
Report on the workshop�Numeri
al methods in mole
ular simulation�(7-11 april 2008, Bonn, Germany)
April 22, 20081 Summary1.1 Organizational detailsThe workshop took pla
e in Bonn, in the framework of the HIM Junior Hausdor� SemesterProgram, from 7th April to 11th April. See the webpage:http ://
ermi
s.enp
.fr/∼stoltz/Bonn/workshop.htmlIt was organized by:

• Frédéri
 Legoll(2,3),
• Tony Lelièvre(1,3),
• Mathias Rousset4,
• Gabriel Stoltz(1,3).with the following institutional a�liations:
• (1) CERMICS, E
ole Nationale des Ponts et Chaussées, 6 et 8 av. Blaise Pas
al, 77455Marne la Vallée, FRANCE.
• (2) LAMI, E
ole Nationale des Ponts et Chaussées, 6 et 8 av. Blaise Pas
al, 77455Marne la Vallée, FRANCE.
• (3) INRIA Ro
quen
ourt, Mi
Ma
 proje
t-team, B.P. 105, 78153 Le Chesnay, FRANCE.
• (4) INRIA Lille Nord-Europe, Simpaf proje
t-team, Par
 S
ienti�que de la Haute Borne40, avenue Halley bat. A, Park Plaza 59650 Villeneuve d'As
q, FRANCE.
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1.2 S
ienti�
 programThe purpose of the workshop was to study numeri
al questions raised by mole
ular dynami
ssimulations. Su
h simulations represent today a huge part of the CPU time used by s
ientistsbut this �eld has not yet been 
overed a lot by numeri
al analysts and experts in s
ienti�
 
om-puting. These simulations are related to many unexplored and interesting topi
s in numeri
alanalysis and s
ienti�
 
omputing.The workshop 
onsisted in four le
tures and sixteen 
ontributed talks. The le
tures weregiven by:
• Wim Briels: Coarse graining of soft matter systems,
• Pierre Del Moral: Parti
le Rare Event Sto
hasti
 Simulation Methods,
• Arnaud Guillin: Long time behavior of Markov pro
esses: Various approa
hes,
• Raz Kupfermann: Averaging and 
oarse-graining: the mathemati
s of modeling.1.3 S
ienti�
 
ontent and a
hievementsDuring this workshop, the following topi
s have been 
overed:
• Numeri
al and theoreti
al analysis of sampling algorithms,
• Model redu
tion and e�e
tive dynami
s,
• Monte-Carlo methods for quantum 
hemistry,
• Free energy 
omputation.One of the main a
hievement of this workshop was to bring together people from various
ommunities, ranging from mathemati
s to 
omputational biology, in
luding numeri
al anal-ysis, mathemati
al physi
s and 
hemistry. Many students attended the workshop and had theopportunity to learn from this mixed program.1.4 Funding of the workshopThe workshop was hosted by the Hausdor� Institute for Resear
h. This institution paid forlo
al expenses (hotel and per diem) for all parti
ipants, and the travel expenses for the fourle
turers listed in se
tion 1.2. We asked for a ESF grant of 9500 euros to 
over the travelexpenses of the other parti
ipants. The funding of the ESF is a
knowledged on the workshopwebpage, and was also a
knowledged on the printed program given to ea
h parti
ipant.
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2 Des
ription of the s
ienti�
 
