When 133Cs condensate meets 87Rb condensate at finite temperature

When 133Cs condensate meets 'Rb condensate
at finite temperature

Arko Roy

Physical Research Laboratory, Ahmedabad

June 13, 2013



When 133Cs condensate meets 87 Rb condensate at finite temperature

Plan of the talk

Introduction

Gross-Pitaevskii equation

Effects of finite temperature on condensates
Generalized Gross-Pitaevskii equation
Binary BEC

Finite Temperature study of binary BEC

Conclusion



When 33Cs condensate meets 8’ Rb condensate at finite temperature

- Introduction

Bose-Einstein Condensation

» Macroscopic occupation of non-interacting bosons in the
ground state/lowest single particle level of the system

» Gas of bosonic particles cooled below a critical temperature
T, condenses into an ideal Bose-Einstein condensate(BEC)

» Criteria for condensation @

2h? 3/2
wzn(mKT) ~ 1

> De Broglie wavelength Ay comparable to the distance
between the particles—wave packets start to overlap

Anderson et al., Science 269, (1995); Davies et al., Phys. Rev. Lett 75,
(1995); Ketterle et al., Rev. Mod. Phys. 74, (2002).
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- Introduction

Bose-Einstein Condensation

BEC implies Off-Diagonal Long-Range Order (ODLRO).

WHOD() = Te(pd (0D (F)} = pa(r.r)

has an eigenvalue ~ N (Total number of particles), |[r — ¥'| — oo

> p1: Single-particle density matrix

» p: Density operator of the system

O. Penrose and L. Onsager, Phys. Rev, 104, (1956);
M. Ueda, Fundamentals of Bose Einstein Condensation, (2010).



When 33Cs condensate meets 8’ Rb condensate at finite temperature

- Introduction

General Criteria for BEC
When interactions are present=- Single-particle energy levels are
not defined. Define, reduced single-particle density operator

pr=Tra3 . .np
where Trp 3 ...y —+Trace of p w.r.t particles 2,3,--- N

» Define &1 = Nﬁl

» Penrose-Onsager condition:

”WM — 00

> np: largest eigenvalue of &1, condensation occurs in

corresponding eigenstate

0(1).

> e positive number of the order of unity.

O. Penrose and L. Onsager, Phys. Rev, 104, (1956)
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L Gross-Pitaevskii equation

Gross-Pitaevskii equation

» Equation of motion of the condensate wavefunction is given
by Gross-Pitaevskii equation(GPE), strictly valid at T = 0K.

Oy " o 2
lha _[_ %v + Vtrap(r) +g/VW\ ¢7
» 1) =(r, t) : condensate wave function
4rh?a
> g:

> a: atomic scattering length > 0 : repulsive
N: Number of atoms in the condensate

v

m
Virap = > <w§x2 + wf, y2 + w522>

E. P. Gross, Il Nuovo Cimento Series 10, 20, (1961);
L. P. Pitaevskii, Soviet Physics JETP-USSR, 13, (1961);
C. Pethick & H. Smith, Bose-Einstein Condensation in Dilute Gases, (2008)
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LEfFects of finite temperature on condensates

Why do we study finite temperature effects?

Region of interest :: 0 < T < T,

» T = 0K is physically unattainable. Experiments take place at
finite temperatures.

» When T # 0, the condensate co-exists with the thermal
cloud. Interactions between condensate and
non-condensate(thermal) atoms cannot be neglected.
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LEfFects of finite temperature on condensates

Many-body Hamiltonian
o= [t [b) - u] i)
single-particle part

I / drde’ 1 (e, )BT (F ) U(r — ¢ )Y, £)i(r. £)

two-particle interaction term

where h = K.E + Virap

(e —¢) = gs(e— ). [ ae (e, 0. 0)) =

U:: Repulsive contact interaction; N:: Total number of atoms

(90,00 = [3(0), ()] = 0: [r). ()] = a(r = v)

A.Griffin, Phys. Rev. B, 53, (1996)
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LEfFects of finite temperature on condensates

Hartree-Fock-Bogoliubov(HFB) approximation

The Bose field operator is

Zaf Jbi(r) = do(£)do(r) + 3 &i()i(r)
i—1
a;!.|n0n17-..7ni7”. :\/m‘nonla."7r’i+l7"

aI'|r'0n17”‘7,.'1.7"'>:\/"TI'|nonl7”‘7,7/'_]'7”'>‘

BEC occurs when: ng = Ng > 1 — N, Ng =1 =~ Ny
where Ng — Number of condensate atoms

HFB approximation: &g = O‘o = +/ Np, then
t) = v/Notho(r)e /" 4 4j(r, t),
such that, (¢(r, t)) = (P(r, 1)) = 0.

