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ABSTRACT

Substantialevidenceshaws galaxy evolution is directly in uenced by gravitational interactionsbetween
galaxies. To further the understandingf this processwe have constructedan “automaticgalaxy collision'
code,which megesarestricted3-bodygalaxyinteractioncodewith a geneticalgorithmanda patternmatch-
ing routine. Using the interactingpair NGC 7714/7715(Arp 284) to testour program,we have identi ed
several differentmethodsof interaction,as well as estimatesf the uncertaintiesn the interactionparame-
ters. The resultsof thesetestrunsandthe effectivenessof the automaticcodeare comparedo two previous

non-automatethteractionmodels.

Subjectheadings.galaxies:individual (NGC 7714/7715) galaxies:interactions methods:restricted3-body
simulations- galaxies:kinematicsanddynamics

1. INTRODUCTION

Thereis considerablesvidenceto shaov that galaxy evo-
lution is directly in uenced by galaxy interactions. Com-
putersimulationsshow thatinteractionsanproduceidal tails
and bridges(Toomre& Toomre1972), increasestar forma-
tion rates(Kennicuttet al. 1987; Bushouseet al. 1988; Bar
ton Gillespieet al. 2003),andtriggerthe formationof young
superstarclusters(Holtzmanetal. 1992,1996; Whitmoreet
al. 1993).Consequentlydynamicmodelingof theinteracting
galaxieshasbecomebasicto understandingheseprocesses.
Detailedmodelsof galaxy interactionscan provide reliable
information on the interactionparametersf the two galax-
ies, the time since closestapproach and the history of gas
compressionn differentregions. Computersimulationscan
alsoprovide predictionsof the distribution of starformation,
which can be comparedo obsenational resultsto estimate
the effects of compressiorstrength,duration,and otherfac-
tors(e.g.,Struck& Smith2003).

The rst modelsby Toomre& Toomre(1972)usedasimple
restricted3-bodycode. Thesewerefollowed by full N-body
codegNoguchil987;Barnesl 988),and,morerecently mod-
elsincludinggashydrodynamicsstarformation,andheating
of the interstellargas (e.g., Struck 1997). However, a ma-
jor problemremains. In orderto nd a likely modelfor a
particularsystem,a seriesof runs mustbe done. Eachrun,
however, containgparameterthatmustbevariedby handun-
til amodelis producedhatmatcheghe obseredappearance
of the galaxies,with a goodmatchbeingdeterminedy eye.
Not only is thisavery subjectve processhut therequirement
of humaninterventionin selectingnew parametergor a sin-
gle systemis very time-consuming.n addition, this method
provideslittle informationabouttheuncertaintyin theparam-
etersor the uniqguenes®f the model, as more than one set
of parametersnay yield modelsthat matchthe real system
equallywell.

In responsewe createdthe Automatic Galaxy Collision
(AGC) code(Smithetal. 2008). Detailsof the codearegiven
in thatpaperwebrie y summarizéhere.Thiscodecombines
a standardrestricted3-bodyinteractioncode (Wallin 1990),
thepublicly-availablegeneticalgorithmcodePIKAIA (Char
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bonneaw’ Knapp1995),andour own pattern-matchingt-
nesscodeto determinehow a modelandthe actualinterac-
tion compare.The AGC coderunsa large numberof galaxy
interactionsimulationswith randomlyselectednteractionpa-
rameters.It thenusesthe pattern-matchingoutineto deter
mine how well eachmodel ts the obsenationsof the galaxy
system. This comparisorbetweenthe modeland the actual
interactionis returnedo theuserasthe™ tness,; ameasuref
how well themodel ts thedata.Basedonthe tnessescalcu-
latedfor the rst generatiorof models,it thenrunsa second
generatiorof modelsusingparameterérom the rst genera-
tion asa guide,exceptwith slight changeghatwill make the
parametersloserto thoseof therealsystem.Overasetnum-
ber of generationsthis processproducesa group of models
with parameter@nd characteristicsnuch closerto thoseof
the obsenred systemthan the onesoriginally chosenat ran-
domin the rst generation.

