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|. Introduction

Quantum many-body systems are usually characterized
by a microscopic Hamiltonian = Approximation Methods

Mean Field Theory——simple, effective, powerful

At a price of breaking the symmetry of the Hamiltonian of
the system, e.g., BCS method——breaking the
conservation of particle number

Fluctuation of particle number can be neglected for the
bulk superconductors, etc., but not for systems with
limited particle number, such as superconducting grain,

nuclear systems. /

A. Mastellone, G. Falci and R. Fazio, Phys. Rev. Lett. 80, 4542 (1998).
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|. Introduction

The breaking of Hamiltonian symmetry will wash out the
quantumness (%) of the system.

Quantumness is described by entanglement (244g) and
quantum discord (2F%<1&) between different modes

Concurrence: a measure of entanglement
Quantum discord: beyond entanglement

Motivation: exploiting projected BCS (PBCS) to restore
the system’s symmetry (conversation of particle number);
reestablish the quantumness, investigate the
guantumness vs particle number and interaction strength.
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Symmetry restoration and quantumness
reestablishment

Guo-Me Zeng', Lian-Ac Wu?* & Hai-Jun Xing'

! Collage of Physics, Jilin University, Changchun 130012, China, ZDepartment of Theoretical Physics and History of Science, The
Basque Country University (EHU/UPY), PO Box 644, 48080 Bilbao Spain, Jlkerbasque, Basque Foundation for Science, 48011
Bilbao Spain.

A realistic quantum many-body system, characterized by a generic microscopic Hamiltonian, is accessible
only through approximation methods. The mean field theories, as the simplest practices of approximation
methods, commeonly serve as a powerful tool, but unfortunately often violate the symmetry of the
Hamiltonian. The conventional BCS theory, as an excellent mean field approach, violates the particle
number conservation and completely erases quantumness characterized by concurrence and quantum
discord between different modes. We restore the symmetry by using the projected BCS theory and the exact
numerical solution and find that the lost quantumness is synchronously reestablished. We show that while
entanglement remains unchanged with the particle numbers, quantum discord behaves as an extensive
quantity with respect to the system size. Surprisingly, discord is hardly dependent on the interaction
strengths. The new feature of discord offers promising applications in modern quantum technologies.




2+ Theory & Model —— BCS & PBCS

BCS was proposed at first to deal with superconductors
and later generalized to the low lying states of nuclei
which also have strong pair correlations.

1. J. Bardeen, L. N. Cooper & R. S. Schriffer, Phys. Rev. 108, 1175 (1957).
2. B. F. Bayman, Nucl. Phys. 15, 33 (1960).

We will concentrate on discussing the applications of
BCS on nuclear systems and expect the results can
be generalized to any limited correlated systems.

|BCS) :l_l(uk +vkagag)\0>, Up+v: =1
K

(BCS|N|BCS)=N, SE =0 — parameters, |BCS), E,,
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2+ Theory & Model —— BCS & PBCS

1. Not conservative for particle number;
2. Separable (not entangled): lost of quantumness

The symmetry can be restored by making use of
projective technology. How about the guantumness?

1. P. Ring and P. Schuck, The Nuclear Many-Body Problem
(Springer-Verlag, New York, 1980).
2. K. Ditrich, H. J. Mang and J. H. Pradal, Phys. Rev. 135, B22 (1964).

A 1
PA:Z;ziCJSzZA+1 e
AN 1
‘\PN>:PN_zp‘cp>:2ﬂi<_f> p+11_[(u +vk§akak)\ 0)
k>0
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2+ Theory & Model —— Paring Force

Paring correlations can be well described by Paring Force
Hamiltonian: Simple form, comprehensive applications

H=> s (aja +ala )- Y Gyyaiala

k>0 k,k'>0

Construct the following bilinear operators

S _alal; S —aa,; S 3 (ala, +ala, -1

N |

g ]

st = {S(()"), st ka)} —> behave as spin operators, s =
S( eigenvalues: £ 3, ‘kk> occupied or not —» =+

unoccupied — |0), occupied —|1) = qubit
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2+ Theory & Model —— Concurrence

Entanglement: a resource of quantum computation and

guantum information.
Concurrence: a measure of bipartite entanglement

(FxE)

W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).

For two-qubit state p,, = p, introduce
D= (0' ® o )p (0 ® o )
= C(p)=max(0, 4 ~Z, ~ 4, -4,
A : eigenvalues of pp In descending order
when C >0, p Is entangled

*
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2+ Theory & Model —— Beyond Entanglement

Entanglement does not cover all guantum correlations in a
guantum systems.

Among other measures, qguantum discord is one of the
most popular one.

Even a separable state may have non-vanishing discord.
=» Discord is more essential.

