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\A.;/ Unitary evolution of 120 interacting bosons
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W Unitary evolution of 120 interacting bosons
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Return probability

Quantum dynamics: interacting particles
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Outline

- Bose-Hubbard model

1. Dynamical entanglement

- Characteristic quantities

- Scaling with the boson number N
2. Hilbert-space localization (HSL)
- Characteristic quantities

- Scaling with the boson number N



Simple model: bosons in a double well

Simple system: bosonic Josephson tunneling junction

IN—n,n) = |[N—n)® |n)

Two-site Bose-Hubbard model pendelum analog:
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Characteristic parameter (from mean-field approximation) E=T+V
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Josephson junction

{|k,N = ) }rmo...N. k. N =Kk =|k)Q|N —k)
E E. 1
Hon = — \:T (C;rf?r —|—G.IL§) + H, Hqi = 5 'T12, n = E({f;r{fg — Ciﬂr)

spin representation

1 —1 1
= E(Cgcr — C-IGE)'. JY = ?(Cgﬂr — CIC;)E J* = 5((_‘;(_‘,3 — CI,CT)
spin Hamiltonian
E 2FE
Hopnp = —2(J7)? — J*
2M = (J7) ~

average spin and fluctuations
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Directed random walk in Hilbert space

Resolvent: (W1 |(E —ie— H) W)

Recursive projection method: Inverted Russian doll

Gj(2) = |2 — hGi ()R]
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Mesoscopic entanglement: NOON state

) = D2 o eilN = 4, 5) INOON) = (|N,0) + €*N|0,N)) /v2

NOON|W,) = cote “en a|NOON) = YE|N —1,0)
V2

= [N, 0){0, N[+ 10, N)(N, 0]

Interferometry!

AQ‘lIJt> = C()‘O-}.N) + CN‘N,(])

(NOON|A|NOON) = cos ¢

(ViAW) = 2Re(cjen) (W |A%[W¢) = [col” + |en]?




Characterization of NOON entanglement

Husimi-Q function (fidelity)
Qr = 57 ((Pe|A%[Ty) + (Te| A[Wy))

P, = 2max; |coen|



c 0,c N

U=0: very weak NOON entanglement
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W BHM: return to the initial well

J Pnoon|We) = co(t)[N.0) + en(t)]0, N)
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\A';/ BHM: transition between the other well
Pnoon|We) = co(t)[N.0) + en(t)]0, N)
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Optimal NOON entanglement

Pnoon|[We) = co(t)|N,0) + en (£)[0, N)
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entanglement

Noon entanglement for N=4 & N=120
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entanglement

Scaling with number of bosons N
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max. entanglement
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Scaling with number of bosons N
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Summery:
Scaling of NOON entanglement

noninteracting system (U = 0)

co = cos™v (Jt/2), ey = (—i)" sin™ (Jt/2)

Qi =5 [COSQN(Jt/Q) +sin®N (Jt/2) + cos(Nw/Q)SigiE‘{t)]

P, =2-(N-1)

interacting system (U # 0)

P, ~1.7TN~1/2




Characterization of HS localization

Inverse participation ratio: return probability

/ >0 localized

e—iﬂt ‘,(//,> ‘QB—Etdt

N{;}l — HIIlE_;,U Eﬁ]cc ‘<’l/}

=0 delocalized

density of states
0e(w) = FIm(Y|(w —ie —H) 7 y)

NGt = 2mlime g€ [[oe(w)]?dw

Cohen, Yukalov and Z., arxiv:1511.04667 (PRA93)



Localization in Hilbert space

Mean-field approximation: Gross-Pitaevskii equation

1

rong interaction

0.9 | }
\ /|l u>2

08| |
07 |
06 |
05 |
0.4 |

boson density

0.3 |
0.2 interaction u<2

01 r

0 ]
0 5

20

Jacobi elliptic functions



Full quantum dynamics:
scaling behavior of HS localization

noninteracting bosons

—1 V2
NE’G ™ vaN

interacting bosons

No(N,u) ~1 for u~ o

Noo(N,u) = (N +1)" f(u)
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Participation number
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Scaling function f(u) for initial state [N/2,N/2>
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Conclusions dynamical entanglement

- dynamical entanglement

- Hilbert-space localization

- “correlation physics”

are a consequence of the competition of tunneling & interaction

dynamical entanglement is achievable for large number of
bosonic atoms in interacting systems

However, this requires
- Intermediate time scales

- fine tuning of model parameters interaction vs. tunneling



Conclusions HSL

Participation number obeys finite-size scaling

Noo(N,u) =~ (N +1)% f(u)

which depends on the initial state:
a=1/2 (|N,0> initial) a=0.84 (|N/2,N/2> initial)

In contrast to the mean-field approximation the full guantum
dynamics does not have a transition to HSL as a function of u

Thank you
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