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10.4. THE MOLECULAR DYNAMICS METHOD.

Objective: Simulate the evolution of a microscopic. model ef a
material in time. Accumulate estimates o{ structural,

thermodynamie, transport and dynamic propevrties
Advam‘age wrt. Monte Garlo: Can provide dynamical infowma.ffon.

10.4.1. Formulations of the equations of Motion
(Goldstein, H. Clasiica/ Mechanics , Addison- Wesley , 1980 )

Laqrangian Formulation : .jlz (.274(; ) & %f al (10.33)

9 qeveralized  ceordinates ( independenf)

L -{(9, 9, f) = K-V - [agrangian {undv'on
A = ‘7((},;, é) : Kinetic emergy {function

V= 9y (9,\‘-) ;. Potential energy function.

Hamiltons (Variational) Principle: For a wechawical System in which all forces,

except the forces of constraint, are deriable from a generalized
Scalar potential ¥V +hat may be a function of coordinates, velocities,
and time, the mofion of the Jyst‘em{ from time & to time £, s
Such that +the Aine in{'egmt 5¢,= fa-((:?,j,f) dt has o Jf‘afionovg

point over the correct poth of mfion, b
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Definition  of momentuw comjugate fo the generalired coordinate g, :

B = 2£(1,9,¢)

. (3.1)
09y |
De{o'm'(ion of the Howmiltonian {urdion fmm the Lagrougian formuulation:
?a’(j,f,f) " kZ g P - /(g,j,é) (3.2)

If { the generalized coordinate definitions do ot depend explicitly on t‘Mm}
Forces are derivable from a conservative pofential V/ 9)

the Hamiltonian is a constont of the wmotion , corresponding fo
the sysfem  tofal oneryy. A (q,f,f) = E = consl. (3.6)
fOnc can prove j_‘x .(rom the lagmnq,‘nn equa{ion.t ]

Hamiltonian  Formulation (Cawenical Equah'om):

o - 3.5)
W o
S e N

P T?g (3%)

[{ the Homitionian al[i'f,t) does mot depend explicitly on time,
le. it dlependy on time only thraugh the time clependence of g awd p,

then it is a constant of the motion, and the System s
Conservative.
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New{'o»iom Formu’a*ion: For a Jy:‘em o{ parﬁ'c/e; i

m r = F (10.34)
Fi= - Y.!‘.' Y o+ 9. (10.35 )

3

= mass of porhicle .
F = coordimate vecfor o( Pay{,'de (.
{ofal ‘(orre act‘in? on parbele i.

n

g’..

V(r“ vy, Bhy vy ):,,) = pot‘ew[v’a/ energy due fo ,'"{erpay(-fde
interoctions and (pessibly) an extermal field.
constraint  force

[in the presence of (onstrmink, r; are NoT independeul]

| 72
"

Categories of Constraints

HoLoNoMIc: Equations involving only NoNNoLoNomic : Can only be expres

toordinates g and fime %. ot inequalities, or involve velocitie

~

I g t) 0

Evample : Circle volling on a plane

Example : Civele rolling on an incline ina n a 3-d world.
3 2-d world. Coordinates =, x, ¢ z | Coovdinates X,y, 6, ¢
z J
radius
a 20 a
\ xo
%
= 5
X 0 : i
Z: 2% -3¢ sind ¢ = -a s5in6 ¢

X: % - a¢ cos« y= -acosh ¢

{(X, 1)¢) o (x'x")z + (2’2°)2' a1¢‘1=0 ;/’f' {(_X,)’, e, ¢) =0
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o Equations of motion are reversible i time.

o In an isolated system of interacting molecules , in +he absewce of an
external field, the quantities
9( (\‘DM enerqy)

2 P: (fofal Linear momentun ) y are conserved.

~

P-
L. Z rixp; (ttal anqular momentun ) )
- , !

© In a system of molecules confined fo a box with periedic
boundavy  condifions, evolving in fime subject omly fo interactions
with each other, the consered quantities are ¥ , P, but
not L.

e
~

A typical MD simulation is carried out wunder conditions of
constant ~ N,V, E, and P. It Jamples the wmicrocanonical ensemble,
with the oddifional constraint of constanf tofal  momentuwm .

0.4.2. Difference Methods for the Integration of the Dynamical
Equations.

MD consfifutes a numerical Solution fo an initial value problem.
2-3. ATOMIC SYSTEMS

5 e SR INTTIAL VALVE PROBLEM

n(e) , rifo) specified
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Reduction to a Sysdem of coupled {irst-order ODEs possible  (but nof

always necessary -(W numerical Jo[uli'on).
O-f the geweral -(om

i=l,2,N . e €,y
P ) (10.36)
ylo) specified.

i":.lfi

~ 1

. o
2{‘ = Fn_' F (~H.L "'/rN)
rio), wi(o) specified

are available for the numerical Soluhion

A Voﬂef'y o( Jl'/{erence methods
Numeria/ Recipes , ’9?5)

o( such initial  value Problems (see Pres ef al.,

one wmarches along the independent variable (time) fn

Genevrally,
finite steps dt. The stepsize  may either be consfant, or chawged

adaptively during the numerical solution.

oRbER: A numerical Scheme for the integration of an iitial value

problom is  called nth order when e
thor s JyT 1Y - ym‘*(f)” 0’[( 5t) ] (10.37)
High order does ot necessarily imply hlgh aca.cracy.’

Considerations im MD.

Algorithmic
* Most time- consuming parf of the caleulotion it the M
of {forces.
Good criferion for algorithwm efficiency :
Number o[ f— evaluations < minimal

Simulated Time
(caleulation dominated

. Speed o( inkgrm‘ion algorithm immaterial
by f. eualuaHou_).
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Algorithm must not require many { - evaluations

per infegrafion time sfep, £

(otherwise popular Schewes ,ich as the 4t oveler
leqe- Kuba - Gill,  seldom wied in MD)

(Jome CaaPromiJ e

between f -calls

Algorithm  wust  allow employing a ALong and §t)
infeqration  fime Jr‘ep dt '

Alqorh‘hm must be acurate. (emor € swmall for reasonably larse Jé),

Algorithm ‘must be  stable (ervor ¢ must not blow wp with increaling St
Stability problem is Jevere in  shff systems of ODE, posiessing |
twe or more widely disparate time sales. MD problems are fypically

stiff. Stiffness can be cured by wie of implicit ‘a/gor/'#’m.r. Such algorithne,
howevey, require many f - evaluations, and are not ﬁuored in MD,

Algorithy  should  require  dilfle  memory.

Algorithi  thould setitfy covervation Lows for enemy and momerten,
and be fime- revevyible.

o Algorithm should be simple and easy fo program.

o Algovi-um J hou lel daP'l'CQtLQ the "exact" classical *mjecfmy al c/o.le/y afs

Possikle.
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MD problems, being highly nonlinear, are choractevized by tremendous

Sensitivity 4o imitfal condifions: Awny Hwo clossical frajectories  that are

initially very close will evewhally diverge from each other exponentally

with time. Clearly, there is no hope of tracing the ‘real' frjectony

at fong times. This is No PROBLEM, provided that

- the trjecty stays reasomably close To the 'real” frajecton, cver
the correlation times of intevest. |

- Evergy i consevved, o that the frajecty provicles comrect
Sawpling of the NVE ensemble.

