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Quantum coherence preservation of atom with a classical driving
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The exact dynamics of an open quantum system consisting of one qubit driven by a classical driving field is inves-
tigated. Our attention is focused on the influences of single- and two-photon excitations on the dynamics of quantum
coherence and quantum entanglement. It is shown that the atomic coherence can be improved or even maintained by the
classical driving field, the non-Markovian effect, and the atom-reservoir detuning. The interconversion between the atomic
coherence and the atom-reservoir entanglement exists and can be controlled by the appropriate conditions. The conserva-
tion of coherence for different partitions is explored, and the dynamics of a system with two-photon excitations is different

from the case of single- photon excitation.
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1. Introduction

Quantum coherence and quantum entanglement are the
basic concepts of quantum physics, which are important fea-
tures of quantum physics. However, compared with the en-
tanglement in quantum information processing,''-%! quantum
coherence has been studied little. Quantum coherence is
caused by the superposition of quantum states, which means
that the wave of the quantum state is divided into two parts,
and the interference occurs between the two waves, and the
quantum state is formed from the superposition of the two
waves. It is generally believed that quantum coherence is a
necessary precondition for various nonclassical effects such
as quantum phase transition, -8 quantum algorithms, [ quan-
tum interference,!'!!l and quantum thermodynamics.[!>-16]
Although quantum coherence is important, the measure theory
of quantum coherence has not been developed until only very
recently and some necessary constraints have been put forward
to ensure that quantum coherence is a physical resource.!!”]
Subsequently, lots of methods of measuring the quantum co-
herence have been proposed, such as the /; norm and rela-
tive entropy of coherence,!'”! skew information,['3! etc. For
the dynamics of quantum coherence in an open quantum sys-
tem, one of the most interesting phenomena is its freezing
in some special initial states and dynamic conditions,!'%%0]
which means that the coherence will remain exactly constant
(frozen) during the whole evolution. Another interesting phe-

21.22] and it is different from

nomenon is coherence trapping,
the coherence freezing, which means that the stationary state

has a nonzero coherence at t — oo, and it can only occur in the
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presence of non-Markovian dynamics.

As is well known, the coherence is a prerequisite to the
existence of quantum entanglement and some nonclassical ef-
fects, such as squeezing and spin squeezing, and can be con-
verted into entanglement by a beam splitter.[>325] Recently,
any nonzero amount of coherence in a system can be converted
into entanglement between the system and an initially incoher-
ent ancilla by incoherent operation, which means that quan-
tum coherence and quantum entanglement are equivalent in

(261 Another study has presented the relation between

quantity.
quantum coherence and quantum discord in a multipartite sys-
tem; it is proved that the quantum coherence is equivalent to
the quantum discord.?”!

Under the non-Markovian environment, quantum entan-
glement and quantum discord have been studied more than

(28] in addition, the influence of classical

quantum coherence,
driving field on quantum coherence has not been studied as far
as we know. In the paper, we investigate the interaction be-
tween a two-level atom and a non-Markovian reservoir with
single- and two-photon excitations. The influences of the clas-
sical driving field and the non-Markovian effect on the atomic
coherence, the atom-reservoir entanglement and the reservoir
coherence are explored. Besides, the interconversion between
quantum coherence and quantum entanglement and the con-
servation of coherence for different partitions of two identi-
cal single-body systems are also explored. The dynamics of
a system with two-photon excitations is discussed, and its dy-
namics is different from the case of single-photon excitation.
The rest of this paper is organized as follows. In Section 2, we
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present the theoretical model of the system with single- and
two-photon excitations. Based on the analysis of the model,
the expressions for quantum coherence and quantum entan-
glement are obtained. In Section 3, the effects of single- and
two-photon excitations on coherence and entanglement are ex-
plored. Finally, the conclusion is drawn from the present stud-
ies in Section 4.

2. Theoretical model

The system consists of a two-level atom locally interact-
ing with one zero-temperature bosonic reservoir, and the atom
with frequency @y is driven by a classical driving field with
frequency @y additionally. The Hamiltonian of the total sys-
tem is described by (in units of / = 1)[?"]

