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Abstract. In hierarchicalclusteringtheories,smallermassesgenerallycollapseearlierthanlarger
massesandsoaredenseron theaverage.Thecoreof a small masshalocouldbedenseenoughto
resistdisruptionandsurviveundigested,whenit getsincorporatedinto abiggerobject,anddetermine
thehalostructurein theinnerregions.Weexaminein this talk thepossibleconsequencesof this idea
in determiningthestructureof darkhalocores,by considering,bothsimplescalingarguments,and
a novel fluid approachto self-similarcollapsesolutionsfor thedarkmatterphasespacedensity.
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1. Intr oduction

Much of theearlywork on thestructureof darkmatterhalosof galaxies,concentratedon
theirdensityprofilesin theouterregions,especiallyin thecontext of understandingtheflat
rotationcurvesof disk galaxies.Thenatureof thedensityprofilesof darkmatterhalos,in
their innerregions,is alsoimportantfrom severalpointsof view. Thestructureof darkhalo
coresdeterminestheefficiency of gravitationallensingby thegalacticandclusterhalos,the
X-ray emissivity of clustersandtherotationcurvesof galaxiesin theinnerregions.These
propertiescan be well probedby observations. So, if the core densityprofiles of dark
halos,dependon featuresof structureformationmodels,like their initial powerspectrum,
onewouldhaveausefulobservationalhandleonsuchfeatures.It is thereforeof interestto
understand,abinitio, whatdeterminesthestructureof darkmatterhalosandtheir cores.

Further, Navarro, FrenkandWhite (NFW) have proposedfrom their N-body simula-
tions,thatdarkmatterhalosin hierarchicalclusteringscenariosdevelopauniversaldensity
profile, regardlessof thescenariofor structureformationor cosmology[1–3]. TheNFW
profilehasaninnercuspy form with thedensity�������	� andanouterenvelopeof theform���
����� . Theredoesnotappearto beany reason,apriori,why halodensityprofilesshould
prefersuchaform. Recently, higherresolutionsimulationsof galacticandclusterhalofor-
mationin aCDM model,by Mooreetal [4,5], yieldedacoredensityprofile ��
�������� ����� � ,
shallower than ����� , but steeperthanthe ����� form preferredby NFW. It is importantto
understandtheseresultsaswell on generaltheoreticalgrounds.We summariseheresome
of our recentwork, to understandthestructureof darkhalocores[6].
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2. Processeswhich could setthe halo density profile

Let usconsideranEinsteinde-Sitteruniverse,with ����� . Also assumethat theFourier
spacepowerspectrumof densityfluctuationsis apowerlaw, ��
 �!�"�$#%�'& , wherethespec-
tral index ( liesbetweenthelimits )+*�,-(.,/� . In thiscasestructuregrowshierarchically
with smallscalesgoingnon-linearfirst andlargerandlargermassscalesgoingnon-linear
atprogressively latertimes.Whatwoulddecidethedensityprofileof adarkmatterhaloin
sucha cosmologicalsetting?

Firstly, whensomemassscaledecouplesfrom the generalHubbleexpansionandcol-
lapsesin aninhomogeneousfashionto form adarkmatterhalo,thechanginggravitational
potentialandphasemixing will causesomeamountof relaxationor ‘virialisation’ to oc-
cur. Generalconstraintson theequilibriumpropertiesof sucha halowill besetby energy
andmassconservation togetherwith scalinglaws which obtainin a hierarchicalcluster-
ing scenario.Further, in the cosmologicalcontext, a collapsedmassis not isolatedand
will thereforecontinueto accretesurroundingmaterial. Sucha secondaryinfall onto the
collapsedhalowill alter/determineits structurein theouterregions.

