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Abstract: We study the entanglement dynamics and relaxation properties of a system of two interacting qubits in the two cases (I) two independent
bosonic baths and (I1) one common bath, at temperature $T$. The entanglement dynamics is studied in terms of the concurrence C(t) between the
two spins and of the von Neumann entropy S(t) with respect to the bath, as a function of time. We prove that the system does thermalize. In the case
(I1) of asingle bath, the existence of a decoherence-free (DFS) subspace makes entanglement dynamics very rich. We show that when the system is
initially in a state with a component in the DFS the relaxation time is surprisingly long, showing the existence of semi-decoherence free subspaces.
The equilibrium state in this case is not the Gibbs state. The entanglement dynamics for the single bath case is aso studied as a function of
temperature, coupling strength with the environment and strength of tunneling coupling. The case of the mixed state is finally shown and discussed.
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o OUTLINE:

® Model of coupled spins

® Dissipative environment

® Master equation approach
® Entanglement dynamics

® Relaxation
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** Model:

H=Hs+ Hp + H;
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** Model:

H=Hs+ Hp + H;

A - A . W .
HS :—50'1 —70'2 — ._)O'iO'.E
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*%* Model:

H=Hs+ Hp + Hj
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o ENVIRONMENT:

The environment is made of a large

number of harmonic oscillators

1
Hp = Z hw'a,-é(bl‘ibcr.i + ‘5)

a=1.2 -

Uncorrelated environments

o1 Z Ca,1(by 1 + ba,1) + 03 Z f‘a*z(b::rm + ba,2)
X

oy =

N | =

X

For a single spin this is the “classic” spin boson problem:
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H=Hs+ Hp + Hj
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o ENVIRONMENT:

The environment is made of a large

number of harmonic oscillators

1
Hp = Z ﬁw'ﬂ,-g_(b;,iba_i + 5)

azi=1.2 -

Uncorrelated environments

O'f Z ch‘l(b;_l + ba,l) -+ 0'5 Z CQ+2(bL.2 + ba,Q_)
a

X

=

N | =

For a single spin this is the “classic” spin boson problem:
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Interaction Hamiltonian for a single bath

| y
H; = 5 (o] +03) Y ca(bl, +ba)

X
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Spectral Function for Ohmic baths
Ji(w) = K; w’ exp(—w/we)
Ohmic dissipation s = 1
We study the case K = Ky = /27, with the two baths at temperature T

We will consider the case of Kz o)
weak to moderate coupling z
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¥* Reduced density matrix

p(t) = 7" ip(0)e

p(t) ps(t) = Trenv{P(t)}
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¥* Reduced density matrix

p(t) = et p(0)e !

p(t) ps(t) = Trenoip(t)}

How to describe the evolution of the
reduced density matrix?
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** Master Equation (Bloch-Redtield)

'i(i,:...* ! _"‘Jn"n)t

F-’m’.m(t) = _'iw'm’-mpm’m(t) + Rm’mn’npn"n(f)e m’m

where R 1s the Redfeld tensor defined as

Rm"mn’n —. = Z(émnr;wkn’ “F 5ﬂ'm’r.r:kkm)
k
+ I, ,+T

nmm’'n nmm’'n’
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¢* Entanglement for a bipartite system

Von Neumann
i S = —Tr(plog, p)

Concurrence C = maz{0,\; — A3 — A3 — A4}
eigenvalues of: ploy ® 0y)p™(0y R 0y)

Measure of entanglement
for mixed states
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INITIAL STATES

U,) = 1/V2(|T1)+1]11)
v) = |[171)
U = 1/V2(] 11— | LI1)
g) = | T1)
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** Master Equation (Bloch-Redtield)

Pm m(t) = —twm'mpPmm(t) + Rm’mn’npn’n(t)ei(wm’m_“"’n’n)t

where R 1s the Redifeld tensor defined as

R-m"m-n"-n — = Z(é-mnr;fkknf +5ﬂ'm’r;kk.m)
k
+ I, +I

nmm’'n nmm’'n’
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¢* Entanglement for a bipartite system

Von Neumann

EDtI‘Opy S = _T'r(plogQ IO)

Concurrence C = max{0, X — Xz — Az — X}
eigenvalues of: P(Ty & oy)p (0y Q 0y)

Measure of entanglement
for mixed states
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** Master Equation (Bloch-Redtield)

