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ABSTRACT

Axisymmetric, orbit-based dynamical models are used tiveatark matter scaling relations for Coma
early-type galaxies. From faint to bright galaxies haloectadii and asymptotic circular velocities increase.
Compared to spirals of the same brightness, the majorityoofi&early-types — those with old stellar popula-
tions — have similar halo core-radii but more than 2 timegdaasymptotic halo velocities. The average dark
matter density inside 24 decreases with increasing luminosity and.® imes larger than in disk galaxies of
the sameB-band luminosity. Compared at the same stellar mass, dattenaensities in ellipticals are 13
times higher than in spirals. Different baryon concentraiin ellipticals and spirals cannot explain the higher
dark matter density in ellipticals. Instead, the assembtighift (1+z) of Coma early-type halos is likely about
two times larger than of comparably bright spirals. Assugrhat local spirals typically assemble at a redshift
of one, the majority of bright Coma early-type galaxy halassitrhave formed arourz 2-3. For about half
of our Coma galaxies the assembly redshifts match with caings derived from stellar populations. We find
dark matter densities and estimated assembly redshiftsrafiserved Coma galaxies in reasonable agreement
with recent semi-analytic galaxy formation models.

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: forinat— galaxies: halos — galaxies:
kinematics and dynamics — (cosmology:) dark matter

1. INTRODUCTION density, the final halo mass distribution also depends on the
interplay between dark matter and baryons during the ac-
tual galaxy formation process (e.q. Blumenthal et al. 1986,
Binney, Gerhard & Silk 2001). Then, the properties of galaxy
alos provide valuable information about when and how a
galaxy has assembled its baryons.
Despite its cosmological relevance, the radial distriuti

Present-day elliptical galaxies are known to host mostly
old stellar populations (Trager etlal. 2000, Terlevich & by
2002/ Thomas et &l. 2005a). Whether their stars have forme
in situ or whether ellipticals assembled their presentiday
phology only over time (for example by mergers) is less clear

An important clue on the assembly redshift of a galaxy is pro- of dark (and luminous) mass in early-type galaxies is not

vided by its dark matter density. For example, in the sim- )
ple sphérical collapse modél (Gunn & Glott 1972) the average!Ve!l known: because of the lack of cold gas as a dynam-

density of virialized halos is proportional to the mean den- i@l tracer, masses are difficult to determine. Stellar dy-

sity of the universe at the formation epoch: halos which form Na@mical models require the exploration of a galaxy's or-
earlier become denser. Similarly, in cosmologibabody bital structure and have only recently become available for

simulations, the concentration (and, thus, the inner dgnsi axisymmetric or more general systems (Cretton et al. /1999,

is found to be higher in halos that have assembled earligr (e. Gebhardt et al. 20()0: Thomas et al. 2004, Valluri et al. ,2004,
Navarro, Frenk & Whité 1996. Wechsler et/al. 2002). In ad- Cappellari et al. 2006, De Lorenzi etlal. 2007, Chanamé|et al.

dition to this connection between formation epoch and halo'2008, Lvan den Bosch etial._2008).  Scaling relations  for
the inner dark matter distribution in early-types have by
now only been reported for round and non-rotating galax-

1 E-mail: jthomas@mpe.mpg.de
ies (Kronawitter et al. 2000, Gerhard etlal. 2001) and spiral
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(Persic, Salucci & Stel 1996a,b and Kormendy & Freeman
2004). The aim of the present paper is to provide empiri- TABLE1

cal scaling relations for generic cluster early-typest@iaed, GALAXY PARAMETERS SHOWN IN F16.[1]
with different degrees of rotation). In particular, thigeais

L M. I Vi
focussed on the inner dark matter density and its implioatio galaxy logr 100 100 o 109 et
on the assembly redshift of elliptical galaxy halos. @ 2 ®) “) ®)