ontent of and dis
ussion at theevent2.1 Numeri
al and theoreti
al analysis of sampling algorithmsMany problems in mole
ular dynami
s 
onsist in 
omputing the average of some fun
tionalwith respe
t to a probability measure in a high-dimensional spa
e. Monte Carlo methods arethe method of 
hoi
e, and parti
ularly Markov Chain Monte Carlo methods whi
h are based onsto
hasti
 perturbations of deterministi
 mole
ular dynami
s. The le
ture of Arnaud Guillinreviewed the mathemati
al te
hniques that 
an be used to measure the 
onvergen
e rate ofthe above sampling te
hniques.The sampling e�
ien
y is however usually limited by some metastability in the dynami
s.The system typi
ally spends a lot of time in one metastable state, before hopping to another,and the interesting part of the dynami
s is this rare event. For example, the di�eren
e offree energy between these two states is an important quantity to 
ompute, sin
e it is relatedto the likelihood of these states. Cosmin Marini
a presented one method to over
ome su
hmetastabilities, and its appli
ation to the 
ase of interstitial atoms in metals.More generally, Pierre Del Moral, in his le
ture, introdu
ed a general mathemati
al frame-work to improve straightforward sampling strategies by sele
ting several repli
as of a samesystem, simulated syn
hronously in parallel. A possible appli
ation is simulated annealing,for whi
h Andreas Eberle presented re
ent re�ned mathemati
al 
onvergen
e results.Finally, Aline Kurtzmann dis
ussed the 
onvergen
e of some self avoiding random walks.This seems to be a 
onvenient mathemati
al framework for proving the 
onvergen
e of someadaptive methods to 
ompute free energy di�eren
es.2.2 Model redu
tion and e�e
tive dynami
sOne di�
ulty in mole
ular simulation is the presen
e of a large spe
trum of time and spa
es
ales. Two le
tures were devoted to model redu
tion and e�e
tive dynami
s, as well as many
ontributed talks. To 
lassify the numerous 
ontributions, it is 
onvenient to distinguishbetween equilibrium properties (le
ture by Wim Briel, talks by Markos Katsoulakis and Dim-itrios Tsagkarogiannis) and dynami
s or dynami
al properties (le
ture by Raz Kupferman andtalks by Carsten Hartmann, Cedri
 Bernardin, Greg Pavliotis and Stephan De Bievre).Another interesting distin
tion is whether the e�e
tive properties are re
overed throughsome time s
ale separation (typi
ally, slow vs. fast times) or through some thermodynami
limit (when the number of parti
les goes to in�nity).Two prototypi
al appli
ations were 
onsidered in many talks: 
oarse graining of polymer
hains, and redu
tion of the number of degrees of freedom for heat baths. Polymer 
hains aretypi
ally long and 
ompli
ated mole
ules, whi
h are 
omputationally expensive to simulate.It is interesting to have some redu
ed des
ription of the (non newtonian) polymeri
 �uidsby resorting to some dumbbell model where a polymer is viewed as a 
hain of 'blobs', ea
h'blob' standing for a portion of the 
hain. The aim of the 
oarse graining pro
edure is topropose a reasonable intera
tion between the blobs. Heat baths des
ribed by a 
olle
tion ofdeterministi
 os
illators are another interesting example. Su
h models are interesting to derive
onstant temperature dynami
s from deterministi
 systems.
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2.3 Monte Carlo for quantum 
hemistryThe Di�usion Monte Carlo (DMC) method is a sto
hasti
 method to estimate the ground stateenergy E0 of a N -body S
hrödinger hamiltonian H = −

1

2
∆+V with high a

ura
y. It 
onsistsin writing E0 as the long-time limit of an expe
tation value of a drift-di�usion pro
ess witha sour
e term, and in numeri
ally simulating this pro
ess by means of a 
olle
tion of randomwalkers with some intera
ting sele
tion me
hanism. As for a number of sto
hasti
 methods,a DMC 
al
ulation makes use of an importan
e sampling fun
tion ψI whi
h is used as a driftpotential in the random walkers motion, and hopefully approximates some ground state ψ0 of

H. In the fermioni
 
ase, the DMC method is biased, ex
ept in the spe
ial 
ase when thenodal surfa
es (the zeros) of ψI 
oin
ide with those of a ground state of H (Fixed NodeApproximation (FNA)). The mathemati
al analysis of the FNA has been presented by Ben-jamin Jourdain, as well as a 
areful numeri
al analysis of a ben
hmark one dimensional system.Roland Assaraf 
omplemented this talk by presenting a new method to 
ompute energy deriva-tives (hen
e, linear response properties), whi
h were until now plagued by statisti
al errors.Finally, Sylvain Maire presented another appli
ation of the above mentioned strategies to
ompute ground state energies in a di�erent 
ontext.2.4 Free energy 
omputationFor systems in the 
anoni
al ensemble, many methods exist to 
ompute free energy di�eren
esbetween two metastable states indexed by a rea
tion 
oordinate. One 
an roughly distin-guish between four 
lasses of method : thermodynami
 integration (whi
h uses 
onstraineddynami
s and homogeneous Markov pro
esses), perturbation methods (whi
h are basi
allyimportan
e sampling methods), out of equilibrium dynami
s (like the Jarzynski method, typ-i
ally based on non-homogeneous Markov pro
esses) and adaptive methods (like the WangLandau method, adaptive biasing for
e method, metadynami
s, typi
ally based on non-linearMarkov pro
esses). Many questions are raised by these methods and their dis
retizations.Manuel Athènes presented new path sampling te
hniques to enhan
e the a

