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Introduction & Overview

¥When in magnetic trap spin degrees of
freedom are frozen out.

¥However, in optical trap spin degrees of
freedom are OunleashedO.

¥BEC spin structure is determined by two body
Interaction.

¥| eads to MF ground states having nontrivial
symmetry groups.




- 0o&*+(<*&='&>
%&CHH"@#"+' ()+*A(BC;'

I"#"$%6& ()" +,-$"#"./0
1'#'((&2*3$"+,-$"#"4/0
5"#"232)"+,-$"#"'4"3*"0

F=1+S

23(456

7389




5*H (:*(' |5 :’:'+8(_,$(A,J(g(.I E@ j

External B fields

) 1
Hipe | | &S = E(FZ" const)

F good quantum #

Ha = ! pk; + qF22

A




Two-Body Interaction: V(r1! ro)= t(rqy! ra2)(goPo+ P2+ ...)
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Quantum guenching experiments in spin-¢figb S’RD: Ferromagnetic Interactions
Stamper-Kurn group, UC Berkeley
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Antiferromagnetic spinor condensate dynam
(“*Na experiments at NIST)

Ryan Barnett, Jay D. Sau, and S. Das Sarma, arxiv:1003.2634.




Experimental Motivation
2Na: Antiferromagnetic interactions
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Polar states pointing along unit vector !

Inner product < ! y|! § >=(! & H" s

Represent general state as superposition of polar state
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General idea: bndH,: (written in terms of ! and its derivatives) such that
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¥ General quadratic operators can be writtenasy b |! y >= 1« (I  + NI )|l y >
¥ I, Is the gradient operator on the unit sphere:! ;! « = I

¥ Integration by parts can be applied to arrive at H ¢

¥ Under this transformation, F # L, = " 1" | « 1 4 and
bl # (N +3)12" 1,1,

¥ Thus, H # H,ot = L2" g(N +3)! 2+ g ;! , (not Hermitian).
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¥ Can apply similarity transformation to render rotor hamiltonian Hermi-
tlan Hrot — eF Hrot e| F
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¥ For large g, the spectrum is described by a harmonic theory about th

I =0 minimum. The ground state is the polar state.
| |

¥ Thatis, "o(!) = !Ime! "212% \vhere @= s and En = /29g(n +1).

¥ When g is decreased, the state becomes delocalized: the singlet state

¥ However, for large particle number, the polar state wins for realistic mag
netic Pelds.

¥ When q > 2g, a second minimum appears. Possibility of &-statesO
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Ferromagnetic spinor condensate dynamics
(°’Rb quench experiments at Berkeléy)

Ryan Barnett, Mukund Vengelattore, Anatoli Polkovnikov (to appear)




Anti vs. Ferromagnetic Condensate

E=cno< ! |F|! >%+qg3|F2 >

C, < 0 Cz>0

I . Antiferromagnetic interaction
Ferromagnetic interaction




Experimental Motivation

Quantum guenching experiments in spin-Sritb

8/Rb: Ferromagnetic interaction
Stamper-Kurn group, UC Berkeley 66 96 126 156 186 216 ms
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Differences with NIST experiments

¥Ferromagnetic Interactions

¥Much larger trap --> SMA is not realistic
¥No periodic behavior

¥Topological defects important

¥Mean Peld ground state changes with g




Phase Diagram with Quadratic Zeeman

E=cong < !|F|! >2+q<!|FA! >

Quench
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Method of Simulation: Truncated Wigner Approximation
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Method of Simulation: Truncated Wigner Approximation

General method

¥Obtain initial wavefunction and take Wigner transform
W(x,p)= dl <x +!1/2]"g>< "o|x! !/2>¢ ip!

