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Abstract

The dynamics of a central qubit system coupled to an isotropic ferromagnetic
Lipkin—Meshkov—Glick spin bath at nonzero temperature is studied. We
derive exactly the reduced density matrix and investigate the pairwise thermal
entanglement, the coherence and the concurrence of the central spins. Through
the behavior of these quantities, we show that at very low temperatures the
dynamics is sensitive to the presence of the critical point of the environment.

PACS numbers: 03.65.Yz, 75.10.Jm, 05.10.—a

1. Introduction

Quantum phase transitions (QPTs) are associated with a qualitative change in the ground
state of a many-body quantum system, at the absolute zero temperature, when some relevant
parameter varies across its critical value [1]. Their manifestation in many experimental results
on the cuprate superconductors and organic conductors stimulated much attention during the
last decade. Recently, the relation between the entanglement and the quantum phase transitions
has been the subject of many studies [1-10]. The critical behavior of the former was proposed
as a tool for detecting the presence of QPTs in multi-spin systems. Most of the investigations
have dealt with the zero-temperature dynamics near the critical point at which the transition
occurs. However, it is believed that quantum phase transitions leave their fingerprints at
temperatures close to the zero absolute. Generally speaking, at such low temperatures, the
long-time collective dynamics of a quantum many-body system is investigated using the
concepts of order parameters and quasiparticles which lead, however, to a semiclassical
description of the dynamics [11]. Moreover, at nonzero temperatures, quantum correlations
are suppressed by the thermal fluctuations: there exits a threshold temperature above which
the thermal entanglement ceases to exist. Thus, a deep understanding of the dynamics of
multi-spin systems at low temperatures is of theoretical and experimental significance.
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The Lipkin—Meshkov—Glick (LMG) model [12-14], initially introduced in nuclear
physics, has found many physical applications such as the Josephson effect and the two-
mode Bose—FEinstein condensate [15—17]. This model was extensively used to investigate the
connection between the zero-temperature entanglement and QPTs [18-23]. The Hamiltonian
of the isotropic LMG model with N spins subjected to a magnetic field of strength £ is explicitly
given by

N N
HZWZ(G;U¥+O;G){)+EZOZZ’ (1)

i<j i
where g is the coupling constant and ' = 28 is the Pauli operator corresponding to the

particle labeled by i. The above Hamiltonian can be cast, up to an additive constant, into the
form

H = %(JZ—JZZ)”?Z, )

where J = Z,N S' is the total angular momentum of the multi-spin system. The standard basis
of H is composed of the state vectors |j, m) common to 72 and .7, such that 0 < j < N/2
and —j < m < j (weseth = 1). In the ferromagnetic case, i.e. g < 0, the ground state and
the first exited state belong to the subspace CV*! spanned by the eigenvectors |N /2, m). The
model Hamiltonian displays a second-order phase transition at the critical point |A.| = —g.
Indeed, for |h| > |h.|, the ground state is unique and is equal to the fully polarized state
N /2, —sign(h.)N /2) (symmetric phase), where sign(x) designates the sign of x. In contrast,
in the domain |h| < |h.|, the ground state depends on the coupling constant g (symmetry
broken phase); its explicit form is given by |N/2, I (%)), where I (x) denotes the round value
of x.

In this paper, we apply the general formalism of open quantum systems to investigate the
dynamics at low temperatures near the critical point of the isotropic LMG model. The idea
consists of deriving the reduced density matrix of a central spin system which is coupled to a
spin bath governed by the Hamiltonian (1). In section 2, we derive the one-qubit and two-qubit
thermal reduced density matrix and investigate the pairwise thermal entanglement. In section 3,
we study the time evolution of the coherence and the entanglement of, respectively, a single
and a two spin % particles coupled via Heisenberg or Ising interactions to the LMG spin bath.
We end the paper with a short summary.