ura
y ofJarzynski like methods. Volodymyr Babin and Chris Chipot des
ribed new appli
ations ofadaptive biasing methods in mole
ular biology. Finally, Paul Fleurat-Lessard 
ompared theresults obtained on a simple ben
hmark system with di�erent parametrizations of a thermo-dynami
 transformation.

4



3 Assessment of the results and impa
t of the event on thefuture dire
tion of the �eldThis workshop was the opportunity for applied s
ientists (be they physi
ists, biologists or
hemists) to learn how mathemati
ians assess the quality of some modeling assumption ordynami
s. The applied mathemati
ians, on the other hand, were 
onfronted to new and
hallenging problems, whi
h were presented in a pedagogi
al manner. The intera
tions thatgrew out of the workshop led to the following resear
h tra
ks:
• Many te
hniques are now available to perform e�
ient model redu
tions at equilibrium.In parti
ular, the error related to the approximation of e�e
tive hamiltonian by two-body potentials 
an now be assessed. This give a rationale for a systemati
 derivation of
oarse-grained potentials for 
omplex systems su
h as biologi
al mole
ules and polymers.
• On the other hand, ex
ept in spe
ial 
ases where a 
lear separation of s
ales is arti�
iallyintrodu
ed, most remains to be done on the redu
tion of dynami
s. In parti
ular, nosystemati
 study of 
losure approximations on the dynami
s has been undertaken. Thisis a very relevant subje
t for future resear
h.
• In mole
ular dynami
s, pra
ti
ionners are not used to simulating many repli
as of thesame system in parallel, and to use information ex
hange to a

elerate the 
onvergen
e ofthe algorithms. There are now plenty of te
hniques whi
h have proven their e�
ien
y for
omplex Monte Carlo 
omputations, espe
ially in quantum 
hemistry. In parti
ular, itwould be interesting to apply these te
hniques for free energy 
omputations and 
oarse-graining.
• To study the 
onvergen
e of sto
hasti
 dynami
al systems to equilibrium, many methodsexist, but they are in general not able to distinguish between lo
al e�e
ts and globalproperties. For example, te
hniques based on fun
tional inequalities lead to boundswhi
h only rely on the properties of the sampled potential outside a bounded set of the
on�guration spa
e. This is 
learly not su�
ient to obtain sharp results, espe
ially tounderstand metastability. Te
hniques to obtain estimates using lo
al properties of thesampled measure need to be developed.

