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ABSTRA CT

We examinethe amplitude of the rotation velocity that can be attributed to
the dark matter halos of disk galaxies,focusing on well measuredintermediate
radii. The data for 60 galaxiesspanninga large rangeof massand Hubble types,
taken together, are consistett with a dark halo velocity logV,, = C+ B logr
with C= 147933 and B 1 over the rangel < r < 74 kpc. The rangein
C stemsfrom di erent choicesof the stellar massestimator, from minimum to
maximum disk. For all plausible choicesof stellar mass,the implied densitiesof
the dark halos are lower than expected from structure formation simulations in
CDM, which anticipate C > 1:6. This problem is not speci ¢ to a particular
type of galaxy or to the innermostregion of the halo (cusp or core); the velocity
attributable to dark matter is too low at all radii.

Subjet headings: dark matter | galaxies:kinematicsand dynamics| galaxies:
spiral

1. Intro duction

The rotation curves of spiral galaxiesprovide one of the strongestlines of evidence
establishingthe needfor dark matter in the universe(e.g., Rubin, Thonnard & Ford 1980;
Bosmal1981). An elaborate paradigm for dark matter has subsequetly deweloped: CDM.
More recert work emphasizedarger scaleconstrairts (e.g., Tegmarket al. 2004; Spergel et
al. 2006). An important questionis whether this cosmicparadigm provides a satisfactory
description of spiral galaxies.
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A completeexplanation of spiral galaxiesin CDM requiresa comprehensie theory of
galaxy formation. This remainslacking. Indeed, there are a number of lingering problems
on small (galaxy) scales. Theseinclude the cusp-coreproblem (e.g., de Blok et al. 2001a),
the missing satellite problem (e.g., Moore et al. 1999a),the dynamical friction time scale
problem (Goerdt et al. 2006; Santez-SalcedoReyes-Iturbide, & Hernandez2006), and a
whole suite of other incongruities and apparert cortradictions that arise on the scale of
individual galaxies(McGaugh & de Blok 1998; Sellwood & Kosawvsky 2001). In this paper,
we will concettrate on the amplitude of the rotation velocity that is obsened for spiral
galaxy dark matter halosand that predictedby CDM.

Considerableattention hasfocusedon the density pro le inferred for the dark matter
halosof dwarf and low surfacebrightness(LSB) galaxiesat smallradii (Moore 1994;Flores&
Primack 1994;Cobte et al. 2000;Swaterset al. 2000;de Blok et al. 2001a,b;Borriello & Salucci
2001;Salucci2001;Bolatto et al. 2002; Marchesini et al. 2002; Salucciet al. 2003; Swaters
et al. 2003a,b;de Blok et al. 2003;Donato et al. 2004;Simonet al. 2003,2005;Gertile et al.
2004,2005;Spekkens, Giovanelli, & Haynes2005;Kuzio de Naray et al. 2006;Zadrisson et
al. 2006). There are good reasondor this: LSB galaxiesare dark matter dominated down to
small radii, making the inferenceof their dark matter properties much lesssensitive to the
stellar massthan in higher surfacebrightnessspirals. In the most straightforward analyses,
the data appearto cortradict a basicprediction of the CDM structure formation scenario,
that dark matter halosshould have cuspsat small radii (a density distribution r with

1: Dubinski 1994;Cole & Lacey 1996;Navarro, Frenk, & White 1997 (hereafter NFW);
Tormen, Boudhet, & White 1997;Moore et al. 1998,1999b;Tissera& Dominguez-Tenreiro
1998;Nusser& Sheth1998;Syer & White 1998;Avila-Reese,Firmiani, & Hernandez1998;
Sahador-Sole, Solanes,& Manrique 1998;Jing 2000;Jing & Suto 2000; Kull 1999; Klypin
et al. 2001;Ricotti 2003;Power et al. 2003;Diemand et al. 2005). The data are apparertly
more consisten with a nearly constart density core( 0). Many di erent solutionsto this
problem have beenproposed(e.g., El-Zant, Shlosman,& Ho man 2001;Weinberg & Katz
2002;Merritt et al. 2004;Ma & Boylan-Kolchin 2004;Mashdenko, Coucthman, & Wadsley
2006;Tonini, Lapi, & Salucci2006).

Interesting constrains alsostemfrom the rotation curve data for high surfacebrightness
(HSB) galaxies. It is frequertly possibleto obtain quite high quality data for these bright
objects, but the interpretation depends critically on the massascribed to baryons. The
stellar disks in these objects can be massie (e.g., Debatista & Sellwood 2000; Salucci &
Burkert 2000; Weiner, Sellwood, & Williams 2001; Zavala et al. 2003; Kassin, de Jong, &
Weiner 2006) or even maximal (e.g., van Albada & Sancisi1986; Kent 1987; Palunas &
Williams 2000; Battaglia et al. 2006). Sudh dynamically dominart disks leave little room
for halos with steepinner density pro les. For example,Binney & Evans (2001) nd that
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cuspy halos are inconsistert with a number of constraints for the Milky Way (cf. Klypin,

Zhao, & Somerville2002). On the other hand, it canbe arguedthat the lack of scalelength
residualsin the Tully-Fisher relation implies that typically HSB disks are sub-maximal(e.g.,
Courteau & Rix 1999;cf. Sellwood 1999). If dark matter is dynamically signi cant in the
inner regionsof HSB galaxies,then it may be quite possiblefor the halos of these galaxies
to have a steepcusp. The critical issueis the stellar mass.

Constraining the preciseinner slope of the dark matter density pro le of an individual
galaxy is obsenationally challenging. Even if the stellar masscan be properly treated, a
variety of systematic e ects might a ect the result (Swaters et al. 2003a; de Blok et al.
2003; Simon et al. 2003, 2005; Spekkens et al. 2005). There are se\eral distinct problems
here: obsenational uncertainties, non-circular motions that might causemisestimation of
the potential, and degeneracybetween tting parameters.

Obsenational uncertainties of concernhere are those that might lead us to underesti-
mate the steepnesof the rise of the rotation curve. This might result, for example, from
beam-smearingof 21 cm obsenations (e.g., van den Bosd et al. 2000) or mis-positioning of
the slit during optical obsenations (e.g., Swaters et al. 2003a). Sud errors are not a great
concernwhen rotation curvesare obsered to be steeplyrising, asis typically the casefor
HSB galaxiesin this sample. When the obsened rotation curve risesmore gradually, there is
more potential for concernasto whether this behavior is truly intrinsic (de Blok, McGaugh,
& van der Hulst 1997;de Blok & McGaugh1997). This no longerappearsto be a signi cant
worry for LSB galaxies,as high resolution two dimensionalvelocity elds (Kuzio de Naray
et al. 2006)largely con rm perviousresults (e.g., McGaugh, Rubin, & de Blok 2001;de Blok
& Bosma2002;seealso Zadkrissonet al. 2006).