As a geneticalgorithm, PIKAIA employs the principle of
naturalselectionwhereby’ tter' individualsare morelikely
to passon their characteristicso succeedinggenerations.
Whentwo individuals(galaxies)are "bred, their geneticma-
terial (interaction parametersjs combinedand sometimes
mutated,resultingin a new generationwith characteristics
similar but not identical to their “parents. When repeated
oversuccessie generationghis procesirtually ensuresm-
provementin thelevel of * tness, althoughit doesnotguaran-
teeabsolutemaximizationof this tness level (Charbonneau
& Knapp1995). By usingmultiple runswith differentinitial
conditions the questionof uniquenessanbeinvesticated.

Theoriginal PIKAIA codewascorvertedto a parallelcode
by Metcalfe (2001). The ComputerScienceDepartmentat
EastTennesse&tate University then re-engineeredParallel
PIKAIA asa library of Fortran 90 routinesthat can be ac-
cessedy aseparatelgompiled,usersuppliedprogram.This
allows for the ability to executemoresimulationsin a shorter
time period,andthe optionto increasehe numberof param-
etersbeingevolved.

The Wallin galaxy interactioncodeis a restricted3-body
program.In generalfo nd adetailedt toaparticulargalaxy
systemijt is bestto rst narrav down parametespaceby ini-
tially tting with arestricted3-bodycodeto getapproximate
parametersTheseparametersanthenbe usedasinitial best
guesse$or a morecomplex N-body code,a methodthatwas
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TABLE 1
BEST FIT PARAMETERS FROM AGC RUNS

Run u A i ! Fmin ® BestStep Fitness
OINGINOING ) ©

5-23-07 41 228 53 273 0.189 225 91.6 39 0.677

6-11-07 38 196 77 280 0.382 20.3 83.0 47 0.770

6-21-07 327 236 46 77 0.566 145 295.9 39 0.692

7-16-07 166 178 164 115 0.158 22.3 371.6 34 0.681

7-25-0% 17 49 67 55 0.617 27.0 3165 41 0.689

qrmin waslimited from 0 to 2, whereast is normally0 to 10

usedby Struck& Smith (2003). Typically, N-body codesrun
muchslower thanrestricted3-body codes,makingit impos-
sible to explore muchof parametespacewith them. Thus,
for automaticgalaxy interactionmodeling,usinga restricted
3-body codefor initial parameterspaceestimationis more
feasiblefor a rst trial.

TheParallelAutomaticGalaxyCollision (PAGC) codecon-
tains a total of 44 variableparameters 24 from the Wallin
interactioncode, 11 from the PIKAIA routine, and another
9 from our pattern-matchingoutine. Someof theseparam-
eters,suchasthe numberof generationsaandthe numberof
individualspergenerationaresetby the useratthebeginning
of eachrun andarenot changed.

2. CURRENTWORK

In the currentwork, we testthe PAGC codeby varying 7
of the parameterandkeepingthe others x ed. Theseseven
parameterinclude: rmin, theradiusof minimumapproachj,
theinclination of the encounter} , the amgumentof periapse
of the encounteru and A, the orientationof the companion
galaxy's disk with respecto that of the main galaxy; and®
and , theviewing anglesof the simulation(Smith& Wallin
1992).We investicatetheresultsfrom aseriesof 5 runsusing
theinteractinggalaxy pair NCG 7714/7715Arp 284)shavn
in Figure1. This well-studiedsystemhasbeenpreviously
modeledwith arestricted3-bodycode(Smith& Wallin 1992)
aswell asby an SPH codeand an N-body code (Struck &
Smith2003). Someimportantaspectf this interactionthat
will be comparedo the modelresultsarethe bridgeconnect-
ing NGC 7714and7715,thethreeNGC 7714tails,theNGC
7715tail, andthe NGC 7714ring on the easterrside of the
galaxy In 83we presentheresultsof the ve PAGCrunsthat
have beencompletedandin 84 we analyzethe peculiarities
of themodelsandcompareour resultsto the previousmodels
(Smith & Wallin 1992; Struck & Smith 2003). 85 provides
a brief summaryand analyzesvaysthat we can make these
modelsbetterin termsof futurework.