2. Thermal reduced density matrix

Let px (0) denote the total density matrix of the multi-spin system whose dynamics is governed
by the Hamiltonian (1). The state of any subsystem with m spins is fully described by its
reduced density matrix, obtained by eliminating the degrees of freedom corresponding to the
remaining N — m particles. Note that H is invariant with respect to the exchange of sites;
it follows that the reduced density matrix should be independent of the choice of the central
particles. In this paper, we assume that our multi-spin system is in thermal equilibrium at
arbitrary temperature 7. The corresponding total density matrix is given by the Gibbs thermal
state
exp(=H/T)

tryfexp(—H/T)}
where the Boltzmann constant is set to 1 and Z = try{exp(—H/T)} is the partition function.
Here, try designates the trace with respect to the full set of the eigenvectors of H. In the

on(0) = 3)
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following, we derive the reduced density matrix for both one and two central qubits. Without
loss of generality we suppose that g = —1, and we only consider positive values of & since
the spectrum of H is odd.

2.1. The one-particle reduced density matrix

First of all, it should be noted that the reduced density matrix can be obtained by directly
calculating the mean values of the operators 7> and 7, with respect to the thermal state [24].
However, we shall proceed differently and use another method which allows us to investigate,
in a straightforward manner, the time evolution of a central qubit coupled to the isotropic LMG
bath (see the next section). Furthermore, one is usually seeking new techniques that lead to
exact analytical results.

Let us choose one arbitrary particle, whose spin vector operator is denoted by S, and call
it central spin. The remaining N — 1 particles can be viewed as a spin bath with a total angular
momentum J. At this stage it is useful to decompose the total spin vector of the full system
as the sum of those corresponding to the central particle and the bath, namely,

“7:§+,77 \7Z:SZ+JZ’ (4)

Then, one can easily show that the isotropic Lipkin—-Meshkov—Glick Hamiltonian can be
rewritten in terms of the new spin operators as

=4 1r_reanesy+ S5 v s . (5)
N ¢ YN

where Ly = L, +iL,. Hence the full system is equivalent to a central qubit coupled to a spin
bath through Heisenberg XY interactions. Similarly, the spin space of the composite system,
(C*)®N, can be decomposed as

N-1
2

(CZ ® ((CZ)@N—I — (CZ ® @ I)(N _ 1’ j)CZj+l , (6)
J
where [25]
N N
U(N,->=< )—( . ) ™
SRR/ ARCEVEY
The basis of the latter space is formed by the vectors |k) ® |j, m), where S, |k) = —(_ZJUC)

(k € {0, 1)), J?|j,m) = j(j + D|j, m) and J.|j, m) = m|j, m). Note that in equation (6),
the summation over j takes into account whether N is odd or even. Also, due to the last term
on the right-hand side of equation (5), the Hamiltonian operator H is no longer diagonal in
this new basis.

The method we adopt here is based on the fact that the operator o = Zpy (0) = exp[—BH]
where 8 = 1/T satisfies the following equation:

d

—o=—Hop. 8

2p° 0 ®)
In the standard basis of C2, the above operator can be written as o0 = ZM orelk) (£].
Consequently, equations (8) and (5) yield a set of four coupled first-order differential equations,
namely,

d g 2 , 1 1 g
Zon=—|2 (= )+ (L -~ — S Lo, 9
aﬂQ“ [N ( c*3 c 5 ) |on — ylven )
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d g g 2 , 1 1
o= g on— (=) (= : 10
8/3Q21 N/-en |:N( c*3 <t )|en (10)
d g 2 5 1 1 g
— =—|=(J"=J += h|J, +— — =J_o12, 11
8/3Q22 [N( f +2>+ ( z+2>i|Q22 N /-en (11)
d g g 2 , 1 1
Lon=—Tom— | (=) +n () - . 12
3ﬂQ12 N Jren [N( c*3 <=5 ) |en (12)

The latter can be transformed into diagonal ones by introducing the following transformations

