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ModellingModelling interactinginteracting galaxiesgalaxies
(Christian (Christian TheisTheis, Vienna), Vienna)

• Motivation

• Modelling of galaxies

• MINGA: Genetic Algorithm approach

• Examples

• Summary & future prospects

M51: a M51: a prototypeprototype forfor an an interactioninteraction
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TheThe AntennaeAntennae GalaxiesGalaxies

WhatWhat cancan wewe learnlearn fromfrom galaxygalaxy
interactionsinteractions??

kinematicalkinematical historyhistory of of galaxiesgalaxies
test test bedbed forfor galaxygalaxy evolutionevolution::

strengthstrength, mode and , mode and timingtiming of of perturbationperturbation
dynamicaldynamical stabilitystability of of galaxiesgalaxies
inducedinduced structuralstructural changeschanges ((massmass flowsflows, , barsbars and and 
spiral spiral structurestructure, , mergersmergers))
reactionreaction of ISM of ISM 

starstar formationformation
chemicalchemical evolutionevolution
nuclearnuclear activityactivity and and massmass lossloss

propertiesproperties of of thethe darkdark matter matter halohalo
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Influence of a variable halo size

InfluenceInfluence of of darkdark matter matter haloshalos
on on galaxygalaxy interactionsinteractions

halos act like softened
gravitational forces

WhyWhy interactinginteracting systemssystems??
TidalTidal tailstails cancan tracetrace outerouter galaxygalaxy
TidalTidal tailstails cancan probe offprobe off--plane plane 
regionsregions
TidalTidal featuresfeatures sensitive to DM sensitive to DM halohalo
propertiesproperties ((DubinskiDubinski et al. 1999, et al. 1999, SpringelSpringel & & 
White 1999)White 1999)

Halo Halo parametersparameters::
MassMass
ExtensionExtension
FlatteningFlattening (?)(?)
(Rotation)(Rotation)

ModellingModelling GalaxiesGalaxies
ComponentsComponents::

Stars and stellar Stars and stellar remnantsremnants
Interstellar Interstellar mediummedium ((molecularmolecular cloudsclouds, diffuse gas, , diffuse gas, dustdust))
DarkDark mattermatter
Black Black HolesHoles

ProcessesProcesses::
Dynamics:Dynamics:

GravitationalGravitational NN--bodybody problemproblem
HydrodynamicsHydrodynamics

GalacticGalactic „„microphysicsmicrophysics““::
Phase Phase transitionstransitions ((starstar formationformation, stellar , stellar deathdeath etc.)etc.)
ProcessesProcesses withinwithin a a phasephase ((e.ge.g. . coolingcooling))
InteractionsInteractions betweenbetween phasesphases ((e.ge.g. stellar . stellar heatingheating))
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RestrictedRestricted NN--bodybody simulationssimulations
IdeaIdea (Pfleiderer & (Pfleiderer & SiedentopfSiedentopf 1961, 1961, ToomreToomre & & ToomreToomre 1972)1972)

Basic Basic assumptionassumption::
GalaxiesGalaxies followfollow KeplerianKeplerian orbitsorbits

Stars Stars areare treatedtreated as test as test particlesparticles
Fast Fast integrationintegration ((∼∼ 1 CPU sec on modern PC)1 CPU sec on modern PC)
High High spatialspatial resolutionresolution in in regionsregions of of interestinterest

BUT:BUT: notnot selfself--consistentconsistent ((e.ge.g. no . no mergingmerging)) (Theis & Spinneker 2003)

SelfSelf--consistentconsistent simulationssimulations
includeinclude selfself--gravitygravity of of starsstars, gas and , gas and darkdark mattermatter
mainmain problemproblem: : NN22--bottleneckbottleneck
simulationsimulation methodsmethods::

1.1. TREETREE--codescodes ((∼∼N N logNlogN, ~N) , ~N) ((e.ge.g. Barnes & Hut 1986, Dehnen 2000). Barnes & Hut 1986, Dehnen 2000)

2.2. gridgrid--basedbased schemesschemes ((∼∼N) N) ((e.ge.g. . SellwoodSellwood 1982)1982)