The paper is organized as follows. In Sdc. 2, we review the 0144 1061 1156+0.12 064+0.31 233+0.10
galaxy sample and its modelling. Dark matter scaling rela- 0282 1046  1160+012 123+024 270+0.10

. . . . 0756 1089 1113+0.12 1104009 233+0.10
tions are presented in Sé¢. 3. Jdc. 4 is dedicated to the dark 1175 1031 1073+013 0534018 230+0.11

matter density. The effect of baryons on the dark matter den- 1750 1075 1158+0.12 1274095 27040.23
sity is discussed in SeL] 5, while SE¢. 6 deals with the halo 2417 1060  1143+012 138+059 270+0.38

; ; 2440 1030 1123+0.12 1044015 26840.13
assembly redshift. In S€d. 7 our results are compared to semi 3414 1013 11024015 099+054 2554026

analytic galaxy formation models. A summary is given in 3510 1034 11284013 107+039 246+0.21
Sec[B. In the following, we assume that the Coma cluster is 3792 1058 1156+0.13 1184035 2744022
at a distance of = 100 Mpc. 3958 970 10814013 083+0.35 244+0.29
4822 1070 11694016 111+050 274+0.37
2. GALAXY SAMPLE, MODELS AND BASIC DEFINITIONS gggg }(1)57)3 ﬁggig:i‘z‘ ﬁ‘gigig %géi 8;%3
The dark halo parameters discussed in this paper are de- 5568 1079 118940.12 1824039 28140.20
rived from the axisymmetric, orbit-based dynamical models 5975 1047 1104+£012 0234030 2304011
of bright Coma galaxies presented in Thomas bt al. (2007a). NOTE. — (1) Galaxy id  from
The original sample comprises two cD galaxies, nine orginar ~ ‘Godwin. Metcalfe & Peach| (1983); (2) galax-band
giant ellipticals and six lenticular/intermediate typdayies luminosity Ls; (3) stellar massMl. in solar units; (4,5)
with luminosities betweeMg = —~18.79 andMg = —22.56. logarithmic-halo core-radius lag/kpc and circular

The spectroscopic and photometric observations are dis- VElo¢ity logvn/kms™.

cussed in Jgrgensen, Franx & Kjeergard (1996), Mehlert et alwhich are found in cosmologicaN-body simulations
(2000), Wegner et all (2002) and_Corsini et al. (2008). Our (Navarro, Frenk & White. 1996). The majority of Coma
implementation of Schwarzschild’s (1979) orbit superposi galaxies are better fit with logarithmic halos, but the digni
tion technique for axisymmetric potentials is described in icance over NFW halo profiles is marginal. Even if the best fit
Thomas et &l.| (2004, 2005b). For a detailed discussion ofis obtained with an NFW-halo, then the inner regions aré stil
all the galaxy models the reader is referred to Thomas et al.dominated by stellar mass (¢f._ Thomas et al. 2007a). In this
(2007a). sense, our models maximize the (inner) stellar mass.

Three of the 17 galaxies from_Thomas et al. (2007a) are In Sec[3 we will only discuss results based on logarithmic
excluded from the analysis below. Firstly, we do not con- halo fits (i.e. we use the halo parameters from columns 5 and
sider the two central cD galaxies (GMP2921 and GMP3329; 6 in Tab. 2 of_. Thomas et al. 2007a and columns 3 and 4 in
GMP numbers from_Godwin, Metcalfe & Peach 1983), be- Tab.[4 of App[A, respectively). While these are not neces-
cause their dark matter profiles may be affected by the cluste sarily the more realistic profiles, they minimize systewsti
halo. Secondly, we omit the E/SO galaxy GMP1990, whose in the comparison with published scaling relations for algir
mass-to-light ratio is constant out to.3. The galaxy either  that were performed using cored profiles similar to our loga-
has no dark matter within this radius, or its dark matter dgns rithmic halos. The NFW fits are used in SEL. 5.
follows closer the stellar light profile than in any other Gom TheB-band luminosities of Coma galaxies used in this pa-
galaxy. In either case, the mass structure of this objedsis d per are taken from Hyperleda. We adopt a standard uncer-
tinct from the rest of the sample galaxies. In addition to the tainty of AMg = 0.3 to account for zero-point uncertainties,
remaining 14 galaxies we consider two further Coma galaxiessystematic errors in the sky subtraction, seeing conatuti
for which we collected data recently (GMP3414, GMP4822). profile extrapolation and others. Effective radii are taken
The models of these galaxies are summarized in Bpp. A. from|Jgrgensen, Franx & Kjeergard (1995) and Mehlert et al.