Weemphasizehereathirdprocess:Whenany massscalecollapses,in ahierarchicalthe-
ory, it will alreadycontainadominantsmallermassdarkhalowhichwouldhavecollapsed
earlier, andis thereforedenseron theaverage.It is possiblethatthecoreof suchasmaller
masshalo, is denseenoughto resistdisruptionby tidal forces,andsurvive undigested,
whenit getsincorporatedinto the biggerobject. A nestedsequenceof undigestedcores
in thecenterof thehalo,which have survivedthehierarchicalinhomogeneouscollapseto
form largerandlargerobjects,could determinethe innerdensityprofile of the halo. We
illustratethis ideaschematicallyin figure1.
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Figure 1. Schematicillustration of how thedensityprofile of a largehalocorecould
ariseasanenvelopeof thedensityprofilesof undigestedcoresof smallermasshalos.
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Structureof darkmatterhalocores

Suppose,ignoring thedetailedeffect of undigestedcoresor secondaryinfall, a haloof
mass 0 collapsesto form a ‘virialised’ objectwith somecharacteristicdensity �21 and
coreradius�43 . For ��
5�!�6�7�'& , simplestandardscalingargumentsusinglineartheory(cf.
[7–9]), predictthat � 1 and �83 , scalewith 0 as�21�
50��"�/0 �:9;&=<	�?>5@?�BA � 3 
50��6�$0 9;&B<	CD>�@DEBA ��1%�
� �F9;GD<	�?&=>�@H9;C?<:&B>3 I (1)

So, in the above sequentialcollapseto form larger and larger objects,the undigested
core of eachmemberof the sequence,typically contributesa density � 1 at a scale �83 ,
satisfyingtherelation � 1 �KJ � � �:9;GD<	�D&B>�@H9;CD<	&B>3 , with someconstantJ � . This suggeststhat
the inner densityprofile of the biggerhalo, which is the envelopeof the profilesof the
nestedsequenceof smallermasscores,couldhavetheform��
��B�6��� �ML:N O � O & � PRQ *B(S+Q ( I (2)

It is intriguingthatthesameform for thedensityprofile(asagainstthecorrelationfunction)
is alsoarguedfor by Peebles(ref. [7]; T 26). In a paperwhich appearedduringthecourse
of our work, SyerandWhite [10] motivatethesamedensityprofile law asa fixedpoint of
mergers,for thecasewhenbiggerhalosform by purelymergersof smallerhalos.

Onecanalsostatetheaboveargumentin termsof thevelocitydispersionor therotation
velocity profiles. The typical velocity dispersionof a collapsedhalo UV�W
 0
X8� 3 �D�Y@D� .
Sincethescalingargumentgives �43Z�/0 9;&B<	CD>�@DE , we have U � �
� 9[�\�M&B>�@H9;CD<	&B>3 . Sofor any(
,�� , smallermassobjectshave a smallervelocity dispersionthanlargermassobjects.
The survival of a nestedsequenceof coresduring the inhomogeneouscollapseto form
bigger and bigger objects,thensuggeststhat the velocity dispersionprofile in the core
regionswill scaleas U � 
��B�]�^� 9[����&=>�@H9;C?<:&B> . For any (�,_� , an alternatesignatureof
undigestedcoresis thenavelocitydispersionwhich increaseswith increasingradiusin the
above fashion. It is interestingto notein this context that, the clusterscalehalo corein
theMooreetal simulation[4], doesindeedshow suchavelocitydispersionprofile,with U
increasingwith increasing� (Moore,privatecommunication).

Althoughscalinglaws suggestpossibleformsfor thecoredensity, andvelocity disper-
sionprofiles,dynamicalconstraintsmaynotalwaysallow theseformsto obtain.To explore
thisdynamicalissuefurther, wehave looked[6] atasimpletractablemodel:thespherical,
self similar collapse,of darkmatterdensityperturbations,in a flat universe.

3. Self similar collapseand halo densityprofiles: A fluid approach

Considerthecollapseof asinglesphericallysymmetricdensityperturbation,in aflat back-
grounduniverse.Supposethe initial, averageexcessdensitycontrastof anoverdensere-
gion, is a power law in radius. Thenthereis no specialscalein the problemeitherfrom
initial conditionsor cosmology. We expectto beableto describethe furtherevolution of
sucha densityperturbation,througha self similar solution. Fillmore andGoldriech(FG)
[12] andBertschinger(B85) [11], looked at purely radial self similar collapseby solv-
ing for theself similar particletrajectory. We adopta differentapproachhere,examining
directly theevolutionof thedistribution functionof thedarkmatter.
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3.1 Theselfsimilar solution

The evolution of dark matterphasespacedensity `a
cb NYd6NYe � is governedby the Vlasov
equation, f `f e Q d I f `f b Q-g I f `f d �$h N (3)

where b and d �Wib arethe properco-ordinateandvelocity of the particlesrespectively.
Also theacceleration

g �jid �k)Rl�m , withl � mn��o2p	qr����o2p	q s `Mt � d I (4)

By directsubstitution,it is easyto verify that theseequationsadmitself similar solutions
of theform `a
cb NYd6NYe �6�$� � � ���� e �Mu����wv�xzy b� � e v N d� � e u!{ A | �
} Q � (5)

where � � N � � areconstantswhich we will fix to convenientvaluesbelow. We have used
properco-ordinatesheresincethefinal equilibriumhalois mostsimply describedin these
co-ordinates.(Thesamesolutionin co-moving co-ordinatesis givenin [13]).