Gear Predictor- Corvector Methods

Problem : y:(({,z)

y (t) PNJI'C*QJ Cornc{'q,d ~
: y(o) specified

Basic idea:
t
" P: extmpolate in ormation about y and
y(#)=f(t) gy f
ity denivafives, accumulated over
steps n-£+0 Hom, 4o obfain esfimate
P
) ' .ynﬂ‘
"-n-z {N-) {" f,,“ é i A
E: Evaluate )'IM' :!(f.,,,,,y"':‘)
e P and C steps mut be of some order. c: Through polynomial inferpolotion of

+ .E, C sleps can be repeatec: P (E C’.)ME{ 2(\“) curve, evaluate the area under

Usually, mm=1 (o 2). If doewwt pay

fo iterafe  until convergence. (cawt beat
{inite ordev of covrector)

thot cure. Ule areq fo obfain

corvecfed esfimate ynf’ :
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k- value method: uses k previeusly caleulated values of y or its denvatives.

£-step method : wses values caleulated af 2 previous m;:h poinh along the £-axis.

chresenfah'ons (k-value methed ) Vector sfored awd updated:

Adams - Bashforth-  Moulton [e = k-l] (y,. , dtyn, Ty, -, It Yo ksa )
Nord sieck vepresentatio L= 3 J[' ) ;;'.‘:z W s ;fk” y"“.‘)
P en on [ ] (!“, ~yh 2 Zn ) ) A_—T(k-t)_ )

Equivalence between vepresenfations can de  Shown by transformation from one

4o +he ofher (uw Gunsteren and Beremdsen, Molec.Phys. 1977 , 39, 1311-1327 )

Four- value Predictor- Corrector A’gori“m in the Novdsieck repmm'(qﬁ'u
(Gear, C.w. Nuwmerical Initial Value Problems in Ordinary Differenkial Equations ,
Prewhice Hall, Ewqleweod Cliffs, 19%1)

Equa*ion o[ motion: r = {(r)

An E xample:

Predictor: [ rf(t+dt) 1 . [ rP(eedt) ) fd ¢ 1 3 e
It rP(t+dt rP (t+dt )
;“..( ) . [ H F 1. o2 3 BB
3¢ FP(tedt) r? (+dt) 6 0o I 3 ||nW@
I 7P (erdt) P (#) o o 01 ||lgH
‘< 3 ~ r 8 - L f Y § S ’
Pascal triangle mafnix.
(a sef of Jour Taylor Series expansions )
Corr“*or ; | roc (**J+) { 3 ‘!OP (**J‘) T r '/‘ 1 (/U&g[ (/; r*/'»/a ﬂ/ﬁ(
A Hudy Shasns]
Xe (teod) BP (e dt) 5/ ( it Lef) - r"r)a««?é!ose)
= + . ~0 -2 )
£C (HdH) :LP(HM | 2 -
By (tedt) | Lr,’ (++5¢) ‘ L‘/s )

Analogeus  ichemes available for fhe forms raf(c) , .‘F=f(!',.’:'

Correctov coe{ﬁ'u'ewb calculated Hor opfimal Jhbil;‘(y awd accurmcy (see Allew + Tildesley, App-€
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* For a wystem with a hbl of N coovdivates (Nf3 afows) , four-value
Gear  algorithu, requives SN  worh of Sbrage (v, 1, n,n, new acce/emﬁ'ow)

The Verlet Algorithms

o Siwmple, accurafe, eosy fo program, ecomomical m toraga, popular.
© Can be thought 1{ as a 3-value, 2-sfep predictoy - correcfor, where

(oihcjc/e ( ho ccvrec‘/or eua/ua/v‘oq),

predic for and comector  recipes

-

Verlet: Original Mefhod (1967)  for the problem F - f(r)=alr)

Method Based on  posifions r(f), accelerations Q(¢), posibions  r (4-d¢)

from the previews fime step.
Positions odvanced by: I (++d¢) =

[

5
2r() - r (+-64) + S2al) + O(H*)
(10.40)

{A consequence of  r(£edt) = () ¢ ot ¥l 4+ ) dtart) + _"_d#’é(l-)+...
r-4) = r(H) v Loptak) - £ I3 ()4 }
,ln{m'dv
r(tde) - rlt-de) r 3(,{;*) (10 .41)
2 ¢t

Velocity estimation:  V(¢) -

* Requires ouly 3N words of ferage.

o Time reversible, quaranteed % comerve lineor rmomeuton.

o Excellent evergy comsewation (forlig. Ar, cveryy fluctuotions 0% for
dk= 10", 2xi07% for  dl= 4x10""s)

o Velocities Orzo[ ih{#n’w accuracy.
o Trajectay gewevated by adding o swall O(Jl) teny 4 the diffeveuce

of two lage O(Jt9) '{emj 7¢w way iufreduce numeneal iwprecivion.
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b3t b tedb b-d 4 tedt td6 £ tegt
1
y
; I

(One step of frajecton generation acording fo oniginal
Verlet algorithm ).

The Verlet "feqp- frog" Scheme (Hokmey 1970)

Use of wmid- step  velocities.
res) = r@) + b v(t+ Lot (10 42)
VO 4H) = y(4-LE) & G+ al) (lo .43)
Calewlation o! current velocilies:
(1044 )

Y L[v(tedd) + Y(-4#)]

* Method |y algebraically equiualem‘ Ao origina/  Verlet algovithu.
o Method does wot imwolve ’/oh'h, dl‘ﬁfemce behoeon lerge Mumbers fo

estinate a  Swall quanfify
+ Sfooge 3N work, caw be compressed o AN by sacrificing (10.4¢ )

€t ¢ tedé

Ledt =t tedt

96 ¢ ¢t tdt ¢

n g

(ove step of trajocton;  geweration accovelivg fo
the Vevle! Leap-freq sd‘emc).
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The “velocity Verlet' algorithw (Swope, Andersen, Berens, Wilson, 1982).

F(4dt) = r()+ 6t V(O + %J{léu) (10.45)

vitedo)s v+ Lataw) ( 10.46)

V(40 = y(1e L) + LIt 3(¢+) (10.%%)

© 3N words of sfrage
o Perhaps fhe mort affractive Verle} wmethod proposed 4o date.

40 ¢ tedt L9t & teddt +-d4 ¢ tedt ¢St 4 Ledt

¥

(one step of imjectony gemerafion according fo
the velocify Verle! algorithm)
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104.3. MD of Rigid, Monlinear Polyatomic Molecules in Generalized
Coordinates.

N

o e
7~ N,
9-9- H \H > W’ \ "H > @ ) /C,m,
H aF S

H

* If pofential oxpressions are used for “all bonded fovces,
the system caw be Hdreated as an ofomic sysdem.
Problems  Stiffness : extremely small time sep woeded +o truck fast
bond  vibrations.