Similar dynamical models as used here have been appliedtq2000). Here we estimate the errors to Bdogres =
the inner regions of ellipticals, where it has been assuimagidt 0.1. This is slightly higher than the uncertainties given in
mass follows light (e.g. Gebhardt etlal. 2003, Cappellagiet Jargensen, Franx & Kjeergard (1995), but accounts for possi-
2006). In contrast, our models explicitly include a dark-mat ble systematic errors (Saglia et/al. 1997). Stellar masses w
ter component (cf._Thomas et al. 2007a). We probed for two computed from our best-fit stellar mass-to-light ratisnd
parametric profiles. Firstly, logarithmic halos R-band luminosities af Mehlert et ial. (2000). In case the best
V2 32412 fitis obtained with a logarithmic hald; is taken from column
——h Zh (1) 4 of Tab. 2 in Thomas et al. (2007a). In case of an NFW fit,
4G (rp +r2)>2 T comes from column 8 of the same table. The best-fit stellar
which posses a constant-density core of sizand have an ~ Mass-to-light ratios of GMP3414 and GMP4822 are given in

asymptotically constant circular velocity. The central den- column 1 of Tabl ¥ (cf. Ap.A).
sity of these halos reads

pom(r) =

3. DARK MATTER SCALING RELATIONS

Vi ) Fig. [ shows the scalings of dark halo core-ragiiand
4rGr2’ halo asymptotic circular velocitieg with B-band luminosity
Lg and stellar mashl,. (the corresponding galaxy parameters
with errors are listed in Tabl 1). Both, halo core-sizes aaid h
circular velocities tend to increase with luminosity andssa
powm(r) oc r(r+rg)2’ (3) The case for a correlation betweanandLg is weak, if the

Pn=

Secondly, NFW-profiles
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FiG. 1.— Halo core-radiusy, and circular velocityv,, versusB-band luminosityLg (a,c) and versus stellar mabs,
(b,d). Large symbols: Coma ellipticals (red: central atefopulation ageq > 6 Gyr, orange:ry < 6 Gyr, details in the
text); thick solid lines: fits to galaxies withy > 6 Gyr; small symbols: round early-types from Gerhard &1200(.); dot-
ted: spiral galaxy scaling relations fram Persic. SalucSt&l (1996alb); short-dashed: spiral galaxy scalingicglatfrom
Kormendy & Freemari (2004).

