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the discussion of these relanions, and linallv chovsing whar guestions to ask for winel there are
apsvers e the discovery of such questions & wial s meant by scientific progress. Unee a “pood

crestion has boenashed (as everv scientist would agres) one 1s more than nalt the swwa to resalving

A selentillie (a3t Of course. to ask a cood question ores needs o 21 of 1eone fepresenrations with

refations betwren them o allow for such 2 questuon. Frogress and undsistandime are intinately

vedated 1o the develonent of 5 language ur the procise sense that we outhoe above.

There s of coirse o b uore 1o this. A'ftm‘ all, the masic of laoguage 12 also a1 vaesis of Botany
and Zooloey but the s cifferent, When Adam was invited by (God 1o teane the woonals lennanny

Begau ars ascendancy to o posioon of dominon over the oasts Namnig s conmr i, Faven now

amitltionde of peaple dias extreme pleasure frorm narmme plams and treez with complicated Tarm

i vames feshro that by domg so thev kuow these plants betrer and torm some knwl of ownership
* a1 orher. A moe e a pine evern! von depet call it auvilhine, and cadling it Fooocear panos does

b not add anvrhing 1o the understanding of this species of trees Vet munais Love o fascinalion

with lenswags even on this dwol and mechanistio evel. The lnguage of Soience b more powertud.,

5 sinee it offers cwhen it 1s sascossful) an ability wo predict the ouienne of vor i ed cxporimicnts.

This is deed one of the greatest prides of sclencs bringimg to pand Atheo bavarem s venrk

that “the most incormprabensible thing about the Universe is that it is comproehiensible . By the
rreative process of ur brain we develop a lanvuaee with wineh ve disewss namival phenomena,
But ocben the same boguage happens to bo so seli consistont (grommatically paorheet”) that o
1 vsue to predier results of new experiments! [he deen reason of rhis suecess eoof comrse what,
weoreesaed sbovel Lo thar the basic objects of the serenrific disconrse are the iuvariams for
vl e create eonic representanons 1 one discussion has some conscquences obour invariants.

rhese conscquences are guaranteed to agree with future observanions, sinply becanse nvarianes

Al v gl

.' W note in passing thar the deep role of a language s not lmited to the =aentife creaive
vrocess I taer ofber Helds of bunien creanvite ave alse mseked v w simmlay prodominanee of
Brnerraoe Fuery preal arnst croeatos 4 new langvage, which 13 olten nor ondersroond, ome tines
fven relocted s v otha same professionals thar exalt the slready aceopiod inginnees b presons

cuordions Meny sneh examiples sre known and i oredent memory we lnve the o cvent of

I --\;‘,r_l i des TL'.;_;,fn;p;_:,‘-‘ 39 \.;f_j{_'h Tm LrYeIsionist Al ab s d the fivst s il :{hr [RTRETEN IS lzlli',qlux_'_-'_l'

o IRk centnry aoademic arl, Pleassa’s arr is oue ol the briliant excooples of thos camure’s ever

deveopine new lanvuage of arr. whers cach period ot s ereativity took some tane to b e 1:rod
fora public thar seacred slowls o the turns and joits of Pieasso s imgsmenis creariviee, Onee s

e Prcasse dialecn was accented it was guickly halied as vzrear art’ ond vwis asosbioed to rhe

s of Tich museins and dmoottandt private colleetions. Liverarare and poctry arte langnagos

pe e e

thot wse standard Ineuzge as their vehisle, but one observes the rremendons cianees w the wav
thar this s deme over the centuries. Muste Iz a language of sonnds, nnd the vules o harinony

drleonimterpoint s gravimar Every ereative activity s Aually connectsd o the oreation of

inguaco, with miles. sell consistoney, and a cotamunicarive mbheront vatte By interae

el Bawusgs o all rhe wvriad forng that i may take, Scionce 18 sputar. DU seenee bousts
toe tntane added valne of being preciae” and belnz rightT o Being precise 12 notoing wore than

poetme th sclentife discomrss in o mathomatical appararus. au r\p 2Aral s 'lml tso=obdiv mle on

el andg ~ominoniyv ,11\_‘:—*}‘1"\0('! Tiles [.--‘}‘ng ieht i A0 ENSS MEEns specias ;~l.l.1_\< that [)1"!7\'11( OIS cat)

Voomede ard rested acam<! “obhiective res)in o tporian! (o assess now what 1s the stams

o er oal stasiareons 10 The context ol il «oeEnnne endeavonr.