Non-circular motions can be signi cant at small radii, in the sensethat they canrepre-
sen a substartial fraction of the total gravitational potential. The cortributions of circular
and noncircular motions sum in quadrature. From this, it immediately follows that non-
circular motions (V;) are only important when comparableto the rotational motion (V).
Simon et al. (2005) shov somecasesfor which this is the case(V, V), albeit at quite
small radii. For the sampleconsideredhere, which all have two dimensionalvelocity elds,
V; is typically small (a few to tens of kms ) comparedto V at the sameradius (tens to
hundredsof kms 1). We consideronly intermediate and large radii whereV? V.2 and the
cortribution of non-circular motionsto the potential is not signi cant. Galaxiesthat do not
satisfy this criterion are not in the sample.

A more fundamertal di cult y is the degeneracybetweenhalo tting parameters,even
whenthe potential is perfectly well known. The degeneracypetweenstellar massandthe core
radius of a pseudo-isothermahalo haslong beenknown (e.g., Kent 1987). For NFW halos,
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there is substartial covariance betweenc and Voo even when the stellar massis xed (de
Blok et al. 2001b). This degeneracystemsfrom the similarity of the inner shapes of NFW
halo velocity pro les over a range of (c,V,o0). More generally degeneracyis unavoidable
becauseof a surplus of parameters. Mass models require the speci cation of a minimum of
three parametersper galaxy (onefor the disk and two for the halo) while empirically a single
parametersu ces to descrike the data (e.g., Brada & Milgrom 1999;McGaugh 2004).

In this paper, we adopt a model independent approad. We do not t speci c mass
models to individual galaxies. The halo parametersderived from sud models inevitably
su er from parameter degeneraciesRather, we simply ask what range of halo parameters
(c, Vago) are consistem with the halo velocities implied by obsenation. We determine the
velocity attributable to the dark matter for a broad range of stellar massestimators.

We nd that the data are consisten with a nearly universal dark matter halo pro le.
There is some scatter about this relation, and we would not claim that there is in fact
a single halo pro le appropriate to all galaxies,but the data are not wildly at odds with
sud a situation. The slopewe nd is consisten with previousdeterminations(e.g., Barnes,
Sellwood, & Kosowsky 2004). If halos have the NFW form, their concerrations and/or
masses(Vzqo) are generally smaller than might nominally be expectedin CDM. This is
largely consister with various previousresults (e.g., Debatista & Sellwood 2000;Weiner et
al. 2001;Borriello & Salucci2001;Zertner & Bullock 2002;Alam, Bullock, & Weinberg 2002,
McGaughet al. 2003;Bell et al. 2003a;Gertile et al. 2004;Zadrison et al. 2006;Portinari &
Sommer-Larser2006)that suggestthat real dark matter halosare lessdensethan predicted
by CDM.

The data and stellar massestimators are descriked in x2. In x3 we determinethe halo
velocity V;, implied by the data for a range of stellar massestimates. The predictions of
CDM models and their relation to the data are described in x4. The implications of the
result and possibleways to reconcilethe apparert discord betweentheory and obsenation
are discussedn x5. A summary of our conclusionsis givenin x6.

2. Data
2.1. Sample

We employ the rotation curve data and massmodels compiledby Sanders& McGaugh
(2002), as trimmed for quality by McGaugh (2005). These data originate from many in-
dependent obseners, and represen the accunulated e ort of a substartial comnunity of
astronomers. Samplegalaxiesspan a wide range of morphologicaltypes,from Sabthrough
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all spiral typesto Irr/lm. Recert work by Noordermeeret al. (2005) focussingon the earli-
est (S0/Sa) type disk galaxiesappearscortiguous with the data usedhere. More important
than morphological type is the broad range of physical parameter spacethat our sample
spans. It includes galaxieswith circular velocities 50 < V; < 300kms !, baryonic masses
3 18<Mp<4 10" M ,scalesizes0:5 Ry 13kpc, certral surfacebrightnesses
196 5 242 mag arcsec?, and gasfractions 0:07 f4 0:95. No restriction is made
on surfacebrightnessor any other physical parameter. The samplerepreseis the dynamics
of disksin the broadestsensepossiblewith available data.

All sample galaxies have high quality, extended rotation curves derived from 21 cm
data cubes. The high precision sample of McGaugh (2005) consistsof 60 galaxieswith
700 independen, resoled rotation velocity measuremets, ead with formal accuracyof
5% or better. We chooseto excludedata with r < 1 kpc wherethe corntroversy over cusp or
coreoccurs(de Blok 2004). The point hereis to comparereliable data with the expectations
of CDM models,freefrom concernover systematicuncertainties, either obsenational (such
as beam smearing)or physical (e.g., non-circular motions). Thesemay be seriousconcerns
for constrainingthe innermost slope of the density pro le, but do not signi cantly a ect the
data at intermediateradii. Herethe data arewell resoled, and the obsened circular velocity
greatly exceedgshe velocity dispersion. Indeed, strong constrairts exist on the ellipticities of
the potentials for somesamplegalaxies(Schoenmalers, Franx, & deZeewv 1997). Triaxiality
of the halo (e.g., Hyashi & Navarro 2006)is not relevant to the bulk of the data here.

We excludethe possibility of non-circular motions biasing the results at small radii by
truncating the inner data. Our result is not sensitive to the choice of the inner truncation
radius. The total radial range sampledis from 1 to 74 kpc, with a median radius of 9 kpc.
Only a few galaxieshave measuredrotation extendingto very large radii. The bulk of the
data (68%) fall in the range4 < r < 22 kpc (Fig. 1). Data in this range are not only
numerous,but fall in a rangewherethe systematicconcernsdiscussedabove have negligible
impact. The sameresult follows if we restrict the data to this very consenative range.

For many galaxiesin the sample, the cortribution of the stars to the total potertial
can not be ignored. This dominatesall other e ects by far. It is necessaryto subtract o
the baryonic cortribution to reveal the velocity due to the halo. All galaxieshave detailed
surfacephotometry from which baryonic massmodels are derived.

