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H-AdResS Stat Mech Results

Two strategies for Coarse-Graining

@ “Vertical” or "Bottom-up” CG: Construct CG models and
obtain the parameters of the CG model through MD.

@ “Horizontal” or “parallel” CG: Hybrid schemes that couple
CG models and MD. (Requires the former!)
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H-AdResS Stat Mech Results

Bottom up Coarse-Graining

Example: Star polymer melt
Hijén, vanden Eijden, Delgado-Buscalioni,

Espafiol, Faraday Discuss 144, 302 (2010)
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H-AdResS Stat Mech Results

Blob dynamics in star polymers

Dissipative Particle Dynamics but with microscopically defined

parameters.
8tR# - V,LL
aveff N
atpu = - (R) - Z/V[LV(R)V/H/ + FM
IR, -
with
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H-AdResS Stat Mech Results

Blob dynamics in star polymers

Dissipative Particle Dynamics but with microscopically defined

parameters.
8tR# - VIL
aveff N
8tPM - = (R) - Z,WW(R)V/H/ + FM
IR, -
with

VE(R) = —kg T In / dzp*4(z)6(R(z) — R)

1
Y (R) = kB_T . dt<5Fu5Fu(t)>R
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Blob dynamics in star polymers

The average force (F,, )R
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H-AdResS Stat Mech Results
Blob dynamics in star polymers

The friction coefficient v(R,,) = A(R..)1 + B(Ru)ee.un
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Blob dynamics in star polymers

The velocity autocorrelation function of the CoM
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Blob dynamics in star polymers

The velocity autocorrelation function of the CoM

20 30 40 50

time m
Friction is crucial for dynamic properties!
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Intro H-AdResS Stat Mech Results

Adaptive Resolution

Atomistic Hybrid Coarse-grained ) .
regon g : AdResS: resolution depends on

the region

Atomic detail where it is
needed

Cheap CG in the rest

M. Praprotnik, L. Delle Site, K. Kremer J.Chem.Phys. 123,
224106 (2005), Ann.Rev.Phys.Chem. 59, 545 (2008)
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Intro H-AdResS Stat Mech Results

The microscopic model

The microscopic Hamiltonian

2 Mo .
Hl(l’, P) _ Z 2p_nl7 + Z (Vlintra(r) + Vlinter(r))
! 7

i
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Intro H-AdResS Stat Mech Results

The microscopic model

The microscopic Hamiltonian

2 Mo .
Hl(l’, p) _ Z 2p_nl7 + Z (Vlintra(r) + Vlinter(r))
i ! o

1ntra 1ntra
V z : (b r’uJu

’ulu

mter 1nter
V E g ¢ (n ’ JU

V#M iufv
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The CG model

CoM variables

Ny
Z ":,L i I/:\)u(r) = Z Pi. M. = Z Mi,
i i
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Intro H-AdResS Stat Mech Results

The CG model

CoM variables

N, . X N,
RN =Dngy  Pud=De  M=Ym,
i i i

The potential of mean force

—6me(R) _ d3NI’ 7ﬁ[vintra(r)+vintcr(r)] M -
e = /\3—Ne H 5(RM - Rﬂ)

I

Hamiltonian Adaptive Resolution Simulations

12 /31



Stat Mech Results

The CG model

Intro

CoM variables

N, . X N,
RN =Dngy  Pud=De  M=Ym,
i i i

The potential of mean force

_6 me(R) _ d3NI’ 7ﬁ[vintra(r)+ Vintcr(r)] M -
e = AN e H(S(Ru - Ru)
o

Many body potential!
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Intro H-AdResS Stat Mech Results

The CG model

CoM variables

N, . X N,
RN =Dngy  Pud=De  M=Ym,
i i i

The potential of mean force

—ﬁV"‘f(R) o d3Nr 7ﬁ[vintra(r)+vintcr(r)] M A~
e = /\?,—Ne H 5(Ru - Ru)

I

Many body potential!

Approximate V™ (R) ~ 3> V(R) = %Z:\jj VO(R, — R,)

12 /31

Hamiltonian Adaptive Resolution Simulations



Intro H-AdResS Stat Mech Results

Matching the two models

In AA region
. Pi,
r, = —

m,-u

B V/intra M oV1
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In AA region
. Pi,
r, = —

m,-u

. av;ntra Z ;
p’# N 8r,-u > 8r,~u

In CG region
: Pi.
I’,‘M = —
ITI,'#
H\/intra M oV/0
. 7 v
Pi,. = — - (R)
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Matching the two models

8r,-u

In AA region In CG region
P, = Pi.. Fo= Pi,
m,-u # ITI,'#
avintra M avl 8vintra M avO
. 12 14 .
Pi, = — - = ——— — —(R

my,
M
P,=-> :3\/”0 (R)
g OR,
” =
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Intro H-AdResS

Stat Mech Results

Matching the two models

In AA region
. Pi,
v, =

mI

pi# - 8r,-u B ; 8r,-:

The CoM of the blobs move
with a CG pair potential VO(R)
that approximates V™(R).