D I .
2/11 '97 1p:05 -->01316062784009 Pg. 05

R SOAME HISTORICALLY SUCCESSTUL NTUMERTCAL SIMULATIONS

)

The availability of fast duifal compritels ou oo guenthy of mirmeriesl Sana e

3 - . . -SRIt R PO Sy PR
Dhencnent. has alrcady changed fovever the woy somentyhs resenrch s couduoneds Toanl ool an

1 1
enlen veters, o The v s ol

comments bo subjects of
pae phenonena nelude r.n"u‘h WO VRS ]

1.

macroscople phenoiena on the 'hun'r-m a
m’_p,iiii?;yﬁ'xw,xz'lz. in which the dvnamics of many L*v)r‘\ sveterms play a ciuciid ook T n oy
Hrsp sver noew diﬁra)vm‘\' nwade wirh the l‘.ti"lp ui a'.h{»_;lr.-u mm;_n Aters i ﬁ.e’u!

arred i the carly 1930 by Fermi, Pasta and Ulam using the newly ,f-'['\(-d‘jll‘-'l'&‘y).‘\ NEANTACH]
(1. Fenni suggoestad thaf it o.ou-.d e highly watrucrive fo arrenne

tor o judictoushy choszen. (_:jr.e-r.hru'..':m:u.xn..:_\. Tyarinonic vl o

W (h-. ST A I

ot
cowpriter i Los Amr‘:mz«.
the eguations of roiion mumer allv

mass points weakly perturbed by nontinear forces. In particular Fearnd bawd i1 vodnedl 1o iz woae
of the most widely belioved assertions of goailibrivm sratistical meo hanies. el as cginpart die

Al
Lermii. .!-w—.t;i ated P e el 0

of enevey, ereodiciny. and the Bhke. fror soine back ano ferth '
OB :.1!1‘.' 115(?;;1'&!\: the weakly ponkinear. fixed end. one dimensional chain ol oA U

b owomoipes having the Haupltonudan

ol
o N |
A
b

Q= Q- =10 and i)y and Iy ave thoe coordinate and roaonenmuns ot flie ST e ol dtag

AR
varpalt nowlireas .'-.-nlpﬁﬂ‘lj parametsr. It is 1'1;'1'Tu:':-'_tl roy dhiseties tlee peendt - Ot st
e of the normal modes coordinates 4 speciied by

The simalation. perforiped by & prog STTIHEY ol
Crtielss wirh ingnal conditions i which ondy h’»: rmu-l:ﬂm'ma] mode Ly was eacited il diven
cophrdes Ay =]

The results of the simmlafions were very surprizing, Whereas (e initial Heloro ot

of the Badamental moae was wncked mto Doy voodos vt

-

shont 1577 of 1t wdtial vadue, an bafer tane e e

i

i othe fundamental modes returne o within 3 s irs value ar t=00 Ferobo Das ost g

m ihe fndamental veduced o

fnomedingely vecognized that these resulis were siimphy astonndipg. Foero maes aqpa 1o oLt
Lo canons of statistical mechanies. which assoerl that this uontnoear svetom shonb cuhibgr

prench to equilibriin with enorgy being shared oqually ameng all e
pvenr myeve astonishing, thev seem fo invalidate Fermaly rheorem regariing

Cepens Fepmy is satd te have reraarked that these rezalis might T e une
[1=a i 0t O LR ATET.
mple of sucesssful munenionl sk ions was the discoviens ol bas-tnee ol

Avorher eapivoe
L odroaonamie svstems by Alder and Walmericht in 1967 0 As mentioned abvae o L