2
+ Q(efla)[‘t

1
H = ~ao.+Y ol b+ gu(bxoy + b o)
% %

‘o), ey

(O + ele

where blj (by) is the creation(annihilation) operator of the kth
mode with frequency @y of the reservoir. In addition, g is
the coupling constant of the atom with the kth mode of reser-
Lo = |g)(el, and &, = |e) {e| -
the raising, lowering and inversion operators of the atom, re-
spectively, while 2 refers to the Rabi frequency of the driving
field.

The unitary transformation of the Hamiltonian of the sys-

voir. o4 = |e)(g

|g)(g| denote

tem does not change the eigenvalues of the system. Under
a unitary transformation U; = e 1L /2, the Hamiltonian of
the system is transformed into H; as

H =i

dtl + U HU,

A
—oz+Q(o1+0-)

+
> + ; Cl)kbk by

+ ng(éithGerkJr e_ithG,bz_)

k

=" + 1Y, 2)

with

A
= EGZ+Q(G++G*)5
"= Y o b+ Y el

x k

HY

e!®io, b+ e M ob)),
where A = @y — @, denoting the frequency detuning of atom
and the classical driving field. Using the method similar to

that used in Ref. [30], diagonalizing the Hamiltonian Hl(l),

HY = AS;/2, with A = VAZT4Q2, Sy = [+)(+] — |- )(—],
Sz being the inversion operator of the atom in the presence of
the dressed-states, and |+) = cos(0/2)|e) + sin(6/2)|g) and
|—) =cos(6/2)|g) —sin(6/2)|e) being the excited and ground
states of the atom in the presence of the dressed-states with
0 =argtan(2Q/A).

For H1<2), neglecting the terms which do not conserve
@ _

energies (rotating wave approximation), we have H,
Z(J)kb+bk + cos (9/2) (gke‘“’Ltka+ +hec.), with S; =

|—|—><—| and S_ = |—><+| being the raising and lowering op-
erators of the atom in the presence of the dressed-states.
The Hamiltonian is
H= /—\SZ +Y b by +cos? QZ(gkeithka +h.c.),3)
3 - X 2L + )
in the interaction representation, and the Hamiltonian can be
rewritten as

gZ(gkbksw”(wk*“’rA)’ +h.ec.). )
k

H{ = cos®

2.1. Single-photon excitation in the whole system

Considering the single-photon excitation in the whole
system, in the presence of the dressed-states, the initial state
of the system is

lw(0)) = Co|—)s[|0)r +C1(0)[+)s]0)r
+ ch )=)s1or &)

where |0)R is the vacuum state of the reservoir, and |14)r indi-
cates that there exists a photon in the kth mode of the reservoir.
At the time ¢, the state of the system is

lw(1)) = Col=)s|O)r +Ci(1)[+)s]0)r
+ Y G(0)]=)sl1i)r, (6)
k

for H{|—)s|0)r = 0, so Cy is a constant, the evolution of C; (1)
and C(r) can be obtained by the Schrodinger equation as fol-

lows:
Ci(1) = —icos® nge (=N e),  (7)
. 0 .
Ci(r) = —icos? Egze‘(wk_“’L_A)’Cl(t). 3
Assuming Cy(0) = 0, through integrating C (¢) of Eq. (8),

then substitute the resulting expression into Eq. (7), we can ob-
tain

X 0
Cl(t):*COS“E/O dr f(t—11)Ci (1), )]

where f(r —11) = [ dwJ(w)eATO=@)(=11) which is a cor-
relation function of the environment, it is obvious that the
f(t—1) is determined by the reservoir spectral density J(®),
and the spectral distribution of the Lorentzian form!3!! is con-
sidered as

1 ')/02,2

J(w)zg(wo—a)—S)z#—)ﬂ'

(10)

In Eq. (10), O is the detuning between the atom transition
frequency and center frequency of the structured spectrum, the
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parameter A defines the spectral width of the coupling and
is related to the reservoir correlation time 7g by the relation
Tg ~ A~!, and the other parameter }; is the decay of the ex-
cited atomic state in the Markovian limit of flat spectrum and
is connected to the system relaxation time 75 by the relation
Yo ~ TS_I. Generally, the Markovian regime corresponds to
the A > 27p, irreversible decay of the behavior of the system
occurs, and in the non-Markovian regime there is A < 2p, the
behavior of the system displays non-Markovian dynamics.3?]