Considertheevolutionof asphericallysymmetricdensityperturbation,in aflat universe
whosescalefactor ~�
 e �6� e �\@D� . For self similarevolution, thedensityis givenby��
�� NYe �"� s `Mt �Hd ���$� � e\�M� s x 
�� N?� �wt ����� � � e\�M��� 
��!� (6)

wherewe have definedscaledco-ordinates,����b=X=� � e v , � � d XB� � e u , and ����� b'� , ���� ��� . We havealsousedtherelation| �$} Q � . For theflat universe,thebackgroundmatter
densityevolvesas �'�H
 e �����8X!
��Bp	q e �4� . So the densitycontrast ��
�� NYe �?X�����
 e ��� � 
c�!� ,
wherewe take � � ����X'
��=p	q�� .
3.2 Linearandnon-linearlimits

Let the initial excessdensitycontrastaveragedover a sphereof co-moving radius ����=X�~M
 e �Z�/� e ���\@D� bea power law �� 
c� NYew� ���/�:���\� . Since�!X8� � is a functionof � alone,the�� 
c� NYe � will alsobe a function only of � . Note that, in the linear regime, it is the excess
densitycontrastaveragedover a co-moving sphere,which grows asthe scalefactor ~M
 e � .
Soonecanwrite for thelinearevolutionof thesphericalperturbation�� 
c� N?e �"� �� 1 � �M�D� e �D@D� � �� 1 � �M�D� e �\@?�D<	�\� � �� 1 � ���\� e �M�D��vH<	�D@D�D<	�\� N (7)

wherewe have substituted���k� e v . This canbea functionof � alone,for a rangeof e in
thelinearregimeiff )+*=� | Q-� X�* Q�� ���$h , which gives| � �+Q �=�P � I (8)
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Structureof darkmatterhalocores

Weseethatoncetheinitial densityprofile is specifiedtheexponents| N } of theselfsimilar
solutionarecompletelydetermined.(For aninitial �� 
c� NYe � ���$�	�M�D� , theradiusof theshell
turningaroundat time e , ����
 e �"� e v . Soanaturalwayof fixing theconstant� � is by taking� � e v��
�H��
 e � , and �����=X��H��
 e � . We will do this in whatfollows.)

Considernow whathappensin thenon-linearlimit. Thezerothmomentof theVlasov
equationgivesf �f e Q l�� I 
c� �d �"�$h I (9)

Here �d �K  dF¡ is themeanvelocity. (Henceforthboth   ¡ or a barovera variabledenotesa
normalisedmomentover ` ). In regionswhichhavehadalargeamountof shellcrossings,it
seemsplausibleto demandthatthehaloparticleshavesettledto nearlyzeroaverageinfall
velocity, that is �¢B£ � h . (They couldof coursestill have velocity dispersions).From(9) ,
we thenhave 
 f �!X f e �¤�$h , in thenon-linearregime. In this regimetherefore,��
�� NYe �"�$¥¦
c�B�6�$¥¦
�� e v �"� ��Bp	q e � � 
c�!� I (10)

This functionalequationhasonly power law solution,becauseof the power law depen-
denceson e . Substituting ¥¦
c�B�§�©¨!1��2��L into eq. (10) , and using ���j� e v , we get���ML e �!v�L¦� e �M�Hª�
��!� . This canonly be satisfiedfor rangeof e in the non-linearregime
provided | O � �

. So, for an initial densityprofile with a power law slope *=� , thepower
law slopeof thedensityin thenon-linearregimeis givenby,O � �| � P �*=� Q � I (11)