111

fereante s one atternpis To deseribe the morion of a b

e nuuber N of ntermeting parte b acine

and time on seales auch 'hi;';_'c b

O

Ceonrinos deseription of “wlf]" which vary in ¥

et desdes of indis idual particles, Thus instead of recording, say. the morneniig oo v
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parficls with posimien » (#1. one considers the wmomentian "feld™ Pir o ar <ome ponit ¢ i space
(SR S L

[R—

o= N RN : 1y

v

Sext one rroduces he Fouvler reprossntaiion
Eo= P Py 31

and then focuses attention oply to those k-components thar are nnich staller than the rerparticlo
distance. Such o reduced deseriprion s based on the notion of separarion of rime seales Uhe idea
15 that even a complicated svsrem thar is composed of many particleos s charactorizod, when i is
isolated rom the rest of the world, by a few conserved variables. lke the total cnerev, the toral
ot and rhe total mumber of particles. Thease quantities arc invariants. pos chateing at all
ax a mnetion of rime. Consequentiv, if one is inferosted in changes that occwr on e scales, scalos
rauel farger than the tvpieal size of a single particle. the densitios of these quantines are expedted 1o
wary verv slowly compared to molecilae wiotivn. and one then hapes that it 12 possible to construet
4 mathematical tanguage that provides a descriprion of the laree seale dvianios of the deusitios of
he conserved lields i closed form. One of the aims of Statistical Phvsics in the 50 and 60°s was
ro achieve such a deseriprion based on frst prineiplos. and on the assuption that ence the  slow”
ava on rueh stor e seades, v he

anables are taken mto account wm full, 2l the rest dec

exponentially, ard quickly gets out of the way of the large- scale long-tirne descririon that people

hoped to get. The mathemarnies seemed fine. and a major result was achisvad. Leo inicroseopic
tormulae for transport cocthicients like the viscosity and diffusion cootDicient. J he simudations of
Alder and Wadnwright indicated that there was a v in the aintment. Thev perforieed on rhie

nuputer what the theorists cannol do in their bram. thev followed The detailod dvimmices of
a el of classieal particles (hard spheresi and observed that objects thar were supposed to
leczv fast had long time tals. Thev comnpted the tirne correlation funetions of the velocirv of a
tageed particle. The correlarion decaved rapidly to zero as expected. but 1hen, almost wickecllv.
overshot zero and remained finite lor macrozconically lone tmes untdl theyv seiiod, as power faws,
o zero agam. This siinulation was the first indication that the mathomaticad laneuaee that was
developed by the statistical physicists was nor rich snough. and had to be ausmentsd. Later i
furned cut that the wavs ro enrich the theorv hiad an excitmg relovance o the dvnamios of svstems
fear the eviteal poing of phase fransitions, in which rhe asammptions of relative slownioss of the

Fonserved variables fails inoan even grander manuer. These dovelopinenats led ro the theore of
arisunical eritical phenomena. bur this s already a differenr storv, whichi s (oid i HELY Hrie oy
o Tevi-bhiocis j.’)'}

The trivial moral of this story is thar sinnletions can be verv useful. The decp moral of tie ~tory
is (il one needs to think about levels of deseription and levels of abstractions, The simutlarions of
Alder and Wainwright translated o code lines the mathematical description of classical niechan-
i it was knewn since Newton for the raorion of a hanch of particles Then it askod GUOsT NS
ahour the mathematical deseriprion on the level of hvdradynamics. the = nnimaun description t e
was atiempted by current research. [y doing so the sinudationy conld shed minsortan ekt o ce-
rewncies in the assumprions that were used m rhe developrient of the waceros P uew lempiage

1
7

3

cnd ed o improvements that closed rhe gap, This is @ good example of fhe POwer of stiint ions,
andd unforiunately it is less common than one would Like to beheve,