According to the above J(®), we can obtain the correla-
tion function

f(t _tl) _ Mef(lJriAfiAf

i6)(r—t1) 11
> ) (11)

then the solution of Eq. (9) can be obtained as follows:

Ci(1) =C1(0)q(1), (12)
with
—at bt 2a bt
q(t)y=¢e (cosh (4) + > sinh (4)) ,
a=A+1iA—16—1iA,
and

b=1/4a? 20 (1 +cos 6)2.
Suppose that the initial state of the system is

9(0)) = (cos T e} +sin e *?1g)) @10},

based on the previous analysis, then the quantum state at the
time ¢ will be

19(1)) = Co| ) |0)r +C1(1)[)|0)r +D(t)|-) [Ti)r, (13)
with
Y Ci|li)r
\ik> = ICDT’ Co= fcosgsinngsingcosge_i‘p,
Ci(6) = Ci(0)q(r). D)= /1[G ~|Ci(0)P,
and

6 0 _.
C(0) = cosgcosa +singsin§e_“".

Considering the atom and the bosonic reservoir as a bi-

partite system, in the basis (|+, 1), [+,0),|—, 1¢),|—,0)), the

density matrix of the system is

[9(2)) ()]
00 0 O
0 p22 p23 P24
0 p32 p33 P34
0 P42 P13 Pas

P

0 0 0

o |c1<r>| D(Ci (1) C1(1)C

~ | 0o D(1)? D()Co I
0 Ci()Co D(1)Co |Col?

tracing over the reservoir degree of freedom, the reduced den-
sity matrix of the atom in the basis (]+),|—)) is obtained as
follows:

a0 G

Pa (t) :TrR(p) = (C()CT(I) |C02+D(t)2>’ (15)

in the basis (Je),|g)), the reduced density matrix of the atom

_ [ Pee peg)
P <pge Pgg )’

with matrix elements being

., 0 on. 0 0
Pee = smzi —CoCi (1) sin > cos >
* .6 0 2
—C0C1(t)sm§cos§+|C1(l)\ cos B,

« .6 0 v .00
Peg = Pge = —sin - cos — CoCi (1) sin? >

0
+C§C1(t)0052§+|C1 (t)|*sin @,
0 . 0 0
Pgg = cos’ > +CoCi (1) sin > cos >

0 0
+ GyCi (1) sinicos§—|C1(z‘)\zcose. (16)

Using a similar method to the above, we can obtain the
reduced density matrix of the bosonic reservoir

_ (Poo Poi, )
PR <Pik0 Pii. /)’

in the basis (|0), |14)),

poo = |Col* + |C1 (1),
pu, = i = Coy/ 1= Gl ~ 1 ()2,
pi1, =1-1Col —1Ci()f. (17)

Our aim is to obtain the dynamics of quantum coherence
for the atom and the bosonic reservoir, so we adopt the /; norm
of coherence

C,(p) = Z ijl. (18)

it
The quantum coherence of the atom and the bosonic
reservoir can be easily obtained according to Egs. (16)—(18).
For the atom

G, (p) = ‘2cgc1( )cos? g +(2|Ci(1))*—1)sin 0

, 0
— 2CoC; (1) sin?

70 19)
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and for the bosonic reservoir

Ci (p) = 21Coy/ 1~ [Go 2 — €1 () P]- 20)

In order to study the entanglement evolution between the
two-level atom and the bosonic reservoir, a feasible method is
to calculate the linear entropy of the two-level atom 33!

§=1=Tr(p, (1)) =21 (NP1~ G2 =[G (1)P). (21)

2.2. Two-photon excitation in the whole system

Considering two-photon excitation in the whole system,
the initial state of the system is

W(0)) = (cos T le) +sin e ?[g)) @[l)g,  (22)
at time ¢, the state of the quantum system is

[W(0)) = b1(1) [=)s R +b2(1) [+)s[0)g +b3(1) [+)s [1)r

+04(1) [=)s |2)k (23)
with
— cosMain tsinMeos 2 oio
b1(0) = cos251n2+smzcosze ,
by(0) = b4(0) =0,

0 6 _.
:cosgcosz +singsin§e_l¢.

