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My bio?

1997-1999 – Director’s Fellow, Los Alamos National Labs

1992-1997 – Ph.D., Chemical Engineering, Univ. Delaware 

Born in Kolhapur, Maharashtra.  Went to school till the 12th grade there.

1988-1992 – B. Chem. Eng. UDCT, Bombay

1999- present  Rensselaer Polytechnic Institute

Elaine and Jack S. Parker Endowed Chair in Engineering,

Head of the Chemical & Biological Engineering

(other than learning the art of biomolecular simulations, spent most  

of my time hiking, rock climbing, hiking the Grand-Canyon many 

different ways, etc.)



Biological SystemsBiological Systems

• Protein Folding/stability

• Peptide Folding/structure 

• Bioinformatics 

• Biomaterials (enzymes in novel media)

• Mechanistic Studies (intein splicing)

Statistical MechanicsStatistical Mechanics

Water & aqueous solutionsWater & aqueous solutions

• Liquid state theory

• Water structure near solutes, 

ions, interfaces

• Water-mediated interactions

NanosystemsNanosystemsPolymers/multiPolymers/multi--scale modelingscale modeling

• Water flow through CNTs 
• Selective partitioning into CNTs
• Friction at the nanoscale

• Coarse-graining strategies

• Phase behavior

Molecular SimulationsMolecular Simulations

Experiments (collaboration)Experiments (collaboration)

Garde Group@ RPIGarde Group@ RPI

MoleculariumMolecularium



Science

Computation

Art

Animation

MoleculariumMolecularium
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MoleculariumMolecularium…its evolution…its evolution
• Fundamental scientific concepts 

• Narrative: exciting story

& characters

• Collaboration



Two Complex biological systems

Ahiri and Kaveri



A beginner’s guide

• Refer’s to me!

• Not for experts.

• Focus will be on basic concepts.
(things that one should know but may not)(things that one should know but may not)

Challenges Limitations Opportunities

Mostly of 

conceptual 

kind.

What CG 

can’t do for 

you.

Many exciting 

problems are 

waiting to be 

solved.



Why coarse-grain?
Ashbaugh, 

Garde, et al. 

JCP, 2005.



Why coarse-grain?

Faraday Discussion 144      (2010)

Greg Voth’s

paper in 

Faraday Disc.



Why coarse-grain?
Kremer, K., et al. 

Faraday 

Discussions.



Motivation

• Many lengthscales…

• Many timescales…

• Integrating over unimportant degrees of freedom

• Coarse-graining (and fine-graining)

• Hybrid methods

• Variable adaptive resolution methods

Multi-scale methods



• CG is not new. Has been around for centuries!?
-- application of Newton’s laws to 

predict trajectories

-- continuum treatments of matter

(Navier Stokes Eqn.; Diffusion Eqn.)

• Lets think in the modern context• Lets think in the modern context
-- CG not applied to gases 

(low density…easy computations)

-- continuum treatments of matter

(Navier Stokes Eqn.; Diffusion Eqn.)



Systems of Interest

• Gases? -- in a sense, doing detailed single molecule QM 

calculation and  then applying stat mech ideas can be thought of as 

early multi-scale modeling. (These days we don’t typically worry 

about CG of gases.)

• Liquids/soft-condensed matter• Liquids/soft-condensed matter

CG is being developed and applied to obtain:

� Structure

� Thermodynamics

� Dynamics



Structure

• RDFs, S(k)

atomic, molecular liquids, mixtures

self-assembly in colloidal systems

• Conformations: 

proteins, polymers

• Microstructure
hexagonal lamellarbicontinuous

Does my CG approach give me the right structure?



Lets think more about structure

• RDFs, S(k)

atomic, molecular liquids, mixtures

self-assembly in colloidal systems

• What are g(2), g(3), …, g(N) correlation functions?

Detour

2 Silly questions: 

• Does a fluid interacting with pair-wise 

interactions have g(3)? 

• Can the information about g(3) be derived exactly 

from g(2) ?  What about the other way? 