For the presen work, we utilize B-band surfacephotometry, as this is the only band
that all 60 galaxieshave in common. We are working to placethe sampleon a uniform K -
band scale,but at presen lack su cien tly deepobsenations of someof the fainter galaxies.
Using the K s-band data already in hand does not alter the basic result (seealso Verheijen
2001;Verheijen& Sancisi2001;Kassin et al. 2006).
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We make no assumptionabout the light pro le (e.g., exponerial disk). The obsened
light distribution is corverted to a baryonic rotation curve numerically (via GIPSY: van der
Hulst et al. 1992). This includesthe bulge (when presen), stellar disk, and Hi gas. The
molecular gas distribution is not available in most cases,but this is likely to be a small
perceriage of the baryonic massin the majority of late type galaxies(Young & Knezek
1989). Moreover, the molecular gas generally follows the stellar distribution (Helfer et al.
2003),sois e ectively subsumedinto the stellar mass-to-ligh ratio. It is the estimation of
stellar massthat is most crucial.

2.2. Stellar Mass

The obsened rotation curves provide a good map of the total gravitational potential
that is due to both baryonic and dark mass. While the total potential is well constrained,
dividing it into baryonic and dark masscomponerts is a degenerateprocess. Additional
information is neededto break this degeneracy

We explore three methods for estimating the stellar mass-to-ligh ratio ,: maximum
disk, max; Stellar population synthesismodels, .p; and that from the massdiscrepancy{
accelerationrelation, .. This latter in e ect treats MOND (Milgrom 1983) ts (Sanders
& McGaugh 2002) as an empirical phenomenology That this phenomenologyis presert in
the data is all that is required, regardlessof the underlying physical reasonfor it (McGaugh
2004).

Following McGaugh (2005), we can chooseany arbitrary stellar massestimateby scaling
eadt of theseprescriptionsby a constant factor , P, or Q:

? = max (1a)
2= P pop (1b)
2= Q acc (1c)
This schemeallows us to explorethe full range of possiblestellar masseq0 1) with

three independen estimatorsfor ead galaxy. The population synthesis mass-to-ligh ratio
pop IS estimated from the obsened BV color (as tabulated by McGaugh 2005) and the
models of Bell et al. (2003b):

log pop= 17378 V) 0:942 (2)

Very similar results follow from other models (e.g., Portinari et al. 2004). The chief un-
certainty of this method is the IMF. P = 1 correspndsto the nominal \scaled Salpeter"
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IMF adoptedby Bell et al. (2003b), which for our purposesis nearly indistinguishable from
the Kroupa (2002) IMF adopted by Portinari et al. (2004; seealso Portinari & Sommer-
Larsen2006). To considerthe e ects of a heavier or lighter IMF, we simply scaleby P (see
discussionin Bell & de Jong 2001).

3. Empirical Halo Estimates

We estimate the circular velocity provided by dark matter by subtracting the baryonic
componert from the obsened rotation curvesfor ead choiceof -:

Vid(r) = VA(r)  Vi(r): 3)

Here VW, (r) is the rotation velocity attributed to the dark matter, V(r) is the obsened
rotation velocity, and Vy(r) is the rotation velocity attributed to baryons. This dependson
» through V2 = ,v3 + V7, wherev; is the rotation velocity for , = 1M =L . The
Hi gas componert, correctedto accourt for helium and metals, gives Vy. Molecular gas
generallytracesthe stellar distribution (Helfer et al. 2003)and is subsumedinto .

An examplerotation curve is shavn in Fig. 2. As we increase(decrease) - by varying
, P, and Q, the stellar cortribution to the total rotation increases(decreases)nd the
correspnding cortribution from the dark matter decreasegincreases). Though the details
of ead realization depend on the -, estimator and the relative importance of gas (which
does not vary), it is a tolerable appraximation to imagine the dark and baryonic lines in
Fig. 2 sliding up and down see-s& fashion.

In order to restrict our attention to the best data, we have excisedindividual points
with uncertainty in excesf 5%. In many casesthe formal precisionis rather greaterthan
this limit. While this leavesplenty of data to analyze,various astrophysical considerations
make it unrealistic to considerthose data with small error bars as accurateestimatesof the
circular velocity of the potential (seediscussionsin McGaugh et al. 2001; de Blok et al.
2003). We therefore give uniform weight to the data which passthe 5% criterion.

A more seriousuncertainty than that in the data is that in ,. The estimate of stellar
massis the singledominant sourceof uncertainty in this analysis. The systematicnature of
this uncertainty makesit impossibleto propagateit in a meaningful way. Hencewe simply
examinethe resultsof adoptingead -, estimator, leaving it to the reader'sjudgemer which
casemight seembest. Fortunately, the basicresult is fairly insensitive to this choice.

In Fig. 3 we show V,(r) for all 60 galaxiesplotted together for the caseof Q = 1.
Remarlably, the inferred dark matter halos of all these galaxiesfall more or lesson top of
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ead other. This is not to say that the dark matter halosof all galaxiesare the same. Quite
the cortrary, it is possibleto obsenationally distinguish betweenthe dark matter halos of
individual galaxies(Sancisi2004; McGaugh 2004; Barnes et al. 2004; Simon et al. 2005).
Nonetheless,when plotted together in this fashion, the apparert variation is remarkably
small.

Taken together, the data suggesta relation
logVi, = C+ B logr: (4)

Fitting the data with Q = 1 givesC = 148 00land B = 049 0:01. While we
would not claim that this is a universalhalo that all galaxiesshare,it doesgive a tolerable
approximation of the velocity attributable to dark matter.

We can extendthis approad to other mass-to-ligh valuesby varying , P, and Q. The
cases = 1,P = 1,Q = 1and = 04 (the latter as suggested by Bottema 1993 and
Courteau & Rix 1999)areillustrated in Fig. 4. This gure is like Fig. 3 for the various mass
estimators, but with shadingto illustrate the density of data. The darker the shading,the
more sharply de ned the relation betweenV,, and radius.

There is somecovariance betweenthe slope B and intercept C. Our purposehereis
to constrain the amplitude of the velocity that can be attributed to dark matter. In order
not to obscurethe basicresult with uncertainties introducedby covariance,we x the slope
to B = 1=2, consisteth with our data (seeFigs. 5 { 8) and those of Barneset al. (2004).
Moreover, the slope doesnot vary appreciably when left free; the important information is
cortained in the amplitude.