sample as a whole is considered (cf. column 8 of Tab. 2).underestimated. A2, much larger than unity would indicate
However, four galaxies (GMP0144, GMP0756, GMP1176 some intrinsic scatter in Fig] 2, whereas the Igfy, quoted
and GMP5975) separate from the rest of the sample galaxin Tab.[2 formally rules out any intrinsic scatter. Note that
ies in having both noticeably smallar andvh. These galax-  dark matter halos in cosmologichl-body simulations can
ies are shown in light color in Fig.l 1. As a general trend, be approximated by a two-parameter family of halo models,
halo parameters tend to scale more tightly with luminosity where the parameters are correlated qualitatively in aaimi
and mass when these galaxies are omitted. The solid lines iway as revealed by Figl 2 (elg. Navarro, Frenk & White 1996,
Fig.[ show corresponding log-linear fitsFor comparison,  \Wechsler et a. 2002), but with some intrinsic scatter.
in Tab.[2 we give both, fits to all Coma galaxies as well as  The four galaxies offset in Fig.l1 are also slightly off-
fits to the subsample without the four galaxies offsetin[Big.  set in Fig.[2. However, given the large uncertainties, this
The difference between these four galaxies and the reseof th is not significant and Fid.12 is consistent with the halos of
sample is further discussed below. the four galaxies belonging to the same one-parameter fam-
The logarithmic halos of equatiohl (1) have two free param- ily as established by the remaining Coma galaxies. This im-
eters. Any and pair ofy, vy or pn characterizes a specific  plies that the four galaxies primarily differ in the amourfit o
halo. Fig[2 shows a plot gf,, versusry. Both halo parame-  stellar light (and stellar mass, respectively) that is eisged
ters are clearly correlated. A linear relation fits the poimith to a given halo. Noteworthy, the four galaxies have stellar
a minimumyZ, = 0.41 (per degree of freedom; cf. TdB. 2). agesry < 6Gyr (Mehlert et all 2003), while all other Coma
This rather low value partly derives from a degeneracy be- galaxies are significantly older (mostty > 10Gyr). A mere
tween the halo parameters in the dynamical modeling (e.g.stellar population effect, however, is unlikely to explaire
Gerhard et al. 1998, Thomas etlal. 2004) which correlates theoffset of the four galaxies. In this case differences to othe
errors in both quantities. In TdH. 2, such a correlation etw  Coma galaxies should vanish when galaxies are compared at
the errors is not taken into account and tffg, might be thus  the same stellar mass, which is not consistent with[Eig..1b/d
It should be noted, though, that the stellar masses used here
2 ll:’its for this paper are performed with the routine fitexy_oéd2ret &l. are taken from the dynamical models. A detailed compari-
(1992). son with mass-to-light ratios from stellar population $yat
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FiG. 2.— Central dark matter densipy, versus halo core-radiug. Sym-
bols and lines as in Fig] 1. log Teff/kpc
sis models is planed for a future publication (Thomas etral.,
preparation).

In Fig.[3a we ploty, againstey. Larger core-radii are found  Fic. 3.~ Halo core fadius, (@) and®-band luminosity (b) versus effective
H H H . radiusress. Large symbpols: Coma galaxies; small dots: rouna galaxmas
in more extended galaxies. Three of the four galaxies with ggmardstan (2001). Lines in panel (a) as in Elg. 1.
young cores are again offset. These three galaxies have sim-

ilar refr than other Coma galaxies of the same luminosity (cf.  pmany of the K2000 models are based Bband photom-
Fig.[3b). This makes a higher baryon conc_(_entration unI_iker etry, while we usedic-band images for the Coma galaxies.
to be the cause of their small halo core-radii. An exceptiona Ejjiptical galaxies become bluer towards the outer parts an
case is GMPO756: it has a small core-radius, a ragjoes B-band light profiles are slightly shallower th&band pro-
which is typical for Coma galaxies with old stellar popula- files, Likewise, mass profiles of galaxies are generally-shal
tions and a relatively smaller. The scalings ofer andry, lower than their light profiles, such that there might be less
with luminosity in Coma galaxies with old stellar populat®  npeeq for dark matter iB-band models than iR-band mod-
imply a roughly constant ration/reft ~ 3. Moreover, disk g5, [Kronawitter et al/ (2000) checked for this by modelling
galaxies of the same luminosity show a similar ratio. one galaxy (NGC3379) in both bands and found comparable
The fact that all four galaxies offset in Fids. 1 ddd 3 ap- results. The photometric data is therefore unlikely to eaus
pear at projected cluster-centric distanDes 1 Mpc and have  ihe differences between the two samples.
young stellar populations suggests that they may haveeghter 2000 galaxies were modelled assuming spherical sym-
the Coma cluster only recently. We will come back to this metry. Not all apparently round galaxies need to be intrin-

pointin the next Se€. 3.1. sically spherical. Neglecting the flattening along the dine
_ ) . of-sight can result in an underestimation of a galaxy’s mass
3.1. Comparison with round and non-rotating early-types (e.g. [Thomas et al. 2007b). Based on the average intrinsic