[26]:
on :exp{—ﬂ [% <J2—Jzz+%>+h(JZ—%)“VH, (13)
Q21=J_exp{—,8 [% <J2—Jz2+%)+h<JZ—% “vzl, (14)
ngzexp{—ﬂ [% <J2—13+%> +h (JZ+%>} Vi, (15)

012 = Ji exp {—,3 [% <J2 —J2+ %) +h <Jz + %)“ Vis. (16)

Using the commutation relations [J,, J+] = £J1 and [J2, £] = FJ(2J. £ 1), it can be
shown that the operator variables V;; satisfy

N———"

iVn =-S5 vy, inl =Ly, - 2n -1, (17)
p N ap N N
D=L iV, Sve=-fvpsferenve a9
ap N p N N
Combining equations (17) leads to the following second-order differential equation:
in+28 (-1 (g)zJJV =0 (19)
21 N z ) 21 N +J-V21 = U.

Itis worth mentioning thatlimy_, o, 0 = limg_,o 0 = Iy, where Iy denotes the 2N _dimensional
unit matrix. Therefore, V;; (8 = 0) = Iy_; and V;; (8 = 0) = Ofori # j. Taking into account
the last conditions, it is easy to show that the general form of the solutions of equation (19) is
given by

. 1\?
Voy = 2Ae~ ¥V ginh %\/@ - 5) + I |, (20)

where A is a yet-to-be-determined diagonal operator. It is then sufficient to integrate the right-
hand side of the first equation in (17) to obtain the exact form of V;;. Taking into account the
values of V;; at 8 = 0, one can find that A = —/(g/N)*[(J. — 1/2)* + J,J_1/(2g), and thus
by virtue of the transformations (13) and (14) we obtain

86, Ll 1818 Y
011 =¢€ cos N J; 5 + J,J_

i J.—1 1\?
Slgn(g) ( z 2) sinh %\/(‘]Z _ z) + J+J, , (21)
(L. =+ 10
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o —BG, 1 . 1818 1\’
021 =sign(—g)J_e sinh | =—_[( J, — 3 +J,J_ , (22)

where Gy = £(J2 — J2 — 1/2) + (h + £)(J. — §) and sign(g) designates the sign of the
coupling constant g.
Similarly, it can be shown that V}, satisfies

., g 1\ . g\2
V=20 (Jt 5 ) Via - (ﬁ) J J. Vi =0. (23)

Following the same method presented above, we find that

02 = e P9 Lcosh ls|p J, + 1 ’ +J_J,
N 2

sign(—g)(J, + 1 1y
| sign (/- +3) sinh %\/(,}Z+§> +J Js | ¢ (24)
(JZ+%)2+J—J+

1 1\?
01> = sign(—g)J, e #G sinh %\/(JZ + 5) +J_ T |}, (25)
(L+ 1 +0 0,

where G, = £(J2 = J2+1/2) + (h — £)(J. + 3).

In order to obtain the reduced density matrix corresponding to the central spin-% particle,
we need to perform the trace in the space spanned by the common eigenvectors of J? and J..
This task can be carried out with the help of the relation

F=uya{fU2 1) =) v(N =1 ) LG+ 1), ml, (26)
j.m
where f is some function of J? and J,. Since the trace of the lowering and raising operators
is identically zero, we can immediately infer that the reduced density matrix is diagonal in the
standard basis of C2, namely,

L (on 0)
- — 7). 27
P Z<0 B (27)

where the elements g;; are calculated using equation (26). It follows that the mean value of
S., the purity and the von Neumann entropy corresponding to p are, respectively, given by
(S:) = (3(822 — @n)) /22, P = rp* = (2}, + 83,) and S(p) = —(811/Z) In(@n/Z) —
(02/2) In(62/2).

Figures 1-3 display the variation of the above quantities as a function of the strength of
the magnetic field at different values of the number of spins. We can see that (S,) vanishes
for h = 0 regardless of the values of N and T. This follows from the fact that, when £ is
equal to zero, the operator H reduces to Heisenberg XY Hamiltonian, which is invariant under
rotations with respect to the z-direction. The above operator is clearly even function of J,
which is also the case for the corresponding density matrix, py (0): the thermal average of J,
is identically equal to zero.

