ref. [51]. In
general, the dynamics in all the subspaces K; are coupled. To
this end, we may define the following variables:

Vi = Tr(pa;),
Yij = Tr(paja;), (18)
Yije = Tr(pajorjay),

with i # j # k and then calculate their time evolution based
on the Heisenberg equations (see details in Appendix C). We
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FIG. 2. (a) Eigenvalues Re (A,,) of the super-operator £ in
XY model with N =6, y = 0.5. Here Re(},,) is arranged in de-
scending order with Re(A,,) > Re(A,+1,), and o = 0, 1 accounts
for different parity. (b) The lines are eigenvalues of Hy + i[" [see
Eq. (21)] with smallest imaginary energy and symbols are Re(A,,)
of L. In both figures g; = 1.0, g, = 0.7. Panels (c) and (d) show the
projection of p(¢) to the ground state of the XY model |n) (n = 1, 2);
and to the edge modes ag,. of the fermion model, respectively,
where p(0) = |1)(1]. In both figures g, = 1.0, go = 0.7, N = 6, and
y = 20. Panels (e) and (f) plot the same results as panels (c) and
(d) with dissipation rate y = 0.005.

find that for the boundary dissipation in Eq. (1), the dynamics
of these variables are restricted to their own subspaces K 2 3
due to the reason proved in details in Eq. (C5). This limit
will show up the multiple timescales during dynamics much
more clearly. Obviously, this approach can be generalized to
models with more complicated dissipation and many-body
interaction.

We first compare the full calculation of p against the
dynamics in subspace K;. In Fig. 2(a), we present the real
part of the eigenvalues of superoperator £ of Eq. (1), in which
the two zero eigenvalues correspond to the unchanged state in
Ko and /Cpy subspaces. We also calculate the corresponding
eigenvalues of this superoperator in the subspace constructed
by KC;, which is given in Fig. 2(b). We find that the smallest
eigenvalue Re(A;,) of the £ in the XY model is the same as
the spectra in /C; subspace, indicating that in the long-time
limit, all the higher-order terms in C;>» subspaces decay
much faster than that in /Iy, leaving K to be the dominated

relaxation channel for the quantum XY model. In Fig. 2(b),
we find that while the increasing of the decay rate is observed
with the increasing of dissipation rate in the weak dissipation
limit, it is greatly suppressed in the strong dissipation limit,
with a inflexion point happens near y ~ 1. In Figs. 2(c) and
2(d), we show the projection of p(t) to the ground states of the
XY model and the edge modes. In Fig. 2(c), it will approach
1/2¥ [w = 0 in Eq. (13)]; while in Fig. 2(d), it will approach
zero, as expected.

To reinforce this conclusion, we also calculate the eigen-
values of the superoperator £ in subspaces K, and Ks. Let
us denote the eigenvalues as A in each subspace. We find
that, roughly, the slowest decay rate in K, is two times faster
than that in /C;. Similarly, the decay rate in K3 is much
faster than that in KC,. Similar relations can be found in
Ref. [51] by a finite truncation of the hierarchy equations.
Thus, in the long-time and long-chain limits, we can fully
characterize the relaxation time of the many-body system in
terms of the single-particle and the few-particle dynamics.
This observation may have universal significance, which may
applicable to the other many-body systems.

With this density matrix, we can understand the dynamics
in the many-body state for any given initial wave function. For
example, for the results in Figs. 2(c) and 2(e), we can express
the dynamics of |n)(n| as

1
Tr(p@)im)(nl) = =5 (Co--- + Z €0...1,-0(t) (n|ati|n)

+ ) Contete0(t i)

i

+ ZCO~~»1,'~~~lj~~1ku.(t)<l’l|(¥j05ja’k|n> +-- .),
ijk
(19)

where the coefficients can be determined by calculating the
dynamics of the density matrix p in each subspace ;. Ini-
tially, we may find that the coefficients cg4 4,,... 4,y and the
overlap (n|af'a5’ - - - a5y |n) are in the order of unity, which
after a long-time relaxation will approach the steady solution
as shown in Eq. (13). For this reason, not only the single-
particle terms, but also all the many-particle terms, which
correspond to the many-body relaxation, will contribute to the
relaxation process. As a result, we find that the dynamics of
the many-body state will exhibit multiple timescales during
relaxation, in which some of these lifetimescales are shown
in Fig. 3 (more details about the eigenvalues in the K13
subspaces in Fig. 3 are presented in Table I). We find that in
the K, and K5 subspaces, the eigenvalues of the superoperator
L in these spaces can be approximated (with high accuracy)
as