Dalfovo et al, Rev. Mod. Phys., 71, (1999)

.>7
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LGeneraIized Gross-Pitaevskii equation

Generalized GP equation

Equation of motion of the Bose field operator

U0 — (b e 0) + 01 00, 0000, 1)
where, |(r, t) = ¢(r) +U(r, t), and ¢(r) = /Notho(r). ¢/ is the

condensate/non-condensate part. U(1) gauge symmetry broken.
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L Generalized Gross-Pitaevskii equation

Generalized GP equation

Equation of motion of the Bose field operator

) (e, t) + (0 0.0

where, 0)(r, t) = ¢(r) + ¢ (r. t), and ¢(r) = /Notho(r). ¢/v is the

condensate/non-condensate part. U(1) gauge symmetry broken.

D, ) (r, ) (r, £) 22 2 (D) D(r)) (v, £) + ((r)d(r)) D (r, )
—_— —_—

n m

n — Non-condensate density; m — Anomalous average
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L Generalized Gross-Pitaevskii equation

Generalized GP equation

Equation of motion of the Bose field operator

) (e, t) + (0 0.0

where, 0)(r, t) = ¢(r) + ¢ (r. t), and ¢(r) = /Notho(r). ¢/v is the

condensate/non-condensate part. U(1) gauge symmetry broken.

D, ) (r, ) (r, £) 22 2 (D) D(r)) (v, £) + ((r)d(r)) D (r, )
—_— —

n m
n — Non-condensate density; m — Anomalous average

3-field correlation term (T (r, t)4)(r, t)ib(r, t)) = 0.
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LGeneraIized Gross-Pitaevskii equation

Generalized GPE

Including the thermal component and anomalous term, the
generalized GP equation is

(h = w)e(r) + glp(r)*o(r) + 27 (r)p(r) + gin(r)d*(r) = 0

T —dependent

» h=K.E.+ Virap
> [lotPar=1

A.Griffin, Phys. Rev. B, 53, (1996);
D. A. W. Hutchinson, E. Zaremba, and A. Griffin Phys. Rev. Lett.,78, (1997)
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L Generalized Gross-Pitaevskii equation

Bogoliubov de-Gennes equations
Equation of motion of the thermal component

SO0 s
’ha = 'ha(w—@?

= (h— ) + 2gn(r)d + gm(r)dt,
where, n(r) = [(0)]2 + A(r); m(r) = 62(r) + (r),

7 A aiEit _x At iEt]
Y= E [ujaJe 7 —via e }
J

uj, v; = quasiparticle amplitudes
Bogoliubov de-Gennes equations:

Lup — gmy; = Ejy;

* —_— . .
Lvi — gm'u; = —Ejy

where £ = h — 11+ 2gn(r)



When 13"?'Cs condensate meets 87 Rb condensate at finite temperature

LGeneraIized Gross-Pitaevskii equation

Non-condensate density
Density of the thermal component:
b)) =a= 3" { [l +1y) @ja) + P}
j

and multiplying factor

= —eBEj — 1 = No(E_,)

is the Bose-Einstein distribution. The anomalous average:

BEIE) = ==y} [2(a]a) +1]

J

A.Griffin, Phys. Rev. B, 53, (1996)
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|—Generalized Gross-Pitaevskii equation

Summary of steps
|. Generalized GPE:

(h— 1)o(r) + glo(r)Po(r) + 2gR(r)d(r) + gmg*(r) = 0
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LGeneraIized Gross-Pitaevskii equation

Summary of steps
|. Generalized GPE:

(h— 1)o(r) + glo(r)*(r) + 2g7()o(r) + g g™ (r) = 0
Il. Bogoliubov de-Gennes equations:
Lup — gmv; = Eju;
Lvi — gm'uj=—Ey;

where £ = h — i+ 2g(|p(r)|? + 7)
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L Generalized Gross-Pitaevskii equation

Summary of steps
|. Generalized GPE:

(h = 1)o(r) + glo(n)6(r) + 2g7(r)o(r) + ging*(r) =
Il. Bogoliubov de-Gennes equations:
Luj — gmy; = Ejy
Lvi — gm'uj=—Ey;

where £ = h— i+ 2g(|6(r)|> + 7)
I1l. Non-condensate density:

A(r) = Z{[Iuﬂzﬂvﬂz] <@}@1>+|Vf|2}
flr) = —ZUJ &) + 1]
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L Generalized Gross-Pitaevskii equation

Eigenvalue Problem
G- 20
v) \gm* —-L)\v
where, u(r) = Z cipi(r), v(r) = Z dipi(r)
i=0 i=0

|pi)'s are the harmonic-oscillator eigenstates.

o Loo -+ Lon —Boo -+ —Bon o
E Ch | _ Lro -+ Lpn —Bpo -+ —Bnn Cn
do Boo -+ Bon —Loo -+ —Lon| | do
dn BnO o Bnn _EnO e _ﬁnn dn

Pu et. al, Phys. Rev. Lett., 80, (1998); Reidl et. al, Phys. Rev. A, 59, (1999)
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L Generalized Gross-Pitaevskii equation

Problems in HFB

» HFB theory is not gapless. Violates Hugenholtz-Pines
theorem.
Reason :: Approximate factorization of operator averages

» The anomalous pair average m is divergent.
Reason :: Inconsistent treatment of collisions through contact
potential. Treats collisions of different energy with same

probability.
Gapless finite temperature approximation
4
Neglect m.
I

HFB-Popov approximation
Validin0< T < 05T,

N. P. Proukakis and B. Jackson, J. Phys. B, 41, (2008)
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LGeneraIized Gross-Pitaevskii equation

Preliminary Results for 2Na condensate

Quasi-1d geometry
Cigar-shaped trap

Trapping potential:
W1 (Na) = 21 x 40.2 Hz, Wz(Na) = 21 x 455 Hz

Scattering length:
aNa = 2.75nm

Total number of atoms:
Nt = 10000
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LGeneraIized Gross-Pitaevskii equation

T=75nK
The noncondensate (dashed) and
the condensate (solid) densities at
T =75nK
-10 0 10 25nK —
z (units of a,g.) 150 {20
F
Noncondensate density for 10000 75
Sodium atoms at various temper-

atures 0
-10 0 10
Z (units of a,g.)
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L Binary BEC

Unique feature of binary BEC

Role of interactions
Phase Separation

2 2
U11Uxy — (U12)= >0 U11Uxy — (U12)” <0
Miscible regime Immiscible regime
4 4
0= 780 q, (f) a,,=51a, (e)
QE 3 S 3
3 8Rb-8"Rb o
2 O 2
o
b0 O
E £
E £ 1
F 2
0 -200 -100 0 100 200 0 —EbD —160 (‘) 1(‘}0 200
position (um) position (um)

Papp et. al, Phys. Rev. Lett., 101, (2008)
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L Binary BEC

Experimental realization of binary BEC

2 different atoms

> 87Rb_41K
Thalhammer et. al, PRL, 100, (2008)

> 845!’—87 Rb
Pasquiou et. al, arXiv:1305.5935, (2013)

> 23 N a_87 Rb
Xiong et. al, arXiv:1305.7091, (2013)

> 133CS_87 Rb
McCarron et. al, PRA(R), 84, (2011)

2 different isotopes

> 85 Rb_87 Rb

Papp et. al, PRL, 101, (2008)

2 different hyperfine

»

states

|[F=1,mp =+1),
|F=2,mg=—1) of

87Rb

Tojo et. al, PRA, 82, (2010)
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L Binary BEC

Dynamical evolution
Instabilities
Instabilities in phase separated regime

> Rayleigh-Taylor instability
» Kelvin-Helmholtz instability

Sasaki et al. , Phys. Rev. A 80, (2009);

S. Gautam and D. Angom , Phys. Rev. A 81, (2010);
Takeuchi et. al , Phys. Rev. B 81, (2010);

Kadokura et al. , Phys. Rev. A 85, (2012);

AR, S. Gautam, D. Angom, arXiv:1210.0381, (2012)
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LFinite Temperature study of binary BEC

Hamiltonian of binary BEC
2\72
E /dr\lfr Zv + Vi(r) — e

m
k=1,2

+ Ukk\UT( )‘:I\/k(l’, t)] \/I)k(r’ t)

b Un / deW (r, )05 (r, )01 (1, ) 0a(r, 1),

Equation of motion for the Bose field operators

Ihg (‘Tﬁ) _ by + Ull\ﬂ‘ifl Ul2®£®1 (“T]l
ot U21\UJ{\U2 ha + U22\V£‘U2 V2

2v2

N—

where h, = —

o + Vi(r) — pk
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Coupled Generalized GP equation