From the above figures one can also see that, in the symmetry broken phase, starting from
some value /i in the neighborhood of the critical point 4, = 1, the von Neumann entropy

5
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Figure 1. The dependence of the mean value of S; on the strength of the magnetic field at different
values of the number of spins: N = 10 (solid line), N = 20 (dashed line) and N = 30 (dotted
line) with 7 = 0.01.
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Figure 2. The dependence of the mean value of the purity of the reduced density matrix on the
strength of the magnetic field at different values of the number of spins: N = 10 (solid line),
N = 20 (dashed line) and N = 30 (dotted line) with T = 0.01.

vanishes whereas (S;) and P become identically equal to —0.5 and 1, respectively. This means
that all the spins are pointing in the direction of the magnetic field. Obviously, the above
quantities maintain these values in the symmetric phase since the ground state of the spin
system is equal to the fully polarized state vector |[N /2, —N/2). Furthermore, it can be seen
that the variation of (S;), P and S(p) is accompanied in the broken phase by some kind of
oscillations which are more appreciable at small values of N. This can be explained by the
dependence of the ground state |N/2, —1(hN/2)), which exhibits at low temperatures the
largest statistical weight, on the strength of the magnetic field. Clearly, the quantity 7 (AN /2)
has the structure of a step function with respect to 4; as T increases, the mean value of S,
slightly deviates from —/ (AN /2)/N. A similar behavior is also observed for the purity and
the von Neumann entropy. As we increase the number of spins and/or the temperature T, the

6
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Figure 3. The von Neumann entropy as a function of the strength of the magnetic field at different
values of the number of spins: N = 10 (solid line), N = 20 (dashed line) and N = 30 (dotted
line) with T = 0.01.

0.0

-0.1

-02

\Y
-03

-04

-0.5

Figure 4. The mean value of S, as a function of the strength of the magnetic field at different
values of the temperature: 7" = 0.1 (solid line), 7 = 0.4 (dashed line) and 7 = 0.8 (dotted line)
with N = 300.

oscillations completely disappear. Also, we observe that hg — h, for N — oo and T — 0,
as expected, since in this limit / (hN/2)/N =~ h/2 . The behavior of the above quantities at
large N is shown in figures 4-6.

2.2. The two-particle reduced density matrix, pairwise thermal entanglement

Next, consider entanglement properties of the isotropic Lipkin—-Meshkov—Glick model at
temperatures close to the zero absolute. The relevant quantity we shall look for is the two-spin
reduced density matrix, p. A knowledge of the latter enables one to quantify the pairwise
thermal entanglement between the pairs of spin-% particles. The simplest measure we can use

is the so-called concurrence, explicitly defined by C(p) = max {0, 2 max[/4;] — S VA }

7
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1

h

Figure 5. The dependence of the purity on the strength of the magnetic field at different values
of the temperature: 7 = 0.1 (solid line), 7 = 0.4 (dashed line) and 7" = 0.8 (dotted line) with
N = 300.

s (p)

Figure 6. Variation of the von Neumann entropy with the strength of the magnetic field at different
values of the temperature: 7 = 0.1 (solid line), 7 = 0.4 (dashed line) and 7 = 0.8 (dotted line)
with N = 300.

[27], where A; are the eigenvalues of the operator p (0, ®0,) 0*(0,®0,). Itis worth mentioning
that due to the invariance with respect to exchange of sites, the two-spin reduced density matrix
in the space C> ® C? takes the form

a_ 0 0 O
0O b ¢ O

=10 ¢ » ol (28)
0 0 0 a,

where, a4, b and ¢ are real numbers.

The fact that ¢ is real ensures that the reduced

density matrix is diagonal in the space C*> & C = C? ® C? spanned by the vectors

{11, =1),11,0), 11, 1),10,0)} [25].

