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Astrophysical Intr oduction
� TheMilk y Wayasa spiralgalaxy.

� Observationsof theMilk y Way.

Modeling
� Parametricmodelsof theMilk y Way.

� Non-parametricdeprojectionof COBE/DIRBE
L-banddata.

Statistical Goodness-of-Fitmethods
� Model selection:parametricvs. non-parametric

modeling

Astrophysical implications
� Thenew model- impacton furtherinsight:From

gasdynamicsto theuniverse.
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I. Astrophysical intr oduction

NIR, bar, spirals
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Observationsof the Milk y Way

Satelliteobservationsof thebrightnessof theMilk y
Way.

� Mapsin light at differentwave length:near
infraredshowsold starsandis � mass.
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Problem:interstellardustabsorbsnearinfrared
light.
But dustdominatesMilk y Wayemissionin thefar
infrared:

� Solution: Usefar infraredemissionastracerfor
dustabsorption,to correctnearinfrareddata �

Spergelet al. (1995):Dust-corrected
COBE/DIRBEL-bandmap,shows theMW asif no
dustabsorptionwaspresentatall.
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II. Modeling
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Wehave to solve an inverseproblem
� Input: Surfacebrightnessdistributionof the

Milk y Way to thesky sphere(coordinates
longitude

�

, latitude � ):
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Parametric modelsof the Milk y Way
� Example:BGSmodel(Binney, Gerhard& Spergel,

1997): ��������� �
	����
��� �
�����
� . Othermodels:
Dweket al. (1995),Freudenreich(1998),Drimmel
& Spergel (2001).

� Disk density �����

Characteristic:scalelengthin ����� & normalisation.

� Bulgedensity ����� Ellipsoidalcomponent
� � �
!

�#"%$'&)(*$'&

+

� (elliptical radius $ ), characterized
by scalelength,normalisation,axisratios.

� Spiral structur e: “Logarithmicspiralarms”:
, � -/.�021436587:9�; (Ortiz & Lepine1993),characterized
by width of arms& pitchangle < . Spiralstructureis
modelledasampli�cation of diskdensity.

� Geometricparametersof themodel(positionof the
Sun)have to be�x edin advance,otherwisethe
problemis degenerate.
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A non-parametric modelof the MW
� First approach:Binney, Gerhard& Spergel (1997):

Richardson-Lucy typealgorithm- modelscon�ned
to beeightfoldsymmetric.

x

y

z

� Problem:Numericalresultshows severalunphysical
localmaximaof thedensity.

� Probablereason:Spiralarmsarenoteightfold
symmetric!

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

� We maximizethelog-likelihoodof thedata,with

penaltyterms:
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!Xw ): Apparentdistance

betweentwo grid pointsnearGalacticcenterz

resolutionof data(somewhatarbitrary).

� Initial valueof thePML algorithm:BGSmodel

(parametric).
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Optimal penalty parametersfr om test
models

� Approximateapproachto theparameters:All
penaltytermsshouldbeof thesame
importance.

� Enhancedapproach:Arti�cal testdatawith
known truedensity)

NOI

4

N , bestpenaltyfunction
parametersselectedfrom a grid of parameters
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The resultingmodel including spiral
structur e

n $D�>8��N�N�^��g�$�����*%� � ���#�6���) +*9_A$E�'8R��g�$f�:��*D�

� Both models�t thedataequallywell, but model
without spiralstructureat theexpenseof physical

reasonability( � we seeagain: spiralstructureis
necessary)
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Further testsof the model
� Starcountdata:Containsinformationaboutthe

distancesto thesurveyedstars- complementaryto
theall-sky coverageof surfacebrightnessmaps.

Conclusion:Ourmodel�ts theStaneket al.
(1994,97)clumpgiantdatawell - muchbetterthan

thepreviousmodelof Binney, Gerhard& Spergel
(1997).Reason:Inclusionof spiralstructureat the

bottomline resultsin changeof bulge/barstructure-
whichdominatesthisstarcountdata.