From HFB-Popov approximation

v, 1 U1

() = () (2):
hor + Uit [me+ 2] é1 4 Uso[noe + finjér =0,
hagy +  Un [mac + 27] o + Una[nice + fn]én = 0.

kth

> nie = |¢x|*: Condensate density of species

» 7, : Non-condensate density of k' species
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BdG equations

Bogoliubov Transformation

bulre) = > [“kj(")@j(")e_iEft - V/tj(r)dj(r)TGiEjt] ,

"ZI(", t) = Z [ukj(r)*a;f(r)eil:'jt _ vkj(r)&j(r)e—il:'jt}

k = 1,2 is the species index, and

[67,4]] = 05 [, &) = 0; &), 61] = 0.
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BdG Equations

L1 — Unn3vij + Urnor(diun; —
—Lavij + Uni¢32urj — Uradi (¢ava) —
Lo — Usa3vaj + Unago(diurj —
—Lovaj + Ungs2unj — Urad(¢rvaj —

where, ,CAl = (?71 +2U11n1 + U12n2)7
Lo = (hy+2Unn + Uam),

n = nic+ Nny,np = nyc+ .

2 V2j
Pauj
¢1 Vij

1“11

)
)
)
)

hEjuyj,
hEjvyj,
hEjuj,
hEjvy;,
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LFinite Temperature study of binary BEC

BdG Equations

Liuj — Un1¢3vij + Upnoi (o — davaj) hEjuyj,
—Livij + U187 urj — Unodi(davoj — d3wn;) = hEjwnyj,
Lowj — Ung3vaj + Unda(dim; — d1vij) = hEjuy),

( )

—Lavaj + Una¢y’uoj — Urods(davyy — diurj) = hEjvyj,
where, £A1 = (/A71 + 2U11m + Uiam),
Lo = (hy+2Unn + Uam),
ni = N+ ny,np = nac+ .

Non-Condensate density:

nk_z{yuk, + |vigl®] No(E7) + [vig|* }
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LFinite Temperature study of binary BEC

Solving non-condensate density 7

» We numerically solve the set of coupled GGPE at T =0 to
obtain the condensate wavefunction of both the species using
Crank-Nicolson method. In this case the density of thermal
component ng = 0.

» Using this condensate wavefunction, we cast the coupled
Bogoliubov de-Gennes equations in matrix form in basis of
harmonic oscillator eigenstates.

» We then numerically diagonalize the matrix using LAPACK
subroutine to calculate the energy eigenvalues E;'s and
eigenstates uj, v;'s.

P. Muruganandam and S. K. Adhikari Comp. Phys. Comm. 180, (2009);
S. Gautam and D. Angom J. Phys. B 43, (2010);

S. Gautam and D. Angom J. Phys. B 44,(2011);

Anderson et. al, LAPACK Users’ Guide, 3rd Edn., (1999)
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LFinite Temperature study of binary BEC

Solving non-condensate density 7

» Furthermore, we ensure that the eigenvalues E;'s are real and
two zero energy modes are obtained corresponding to each
condensate. Imaginary eigenvalues will correspond to
metastable state.

» We finally calculate the density of the thermal component 7
by summing over all positive, real eigenvalues except the two
zero-energy or Goldstone modes.

> We iterate the above procedure to self-consistency.

A.Griffin, Phys. Rev. B, 53, (1996);
D. A. W. Hutchinson, E. Zaremba, and A. Griffin Phys. Rev. Lett.,78, (1997)



When 33Cs condensate meets 8’ Rb condensate at finite temperature

LFinite Temperature study of binary BEC

Mode evolution in highly phase-separated condensate

a,,=100a, a,,=320a, a,,=400a, assp, /asTy, = 280a0,/992g

. 1600 [raues — Nesgp, = Nergy, = 10000
.g 500 Wz8RL — 21 X 4.55Hz
° Wz8TRp = 2w x 3.89 Hz
Xespy, = 8.835, Aery, = 8.277

-10 0 10 -10 0 10 -10 0 10
Z(in units of a )

Energy excitation spectra with varying agsp, 87y,
T > One of the excited

25
2.0 mode goes to zero
15 with increasing ajo,

3 1 » Disappearance of

certain modes, unique
to symmetry
preserving solutions.

