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Abstract: 

  In the talk I will explain two methods we have been discussed in physics 

and biology. The first one is to characterize large scale phenomena 

in superfluids and superconductors by the dynamics of topological 

defects. Here we build up the effective of motion from microscopic theory 

and have successfully apply it to explain a few outstanding phenomena.  

  The second one is on the modeling of stability of biological processes. 

As others we have found that the stochastic differential equation is 

a good tool in which many small scale effects, microscopic, can be 

absorbed into the noise term. The resulting SDE is a typical mesoscopic 

description. In addition, we have found that there exists an energy-like 

function which enables a description to the macroscopic level. Some 

examples will be discussed. 

 

Related references: 

   1. Beyond ITO vs. STRATONOVICH. RS Yuan and P Ao. J. Stat Mech (2012) 

P07010     

   2. Free-energy, value and attractors. K Friston and P Ao.  

Computational and Mathematical Methods in Medicine. V. 2012, #: 937860, 

2012 

   3. Towards predictive stochastic dynamical modeling of cancer 

genesis and progression.  P. Ao, D. Galas, L. Hood, L. Yin, X.M. Zhu. 

Interdisciplinary Sciences--Computational Life Sciences (2010) 2: 

140–144   

   4. On the Existence of Potential Landscape in the Evolution of Complex 

Systems. P. Ao, C. Kwon, and H. Qian, Complexity 12 (2007) 19-27. 

   5. Robustness, Stability and Efficiency of Phage lambda Regulatory 
Network: Dynamical Structure Analysis. X.-M. Zhu, L. Yin, L. Hood, and 
P. Ao.  Journal of Bioinformatics and Computational Biology 2: 885-817 
(2004).   

   6. Potential in Stochastic Differential Equations: Novel 
Construction. P. Ao, J. Phys. A37 L25-L30 (2004). 



 7. Motion of Vacancies in a Pinned Vortex Lattice: Origin of the 
Hall Anomaly. P. Ao, J. Physics: Cond. Matt. 10, L677 (1998) 

 8. Transverse Force on a Quantized Vortex in a Superfluid. D.J. 
Thouless, P. Ao, and Q. Niu, Phys. Rev. Lett. 76, 3758 (1996). 

 9. Tunneling of a Quantized Vortex: Roles of Pinning and Dissipation. 

P. Ao and D.J. Thouless, Phys. Rev. Lett. 72, 132 (1994). 

 

Effective Phase Field Modeling and Simulation of Nucleation 
and Growth  

Qiang Du 

Department of Mathematics 

Pennsylvania State University 

University Park, PA 16802, USA 

and  

Beijing Computational Science Research Center 

No. 3 He-Qing Road, Hai-Dian District,  

Beijing, 100084, CHINA 

 

Abstract: 

 We present effective methods for numerical simulations of critical 

nucleation and microstructure growth based on the phase field models. 

Contributions of anisotropic elastic energy in solid state 

transformations are discussed and we illustrate how they might 

significantly affect the nuclei morphology. Some computational issues 

are addressed, together with rigorous analysis of the underlying 

numerical algorithms.  
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Abstract: 

 In this talk, the initial-boundary value problem of two-dimensional 

Cahn-Hilliard equation is considered. A semi-implicity 

prediction-correction spectral scheme is presented, which is easy to 

be performed. Two trilinear functions are introduced to deal with the 



nonlinear of the equation. It is strictly proved by the energy method 

that the numerical solution possesses the accuracy of second order in 

time and higher order in space. The numerical simulations are performed 

to demonstrate the effectiveness of the proposed schemes. 
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Abstract: 

 Band-crossing  is a quantum dynamical behavior that contributes 

to important physics and chemistry phenomena such as quantum tunneling, 

Berry connection, chemical reaction etc.  In this talk, we will discuss 

several recent works in developing semiclassical methods for 

band-crossing, including examples from surface hopping, Schrodinger 

equation with periodic potentials, and high frequency solutions of 

linear hyperbolic systems with polarized waves. 
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Abstract: 