The method presented in the previous subsection can

also be applied here to derive the explicit form of p; the results are presented in the appendix.

8
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(035070 ) L L B L S s B L I B

0.05

0.00

Figure 7. The pairwise thermal entanglement as a function of 4 at different values of N: N = 10
(dotted line), N = 15 (dot-dashed line), N = 30 (dashed line) and N = 50 (dotted line) with
T =0.01.

One can check their equivalence with the results of [24], where the elements of the density
matrix (28) are shown to be explicitly given by

N? — 2N +4(J2) £ 4(N — ()

= AN(N — 1) ’ 29
AN(N—1)’
LT +TT) =N an
NN - 1)

where the thermal average is defined as (L) = try{Lpoy (0)}.

The main aim here is to investigate the pairwise thermal entanglement in the
Lipkin—Meshkov—Glick model. From figures 7 and 8, we can see that, even at nonzero
temperature, the concurrence is still sensitive to the phase of the system. Clearly, the above
quantity strongly depends on both the temperature and the number of spins of the system.
It turns out that, at sufficiently low 7 (N), there exists a threshold Ny (7y) above which the
pairwise concurrence becomes identically equal to zero. The values of Ny and 7 depend,
however, on the temperature and the number of spins, respectively. Moreover, the concurrence
displays, in the broken phase, oscillations in the form of steps whose amplitudes increase with
the increase of . Within the latter phase, C(p) also exhibits a peak which rapidly falls to
zero in the neighborhood of the critical point 4.. At slightly higher 7, we can see that the
accompanying oscillations together with the peak disappear; in this case, the concurrence is
a monotonic decreasing function of the strength of the magnetic field. As N increases, C(p)
decreases until it becomes practically independent of 4 in the symmetry broken phase. For
sufficiently large h, the concurrence is obviously zero since the state of the system is, to a
good approximation, equal to its fully polarized ground state. Finally, note that the behavior
of the mean value of S, the purity and the von Neumann entropy is quite similar to that of the
one-particle case.

At zero temperature, the derivative of the concurrence with respect to 4 is expected to
display divergence at the critical point. However, for small N, even at zero temperature, the

9
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Figure 8. The pairwise thermal entanglement as a function of £ at different values of 7: 7' = 0.01
(solid line), T = 0.03 (dot-dashed line), T = 0.08 (dashed line) and 7" = 0.1 (dotted line) with
N = 10.

=]
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-30

—40
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Figure 9. The derivative of concurrence as a function of 4 for N = 10 and 7' = 0.001.

concurrence vanishes at iy and not at i, = —g. This is illustrated in figure 9 where the
variation of D(p) = di}f’) as a function of & is shown for N = 10 and 7 = 0.001; note that
the concurrence vanishes in the neighborhood of 7 = 0.9, which is exactly the value of A
when T — 0. It is worth mentioning that the behavior of ground state entanglement (i.e.
zero-temperature entanglement) of multi-spin system displaying quantum phase transition can

be treated within the framework of density functional theory as shown in [28].

3. Coherence and concurrence dynamics

In this section we investigate the dynamics of the central spin system, assuming that its
coupling constant to the bath, which we denote by «, is different from g. The former will

10
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be rescaled, as usual, by +/ N to ensure an extensive free energy. The Hamiltonian operator
describing the interaction between the two systems reads

Hy = ——[s0J_+5°J.], (32)

VN

where § S0 stands for the spin operator vector of the central system. Here, we use the notation
J for the total spin instead of J for convenience. In order to determine the exact analytical
form of the time evolution operator, U(#), governing the unitary dynamics of the full system,
we note that it satisfies the equation [29]

.dU®)
1
dr

with Hy = hSS. Then the matrix elements of U(¢) can be determined, for both one and two
central spins, using the same method presented above. However, we shall not go through the
details of the calculations since it is sufficient to make the replacement

B — ir, (34)

and to take into account the fact that the coupling constants are different. In the case of a
single central spin one can find that in C?