A=A AL A=A A+ A (20)
where A¥ is the eigenvalues of the superoperator £ in Ky
subspace. The similar feature can be found even in the clas-
sical spin model [51]. Thus, due to the presence of these
multi-particle relaxations, we find that in general the decay
rates of many-particle states are faster than the single-particle
ones (see Fig. 2 and data in Table I). Notice that in Figs. 2(e)
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FIG. 3. Eigenvalues of the superoperator £ and multiple
timescales in the subspaces /C, (a) and K5 (b) with gy =1, ¢ =
0.5,y =0.5, and N = 30 (by open circles). For comparison, we
also present A} + A} in (a) and A; 4 A} + A} in (b) with crosses [see
Eq. (20)], where A, are eigenvalues of £ in the subspace K;. The
relative error is estimated to be of the order of 107>, Some of the
lowest eigenvalues in the subspaces K, Iy, and Kj are listed in
Table 1.

and 2(f), the decay processes have the same oscillation period
due to the finite coupling between the two edge modes, which
in the many-body case will have the same energy splitting in
the two ground-state energy in the XY model [see Fig. 1(a)
and Eq. (8)]. However, in an odd chain, this oscillation will
disappear due to the absence of coupling.

IV. EVOLUTION OF THE SINGLE-PARTICLE
DENSITY MATRIX

A. Relaxation in the long-chain limit

The above results have established a connection of many-
body dynamics and single-particle dynamics in the long-time
limit for the dynamics of the ground state in the quantum XY
model. From the symmetry point of view, the steady solution
p has also been well understood. However, some more issues
need to be explained. (1) Why Re(X,,) exhibits an inflexion
point at y, ~ 1; (2) What will happen in the long-chain limit?
(3) What are the different roles played by the edge modes and
bulk modes during relaxation? We focus on the subspace K,
in which the dynamics of v; is given by the following non-
Hermitian Schrodinger equation [see Fig. 5(a)]:

i,V = 2(Hy + iD)W, 1)

where I' = diag(—y,0, ---,0, —y) and

0 i 0O - 0

H=| 0 —-ig 0 ~ 0] (@
.. igz
0 0 0 —igp O

TABLE I. Several eigenvalues in the subspaces K, IC;, and K3
for the results presented in Fig. 3 with g, =1, g, = 0.5, y = 0.5,
and N = 30. In the last line, the relative error of A% ; indicates the
high accuracy of Eq. (20).

K Al —0.00050 — 2.98579i A
A —0.00050 + 2.98579i A
A —0.00130 — 2.98548i A
A —0.00130 + 2.98548i A
Al —0.00197 — 2.94336i Al
Y —0.00197 + 2.94336i A

s 22 —0.00010 + 0.00000i ~A] AL
23 —0.00180 — 0.00031 ~Ap A
23 —0.00180 + 0.00031i ~A) 4 A
A3 —0.00180 — 5.97127i ~AL A
A2 —0.00180 + 5.97127i ~AL + Ay
22 —0.00247 — 0.04243i ~AL A
A2 —0.00247 + 0.04243i ~AL AL
22 —0.00247 — 5.92915i ~ALF AL
22 —0.00247 + 5.92915i ~A A
23, —0.00259 + 0.00000i ~M 4 A

K3 A3 —0.00229 — 2.98548i ~A AL+ A
23 —0.00229 + 2.98548i ~ AL+ AL A
23 —0.00296 — 2.94336i ~A AL+ AL
S —0.00296 + 2.94336i ~A AL AL
23 —0.00309 — 2.98579i ~A AL+ A
x —0.00309 + 2.98579i ~Ay AL+ A
23 —0.00376 — 2.94366i ~A AL+ AL
A —0.00376 + 2.94366i ~Ay A+ AL+ A
A3 —0.00376 — 8.91464i ~A AL+ AL
A3 —0.00376 + 8.91464i ~Ay A+ Ay 4 Ag

AL T IME = X0 Al/IAfI ~ 107

Here we have defined W = (Y, ¥4, ¥s, - - - ) in chain A, while
its treatment for chain B is rather similar (see Appendix C).
The eigenvalues in this bordered matrix are determined by
[52-55]

_ (g182)"!
sin 0
+(—ye +igly +igyy)sin(md)] =0, (23)
when N = 2m + 1 is odd; and

Ay [glgz(Ziy + €)sin(m + 1)0

_ (g1g)™!