 Hydrogen embrittlement in iron and steels is one of the most 

important problems in the field of industrial structural materials even 

though it has a long history over hundred years. There are several 

mechanisms that have been suggested during the history related to the 

various states of hydrogen atoms in bulk iron. However, since hydrogen 

atoms are small and light, and crack propagations and dislocation 

emissions at the crack tip are very fast phenomena in the material, 

it is difficult to observe the hydrogen states and dynamic phenomena 

around the crack tip. Thus we have performed hybrid quantum and classical 

(QMCL) simulation, which allows us to calculate dislocation core 

structures and hydrogen effects by the accuracy of ab-initio 

calculation and to consider long-range displacement field around 



dislocations, to investigate the hydrogen effects on the energy 

barriers of dislocation migration, dislocation-kink migration, and 

double-kink nucleation. 
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Abstract: 

 The Voronoi tessellation is a method of dividing space into regions, 

so that for a set of points, spatial points inside a region are closer 

to the point associated with that region than to any other point in 

the set. It has found use in a large number of fields in science and 

technology, e.g., it has been an indispensible tool to characterize 

the geometric features of metallic glasses in materials science. In 

practice, however, some issues need to be handled with care. Firstly, 

numerical problems associated with the identification of Voronoi 

surfaces and edges can lead to totally irrelevant results, and properly 

skipping or removing the tiny surfaces/edges is necessary. Secondly, 

size difference between different elements should also be taken into 

account, while the direct Voronoi method assumes that all points are 

identical to each other. Here we will illustrate the effect of above 

concerns by taking the Cu50Zr50 metallic glass as an example. 
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Abstract: 

 The question of coarse-graining is ubiquitous in molecular dynamics. 

In this work, we are interested in deriving effective properties for 



the dynamics of a coarse-grained variable $\xi(X)$, where $X$ describes 

the configuration of the system, and $\xi$ is a smooth scalar function. 

Typically, $X$ is a high-dimensional variable (representing for 

instance the positions of all the particles in the system), whereas 

$\xi(X)$ is a coarse-grained information (e.g. a particular angle 

between some atoms of the molecule). We assume that the configuration 

$X_t$ of the complete system evolves according to the overdamped 

Langevin stochastic differential equation, and we propose and analyze 

an effective closed dynamics that approximates the evolution of 

$\xi(X_t)$. Numerical simulations illustrate the accuracy of the 

proposed dynamics according to various criteria, including residence 

times in potential energy wells.  

 

In a second stage, we consider the case when the time scale separation 

between slow and fast components is not large enough so that the 

approximation of infinite time scale separation, used above, is not 

accurate enough.  

 

To handle such a case, we introduce and analyze a micro/macro parareal 

algorithm. The algorithm first computes a cheap but inaccurate 

macroscopic solution using a coarse propagator (by only evolving the 

slow variables according to their limiting dynamics). This solution 

is iteratively corrected by using a fine-scale propagator (simulating 

the full microscopic dynamics on both slow and fast variables) and 

parallel computations, in the parareal algorithm spirit.  

 

Based on joint works with T. Lelievre and G. Samaey.  
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Abstract: 

 Abstract: The noise has been shown as one of the most important 

factors in gene expression which cannot be neglected. With the intrinsic 

noise perturbation, metastability arises naturally. In this talk, I 

will introduce our recent work on the rare event study for genetic switch 

model. I will talk about identifying the switching paths, the mean 

switching time and reconstructing the quasi-potential of the whole 



system. Our approach takes DNA into account and quantitatively reveals 

key features of genetic switch and can be applied into other 

non-equlibrium  systems. 
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Abstract: 

 We discuss Cahn’s time cone method which models the growth process 

in phase transformation kinetics. Cahn’s model is an integral equation, 

preventing us from smooth arguments for both forward and inverse 

problems. To this end, we derive a class of multiple hyperbolic systems 

from the original model. Especially, the integral terms in odd 

dimensional cases are completely eliminated. Thanks to this reduction, 

dramatically fast forward solver is developed in practical spatial 

dimensions. Next, on basis of the hyperbolic systems, we study several 

inverse problems of determining the nucleation rate or the growth rate 

to establish the uniqueness and stability. 
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Abstract: 