Un () = e "6 L cos z\/(( ( )) +—J+J_
V((%)IZ/N—({»_ e N 2] o Jj oo
o= o (1) (1 3)) 5

= (Ho+ H; + H)U(1), (33)

. 1 2 2
_ ig/N(J: ;’ ) sin t\/<(%) (]Z+ %)) A | BT
JE @+ 2,
i —iGy 2 2
Un(t) = T, l(a/‘/ﬁz)e sin t\/[% (Jz + %)] + %LL , (37)
VI D + 200,
i —iG 2
U (1) = J_ i@/VN)e sin z\/[%uz - %)} + %LJ_ . (38)

V=D + 500

The coherence of the central system which is assumed to be initially decoupled from the bath
is then given by

SOt) = %trN{U(t)(SE(O) ®e PMU (1)} = &(1)S°(0), (39
where
1
(1) = ztr,v[Un(t)e—/‘“"Usz(t)]. (40)

11
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In the case of the two-qubit central system, we only consider the evolution in time
of the maximally entangled state |1,0) = %(lOl) + [10)); other cases can be treated in
exactly the same manner. It can be shown that the time-dependent reduced density matrix
corresponding to the above initial state is diagonal in C3, with the matrix elements [25]
pee(t) = try[Uppn (O)ng] where

_ g\?2 .8
Uny(t) = e M8/NG*= ’2>+h”z i [(ﬁ) (1—4s2) +2i0n —r,f] 41)
rrt
Ulz(t)——%J —ilg/N “*’”'Zek [( ) (1= 272) +irg]. (42)
V2a I8/ (2= I h ] 8 2) _;
Usslt) = =" 0 e Z i [(ﬁ) (1+272) = in ] (43)

Here, H, = (%)2(1 —4J2) — 4a?/N(J,J- — J.) + 4i£r — 3rf; the quantities ry are the
solutions of the equation

3 2 8\ (412 o’
P —2g/Nr?+ 4(ﬁ> (402 = D) +4 Ul = J) | 7

+4i’ (g/N*)(J. —2J2 — J,J_) = 0. (44)

They are explicitly given by
1

ro= 3—R[2iRg/N — (K — RY)), (45)

ry = 6LR[4iRg/N +(1+iv3)(K +iR%)], (46)

ry = 6LR[4iRg/N +(K — RY) —iv3(K + R, (47)
where

K = 12(a?/N)(JJ_ — J) + (g/N)*(1 + 12J2), (48)
and

R =[iQg/N + 1/aK3 —4(g/N)20?]"°, (49)
with

0 = (g/N)*(—1+36J2) — 18(a*/N)[J1J_ + J.(—=1 + 6J)]. (50)

The concurrence corresponding to the sate |1, 0) is simply given by [25, 30] C(¢) =
max{0, 2max[p2, ./p11033] — P22 — 2,/p11p33}. The evolution in time of both C(¢) and the
absolute value of ®(r) is shown in figures 10 and 11. Clearly, the behavior of the above
quantities depends on the phase of the system even though the temperature is different from
zero. This actually becomes more clear as N increases in contrast with the thermal pairwise
entanglement which exists only for small values of N. The change of the behavior of the
concurrence and the coherence is related to the change of the ground state of the bath at
the critical point. Once again we recall that the ground state is characterized by the largest

12
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Figure 10. Time dependence of |® (¢)| for different values of 4 with N = 100 and 7 = 0.01. The
time variable is given in units of «.

Figure 11. Contour plot showing the time dependence of C(z) for different values of i with
N =100 and T = 0.01. The time variable is given in units of or/~/2.

statistical weight at low temperatures, which means that any perturbation of the latter state
affects the time evolution of the central spins. It can be checked that at high temperatures the
behavior of the reduced density matrix is exactly the same in both phases.