Detour



Simple terminology

• Hamiltonian
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• Pair-wise additivity

• Manybody interactions

• Spherically symmetric vs anisotropic interactions 

(and how might these come about)



Lets think more about structure

• RDFs, S(k)

atomic, molecular liquids, mixtures

self-assembly in colloidal systems

• What are g(2), g(3), …, g(N) correlation functions?

2 Silly questions: 

• Does a fluid interacting with pair-wise 

interactions have g(3)? 

• Can the information about g(3) be derived exactly 

from g(2) ?  What about the other way? 



Thermodynamics

U = internal energy

H = U + PV

A = U - TS

G = H - TS

• ∆G of hydration, folding, binding/association

• ∆∆G  wrt pH, salt, mutation

Does my CG approach give me the right thermodynamics?

• Cp, Cv, compressibility, thermal expansion, EOSv

G = H - TS



Humor me with a bit more Thermodynamics!

Do some simple 

thermomath here and 

remind about the following 

question.question.

Does my CG approach give me the 

right thermodynamics?



Does my CG approach give me the 

right thermodynamics?

Yes, if

U(S,V)

H(S,P)

A(T,V)

G(T,P) are right.



Dynamics

• Time correlation functions

• Relaxation times (for evolution of…)

• First passage times

• Slow moving vs fast moving

• Diffusivity

• Viscosity• Viscosity

hexagonal lamellarbicontinuous

Does my CG approach give me the right dynamics?



Lets go back to structure

• RDFs, S(k)

atomic, molecular liquids, mixtures

self-assembly in colloidal systems

Does my CG approach give me the right structure?

• A typical CG approach

Kremer, Faraday, 2010



• CG unit selected heuristically (systematically?).  No automated 

approach as far as I know.  What is done next?

How do we derive physically consistent

particle-particle interaction potentials?

Atomistic 

system ( t )

Coarse-grained 

description (t) 

Coarse-grained 

description (t + dt) 

Atomistic 

system ( t + dt )

Basic idea
Future

work



Coarse-grained 

description (t) 

Coarse-grained 

description (t + dt) 

How do we derive physically consistent

particle-particle interaction potentials?

Future

Atomistic 

system ( t )

Atomistic 

system ( t + dt )

Basic idea
Future

work



•

• Reverse Monte Carlo (RMC or IMC)

Boltzmann

= Inverse Boltzmann

• Force matching algorithm   (Voth)



• Inverse Boltzmann

• Reverse Monte Carlo

Give T, density, and g(r)  find v(r)

g(r) v(r)

structure potential



g(r) v(r)

Does it exist?

Is it unique?



It is shown that, for quantum and classical fluids with only 

pairwise interactions, and under given conditions of 

temperature and density, the pair potential v(r) which gives 

rise to a given radial distribution function g(r) is unique up to 

a constant.









g(r) v(r)

Does it exist?

“I don’t know.
It may or may 

Is it unique?

not.”

“I guarantee 
that if exists, it is 

the only one! 
(well… within a constant) .”

J. R. Henderson



“Works for non-spherical 
potentials as well.”

J. R. Henderson



Lets try this with a test case:

A simple LJ fluid g(r) v(r)

Does it exist?YES

Is it unique?YES





Boltzmann

Or RMC or IMC



Structure

potential



LJ fluid WCA Sq. well



Repulsive part converges fast



Repulsive part converges fast



Adding terms to fix energy, pressure, etc.





Rapid convergence



Rapid convergence

Why does this work?**



Cut off









ConclusionsConclusions



Does my CG approach give me the 

right thermodynamics?

Yes, if

U(S,V)

H(S,P)

A(T,V)

G(T,P) are right.



g(r) v(r)

Does it exist?

“I don’t know.
It may or may 

Is it unique?

not.”

“I guarantee 
that if exists, it is 

the only one! 
(well… within a constant) .”

J. R. Henderson



“Works for non-spherical 
potentials as well.”

J. R. Henderson



Rapid convergence
?

Why does this work?**



Questions?