 Recent studies indicated that polycrystalline materials can be 

significantly strengthened by introduction of a high density of 

nanoscale twins. Differing from existing strengthening methodologies, 

strengthening materials by means of nano-twins may not be accompanied 

by a decreasing ductility owing to the unique structure of twin 



boundaries which can not only resist dislocation motion like 

conventional grain boundaries, they can also act as slip planes for 

dislocations. In this talk, we will systematically investigate the 

plastic deformation behavior of Cu with preferentially oriented 

nanoscale twins, most of which are parallel to the growth plane, by 

means of tensile and fatigue tests. The mechanical properties 

(including yield stress, work hardening, uniform elongation and fatigue 

strength) as well as the microstructure stabilities under tensile and 

fatigue deformation are clarified. The effective TB confinement of 

threading dislocation slip inside the lamellar channels and the 

inhomogeneous deformation near the grain boundaries enrich the 

understanding of deformation mechanism of nanotwinned metals.  
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Abstract: 

 Topological insulators are new states of matter with a bulk gap and 

robust gapless surface states protected by time-reversal symmetry. When 

time-reversal symmetry is broken, the surface states are gapped, which 

induces a topological response of the system to electromagnetic field 

-- the topological magnetoelectric effect. In this talk I present our 

recent study of the topological surface states in heterostructures 

formed by a topological insulator (TI) and a magnetic insulator (MI). 

Several MIs with compatible magnetic structure and relatively good 

lattice matching with TIs are identified, and the best candidate 

material is found to be MnSe, an anti-ferromagnetic insulator. We 

perform first-principles calculations in Bi2Se3/MnSe superlattices and 

obtain the surface state bandstructure. The magnetic exchange coupling 

with MnSe induces a gap of 54 meV at the Dirac surface states of Bi2Se3. 

In addition we tune the distance between Mn ions and TI surface to study 

the distance dependence of the exchange coupling. Finally, we study 

the band bending effect at the Bi2Se3/MnSe interface, and propose 

possible solutions to the problem. 

 



Reference: 

W. Luo and X.-L. Qi, Phys. Rev. B 87, 085431 (2013). 
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Abstract: 

 Many processes involving ions, polar molecules, or polar moieties 

take place in an external medium with heterogeneous dielectric 

properties. Examples range from protein folding in a polarizable 

solvent to contact electrification induced by the rubbing of two dislike 

solids. When simulating such processes, it is not appropriate to 

decompose the electrostatic forces between the central atomistic 

degrees of freedom into (effective) two-body contributions. Instead, 

one needs to consider the dielectric response of the external medium, 

which one may want to represent as a continuum. In this contribution, 

we introduce the split-charge equilibration (SQE) method and show that 

it can be used to describe continua with well-defined dielectric 

properties. Because SQE was originally designed to assign accurate 

atomic charges on the fly, the method bears much potential for hybrid 

particle-continuum simulations. In our contribution, we also compare 

the performance of SQE to that of other approaches predicting charge 

transfer and dielectric response functions of atoms and continua. 
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Abstract: 

 A universal quality measure for any numerical approximation scheme 

is its accuracy relative to its computational cost. This point of view 

seems to have gone largely unnoticed in the analysis of 

atomistic-continuum multiscale simulations, but it guarantees an 

unbiased approach to the construction and evaluation of computational 

schemes. In this talk, I will focus on atomistic-to-continuum 



(quasicontinuum) methods for lattice defects. I will first review how 

the framework of numerical analysis leads to error estimates (accuracy) 

in terms of the various approximation parameters such as domain size, 

atomistic region size, finite element mesh, or interface correction. 

I will then discuss how these estimates can be recast as error estimates 

in terms of computational cost. Finally, this can be used to optimise 

the various approximation parameters. (Joint work with Helen Li, Mitch 

Luskin, Alex Shapeev and Brian Van Koten) 
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Abstract:  

 When a drop falls on a rough surface, it can take two different states, 

i.e. the Cassie state and the Wenzel state, depending on whether air 

remains trapped below the drop. The solid surface has rather different 

properties (e.g. hydrophobicity, contact angle hysteresis, etc) in the 

two regimes. Transition from the Cassie state to the Wenzel state is 

called wetting transition.  Understanding wetting transitions is of 

primary importance for the design of superhydrophobic surfaces. In this 

talk, we discuss the mechanism of the wetting transition obtained using 

the string method. 
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Abstract: 



The mechanism of Li+ transport through the solid electrolyte 

interphase (SEI), a passivating film on electrode surfaces, has never 

been clearly elucidated despite its overwhelming importance to Li-ion 

battery operation and lifetime. The present talk develops a multi-scale 

theoretical methodology to reveal the mechanism of Li+ transport in 

a SEI film. The methodology incorporates the boundary conditions of 

the first direct diffusion measurements on a model SEI consisting of 

porous (outer) organic and dense (inner) inorganic layers (similar to 

typical SEI films). New experimental evidence confirms that the inner 

layer in the ~20nm thick model SEI is primarily crystalline Li2CO3. 