So far we have only considered Heisenberg XY interactions between the central system
and the bath. Let us briefly investigate the case where the couplings are of Ising type.
The corresponding interaction Hamiltonian operator is given by H; = %NSE J., where A is
the coupling constant. One can easily see that the Lipkin—-Meshkov—Glick Hamiltonian (1)

13
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Figure 12. Time dependence of | A ()| at different values of 4 with N = 100 and T = 0.01; the
time variable is given in units of A.

commutes with H;, that is [H, H;] = 0. Therefore, in the case of a single central spin, the
coherence is proportional to the function

A(?) 12 (N, j)e {2‘ht Blg/NG(j+1)—m?) +hm]+ i } 51
== V(N, jyexp 2iht — Blg/N(j(j —m ml+ —m
z b JN

whose dependence on the time and the strength of the magnetic field is illustrated in figure 12.
This reveals that, at low temperatures, the absolute value of A(¢) is equal to 1 in the symmetric
phase independently of the values of 4. In the case of two central spins, the bell state |1, 0) is
found to be decoherence free: its concurrence does not evolve in time. However, the behavior
of the concurrence corresponding to the maximally entangled state % (1, 1) + |1, —1)) is

Jam

identical to that of A(f), except that it decays twice faster than the above function. Once
again, we find that the dynamics of the central system depends on the phase of the bath. As
a final remark, note that the sudden change of the concurrence at the critical point above
which it vanishes is quite similar to entanglement sudden death [31, 32]. One should not
take this comparison too seriously since entanglement sudden death corresponds to the time
dependence of entanglement. In our case, however, the parameter that controls the variation
of entanglement is the strength of the magnetic field, externally applied to the spin bath. What
really matters is the difference in the behavior of the dynamics in both phases rather than the
vanishing of the entanglement itself.

4. Summary

In summary, we have investigated the nonzero-temperature dynamics of one and two central
qubits coupled to an isotropic Lipkin—Meshkov—Glick bath near its critical point. We showed
that the reduced density matrix of the central spin system can be exactly derived using an
operator technique that makes use of the underlying symmetries of the model Hamiltonian. It
is found that, at sufficiently low temperatures, the dynamics is sensitive to the phase of the
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bath. This is simply due to the fact that the main contribution to the thermal state of the bath
comes from its ground state. For small values of the number of spins, the pairwise thermal
entanglement clearly signals the existence of the critical point at which the transition occurs.
However, above some threshold values of both the temperature and the number of spins within
the bath, the pairwise thermal entanglement ceases to exist. This turns out to be not the case
when the central spin system is not a part of the bath, i.e. its coupling constant is different form
those of bath spins; here we find that the differences between the behavior of the concurrence
within the two possible phases of the bath become more clear at large values of the number of
spins.
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Appendix

In the two-spin case, it can be shown that in C* @ C the first two diagonal elements of o read

2 8 (12 2
on = g P | [ (2 = 32) +h -
) A[Jed- +4(J ) =20, — 120, 0, J_ + 1007 + 120, J_J} — 16J] + 8]
x cosh(gBM/N) — M sinh(gBM/N)[3J,J- — 2J. — 4J.J,J_+6J —4J]]
[T+ 4T — 4T T T+ 40,0 JP]eR ), (A.1)
4e¥
on = m{[LL +A(J ) — T, — 80 I + 4T T I+ 4T3 (1 — T)]
x cosh(gBM/N) — M sinh(gBM/N)[J,J_ — J. +2J7]
+e N [41 T J2+ T2 +473(J. — D]} (A.2)

where M = \/ 1 —4J,+4J2 +4J,.J_. Due to the symmetry, the explicit form of the matrix
element 33 can be obtained from the expression of o;; by simply making the substitution
h — —h. Moreover, since J1|0, 0) = 0, then the fourth diagonal element corresponding to C
is simply given by

044 = eXp {—,B [%(12 — 1Y)+ hJZ] } (A.3)
Finally, the elements of the two-spin reduced density matrix are given by
1
pit =7 DN =2, )(j mleilj m). (Ad)
Jj.m
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