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ULTRACOLD GASES AND SOLIDS
o The main goal is the study of the properties of quantum systems 

at ultralow temperatures (absolute zero)

o Microscopic ab initio simulation is performed starting directly 
from the many-body Hamiltonian

o Describes a system of N particle in an external field with a given 
interaction potential between the particles.

o Interaction potential can be of a realistic or model type:

- Helium interacton potential [Aziz II], Hydrogen, Coulomb, 
Yukawa, dipoles, Rydberg, Van der Waals, etc.  

- model potentials: hard sphere, soft sphere, square well, 
delta-pseudopotentials, etc.



QUANTUM MONTE CARLO METHODS
o Ground-state properties are found using quantum Monte Carlo 

methods

o Is an efficient way of evaluating 3N – dimensional integrals

- Variational Monte Carlo (VMC) method:
- the many-body wave function                               is proposed
- variational principle applies (minimal energy when is      exact)
- variational parameters           are optimized

- Diffusion Monte Carlo (DMC) method 
- solves the Schrödinger equation in imaginary time
- provides the ground-state energy exactly

o Energetic and structural properties are studied
- energy, equation of state, excitation spectrum, gap, etc.
- pair correlation function, density profile, static structure factor,

one-body density matrix, etc.



COMPLEXITY OF THE CALCULATION
o A typical choice of the trial wave function contains a pair-product 

of two body terms (Bijl-Jastrow wave function)

o Even for a short-range interaction potential the complexity scales 
as N 2 with the number of particles for bosons

o N 3 complexity for fermions (Slater determinants, etc)

o Homogeneous system simulated in a box with periodic boundary 
conditions (PBC) : typical convergence 1/N

o Typical number of particles in a simulation N ~ 100 - 1000



ADVANTAGES OF PARALLELIZATION
o Generally QMC can parallelized efficiently 

- on the level of single-particle updates (VMC)

- on the level of walkers
(quantum system is replicated many times)

o Speed-up factors of 40 - 140 can be achieved
(compared to an optimized code on a single CPU)
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QUANTUM LIQUID HELIUM
o Y. Lutsyshyn, "A coordinated wavefunction for the ground state of 

liquid helium-4" arXiv:1506.03752; G. E. Astrakharchik and J. 
Boronat, "Luttinger liquid behavior of one-dimensional 3He",  Phys. 
Rev. B 90, 235439 (2014)

o Progression of Markov chain during Metropolis sampling of a 
system with N = 1000 atoms. A droplet gets formed.



LIQUID HELIUM
o Y. Lutsyshyn, G. E. Astrakharchik, C. Cazorla, J. Boronat, 

"Quantum phase transition with a simple variational ansatz",  Phys. 
Rev. B 90, 214512 (2014)

o Energy per particle in liquid-solid coexistence region, 
o two separate local minima exist (liquid phase, solid phase)



COULOMB WIRE
o G. Ferre, G. E. Astrakharchik, J. Boronat, "Phase diagram of a 

quantum Coulomb wire",  arXiv:1507.05496 (2015)

o Temperature - density phase diagram.



1D BOSE GAS IN OPTICAL LATTICE
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o Grigory E. Astrakharchik, Konstantin V. Krutitsky, Maciej
Lewenstein, Ferran Mazzanti, "One-dimensional Bose gas in optical 
lattices of arbitrary strength",  arXiv:1509.01424 (2015)



BILAYER OF DIPOLES
o A. Macia, G. E. Astrakharchik, F. Mazzanti, S. Giorgini, J. 

Boronat, "Single-particle versus pair superfluidity in a bilayer 
system of dipolar bosons",  Phys. Rev. A 90, 043623 (2014)

Phase diagram featuring the  single-particle (upper region) and the pair 
superfluid (lower  region). The dots correspond to the transition points 
as obtained from DMC  simulations. The two arrows show the freezing 
density of a single layer of  particles (right) and of dimers (left). 
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OSCILLATIONS IN A TRAPPED 1D BOSE GAS
o A. Iu. Gudyma, G. E. Astrakharchik, Mikhail B. Zvonarev,  

"Reentrant behavior of the breathing-mode-oscillation frequency in 
a one-dimensional Bose gas",  Phys. Rev. A 92, 021601(R) (2015)

o Z. D. Zhang, G. E. Astrakharchik, D. C. Aveline, S. Choi, H. 
Perrin, T. H. Bergeman, M. Olshanii, "Breakdown of the scale 
invariance in a near-Tonks-Girardeau gas: some exact results and 
beyond", Phys. Rev. A 89, 063616 (2014) 
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BOSE GASES
o Solitons: G. E. Astrakharchik and B. A. Malomed, "Quantum 

versus mean-field collapse in a many-body system", 
arXiv:1508.05449 (2015)

o 1D trapped Bose gases:
o M. A. García-March, B. Juliá-Díaz, G. E. Astrakharchik, J. 

Boronat, A. Polls, "Distinguishability, degeneracy, and correlations 
in three harmonically trapped bosons in one dimension",  Phys. 
Rev. A 90, 063605 (2014) 

o M. A. Garcia-March, B. Julia-Diaz, G. E. Astrakharchik, Th. 
Busch, J. Boronat, A. Polls, "Quantum correlations and spatial 
localization in one-dimensional ultracold bosonic mixtures",  New J. 
Phys. 16, 103004 (2014)

o G. E. Astrakharchik and I. Brouzos, "Trapped one-dimensional ideal 
Fermi gas with a single impurity", Phys. Rev. A 88, 021602(R) 
(2013)
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AMDAHL´S LAW (CPUs ONLY) 18

Y. Lutsyshyn, "Fast quantum Monte Carlo on a GPU", Computer 
Physics Communications 187, 162 (2015)

Amdahl's law: maximum speedup using multiple processors. 



MODIFIED AMDAHL´S LAW (CPU+GPU) 19



BLOCK DIAGRAM 20

o CPU-side generates raw random 
numbers and sends them to the 
GPU-side.

o Once the GPU obtains the 
starting configurations, it starts 
the Markov chain. 

o Every m macroupdates
N2(threadblocks), the GPU sends 
the configurations back to the 
CPU for processing. 

o Meanwhile, the GPU continues the 
generation. 

o When the CPU-side is not 
occupied, it generates new raw 
random numbers to be used in the 
next block. 

o The size of a block is limited by 
the GPU global memory, typically 
at 228=268·106 microupdates.



FAST QUANTUM MONTE CARLO ON GPU 21



ACCELERATION 22

Acceleration: ratio of execution times measured with or without GPU 
acceleration.(optimized 1CPU code)
Blue bullets: 560Ti; green triangles: M2090; red squares: K20.
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INNSBRUCK EXPERIMENT 26

Superlfuid – Mott-Insulator phase transition observed in 1D system
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