1. H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
2. A. Datta, A. Shaji and C. M. Caves, Phys. Rev. Lett. 100, 050502
(2008).
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2+ Theory & Model —— Quantum Discord

For a state described by p,, = p, quantum discord
D(p)=1(p)=C(p)
where
Z(p)=8(pa)+S(ps)-S(p)
— quantum analogue of classical mutual information
S(p)=-Tr(plog, p) — von Neumann entropy

C(p)=S(pa)- {BE{‘S(/OXHBi})

— Classical correlation

S(,Ox ‘{Bi }) o pos(po)"' p18(,01)
— conditional entropy

2014410 H27H 11



2+ Theory & Model —— Quantum Discord

Quatum Discord for two-qubit system

1. S. Luo, Quantum discord for two-qubit systems. Phys. Rev. A 77,
042303 (2008).

2. M. Ali, A. R. P. Rau and G. Alber, Phys. Rev. A 81, 042105 (2010);
Phys. Rev. A 82, 069902 (E) (2010).

3. X. M. Lu, J. Ma, X. Zheng and X. Wang, Phys. Rev. A 83, 012327

(2011).

Li. B, Z. X. Wang and S. M. Fel, Phys. Rev. A 83, 022321 (2011).

D. Girolami and G. Adesso, Phys. Rev. A 83, 052108 (2011).

6. Q. Chen, C. Zhang, S. Yu, X. X. Yi and C. H. Oh, Phys. Rev. A 84,
042313 (2011).

i
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3. Results & Discussions

Considering a two - level system

S.p. energies g =0, &, =1; degeneracies QQ, =Q, =Q

4G, (i=12)

4G, =4G,,

|BCS): direct product state of two-qubit with different modes

— Both entanglement and discord are vanishing.
— BCS volates symmetry and washes out quantumeness

PBCS
Computational bases of two-qubit Hilbert space

{lii) =[00),]01),|10),|13)}

I, ] correspond to qubit A, B, respectively

strength of paring force G, .. = {

2014£10H 27H 13



3. Results & Discussions

For qubits A, B, there are three types of reduced density
matrices, corresponding to three cases of the two level

being occupied.

The meaning of ‘reduce’...

All the three cases are special X-states

; Pu O 0 o :
0 oy Py O
0 Py P O
Pu 0 0 py

 Pu=Pu=0

20144510 H 27H 14



3. Results & Discussions

Type-1 Q-2 v2)( O L
(1) =C : V_l 2 V_2 C = uzgluzgz
& Z( i JUMU e
Q-2 v2 ) ([ Y v )"
1 1 1 1
A =alt == -c3( T 5] 2 ) %)
Q-2 v\ Y v )"
o L WS | A
i Z( i 2 j[ulzj (p—i](uéj

- pY(p)=p? (20~ p), whenQ, =Q, =0

2014£10H 27H 15



3.1. Two-level case

C(p)= maX{O,Z Por P33 — 2 p11p44},
Z(p)=pul0g, pyy+ 109, pu,

+( P22+ P2)100, (022 + P35) = (P11 + £22) 109, (P11 + P22

+ (033 + 044109, (035 + Puq ) + terms with 2 =2 3},
C(2)=(Pu+P2)100, (Pu+ Pr) — (P + P2 )100, (s + P ) —MIN{S,, S, },

yo
S, =-py, log, L_py, log, -
P T Pss P T Pss
— P, 109, L_PM log, 5
P T Py Pt Py
1-6 1-6 1+6 1+ 6
S, :_Tlogz 5 3 5 log, T’ 9:\/(p11+,022_/033_/044)"'4/022,033
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3.1. Two-level case
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3.1. Two-level case

Correlations
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3.1. Results —— Two-level Case

=» There’s no big difference among three types; all have
p-h symmetry, especially for type 2.
=>\When the number of particle-pair takes 1, concurrence
jumps to a maximum from zero, then drops a little when
p=2 and hardly changes with p afterwards.
- intensive gquantity
=» Discord increases with particle pair, saturates at p=Q;
when p << Q, discord varies linearly with p.
- extensive quantity
=» Total correlation behaves more linearly as varying vs p
=» Discord is always larger than classical correlation.
It’s only valid in our case, not an universal rule.
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3.1. Results —— Exact Solutions

Hamiltonian with paring force can be exactly
diagonalized, which enables us to discuss the effects of
the variations of G & Q. It's hardly to do so with PBCS.

0.20 I I I I

:1 (a) C

I I I I I

A ‘/‘*ﬁ‘ﬁ\.\l

—o—0=0=6,G,=G=G,=0.6

11 12 22

-0 =0=6,G,=0.7,G,=0.6, G,,=0.5
A 0=7,055,6,=C G =0.6

11 712 2
1 1 1 1 1 1 1
3 4 5 6 7 8 9

P
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3.2. One-Level Case

Limit of two-level case, Hamiltonian has analytic solution

(q(g-1) O

q=Q-p — number of hole-pair; G disappears

(pair) correlations rather than interactions determine

0

0 \

0

0
p(p-1),

the quantumness of a many-body system

20144F10H27H
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3.2. One-Level Case