F-)H'I".m(f) — _'fw'rn’mpm’m(t) T Rm’mn’npn’n(f)e?i(wm’m_“‘Jﬂ’ﬂ)t

where R 1s the Redfeld tensor defined as

Rm"mn’n o == Z(ém-nr;_fkknf +5n.’m."r;kk_m)
k
& T" . i

nmm’'n nmm’'n’
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¢* Entanglement for a bipartite system

Von Neumann
En S = —Tr(plog, p)

Concurrence C = maz{0, X — Ay — A3 — A4}
eigenvalues of: ploy @ oy)p™(0y R 0y)

Measure of entanglement
for mixed states
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INITIAL STATES

W) = 1/V2( 1) +]11)
W) = | 171)
W) = 1/V2(] 1) —|IT)
qg) = | T1)
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Two independent baths case
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Single bath case

o) =1/vV2(] 1)+ 11))
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Two independent baths case

15 : 09 :
- e = ® {jw.) = VE(TL)+] 1)
J; . 0.6 - |"Db} == | TTI:'
I | e ey = V211 -] 1)
06 ] ;j :lmd}' — ITL-’
04 o2
02 01
%% 50 100 150 200 250 300 330 00 350 °% 0 100 150 00 20 0 350 0 450 iy
12 v v . - . . v . 14 - - — - - = e 11 {J' {
(<) : (d) 1
08 K — U[)]_
06
I 3 = 10
_ 02

R I A — il e

Pirsa: 09030047 Page 27/48



Single bath case

o) =1/v2(] T1) + | L1))

0.7

0.01
10

| I (N |
-

%
A
K
3

Pirsa: 09030047



Initial state with a component in the DFS

g = W7
gy == -

K 0.01
g = 18

Pirsa: 09030047



pij(t) = pij(0) exp[—(7vij + iwi;)t] i #]

Y13

Y12
Y12

Y13
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x coth(fBwa1/2) — 1
x coth(f[wsy /2) + 1
~ 103

woy = % (—'v + V2 -L:ge%aéz)



Relaxation

Double Bath
(no DFS)

Single Bath
(DFS)
2 i 2 i 2
(mono) _ 1i. |‘4| —BE |*—l| —8E 2 |‘”l| —BE,
oy _thah( 7 € 1.736 2 B}, Z -
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pij(t) = pij(0) exp[—(vi; +iwi;j)t] i # ]

Y13 x coth(fws1/2) — 1
Y12 x coth(fwsy /2) + 1

72 ~ 103
Y13

wal = % (—'U + Vo2 'L:geéaéz)



Relaxation

Double Bath
(no DFS)

Single Bath
(DES)

A2 e A2 _ . A2 _
(mono) — diac | E'_JEI. €_3E2. B 2‘ e—d’E_L
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Initial state with a component in the DFS
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pij(t) = pij(0) exp[—(vij +iwij)t] i # ]

Y13 x coth(fuwa1/2) — 1
Y12 x coth(fway/2) + 1

nmz L1
Y13

1 - \
— wz1 = 5 (—’U + V2 'l:ge‘ﬁaﬁz)



Relaxation

Double Bath
(no DFS)

Single Bath
(DFS)
q12 2 A 12
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peq —{hd-,___._, ( 23 € 1.?3(? 2.,B| . 23 €
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STUDY IN K

(b)
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STUDY IN TEMPERATURE
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THE MIXED STATE
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STUDY IN TEMPERATUKRE

N
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Relaxation
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STUDY IN K
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STUDY IN TEMPERATUKRE
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pij(t) = pij(0) exp[—(vij +iwij)t] i # ]

Y13 x coth(fuwo1/2) — 1
Y12 x coth(fBwsy/2) + 1

2 L
T3
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Initial state with a component in the DFS
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pij(t) = pij(0) exp[—(vi; + iwij)t] i # ]

15

Y12
Y12

Y13
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x coth(Bway /2) — 1
x coth(fws1/2) + 1
~ 10°

woy = % (—'U + V2 'L:g;%éz)



Initial state with a component in the DFS

yr = Wi
A 1

k = 0.01
' = 18
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pij(t) = pij(0) exp[—(vij + iwi;j)t] i # ]

Y13 x coth(fBway /2) — 1
Y12 x coth(fwsy /2) + 1

n2 ~ 103
Y13
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