Fixing B = 1=2 changesthe Q = 1 best t interceptto C= 1:47. This number encales,
in the simplest possibleway, the amplitude of the dark matter velocity. Fig. 9 shov how
this amplitude variesaswe change ,. For P = 1, the amplitude barely changes:C = 1:49.
For the full rangeof possibilities, from minimum to maximum disk, we nd C( = 0) = 1.62
and C( = 1) = 1:28. In other words, the amplitude of the velocity provided by the dark
matter falls in the rangeC= 1:47"%3 for B = 1=2.

One can also seein Fig. 9 variation in the scatter about the mean. Remarkably, the
scatter is minimized for Q = 1, the MOND mass-to-ligh ratios. This is also the choice
of , which minimizes the scatter in the baryonic Tully-Fisher relation (McGaugh 2005)
and, by construction, that in the massdiscrepancy{acceleratiorrelation (McGaugh 2004).

1Theseauthors phrasethe disk cortribution in terms of the velocity at 2.2 scalelengths. SinceM / V2,
Vo.0=Vjot = 0:63 correspondsto = 0:4.
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Irrespective of the physicsthat causest, this impliesthat MOND is an important empirical
organizingrelation that is relevant evento dark matter. The scatteris larger for other mass
estimators, but the basicresult encapsulatedby C is the same.

4. CDM Halos

Cosmologicalsimulations lead to massdistributions for dark matter halos that have
gravitational potentials which can be analytically appraximated as

In(1+ cx) cxH1+ cx)
X[n(A+c¢) cx1+c¢)] ’

ViZ(r) = Vo (5)
wherec = R00=Rs and x = r=Ryp (NFW). The radius R,oo enclosesa density 200 times
the critical density of the universe;V,q is the circular velocity of the potential at R,qo.

The radius R,q IS, crudely speaking, the virial radius in a critical density universe. For
curret CDM parameters,the virial radius is more nearly at R1q9 (€.9., EKke, Navarro, &
Steinmetz 2001). More recerly, Navarro et al. (2004) have suggestedhat a density pro le
with a cortinuously running slope provides a better t to simulated halosthan the original
NFW formula. From an obsenational perspective, theseforms are virtually indistinguish-
able. We therefore retain the NFW formulation for its familiarity and its well quarti ed
relation to cosmologicalparameters(NFW; McGaugh, Barker, & de Blok 2003).

One interesting aspect of the data is that there is no clear tendency for the dark halo
rotation curvesto atten out. The combination of disk plus halo is often closeto at, and
asthe disk cortribution is declining, it is natural to asseiate the at rotation velocity with
the halo. This is, howewer, an oversimpli cation. In most cases,the inferred dark matter
cortribution to the velocity is still rising at the last measuredpoint, and it is not clear that
the obsened at velocity is truly represemativ e of the halo.

In the context of simulated halos, the lack of a at halo rotation velocity may help the
models. NFW halosdo not possess signi cant range of radii where / r 2, asneededto
produce at rotation curves. Presumably the obsenedrangesu ces only to cover the rising
portion of the halo, with a suggestionof a turn-over in only a few su cien tly extendedcases.
It remainsan open questionwhy the disk and halo conspireto producenearly at rotation
curvesover the range obsened.

It is suggestie that the tted slope B  1=2is that expectedfor the inner portion of
NFW halos. It is tempting to concludethat halos are indeed NFW, and we will use this
to comparethe obsened and predicted amplitudes C. An important caveat is that it is not
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straightforward to match the radial scaleof simulated halosto that of real galaxies. It is for
this reasonthat the amplitude C providesthe most robust comparison:it usesall the data
to set the velocity scale,in e ect providing an integrated measurethat is not sensitive to
systematice ects in the way the innermost slope may be.

The slope of the data is, if anything, too closeto a constart B = 1=2. NFW pro les
have this slope at small radii, though the exact slope the simulations predict is still debated
(e.g.,Ricotti 2003;Power et al. 2003;Navarro et al. 2004;Diemand et al. 2005). Irrespective
of this detail, all simulations agreethat the inner slope gradually transitions to a steeger fall
o (becomingr 3 at large radii). The consequencds that there should be somecurvature
apparent in V,(r) over the radial range sampledby the data. This is not obvious in the
obsenations (Fig. 3). This di erence betweensimulations and data is su cien tly large that
the di erence betweenthe various proposedanalytic formulasis a rather small concern. The
useof individually simulated halos(e.g., Hayashiet al. 2004;cf. de Blok 2005)in preference
to the analytic approximations should not make a di erence to the radii of interest here,
wherethe deviations betweenthe various realizations of the simulation results are small.

In addition to the data, the upper panel of Fig. 3 shaws the predicted shape and am-
plitude of NFW rotation curvesfor a rangeof V,qo. Presuminggalaxy halosspana range of
masscomparableto that suggestedby their luminosities, one would not only expect more
curvature than obsened, but alsoa wider spreadin V;, (compare,for example,the haloswith
Vooo = 50 and 200kms 1). That the data concertrate in this plane more than anticipated
might suggestthat we may err in presumingthat halo massespanthe samerange of mass
as the obsened luminosity, or that the simulated c-V,qo relation built into the linesin the
upper panel of Fig. 3 may not be preciselycorrect.

One must bear in mind, of course,that the data only extend over a nite range of
radii, and do not generally showv the inevitable maximum and declinein V,. Though it is
di cult to assigna specic haloto aparticular galaxy, takentogetherthe data are suggestie
of an envelope composedof halos of a range of masses. If we had complete knowledge of
the potertials out to arbitrary radii, we might seeindividual halos peelingaway from this
ervelope asillustrated by the linesin the bottom panel of Fig. 3.

For comparisonwith the data, we can askwhat we would expectto nd from a CDM
model obsenedin the sameway asthe data. We samplea seriesof haloswith 50 V559 300
(e.g., the lines in the top panel of Fig. 3). Model data points are allowed to Il the space
availableto them within the obsenedrangeofradii. The model points are uniformly sampled
and weighted since we have no knowledge of the underlying halo massdistribution, other
than that it givesrise to the broad obsened range of luminosities and rotation velocities.
Sinceno turn-over (Vihax Of the halo) is obsenedin the data, the maximum radius to which



{ 11{

halosare sampledis truncated along the lower edgeof the obsened ervelope, asde ned by
a line with slope 1/2 and intercept 1.33. The result of tting the model halosis C = 1.66
and B = 0:48 for the vanilla CDM parametersof Tegmark et al. (2004). For the third

year WMAP parameters(Spergel et al. 2006), C decreasego 1.61. This normalization is
too large, being consistent with the obsened value only in the limit of zero stellar mass
(C= 1.62).