Clocssical aPpmacl‘l quesﬁ'ouaue for bond vibrations.

* Computational economy through firing “hard " degrees of {reedon:
{ bond Lengths
bend angles [ Less treasonable for wmolecules with forsional efeg rees of -[Rec/on,/
Fixing bond fewgths /bond angles amoumh fo introducing  Conshrink
awong Carfesian coovdinates of afoms, which are no lwger independent.
eq. fixig bond 12 awomb b the cwtmint |r-r|*=d3

Here, concerned with wqid polyatomic wonlinear molecules.

Confiquration of Juch o wmolecule fully specified by 6 generalited coords

ICM J ¢4 e/ qi
¥ :
center of mag Eulerian angles, Spea'(yh.s
position vector lhe overall orientation of +the wolecule

with respect fo laboratory frawe of veferewce.

: 2u X\ ? g
Let b - bedy- erd {mmc of reference 7,

(e.9. frame of refevence defined by principal axes). ; Xy
-
5= Space- fixed frame of reference (lab frame) -~
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Ove way of defining the Euler angles: ( Goldstein)
: yb Bring  (xs,y;,2) system onbo (¥ ylbzb) sydten
by +hree successive rotations:
2 -
b 2 ? B "

Xs

or{»l\ogw.ad ordinale
tmuiformation mabex
beiw, the fute dysbems.

e
i 7
f ¢ T ™ represenfabion of a

vecfor in Space-fired Jystem

representatioy
’)_L K.Y 3 UQC"W
in body- fixed systew,.

, cosf  sing OJ[ 1 0 O 7[csp Sing O]
'5 = [-sim_}’ sy O ][Q @B 3Sinb ;/:Sihé g ©

S oo o I 2L 0 <sind® cs0J Ll o o |
cesq cosyp- Sing cosb singp sincos¥ +cos @ ws®sin®W  sin®sing
i £= cospsin - sinPe® cosV  _gind gin¥ +cond (B s 5ind sV
sin® sin® -cos b 5inB Ces®
(10.4%)
Orfhegonality (mebic- presevving property of 4): 5-’ o "
Dynamiml Equations in generalited  coordinates
CM. translation, under the Rofation around center of mass,
influence of tofal force under the influence of Hotal forue,
fa & §. (= interaction sites) L= B ([«-!_‘m) x fux (IO.‘I?)
~ x ~ ol ~
Linear w,lod'hj jf-H e

~ o
Angular velocity o)
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Some definitions

’ S

Angular momentum L = Z_ My Yoo X r,,
i o

(10.50)

One can Jhow L = !f_o

where Moment of Inertia femsor
2 2 .- ' -
I =2 m re o M)z 2 m e e B et
E - = - ’ ’ v ” i
z  « e ol - - - ol . ".c‘-y.n/u Zd"-fx.(" r,,‘-y:,ﬂ(
AT /A A VNS 'S i

Di litadion of 1 Principal axes (eigenvectors) clo.st )
iagonali+ation o J
o = { Pn'ncipql momenb of inerfia (elgenuqlucs) Ixx, lyy, Isa.

23

vy
Cylindvical Sywmebny: Ixx = Iy x e
SPhMCQ‘ Sym'lC"Hj.' Tox = I)ry: P = Y-
\\ﬁx
Equations of rotational  motion: T = !: (10.52)

(avalogous o F f)

fo choose body- fiied  coovdlinate systewm b as the  prncipal

Convenient
equations of motion betame:

axis Vystewm.  In  thal  Jputen,
% it w® x (gb-g)") =T

p
/ (_Eu‘t_r Qfxqﬁ(:m)

. (10,53 )
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of votational motion

- z— (ri-ra)x fx

tb

(&

g
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is a complefe formulation o{ the dynamical equations
in fhe geuneralited Coordinates W, 6, &

S

Az’
b
_TL + Iyy- Iii wyb w}b
Ixx Ixx
Ly_‘: * [a2- [xx w;" wxb (Eu'gr QQuaﬁ'onJ)
Lyy Lyy
b
te + Ixx- Lyy wxb wyb
L:# | F¥
AT wb
@ & wx‘ Sin¢ 16 wy’ Co.sd)c;ne " w:\
e -
o 5 Relationships betoeey
S T rate of chauge in
W
Wy Cosd’ + Wy Sin @ B anglu kil

€'

wheee

[~

i

This  dysten of equafiow

A(® 6 9) ( 10.48)

St AT (i -xp) ¥ 4B

augw.lw velou e
in dap frawue.

s S§ind s cos®
Wy = | W
SinB@ 4 sin@

(10.5%)

can be Joved os an initial value Pnb/eh.

rro) e
DRAWBACK: Equatiows Jor ©, 0, ¢ diverge as 60, due to (1inB)” factov.

REMEDY :

Swilch axey x5,y 2 whenever 620, OF

[Physo’cal veason: Foy ©=0, axes 2 and 2b coincide, and §,@

becow e degenemh] . use QUATERNIONS ( Evans, 1977 )
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10.4.4. Constraint Dynamics

For molecules with torsiona c/egrees of {reedow, formulating the

c’ynamiml &qua'h'ons i generalized ctoordinates s quite Laborious.
(e.g, n-bufane Ryckaerf and  Bellewans 5 |975).

Preferable approach: Formulate and carry out the MD simulation in

Cartesian ccordinales, while at #e vame fime accounting for bond

Constraints .

Objective of Constraint Dynamics: Infegrate (Cartesian) equations of motion

for @ wystem of particles subject o holonomic constrainh.

~ No laborious transformations needed  behoeen laborafory  and
infemal  Coordinafes.

- Algorithm must  ewure  that Ccoustrainh  ave sahified (wmolecular
.Shepe Prejewed ). /

Rigid, nonlinear polyafomics. Can Jeledi‘uelg impese
. - . rigid constrainh on
APP"“‘b‘I‘ fy: GENERAL —» Rigid, Linear molecules. Some parh of the molecule,
Hexible, hinged polyatomics. without much effort.

Imposition  of (onstraints.
Bond- awgle cousfrainh best represented 0f pieudo - bond - Lowg th
Constrainb . :

e.g. ‘ e | ’/ \\
vigid H,0: i ’/‘/"?S"W“A WQM CHy f" -;‘
3 fength consiraimts 9 length constraints

(9-3= € degrees of {reedon ) (15-9 = 6 degrees of freedon)



rotatable Cq ”po

(united afow vepresentation) N TRIANGULATION "

.5 -eﬂ‘thv constrain b P::-;:ti?{e-ﬁv every
(12-5 =7 degrees of freeclom ) . ‘

 Each JLemgth  constraint gives rise to a fore aching along
the bond or pseudobond.

o Conslraint forces appear in the Newlomian equakions of mokion
for the wmolecule.