In CG region

. P

I’,‘M = £
m

piu - - 8”“ - ; arl: (R)

My
- Y. Vo
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Intro H-AdResS Stat Mech Results

H-AdResS

Atomistic Hybnd Coarse-grained
region

M
+Z ( w) Vl(r +Z(1_ u))VO( )
m
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Stat Mech Results
H-AdResS
Atomistic Hybrid Coarse-grained
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Intro

= ARG - D AR

H-AdResS Stat Mech Results

The equations of motion

a Vlintra 1% a Vl M a VO
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Stat Mech Results

The equations of motion

Intro

: Pi,
I’,'# = —
m,-u
a\/intra 1% R avl M R avo
N, — M - . v
plu ariu zy: A(R )arlu Xy:(l )\(RV)) arl_u
~ VA(R,) e (v VO + AF(AR, )))

o
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Intro H-AdResS Stat Mech Results

Free energies

d3Nr
Fiap = 7kBTIn/A37N exp{fﬁ\/m(r)}

d*MR v
Fay = —kaTin [ S em d =5 | S (1= ARVER) + v[’;f<R)+ZAf(A R.))
0 n

3N

M M
Vi (R) = kaTm/ ‘j\wr exp {B {vin“a(r) +3° /\(Ru)Vﬁ(r):| } A TT5(R. — Ry)
w w

16 / 31

Hamiltonian Adaptive Resolution Simulations



Intro H-AdResS Stat Mech Results

Free energies

At constant A\(r) = 0,1

3M

d>"R mf
F[l] = —kBTln//\yweXp{—ﬁ\/[l] (R)}

exp { A Z [VO(R) + Frra 4+ AF(0)] }

3Mp

F[O] = —kBTIn/
0
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Intro H-AdResS Stat Mech Results

Free energies

At constant A\(r) = 0,1

3M

d>"R mf
F[l] = —kBTln//\yweXp{—ﬁ\/[l] (R)}

exp { B Z [VO(R) + Firra + AF(0)] }

3M
F[O] = —kBTIn/

0
Thermodynamic consistency

Froy = Fr

AF corrects errors of using VO(R) instead of V[’ﬁf(R).
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Intro H-AdResS Stat Mech Results

Equations of state: The temperature

The kinetic energy density field is

k = f: %Vzd(r ~R,)
p
with average
()P = 22 0
The temperature field
ks T(r) = %é::;g = kgT m
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Intro H-AdResS Stat Mech Results

Equations of state: The pressure

Consider the momentum density field

M
. SHIM
)= PR, — iLgy = -V, — VA(r)
r
"
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Intro H-AdResS Stat Mech Results

Equations of state: The pressure

Consider the momentum density field

Irwing-Kirkwood stress tensor

. Lo 14 !
3, = Z PuVud(Ry —r) + 2 Z GuuR/w/O ded(Ry + Ry —r)
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>
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H-AdResS Stat Mech Results

Equations of state: The pressure

Consider the momentum density field

M
. . OHW
)=> Pui(R, — iLg = -V, — A VA(r)

"

8H,

ax([:; = u} — & + AF (M)
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Intro H-AdResS Stat Mech Results

Equations of state: The pressure

The average gives the condition of mechanical equilibrium

180 = v (£ >m— e mw
(iLge)™ = 4 SA(r) (r)
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Equations of state: The pressure

The average gives the condition of mechanical equilibrium

D o e\ P
(iLg) = -v (£.) - S VO
0 = ke TVn(r) + VNI(r) + %V)\(r)

Hamiltonian Adaptive Resolution Simulations

20 /31



Intro H-AdResS Stat Mech Results

Equations of state: The pressure

The average gives the condition of mechanical equilibrium

\ o N\ Y
(itg)N = —v (£) - <M(r)> VA®r)
&
0 = kg TVn(r) + VII(r) + gf—(r)vx(r)
SF
5,\2]) = (u} = )+ AF () ()]
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Equations of state: The pressure

The average gives the condition of mechanical equilibrium

\ o N\ Y
(itg)N = —v (£) - <M(r)> VA®r)
&
0 = kg TVn(r) + VII(r) + gf—(r)vx(r)
SF
5,\2]) = (u} = )+ AF () ()]

VE(r)= ks TVn(r) + VI(r) = — (u} — YN = AF (A(r)) (n))
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Intro H-AdResS Stat Mech Results

Equations of state: The pressure

The average gives the condition of mechanical equilibrium

-~ Al
-8

SFIN
0= kgTVn(r)+ VN(r) + mVA(r)

JF[)\] _

i = e+ AT O0) ()