This resulthasbeenobtainedby following theself similar particletrajectory, by B85 (for�«�¬� ), andFG for
� X�*�­��®,k� . We seethat it canbesimply obtainedby just combining

the self-similarsolution ` andthe staticcorecondition. (Obtainingthe B85/FGresultin
this way hasbeenindependentlynotedearlierby Padmanabhan(privatecommunication,
unpublishednotes1994))

Whatshouldwe choosefor thevalueof � ? For a power law ��
5�¯�+�K�'& , the fractional
densitycontrastaveragedoveraco-moving sphereof radius� , is distributedasaGaussian,
with a varianceU¤
c�M���°�	�F9;�?<:&B>�@D� . This suggestsa ‘typical’ sphericallyaveragedinitial
densitylaw for a halo collapsingarounda randomlyplacedpoint of the form �� 
c� NYew� ����	�F9;�D<	&B>�@D� , or *2����
5* Q (:�DX � . Supposeweusethisvalueof � for theinitial densityprofile
of a halo. Thenthe halo densityin the staticcoreregionswill be ��
�� NYe ���V�2��L , where,
substituting*=���K
�* Q (:�?X � in eq. ( 11 )O � O & � PRQ *B(S+Q ( I (12)

Remarkably, this is the samelaw we derived earlierfor the coreof a collapsedhalo, as-
sumingthatthecoresof sequenceof sub-halosareleft undigested,duringtheformationof
thebiggerhalo.Notethatfor (§,7� thedensitylaw givenby (12) is shallower than ��X8��� .

FG alsoshowed that a power law slopeshallower than �8X8��� , cannotobtainfor purely
radial collapse,And thatwhile the above form for O shouldobtainfor

� X�*§­K��,�� , for�%, � X�* , onegoesto thelimiting value O � �
. However, this is only truefor purelyradial

trajectories(cf. [14,15]). We seebelow, by consideringthehighermomentsof theVlasov
equation,that O , �

canonly obtainif thesystemhasnon-radialvelocitydispersions.
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3.3 Jeansandenergyequations

Supposewemultiply theVlasov equationby thecomponentsof d andintegrateoverall d .
Assumethereis no meanrotationto thehalo,thatis �¢=± ��h and �¢=² �
h . Thenwegetf 
�� �¢B£ �f e Q f 
�� �¢ �£ �f � Q��� 
 � �¢ �£ ) �¢ �± ) �¢ �² � Q³q�0z
c�B�w�� � ��h I (13)

�¢ �± � �¢ �² I (14)

Here 0z
��B� is themasscontainedin asphereof radius� .
Let usconsideragaina staticcorewith �¢ £ � h . TheJeansequationgivestwo equations

for thethreeunknownvelocitydispersions,evenfor astaticcore.To seeif onecanclosethe
systemwe canlook at thesecondmomentsof theVlasov equation(theenergy equations).
However thesewill involve the third moments,or the peculiarvelocity skewness.Some
form of closurehypothesisis neededin a fluid treatmentof theVlasov equation.For this
we proceedasfollows: Onecanfirstly assumethat initially thetangentialvelocitieshave
zeroskewness.Thenin purelysphericallysymmetricevolutionthey wouldnotdevelopany
skewness,thatis �¢ �± � �¢ �² �¬  ¢ ± ¢ �² ¡ �/h for all times.Also if theinitial velocity ellipsoid
hadoneof its principle axispointing radially, we do not expectthis axis to becomemis-
alignedin purelysphericalevolution. This meanswe canassume  ¢ £ ¢ �± ¡ � �¢ £ �¢ �± . Under
theseassumptions,andtaking thestaticcorecondition �¢ £ �Kh , we get, 
 f 
c� �¢ �± �DX f e �+�Kh
or � �¢ �± �$´-
���� independentof e . For theself-similarsolutionwe thenhave� �¢ �± �$´-
c�B�"�$´-
�� e v �"�/� � � �� e ��u\�M�µv sz¶ �± x 
c� N?� �wt � � I (15)

Onceagainsubstitutinga power law solution ´�
c�B���z´ 1 ��· , to this functionalequation,
we get the constraintfrom matchingpower of e on both sides, |�¸ �jo2}�) � | . Using| ��} Q � , we thenget ¸ � � ).o�X | � � ) � O , andso� �¢ �± �$´�1�� ���M�DL I (16)