Another beautiful example of the abilities of numerical simulations is the Qiccovery of chnos b
siunplie dy rswical gvstems by E. Lorens ], Lovenz was trviog (¢ understand the mnathemaries of
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wealller predicuon. and constracted a rmodel weather by dnregrading o set of couplod differeniinl
equations that wore suppesed to simulated o s miple weather, His machine o Dovo ] Ve Boc, was the
bert thing rhat he could have in his offiee in 1060, He exanined the printoogrs of 1< similarions,
acd devised & primtive pr aphic outpur of one of the variabios as a fnction of fine One day in
die winter of 19'51' WaAQLng to examine one seouence of sreater lr‘-n”rl‘ Levonz took o shorteal
lustead of starting the whole run over, he started midway throngh. tvpiug the numbers G initial
condivions straight from au carlier outpul. I'o his surprise, rhe resulting orbit divernod vapidly
frome the printed version of the earlicr run, Lf)r(‘n/ il‘mm‘cllnnﬂv grasped ihe reasan. In the

COMLPITED R tnemery. st decimal places vore storad: LBO6127. O rthe printoat, ro soee Slanen, Jrst

oo

three appearcd: 306, Lovenz had enfered the r(:nnu‘lezzl-«:xﬂ um‘ erE, assmie thar the differonee
= ONC part inoa thousand - was inconsequentisl, Tlhis was the ciscovery of the hntterflv offoct
and of seusitivity to initial conditions in chaotic vatems. After choe later domonsrration of metric
universality in the period doubling scenario doese Tibing the wnsel of chaos by Peigrnbanmn, the

road openad to an avalanche of matherastical and phvsical progress in understanding chaos i
mamical svatems _

Let vz analvze why these examnples were so successful. In the frs
fect o assused facrs T srned

Eorwo casss one asked he
COTGRULCT TO integrare presuraably correer CQUATIONS (0 ASSCSS gaser
oue feat these facts were only teged farts, sued new thinking was called for. In T thired example
the model equations were probably icre arbitvars. but there was o QENCXIC PRONOIIOION T e
discovered, s PRCDOIENGn Lhat eviety M Ay dynanmical svstemn that Jisplavs chaorie Behavionr,
and L was thereiore less erueial to bo gin with veorrect” cenaticns. None of thien stmnhad fens il
what iz beocining more common these cdayve, which s asking questions alang (he specttic hodivionr
t

w1 Yuade up modaols: no amount of Taney comprifer graphics may save such sinndations o Bedng

ldghly questionalbie, nud we tuin next to disciss these haues

MODELY, THEORILS. ANT UNIVER SALITY

T bl appried seiences it is very CUSTOIrY 10 constract wiodels which are endowed wirl, cnengh
Patntters 1o be able to fit a particular sitnation with the alm of canstytietine » doviee, & trzehine
G STTUCEES That can operare successhy Iy under the condirions thar the mende! DOrTains te, | s

s puportant that the modal were right™ in the deep sense. and the decisive criverion is whothor

stul constraction ol the said deviee. Iy the findamental

i provides cnough coustraings or a succes
SCrEnCee O1E s Tnore ambitious: the professed sim is to provide a theory rlod savs sornethiie correed
cheest rhe worid,
Lel us rake an ‘,\d,'lpli-‘ to underline the difference. & DUEPOse Thal we wand o dirive o (prations of
ol

Lo one fnat

escribe the dynamics of a given physical systern. If (hese SGUATICNS are no Cialiloa
the equat

Hecariant or. i other words, if ions fail to describe the correer dyvnarmides i we pur the

plhysicol svaiem on @ tran that is [ovings

5
—

with a [xed veloeity, we sav 1har r}u‘ SORLITiGNS e
el oven stupid. Lo applications ope ma yobe less dananding, T we ofer an oneineer o prded
thet worke ae long as the avsrom is nos put om e wrain. aud W the applicarion does g e
ches Systen ©o ever be put ona train, the enginecr may be satisficd with sneh o headed N b
Y“,x-"‘.";‘ii’}e.' sUppose that we have & hamiltonian svstorn and we wrirs iis cauations of nerion 0
SRESY 2iaibms do not have a stinplectie srraer e, we say that the EGUations ave WEGTLL eveq) it

ooy can be Hs approximately to the dvnarics of the systens in some lhnited rAnge of et ers,
Lo viber words, in the [undamental sciences one learned to respect findoinenral svnunelres