3. MODEL RESULTS

Eachof therunsdonewith the PAGC codeconsistedf 192
generationwith 120 individuals per generationwhich pro-
ducesa total of 23,040actualmodels. Also, eachof these
modelsconsistsof 47 time stepscorrespondingo the pro-
gressionof the interaction. Only the initial randomseed
thatis suppliedby the useris changedfrom one run to the
next, as well as the last run (7-25-07) having a more re-
strictedrmin?: 0-2insteadf theusual0-10. Theprimarydisk
(NGC 7714)consistedf 14,000particleswhile the compan-
ion (NGC7715)had7,000particles.Theseunsweredoneon

2 I'min is in unitsof the primary disk's diameter

FIG. 1.— Arp (1966)Atlas photographof NGC 7714/7715.Up is north
while eastis to the left. NGC 7714is the larger galaxy to the west, while
NGC 7715is the elongatedgalaxyto the east. The®eld of view is 50 x 3%.

aclusterof 3 Dell Linux computerswhereeachcomputethad
a singledual-core3.6 GHz processorwith this 6-coresetup,
theserunstook %210 full daysto complete.

In Table1, onecanseetheresultsof the verunsthathave
beendone. The tness valueis calculatedfrom our pattern-
matchingroutineandindicateshowv well amodel ts theac-
tual interactingpair. Run2 - with a tness of 0.770- is the
highesttness of arny runthathasbeendone.Most noticeable
is thevariationbetweerparameterdyut while still beingable
to producegoodmodels.

In Figure2, we seethe Generatiorvs. Fitnessgraphspro-
ducedfrom the PIKAIA algorithm.Eachgeneratioris runin
consecutie order with the parametergrom one generation
servingasafoundationfor the parameterén the next. As we
would then expect, the rst generatiorhasthe lowest aver
age tness of all the generationsAnd asthe run progresses,
the tnessincreasesHowever, astherun continuesthemod-
elsseemto stopevolving - anindicationthat eitherthe code
hasreachedhebest- t modelpossibleor hasreachedalocal
minimum. Alternatively, the codemay beinef cient in nd-
ing better t models. This trendis shavn in the long, dark
barsat the top of eachplot. Theseplotsarediscussedurther
in 84.6.

In Figure3, we seethe actualplotsfor eachrun, wherethe
perspectie is looking at the two galaxiesfrom Earth; these
plotsshouldbe comparableo the Arp imagein Figurel.

We can seefrom Table 1 that runs 5-23-07 and 6-11-07
sharerathersimilar interactionangles. Yet whenwe look at
their plots in Figure 3, several differencesbecomeolvious,
suchasthe NGC 7715tail. This comparisonshovs how a
slightvariationin the parametersanproducea modelvisibly
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FIG. 2.— Herewe presenthe Generatiorv. Fitnessplot for eachof the
5 PAGC runs. Thelong, dark barsat the top of eachplot arerepresentatie
of the programobtainingthe best®t modelpossible,or hasreacheda local
minimum.

differentfrom another Also of interestis that even though
eachmodellooks differentfrom the others,the programall
thoughtthesewerethe bestmodelsfrom eachof theirrespec-
tiveruns.

4. DISCUSSION
4.1. Possibility of Mirror Images

Whenwe look attheplotsproducedn Figure3, we seethat
they all resemblehe actualcollision seenin Figure 1, espe-
cially given someexpectedvariationamongparametersBut
theresultsin Tablel seemto tell adifferentstory Runs5-23-
07 and 6-11-07 both have similar parametershowever, the
next run, 6-21-07,shavs somesigni cant differencespartic-
ularlyin y, !, and . Thelastrun, 7-25-07,hasparameters
similar to thoseof 6-21-07 exceptthatp andA aredifferent.