3.3. expansionexpansion methodsmethods, (, (∼∼N)N) ((e.ge.g. SCF . SCF HernquistHernquist & & OstrikerOstriker 1992)1992)

4.4. specialspecial purposepurpose computercomputer, GRAPE (, GRAPE (∼∼NN22))
(Tokyo (Tokyo groupgroup [[MakinoMakino, , SugimotoSugimoto et al.] et al.] sincesince 1990)1990)

BUT:BUT:
no trivial no trivial stablestable initialinitial configurationsconfigurations
lowlow resolutionresolution in in lowlow--densitydensity regionsregions
computationallycomputationally expensiveexpensive
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Gas Gas dynamicsdynamics in in galaxygalaxy modelsmodels……

Single Single componentcomponent ISMISM
hydrodynamicalhydrodynamical modelsmodels::

gridgrid codescodes
smoothedsmoothed particleparticle hydrodynamicshydrodynamics (SPH)(SPH)

phenomenologicalphenomenological modelsmodels::
stickysticky particlesparticles ((forfor gas gas clumpsclumps, , cloudsclouds))

MultiMulti--componentcomponent ISMISM
oftenoften: : subsub--gridgrid modelsmodels
highhigh--resolutionresolution hydrodynamicalhydrodynamical modelsmodels (SPH, (SPH, gridgrid))
hybrid hybrid codescodes

ChemoChemo--dynamicsdynamics: : towardstowards a a 
completecomplete modelmodel......

star -
formation

stars

diffuse 
gas

clouds

dark halo

gravitycondensation
& evaporation

feedback

feedback
dissipation

dissipation
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OptimizationOptimization problemproblem::

Goals:Goals:
FindingFinding a a solutionsolution
UniquenessUniqueness of a of a solutionsolution

Fitness function:
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Problems:Problems:
•• ExtendedExtended parameterparameter spacespace
•• TrappingTrapping byby locallocal optima optima 

HowHow cancan wewe learnlearn fromfrom
interactionsinteractions: : parameterparameter spacespace

Fitness Fitness landscapeslandscapes
smooth
landscape:

multi-peaked
landscape:
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Parameter Parameter spacespace
Parameters:Parameters:

twotwo--bodybody parametersparameters (orbital plane, (orbital plane, eccentricityeccentricity, , 
pericenterpericenter, , massesmasses...)...)
characteristicscharacteristics of of galaxiesgalaxies ((orientationorientation of of diskdisk, , 
scalelength,...,haloscalelength,...,halo...)...)

ExampleExample::
Disk+pointDisk+point--likelike perturberperturber: 7 : 7 parametersparameters
gridgrid withwith 5 5 pts./dimensionpts./dimension: 78125 : 78125 modelsmodels oror
∼∼ 3.5 3.5 yearsyears GRAPE6 CPU timeGRAPE6 CPU time
Fast N-body technique and efficient
search strategy required!

GeneticGenetic algorithmalgorithm
IDEA:IDEA: imitateimitate evolutionaryevolutionary
optimizationoptimization, , i.ei.e. . adaptationadaptation
of a of a populationpopulation byby „„survivalsurvival““
of of thethe fittest fittest solutionsolution
(Holland 1975, Goldberg 1989)(Holland 1975, Goldberg 1989)

1.1. Start Start withwith a a randomrandom populationpopulation, , i.ei.e. . 
NNpp pointspoints in in parameterparameter spacespace

2.2. ApplyApply iterativelyiteratively reproductionreproduction
operatorsoperators
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HowHow do do geneticgenetic algorithmsalgorithms workwork??

Population:

Individual:
...

orb. incl. [0º,180º]: 55º

map in [0,1]

0.3055

on chromosome

0 5 5 ...... 3

gene

HowHow do do geneticgenetic algorithmsalgorithms workwork??

Population:
Individuals:

0 5 5 ...... 3

d
ec

o
d
e

Parameter set

Evaluate fitness by comparison
with reference map

N-body simulation
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HowHow do do geneticgenetic algorithmsalgorithms workwork -- 22
generation i

select according to fitness

cross-over
mutation

parents

children

generation i+1

cross-over:

0 1 8 2 9 7 3 5 0 1 8 2 9 7 9 9

1 1 4 3 2 0 9 9 1 1 4 3 2 0 3 5

cross-over position

A test A test exampleexample......