In order to find the dynamics of the system with two-
photon excitation, we solve the master equation by using the
pseudomode approach.3433 The exact dynamics of the atom
interacting with a Lorentzian structured reservoir is contained
in the following pseudomode master equation:

dp

. r
P [H,p]— 5 [6"bp —2bpb™ +pb™b],

where
0
H=AS.S_ +ab" b+ cos? E.Qo(s+b +S.b7), (24

where p is the density operator for the atom and the pseu-
domode of the structured reservoir, b+ and b are the creation
and annihilation operators of the pseudomode of the structured
reservoir; constants @, and I are, respectively, the oscillation
frequency and the decay rate of the pseudomode and they de-
iI"/2. The atom
interacts coherently with the pseudomode (the strength of the

pend on the position of the pole z = @, —

coupling is ). In order to find the dynamics of the system,
we solve the master equation (Eq. (24)). Then, tracing out the
pseudomode degree of freedom, we obtain the reduced density
matrix of the atomic system as follows:

_ [ Pee peg>
P (Pge Peg )’

with matrix elements

2 n

Pee = (bab}+b3b3) cos? g + (b1b] + baby) sin )

SO/ e | SN/ e |
—b3blcos§sm§—b1b3cos§sm§,
Peg = (b2b§+b3b§)cosgsinﬂ —(blb’{+b4bj)cosgsing
+ b3bj cos g—blb* smzﬂ
pge = pega
Pee = (babs+ b3b?)sin’ g 4 (b1} + bab}) cos? g
Moo ecosNain
+ b3bj cos > sin > +b1b5cos Hsin.

By using a similar method to the above, we can obtain the
reduced density matrix of the bosonic reservoir

Poo Po1 P02
P1o P11 P12 |,
P20 P21 P22

in the basis (|0),|1%),|2%))-

PR =

poo = |b2(t)[*, por = pio = bab3,
pu1 = bsb3+biby, pi2=py =biby,
P22 = baby, po2 = P2 =0

The /; norm of coherence for the atom,

(bab5 + b3b3) cos g sin g
— (b1by + bsb}) cos g sin g

+ b3b} cos? ﬂ — by b} sin® Q , (25)

G, (p) =

and for the bosonic reservoir,

C,(p) =

By using the same method as the above, the linear entropy

2|b1 b} +2|bab). (26)

of the two-level atom is

S = 1—{(|ba]* +|b3[*)* + (|b1]* + |bal*)?
+2|by b3} 27)

3. Discussion and results

3.1. Effects of single-photon excitation on coher-
ence/entanglement

Firstly, we discuss the dynamics of the atomic coher-
ence under a classical driving field, the detuning and the non-
Markovian effects.

In Fig. 1, the atomic coherence is plotted as a function of
dimensionless quantity yt with A =0, § = 0 for different driv-
ing field strengths with the non-Markovian regime A = 0.2%.
It is noted that without the classical driving field, the atomic
coherence is damped, and finally vanishes; with the increase of
the driving field strength, the atomic coherence decays slowly
and even stays unchanged, that is to say, adjusting the driving
field can preserve the atomic coherence.
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Fig. 1. Plots of quantum coherence versus dimensionless quantity Yt in
the non-Markovian regime A = 0.2y with A =0, 8 = 0 for driving field
strengths of 2 =0,0.5,1,3.

Figure 2(a) shows the plot of atomic coherence versus di-
mensionless quantity Y, and detuning A with § =0, Q =2
in the non-Markovian regime A = 0.2y. From the figure we
find that the atomic coherence decreases with the increase of
the atom-driving field detuning, and this phenomenon can be
understood as follows: as the detuning increases, the cou-
pling between the driving field and atom weakens, meanwhile,
the effective coupling between atoms and the reservoirs in-
creases, so the atomic coherence damped oscillations occur as
displayed in Fig. 2(a).

From Fig. 2(b), we can find that the atomic coherence
increases with the increase of the detuning between the atom
frequency and the center frequency of the reservoirs; this is
because the decay of the atom is suppressed with the increas-
ing of the detuning. As a result, the atomic coherence can be
protected. In addition, we can infer that the spectral width A
also affects the atomic coherence. The spectral A is related
to the degree of the non-Markovian effect, and the value of
A /% is smaller and the non-Markovian effect is stronger, so
the atomic coherence becomes larger with the spectral width
decreasing.

Secondly, we discuss the interconversion of the atomic
coherence, the atom-reservoir entanglement and the reservoir
coherence.