In Figure 4 we seea comparisorbetween5-23-07and 6-
21-07,from the perspectie of looking at theinteractionfrom
theside(assumingafaceon view from Earth).

With theseplots,we canseethatin 5-23-07the companion
galaxy (NGC 7715)is fartheraway from us comparedo the
main galaxy; however, in 6-21-07,the companiorlies closer
Also, whenarun is donewith the 6-21-07parameters ex-
ceptwith — -180F,! +1807, andu-180F - we produceamodel
verysimilarto 5-23-07.Sincethesehreeanglegranslaténto
viewing angleswe shav that6-21-07is really amirrorimage

FIG. 3.— Thesearetheplotsfor eachof the®veruns.Perspectieis looking
at the galaxiesfrom Earth. The blue particlesare blue shifted, whereashe
red particlesarered shifted. Eachof the plots presentedererepresentshe
bestof the 23,040modelsfor eachof theirrespectre runs.

FIG. 4.— Hereis a sideview comparisorwith 5-23-07 on the left and
6-21-07ontheright. If we wereto seethisinteractionfrom Earth,we would
be on the left side of the pagelooking to the right. Both plots are of time
step47 from their respectie runs. We canseethatin 5-23-07,NGC 7715is
fartheraway from usthanin 6-21-07,andvice versa. However, this cannot
bedeterminedrom thefaceon view in Figure3.

of 5-23-07(and6-11-07§. However, we areunableto deter
mine obsenrationally which imageis the actualimage. Ac-
cordingto PIKAIA, they areboth equally plausiblemodels.

3 This mirror ‘imagenesstelatesonly to the generallocation of the two
galaxies;®netuning of the parametersanbe doneto give modelsthatmore
closelyresembleachother
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Thesetwo modelsarenot perfectre ections, however. Note
thedifferencesn the 3-dimensionalocationsof thetails and
thedifferentinclinationsof thedisks.Perhaps$f we canbetter
constrainsomeof the angleparameterschangesomeof the
parametersuchasthe starcount,or increasethe numberof
generationger run, the modelswill corverge on just oneof
theimages.

4.2. A Third Distinct Model

The 7-16-07modeldiffers signi cantly from boththe rst
modelandthe "mirror' modelin bothits interactionparame-
tersandits overall appearanceHowever, its tness is quite
similar. It hasa very strongbridge betweenthe two galax-
ies, but a wealer tail to the west. Further the easterrtail of
thecompaniorcurvesin the oppositedirection. Unlike in the
otherd modelstheinclinationis greatetthan90*. An inclina-
tion lessthan90* meansthe orbit of the companioris in the
samedirection asthe spin of the companiongalaxy (a pro-
gradeencounter).The 7-16-07modelis retrogradewith the
orbital motionbeingin theoppositesensdrom thespinof the
companion.

This model shavs that multiple modelsare possiblewith
PIKAIA. To distinguishbetweerretrogradeandprogradeen-
countersmoreinformationis necessarylin the caseof NGC
7714/5,the existenceof a very long gaseoudail to the west
looping backto the bridge (Smith et al. 1997)is more con-
sistentwith the othermodels,andindicatesthis waslikely a
progradeencounter This was previously found by Struck&
Smith (2003)with the SPHandN-bodycodes.

4.3. A CloserLookat the Bridge

Figure3 shavsredandblueshiftplotsof the5 runs;in these
plots,we canclearly seea bridgethatis formedbetweenthe
two galaxies.To determinewherethis bridgeoriginates]ook
at Figure 5. At time step 30, we seethe beginning of the
bridge betweenthe two galaxies. Whenwe color-codethe
particlesbhasedn galaxyof origin ratherthanvelocity, we see
thatthe bridgeis entirely madeof particlesfrom NGC 7715;
looking at time step47, this massof particlesis pulled into
NGC 7714astheinteractionprogressesAlso, we seea nice
evendistribution of particlesfrom NGC 7715in the centerof
NGC 7714thatarebeingrotatedwith the galaxyitself. Even
thoughwe areusinga restricted3-body code,these ndings
agreewell with an SPHandan N-body simulation(Struck&
Smith 2003) that shavs the bridge originatesfrom the com-
panionandthattheseparticlesarebeingpulledinto the main
galaxy.