-g‘
2 g =4
eg. Water with fixed bond lenghy, flexible bond angle. 1‘{“"6" (1;@:5((

,?4 = cowtrain} -{orte on afow | due fo bond 12 3
[-g' usbraint force on abm2 due fo bond 12]

9, = ©wlraint force om afow 3 due fb bomd 23
[- Qs = onsbrainf #vc‘e on afow 2 due fo bond 23]

D/nmmcaf eq'uon‘w»"/ systemahc force, due fo inkerwolecular (wleraction; and thoie

) infrawolecular iwtevachon; fhat are iwckeded expli
erl = f' +‘§l in the pol»euh'al. e KP,‘“H,

(9 differential equations

™ fz = f_; -9 -9, and & algebraic equations
o undetermined multipliens in 17 unknown Funcﬁ’om
gt s Jn (Si =Y ' T (f), Yo (H), Ya(¢),
-l U0H, 2u08), Ja ), 203 F)
J3 = Jas (!.‘3—_',,) ~ At/ dn VITIAS

Conshrainb . X = (r,-rl)z- J.,_z =0

Xy = (Err;)l- 4131 =0 (10 .55)
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wstmint fores

directed o long condtroined

bond vectors.,
«=1 mh o= f, ¥ éﬂnz(!r!z) + -éju (O) = ”'oi'; s ff +Jvz(!v-rz)
=1 w, t" = ‘f; + é In [-2(Il~!;)]4-3,2]23[-2(!3-_)'2)]=) W‘:.;=£‘ 'Jn[fv-!‘;)-,]u (33-!-‘_‘
T :’ 1 .{‘ . T‘z‘Jﬁz (o) + 5913 [2(!5'5)] = "3f;= f’ + 30 (5-1)

with the onshrainb: Q’,z {-r“rL) 3 (r' _!;)2._ th -6
'713 [rz; r;) = [-"s'l';)l— Ju"=0 om(T

This tyskew of equatiow il equivalent-  fo  equations (2.4.29) above!
A nuwmerical  algovithe for concfmind  dymamis  muck  caleulate

the constraint forces in parallel  with infegrating the equations
of motion  governing the  Syltew trajectony.

A Generic Constraint Dynqvm'cj Algm{hw, (chaor{, Ciccott, Berendsen

interaction petenhial J . Comput. Phys. !9,, 77 , 23, 327)
not inclu 0.1;3 Constv. Jorees
4 .
Equa'h'ons: P —V!.,V :::f f:m;n::v:inﬁ.

m o= v e (10.56)

CUM#V&M')'. X'J 2 rj“l- JIJ l= (0] ({o‘a’ o( N, constrainky )
Ndef. Yiji=Xi-X; (10.5%)
whence g,. = % ?. 3"1 V!.' 7(ij = ‘Z- i Lii (lo.58)

Lagrange wulfiplier L
Maguitude of coustraiut force along if.

Must sdve  (10.56), (10.5%), (10.58) simulfaneously.
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A/gorh‘hm:
o Use Verlet 4o advamce. (10.56) by one sfep , iquoring constraint forces
(molecule distorted),

fi’("*“) = 2!“‘) 'ru-ﬂ-)».’, i" f“.)
N distorted. m; ~!

* Actual  positions of atows, faking into occount comstraint forces, will be

" L v >
X (440t iaaj}) = X (tedt) + iL g, (¢; Lij}) = v/ (k) - i—f JZ-J\,-J-I.'; (
\ad'uocl \ch‘.!{or!-ed ' \ resfores wolecular (1 yq)
3uw¢f'hd, .

where Aij are ‘ypj undetermined.

. Subsh"u#ng the above expressions for  Ni (HJ(,?J,'J'}) inl the conshraint
eqs.(lo.&?), one obfains:

[[; (++d¢; {353}) - X (#+4¢; {),ﬁ)]z- cl,';z =0 , ie (10.60)

a sef of algebraic Quqﬁom i {g,‘j}.

Equations  are Qqurm‘ic in f 2t - Solution mus? be obfained
Heratively fusualty, by suaessive substibutions ). Solubion of anw  NMexme
Jt,.lkw o( Linear .equaHom VU’ul'reC{ at each iterabon.

* Subskibe  dcleterwined {7ij] inb expresions for X (406 5255})
and thes  defermine  actual orfomic Pxiﬁ'om af +tedt.
(I'nkgn(‘icu J/ep Comp/e‘el). Kendy to +toke wext J{ep
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The SHAKE algorithm (Ryckaeré etal, J.Compuf.Phys. 1377 , 23, 32%)

* Avoids numerical Solution of the quadrabic Mexw. Systew in | s |-
o Goes Fhrough +the constraint equations one by one, cyclically,
adjushng the wordinates so a5 fo Jatify each equakon iy Zum,
o Procedure iterated, unhl all constrainh are sahisfied within
prescuibed {olerance.
- Very popular in Dbiclogical macromolecule Simulation packages.
- Can be ine[ﬁ'a‘eu#, e&pca'q”y v the presemce 0{ bowet angle consfrainh.

The RATTLE algorithwm (Andersen, ¥ Cowpub Phys. 1983, 52, 24-34)

A moch‘{:‘ca#on o{ the SHAkE algon‘lhn,, ewmpleying the ueloa'_#i
version of the Verle! algorithm,

The algorithm of  Edberg, Evans, and HMorriss (J.Chew.Phys. 1996 , 84 €933)

In place of quadratic @uations for the consfraint forces {25}, wee
@ Lwear syelow of equakons in §3ii}.

Instead of the cowsfrainf  equahions (10.57), we their second time
devivatives :
. o . F R :
(!0.5»1 !_"l"'z- J;J'z:O => ,é/_:,, ' X 20 => xji . rJ, 4 (rﬁ) =0 ('06,)

One then  solves the following  ysbenc of diffevental and algebrarc
equah‘o;q Simulfeneoy % :
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m ¥ - f o+ ?_ 2y i [(s6), (10.59)] (10.62)
e B+ (E)*s 0 ‘e

- Velocities enter the formulahon  explicitly.

- Defermination of the § i} requives the Solution of a
Cincar wmatrix equation.

- Standard predictor - corrector or velocify Verlet algorithm usable.

Molecular Jhape it disforted gradually as Nnumerical errov
accumulates. (Note dhat pond Longths dij are wot imvolved in fhe
dynamical 2quations! )

Periodic  restoration o correct moleadar geometny by  minimiding

the  funchons:

¢ - Z (r,'jz'clijl)z (bond  pewalty fumchion) (10.63)

g

¥ = Z (g -1i)° (velocity penalty funchon) — (10.64)

if

Constraint  dynamics of Linear and planar polyafomic  molecules

Problem : oo Conthraint MD should employ 9-5=4 constvainh.
(Co) It is impessible 4o write four bond constrainh for

a Hivear {riatomi ¢!

Combraint  MD Should ewploy 18- € = 12 constrainh
Comstraint matnx is singular, because all boud Cous frainh
that (o be wvifey Lie o a plane .