Using density functional theory, we first determined that the dominant 

diffusion carrier in Li2CO3 below the voltage range of SEI formation 

is excess interstitial Li+. This diffuses via a knock-off mechanism 

to maintain higher O-coordination, rather than direct-hopping through 

empty spaces in the Li2CO3 lattice. Meso-scale diffusion equations were 

then formulated upon a new two-layer/two-mechanism model: pore 

diffusion in the outer layer and knock-off diffusion in the inner layer. 

This diffusion model predicted the unusual isotope ratio 6Li+/7Li+ 

profile measured by TOF-SIMS, which increases from the SEI/electrolyte 

surface and peaks at a depth of 5 nm, and then gradually decreases within 

the dense layer. With no fitting parameters, our approach is applicable 

to model general transport properties, such as ionic conductivity, for 

SEI films on the surface of other electrodes, from the atomic scale 

to the meso-scale, as well as aging phenomenon. 
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Abstract:  

 Multiscale methods to span the scales from quantum mechanics to 

practical issues of functional nanoassembly and nanofabrication are 

enabling first principles predictions to guide and complement the 

experimental developments by designing and optimizing computationally 

the materials compositions and structures to assemble nanoscale systems 

with the requisite properties. In this talk, we employ multiscale 

approaches to investigate electroactive materials. The structures and 

energetic of various crystalline phases are studied by density 

functional theory with the generalized gradient approximation. The 

kinetics and dynamics of phase transformation are simulated by the first 



principles-based many body force field enabled molecular dynamics. The 

atomistic characterization of these "unit mechanisms" provides 

essential inputs to mesoscopic time-dependent Ginzburg-Landau model 

of electroactive materials, which provides critical information of the 

lateral length effects on local switching of domains using techniques 

such as piezo-force microscopy. 
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Abstract: 

 Accurate prediction and analysis of the stability of crystal 

lattices is fundamentally important in materials science; it holds the 

key to understanding the mechanism for material deformation and 

strength. Recent developments in computational physics have enabled 

first-principles calculations of peak stresses (i.e., ideal strengths) 

in the stress-strain relations of a crystal lattice along specific 

deformation paths and the structural deformation modes leading to 

elastic instabilities.  Meanwhile, dynamic instability of a crystal 

lattice has been studied via separate calculations of the phonon spectra 

of the crystal lattice at each step along every deformation pathway. 

The appearance of imaginary frequencies in the phonon spectra indicates 

the beginning of the dynamic instability of the crystal lattice. These 

calculations, however, are all performed at T=0 K, thus ignoring 

thermodynamic effects that are expected to alter material behavior at 

high temperatures. It is highly desirable to develop a method that can 

treat different lattice instabilities and thermodynamics in a unified 

first-principles approach. 

 

In this talk, we report the calculation of the ideal strength of aluminum 

at finite temperatures by an ab initio molecular dynamics (AIMD) method 

that treats elastic instability, dynamic instability and 

thermodynamics in a unified first-principles approach. The results 



reveal significant changes in fundamental mechanical properties of 

aluminum: (i) the ideal strength drops precipitously with increasing 

temperature, by as much as 60% at room temperature compared to T=0 K; 

(ii) the structural instability modes change qualitatively from dynamic 

phonon softening at low temperature to elastic failure at high 

temperature; (iii) the highly anisotropic low-temperature tensile 

strength becomes considerably more isotropic with rising temperature. 