The ¢V, relation can be adjustedin order to match the NFW model to the obsened
amplitude of the data. This is illustrated in the lower panel of Fig. 3 by lines represeting
NFW haloswith parameterschosento match the obsened normalization C. In e ect, this
provides an empirical estimate of the c-V,oo relation. We can do this for the value of C
implied by any choiceof ,. To getthe zeropoint amplitude (C) for NFW, let us rewrite
equation (5) in log-log space.In the limit2 x ! 0 we have:

logVh = 3 [log Va0 + loglg(c)] + log(h=2)] + 3 logr; (6)
where
c?
Inl+c) cH1+ ¢
and the factor h = Ho=100km s * Mpc ! appearsbecauseV,qy = hR2p0 When Vagg is in
kms ! and Ryq is in kpc (NFW). Written this way, we recognizelogV,, = C+ B logr with
B = 1=2. We canthus relate NFW parametersto the data through the obsened C:

() = (7)

logVago = 2C  log[g(c)]  log(h=2) (8)

(the data assumeh = 0:75). In this fashion, we can generatethe range of (c, V.qo) that are
acceptableto the data (Fig. 10). Note that we do not specify the particular valuesof these
parametersfor any given galaxy. Rather, we constrain the range of c-V,o parameter space
from which the obsened halosmay be drawn.

The parametersof NFW halosin simulations are not arbitrary. There is a correlation
betweenc and V,q (NFW) with fairly modest® scatter (Jing 2000;Bullock et al. 2001;Col n

2The limit x ! 0 might seemlike a dubious approximation sincewe have excludedthe data at r < 1 kpc.
Howevwer, it is in fact quite a good approximation both theoretically (sincex = r=R,q9 and we are concerned
with data at a small fraction of the virial radius) and empirically (sincethe obsened slope is closeto limiting
caseof 1/2).

3Note that the scatter found by Col n et al. (2004) is half that found by Bullock et al. (2001). We adopt
the more consenative (larger) scatter here. Adopting the smaller scatter would simply make the predicted
bandsin Fig. 102 wide.
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et al. 2004). Moreover, the typical concenration dependson the cosmology(NFW). For a
10 M  halo, McGaugh et al. (2003) found that the mean

c= 1:88+ 239 4Tos (9)

where o
Tos= O%hel ® =5 032t 1) (10)

NFW found that the density of halosdependson the density of the universeat the time of
collapse. This dependson , and the amplitude of the power spectrum at the appropriate
scale,asencapsulatedoy the above formula. The concetration variesslowly with scaleV,q
(NFW).

For illustration, weadopt CDM parametersfrom the Tegmarket al. (2004)and Spergel
et al. (2006). We usethe 6-parameter vanilla’ t of Tegmarket al. (2004), and the results of
the 3 year WMAP-only t from Spergelet al. (2006). While super cially thesemay appear
similar, the concelttrations of dark matter halosare quite sensitive to cosmicparameters,so
there is a noticeabledi erence.

The obsened and predicted c-V,o bandsare illustrated in Fig. 10. For the scatter in
CDM concettrations, we adopt ,qc = 0:14 (Bullock et al. 2001). Similarly, we illustrate
the 1 range of obsened halos (i.e., the band that cortains 68% of the halos from the
histogramsin Figs. 6 and 7). The predicted and obsened bands do not match up well,
having only a modest range of overlap at surprisingly small V.

5. Discussion

The cusp-coreproblem in dwarf and LSB galaxiesis well known. Inspection of Fig. 10
revealsa more generalproblemwith the densitiesof the dark matter halosof all spiral galax-
ies. The data are consisten with a swath of c-V,qo Spacethat doesnot parallel the predictions
of CDM. The acceptableregionsof halo parameter spacedivergeas massincreases.

This result cannot be attributed to inadequateresolution or slit positioning errors. All
of the data are derived from resoled two dimensionalvelocity elds. We have intentionally
excludeddata from the innermost region wherethe resolution might be questioned. Signif-
icant non-circular motions could be seendirectly in the velocity elds. The result doesnot
changeif we exclude! even more of the inner data (seeFig. 1; imaginetruncating Fig. 3 at

4This result is slightly lessrestrictiv e than the maximum halo accelerationlimit (Brada & Milgrom 1999;
McGaugh 2004) becausewe ignore herer = 0 where NFW halos provide their maximum acceleration.
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2 or 3kpce). It is the velocity attributable to dark matter at well resohed intermediate radii
that is lower than expectedin CDM.

Let us examinethe implications of this result, and possibleways out, starting with the
theoretical expectations. Two ducial CDM modelsare illustrated in Fig. 10. The model
of Tegmarket al. (2004)is a good represemation of standardvanilla CDM, predicting very
nearly the sameswath of c-V,q99 parameter spaceas other plausible choicesfor cosmological
parameters,going bad to the early work of NFW. The WMAP three year results (Spergel
et al. 2006) noticeably lower the predicted halo concenrations. This is dueto slight changes
in all of the relevant parameters. The dominant e ect is from the lower power spectrum
normalization g= 0:90! 0:74, a result anticipated both by cluster (e.g., Rosati, Borgani,
& Norman, 2002; Diego et al. 2003) and galaxy work (Zentner & Bullock 2002; McGaugh
et al. 2003;van den Bost, Mo, & Yang 2003). The tilt (n = 0:99! 0:95) and the lower
matter density ( n = 0:27! 0:24) also cortribute. As we add in large scaleconstrairts
besideWMAP, the parameterstend® to drift badk towards those of Tegmarket al. (2004).

The lower concettrations implied by the more recet WMAP results do help. Ignoring
the trend with V,qo for the momert, equation(9) impliesc = 7:6 for the cosmicparametersof
Tegmarket al. (2004),whereaghe newWMAP data (Spergelet al. 2006)imply ¢ = 5:9. This
di erence is quite pronouncedin rotation curves. The revisedWMAP results at least bring
cosmicdata into the right ballpark: McGaugh et al. (2003) found ¢ 5:7 for dark matter
dominated galaxies,though it should be noted that this typical value ignoresproblematic
caseswith ¢ < 2 or for which NFW simply doesnot t.

The problem here is not so much the mean concetration, but the run of concen-
tration with halo mass. Concernrations are acceptablefor low mass halos (those with
Vogo . 100kms ). They becomeincreasingly discrepar with increasingmass. By the
time we readh Voqo = 163kms ! (102 M ), the data imply ¢ = 3. This is nominally the
mass scale of the Milky Way (e.g., Wilkinson & Evans 1999; Sakamoto, Chiba, & Beers
2003), and the low inferred concetration is consisten with both Milky Way constrains
(Binney & Evans2001;Flynn et al. 2006) and those for comparablegalaxies(e.g, Weiner et
al. 2001). To obtain sud a low concenration from initial conditions would require absurd
changesto cosmology: ¢ 0:3or ., 0:05.