A
N sin @

[( —y*+g +i2ye)sin(md)

+ g1g2sin(m + 1B — 182 sinm — 1)9} =0, (24)
81
when N =2m is even. In the above equations, € is the
eigenvalue and its relation to 6 is determined by
e? =gl + g +2g182c086. (25)

The above equations will be reduced to some well-known
results in some limiting cases. In an odd chain, Eq. (23) will
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be reduced to

_ (qig)™!

Ay = =227
N sin(8)

in which the solution is 6 =#an/(m+1) for n=
0,1,2,---,m. In an even chain and long-chain limit,
Eq. (24) will be reduced to

(i)™
T sin(®)

sin[(m + 1)0] =0, (26)

(41 sin(m6) + g12 sin((m + 1)9)] = 0;

(27)
the solution is 6 = nw /m — ngym /[(g1 + gz)mz] + O(m™3).
We find that for the extended bands, the eigenvalues and
the phases can be written as

0, =

nw
m+1

where n <« m and €, j, Z,.r, Z,,; are small numbers in the sense
that

€p = €pr — ien,iv

+ Zor + iZnis (28)

lim mz, ;= 0. 29)

m— 00

These solutions can be obtained by linearizing the above
nonlinear equations (see details in Appendix D).

B. Solutions in some limiting conditions

(a) In the weak dissipation limit (y < g1, g2) and in the
odd (o) and even (e) chains, we have
o _ (Gt+g)rty 2gn*ny
i T T o3 0 i T 03 (30)
’ (81 + g2)'m T (g1t &)m
One can easily check our previous approximation that
lim,,,_, oo Mzp i/ = 0. The imaginary part of € is responsible
for the characteristic relaxation time 7* as

T* = max[1/(2¢,)]. 31

This definition is consistent with that in Refs. [12,13], which
is based on the inverse gap of the Liouvillian equation in
the dissipative systems. This result accounts for the multiple
timescales during relaxation, which should be a typical feature
of many-body relaxation. When y — 0, T* — oo, indicating
of persistent coherent dynamics. Since €,; o« y, we have
N3
T" o« —, (32)
14
which means that in the weak dissipation limit, relaxation is
still important and can happen in a finite system. Moreover,
we find that the odd-even effect is still visible in the long-chain
limit.
(b) In the strong dissipation limit, the odd-even effect will
vanish, and we find
22 @

€pi= ———. (33)
" (g + g)Pmiy
We are surprised to find that in the strong dissipation limit, the
relaxation time

T* « yN?, (34)
thus it will be prolonged by the dissipation. The crossover
between these two cases are determined by €,; = efli with
i = e, o, which yields y, = g, in an even chain; and y, =
ﬁglgz/«/gzl + g% in an odd chain. Thus, the strong dissi-
pation regime can be assigned by y > y.. These inflexion

®

//' —N =80,91 = 1,90 = 0.3
-2 ---N =80,91 = 2,95 = 0.6
0 5 10

[S)

— W ot

00

50 100 150 200
v

FIG. 4. (a) Spectra of the non-Hermitian matrix Hy + iT" for g, =
1,8, =0.8, N =80 with different dissipation rates y =2,4,8.
(b) m®e;; as a function of y and the odd-even effect with N = 81
and N = 80. (c) Long-time evolution of tr(pcy ) for different chains
with parameters g; = 1, g = 0.9, y = 10. (d) Long-time evolution
of tr(pay) for different dissipation rates with g; =1, g, = 0.95,
N = 81. (e) Scaling of InT* ~ cInN [see Eq. (47)], with fitted
parameter ¢ = 2.3 in this time window. (f) gives the scaling law of
T* & y.In(c, d), p(0) is the same as that used in Figs. 2(c) and 2(d).

points are also numerically verified, which are presented in
Fig. 4(b). The above solutions are also approximately correct
even in a short chain for the fast decay of the imaginary energy
according to €, ; o< 1/N3.

For the localized edge modes, a new decomposition is
required. In the weak dissipation limit, the edge modes are not
changed by the dissipation and we can make a perturbation
around cos(6,) = —(g% + g3)/(2g182), which yields

€L = e = —iy(1 —12), (35)

for the two modes at the left and right ends. In the strong
dissipation limit, the edge modes will be fully localized at
the two open ends, thus we can assume € ~ —iy, and by
perturbation about cos(8,) = —(y? + &+ 83)/2g182), we
have

e =—iy +igh)y, e«=—iy+ig/y  (36)

in the odd chain and
€L =er = —iy +ig/y (37)

in the even chain. The details for these solutions can be found
in Appendix D. These results are independent of chain length,
indicating that in the long-chain limit the relaxation time is

155150-6



ANOMALOUS RELAXATION AND MULTIPLE TIME ...