Integrating the radial momentumequationusing eqs(13), (14), (16) and using ���¨ 1 ���ML , wehave�¢ �£ �
� ����L.¹ ´ 1
 � ) O �?¨ 1 ) o2p	q�¨ 1� 
 � ) O ��
5*�) O �Bº� �
 � ) O � ¹ �¢ �± 
c�B�a) q�0z
c�B�� � º I (17)

Several importantpointsareto be notedfrom the above equation.A crucial oneis that,
when O , �

, the RHS of eq. (17) can remainpositive, provided one hasa non zero
tangentialvelocity dispersions.If one hasa purely sphericallysymmetriccollapseand
zerotangentialvelocities,thenthedensitylaw cannotbecomeshallower than O � �

and
maintaina static core with �¢ £ �jh . This agreeswith FG. In fact for any O , �

, one
needstangentialvelocity dispersionsto be at leastas large as q�0
X � � , comparableto
thegravitationalpotentialenergy perunit mass.Further, onecanseethat to obtainstatic
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Structureof darkmatterhalocores

coreswith O ,»� , the requiredtangentialdispersionshave to be necessarilylarger than
the radial velocity dispersions.Also notethat for O , �

, all the componentsof velocity
dispersionsdecreasewith decreasingradius,assuggestedby thesimplescalingarguments
of theprevioussection.

Note that for a static core �¢ �£ shouldalso be independentof e . However the energy
equationfor

f 
c� �¢ �£ �?X f e , showsthata time independentradialvelocitydispersion,canonly
obtainif theradialvelocity skewness ?
 ¢ £ ) �¢ £ �w� ¡ is alsozero. In thecoreregionswhere
large amountsof shell crossinghasoccurred,onecanassumethat a quasi‘equilibrium’
stateobtains,wherebyall oddmomentsof thedistribution function,over 
 d ) �d � , maybe
neglected.Sucha treatmentwill correspondto consideringa fluid like limit to theVlasov
equation.

However, the radial skewnesswill becomeimportantnearthe radius,whereinfalling
mattermeetsthe outermostre-expandingshell of matter. This region will appearlike a
shockfront in thefluid limit. A possibletreatmentof thefull problemin thefluid approach
to theVlasov equationthensuggestsitself. This is to take theradial skewnessto bezero
both insideandoutsidea ‘shock or caustic’ radius,whoselocation is to be determined
asaneigenvalue,soasto matchthe innercoresolutionthatwe determinein this section
with anoutersphericalinfall solution.Onehasto alsomatchvariousquantitiesacrossthis
‘shock’, usingjumpconditions,derivedfrom theequationsthemselves.To dothisrequires
numericalsolutionof the self consistentsetof momentequations,to the scaledVlasov
equation.Thedetailsof sucha treatmentaregivenin our paper[6]. Herewe summarisea
few of theresults.

4. Numerical solution of the momentequations

We write the scaledVlasov equationin sphericalco-ordinatesand take moments. We
define ¼�� �¶ £ , ½¾�W Y
 ¶ £ ) �¶ £ �w� ¡ and ¿^� �¶ �± � �¶ �² . We also set the tangential
velocity skewnessto zero. As explainedabove, we take the radial skewnessto be zero
both insideandoutsidea ‘shock or caustic’ radius. The shocklocation,say ����� · , is
determinedasaneigenvalue,to thecompleteproblem,of matchingtheinnercore-solution
to an outer sphericalinfall solution, and by requiring the solutionsto satisfy the inner
boundaryconditions¼��$0À��h N ����h I (18)

Wematchthesolutionsacross����� · by specifyingthejumpconditionsat ���
� · , derived
from themomentequations.

Notethatbothradialandtangentialvelocitydispersionsarelikely to begeneratedduring
the inhomogeneouscollapseto form the halo. So it is natural to take the initial, pre-
collapse,velocitydispersionsto besmall.Radialvelocitydispersionswill beautomatically
generated,evenif initially zero,whensphericallycollapsingshellsstartto crossexpanding
shells;thatis wheretheradialskewnessis important.Ontheotherhand,in any spherically
symmetricsystem,tangentialvelocitieshave to be necessarilyintroducedin an ad-hoc
fashion.Sinceall thecomponentsof thevelocity dispersionareexpectedto begenerated
together, the shockgivesa naturallocationto introducea tangentialvelocity dispersion.
We have donethis in mostof the numericalexamples. The solutionsare thereforealso
describedby a parameter¿®
�� · ���Á¿ � . We discussbelow a few typical examplesof our
numericalintegration.
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4.1 Collapseontoanexcesspointmass,���K�
First considerthe self-similarsphericalinfall onto a point mass,by adopting ���^� and¿ � �Âh . This problemwassolved by B85 andFG by examiningthe self similar parti-
cle trajectory, andallows us to ‘benchmark’the fluid approach.We find the eigenvalue� · �
h I o�� �=Ã