� Microlensing:Gravitation re�ects light rays �

magni�cationof starbrightness(“source”)if
massive object(“lens”: star, planet,etc.)passes

line-of-sighttowardssource.Opticaldepth:
Probabilityof suchanevent,is ameasurefor mass

alongline-of-sightto source.
Conclusion:Ourmodel�ts well - atBaade's

window (well-observed�eld on thesky):
�����

� s��[x

�

for clumpgiantsources- observed

(Popowski et al., 2002): �����

� s��Hr	� p
�[x (with
strange�eld 104 ���Sp
� p
�Hr ).
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III. Statistical Goodness-of-Fitmethods

Ournon-parametricmodelis betterthanparametric
models,however westill needto exclude
over�tting!

� Remember:Theastrophysicalproblemwe
solve is a noisy, inverseregressionproblem.

� Mathematicalmodel:
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(noisy)Fredholmequationof the�rst kind.

� Error distributions
X

7 of COBE/DIRBEdata
shows inhomogeneousvariancepattern, viz.

�
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X

7

�

: �
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� Task:Compareseveralcompetingmodelsfor
MW density) : parametricmodel

�

: �

)��	�
����
,	�� � ��� � (of acertain
parametricfrom) andnon-parametricmodel:
(asbefore).
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Figure 1: Square (rms) difference between the
best parametric/non-parametricmodel and the
COBE/DIRBEL-banddata.
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� � Comparetheestimatedresiduals
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� Conjecture:Undercertainregularityconditions
. 3 4

/

'5( *,+-+

hasa normallimit
(

4

/ 6

p��

.

6 7

� ). Similarapproach:Dette

(1999),Munk (2002).

� Approachworked�ne with testdataandmodels.

� � Usetheapproximatenormaldistribution of
.

3

4

/

'5( *,+-+

to decidewhether�

� is acceptable,

or if �

7 5��); shouldbepreferred� wild bootstrap...
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The wild bootstrap algorithm.
� Determinethedistribution of

.

3

4

/

'5( * + +

by a
resampling(bootstrap)algorithmfrom thedata.
Simulationstudieshave shown thatthis methodeven
leadsto a betterapproximationof thetrue
distribution of RSS(for �nite

.

) astheasymptotic
(

.

6 7

) normallaw.
� Step1: (Generaterandomdata). Generatea random

dataset �

7

�

;

���
	

by drawing with replacementfrom the
originaldata�

���
	 .

Step2: (Fitting of therandomdata). Use �

7

�

;

���
	

to
determinethebestparametricmodel �

�

�

I

�

M of the
randomdata�

7

�

;

���
	

.
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Step3: (Computethetarget). Compute
�

�

&

7

�

;

� ��� �
�

�

I

�

M

" �

7 5��);

��� & .
Step4: (Thereplicationprocess). Repeatstep s " x

�

times.This resultsin values
�

�

&

7

2

;

� � � � �

�

�

&

7�� ;

.
�

is a largenumber, with
�

z � p`p " sPp`p`p usually

suf�cient.

� Thecumulative distribution function � �

�

of
�

�

&

�

approximatesthedistribution function � of
�

�

&
.
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Application to the Milk y Way
� Tasks:

i) Decidewhethernon-parametricmodelingof the
datais advisable.
ii) Determinethenumberof spiralarmsin theMW
densityof stars.

� Approach:Analysethebestnon-parametricmodel,
andcomparethemto parametricmodels.We built
four differentparametricmodelsfrom thestandard
parametricBGSmodel:

Model Spiralstructure

“A” four spiralarms

“B” withoutspiralarms

“C” two spiralarms

“D” intermediate2-/4-armedmodel:

weak+ strongpair of arms

(
6

Drimmel& Spergel,2001)
� Best-�t parameters:minimizationof WLSE(using

theestimatefor thelocal variability
�

&

� ) with
Marquardt-Levenberg algorithm.
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0
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4=4-armed model A
0=model B (no arms)
2=2-armed model C
2/4=intermed. mod. D

Figure 2: Bootstrapcumulative distribution func-
tions of �

� �

����� for the parametricmodelsA-D. The

verticalline indicatesthedistance
�

�
�

of therespec-
tive best�tting parametricmodel �
	

� from the non-
parametricmodel.
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Selectingthebestparametricmodel:classical
testingapproach

� Assumption:Modelshold.