PHYSICAL REVIEW B 101, 155150 (2020)

b
(a) (b) //—\

FIG. 5. Understanding of the relaxation process induced by
boundary dissipation. (a) Effective Hamiltonian with boundary com-
plex potential. (b) Single-particle wave functions and their overlaps
with the edge dissipation. Here N = 2m or 2m + 1 is the total chain
length (see text).

fully determined by the bulk bands, while the edge modes are
most vulnerable to dissipation.

V. UNDERSTANDING OF THESE RESULTS USING
PERTURBATION THEORY

The results in Egs. (32) and (34) can be understood intu-
itively as follows. In the weak dissipation limit, the eigenstates
are determined by the unperturbed Hamiltonian, where the
dissipation can be introduced via the first-order perturbation
process, which leads to decreasing of relaxation time with
the increasing of dissipation. This is a common feature of all
quantum qubits in the environment. However, in the strong
dissipation limit, the boundary dissipation is so strong that it
can no longer be treated as a perturbation. We expect that the
wave functions at the two open ends are quickly dissipated,
leaving the other bulk lattice sites unaffected. In this case, the
larger the energy difference between the bulk bands and the
two open ends is, the weaker their coupling will be, which
leads to the decreasing of relaxation time with the increasing
of dissipation rate. One should notice that in our model, we
characterize the total relaxation time in terms of the mode(s)
with the longest relaxation time [see Eq. (31)], thus the fast
relaxation modes will not be important for 7.

Based on the above picture, let us try to understand these
anomalous results using perturbation theory (see Fig. 5). First,
in the weak dissipation limit we can treat I" as a perturbation.
Based on the first-order perturbation theory, we find that for
the localized edge modes, we have

eL = Im(Ye|iT|ye) = =iy [Ye(DI> = —iy(1 = 27), (38)

with wave function at the left end as ¥, ~ (1,0, A, 0, A
[see Fig. 5(b)]. In this case, the dissipation is independent of
the total chain length. For the extended bands in an even chain
and in the long-chain limit, the amplitude of the wave function
at each site x is

3 }’l]'[.)()L , E X
wanol W) e (39)
e\ . nr(N+1-x)
s (W), X €0,
where 7 is the band index. In an odd chain,
Vo (x, A)
\/A2+ 1+ 2Acos 6, sin (MG,,), X €e,
o w; (40)
Asin (5= +1)6,) +sin (5%6,),  xe€o,

2nm

where 6, = i These wave function need to be normalized.
Then we find €,; = (Y |T|¥y), which will recover the ex-

pression in Eq. (30).
In the strong dissipation limit, we need a different decom-
position,

Hy+il'=Ho+ilC+V, 41
where we have used
Ho = P1HyP1, 42)

with P; being the projector into the zero subspace of iT’,
that is P; = diag(0, 1, ..., 1, 0). This decomposition follows
exactly the mechanism presented at the beginning of this
section for the reason that the dissipation sites decay much
faster than the nondissipated regime.

After a few algebra, we find

0 ig 0 0
—igy 0 0 0

V = 0 0 0 01, 43)
: : B - i
0 0 0 —igp O

which contains only the coupling at sites 2 and L — 1, while
all the other couplings are equal to zero exactly. Hy can be
obtained by extracting V from Hj [see Eq. (22)]. We can treat
V as a perturbation, and via the second-order perturbation
theory, we have

mn VIV mn
Emo{_z( N|E|J><JE| |V4) )
j=a,b ( n — j)
We first calculate the wave functions of the nonperturbative
Hamiltonian Hg + iI", where the extended bands

- 0, x=1,N,
I//N(x’)‘)o‘{@[r,’\’,_Z(x—l,k“), x=2,...,N—1,
(45)
and the localized modes
la) =(1,0,0---), |b)=(---0,0,1). (46)

This expression yields Eq. (33) [see the overlap between the
bulk modes and the edge dissipation in Fig. 5(b)].