()} ~
0 50 100 150 200 250 300 350 400 450
a2
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LFinite Temperature study of binary BEC

Symmetry breaking at T =0

a4,=50a, a4,=290a, a,,=400a,
60 NRbgs —
NRbg7 ——
=
230
[}
°
0
-2 2 0 2

2 0 2
z(in units of a,4)

Energy excitation spectra with varying aj»

25
2.0

é~41.5
3 1

0.5

a2

0 —
0 50 100 150 200 250 300 350 400 450

assgyp, - astpp = 1.01
Nesgy, = Nargy, = 100
WzesRp = 2m X 4.55 Hz
wzs7Rp = 2T X 3.89 Hz
A=w, /w, =140

» One of the excited mode
goes soft at some critical
value of aqs.

» The modes do not
disappear. Itis a
characteristic of symmetry
breaking solution.
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LFinite Temperature study of binary BEC

Experimental Realization of *3Cs—8’Rb mixture

Trapping potential:

(wi,wz)cs = 2m x (40.2,4.55) Hz
(wi,wz)rp =27 % (32.2,3.89) Hz

Scattering lengths:

aCcs = 280&0, aRp = 100&0,

aCsRb — 650&0
Temperature:
T = 150K

Quasi-1d geometry
Cigar-shaped trap

25x10'] * IR N
N
2.04 4 A o . ’
I}
2 S AR A
E 154 S ]
b4 A J
@ “ _~7-100 0 160 -100 0 100 -100 0 100
o 1.04 Position (um)
@ a Afm’ -
o A .
0.54 o e
DD s L] .
0.0 NP - . .
0.0 0.5 1.0 1.5 2.0x10%

McCarron et. al, Phys. Rev. A (R) 84, (2011)

Rb BEC Number
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LFinite Temperature study of binary BEC

Calculational Details:

» For the given set of experimental parameters, the ground state
is symmetric.

> At lower interspecies interaction ajp, only 2 Goldstone modes
are present.

» With increasing ajo, the first excited mode gets damped and
becomes degenerate with the ground state.

» We obtain an extra zero energy or Goldstone mode, in
addition to the 2 Goldstone modes corresponding to each of
the condensate formed due to U(1) gauge symmetry breaking.
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Metamorphosis: From Bogolon to Goldstone

0.04 [ —— a b) c
uy(2) K
= Vo(2) ==
o0
N
=]
0.04 : . 50 200 To calculate the
=V.! a4,=0a, aqo= a, aq3= a, .
12 °d . 12 f° density of thermal
e ~
004 component ng, we
> | leave the 3 zero
y
>0.04 \[ \[ energy modes.

a,,=350a, a,,=400a a,,=450a

12 0 12 12 0 12 -12 0 12
z (in units of a,4;)
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LFinite Temperature study of binary BEC

Condensate & noncondensate density at 7 = 15nK

8

0520 1212 0 122 0 12
z(in units of a )

Ncs = 8570, Ncs = 8510, Ncs = 6470,
Ngp, = 840 Ngp, = 3680 Ngp, = 15100
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Conclusion

» We have generalized HFB-Popov approximation to analyze
finite temperature effects on binary mixtures of Bose
condensed gases.

» Symmetry preserving solution of highly phase separated
condensates give rise to a third additional Goldstone mode. In
a single species BEC, interspecies interaction is absent.

» In symmetry breaking solution of TBEC, one of the excited
mode goes soft which gives rise to an additional Goldstone
mode which is unique to binary BEC.

» Finally, we have obtained the equilibrium solutions of the
recent experimental realization of *3Cs-8"Rb binary mixture
at finite temperature.(T #0, T < T¢)
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LConclusion

Conclusion

» We have generalized HFB-Popov approximation to analyze
finite temperature effects on binary mixtures of Bose
condensed gases.

» Symmetry preserving solution of highly phase separated
condensates give rise to a third additional Goldstone mode. In
a single species BEC, interspecies interaction is absent.

» In symmetry breaking solution of TBEC, one of the excited
mode goes soft which gives rise to an additional Goldstone
mode which is unique to binary BEC.

» Finally, we have obtained the equilibrium solutions of the
recent experimental realization of 33Cs-8"Rb binary mixture
at finite temperature.(T #0, T < T¢)

THANK YOU
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