This basicresult is virtually independen of the choice of mass-to-ligh ratio estimator.
The distribution of V, is not assharply peaked for P = 1 asit is for Q = 1, but the mean
is nearly the same,so the sameresult is obtained. Worse, changingP (or Q or ) simply
shifts the bandsleft (for P > 1) or right (for P < 1) in Fig. 10. It doeslittle to alter the

5Seehttp://lam bda.gsfc.nasa.g@/pro duct/map/curren t/parameters.cfm
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di ering slope of the obsened and predicted c-V,qo bands.

In orderto x the mismatdhed slopeswith -, we would have to make the stellar mass
indicator a systematic function of V,o0. Specically, -, would have to get progressiely
smalleras halo massincreases.This is quite cortriv ed. There is no evidenceto suggestthat
the stellar populations of massiwe spirals are systematically lighter than those of dwarfs.
Indeed, sudh a cortention canlikely already be excludedby the needfor a substartial stellar
cortribution to the massin at leastsomehigh surfacebrightnessgalaxies(e.g., Debattista &
Sellwood 2000;Weineret al. 2001;Kassinet al. 2006;Battaglia et al. 2006). In cortradiction
to this, Jimenez, Verde, & Oh (2003) argue that rotation curve ts tolerate the expected
concerrations for NFW halos. Howevwer, this comesat the expenseof unrealistic .. The
| -band - distribution of Jimenezet al. (2003) is bimodal (their Fig. 7), with roughly
half of the galaxiescertered on - 0:2M =L . Sothey in fact nd the sameresult,
that mass-to-ligh ratios needto be quite low in order to be reconciledwith the expected
NFW concetrations. A velocity-variable IMF might achieve this, but it would introducean
unreasonableamourt of scatter into the baryonic Tully-Fisher relation (McGaugh 2005).

The mismatch betweenthe slopesof the obsenational and theoretical bandsin Fig. 10
is causedby the near universality of the empirical dark matter halo found in x3. The data
can be described, albeit crudely, by a single simple form (equation 4). Accordingto NFW,
this should not be the case| halosshouldspreadout (e.g.,top panelof Fig. 3), not clump
together as obsened. In this case,we would expect to seemore data at high V,, at smallr.
While there are choicesof -, that have somedata in this region, the bulk of the data do
not residethere (Fig. 4).

The slope of the obsened bandsin Fig. 10 is the result of adjusting the NFW halos
concetrations to match the datawith B 1=2. It is worth cheding how this changesif we
allow the slope to be free. A, choicethat leadsto a shallover slope and higher amplitude
is neededto reconcilethe data with the model.

Leaving both the slope and the intercept freein the t, weobtain C= 1:43andB = 0:58
for P = 1. This steeper slope goesin the wrong direction, asit would make the P = 1 band
in Fig. 10 cut somewhatmore steeply acrossthe predicted band. Using the two dozen
galaxiesfor which we have K -band data and assuminga constart , = 0:7 M =L (the
P = 1 value for the mean color), we obtain C = 1:53 and B = 0:49, consisten with
Q = 1. Increasingthe stellar massmakes things worse, maximum disk being the limiting
case(C= 1:117and B = 0:64 for = 1): thereis too little velocity attributable to dark
matter at small radii. Lowering the stellar masswithin reasonablebounds does not help
either. For P = 1=2, C = 1:59and B = 0:49. This a band with preciselythe sameslope
asillustrated; the changein C only shifts the band a bit to the right. The caseof = 0.4
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(Bottema 1993) gives results indistinguishable from P = 1=2. To push the stellar mass
low enoughto get into the right ballpark, we needP . 0.3 (C = 1.65 and B = 0:44 for
P = 0:3). This correspndsto an IMF that is a factor of 5 less massiwe than Salpeter.
This is below the practical minimum in stellar massas determined from direct integration
of the obsened IMF (Kroupa 2002). It is alsogrosslyinconsisten with the coherenceof the
massdiscrepancy{acceleratiorrelation (McGaugh 2004) and baryonic Tully-Fisher relation

(McGaugh 2005), the presenceof baryonic featuresobsened in rotation curves(Palunas&

Williams 2000; Sancisi2004; Kassin et al. 2006; Battaglia et al. 2006), obsened velocity
dispersions(Bottema 1997; Kregel, van der Kruit & Freeman2005), and hydrodynamical
ows (Weineret al. 2001;Kranz, Slyz & Rix 2003). There appearsto be no plausible choice
of -, that is consistert with cosmologicalexpectations and NFW, at least for halos with

V,00 cOmparableto the obsened circular velocity.

We have so far implicitly assumedthat halo massscaleslinearly with baryonic mass.
This neednot bethe case.Onepossibility to considerit that the obsenedluminosity function
of galaxiesdescenddrom parernt dark matter halos spanninga smaller range of mass. This
would require a systematicvariation in the fraction of baryonsthat form the luminous disk
(McGaugh & de Blok 1998;0Okamoto et al. 2005),but this may already be requiredto match
the obsened Tully-Fisher relation (van den Bosd 2000; Mo & Mao 2004;seealso Navarro
& Steinmetz 2000;Eke et al. 2001;Portinari & Sommer-Larser2006;Dutton et al. 2006).

If we drop the assumptionthat total massscaleswith baryonic mass,it is tempting
to concludethat galaxiesmay be born from halosin the region allowed in Fig. 10. This
would meanthat even massie galaxieswith obsened rotation velocities in excessof 200
kms ! (ranging all the way up to 300km's *) would have their origins in relatively modest
halos. From Fig. 10, we need V.o, < 100kms ! for vanilla CDM, and Vg < 180kms !
for WMAP third year parameters. Galaxieswould presumably gain their larger obsened
velocities during the collapseof their massiwe disks (seebelow).