We present the dynamics of tr(pwyr) in Fig. 4(c), where
ar, is the localized edge modes without dissipation. Since
strong dissipation can influence the profile of the edge modes
dramatically, or is no longer the eigenvector of Hy 4 iI". By a
linear fitting we find

InT*=clnN + ¢, 47

where ¢ ~ 2.3. The exponent of ¢ = 3 is not reached due to
the finite time window in simulation. This is because we only
consider the dissipation of the extended bands |1ﬁ,§) which
have nonzero overlap with the edge modes ((Ve|¥y) # 0),
thus the dynamics of tr(pwoy ) is dominated by the extended
bands in the long-time limit. However, it will not influence
the scaling of T* with respect to y [see Fig. 4(d)], since all
the bulk bands have the same scaling law 7* o y.
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VI. CONCLUSION

Dissipation in the many-body system is a fundamental
problem that up to date has not yet been well understood. We
explore the dissipation-induced relaxation in a quantum XY
model with boundary dissipation, in which the relaxation is
characterized by a characteristic time 7*. In the short-time
limit, the many-body dissipation is dominated; however, in
the long-time limit, it is fully determined by the dynamics
of single-particle physics, thus we characterize T* using the
lifetime of single-particle bands. We explore the roles played
by the edge modes and the bulk bands in 7%, and their scaling
laws with respect to chain length N and dissipation rate y. An
intuitive picture based on an equivalent non-Hermitian model
is proposed, which show that the weak dissipation limit and
strong dissipation limit will have totally different mechanisms
for dissipation. An perturbation theory, which is in accord
with this picture, is also provided, which yields analytical re-
sults in excellent agreement with the numerical results. These
results may also suggest that the lowest two states protected
by a finite gap width can not serve as quantum memory
under dissipation, which is consistent with the conclusions
in the previous literature [34,56—-60]. Our results may have
universal significance in the understanding the dissipation in
the many-body state in the environment, in which its short-
time dynamics is determined by the many-body dissipation,
while its long-time dynamics is given by the few-body or
even single-particle dissipation. We expect this conclusion can
advance our understanding of many-body dissipation.
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APPENDIX A: SYMMETRY TRANSFORMATIONS IN THE
QUANTUM XY MODEL WITH BOUNDARY DISSIPATION

The Hamiltonian of a quantum XY model is shown in
Eq. (2) in the main text, which mainly focuses on the region
g1 > g2 > 0. The other regions could be transformed to this
condition by some unitary transformations, as shown below.
Let us define the unitary operator U,(S, 6), which rotates the
spin along the S direction, then we can construct some unitary
operators along the three axes

T. =[] Uus ), (A1)

n:odd
T, =[] vas*, ), (A2)

n:odd
T, = [ [ Un(S”. 7). (A3)

n:odd

from U,,. We find that

TLoi'T! = (=)o}, To'T] =(-1)d}. (A4)

Then the transformation 7.Hyy TZT interchanges g; — —gi,
g2 — —g». Similarly, T,HyyT, interchanges g — g1, g2 —
—g», and TnyyTyT interchanges g — —g1, g2 — g». How-
ever, we can construct a nitary operator

S =[] Un(s. /4. (A5)

which leads to

SUI»XS1L = —o7, SoinJr =o}.

(A6)

Then the transformation SHyy ST interchanges g1 — g2, 82 —
g1. By combining all these unitary transformations, we can
reach all the regions with g and +g, of the XY model, and
the point g; = +g; corresponds to the self-dual points as the
boundary between different phases [see the phase diagram in
Fig. 1(b)]. Notice that the above transformations will leave
the Lindblad term invariant since these transformations will at
most introduce a minus sign to 0]?, thus will not influence the
boundary dissipation terms and the related physics.

APPENDIX B: DENSITY MATRIX REPRESENTATION

We illustrate the exact equivalence between the Majorana
fermion representation and Pauli matrix representation using
one and two spins. This equivalence was used in Eqgs. (14) and
(15), both of which have 4" terms. In the earlier literature, this
equivalence has been used for the calculation of entanglement
entropy in various exactly solvable spin models [49]. We show
this equivalence explicitly by provide several transparent ex-
amples for it. For a single spin model, we can write the density
matrix as follows:

o1 = %(H + 0" + ¢yo? +¢,0°), (BD)

where the unity matrix [ ensures that Tr(p;) = 1. With the
Jordan-Wigner transformation,

ar=0", a=0, —iwo,=0° (B2)

where o) and o, are Majorana fermion operators, this single-
particle density matrix can be written in Majorana fermion
representation as

p1 =3I+ cxo1 + cyay — ic.ona). (B3)

We see a one-to-one correspondence between these two rep-
resentations.

