Melting transition and phase diagram of 2d active hard disks and dumbbells
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Active materials are out-of-equilibrium systems in which the dynamics of their elements break detailed balance.
Examples can be found in living systems, e.g. the collective motion of large animal groups, bacteria swarming,
as well as in synthetic ones, like self-propelled grains or self-catalytic colloidal suspensions. Despite such
diversity, the emergence of activity-induced collective behavior is captured by minimal models that yield
accurate descriptions on their universal character. A key example is the Active Brownian Particles (ABP) model
which considers spherical self-propelled particles with only excluded volume interactions. Active dumbbell
model is the most simple extension of ABP for active bi-atomic rigid molecules.
Although active particles can in principle move in 3D, in most experimental set-ups they are confined to 2D.
Melting in 2D is a fundamental problem that has remained elusive despite decades of intensive research. Only
recently, numerical simulations * and experiments on colloidal monolayers indicate that melting of passive harddisks takes place in two steps: as the packing fraction is increased, a first-order transition between the liquid and
hexatic phases occurs, followed by a continuous Berezinskii-Kosterlitz-Thouless transition between the hexatic
and the solid. Liquid and hexatic phases coexist close to the liquid phase.
We implemented a velocity-Verlet alghoritm in the open source software Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS), to efficiently parallelize the numerical integration of the equation of
motion for both disks and dumbbells. Simulations ran with N = 256 2 particles, scanning almost the entire
parameter space over packing fraction and activity. We also explored inite size effects, simulating systems up to
5122 particles.
We established the complete phase diagram of self-propelled hard disks and dumbbells in two spatial dimensions
from the statistics of local order parameters. For the disks we also took advantage of a careful comparison
among the equation of state of the system, measured thanks to a virial approach, spacial correlations of order
parameters and distributions of local quantities (local density and local hexatic parameter) in order to examine in
depth the transition scenario.
We found two different pictures for the two cases considered †,‡. The equilibrium melting scenario is maintained
at small activities for the disks, with coexistence between active liquid and hexatic order, followed by a proper
hexatic phase and a further transition to an active solid. As activity increases, the emergence of hexatic and solid
order is shifted towards higher densities. Above a critical activity and for a certain range of packing fractions, the
system undergoes MIPS and demixes into low and high density phases. For dumbbells there is a macroscopic
coexistence between regions with hexatic order and regions in the liquid or gas phase over a finite interval of
packing fractions. In the passive limit, this interval remains finite, similar to what has been found for the disks,
but, differently from them, we didn’t find discontinuous behavior upon increasing activity from the passive limit.
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