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Two-component BEC

A mixture of A-atoms and B-atoms:

V& O(Ca1) - P(Tan,) ® &(rp1) - - - Hron,)

) = g (D)Mo (61)2]0) = [1h)a ® [ )5

A-atoms and B-atoms separately condense, with
separate order parameters (classically coupled).

Mean field theory.

Similar is a mixture of one species of atoms with
two spin states, the numbers of which are
conserved respectively.




Spin-1 condensate
) ~ [(a})? — 2a! 1a]]N/2|0)

1 Similar is the spin-1/2 BEC (Kuklov-Svistunov)

1 Non mean-field state.
1 But the particles are all identical! Each particle can
flip spins.

1 Practically very difficult to realize, as the energy
difference with the symmetry breaking mean-field
state vanishesas N — ~




2 species X 2 spin states

1 Each atom can flip the spin, but cannot
transit between the atom species.

1 N;+ and [V; (i=a,b) are not conserved.




Only consider single particle
orbital ground state; ignore
depletion.




Scattering channels
Intra- spemes
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Simllar Is the b-species.




Scattering channels (continued)
Inter-speTCies, without spin-exchange

a




Scattering channels (continued)
Inter-spemes with spln exchange




Requirements

1 Energy conservation in each scattering

1 Conservation of total z-component spin in
each scattering




Experimental feasibility

1 For given | and J, Hyperfine-Zeeman energy levels
depend only on F', M F, not on atom species.

(Copied from Leggett RMP)




Merits

1 Interesting spinful BEC can thus also be
realized in magnetic traps.

1 Call for experiments on multichannel
scattering between different species of
atoms.

1 But what is the goodness?

It realizes, in the ground state,
entanglement between BECs.




Entanglement between BECs

1 Like a pure two-particle entangled state,
where each particle is not in any pure spin
state, there is no simple BEC of either
species; there is only a global simple BEC.

1 BEC occurs in an entangled inter-species
pair state.

[Y.S., Int. J. Mod. Phys. B 15, 3007 (2001)]




Hamiltonian
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Spin representation

Z(;’J/ a:fysaa’aa’v Sb — Z(;’J/ b:rysaa’ba’

1 The Hamiltonian becomes that of two big
spins s,=n,/2 and s, =N,/2

K. B
J (Samsba: + SaySby) + Sa,ZSbZ —+ Ba,Sa,z + Bbsz + Casgz + Cbsgz -+ J—O

H
J,

1 Coefficients are functions of K’s.




Conserved Quantities

8 N, and Np,hence S, and S
N; = Ny + Ny

1 Total S, = (NaT_Na¢‘|‘NbT_Nb¢>/2




Isotropic point

H=J.S, S
Ground states:

Gs.) = |Sa = Sb, ) = A(ap)™ (a})™ (atb] —a
Ny = Na/2 —Nb/Q—l—SZ, n, = Na/2 o Nb/2 — S,

Degenerate but unique for a given 5.
For Na — Nb —\V

Go) = (VN + 1IN~ (ald] —




Concept of quantum entanglement

W) #£ |[Y)a ® |¥)B
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1 The most important concept distinguishing
quantum mechanics from classical theory.

1 Can be quantified as

S =logpa, pa=Tre|¥)(¥|,
thanks to quantum information theory.




Using entanglement to characterize

the non-mean field nature
Go) = (VN + D)LY (=N m)or| N — myay [N — m)pp|m)sy

m=0
1 Consider its occupation entanglement

Method: YS, Phys.Rev.A 67, 024301 (03);
J.Phys.A 37,6807 (04).

1 The subsystems are the single particle basis states
envolved.

1 Entanglement entropy: Vr% Niumann entropy of
the reduced density matrix ot subsystem, which

measures the entanglement with the rest of the
system.




Using entanglement to characterize
the non-mean field nature (continued)

Go) = (VN F D)7 Yo LN T m) ot | N — m) oy [N = m)p|my
1 For each single particle basis state, the
occupation number is N + 1-valued, so the
base of the entanglement entropy is set to
be N+1.

1 |Go) is an equal superposition of quart-
orthogonal states, consequently the
entanglement entropy for each single particle
basis state is 1.




Entanglement between the two
species

1 The basis of A species is chosen to be
(at,al)
1 The occupation [always (m,N-m)] is still

N+1-valued.