Let us then consider a two spin model, which is slightly
more complicated. The density matrix for double spins can be
written as

P2 = %(H + 007 4 ¢y007 + €007 + c0x03 + Coy05
+ €005 + €xx07 05 + Cxy07 05 + €1:0705 + €007 03
+ nyalyag + C«Vzaivazz + szalzag + szalzag + szafazz).
(B4)
In the Majorana fermion representation, we have

Y, Qg = olzag, (BS)

X y — 2
o) =0y, Olz:o’l, 03 = 010,,

then
i . .
p2 = (I + o1 + cyoa2 — cpician — coriionas

— CoylOn 00l — Co7iQ304 — Cxyrl03 — CrylQlnl4
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— Cxfl0 00304 + Cpl0 3 + Cyy i@ 04 — Cyzl0 0304

+ €3 + Coyly — C 0 A2030). (B6)
We see that in the Majorana fermion representation, the basis
can always be written in the way of Eq. (15). During the basis
interchange between these two representations, we even find
that the coefficients of the basis in the density matrix are
exactly the same, which may differ at most by a prefactor
=+i or a sign +1 (or equivalently a phase wn/2 with n €
{0, 1, 2, 3}), thus their magnitudes are the same.

In the following, we present two concrete examples to
illustrate the above equivalent representations. For p, =
MY (11 = 1 + of + 05 + 0f0}), we have

P2 = i(ﬂ — ooy — io30 — o o 030l4). B7)

And for py = [+ +)(+ +| = (I + 0] 4 05 + 0703), where
[+) = (I1) + [4))/~/2, we have

02 = :11(}1 + oy — iaas — o 0nas). (B8)

APPENDIX C: CONSERVATION OF MAJORANA NUMBER
AND SINGLE-PARTICLE DYNAMICS

Since the density matrix can be represented by the Majo-
rana fermions in the way of Eq. (15), which forms a complete
basis for the density matrix. We can calculate the dynamics of
the Lindblad equation using the same basis. To this end, let
us define the observables as ; = Tr (pa;), ¥i; = Tr (pojct ;)
and ¥ = Tr (pa;ojay) [see Eq. (18) in the main text] with
i # j # k. From the Lindblad equation, we have

d
o Tr (pa;) = —iTr (H pa; — pHa;)

—y[Tr (po;) + Tr (o2 poryatzcr;)]
— y[Tr (pa;) + Tr (aon—1 0oy poon—10t2n ;)]
(ChH

Using the properties of the trace operator, the above equation
is simplified to

d
a7 tr (pa;) = —iTr (ple;, H]) — y Tr (po;)

—y tr(pajosaaion) — y tr(po;)

—y tr(paoy_1aanaiooy_102y).  (C2)
This solution can be further simplified using the properties
of the Majorana fermion operators, with {o;, o} = 26;;. For
example, for N = 6, the A and B subchains in Fig. 1 are
described by

=2y 2@ 0 0 0 0
—2g> 0 2g1 0 0 0
d 0 —2¢1 0 2g> 0 0
— W, = ‘I’As
dt 0 0 —2g> 0 281 0
0 0 0 —2g1 0 2g»
0 0 0 0 —2g, -2y
(C3)

where Wy = (Y1, Yu, Vs, ¥s, Yo, ¥12)"; and

2y  2g 0 0 0 0
—2¢1 0 29> 0 0 0
d 0 —2¢ 0 2g 0 0
Ly, = W,
dt 0 0 —2g O 2¢» 0
0 0 0 —2¢% 0 2g1
0 0 0 0 —2g 2y
(C4)

where W = (Y2, Y3, Yo, Y7, V10, Y11)" -

The conservation of Majorana numbers during dynamics
with this particular Lindblad dissipation can be deduced in
the following way. Let us denote [[;_, .y, as the product of
n different Majorana fermion operators. The dynamics of this
operator is given by

d n
— T '

=—iTr <p|:l_[amw H:|>
k=1

n n
—2yTr (p l_[ amk) —yTr (pomxz 1_[ amkalaz)

k=1 k=1

—yTr </00l21v10621v l_[ amk‘XZNlaZN)- (C5)
k=1

For the Hamiltonian in the quadratic of Majorana operators
[48], one can prove that []_[kN=l oy, , H] either equals to zero
or conserves the number of Majorana operators. However,
due to the anticommuting relation of Majorana fermion,
Ot10lz(l_[§(v:1 om0 = £ [[;_; . where the sign £ de-
pend on the particular form of I—[f:]:l Oy, The same is true
for ary_1aon ]_[2’=1 ooy —102y. So the dynamics conserves
the number of Majorana operators and the dynamics of the
variables in Eq. (18) will be restricted to their own subspaces.
Otherwise, the hierarchy equations need to be considered,
which then can be solved numerically with some truncation
[51]. Based on this feature, in Appendix D, some analytical
expressions will be obtained for the dynamics in ; subspace
in several limits, which is in accord with the mechanisms
discussed in Sec. V.

