
First-prin
iples simulations ofintera
ting Bose gases usingsto
hasti
 gaugesP. Deuar, P. D. Drummond and K. V. KheruntsyanDepartment of Physi
s, University of Queensland
Mar
h 6, 2004

{ Typeset by FoilTEX {



Many-body simulation s
heme
b� = Z P (�!v ) b�(�!v ) d�!v

� S�1Xj=1 b�(�!v (j) )
� Sample initial state b�(0) with S operatorsb�(�!v (j) ).� Evolve ea
h set of variables �!v (j) a

ording tosto
hasti
 equations whi
h 
orrespond to masterequation for b�.� Cal
ulate observables along the way using �!v , andthen average.To be tra
table, need to split into N subsystems:

b� / NOi=1 b�(�!v i)
then the number of variables / N .1



Intera
ting Bose gas
bH = Z dx( �h22m� b	y(x)�x � b	(x)�x+ 12 Z dyU(x� y)b	y(x)b	y(y)b	(x)b	(y)

+ Vext(x)b	y(x)b	(x) )
� For 
old alkali-metal gases useU(x� y) = gÆ(x� y).� Extended intera
tions U 6= Æ pose no problem,but slow 
al
ulation down.� Dynami
s:�b��t = � i�h h bH; b�i + environment
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Gauge P representation
b� = 
Ox j�xix h��xjxh��xj�xi� j�xix is a 
oherent state at latti
e position x.� 
 is a 
omplex weight� Thsi is like the positive P representation, but witha global weight.� Equations are similar to Gross-Pitaevskii form,plus noise.� Observables estimated by weighted averages of �,�. e.g.

hb	y(x)b	(x)i = h
�x�xisto
hdx h
isto
h� All/any observables 
an be 
al
ulated from singlesimulation. 3



1D uniform gas thermodynami
s� Simple model, but not many exa
t results:1. Energy, density, pressure: Yang&Yang (1968)2. Lo
al 
orrelations g(2)(0), g(3)(0): Gangardt,Shlyapnikov, Kheruntsyan, Drummond (2003)� Grand 
anoni
al ensemble:
b� / exp" bN�� bHkBT #

� Equation (t = 1=kBT ):�b��t = �12 � bH � bN�(�t)�t ; b��+
� Initial 
ondition: b�(t = 0) / bI
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Stabilization with gauges� Positive P equations for �, � were unstable� But due to the weight 
 we have extra freedomto:1. Change deterministi
 evolution of �,�(arbitrarily) to make it stable.2. Compensate by modi�
ations of weight.� Form of 
hanges:_�!� = �!A +B ��!� ��!G �_�!� = �!A0 +B0 ��!� 0 ��!G 0�_
 = 
��!G � �!� +�!G0 � �!� 0�
The �!G , �!G 0 are arbitrary (gauge) fun
tions.The �!� , �!� 0 are gaussian noises.
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coherent estimate                   
g(2)(x) ≈ 1 + g(1)(x)2 

Exact result 

g(2)(x) = hbn(0)bn(x)ihbn(0)ihbn(x)iwith density bn(x) = b	y(x)b	(x).Collision strength 
 = mgn�h2 = 10(Ideal gas 
 ! 0, hard sphere gas 
 !1).Temperature T = 10Td,(quantum degenera
y temperature kBTd = 2��h2n2m ).
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g(3)(x; y) = hbn(0)bn(x)bn(y)ihbn(0)ihbn(x)ihbn(y)i
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Propagation of 
orrelations in 1D
ondensate
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� Initially: 
oherent wavefun
tion | e�e
tivelyintera
tion zero.� Subsequently: rise in interea
tion to �nite levelsindu
es a 
orrelation on interatomi
 s
ales.� e.g. 
hange in s
attering length due to Fes
hba
hresonan
e. 9



In two dimensions
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Bose enhan
ement of s
atteredatoms in moving 
ondensates
scattered atoms 
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� Three-dimensional simulation� 23Na.� Initial 
loud: GP gound state with trap frequen
ies20Hz, 80Hz, 80Hz.� Parameters as in Vogels,Xu&Ketterle[PRL 89,020401℄, but with less atoms (150 000 ratherthan 30 000 000).
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Thankyou
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