(beniene )
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Solution: Monifor +he c‘)’nam’cs o.[ a basic Subset of "Pn'manj“afiugs,
Forces on secondany atoms transferred fo  primon; ofws viq

bonds.
P . ® primary afoms
(co2) 6\ o ©  secwndary afoms

(bov%elu)

(Ciccoffi, Ferrarie, Rycchré Molec. Phys. !1\?3' 4z, 125'3)

10.4.5. General Guidelines: Which Algorithw should One Cheaie !

o Simple [ luid (monatomic) Sysfems
Verlet  velouty algorithm recommended.

° Rigu'd ponyfnmic Syﬁemx
. MD in gencmllted coondinates (( Quatemions with modf{?ed.”Verlu‘ Leap- {rog )
Constraint  wmethods, deoling with o vigid core of “primans” Qfoms.

* Flexible polyafomic Sysfens
o Use constraint wethods, and net genemlived coordimates
(Edberg- Evews- Morriss , RATTLE),

o Best constrain  bonds, but ot beud angles (dynamtes of
conformational  isomenzation affected )
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10.4.6. MOLECULAR DYNAMICS IN ENSEMBLES OTHER THAN NVE

Conventional MD carried out in NVE ensemble.
Caleulation of temperature: T = < P it Sl

eshimated os time awrage
ot equilibrium.

" Instantaneous temperature " :
Tl . ! > ( 10 .65)
(3N'NC) kB (3N'Nc)’t3 i= my

N: number of afoms in Sysfem, eack with man m; and neomenfum P

Ne: tofal muwber ¢f constraints; includes
» internal constraints in molecular wmodel (e.q., fixed bond Lengths, bond angles
. globa( tonstraind on Jystew, (eq., fixed fotal momem‘-um)

In a cowventional  NVEP = MD simukfion with P=0 , one wmusf wte

Ne=3 to  colulate the inshantanesus tewperature fpou the Fofal Kimethe

énerg .

Caleulation of  pressure: P= P> (viral theorem)

" Inglant aneous pressure”

J.):PkBT'F

e ou i due 1
T 1 28wl ™ (10.46)
P 3V J

R | T~

Flectuation relations: £.9. <5V1> = (OK*> = 3 Nk;le(l- ;N_k_g)
4 106z
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Since  the gseminal paper of H.C. Andersen (1980), there has beew much
interest in  designing  MD  methods that sawple ensembles ofher fhan
NVE.
Technigues for  non- NVE MD:
. chH'Sh'c methocls (eq., “stochashe collisions " ro.scah‘ng atowmic velocities
for enst. T).
* Constraint methods (eq., impesitin of nemholonomic construint ; m;
J(O' eonst. T; Evaus et al.)
® Extended Systew, or Extended Ensemble Methods.

rt- 3 Nk T
r: 5 ke

pa

E xfended System MD Methods.

083cTIvE : Simulate +he dywamies of a systewm under a sef of macrescopic

consfrainh  other than constant N,V,E.

BAsic IDEA

o Introduce ome or mere additional degrees of freedom (alowg with
microscopic degrees of freedom), corvesponding fo one or more macrescopic
Quantities. Pl\ysically , each additional degree of freedom represents
a "reservoir’, with which the original Jyshew can inferact.

¢ Associafed with each new clegree o{ -[reedom are a ‘'toordinafe', a

“velocity" (rate of change), ond o “mass’ (inerfia).

* Jssign a potential eneryy onmd a kinetc eneny to each additional
degree  of {reedow.
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e Wrife a -&grangian or the exfended sysdew, inCorporaﬁ'h; oviginal System
and reservoir  contrbutions.

o Derive the equations of motion for all degrees of {reecom from the
/agrangiaw. These, in general, will be different from the Newtonian

equations of wmotion describing the fime evolution of the sysfew
in NVE clynaw'cs.

* Nuwerically infeqrate the oxfended systewm equations of metion,

o H ths Po(en(-ia( ewergy and  kinetic euergy expressions -fav the new
degrees of [voedow have  beew  chesen appropriately, the steady -sfate
probability dewsify dishibution in the phote fpace of the oviginal

sylew, as  genernted by the extended Iyplew dynamis, follews the
“desived ewfewble.

© There is an exteuded system  Hawiltonian (devivable fmq the

Laamngl’m), which no lowger corru‘poudl fo the foful Energy O( fhe
Original JyJ‘em, but is conserved by the clynamiu.

AV\ extended Sy.n‘em method -(Or MD in the NVT ewsemble
Nose’ ,S. Melec. Phys. Ij“gﬂ 52, 255-268

- Exdra degree of {reedom: s

Allsws for energy P flow dynam’cally betoeen systew and resenoir,
and chaw.ge, the kinetic everyy O{ the Jq.l(em,
Set resewa,  tewperature: Teq.

"“Therma| iverka" (mass) {erm associated with exira deqre.e of {veedow,:
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= Definition of s: It appears as a scaling Fac/qr for parbcle

velochies :
v= § } 10,68
i ~ W< derivatives o\[ Posi/’/oh u¢c¥0v$ g )
/ with reipect fo  simulation time

acfual velocities
of particles, defined
wrt real +ime.

In estence, S is a Scaling (ac‘or ﬁr time :
(Real time step) = (Simulation time step) . ;_ ( 10.¢9)

o set tewperature.

- Extra pofential energy term: K: ({H) kg Teq £ns (lo-70)

/
nuwber of degrees of {reedow

of onginal Jystew .

{=3N-3,if fohal P fixed.
Extra kinehe energy term : J(s = % a 3* (10.71)

N inerha"

Extended syitew Lagrangion:
L W B

S
e ¥
onginal /‘\'new
dydteny Jegng o'[ {P&Jol‘v
N
L ZomstE L @St - V() - (f+1) ky Teq s (10.72)
2 i=\

EquaHous o( motioy  devived {mm

Fe
d ( »!, ) - 2_‘(-, =0 9- r
dt o9k 29, - "s"
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Dynam cal equa"vons

fi

.‘!'. = - 2 - .
m; §2 s infegmble, e.q. by Gear
N predictor- cowector ycheme
.. L ' l-z £ kB T
Qs = %_ m; s I, ({*’) . (10.%3)
. " b Lo
- The genevalized womenta of the  exteuded Jyilew will be p - 24,
k
/ .
5t (24 = W st o
al 25
. . Qi
fe - 25

A conserved 7uan{~i/:7 0{ fhe clynmm'(a will be the exlended IyJ/euv

4aui(ﬁuian:
?(,(f' .?)‘ %‘ q.kPk '{[ﬂj)

(10.74)
”/; F.3 Z m;s‘f,-‘ + 5’-@51 + ’)’(r) + ({fl) k37e7 Ins
2 o i —_—
resevvoir kinefc enery resevwir pofenfial energy

¥ is waintaived ot a constant value E’

Nose” presenb a prof that the parktion funchon covres pouding to Hai

"awiﬂom'an l'S qu.“owan o{ mginql J/Jhu.

b l 2@ \*% exp fdpf.lrey y,, S
QNVE/ = ({H)k ( k;uq) (kgT¢q> Nll‘f P ( /= ) l!.-’iq

- . i

- Fuvr F',r
wheve fi,= lP!- > Mms ". = m; ¥, actual wmomeutuw vector. (" ) (10-75)
sl s ~

in the veriables P’y

This gives a canenical €wewble distn bution
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For ary Lunchou of ofomic coordinates and wementa,

<°‘//Tf , .') >’\’ s <4(!>‘ r)>~vr (10.76)

extended

k orioi I {_ :
Syitew averaging ¢ oy J)" €, Jal«plec/

N.covoUnj tauonical engeyble.
o N
Insfanianeous {empemfurg T & L Z - 2 Zmw
fky 1= '”4"1' gy 'Y &

Average & T > = Teg s Preset

Yariance < (67)*D = L (T-Tg)*> = Tequ%

Note +hat simulation dwe v the MNore” D a/gon’ﬂm is mof e Jaue

(

as real fime! Equa( Simulaion time Jtleps way be unequal in real hme.