Examination of Figs. 3 and 4 revealsthat haloswith V,qo 100kms ! are about right
to explain much of the data. Unfortunately, sud low masshalosdo not provide a complete
explanation. For onething, there needto be enoughbaryons available in the halo to form
the obsened galaxy. Assuminga universalbaryon fraction of 0.17 (Spergelet al. 2006),and
the most favorable casethat all baryons within R,qq collapseto form the visible galaxy, a
halo with V,go = 100kms ! has enoughbaryons to make a galaxy with V; = 167kms 1.
This assumeX) = 1 mass-to-ligh ratios and the baryonic Tully-Fisher relation of McGaugh
(2005). There is someroom to play with the choice of -, but this doeslittle more than
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assuagehe extremeassumptionthat all baryons® collapseto form the obsened galaxy. It is
thereforerather di cult to ascribe the known spiral galaxieswith 200< V; < 300kms ! to
NFW halosof low massbut normal concertration, at leastfor vanilla CDM. This constrairt
is relaxed for WMAP 3 year parameters,but even here a halo with V,oy = 180kms ! can
give at most enoughbaryonsfor a galaxy with V; = 260kms ! (again taking Q = 1).

Looking in detail, NFW halosobeying the expectedc-V,qo relation have more curvature
than obsened, predicting too high a velocity at small r and too small a velocity at large
r relative to the data. Even if we overlook the over-prediction at r 5 kpc, the under-
prediction at r > 20 kpc is quite serious. The compressie formation of a massiwe disk can
raise Vj,, but this processis much more e ective at small radii than at large radii. In order
to explain the high obsened dark halo velocity at large radii, it seemsnecessaryto have
initial haloswith at leastV,oo 200kms *. Sud halosgrosslyover-predict V,, at small r if
they obey the vanilla c-V,q relation. It may be tempting to simply ignore the data at large
radii, asthere are relatively few with r > 30 kpc. Howeer, there do exist galaxiesoutside
this sample(e.g., Noordermeeret al. 2005;Spekkens& Giovanelli 2006)with outer rotation
velocities approadiing 300kms . Thesegalaxiesshav no signof a turn down in their outer
velocities, and obey the samescaling relations as those in the present sample, so there is
no reasonto expect them to be any di erent. The needfor large V,, at large radii is thus a
seriousproblem.

Sofar, we have comparedthe data to the CDM predictionsfor primordial dark matter
halos. It is possiblethat the processof galaxy formation alters the halos. If so,the di erence
betweenthe predictions and obsenations might be interpreted to shov what changesoccur
in this process.One shouldbearin mind that cuspy massdistributions seemto be a generic
result of cold collapse(e.g., Husset al. 1999),and that, onceestablished,it is very hard to
unbind the massin the deeppotertial wells of cuspy halos. Achieving the desirede ect is
thus a tall order from the outset (Sommer-Larsen& Dolgov 2001;Eke et al. 2001).

The primary physical e ect which should occur during galaxy formation is the adiabatic
cortraction of the dark matter halo in responseto the collapseof the baryonic disk (e.g.,
Blumenthal et al. 1986; Barnes & White 1984; Gnedin et al. 2004; Sellwood & McGaugh
2005;Choi et al. 2006). The e ect of adiabatic cortraction is to further concertrate the dark
matter. This goesin the wrong direction to help with the problemsdiscussechere. Howewer,
there are two distinct aspectsof adiabatic cortraction to consider. The slope  will steepen
from its initial value; this goesin the wrong direction. The velocity provided by the dark
matter also increases.While this might also seemto act in the wrong direction, it means

6In CDM, the virial radius is closerto Rigg than Raqp, further reducing the number of available baryons.
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that a galaxy of a given rotation velocity may form in a halo with lower primordial V,q9. AS
discussedabove, this can help, at leastin principle. Unfortunately, it seemsunlikely that
the e ect can be large enoughto help at large radii without simultaneously doing far too
much at small radii. Disks heary enoughto have a substartial impact on outer velocities
grosslyover-predict inner velocities if the starting point is an NFW halo (Abadi et al. 2003;
Sellwood & McGaugh 2005). To make matters worse, Dutton et al. (2006) argue that a
large di erence betweenthe obsened and initial halo velocity scaleswould make reconciling
the normalization problem between Tully-Fisher and the luminosity function practically
impossible. Low masshalos might also be inconsistert with constraints from weak lensing
(Smith et al. 2001;Mandelbaumet al. 2006).

After adiabatic cortraction, there may be somesubsequen processthat further alters
the halo. Perhapsthe most commonexampleis feedba& from star formation. Quite generi-
cally, the e ects of feedbak are believed to be strongerin lower massgalaxiesowing to their
shallower potential wells (e.g., Thacker & Coudciman 2000). Suc an e ect is unlikely to be
su cien tly strong (Mac Low & Ferrara 1999;Gnedin & Zhao 2002) and acts preferertially
on the wrong end of the massfunction. It is the concetrations of high massgalaxies(if
not necessarilythe slope ) that are most deviart from the predictions of CDM. If the
solution to this problem liesin the processe®f galaxy formation, it likely residesin a rather
di erent direction (see,for example, EI-Zant et al. 2001; Weinberg & Katz 2002; Merritt
et al. 2004;Ma & Boylan-Kolchin 2004;Mashdenko, Coudiman, & Wadsley2006; Tonini,
Lapi, & Salucci2006;seealso Sellwood 2006).

Another approad would be to alter the initial conditions. A turndown in the power
spectrum on galaxy scalescan reducehalo concertrations. Howewer, suc a solution would
require a rather strangedip in the power spectrum. Concernrations at small scalesare not
unreasonableand also make senseon larger (cluster) scales(e.g., Vikhlinin et al. 2006). It
is the intermediate scaleof massie spirals, giant ellipticals (Romanowsky et al. 2003;Pierce
et al. 2006), and groups (Karachertsev 2005) where the halo concerration prediction’ of
CDM simulations faresworst.

Another possibility is to modify the nature of dark matter. The cusp-coreproblem has
already motivated considerationof various possibilities, sud as warm (Bode, Ostriker, &
Turok 2001),fuzzy (Hu, Barkana, & Gruzinov 2000), self-ineracting (Spergel & Steinhardt
2000),and meta-cold (Strigari et al. 2006) dark matter, amongothers (e.g., Piazza& Mari-

"The prediction of a steepinner slope, 1| the shape rather than the amplitude | cortinuesto
suer most clearly in LSB systems (Simon et al. 2005; Kuzio de Naray et al. 2006; Goerdt et al. 2006;
Sandez-Salcedeet al. 2006).
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noni 2003;Lee & Lee 2004; Blanchet 2006). It is not immediately clear how any of these
proposalsfarein the current cortext. Howewer, many proposalsseemto be meart to produce
dark matter haloswith a core. This in itself is not a complete solution. One must get the
density right, and do soon all relevant scales.