1 Consequently the entanglement between
the two species is 1.

Go) = (VN + D)7 0 _o(=DN ™ m) g N = m)ay [N — m)sp|m)s,




Entanglement as a kind of pairing

1 Note (ap)i — aIbDN” — [\@fd37“ad3rb¢l(ra)¢g(Fb)¢(ra7Fb)]Nb
Ya(r) = 3., GoPas(ta)|0)a, Ys(r) =), boduo(rs)|o)s

P(rq, 1) = %[%T(ra)\ M a®vy ()] Lo — dar(ra)] 4)ader(rs)]| 1ol

1 |Gs,) Is thus a condensation of
iInterspecies pairs in the same two-particle
entangled state ¢(rq,rs)

1 4(r,,r;) IS the entangled order parameter.




A simple example:

Entangled pairing lowers the energy

h(ra) + h(ry) + Ui(ry — 1rp) + Ua(rg — 13)(] N/> (T4 |"|‘ HfTWT )

ba(ra)dp(re)(| L) =1 D] 1) /V2

has lower energy than

Pa(ra)dp(ry)|o)|o’)




Detection of the entanglement (1)

1 (Of course) fluctuations of N,

\/<N£0> i <Naa>2/<Na0> -2 1/\/§
1 Can be obtained from density fluctuation,
which is self-averaging, and can be
studied in a single Image s (r:) = Nig|¢is (r:)]?
Vpic (r:)2) = (pio(v:))2/(pic (1)) = V/(NZ) — (Nic)?/(Nis)
1 Free expansion of the condensate does
not affect entanglement




Detection of the entanglement (2)

1 Nonvanishing of the connected
correlations  C, o/ = (NooNpor) —

Cyro=—N(N+2)/12, Cy5 = N(N + 2)/12

9(ta,031,0") = (pac(Ca)pbor (t5)) = (Pac(Ta)){pbsr (r3))

g(raa g, Ip, U,)/<paa(ra)><pba’ (rb)> — Ca,o’/<Na0><Nba’>




Detection of entanglement (3)

1 Measuring spin of an A-atom,

Py = <a$%>/20/<a2/%'>

1 Joint measurement of the spins of an A-
atom and a B-atom which leave the trap

PO-’O-, & <bj;-/afi-a/o‘bo'/ > /ZJCL yO'b <bi-b aji-a ao-a bo-b > *




Detection of entanglement (3)
(continued)

B Mean-field (non- entangled) state
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Detection of entanglement (3)
(continued)

1 Non-mean-field (entangled) BEC.:

Paaaab # PO-CLPO-I)

1E.g., for |Gy), P,, = P,, =1/2,
Py = Py = (2N +1)/6N,
Py =Py = (N—-1)/6N




Feedback effect on single-particle orbits

- (r) + [N(V — 1)/3]g5%" | $ao (r)
N(N —1)/6]g87% | pao (r)] + [N(N — 1)/6]95%” | ¢per (r) |2

N(2N +1)/6]g5%” |¢p5 (1)*} pao (1)
_N(gf +( 2))/121%%(r)qsba(r)%(r)
,LLCLO' ao r

1 Interference term (proportional to ge )
emerges.




How the e\ntan\glement survives
the coupling anisotropy and the
nonvanishing of

Ba,p Bb) CCL y Cb

J_ . J—(Saxsbx + SaySby) + Sazsbz + BaSaz + Bbsz + Casgz =+ Cbsgz + J—O




Persistence of entanglement in a
wide parameter regime (1)

1 Coupling anisotropy K./J, ,Ba = By =C, = Cp =0
S, =0




Persistence of entanglement in a
wide parameter regime (2)
2 Coupling anisotropy K./J, B, =B, =C, =Cy, =0




Persistence of entanglement in a
wide parameter regime (3)

1 (', and Cy nonzero, B, = By = 0, under typical values
S, = 12000, S, = 10000, S, = 1000, K, /J, = 1.2
J,, C,J, and CyJ, are of the same order of magnitude




Persistence of entanglement in a
wide parameter regime (4)

Typically choose C, = 0.2 and Cy, = 0.4




Therefore, in a wide parameter
regime, the ground state is of

non-mean-field.




Energy difference with the mean-
field state

1 It is (of course) vanishing at the isotrpic limit.

1 But it is estimated that
when |B, — By| is of the order of N, or C, + Cj

is of the order of —1, the energy difference with the

lowest mean-field (symmetry breaking) state is of
the order of N/V

1 Finite in thermodynamic limit!
1 In this regime, as far as K. is larger or not much

smaller than .J, the entanglement is significantly
nonvanishing.




Summary

1 We proposed a non-mean-field ground state of BEC,
occuring in an interspecies two-particle entangled
stated.

1 Hence the order parameter is entangled.

1 Interspecies entanglement persists in a wide
parameter regime.

1 [n part of the regime, the energy difference with the
mean-field state is nonvanishing.

1 Call for study of interspecies multichannel scattering.




dhank you for you attention!




