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Mixtures of Bose gases 

homonuclear 

heteronuclear 

• Interactions are repulsive within each component (stability requirement) 

• Between the two components interactions can be attractive or repulsive



Simple mean-field theory (T=0) 

Miscible mixture: compressibility matrix must be positive definite
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a) g12>0 vanishing compressibility leads to phase separation 

b) g12<0 vanishing compressibility leads to collapse

if  g11g22 − g12
2 < 0



Overview 

  

A. Attractive Bose mixtures and formation of quantum 
droplets    two hyperfine states of 39K (LENS + ICFO) 
• Mean-field term would lead to collapse 

• Repulsive beyond mean-field quantum fluctuations stabilise system 

B. Repulsive Bose mixtures and phase separation 
transition  two hyperfine states of 23Na (Trento) 
• Mean-field terms give miscible state of mixture 

• Beyond mean-field thermal fluctuations lead to phase separation

Most interesting scenario if g11=g22=g and |g12| close to g



• Case A:  Quantum droplets (Petrov 2015)
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Two experimental realisations with 39K in 2017

After being released the cloud 
• expands (gas) 
• shrinks (collapse) 
• remains stable (liquid)





Bose mixtures in 1D present peculiar features 

i. low-energy dynamics is universal and described by Luttinger liquid model 
ii. at low energy spin and charge degrees of freedom are decoupled 
iii.   regimes of strong interactions have been achieved  

Single-component Bose gas in 1D with contact interactions:  
Lieb-Linger model (exactly solvable)   

g small: mean-field regime  
Bogoliubov theory

g large: Tonks-Girardeau regime  
impenetrable bosons (like fermions)

Frequency of breathing mode (Haller et al. 2009)



• We consider attractive mixtures in 1D
Microscopic Hamiltonian

• same mass m for the two components 
• same intra-species coupling g>0 
• inter-species coupling is attractive !g < 0

Regimes of strong interactions where both g and     are large  
are investigated

Use of exact diffusion Monte Carlo methods allows use to go 
beyond regime of applicability of perturbation theory

!g



Energy per particle 
transition from  
liquid (minimum exists at finite density) 
to gas (minimum at zero density) 

weak  
coupling

strong  
coupling

weak  
coupling

strong  
coupling

Phase diagram



Conditions for a phase separated state 
a) thermal equilibrium 
b) pressure equilibrium 
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Case B: Phase separation at finite temperature for  
repulsive mixtures



Conditions for a phase separated state 
a) thermal equilibrium 
b) pressure equilibrium 

c) chemical stability 
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process that reduces m

⇒ (g − g12 )m < 0⇒ g − g12 < 0 If g>g12 equilibrium state  
is m=0



Conditions for a phase separated state 
a) thermal equilibrium 
b) pressure equilibrium 

c) chemical stability 

T>>Tc  
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process that reduces m

(2g − g12 )n + 2kBT < 0 Since kBT>>gn equilibrium state  
is m=0

assuming m<<n=n1+n2



 Phase separated state

n1L

n2TL

n2R

n1TR

Left (-m<0) Right (m>0)

n1
L = n2

R   
n2T
L = n1T

R  and n20
L = n10

R

⇒  pL = pR

process that reduces m

n20L n10R

µ2
R − µ1

R > 0State with m>0 
stable if

Notice that condensate is fully phase separated

Such a state is an absolute minimum of the free energy



Hartree-Fock theory at T>0

if T<T* only minimum at m=0 (mixed state) 
if T>T* minimum exists at finite m (PS state) 
if T>TM minimum becomes lower than m=0 

Free energy develops a minimum at finite polarization



Transition temperature 

δg = g − g12 > 0

Difference of coupling constants 
(e.g. 23Na                     -                   ) F = 1,mF = ±1 δg / g = 0.07

T*

TM

If   δg = 0  then  T ∗ = 0.1TBEC
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