4.4. Restrictingr min

For the 7-25-07run, we decidedto put a limit on the pa-
rametenmin. Forthe rst 4 runs,rmin couldtake ary valueO -
10 (units of the primary disk's [NGC 7714]diameter).How-
ever, testrunsshaved thatasrp, increasedeyond 1.5, lit-
tle interactiontakes place betweenthe two galaxies,which
in turn leadsto very poor models. To assistPIKAIA when
choosinginitial parametersandto not wastetime on mod-
elsthathadthe galaxiestoo far apartto interactstrongly we
did the 7-25-07 run while limiting rmin from 0 - 2. As ex-
pectedwe canlook at Figure2 andseethatthe 7-25-07run
initially evolved quicker thanary of the others.Limiting this
parameters meantto increasethe rateof initial evolution of
the modelsby keepingthe two galaxiesin closeproximity.
However, this restrictioncan only be usedon a galaxy pair

FIG. 5.— Thesefour plots shav particleorigin vs. red andblueshift. All
four plotsarefrom 5-23-07 with thetop row beingtime step30 whereashe
bottomrow is time step47. Theleft columnshaws the red/blueshiftplots,
but theright columnis coloredbasedn particleorigin. For theright column,
the magentgparticlesbelongto NGC 7715andthe black particlesbelongto
NGC7714.

after enoughtestshave beenrun in orderto determinehow
muchinteractionneeddo take place.A smallerrm, will pro-
ducemore profoundcollisional effects(i.e., larger and more
de nedtails), whereagoo large of anrm, will shav too little
interactionakffectshetweerthe two galaxies.

4.5. TheUncertaintiesn the Parametes

In orderto make certainthatthe PAGC andPIKAIA codes
are giving us the bestpossibleparametersywe setup a se-
riesof runsthatwould vary eachparametewhile atthe same
time keepingthe restof the parametersit their "best t' val-
ues. Therefore eachparametewasvariedover its full range
in 360 increments.Theresultsof this testareshavn in Fig-
ure 6. Theseplots provide an estimateof the uncertaintiesn
the parametersFor example,the peakfor ® is fairly broad,
with ¥4 10F - 40F giving good tnesses.For inclination,good
tnessesarefoundbetweer/s 40° - 60¢.

Oneof the mostinterestingplotsin Figure6 is of ! . We
canclearly seethe maximumaround80*; however, thereis
also another albeit smaller maximumaround280t. When
comparingthis with Table 1, we can seethat for the 5-23-
07 and 6-11-07runs, their best! was¥ 280°. This same
connectioncanalsobe seenwith . For the 6-21-07run, the
besty was327; hawever, Figure6 shavs good tness for p
belov 40¢, assuminga modelwith a tness above 0.4to bea
goodmodel. For 5-23-07and6-11-07,u wasapproximately
40*. Someof the otherparameterssuchasr,i, and®, retain
the samerelative maximafor all runsregardlessof the other
parameters.

4.6. Evolutionin theCode

Figure2 shavsthatfor the6-11-07run,themodelsquickly
evolveto a ‘good' tness. At this point a bettermodelis not
producedwe endup “runningin place'with the sameparam-
eters. In contrast,for the 7-16-07and 7-25-07runs, signi -
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FiG. 6.— In theseplots,eachparametewasvariedover its full rangein 360incrementsvhile eachof the other6 parametersvereheld constanto the best-®t
valuesfrom 6-21-07.Theplot of rmin wasleft outsinceit' s variableeffectswerediscussedn §4.4