Phonon calculations predict the disappearance of soft phonon modes near 

room temperature due to phonon anharmonic interactions, in excellent 

agreement with the AIMD results. This work sets key benchmarks for 

aluminum and opens a new avenue for studying material deformation and 

strength at finite temperatures.  
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Abstract: 

 In this talk, we present our works on first-principle predictions 

of adsorption isotherms. We demonstrate that both force field accuracy 

and simulation method contribute to the quality of prediction. The 

subjects are 1) hydrogen storage on MOFs, 2) CO2 adsorption on ZIFs, 

3) cation (Na+/NH4+) exchange isotherms on Y-type faujasite zeolite, 

and 4) adsorption of n-perfluorohexane (n-C6F14) on BCR-704 faujasite 

zeolite. By developing and validating force fields independently from 

the predictions, we were able to evaluate and adopt proper simulation 

methods, and to predict the adsorptions in excellent agreement with 

experimental data. 
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Abstract: 

 Materials are enablers of modern technologies. However, the 

inherent complexity of materials and lack of a coherent materials 

innovation infrastructure have made materials discovery and 

development the bottleneck for technological advancement. In this 

presentation we will use transformation and deformation in 

structural/functional materials as examples to demonstrate the key 

challenges and the needs for integration among modeling techniques at 

different time and length scales and integration between modeling and 

experimentation for the development of mechanism- and 

microstructure-base predictive modeling tools for 

structural/functional materials innovations. Specific examples will 

be given to demonstrate how the mesoscale phase field modeling 

techniques could be used (a) to bridge experiment and modeling to 

identify and quantify operating mechanisms and (b) to bridge ab initio 

calculations and FEM modeling for engineering applications.  In the 

meantime, outstanding key physical and mathematical challenges will 

be discussed, seeking helps and collaborations. 
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Abstract: 

 We present continuum models for dislocation structure, energy and 

dynamics of dislocation arrays and low angle grain boundaries which 

may be nonplanar and nonequilibrium. In our continuum model, we define 

a dislocation potential function on the dislocation array surface or 

grain boundary to describe the orientation dependent continuous 

distribution of dislocation in a very simple and accurate way. The 

continuum formulations of energy and dynamics are derived from the 

discrete dislocation model, and include the long-range interaction of 

constituent dislocations, local line tension effect of dislocations, 

and the cooperative motion of dislocations. Applications to low angle 

grain boundaries are presented.  
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Abstract:  

 In this talk, I will discuss the classical problem of wave 

propagation in discrete models of nonuniform spatial resolution. I will 

introduce two types of methods. One is the class of Replica Time 

Integrators that permit the two-way transmission of thermal phonons 

across mesh interface. The other is the Absorbing Interface Conditions, 

which generalize the Absorbing Boundary Conditions to the case of 

nonuniformly distributed meshes.  
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Abstract:    

   We present a rigorous derivation of the Ericksen-Leslie equation 

starting from the Doi-Onsager equation. As in the fluid dynamic limit 

of the Boltzmann equation, we first make the Hilbert expansion for the 

solution of the Doi-Onsager equation. The existence of the Hilbert 

expansion is connected to an open question whether the energy of the 

Ericksen-Leslie equation is dissipated. We show that the energy is 

dissipated for the Ericksen-Leslie equation derived from the 

Doi-Onsager equation. The most difficult step is to prove a uniform 

bound for the remainder in the Hilbert expansion. This question is 

connected to the spectral stability of the linearized Doi-Onsager 

operator around a critical point. By introducing two important 

auxiliary operators, the detailed spectral information is obtained for 

the linearized operator around all critical points. However, these are 

not enough to justify the small Deborah number limit for the 

inhomogeneous Doi-Onsager equation, since the elastic stress in the 

velocity equation is also strongly singular. For this, we need to 

establish a precise lower bound for a bilinear form associated with 

the linearized operator. In the bilinear form, the interactions between 

the part inside the kernel and the part outside the kernel of the 

linearized operator are very complicated. We find a coordinate 

transform and introduce a five dimensional space called the Maier-Saupe 

space such that the interactions between two parts can been seen 

explicitly by a delicate argument of completing the square. However, 



the lower bound is very weak for the part inside the Maier-Saupe space. 

In order to apply them to the error estimates, we have to analyze the 

structure of the singular terms and introduce a suitable energy 

functional.  

   Furthermore, we prove the local well-posedness of the 

Ericksen-Leslie system, and the global well-posednss for small initial 

data under the physical constrain condition on the Leslie coefficients, 

which ensures that the energy of the system is dissipated. Instead of 

the Ginzburg-Landau approximation, we construct an approximate system 

with the dissipated energy based on a new formulation of the system. 

 