Aveged real time duration of +he Jimulation oblined by wwlfiplyrig
Simulabon time by <s™ >

Role a{ the inertial @c{or Q]
Q  affech the c(yuamico.'

e Q>0 : In.f,’vah‘e(y flow enemy ¥nn.rfer Aetveen Jleem and resevvoiv,
NVE MD vecovered.

© Quenyomall:  Poevhrbation of the dynamics relabive o Microcanonical euseqble,
expecially @y comcorns  (ollechive dynamic behaviov.

o For "reaonable’ choice of &, it I 2upincally confirmed (but ot vigorauly meGh) Hao f
esbimates of dynamic charockerisha, luch as the Jelf-diffusivity, coincide with
cowupouoh'ug eifmates from NUE Simelohon,

“Reasouable’ & Chosen l> booking at S -escillafions,

% oy
Pevied of s-asiillafion , h 2n /%%%)1 Nose  vecowmends Eo=I[ps
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Hoover, w.G. Phys.Rev. A 1785 | 31, [695- 1697 modified Nose's  constant
bewpenture  technigua to awive of av eguivalent et of dynawmical
¢quq(7'ows that ove -{V!e o{ fime Jca/ing. (Ncse'-ﬂower 'Hteman‘af),

An Exfended fyitew Metiod for MD in 1he NPH ensewble
(constant pressure MD:  Awdersew, .. J.Chew.Phys. 1380 , 72, 2394).

- Exim degree of {vudow: Box volume , V. (pu{mh'ng box ; ewells
swbshhebect by piston’” ,ellowing inferachions with & presure veserwiv.

Iverkal  properky resivhng  Uoluwe changes ( pistou "mcw”') W.

Use scaled molecular positions awd velocifies:
raVis | v VA (10-32)

~

- Exla pofential evergy ferm: y A Y

" (0.38
EX’}N kintﬁ'c energy {erm: '7(V . T;-WV" ( ?‘)

= ,/agrangu'au -ﬁmulaﬁ’o‘n for the extended Syitem Leads o the
eqmﬁow o{ motion :

b » ot B N

i m; Y7 f‘ J f’ Y

V = m- P¢ : J_. : = ’_ m,; . z z Yi-r)et;:
( ‘i) = J GD 3V ('Z .Y + ¥ (- —d)f_'a)

(16,39 )

- Conserved Quan#\"y: Hawi [fonian of e exfended dysfen,
W

o VR mE L, Vs ) . T el
P o (10.80)
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o Awderen gives @ vigorow preof that He equitibvien, distnbubion of
mi evostates gaemf-ea[ by the oxlewded syrtew dynamics Corresponds fo
an  NPH ewsewble (H- enl-kqlpy) of the original  systew.
Enthalpy of onginal sysbem:

H 3 wl- L %2 / i /- | /
Lw Vi) v 5 ke KT

~— kinetic enenyy associated
with volume fluctuations.

Role of the inerhial {actor (" piston mass) W

o Llarge W - slow velume fluctuctions (W-ca: NVE c/ywamics)

o Swall W fasf volume [luctuations, distortion of sydew dynamies.

o Andersen recommends cheesing W so that the peviod of velume
{luctuations is roughly equal fo the Jime for o Jound wave to cross
the simulation box.

Mealis Winlder

0 ther cleuelopmem’i NPT

o Parrinello, H.;Rahwan, A. Phys. Rew LK. 1980, 4S 1196 ; T.Appl. Phys. 132, s2 ,7192
J.Chew.Phys. RS2, 7€, 2€62.
Extension of Andersen method 4o allew for {luctuations in the box Shape.
(N T H - Molecular Dynamo'cs). Application: Phase fraunsformahons n solids.

e Nog, S. J.Chew. Phys. 1984, 81, 510 NPT (or N T T) Molelar
Dynawmics, by combinahion of Andersen (Pavvinello - Rahu.an) and Nose’ wethods.

o Nose’ S.; Wlein, M.L. Phys. ReuleN. 1973, 50, 1207; J.Chew.Phys. 1383, 28, €92¢,
Molec. Phys. 1983 56, jo53: Extewsion of eviended Jytew wetiods o wolecular syster

* Cav, R ; Parrinello, H. Phys. Rev. Lek . 1985, S§s§, 2471 : Unified appreach for MD awd

Quanhue Hechanica! Dewdi Funchioval Th by inclusion of elechonic clegrees of fveedom in
ex::ndve‘d sysfem . Appl‘?caﬁon: S cnd%s melts, Hyo liquid
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105, STRUCTURE FROM MOLECULAR SIMULATIONS

In-{omaﬁon s Tored in 'l'apc. {:‘Ie

MC: system con{igura‘l’ion: e ol firsler aayler)
potlem‘ial ewegy V', vivial W monitored orientational awd comfenaahiowal
charactenshes of wolecules.

Shre eveny 5™ or lo™ cycle (1 cycle= N aftenpted moves).

MD: time £
Systew configuration y:  (with Jwithout peviodic bourdary candi#on.i), P,

Velocities Vi , wy
Forces fi, dorques T0
Energy E , inshanfaneows V) J, w

Store wewy S5t or [0t ink9m+'ou fime Jk,n.
Block average analysis (an be used to defermine the degree of correlation
befween Stored M’,ura{'ions and estmate {he ewor in obfained ewsewble

auerages. (See  Allew anel Tildesley, p192).

Accumulation o{ Pair Distvibution  Funchons.

[n an isohopic material Sy.h‘em -

ocal densif arbicles iHhin I ‘
& y 4 wi a cal Jhell of radius
9(»-) = p(r) rfo ridr, czafere.d at a given pqy-h;:‘;:"' in the fluid, (10.91)

r awd avernged over all wuﬁgumfsou; '

N mean (wmacroscopic ) densify
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In a simulation, awalyze sfored configurations {o determine distances

befween all Minimum c'maye pairs .

Number of parhicles at distance r fo r+dr from o cenbl parhile

9(") = (10-87.)

Number of parhicles of distance r fo rtdr frow a cewtrml parbcle in an
ideal gas Syibew of the fame densify.

Procedure for computing Numerator of (10.82):

b4 Discvdiz.e r- axs Bdwec» 0 awd Vmax inte bihs, o[

width  or
Lot b = index o{ bw  befoeen r and redr.