o and one demands absoluis adhercuce 1o g OMeE roquiremmeni s of carroetiess,

Tisene oneeal requirements have bean turned nto a powerful maching in (he physical soimin on g

feldie)
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tachine that provides ~corract” mordels tnat work because they have Lo, There are many cxamples.
and T chose one from the work of the French school of pattern devnamies, lod rheoretically by P
Comllet The example pertaine to Ravieiph-Benard convection experiment with a stafic spal jallv
peviodic forcing. achieved by adding regutar arvavs of small bumps o borh the upper and lower
5], 1t was discoverod that above the conveetion thiestiald rhe spa il

plates of the convecrion coll
vertical as in nsual conveerion, but tilted either to the left or (o the vight, madkong an sngie £ with
(he versical line, When furthor increasing the Ravicigh number, the svstom reachos tune-dependent
recimaos characterized by an oscillation of the divection of the ho i carrend arowed T neaa

forciug gave rise to a paritv-svmmetry-breaking steady state. The heat currents ave no loguer

{ilted nesiticn. o the eve. the ohaarved pattorns are rather complex awd tre dependens.

Obrciousiv ome can develop u mwodel for such a phenomenmm by weiting the cguations of iluid
mechanies. trving to solve for the post-threshold dynamics. sarisfring rarher nupleasant non-
vniforrn boundary conditiems. But we have leamced to do this difforenrlv, One chaerves that the

deseription of hoth paritv fransition and the breaking of the time translaticual svioerry o gne

rise

.t oscillations) raquires two order parametors 4 and L5 slowly varving vwarh vespect To epace
and time The tilt angle # should then be expressed in renins of 4 and L

N

Ol rv= Mo )= R DL fieh
The tune evalntion eqnarions for .1 and B can h« 1. be derived trom svnnerey consderations.
T globat ipvarianes of 1 e <r':t of solutions with respect to parity {0 — —1. 4 — #aud e
cpanslarien (== L=t raplies ihat the equations are variant under the foliowme trans Tt fols

Pt e A A B B

Sawarminge that the rwo order paramesters ave of the saine order of magiuruee leads o cpations of

[ERLE B

i SR

- -, c

h— 74 ._)'*_‘

% S

PR (:'i3

A -
ot oy

shere the cooticienrs in the first and second squations are veal and cownplex vespoctnely. The
Comerien) simutations of these equetions, afier a caremd cholce ol the numerical valies or the
conflicients. agresd very well with the experunental images 3|

W neate that this wav of deriving a nodel is not free of assurmptions. For cne thing, one assiuned
thar a series expansion in the mavnitude of the amphiudes of vhe vrder paranctory A and 1 aad
Fhcir eradients copverges. This 15 not guaranteed, and e overy case calls tor carefiul veasonng,

Alan o fall rvederstanding™ of the ph calls alzo tor dernauen (frovg fesr priseiplest oi the

mnnerical value of the coefiicient t.‘ arin Lhis approach tan be onby Dited by comparison wirh the
cvnerimental results, Noeverrheless, 1 boljove that thls rancom exargie 1= o convineing remindoer
ot the namense power of using svimmestries, or Ipvariances, to write down vaodols tnal are brcly to

~the correer answoers. because in some desp sonse Chey fave a good charee to Do vighr, Give we
wiite Jown @l the rerms that are allowed by symrmonry, and comvergencs 1= gnarvaecd by =ome
dorn pescon The equations o f wmction ahove wiest reveal the observed ‘\‘lldul_.(_'“ osone corner

the parameter space. If thev did not it would only signal that we g1ther plew a4 sviumerey. o)

mareew Ay order parameter, or that Lor some reasow one of the order paranieters woere wach smatler
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than the orher. Otherwise we wiots dowr s mede! that is in fact a theory which can be et od
W) 4"1(5';2’.-!:' I
This de

Crinical phenomena related 1o second ordsr phase transitions are o cu-o n potnt. 1o the degree

PO FesnTs

leay reac hies it unmost He 'Wﬂlh. N fiose situationa Whent s wniversal behaoy g T XISt s,

that the cnrest exponents depend saly on the dinension of the svesten, i svirerries. aad the
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