� Numericalresult:
Model Spiralstructure � -value

“A” four spiralarms �
\����

“B” withoutspiralarms �
\����

“C” two spiralarms �
\����

“D” intermed.2/4-armedmodel �
\����

� Conclusion:Modelscanbediscarded.But in
real life nonzero distancemodel-datais
expectedanyway!

� Wanted:Statisticalmethodbasedon the
assumption“Model doesnothold”.

�

�

� -valuecurves...
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�

-value curves
� Use � -valuecurvesasgraphicaltool for

illustratingtheevidenceof a model:plot
��� "��

$;: � �

� �
	

_

�

b

�

�

� � �
� for � � � .

2/4

2

0

4

4=4-armed model A
0=model B (no arms)
2=2-armed model C
2/4=intermed. model D

Figure3: � -valuecurves ��� "��

$ : � �

� �

b

�

�

� � �

for parametricmodelsA-D.
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� Assumethetruedistancebetweenaparametric

model �

�

5

andthenon-parametricmodelis
�

�

:

�

� Rejectthehypotheses
�

�

�

�

� � (vs. alternative � �

�

� �

� )
whenever ��� "��

$

�

� for agivenlevel of
signi�cance � .

�

�

[

� ��� " �

$ canberegardedastheestimated
evidencein favour of theparametricmodel

�

(up to a distancebetweenparametricmodel
and“true” density

�

�

�

� ).

� Important:Finally the(astro-)physicisthasto
decidewhetheravalueof

�

�

:

� shouldbe
regardedasscienti�cally negligible or as
deviationbetweenthe“true” densityandthe
parametricmodelwhich is consideredas
relevantby astrophysicalreasons.
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Inter preting the
�

-valuecurves
� Readdistancemargins � betweennon-parametric

andparametricmodelsoff the � -valuecurve plot:

usethosevalues� where �

/

����� z p
� p � and p
�

�

�

6

�

p�� con�denceintervalsfor
�

& .

�

� 's muchlargerthandistancebetween

non-parametricmodelanddata(andtheerror
dispersionof thedata) �

Conclusion:non-parametricmodelingis advisable!

� Model selectionbetweenthecompetingparametric
models:Usetheright tail of the � -valuecurves

whichgivesanerrorprobabilityfor thehypothesis
“the distancebetweentheparametricmodelandthe
non-parametricmodelis � or smaller” � the
“intermediate”model(with 2/4spiralarms)

outperformstheothermodels.
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IV. Physical Implications

From gasdynamicsto cosmology
� Modelof thenearinfrareddensity �

distributionof luminousmass� gravitational
potential

� Comparisonof modelsof thegas�o w in this
potentialwith observations � massscaling.

� Importantquestionfrom cosmology:How
muchcontribution to thegravitationalpotential
is neededfrom adarkhalo- resultfor MW is a
testfor cosmologicalmodels!



Modelingof theMilk y Way& new goodnessof �t techniques 27
IV

.P
hy

si
ca

lI
m

pl
ic

at
io

ns

2

&���� databy Dameetal. (2001):

Integratedemissionover " ����� ��� �	� .
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Resultsand implications on cosmology
� Fitting theobservedgasvelocitiesin theMilk y

Way setsa massscalefor theNIR model,since
NIR light � tracesmass.

� We �nd thatout to at least ����� of thesolar
radiusno substantialdarkhalopotentialis
necessary(maximumdiskmodel).

� This is in contradictionto standard
cosmological(CDM) models,whichpredict
muchmoredarkmatterwithin thecentralparts
of spiralgalaxies.
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Summary and conclusions
� We have developeda non-parametricmodelof the

Milk y Way, which reproducesa dust-corrected

COBE/DIRBEL-bandmapandselectedstarcount
data(usedasanaposterioritest).Themodel

includesspiralstructure.

� Theluminositymodelhasbeenusedto successfully
recovergasdynamicalobservations.Fromthese

modelsof thegas�o w theMW hasmaximaldisk, in
contradictionto standardcosmologicalmodels.

� We have shown with a resamplingalgorithmthat

non-parametricmodelingis advisable.Furthermore
we have usedthealgorithmfor modelselection

betweencompetingparametricmodelswith different
spiralstructureto show thatthestellarspiral

structurein theMilk y is probably4-armed.
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