cantevolution happensearthe endof therun. If we wereto
shorterthelengthof theseruns- say96 generationgnsteadof
192 - they would producepoor results. Had the 6-21-07run
only been96 generationspurresultswould have hada tness
aroundd.54insteadof the 0.68thatthelongerrun gave - quite
asigni cant difference.Whenlooking at Figure2 we seethe
tness plot from eachrunis characteristiof long, darkbarsat
themaximum tness level. If we wereto comparehe param-
etersof all 23,040modelsfrom eachrun, we seethatwhena
modelliesin along darkbar, it will have the same7 param-
etersasthe othermodelsthatalsolie in thatbar We cansee

from Figure2 thatthesdong darkbarshave anolviousthick-

nessto them(a tness spreadof ¥ 0.05per bar). Onemust
keepin mind thatwe areusinga starcountmuchlower than
the actualinteraction;consequentlyeventhoughtwo models
might have the sameparametersthe randomdistribution of

starsfor onemodelmay producea better tness in relationto

theother Thisis thelikely origin of the thicknesf the bar

5. SUMMARY AND FUTUREWORK

TheinteractinggalaxypairNGC 7714/5Arp 284)hasbeen
usedto studymodelsproducedrom an automatedestricted
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3-bodyinteractionsimulation. Whencomparingthe models
to Figurel, we seethatthey both sharemary similaritiesin
the locationsof the tails andthe bridges. Our automatede-
stricted3-bodycodealsogivessimilar resultsasthe SPHor
anN-bodycode especiallywhenwe look atthe movementof
particlesin the bridge. In addition,our codehasshawn that
modelswith differentparametersanproducesqually t mod-
els- modelsthat may resemblemirror imagesof eachothet
We have alsoshavn thatthereis somedistribution of tness
basedn therandomdistribution of particlesfor eachmodel.

EastTennesse&tateUniversity hasrecently purchasedch
superclusterconsistingof 240 cores. Using just half of this
cluster our runswill only take %2 10 hoursinsteadof 10 days
on our currentsystem.This new clusterwill provide uswith
the opportunityto producemore modelsthan before,which
will helpto furtherinvesticatethe parameters.

We arestill working onimproving the PAGC codeto make
it more efcient at nding betterparameterso that it will
evolve more quickly. For example,is it more importantto
increasehestarcount,or shouldwe beincreasinghenumber
of generationghatwe run? In theory we would like to do
both. This haslong beenimpracticaldueto thetime required
for suchchanges.Indeed,the 21,000total starcountwe are
usingis muchlower thanthe actualnumberof starsin a pair
of galaxies. However, if we wereto increasethis number
the total time for eachrun would increasesigni cantly. In
onetest,a 50 modelrun with 21,000particlestook 2 hours
whereagshe same50 modelrun with 42,000particlestook 2
hours45mins. Thismeanghatif we doublethestarcountfor
a 192 generatiorrun, it would take justunder14 full daysto
complete- a 30%increasdn time. However, the full bene t
of increasingthe starcounthasyet to be determined.Since
the numberof starsusedin the modelwill never be closeto
theactualgalaxiestheextratime neededor sucharun might
notbeoffsetby thebetterresults.

Anotherof the changego be implementeds the incorpo-
rationof an SPHor N-body code. Again, the additionaltime
and CPU's neededfor an N-body simulationhasmadethis
impractical. With the useof the new cluster however, this
could lead to mary possibilities. In theory a two-stepap-
proachwould be best: rst, usethe restricted3-body code
forinitial ts, thenrunningthe Struck(1997)SmoothParticle
Hydrodynamicscodefor a more accuratematchto both the
morphologyand kinematics. This may help distinguishbe-
tweenthe multiple setsof interactionparametersve arecur
rently gettingwith PAGC.

Also, duringthis "testing' stagewe have limited oursehes
to producingmodelsonly of NGC 7714/5;we planto even-
tually modela large subsetof the interactingsystemsn the
Arp (1966)Atlas. We will startwith well-studiedsystemsof
high symmetryfor which the solutionsarefairly well-known.
Other planarencountersalso have somesymmetry but the
waveformsthatdeveloparequitesensitve to collision param-
eters(e.g., Struck 1999), which posea challengeto the re-
stricted3-bodycode.
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