All correlations have analytic expressions, symmetric with p <> g
2
C(p)= = -1 -1
(P) =g LPVP(P-Da(a-1) |

p(p-1),  P(P-1)  pg B2 s p
QEQ—l) 9, a(Q-1) o(Q-1) 1°0: Q(Q-1) Q %0
+terms with p < @
105y 120, 140
2 2250

i Q(é—l) V(p-a) (@-1) +4p%e°

D(p)=1(p)-C(p)

Z(p)=

1+9_ : Iogzﬂ—ﬂlogzi

C
(,0) 2 w520 Q Q Q

log,

2014£10H 27H 22



3.2. One-level Case——Q >>1

C -0,

Imax—>l,
2

3

C . ——log,—=0.189,
max 4 924

3 3

D —>———log, =0.311
max 2 4 gz

3

20144F10H27H

When p < Q
I(p)zz—Qp—> linearity

C(p)=-l0g, .

2
D(p)= g§)+glog2£

23




3.3. Applications to Realistic Nuclel

18 T
:0,,, 0 states
Taking . O, as an inert core

Model space: d;,,S;;, U805,
Residual interaction: 6 potential

Fitting observed spectra — 0" wave function
which is the direct product of

d5/2,ill2 ) d5/2,i3/2 ! d5/2,i1/2 ) S1/2,i1/2

R. D. Lawson, Theory of the Nuclear Shell Model, Clarendon Press, Oxford, 1980.
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3.3. Applications to Realistic Nuclel

excitation energy (MeV)

20144F10H27H

6 —

_0+

3+

2+

2+

o+

4+

2+

O+

(-12.189MeV)

5.318

4.774

4.315

3.601

2.369

(-12.189MeV)

o+

3+
2+

4+

2+

experiment

theory
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3.3. Applications to Realistic Nuclel

£ 1 B0 8|y, )=0929d;,, ), +0.371(s,,, ), s

. negativitye CONCUITENCE- discord-
ds ., WITTEe 0.290 0.5754 0.4724
ds 08, RIS T 0.1244 0.398: 0.306
FHE. 0.207- 0.487+ 0.389«

£2 BN B, )=—0371d;, )y +0.929(s, , ), toeusmee.

. negativitys concurrences discord-
sy W 0.005+ 0.092- 0.083
ds 8, BIZT. 0.317« 0.398« 0.2500
FHI{E 0.161¢ 0.245¢ 0.166-

20144F10H27H
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3.3. Applications to Realistic Nuclel

Model space: d;,,s,,,d,,

20144F10H27H

excitation energy (MeV)

10

1@+

{ a4+
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0+,3+

2+
2+

0o+

4+

2+

0+
(-12.189MeV)

9.2783

8.7842

8.3984

7.8381

5.1114

4.5702

41041

3.3912

2.1656

(-11.98424MeV)

2+
(1+)
2+
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0+
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4+

2+

0+

experiment

theory
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3.3. Applications to Realistic Nuclel

Model space: d;,,s,,,d,,

£ 3 BE|p,)=0912(d,, ), +0.358(s,, ), +0.199(d,,, )y, Bl g%

a negativity- concurrence- discords

d.,, matzs. 0.2660 0.5540 0453 |
ds, .8, A%z, 0.110+ 0.3770 03140 |
d.,d,,, s, 0.015+ 0.1485 0.0050 |
Sy, oy, AT 0.006- 0.1014 0.077 |
Ay, PR 0.001¢ 0.040- 0.0370 |
FI{E 0.082+ 0.262+ 02040 ¢

20144F10H27H



3.3. Applications to Realistic Nuclel

Model space: d;,,s,,,d,,
x4 B0 &

Wi )=0.374{ds,, §y —0.926(s,,, )y —0.049(d,,, )y, BOLH4EE

e negativity- = concurrence.  discords *
d. . MRt 0.005. 0.093« 0.085.

d., .S, B 0.3162 0.400¢ 0.176: |
d,,d,, ‘s 0.0001+ 0.015¢ 0.0070 |
Sy oy, BT 0.014+ 0.064+ 0.012 |
dyy MR 0.00 0.002¢ 0.0010 |
Fig{E 0.066- 0.113+ 0.057. ¢
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3.3. Applications to Realistic Nuclel

t 15Ne,: mirror nucleus of ;>0O,
Both entanglement & discord are charge-symmetric

58 N\I; _
T ¢ Niy,, model space: p,, f., P, -+

R, EMARFEMEFMILI, 201256F
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4. Conclusions

B The system’s quantumness is reestablished with the
restoration of the symmetry (particle number
conservation);

m Entanglement and discord are the distinguish aspects of

guantum correlations in a quantum system. The former
behaves as a intensive quantity, while the Ilatter
extensive quantity.

I Quantum correlations are not sensitive to the strength of
pairing force and energy degeneracy, but sensitive to the
way the particles correlate.

[ Systematical study on a series of realistic nuclel.

L1 The different features of entanglement and discord may
have some applications in quantum computation and
guantum communication

20144£10H27H 31
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