* wloop over all stored configurations
—»Loop over all pairs of parlides, (i j), in a given configuration.

Calculate  minimum image disfance (n)')min
| Sort  distamce  (*ij)pmin , -0 , defermine the binb it falls info,

Add 2 4o the contents of the bin ink which (i min foulls
(! {or each ofom involved) Nps (B) = Wp(b) +2

1 f

l Niis (b)

e  Nuwmevator 0( (IO.XZ) {or each bin:
Yl(b) " Nhis (b)

* Trum

\
\ b“ﬁt ngwber ‘ ‘\bl.n width ’1'7‘
of configumtbions analy zed

(252) b: 12

= .9 H
Ymax ~»T
tobal Nnumber
ot pa cles
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e Denominator of (2.5.!) -fa- each bin:

id 3
n“(b) - 4_';£ [(redr)®-r?]

™ Volwme of Jpheneal Jhell behw. rand redr
(Tbis expréssion i valiel {ov max € L/2, where L= box edgelength.
Struchural inforuation can be occumulated up o Ymax - LY3/2. For CO"«’@""’?

ni4(b) in Jhe case Yoy >L/2, sec J.Chew, P‘\yl !2!5, -_7_5 ; '80)

o Caleulate q frow hirfogram  in formafion:

glre Lo7) = h:((bz) (10:83)

NOTES
e In  mdecular {luids, ile-site pair dishibufion funchows g% (v)
con be ocuomuated in Thi way foy all  pairs o{ Sites («,P)_

. X-Yoy awd neu‘n" d{f{MﬁO‘v paﬁeml (an be COMFJ,'?J -/mm
Pair distribubion funchions  awd  compared agaikst  experiment.

Quan‘i(yinﬂ Molecular Ovienfahion

P W il wectoy  fixed ‘n'gidlq o a wolecule
74: - (eg., a prinipal axis, or & bond veclov,
\;_ssg,' or aw ewvd-fo-eud uedw)
=)
o) e L [3(er-uif 1] (1030
uordlrl. : provide, imfo. on relatve oviewfation 4‘ by Je
PQM\MC er
2

Use{uHo accuwulate <P2 ((o.s@)>|r|__m=r 2 E' [3 <Qi.ﬁ>ﬁcr-rjl=" - I] at & fimchior of

Ovder paraweter = | » paraliel oientalion ; =g » pependicdar; O » randow, onenfalion
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INFORMATION FROM E@UILIBRIVM MD.

10.6. DYNAMICAL

Time Correlation Functions

under g iven exterval  constrainb.

Consider a systewe ot equitibrium
The  probability distributioy of the Iysfew, v phase space  will conform
¥ _N

to an equilibriuw, ensemble, with Jm‘siﬁj ch (x") -Pc? (p q)
Lt A (X" = o (pP" 9" _ (10.5)

B (x") - o (¢, 3")
'fwo -(unchons o[ '“\c the-spnm repmem‘a&'uc_ pa’n(‘ [m’tmcopl‘c J‘ﬁuh)
As He wmicrscopic State chowge, with Hime, Jo does the

of the iptem.
vale of of and B We will ue He notation ‘ |
~ (10.86)

Fle)= of (30, 310)
B) = & (prer), 9™))

Eu“ctmorg we will use the Jymbolc'sim rﬂ{[{'), JB(t) to denote

the deviations bekveen the instantaneos  valuer of o ane B along
and the wrre;pouding eniemble avernged

- eaut: euumbk avevage, indep. of bime

a dywamical {mJ'ecfonj

 volues.
IAl¢) = ofte) - <a{(4)> o (t) - <of > (5 88
Bt = B(t) - <Blt)> = Bt . <B> |
We thme the  nom-normalited time correlation funchion behooew
a{ and B by

Co 1) = I () SB(1+4) >+ (ra(u, <4>1[J6’(4.+f) <£>]>
’ (1082
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For a sysfem at equilibrium | the ewsemble averege on the night -hand
side of (10.89) will wof depend on the time ongin €, but omly ou
the time Jeparation t. Alio, by the ergedic hypothesis, the emsemble
averages im  (10.89) can be Jubstituted by time auerges over ol

time origing £,

Cod (1) = Cyp (-t) = <Isf(0) B(+)> = ( JeAfl) JB(0)y  (1o.79)

Here, we will restict our affenkion o Hhe me where of and B are
the Jome quantity, We will call

Cotof (¢) = <;@{(ﬁ) Jof(4+) > = dof(0) fb"{(f)> (10.9!.)

the  mon-normalired (time) aufocorvelation {uncvl’l'ou o{ 0( .

We define the normalized aufocomelation funchon of of as

Copy (£) = Cotof () . LA dnflo)> -
C"(“((o) <(J4)z >n @ weasure of the fluctuation of of

Cfof asiumes o value o{ | 1 {ov t=0 ( Pen’ecf comvelation of the fime on‘9"n).
J decays as £>0 , ulfimately approaching  2emw a5 £ -spe.
Physically , Copy wmeasures how the property of lotec memory of it

initial value of a rewtt n/ wolecular  wotion iy fhe lystom,
The charactevivhe Hime , over which +his

defmed by
I'U‘ 2 /c,,(_( (¢) dt (corelation time ) (10.93)

-

memovy periish, Cau be
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For many  (but wof o".’) Systews and properties, c /1) it found fo

decay expowentially ewith fime af Loug times.

Autocomelotion  funchons are of greaf mterest , becawe

o they givea pichire of wolecular wmofon v a Sysfem by

o the hime infegrals Ty ave coffew directly velefed
to macroscopic bransporf coeff rcienb .

o their Fouvier \‘mns#rm 2,/,{[«)) are offen related 4
expevimental Spectra.

‘Cu‘ « corvelation time
Yvelaxation" fime
An exanple:  Velocity aufocorvelation funchon in a fluid.

Su,.‘ 3 Vg, & {Viay=0 /uw{ul in simul abions (increase, Jan.,ok-’?i'tj

CV« Vu (t) = <V:’u (¢) Vig (°)> = ,—f‘- < 'z Vix (F) Ui«[o)) (10.94)
Cyo ()= Lyild) %ild)> = Cyy () ¢ Copyl6) + Cranlt) (10.95)
Cyy () = CC”(Q ¢ Emie) | C‘-’i‘;_) LM Kyl vi)>
- vv(0) <yt> 3ke 3keT
—~ (10.9€)
A oy it -y
Cyy (w) = fcy! () T dt . 2 [Cyy () wswl dt (10.97)
A : |
a. liquid avgon
o 9 near triple pt -
104 E 1S
2 051 < 104
U>| fon, ;Hu.g J‘my ﬁ{:" 3/1 3
(“long time +ail") 3
oo\ o .
/ i i o —.
0.5 Lo L5
J;:f:'::‘r ¢ (ps) tmo : 50 p 100
by wollisions w (em™') [1ew! =0.03 ps
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Transport Coefficients desuribe the response ({lux) elicited in a systew

by the imposition of a perturbation ( drving force) thal causes the iyiten

o depar{- {vom equilibrium,

Autocorrelation Functions describe the rafe af which sponfanecus fluctuabons
teated within o systew af equitibnum die euf with Hme.