)/exp()(cos),( 222 σπ rrnyxf −=
222 )5.0()5.0( −+−= yxr

15.09 2 == σn

(provided by P. Charbonneau)

genetic algorithm (pikaia)

later stage of GA run:
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ExampleExample 1: a 1: a modelmodel forfor NGC 4449NGC 4449

MINGA reproduces parameters
to better than 10-20%, 
some even better than 1%!

(Theis & Kohle 2001)

ComparisonComparison of of parametersparameters

MINGA reproduces
parameters to better
than 10-20%, some
even better than 1%!

(Theis & Kohle 2001)
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ExampleExample 2: M512: M51
M51 M51 restrictedrestricted NN--bodybody simulationsimulation

• GA models fits intensity map
• parameter are close to Salo & Laurikainen´s

(2000) „two disk passages“-model
• (interaction induced grand design spiral)

ExampleExample 2: 2: snapshotssnapshots of of thethe GA GA 
modelmodel forfor M51M51
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ExampleExample: : influenceinfluence of a of a darkdark halohalo on a on a 
smallsmall groupgroup of of galaxiesgalaxies

including a halo:
without a halo: 

(point mass)

modified restricted-N-body-code is rather sensitive for halo parameters!

(Gerds 2001)

ExampleExample 3: 3: MINGAMINGA--FitFit of a of a smallsmall
groupgroup of of galaxiesgalaxies

MINGA-Fit for
a small group
of galaxies:

Small groups can be
modelled by MINGA!
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ExampleExample 4: 4: TheThe MagellanicMagellanic SystemSystem

(Lund observatory)

(Brüns et al. 2005)

TheThe MagellanicMagellanic System in HISystem in HI

Leading arm

LMC

SMC

Bridge

Stream
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A A GeneticGenetic AlgorithmAlgorithm modelmodel……

(Ruzicka, Palous & Theis 2007)

Observational data cube:

Smoothed data cube:
(used in GA)

A A GeneticGenetic AlgorithmAlgorithm modelmodel……

(Ruzicka, Palous & Theis 2007)

Observed intensity map Intensity map (model A seq.)
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3D LMC3D LMC--SMC column density dataSMC column density data--cube usedcube used
actual resolution of 16actual resolution of 16”” x 16x 16”” x 7km/sx 7km/s

A A GeneticGenetic AlgorithmAlgorithm modelmodel……

GA fit

(Ruzicka, Palous & Theis 2007)

A GA A GA modelmodel……

ResultsResults::
MW MW darkdark matter matter halohalo closeclose to to sphericalspherical, , 
probablyprobably slightlyslightly oblateoblate
PreferredPreferred modelmodel classclass A:A:

MW MW halohalo flatteningflattening: q: q~0.84~0.84
Clouds only recently close togetherClouds only recently close together
Material in the Stream stems from both Material in the Stream stems from both 
CloudsClouds
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SummarySummary
MINGA MINGA cancan modelmodel interactinginteracting galaxiesgalaxies::

Automatic Automatic analysisanalysis of of observationalobservational datadata
UniquenessUniqueness teststests

IncludedIncluded Features:Features:
SphericalSpherical DM DM haloshalos consistentlyconsistently includedincluded
ExtendedExtended to to smallsmall galaxygalaxy groupsgroups
AppliedApplied to to MagellanicMagellanic SystemSystem

Easy to Easy to parallelizeparallelize
RemarkRemark: GA : GA modelsmodels areare just a just a firstfirst stepstep, , furtherfurther
detaileddetailed selfself--consistentconsistent modelsmodels necessarynecessary

MultimethodMultimethod ModellingModelling

StepStep 1:1: GAGA--basedbased analysisanalysis of of parameterparameter spacespace
StepStep 2:2: DynamicallyDynamically selfself--consistentconsistent modellingmodelling

Pure stellar Pure stellar dynamicsdynamics
Gas Gas dynamicsdynamics

StepStep 3:3: SelfSelf--consistentconsistent multimulti--componentcomponent
modellingmodelling, , i.ei.e. . chemochemo--dynamicaldynamical modellingmodelling
((includingincluding SF, SF, feedbackfeedback, etc.), etc.)
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