APPENDIX D: ANALYTICAL SOLUTIONS
IN SOME LIMITS

1. Extended bands in the odd chain

For odd chain with N = 2m + 1, we can expand the non-
linear Egs. (24) and (26) around the points

niw

6, =

S om+1 ©h

€ = €pr + ien,iv + Zn,r + iZn,i»

where n is the band index, which satisfies n <« m, and
€n.i» Zn.r» Zn,i are small numbers in the sense that

lim MZy,i/fr = O»

lim me,;; = 0.
m—00 ’

m— 00

(D2)
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For brevity, we define new variable

B=g +g.

Then the nonlinear equations can be reduced to

A=g1%, (D3)

AQiy + €,)sin(m + 1)6, + (iBy — yze) sinm6, = 0,
(D4)
and
€2 = B+ 2Acosb,. (D5)

Substituting Eq. (D1) into Eq. (D5) and making a Taylor
expansion of z,, » and €, ;, assuming Eq. (D2), we have

1 2
(nr+ien)? =B+24 1 — - ——— 42, +izus ) |-
’ 2\m+1 ’
(D6)

From the above solution, the real part and imaginary part,
respectively, yield

€nr 2 /B +2A,

Anmz,
(m+1)JB+24

In the same way, using Eqs. (D1) and (D4), we have

D7)

RN
€pi 2

A(2iV + €y + ien,i)[(m + l)zn,r + (m+ l)izn,i]
+(iBy — y€n, — v’i€n)

niw .
X i + mgz, ,miz, ;| = 0. (D8)

The real part of the above equation gives
AEn,r(m + 1)Zmr - ZAr(m + I)Zn,i - Vzmen,rzn,r

+y2%€ dd Brmz,; =0 (D9)
Y n,rm+1 Zni = Y,

and the imaginary part gives
2AV(m + I)Zn,r +A6n,r(m + I)Zn.i - Vzen,rmzn.i
FBy(mzn, — —Z ) 4%, —2 = 0. (D10)
Y Zn,r m+1 Y n,1m+1— .
From Egs. (D9) and (D10), we obtain

my’n(g18: — & — &3)

Zny = — 2 , (D11)
o st g)myn D12

T g1g2(g1 + g2)m?

2.2
€ = (e @)’y (D13)

(g1 + gz)zm3

With this solution, we can readily check the requirement of
Eq. (D2). We find that

1

MZp p, My X —, (D14)
m

Mep; X —,
n,i m2
thus the perturbation assumption is always hold.

The same procedure can be used to calculate the physics in
the strong dissipation limit. We ignore the detailed calculation

here and only present our major results
no wgi182n

Znr = % - W’ (D15)
2
Zni = —aS18R (D16)
ym=(g1 + &2)
2 2.2
R L. D17

(g1 + g)Pmy

These results always satisfy Eq. (D14), which also validate
our assumption.

2. Extended bands in the even chain

For N = 2m, we can expand the nonlinear Egs. (24) and
(25) around the points

v
€= €nrti€nis On= 2 4 20y + izni- (D18)
m

For brevity, we define new variable C = gZ. We substitute
Eq. (D18) into the nonlinear Eqgs. (24) and (25) and make
a Taylor expansion of z,, and €,;, assuming Eq. (D2), we
obtain

[y* — C —2iy€n, + 2y €nil(mz, , + imz, ;)
nm
—AI:W + (m + l)Zn,r + l(m + l)Zn,i]
JAT nm .
+ 722 [ 4 n = Ve + i = D2 ] =0,
CL m
(D19)
as well as
o, niw ,
(€n,r + i€41)" = B+ 2Acos <— + Znr + lZn,i>~ (D20)
m

From the above solution, the real part and imaginary part,
respectively, yield

Anmz,
€nr 2NVB+2A, €2 — Ly

me,,

(D21)

In the same way, using Eq. (D19), the real part of the above
equation gives

(yZ -C + Zyen,i)mzn,r + 2yen,rmzn,i

niw JAT nmw
— Al +0n + Dz 422 [ <25 + o = e | =0,
m CL m

(D22)
and the imaginary part gives

(y2 - C + 2y6n$i)mzn,i - 2y6n,rmZn,r - A(m + I)Zn,i
A
+v E(m — 1)z, = 0. (D23)

Combining Eqgs. (D21)—(D23), we can solve these linear equa-
tions in the weak dissipation limit and find

_gon (g —2y7)

nr = , (D24)
g%mz(& +82)
2g,TYn
Ty = —— (D25)
81(g1 + g2)m
2 222
€= ——2 TV (D26)
(g1 +8)m
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While in the strong dissipation limit, we have

B gz()/2 — 2g21)nk

o = , (D27)
yim*(g1 + &2)
2g182nm
Tni = ——— (D28)
ym*(g1 + 82)
2 2.2
P i (D29)

(g1 + g)*m’y’

These results are also in accord with Eq. (D14).