Linear response fheony establishes relabions between autoconvelation fumchon
and trawsport coeficient in @ wpfew ol foo far from  equilibrium.

A prominent vole in  Jhese velotions s pleyed by aufoeorvelabon
#mch'ons of the -/-ype <4[f 4/0)> These appear in n’d"w‘hshlps

of the form: N~ S (+) = c/m for <A >=0
y = [ <oftgo> - / 2t Cig¢) (10.98)
: (GREEN- kuBo RELATION )

where % is o fransport coeffcient, within a wultiplicative constant.

Example

[Jt & % (¢) %f0)) = fu vy (H) V(>  (10.99)

(self- diffusivity along x-direction )

S,xx

oQ

L[ LGOS = L (,,#0,,40u) « LT(D)
. (10.100)

(Greex- kubo velation for onewraionally quermged  Self- dt’Hasivily)

R -

Equivelont 4o the expression  (26.13) s the relation:

2yt = < [of (t)- 4(0)]27 (EINSTEIN RELATION) (to.101)
holdy {Or t >> t“(' (ong times.

Example 2D, t= { [x() -« (0]'> , or Dee= £im {IxiH- xi (01> /24| (101
Lrt)- xito) ]
2Ds'£ = ..{[ (4 - Li (o)] S>,er Ds: f’m [ J— (10.103)

[Einstein CQuakion for  self- diflusiv ity )
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Interdiffusion  Coefficient, D in a binany System.

o

Green- kubo: D= !_(3‘(’“/“)) j<1‘(+)-/"(o)> 4t (lo,104
3N Dx'z PT o ~

o

G = 1okl Gibbs eneryy

N+ tofal mumber of molecules

X, = mele fraction ef species p [velr) ; oxye !:_v

JEW) = micvoscopic inferdiffusion current

JH) = X gl - % A(t) (10.105)

”~

Ny
jv [f) = Z- U; ({') = Number of molecule, X veloaty of cm/frquu: (10,106)
~ o S of species v of molecule; of Species v

Sheer Viscosity 9

00

Green - kubo: )]= kBLT {J{- < [;‘)F ({-) 03'3 [o)> , adB (.10-l07)

0

ﬁp; « mouciagowal  cowpenent of the instantaneous presire feusor

ﬁ': T'I- (% P'_‘;ﬂl:‘_& + ; ia {'P) ((ou'qr( vivial 'Huawm)

(10.108)

El'\ﬂ{fin'. 2{)1 — k_v:‘:. < (iﬂ’ [“) - f;gxp (o))z'> ('0.!09)
é

°2-f8 = '7 |Z Yia Pip (10.110)
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Thermal Concluchvity 9,

o

Green- Kubo Ir = L fd-t < Jf‘ U,) J:(°)> flo.utr )

. &
jo = % f L2 (e —<e;>)} (o.uL)
el component of the “ewemy curvent.

ol o+ L E v(rij) , energy per molecule. ciou3)
.?m,- 2 J#’

Emlein 2t )p = kelT'z { [;54 () - deu (o) )z > (10.114)

Jeu = _\‘/. Z. G (€i-<6i>) (lo.us)

As opposed 1o Ds, the propevhes D, v, and )p  are eollechie
propezker of Hhe ypilem , and wok  properkes of individue]  parbeles. Their

accuvatle 307‘!\'070"0” rtquu\'rbj much wore a:quuler Hme ((mﬂﬁi&r

MD Jimlolv'on).
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Direet caleulation of autocorrelahion fumchion Cofs (+) fom MD

o Lot 4-Tdt , dt= time infevval behoeen configurations stored on tape.

* Subshiute ensewsble averge by a fime average:

Cb{u{(‘t') = (0/{1: a({o)) LR Z. u/(ro a{(ﬁwt

rmax to
T T T T
._'_ :—— 8 :——_
%o fg’ ro" -t’lu a_ucvaaa\qa o/ 4(]'0 (rofr over Tmnx
{l me Ongms.
NOTES :
o Tuae & Trum-T. Short- bue comelabions obfainable with greafe, precisia,

Jhr/uHou of Tun. ( Sample size Limited ol l’orge ‘r)

* To fely esfmate 4he ouhie Guslt), Lewghh of simulafion wust be Jech
that G(..((f) decays over fime  Teor << Tha,

o Coy (t) values usually accumulated in parallel for all O T ¢Tey , turmgh
a double foop over stred data.

To = [, Trun [oop over cfi‘qins

T=0, min (TCor, Truh-l'e) Eoop over Hwe ivtewyals

Sum of (1) of (Tot 1)

. Spea’al wewory - Jaung technigues  auailable. (Jce Allen & Tl'{c(ejley)

Autocorrelation  fumchions by the Fost Fourier Trawsform (FFT) Method

Whew  aufocorrelation  fumctiog  a2e tequied up o Teor « Trum,
crupelabion  asioated with the double Lo of the divect wethod becoue, excesiive
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Allernotive method:
e Use FFT +{o obfiyn  Fouvier /mmﬁm 01( v{ (t) = J [w) (‘r,.,,, Log, Trun Calodlehon
e Use corvelafion theorews of Founer v‘mmﬁvm fo obtam FT. f Gy (.é) f"“' ,,f?ﬂ

(o) = L %) e

max

* Bect transfom E,,/.//w) by FFT, 4o obfain Cofof (t).

10.7. GENERAL ORGANIZATION OF A S/MULATION (ODE

Das.'gn so  that minimel information is Lest in the event of
a crash , and so that vestert can be accomplithed with
minimal  difficulty.

1/0

* Keep [ile wmanipulations fo a minivum,

o Ouipd file: instontaneoss ¥, E, P, T, ... al frequen! intennls.
Accumulated  simulafion auerages ot ewd

* Configuration file: Store configuration and accumulators of average
properkie, periedically.  (for resfart)

o Tape file: Posifions, velocities, accelerations every ~I0 steps [for
fukre analysis). Veny Lorge. Need omly be machine - readable
(coudense! )

Prograu. Struckre

* Read fprint simulakion parametens and mforueation about run.
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Set up auxiliaw parametews. Inikalize potenhial {fables, weighbor Lish.

Read in Con-figurﬂio» (ile.

Initialize properfy accumulatovs for caleulafion of averages.

Posiion  fepe file at right point {or output .

Caleulate [ print  forces Jenergy i inifial  configurakoy

BOJ) of Jimulafion (foop over Jimulafion steps)

- Move parficles

- Updafe running averages

- Print ouk instantan eous Prbpew‘i& and current averagey n
wtput file  [once even, IPRINT Steps)

- Print out detailed information on fape fle (once evewy |TAPE Jeps )
Save  current Cm#yumﬁon (once every ISAVE s¥e/»s)

Accumulofe  final averages , fluctuations , sfatishkes on num.
Close files and exit.
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