VE(r)= ks TVn(r) + VI(r) = — (u} — YN = AF (A(r)) (n))

Crucial relation that allows to specify the free energy
compensation term AF (). m
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Intro H-AdResS Stat Mech Results

The compensating term

VE(r) = ks TVn(r) + VII(r) = — (u? — u2YN = AF (A1) (n) ]

21 /31

Hamiltonian Adaptive Resolution Simulations



Intro H-AdResS Stat Mech Results

The compensating term

VE(r) = ks TVn(r) + VII(r) = — (u? — u2YN = AF (A1) (n) ]
Constant stress

r

<nr>[A]

(uf — u)™
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Intro H-AdResS Stat Mech Results

The compensating term

VE(r) = ks TVn(r) + VII(r) = — (u? — u2YN = AF (A1) (n) ]

Constant stress

(0 — u)

AF, 1 (Mr) = — (n >[)\,A}',,]
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Intro H-AdResS Stat Mech Results

The compensating term

VE(r) = ks TVn(r) + VII(r) = — (u? — u2YN = AF (A1) (n) ]
Constant density

V(r) + (u! — u9>m

r

<nr>[>\]

AF'(Mr)) = —
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H-AdResS Stat Mech Results

The compensating term
without iterations

VE(r) = ks TVn(r) + VI(r) = — (ut — ) = AF (A(r)) (n)™]
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Intro H-AdResS Stat Mech Results

The compensating term
without iterations

VE(r) = ks TVn(r) + VI(r) = — (ut — ) = AF (A(r)) (n)™]
Assume local equilibrium: Constant stress
MAF'(\) = — (U* — U°)*

Kirkwood Thermodynamic Integration

1 AN
A ——— [ g (=
F) =~ : A <ax>

U= U4 (1 - 2)U° m
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Intro H-AdResS Stat Mech

Results
Potestio et al. Phys.Rev.Lett. 110, 108301 (2013)

Atomistic Hybrid Coarse-grained
region region region

i
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Intro H-AdResS Stat Mech

Results
Potestio et al. Phys.Rev.Lett. 110, 108301 (2013)

If we use Boltzman inversion to get the CG potential

1.15 . . . .
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1.05 | J
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/
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Intro H-AdResS Stat Mech

Results

Density inhomogeneities are due to correlations in the hybrid
zone

<nr>[Ta>\] _ (nr+a> B

V()W = —3 / dr' (5m(uh — i + PO )Y VAK)
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Results

If we use a bad CG potential

-0.5
— -1
(5 L
% -1.5
2 | — constant pressure (AF)
25 = constant density (AG)

_ . | . | . | . | .
Y 02 04 , 06 08 1
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H-AdResS

Results

If we use a bad CG potential

Stat Mech

10

dr/dA (g)

--- Kirkwood, AF’
— Kirkwood, AG’

— H-AdResS, AF’ (I =50)
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Intro H-AdResS Stat Mech

Results

If we use a bad CG potential

T T T — Without compensati T T T T T T
— Helmholtz compensation
L15F - = Gibbs compensation
2 AM AR 0.6~/ A
é Lan ,,v\\ﬂ\w, “ "Q A AV~~~
o &
2L 2 0.5 MM NAARA A
N 2
E TRV SN é At A
2095 041 A i
P R B . . P . .
10 15 20 25 30 0 5 10 15 20 25 30
X(0) x(0)
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Intro H-AdResS Stat Mech

Results: Mixtures
Potestio et al. Phys.Rev.Lett. 111, 060601 (2013)
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Results: Mixtures
Potestio et al. Phys.Rev.Lett. 111, 060601 (2013)
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Results: Mixtures

-4 I . . .

free energy per molecule (kg T)
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Intro H-AdResS Stat Mech

Results: Mixtures

Case [|: Different size molecules, equal concentrations

Mol A - wio FEG -
1 Mol B - wio FEC
Case Mol A - with FEC ——
29 Mol B - with FEC —— |
0.8 CG H AT H CG
.07
‘o
= 06
I e A
05 VAR - /
0.4 ‘
03
02} e : - . = . -
r (nmy)
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H-AdResS Stat Mech

Results: Mixtures

Case II: Equal size molecules, 70 %-30 %

C Mol A - wio FEG
ase Il Mol B - wio FEC -
12 Mol A - with FEC —— |
Mol B - with FEC ——
! o
cG H AT H ca
0.8 |
=3 = A
0.6 I T e o |
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Intro H-AdResS Stat Mech

Results: Mixtures
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Intro H-AdResS Stat Mech

Results: Mixtures

Density structure near a wall

e : . : : . e
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@ Atoms are still kept in the description.
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@ Include friction
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Open problems

@ Atoms are still kept in the description.

@ Dynamics? Challenges:

@ Include friction
@ Coupling Stochastic Differential Equations with MD
o Non-Markovian effects
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