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Modelingof the Milky Way & new goodnes®f t techniques

Astrophysical Intr oduction
TheMilky Way asa spiralgalaxy.
Obsenationsof the Milky Way.

Modeling

Parametrianodelsof the Milk y Way.

Non-parametricleprojectiorof COBE/DIRBE
L-banddata.

Statistical Goodness-of-Fimethods

Model selection:parametrio/s. non-parametric
modeling

Astrophysical implications

Thenew model- impacton furtherinsight: From
gasdynamicsto theuniverse.
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Observations of the Milk y Way

Satelliteobsenrationsof the brightnesf the Milk y
Way.

COBE's Orbit

Mapsin light at differentwave length: near
iInfraredshows old starsandis mass.

|. Astroplysicalintroduction

DIRBE .15, 1.1, 3.5 pym Compasite
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Problem:interstellardustabsorbsearinfrared
light.

But dustdominatesMilky Way emissionn thefar
Infrared:

Solution: Usefarinfraredemissionastracerfor
dustabsorption{o correctnearinfrareddata
Spepgeletal. (1995): Dust-corrected
COBE/DIRBEL-bandmap,shavsthe MW asif no
dustabsorptionvaspresenttall.
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We have to solve an inverseproblem

Input: Surfacebrightnesglistribution of the
Milky Way to the sky sphergcoordinates
longitude , latitude ):

Wanted:Luminosity densityof the Milky Way

Noisy Fredholmeq. of rst kind
Operator projectsdensity to
sky: IS integrationof along

line-of-sightfrom obsenrer towardssky
position ( addinguplight of the stars):

IS pathfrom obsereralong
line-of-sighttowardssky position
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Parametric modelsof the Milk y Way

Example:BGSmodel(Binney, Gerhard&% Spegel,
1997): . Othermodels:
Dweketal. (1995),Freudenreicl{1998),Drimmel
& Spepgel (2001).

Disk density

Characteristicscalelengthin & normalisation.

Bulge density Ellipsoidalcomponent
(elliptical radius ), characterized
by scalelength,normalisationaxisratios.

Spiral structur e: “Logarithmicspiralarms”:

(Ortiz & Lepinel993),characterized
by width of arms& pitchangle . Spiralstructures
modelledasampli cation of disk density

Geometrigparametersf the model(positionof the
Sun)haveto be x edin adwance otherwisethe
problemis degenerate.
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A non-parametric model of the MW

FirstapproachBinney, Gerhard& Spegel (1997):
Richardson-Lug typealgorithm- modelscon ned
to be eightfoldsymmetric.

Az
/

/

/

/

Problem:Numericalresultshawvs severalunptysical
local maximaof the density

Probablereason:Spiralarmsarenot eightfold
symmetric!

Wanted:Model with spiralstructure!
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Implementing the PenalizedMaximum
Lik elihood [PML] algorithm

We maximizethelog-likelihoodof the data,with
penaltyterms:

Grid: points(of size

). Apparentdistance
betweertwo grid pointsnearGalacticcenter
resolutionof data(someavhatarbitrary).

Initial valueof the PML algorithm:BGSmodel
(parametric).
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Optimal penalty parametersfrom test
models

Approximateapproacho the parametersAll
penaltytermsshouldbe of thesame
Importance.

EnhancedpproachArti cal testdatawith

known true density , bestpenaltyfunction

parameterselectedrom agrid of parameters
basedn differencebetweerresult

of iterations and ~andbetween
and
Final adjustmenbf . t-by-eye,

basedon physicalreasoningsboutspatial
density .
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The resulting modelincluding spiral
structure

Il. Modeling

Bothmodelst thedataequallywell, but model
without spiral structureat the expenseof physical
reasonability( we seeaqnin: spiralstructures
necessary)
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Further testsof the model

Starcountdata:Containgnformationaboutthe
distancedo the surneyedstars- complementaryo
theall-sky coverageof surfacebrightnessnaps.
Conclusion:Our model ts the Staneketal.
(1994,97 ) clumpgiantdatawell - muchbetterthan
the previousmodelof Binney, Gerhard& Spepel
(1997).Reasoninclusionof spiralstructureatthe
bottomline resultsin changeof bulge/barstructure-
which dominateghis starcountdata.

Microlensing:Gravitationre ects light rays
magni cation of starbrightnesg“source”)if
massve object(“lens”: star planet,etc.) passes
line-of-sighttowardssource.Optical depth:
Probabilityof suchanevent,is ameasurdor mass
alongline-of-sightto source.
Conclusion:Ourmodel ts well - at Baades
window (well-obsenred eld onthesky):

for clumpgiantsources obsenred
(Popavski etal., 2002): (with
strangeeld 104 ).
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l1l. Statistical Goodness-of-Fitmethods

Our non-parametrienodelis betterthanparametric
models however we still needto exclude
over tting!

RememberTheastroplysical problemwe
solveis anoisy inverseregressiomroblem

Mathematicaimodel:

(noisy) Fredholmequationof the rst kind.

Errordistrioutions of COBE/DIRBEdata
shavs inhomogeneousgariancepattern viz.

Task: Compareseveralcompetingnodelsfor
MW density : parametrianodel

(of acertain
parametridrom) andnon-parametrienodel
(asbefore).

15
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Best parametric model
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Figure 1. Square(rms) difference betweenthe
best parametric/non-parametrianodel and the
COBE/DIRBEL-banddata.
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Compareheestimatedesiduals

Variancepatternof error  inhomogeneous
Locally weightedresidualsum of squares

with the estimatedocal variability

Conjecture:Undercertainregularity conditions
- hasa normallimit

( ). SimilarapproachDette

(1999),Munk (2002).