Without the driving fields, the atom-reservoir entangle-
ment increases from zero to a certain value and then decreases
to zero, next, the above evolution behavior is repeated and fi-
nally vanishes, the atomic coherence always follows the entan-
glement as displayed in Fig. 3(a). Besides, the reservoir coher-
ence increases from zero and reaches a maximum at ypt = 6.3,
meanwhile, the atomic coherence and the atom-reservoir en-
tanglement decrease to zero, and the dash-dotted line as dis-
played in Fig. 3(a) can clearly show the above relation. This
phenomenon indicates that the atomic coherence and the atom-
reservoir entanglement are converted into the reservoir coher-

ence.

20

o
N
I
=]
0]

10

Fig. 2. (color online) Plots of the atomic coherence versus dimensionless
quantity ¢, and versus (a) detuing A with 6 =0, Q =2, (b) detuning &
with A = 0, 2 = 2 in the non-Markovian regime A = 0.2y.

In the cases of 2 = 0.5 and 2 = 1, the atomic coher-
ence decreases and the atom-reservoir entanglement increases.
For the case of 2 = 3, the atomic coherence decreases very
slowly, and the entanglement of atom-reservoir also increases
very slowly as displayed in Figs. 3(b)-3(d). With the increase
of the driving field strength, the atomic coherence becomes
larger, so the interconversion from the atomic coherence to the
atom-reservoir entanglement takes place, and the reservoir co-
herence becomes smaller.

From Fig. 4, we can find that with the increase of detun-
ing A, the atomic coherence decreases, but the atom-reservoir
entanglement and the reservoir coherence increase. As the de-
tuning increases, the effective coupling between the atom and
the reservoir increases, and the information which flows into
the environment returns to the system, so we can see the oscil-
lation of the atomic coherence and the entanglement of atom-
reservoir in the case of detuning A = 3. That is to say, the
interconversion between the atomic coherence and the atom-
reservoirs entanglement can be improved by the atom-field de-

tuning.
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Fig. 3. Atomic coherence (solid line), the atom-reservoir entanglement (dash line), the reservoir coherence (dotted line) as a function of ¢t with A =0,
6 = 0 for different driving field strengths in the non-Markovian regime A = 0.2%. (a) 2 =0, (b) 2 = 0.5, (c) 2 =1, and (d) Q = 3.
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Fig. 4. Atomic coherence (solid line), the atom-reservoir entanglement (dash line), the reservoir coherence (dotted line) as a function of yt with § = 0,

Q =1 in the non-Markovian regime A = 0.05%. (a) A =0 and (b) A = 3.

In Fig. 5, we can also see results similar to those in
Figs. 3(b)-3(d), in other words, the influences of the detuning
0 on the atomic coherence and the atom-reservoir entangle-
ment are similar to those of driving strength 2. In addition, it
is noticed that the increase of the detuning § can speed up the
conversion as displayed in Fig. 5.

Now, we come to study the joint evolutions of two identi-
cal single-body systems with the initial density matrix p(0) =
0(0))(@(0)] ® [0)/0)(0] (0], with [p(0)) = cosar]——) +
sino¢|++). According to Egs. (5) and (6), the density matrix
of the system at time ¢ can be obtained as follows:

p(t) = sin” a|@)1|@)21 (@2 (@] + cos” a(|— —00)(— — 00])
+ sinacos a|@)1|@)21 (——|2(00]
+ sinacos a|——)1]00)21 (@]2 (@],

where [@); = q(1)|+)sil0)ri + /1 — g(1)*|—)sil Te)ri(i = 1,2)
represents the ith single-body evolution, by using the /; norm
of coherence, we can write down quantum coherence for par-
titions of g1 ® g2, r1 @12, 1 @12, G2 @1, q1 @11, and g2 @ 1,
respectively,

Cyrqp = 2|sinoccos aq(t)?],

Cryr, = 2[sinacos (1 —q(r)%)],

Cy,r, =2Jsinaccosag(t)\/1—q(t)?|, Cgry = Cqyrys

Cyyry = 2lsin? ag(t)\/1—q(t)?|, Cprr, = Cyyry»

where g;(r;) represents the ith atom (reservoir).