for theaboveparameters.B85solvingtheproblemby lookingatparticletra-
jectoriesgot thelocationof theoutermostcausticas � · �7h I *2�Bo . This differencebetween
our work andB85 could be becausewe have replaceda smoothtransitionregion for the
collisionlessfluid, wherevelocity skewnessis important,by a discontinuousshock. B85
foundthat thescaleddensitycouldbefitted asymptoticallyby a form � 
��!�+Ä � IÆÅ P ����G\@?�
whenthey adopteda minimum �Ç���=ÈÊÉÁh I h �

for the particletrajectory. We caninte-
grateour equationsandget convergedsolutionssatisfyingthe boundaryconditionsupto�=È�É ��Ë ��h!�Ì� . We find that � 
��!���ÎÍ� ���MGD@?��Ä7* I �H����G\@?� at �=È , while at ��É ��Ë �4h'�M�
we find Í� Ä � I S . Thesenumbersbracket the asymptoticvalueof Í� É � IÏÅ P obtainedin
B85. Sothereis fairly goodagreementbetweenour work andB85, giventhedifferences
in thevalueof �=È andtheverydifferentapproaches.

4.2 �+, � XB* andtheimportanceof tangentialdispersions

We alsoconsidersolutionsfor initial densityprofiles,with �� 
c� N?e � � shallower than ����� , or��, � X�* . In this case,if thecollapsewerepurelyradial,FG showedthat thefinal density
profile approachesa �8X8��� form. We find, as expected,that the natureof the solutions,
dependson theratioof tangentialto radialvelocitydispersions.

In figure 2, we show the solution for the case�]�»h I o , Í¿ � �^¿ � � �H�ML· �»h I P o . For
this solution,thevalueof � · �
h I o P2S2S

. We show both ÐÒÑ=ÓÌ
5½Ô
��'� (solid line) and ÐÒÑ=Ó�
 ¿®
c�!�
(dashedline) in thesameplot, sothatthey canbeeasilycompared.Fromfigure2, onesees
that tangentialvelocity dispersionsfor this solution is everywherelarger than the radial
dispersions,by a factor É^� I * . ( 
 ¿«X�½®� �?@D� É^� I * ). For ����h I o , anda staticcore,we
expectthescaleddensityto have theasymptoticbehaviour � 
c�!�"�
�Ì��L , with O �k� Ã X��2� .
This is plotted asa dashedline in the � )�� plot of figure 2. We seefrom comparing
the solid and dashedlines, in this plot, that the density indeedhassuchan asymptotic
behaviour. Also the velocity dispersionsandrotationvelocitiesincreasewith increasing
radius,as the analytic theoryof T 3 predicts. This caseillustratesthat it is possibleto
obtainsolutionsfor ��, � XB* , which have O � P ��X!
w� Q *=���Ô, �

, providedthe tangential
velocitydispersionsarelargeenough.

To illustratetheeffectof decreasingtangentialvelocitydispersions,weshow in figure3,
the propertiesof a solutionwith ���Áh I o , but a smaller Í¿ � �Áh I � S

. The locationof the
shockis at � · �Âh I * Å P Å . The coreregionsarenearlystaticbut not completelyso. For
this casethe radial velocity dispersionsareeverywherelarger thanthe tangentialdisper-
sions,by a factor É_� I � S as ��ÕÖh . Oneseesa large differencebetweenthis solution
(figure 3) andthe oneobtainedfor larger tangentialvelocity dispersion(figure 2). First
we seethatwhenradialdispersiondominates,thedensityprofile is closerto the � �/�����
form (dashed-dottedline) than the � �j�Ì��L form (dashedline), althoughneitherpro-
videsa goodfit. Secondthe velocity dispersionsarereasonablyconstantwith radiusas��Õ_h limit, insteadof increasingwith increasingradius.Wehavealsolookedatsolutions
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Structureof darkmatterhalocores