Approachworked ne with testdataandmodels.

Usethe approximatenormaldistribution of
- to decidewhether is acceptable,
or if shouldbepreferred wild bootstrap..
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The wild bootstrap algorithm.

Determinethedistributionof by a
resamplingbootstraplgorithmfrom the data.
Simulationstudieshave shavn thatthis methodeven
leadsto a betterapproximatiorof thetrue
distribution of RSS(for nite ) astheasymptotic
( ) normallaw.

Stepl: (Genenterandomdata). Generatearandom
dataset by drawing with replacementrom the
original data

Step2: (Fitting of therandomdata). Use to
determinghe bestparametrianodel of the
randomdata
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Step3: (Computehetarget). Compute

Step4: (Thereplicationproces$. Repeattep
times. Thisresultsin values

Is alargenumber with usually

sufcient.

The cumulatve distribution function of
approximateshedistributionfunction of
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Application to the Milk y Way

Tasks:

1) Decidewhethemon-parametrienodelingof the
datais advisable.

i) Determinethe numberof spiralarmsin the MW
densityof stars.

Approach:Analysethebestnon-parametrienodel,
andcomparghemto parametrianodels.We built
four differentparametrianodelsfrom the standard
parametridBGSmodel:

Model Spiralstructure

“A four spiralarms

“B” without spiralarms

“C” two spiralarms

“D” intermediate2-/4-armedmodel:

weak+ strongpair of arms
(  Drimmel& Spepel,2001)

Best- t parametersminimizationof WLSE (using
the estimateor thelocal variability ) with
Marquardt-Leenbeg algorithm.



StatisticalGoodness-of-Finethods

Modelingof the Milky Way & new goodnes®f t techniques 21

L L _
o
4=4-armed model A
O=model B (no arms)
2=2-armed model C°
2/4=intermed. mod. B
(@) 1 1 |

30 40

Figure 2: Bootstrapcumulatve distribution func-
tions of for the parametricmodelsA-D. The

verticalline indicateghedistance  of therespec-
tive best tting parametricnodel from the non-
parametrianodel.
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Selectinghe bestparametrianodel: classical
testingapproach

Assumption:Modelshold.

Numericalresult:

Model

Spiralstructure -value

e
.
.
.

four spiralarms
without spiralarms
two spiralarms

Intermed.2/4-armedmodel

Conclusion:ModelscanbediscardedBut in
reallife nonzer distancemodel-datais
expectedanyway!

Wanted:Statisticalmethodbasedn the
assumptioriModel doesnot hold”.

-valuecunwes...
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-value curves

Use -valuecurvesasgraphicaltool for
illustratingthe evidenceof a model: plot
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Figure3: -valuecurwes
for parametrianodelsA-D.
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Inter pretation
Assumethetrue distancebetweenra parametric
model andthenon-parametrienodelis
Rejectthe hypotheses
(vs. alternatve )
wheneer for agivenlevel of
signi cance .

canberegardedasthe estimated
evidencein favour of the parametrianodel
(up to adistancebetweerparametrianodel
and“true” density ).

Important:Finally the (astro-)plysicisthasto
decidewhetheravalueof shouldbe
regardedasscienti cally nggligible or as
deviation betweerthe“true” densityandthe
parametrianodelwhichis considereds
relevantby astroplysicalreasons.

24
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Inter preting the -value curves

Readdistancanamgins betweemon-parametric

andparametrianodelsoff the -valuecurve plot:

usethosevalues where and
con denceintenalsfor

's muchlargerthandistancebetween
non-parametriecnodelanddata(andtheerror
dispersiorof thedata)
Conclusion:non-parametrienodelingis advisable!

Model selectionbetweerthe competingparametric
models:Usetheright tail of the -valuecurves
which givesanerrorprobabilityfor the hypothesis
“the distancebetweerthe parametrianodelandthe
non-parametrienodelis orsmaller” the
“Intermediate”’model(with 2/4 spiralarms)
outperformghe othermodels.



V. Physical Implications

Modelingof the Milky Way & new goodnes®f t techniques

I\VV. Physical Implications

From gasdynamicsto cosmology

Model of the nearinfrareddensity
distribution of luminousmass gravitational
potential

Comparisorof modelsof thegas o w in this
potentialwith obserations massscaling.

Importantquestionfrom cosmology:How
muchcontritution to the gravitational potential
Is neededrom adarkhalo- resultfor MW is a
testfor cosmologicaimodels!
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databy Dameetal. (2001):
Integratedemissionover

27
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Resultsand implications on cosmology

Fitting theobsenedgasvelocitiesin the Milk y
Way setsa massscalefor the NIR model,since
NIR light tracesmass.

We nd thatoutto atleast  of thesolar
radiusno substantiatlarkhalo potentialis
necessarymaximumdisk model).

Thisis in contradictiornto standard
cosmologicalCDM) models,which predict
muchmoredark matterwithin the centralparts
of spiralgalaxies.
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Summaryandconclusions

Summary and conclusions

We have developeda non-parametrienodelof the
Milky Way, which reproduces dust-corrected
COBE/DIRBEL-bandmapandselectedstarcount
data(usedasana posterioritest). Themodel
Includesspiralstructure.

Theluminositymodelhasbeenusedto successfully
recover gasdynamicalobsenations.Fromthese
modelsof thegas o w the MW hasmaximaldisk, in
contradictiornto standarccosmologicamodels.

We have shavn with aresamplingalgorithmthat
non-parametrienodelingis advisable Furthermore
we have usedthealgorithmfor modelselection
betweercompetingparametrianodelswith different
spiralstructureto shav thatthe stellarspiral
structurein theMilky is probably4-armed.
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