Taking the symmetry of the composite system into ac-
count, we analyze the bipartite coherence of the six partitions
of q1®q2, 11 ®r2, q1 @1, @211, g1 @r; and g2 ¥ r2 in
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the non-Markovian limit as shown in Fig. 6(a). In the initial
period of time, due to the atom-reservoir coupling, C,, 4, de-
creases from the original value to zero, and then increases due
to the memory effect of the non-Markovian reservoirs. C,r,
first increases from zero to a maximum, and then decreases
from the maximum. Meanwhile, Cy, ,(Cy,,, ) and Cy, r, (Cy,r,)
increase from zero to a maximum value and then decrease
from the maximum to zero. The above effects indicate that
the coherence of the qubits does not disappear, but has been
transferred to other partitions, e.g., g1 ® g2, 11 ® 12, q1 @ 12,
g2 11, q1 @11, g2 @12, etc. Furthermore, through the further

analysis in our model, C, . Cy,, is conserved and its value
is equivalent to the initial value of C,4,, which means that
there is a perfect compensation of C,, , for Cy, 4, . Interestingly
we find that the Q(r) = Cy,4, +Cp,r, +2Cy,r, |cotat| — 2C, 1,
is also conserved, and it means that the atomic coherence
is transferred among all the bipartite partitions of the whole
system but an identity (the above equation) is required to
be satisfied at any time. Besides, Cy,4, + C,, and Q(r) =
Cq1qo +Cryr, +2Cy, 1, [cota| —2C,, , are also conserved in the
Markovian limit as shown in Fig. 6(b).
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Fig. 5. (a) Atomic coherence, (b) atom-reservoir entanglement, (c) reservoir coherence as a function of Yyt withA =0, Q =1, A =0.1y.
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3.2. Effects of two-photon excitations on the coher-
ence/entanglement

Comparing Fig. 7 with Fig. 3, we can find that the de-
cay of the atomic coherence is faster with the two-photon ex-
citation in the whole system. To our surprise, when there is
one excitation in the system, the atomic coherence eventually
transfers into the reservoir coherence, and the atomic coher-
ence and the atom-reservoir entanglement vanish as displayed

in Fig. 3(a). However, the atomic coherence transfers into
the atom-reservoir entanglement in the end with two-photon
excitation in the system, and the atomic coherence and the
reservoir coherence vanish as shown in Fig. 7. These results
demonstrate that the dynamics of a system with two-photon
excitations is quite different from the case of single-photon
excitation.

With single-photon excitation in the system, the atom has
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two energy levels, i.e., |e) and |g), and the reservoir also has
two energy levels, i.e., |0), |T), the coherence transfers be-
tween the two energy levels via atom-reservoir interaction.
While for the two or more excitations in the system, the atom
has two energy levels, and the reservoir is a multilevel system.
The difference in energy level leads to the above phenomenon.

— atomic coherence

atom—reservoir
entangment

reservoir coherence

2 3 4 5

02t

1.0 b)) #+ === == === = = = =

(b)
0.8 /
L\ — atomic coherence

atom—reservoir

0.6 -~ entangment

reservoir coherence

.t

Fig. 7. Atomic coherence (solid line), the atom-reservoir entanglement
(dash line), the reservoir coherence (dotted line) as a function of Qg with
@, = A in the non-Markovian regime I" = 1.6, for (a) 2 = 0 and (b)
Q=0.5.

4. Conclusions

In the paper, we investigate the interaction between a
two-level atom and a non-Markovian reservoir under a clas-
sical driving field. The influences of the classical driving
fields and non-Markovian effects on atomic coherence and
atom-reservoir entanglement are explored. It is shown that
the atomic coherence can be improved or even maintained
by the classical driving field, non-Markovian effect and the
atom-reservoir detuning, however, the increase of the atom-
field detuning weakens the atomic coherence. The intercon-
version between the atom coherence and the atom-reservoir
entanglement exists and can be improved by the atom-driving
field detuning, and the increase of the atom-reservoirs detun-
ing can speed up the conversion. Besides, Cy,4, +C;r, and
0(r) =Cyq,4, + Cryry +2Cy, 1 |cota| — 2C, , are conserved in
the non-Markovian limit or in the Markovian limit, and the dy-
namic of a system with two-photon excitation is quite different
from the case of one-photon excitation.

In the end, with the development of the control tech-
nology for spectral density of the reservoir and the system-

[36,37]

environment, our results provide an effective solution to

maintain the coherence of the system. In addition, by the inter-
conversion between the coherence and the entanglement, we
have an in-depth understanding of the relationship between
quantum coherence and quantum entanglement. By the dy-
namics of a system with single- or two-photon excitations, we
understand the effects of reservoir excitations on the coher-
ence/entanglement of the atom-reservoir system deeply.
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