6. Conclusions

We have examinedthe rotation curvesof a large sampleof spiral galaxiesin order to
constrain the velocity that can be attributed to dark matter. Taken together, the dark halo
velocity can be appraximated by

logV,, = C+ B logr

with B 1=2andC = 1:47'%13. The value of C dependson the choiceof stellar mass-to-ligh
ratio, with the uncertainty correspnding to the full range of possibilities from minimum to
maximum disk. While the dark matter halosof individual galaxiesmust di er, this relation
givesa tolerable approximation over the obsened range.

In the cortext of CDM, the densitiesof halosdependson cosmology For reasonable
cosmologicalparameters,we expect C > 1.6. This is only consistert with the data in the
limit -, ! 0, which is excludedby a wide variety of independen lines of evidence. The
problem is not just that rotation curve data prefer halo modelswith a core over those with
a cusp. The amplitude of the velocity provided by dark matter is too low at all obsened
radii.

We have emphasizedhere the importance of spiral galaxy dark matter halo densities
being substartially lower than arnticipated by CDM. For halosof 102 M , the density dis-
crepancyis nearly an order of magnitude (seealso Sellwood 2006). Getting the halo density
in the right ballpark would be an important step towards a successfutheory. Ultimately,
one must explain in detail the obsened coupling between dark and baryonic componerts
(e.g., Sancisi2004;McGaugh 2004).

We thank the refereefor commens which madethis manuscript more clear and led to
substartial improvemerts in the gures. The work of SSMis supported in part by NASA
grant NAG513108. RKdN and JHK are supported by NSF grant AST0505956. This pub-
lication makes use of data products from the Two Micron All Sky Survey, which is a joint
project of the University of Massatwusetts and the Infrared Processingand Analysis Cen-
ter/California Institute of Tednology funded by the National Aeronautics and SpaceAd-
ministration and the National ScienceFoundation.
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Fig. 1.| The radial distribution of the data from all 60 galaxies.Data with r < 1 kpc (un-
shadedportion of histogram) are excludedfrom further analysis. The dotted linesillustrate
the range4 < r < 22 kpc cortaining 68% of the data, with equal numbers on either side of
the median (9 kpc). Thesedata at intermediate radii dominate the signal and subsequen
result.
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Fig. 2. The rotation curve and massmodel of NGC 2403in log-log space. The Hi data
are from Begeman(1987; seealso Fraternali et al. 2002),H (i) from Blais-Ouellette et al.
(2004),andH (ii) from Daigleet al. (2006). The H data are shown to illustrate the degree
to which independert data setsagree,but only the HI data are usedin the analysis. The
solid lines shav the massmodel V,, of the baryonsfor two choicesof ,, = 0:9 (upper) and
P = 1 (lower). The dashedlines show the resulting halo rotation curvesV,, for eadr ,. The
upper dashedline correspndsto the lower baryonic line and vice-versa. The dotted line at
r = 1 kpc demarcateswherethe innermost data are ignored.
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Fig. 3. The rotation velocity V, attributable to the dark matter halos of 60 galaxies
(points) for Q = 1 stellar masses.Taken together, thesedata form a narrow sequencedhat
is well describted by logV,, = 1:47+ 0:5logR (straight line). Also showvn are galaxy mass
NFW haloswith Vo = 50, 100,200,and 300kms ! (curved lines). In the top panel, these
are drawn for the concenrations predicted for the vanilla CDM parametersof Tegmarket
al. (2004). In the lower panel,the ¢V, relation hasbeenadjustedto match the data.
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Fig. 4.| Dark halo velccities, asper Fig. 3. The data are represerted hereasa grayscaleto
show the density of the data. Darker shadesrepreseting regionsof higher density; lighter
shadesthose of low density. In regionsof very low data density, individual points are shovn
as dots. While the eye may be attracted to outliers in Fig. 3, hereit is clear how sharply
de ned V;(r) is. Seweral choicesof mass-to-ligh ratio areillustrated: maximum disk ( = 1,
top left); stellar population synthesis (P = 1, top right); MOND (Q = 1, bottom left { the
sameasin Fig. 3); and sub-maximal (Bottema 1993)disks( = 0:4, bottom right).
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Fig. 5.| The distribution about the line t to the Q = 1 casefor maximum disk mass-to-
light ratios ( = 1). In essencethis is the cross-sectiorof the correspnding panein Fig. 4.
All the data are shown in the rst panel, with subsequen panelsshowving the data falling
in radial bins cortaining approximately equal numbers of data points. Scatter causessome
individual points to imply a negative dark mass. Theseare placedin the bin at the left edge
of the plot. The variation of the mean logV illustrates how the characteristic amplitude of
the dark matter velocity C shifts with  ,, becominglower in this case.The radially binned
plots illustrate how the distribution varies. That the certroid in thesebins does not vary
much shaws the appraximate constancyof the slope B .
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Fig. 6. As per Fig. 5, but for population synthesis stellar massestimates(P = 1).
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Fig. 7.] As per Fig. 5, but for MOND (Q = 1) mass-to-ligh ratios. Note how sharply
de ned the peakin V, is for this choiceof -.
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Fig. 8. As per Fig. 5, but for sub-maximaldiskswith = 0:4.
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Fig. 9. Variation of the scatter (left) and meanzeropoint velocity ( Cfrom Q = 1; right)
with stellar massprescription scalingfactor (Q: solid line; P: dotted line; : dashedline).
A clearminimum in the scatter occursat Q = 1. The variation for Q > 1 is not smaooth as
individual galaxiesare excludedas the prescription causesthem to exceedmaximum disk.
Note that for low stellar masses(Q, P < 0:8, < 0:4) the dierent prescriptions give
indistinguishable meanC.
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Fig. 10.| The dark matter halo concertration{virial velocity plane. Blue (P = 1) and gray
(Q = 1) bandsshaw the region consisteh with the data for those choicesof mass-to-ligh
ratio estimator. Orange and red bands showv the region that NFW halos are predicted to
occupy for the cosmologicalparametersof Tegmarket al. (2004) and Spergel et al. (2006),
respectively. In both casesthe width of the bandsis 1 . The predicted bandsassumean
intrinsic scatter of .= 0:14 (Bullock et al. 2001). The width of the predicted bandswould
shrink and the regionwherethey overlap would be reducedif we adoptedthe smallerscatter
( = 0:11for relaxedhalos) advocated by Col n et al. (2004). The predicted concenrations
overlap with the data over a rather narrow range. This range would of courseshrink for a
smallerintrinsic scatterin c. Theory and data divergewith increasingV,q,. The divergence
is most pronouncedfor the range of halo massegypically assumedo be assaiated with L
galaxies.