¥To evaluate expectation values of operators, average over classical trajectories with Wigner 1

<!l (t)>=  dxodpoW (X0, Po)! w (Xci(t), Pei(t))

Simplest example: w

particle in potential




Method of Simulation: Truncated Wigner Approximatio

Application to Spinor Condensate

¥The ground state is the vacuum of Bogoliubov modes about the polar state

¥Classical equations of motion are the Gross-Pitaevskii equation for spinor condensates. S
propagated using a second-order split operator method

&")" + cp(" F")&F" + qF2"
| Sl ln )t

!(t"‘!t):e!iH!t!(t)! e!iV!%e!iT!te!iV!%!(t); H=T+V




TWA results

Saturation

G. (9),G, (8

I I I I =
50 100 t 150 200 250 300

G (1) =< (F2+ F?)>
G,(t) =< (F) >

Color gives angle in xy plane

Brightness gives spin length
See also Sau et al, PRA 80, 023522 (2009)




TWA results

Saturation

G. (9),G, (8

I I I I
50 100 t 150 200 250 300

G (t)=< (Fg+ Fy) >
G,(t) =< (F?) >

Color gives angle in xy plane

Brightness gives spin length
See also Sau et al, PRA 80, 023522 (2009)
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¥Bogoliubov expansion about polar (unstable) polar state

Quench
q="1 2cNg ; ¢




Linearized Theory

¥Bogoliubov expansion about polar (unstable) polar state
¥Compute observables using linearized theory keeping only unstable modes
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Linearized Theory: spectrum of unstable modes

Er = \/(!k+ ar) %! gt k)

Spin domains have characteristic size
given by most unstable mode




Natural Separation of Energy Scales

Density-density interactions are two orders of magnitude larger than spin-spin interactio
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Justibcation for dropping density Buctuations in linearized theory
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Long Times: thermalization??
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Assuming thermalization, develop theory to
compare with numerics.

Q=<H>;! > s
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U(T) = e 'HH U(T)=Q! T

¥ In general hard to bnd U. But possible when thermal depletion of bPnal state is small
(Bogoliubov theory is applicable)




Assuming thermalization, develop theory to
compare with numerics.

¥Heating (Q) is the difference in energies of initial and ground states.

Q=< H> ! <H>g

; 2
Q= ;Ngo 11 T

o

¥ Determine temperature by equating heating Q with thermal energy U

(L U(T)=Q! T

u(m =~

¥ In general hard to bnd U. But possible when thermal depletion of bPnal state is small
(Bogoliubov theory is applicable)




Bogoliubov theory about symmetry broken state

¥ Bogoliubov theory by expanding! , = ¥, + I" | was done in Uchino
Kobayashi, and Ueda, Phys. Rev. A 81, 063632 (2010).

¥ We alternatively write

!
, sin# cos$ €

I = ne'" cosud? | $
sin# sin$ € .

¥ Such description does not restrict variations of massless degrees of freec
to be small. (Important for 2d).

¥ By expanding the BerryOs phasg %! about the MF ground state, con-
jugate variables can be read 0.

¥ Due to Ophonon-magnonO coupling, the modes are complicated.

¥ They aquire a simple form in the (physical) large density-density interac
tion limit.
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Obtaining T and correlation functions

N! T?
6(no"2)do

¥ Can use spectrum to computeU(T) =
dominate).

(quadratic dispersions

¥ Setting U = Q givesT = | S Nnol2(p! o).

¥ Verify that thermal depletion 1s small.

¥ Transverse magnetization correlation function:

=~ <FL(NF- (0) >

C(r,t)! —
G, (r,t) n%

¥ Within Bogoliubov theory, the dominant contribution is from the massless
mode: ! oy,

G (r)= 1" S

where< 1 12>1 < (I(r)" 1(0)?>.

¥ 2d (Mermin Wagner) gives power law behavior.




Comparing with TWA results

100 ! = 6/"3no#

no!Z large! essentially no decay ofG, (r).

¥For short times, the results
guantitatively agree.

¥For long times the results
gualitatively diagree.

¥No thermalization over

5 realistic times
Short times 5 ¥From conserved

sb 1 topological guantities?
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Conclusions / Open Issues

¥Spinor condensates are interesting

¥Showed mapping of spin-one system onto rotor model.

¥Used to address NIST experiments and to discuss collapse «
revival.

¥Possible for higher spin?

¥Used TWA to discuss Berkeley experiments

¥ Analytics agree for short times but not for long times.

¥No thermalization over realistic times.

¥From topological defects?

Thank You