3. Edge modes with strong dissipation

In this subsection we derive the dissipation of edge mode
in the strong dissipation using Taylor expansion method. For
y > g1, & in the odd chain, we assume

€ =€, — iy — i€, (D30)
where ¢; is small number in the sense lim, _, o €; = 0. From
numerical result, we find €, ~ 0 with modest m, and we may
reasonably set €, = 0. We substitute Eq. (D30) into Egs. (23)
and (25) and obtain

8182Q2iy — iy —i€;)(sinm6 cos O + cos mb sin 0)

+[y*Gy +ie) +i(g] +&)y]sinmo =0 (D31)
and
— N2 o2
cosf = vtea’ -8 g22 (D32)
28182
The above two  solutions will yield sinf =
i /(TR 1 and im0 S522 = —i. Then
Eq. (D31) can be written
£183
(v —ei)[(y SR ey
iy +e)— (& +&)y =0. (D33)

By ignoring the higher-order terms of €7, the above equation
can be reduced to €’y + €(g + g5) + &185/y = 0, which
yields

g 8

€ =——, or ¢, =
Y 14
This solution is used in the main text in Egs. (36) and (37).
For even chain, we substitute Eq. (D30) into Eq. (24) and
obtain

(D34)

[—y2 + & + 2y (—iy — ie;)] sinmb
tg1gosinim + 1O — y2 2 sinm — 1)0 = 0. (D35)
81

Using the properties of sin(f) and cos(6), we have

[y> + & +2ye€llcos 6 — isin ]
282
81

+g182[(2cos? @ — 1) — i2sin@ cos ] — y

(D36)

In the same way as the odd chain case, Eq. (D36) can be
simplified as

Zéig% n g_g

y v
We have €; = —g3 /y, this result is used in Eq. (37) in the main
text.

e + =0. (D37)

4. Edge modes with weak dissipation

In the weak dissipation limit, we can expand Egs. (23),
(24), and (25) around cos(6,) = —(g} + &3)/2g18>. For the
odd chain with N = 2m + 1, we assume

0=6.4+2z +iz;, €=¢€ +ie. (D38)

With the aid of numerical results, we find that €, and z, decay
exponentially to zero with the increasing of m, for which
reason we can set €, = z, = 0 for large enough m. However,
we find € o< y. We substitute Eq. (D38) into Egs. (23) and (25)
and make a Taylor expansion, obtaining

AQRy + €)[—isin(m + 1)6. + cos(m + 1)8, - (m + 1)z;]
+ (—y%€; + By)(—isinmb, + cosmb, - mz;) = 0

(D39)
and
€} = i2Asin6,z;, (D40)
where 6, satisfies
B B\’
cos@cz—M:——, sinf, =i — ) -1
28182 2A 2A
(D41)
When m is large enough, we can prove
0.
m(m+ Dz =0, =M% (D42)
y—0 sin m0,
Then Eq. (D39) can be reduced to
AQQy + €;)sin(m + 1)0, + By sinmf,. = 0, (D43)

which leads to ¢, = —y (1 — g3/g3).
For even chain N = 2m, We substitute Eq. (D38) into
Egs. (24) and (25) and have

(—=v* + &1 — 2y€;)(sinmb, + cos mO.miz;)
+ g1g2[sin(m + 1)6, + cos(m + 1)0.(m + 1)iz;]

— yzg—z[sin(m — 1)8. + cos(m — 1)0.(m — 1)iz;] = 0,
81

(D44)
as well as Eq. (D40). With the aid of
i 16, 6. .
s D _ g1 cosm LB _ 8 (pas)
sin mé, 2 sin m6, 82
Eq. (D44) can be reduced to
—y? = 2yei+ &z +y2g—§ =0, (D46)

&t

which gives €; = —y (1 — g% / g21 ). This solution has been used
in Eq. (35) in the main text.
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