5



4 Final program of the meeting and parti
ipants listTable 1: Parti
ipants listParti
ipant Institution CountryBenedi
te Aguer Laboratoire Painleve et INRIA, Villeneuve d'As
q Fran
eRoland Assaraf Laboratoire de Chimie Théorique, Paris 6 Fran
eManuel Athènes CEA Sa
lay Fran
eVolodymyr Babin Dpt of Physi
s, North Carolina State University USACedri
 Bernardin UMPA, ENS Lyon Fran
eWim Briels University of Twente The NetherlandsChristophe Chipot Université Henri Poin
aré, Nan
y Fran
eIsmaïla Dabo CERMICS - ENPC Fran
eStephan De Bièvre Université de Lille Fran
ePierre Del Moral INRIA Bordeaux Fran
eAndreas Eberle Universität Bonn GermanyPaul Fleurat-Lessard Laboratoire de Chimie, ENS Lyon Fran
eArnaud Guillin Université de Marseille Fran
eCarsten Hartmann Institut für Mathematik, Freie Universität Berlin GermanyBenjamin Jourdain CERMICS - ENPC Fran
eMarkos Katsoulakis Dpt of Mathemati
s and Statisti
s, U. Massu
hussetts USARaz Kupferman Institute of Mathemati
s, The Hebrew University IsraelAline Kurtzmann Mathemati
al Institute, Oxford UKFrédéri
 Legoll LAMI - ENPC Fran
eTony Lelièvre CERMICS - ENPC Fran
eSylvain Maire Université du sud Toulon-Var Fran
eCosmin Marini
a CEA Sa
lay Fran
eKimiya Minoukadeh CERMICS - ENPC Fran
eAndrei Osipov Institute of Mathemati
s, The Hebrew University IsraelGreg Pavliotis Department of Mathemati
s, Imperial College UKMathias Rousset INRIA Lille Fran
eRaphaël Roux CERMICS - ENPC Fran
eGabriel Stoltz CERMICS - ENPC and IMPMC, Paris 6 Fran
eDimitrios Tsagkarogiannis MPI Leipzig Germany
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Table 2: Final programMonday09:30-10:30 Wel
ome and 
o�ee10:30-11:00 Opening remarks11:00-12:30 Wim BrielsCoarse graining of soft matter systems12:30-14:00 Lun
h14:00-15:30 Arnaud GuillinLong time behavior of Markov pro
esses: Various approa
hes15:30-16:00 Co�ee break16:00-16:45 Chris ChipotRea
tion 
oordinates versus order parameters in free energy 
al
ulations16:45-17:30 Aline KurtzmannSelf-intera
ting di�usions18:30-20:00 Wine and bretzel re
eption at HIM
Tuesday09:00-10:30 Wim BrielsCoarse graining of soft matter systems (2)10:30-11:00 Co�ee break11:00-11:45 Cosmin Marini
aStability and mobility of small interstitials 
lusters in iron11:45-12:30 Paul Fleurat-LessardA 
hemist view on rea
tion path12:30-14:00 Lun
h14:00-15:30 Arnaud GuillinLong time behavior of Markov pro
esses: Various approa
hes (2)15:30-16:00 Co�ee break16:00-16:45 Volodymyr BabinAdaptively Biased Mole
ular Dynami
s for Free Energy Cal
ulations16:45-17:30 Manuel AthènesMapping equilibrium and non-equilibrium entropy lands
apes from path-sampling
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Wednesday09:00-10:30 Pierre Del MoralParti
le Rare Event Sto
hasti
 Simulation Methods10:30-11:00 Co�ee break11:00-11:45 Benjamin JourdainNumeri
al analysis of the QMC method in a simple 
ase11:45-12:30 Roland AssarafToward an exa
t 
al
ulation of energy derivatives in Di�usion Monte Carlo12:30-14:00 Lun
h14:00-15:30 Raz KupfermanAveraging and 
oarse-graining: the mathemati
s of modeling15:30-16:00 Co�ee break16:00-16:45 Sylvain MaireA Monte Carlo method to 
ompute prin
ipal eigenelements of some linear operators16:45-17:30 Andreas EberleQuantitative approximations of evolving probability measuresThursday09:15-10:45 Pierre Del MoralParti
le Rare Event Sto
hasti
 Simulation Methods (2)10:45-11:00 Co�ee break11:00-11:45 Carsten HartmannModel redu
tion for partially-observed sto
hasti
 di�erential equations11:45-12:30 Markos KatsoulakisCoarse-graining and re
onstru
tion for many-parti
le sto
hasti
 systems12:30-14:00 Lun
h14:00-15:30 Raz KupfermannAveraging and 
oarse-graining: the mathemati
s of modeling (2)15:30-16:00 Co�ee break16:00-16:45 Dimitrios TsagkarogiannisRe
onstru
tion s
hemes for 
oarse-grained models20:00-22:00 Conferen
e dinnerFriday09:00-09:45 Cedri
 BernardinFourier law for Hamiltonian mi
ros
opi
 dynami
s perturbed by a 
onservative noise10:00-10:45 Greg PavliotisFrom ballisti
 to di�usive motion in periodi
 potentials10:30-11:00 Co�ee break11:00-11:45 Stephan De BievreMotion through an os
illator 
hain: di�usion and linear response11:45-12:00 Closing remarks 8