Figure2. Selfsimilarcollapsesolutionfor ×FØ¦ÙBÚ Û , ÜÝ¤Þ ØßÙBÚ àHÛ . Thevelocity á , scaled
density â (solid line in theupperright plot), radialvelocity dispersionã (solid line in
thelower left plot), tangentialvelocity dispersion

Ý
(dashedline in thelower left plot)

andcircularvelocity squaredä Þ
areplottedagainstthescaledradius å . Thepreshock

sphericalinfall solution is alsoshown. In the â - å plot we alsoshow for comparison
thedensitylaws âßænçBè�é (dashedline) with ê§Ø�à4×Yë=ìîíaï.ð4×Yñ and âÇænç=è Þ

(dashed
-dottedline).

with smallervaluesof � , andalsoexampleswherethe tangentialvelocity dispersionsare
introducedat theturnaroundradius( ����� ) ratherthanat theshock.Theseexamplesshow
verysimilarbehaviour to thesolutionsdiscussedabove(figures2 and3).

Our numericalsolutionsshow the importanceof tangentialvelocity dispersions,in de-
cidingwhethertheselfsimilarsolution,with �«, � X�* retainsamemoryof theinitial profile
or whetherthedensityprofiletendsto auniversal�8X�� � form. For alargeenough¿«XB½kò/� ,
thecoredensityprofile is indeedcloseto the form ���K����L , with O � P ��X'
Y� Q *2�\� . For¿«X�½kÉ³� , somememoryof theinitial densityprofile is alwaysretained.Thecoredensity
profile is curved,steeperthan �ó�����ML form expectedfor staticcores,but shallower than�8X�� � . When ¿«X�½Â,�,�� , the densityprofile goesover to the ��X8� � form derivedby FG.
Also for �+,7�8X�� , onemustnecessarilyhaveatangentialdispersionmuchlargerthanradial
dispersionto get a staticcoreregion, with O ,V� . Thesedifferencesfrom thestaticcore
results,arisebecausetheboundaryconditionadoptedin thenumericalsolution,correctly
assumesonly �¢B£ 
�h��"��h at theorigin, andnot �¢B£ 
��B�6�
h for arangeof radii neartheorigin
(aswouldberequiredfor a staticcore).
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Figure3. Selfsimilarcollapsesolutionfor ×aØßÙ=Ú Û , ÜÝ¤Þ ØßÙ=Ú ô8õ . Thevariousquantities
shown aresameasin figure2.

5. Discussionand conclusions

We have consideredherethestructureof thecoresof darkhalosin hierarchicalclustering
theoriesof galaxyformation. In suchtheories,it is very likely that coresof dark matter
halosharborundigestedearliergenerationmaterial.Their densitystructure,in physicalas
well asphasespace,will reflect the timesandthe cosmologicaldensitieswhenthe core
materialwasgathered.

In aflat universewith apowerspectrum��
5�!�6�$�'& , aconsequenceof undigestedcores,
could be a cuspy coredensityprofile, ��
������Á� �ML2ö , with O & �^
 PÔQ *B(:�DX'
 S�Q (:� . Or
a velocity dispersionprofile, which riseswith increasingradius. In orderto explorehow
andinfactwhether, this form will berealizeddynamically, we focuson a simpletractable
model: the spherical,self-similarcollapseof dark matterdensityperturbations,in a flat
universe.We havedevelopeda novel fluid approachto studythis problem.

Ourresultsillustratethegeneralfeatureswhicharelikely to beimportantin determining
thestructureof halocores.If newly collapsingmaterialis constrainedto mostlycontribute
to thedensityat largerandlargerradii, thenmemoryof initial conditionscanberetained.
The sphericalself-similar collapsesolutions,with O ò �

, or the solution with O , �
but a large enoughtangentialdispersion,illustrate this possibility. In the more general
case,whennewly collapsingmaterialis ableto occupy similar regionsasthematterwhich
collapsedearlier, thecoredensityprofile will only partially reflecta memoryof theinitial
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conditions.Thesolutionswith O , �
and ¿«X�½KÉz� illustratesthis feature.In eithercase

we do not find any preferencefor a universaldensityprofile. More detailsof our work,
includingalsoadditionalresultsfrom N-bodysimulations,will begivenin ref. [6].
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