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III. Results and Discussion

II. Method

 Bilayer Hubbard model

Fig. 6: Excitonic correlation functions and static charge 
and spin structure factors at (π, π). V is fixed at V = 6t. 
As U approaches V and for large doping, excitons 
condense at (π, π), rather than the system forming a 
charge density wave at (π, π).  For smaller values of U 
and lower doping, the bilayer system tends to form a 
charge density wave. Strong spin density wave 
correlations only appear in the vicinity of the SU(4) 
symmetric point, where there is an equivalence to the 
excitonic correlation function.

 SU(4) symmetry

Fig. 5: The excitonic correlation function measured away from SU(4) symmetry. In the first row, interactions are kept at U = V = 6t, while the system is doped 
away from single-layer half-filling  = 0). The peak at (π, π), though slightly suppressed as  increases, still survives throughout this doping process. In (�  �
contrast, in the second row where U = 5t and V = 6t, no obvious peak appears in momentum space when  = 0. However as the doping level increases, the  �
excitonic correlation peak at (π, π) reappears after  reaches 0.4t.  �

 U = V = 6t,  = 0 �
 With SU(4) symmetry, the Hamiltonian H is invariant under transformation Q:

 
 Excitonic correlation function and static spin structure factor are equivalent:  

 Away from SU(4) symmetry

 Summary of correlation functions

Fig. 3: Left: Static spin structure factor for U=V=6t and various . The blue line shows SU(4)  �
symmetric result. Right: Density plot of background subtracted excitonic correlation function 
at the SU(4) symmetry point.

 Charge structure factor

Fig. 4: Static charge structure factor measured at V = 6t. 

Fig. 1: Schematic for the bilayer Hubbard model.

 Determinant Quantum Monte Carlo(DQMC)
 Numerically exact; fnite temperatures
 Limited by fermion sign problem
 Exploit symmetry for a sign-free scheme 
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 Exciton Condensation 
 Bound electron-hole quasiparticles can condense like 

any other boson
 Recombination limits lifetime.  Spatial separation may 

suppress recombination.
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 Definition of excitonic correlation function: 
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 Exploit anti-unitary symmetry 

Fig. 2: Decoupling parameters for density and
inter-layer Ising interactions. U

M
 > 0, U

N
 < 0 in 

the sign problem-free regime.

 Change variables after Trotterizing

 Exploit anti-unitary symmetry 

 Continuous HS transformation
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