Kronawitter et al. [(2000) and Gerhard et al. (2001) stud- flattening of ellipticals in the luminosity interval of inest
ied dark matter halos of 21 nearly round (EO-E2) and non- here, Kronawitter et all (2000) estimated that the assumpti
rotating galaxies (K2000 in the following). K2000 galax- of spherical symmetry should affect mass-to-light ratink/o
ies have similar luminositieMg and half-light radiires as at the 10 percent level. We expect the effectpto be corre-
ours, but the K2000 sample contains a mixture of field el- spondingly small. In addition, it is not obvious why sphatic
lipticals and galaxies in the Virgo and Fornax clusters. The symmetry should enforce systematically snrall such that
dynamical models of Kronawitter etlal. (2000) differ in some the different symmetry assumptions are also unlikely to ex-
respects from the ones described in §&c. 2 and this will be fur plain the more extended cores and higher circular velacitie
ther discussed below. However, in their mass decompositionin Coma galaxy halos.
Kronawitter et al.[(2000) assumed the same halo profile as in Since the shape of a galaxy is related to its evolutionary
equation[(lL), such that we can directly compare their halo pa history, the round and non-rotating K2000 galaxies could
rameters to ours (cf. small black dots in Figs[1 - 3). be intrinsically different from the mostly flattened and ro-

We find halo parameters of both samples in the same rangetating Coma galaxies. Structural differences could also be
but Coma galaxies of the sarhg have on average larger halo related to the fact that K2000 galaxies are located in a va-
core-radii than K2000 galaxies. However, the halos of the riety of environments, with less galaxies in high density re
K2000 galaxies themselves are not different from the onesgions like Coma. For example, stellar population models in-
around Coma early-types, as both belong to the same onedicate that field ellipticals are on average younger and have
parameter family (cf. Fig.2). The main difference is that more extended star formation histories than cluster gesaxi
K2000 galaxies are brighter (and have higher stellar mass)(Thomas et al. 2005a). But a mere difference in the stellar
than Coma early-types with a similar halo. Can this be an populations can not explain the difference between K2000
artifact related to differences in the dynamical models? and Coma galaxies, as in this case the scalingsMijtehould
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be similar in both samples. This is ruled out by Fig. 1b/d. Both in luminosity and in stellar mass, spirals and ellipti-
Noteworthy, most of the K2000 galaxies in Fifg5.[I - 3 ap- cals follow similar global trends. However, while old Coma
pear similar to the four Coma galaxies with distinctly small early-types have halo core-radii of similar size as spinaib
rn, andvy,. As it has been discussed above, these galaxies mayhe sameB-band luminosity, the asymptotic halo circular ve-
have entered the Coma cluster only recently and — in this re-locities are 24 times higher than in corresponding spirals. In
spect — are more representative for a field galaxy populationcontrast, early-types with young central stellar popolai
rather than being genuine old cluster galaxies. A condisten have about 4 times smaller core-radii than spirals, but-simi
explanation for both, the offset between young and old Comalar asymptotic halo velocities. When galaxies are compared
galaxies on the one side and the difference between old Comat the same stellar mass, then differences between ddliptic
galaxies and K2000 galaxies on the other would then be thatand spirals become larger (60 percent smajj@nd 18 times
field galaxies have lowey, and lowen, than cluster galaxies  higherv, in old Coma early-types compared to spirals; 90
of the same stellar mass. Because there are more field galaxpercent smaller, and 20 percent smallef, in Coma galax-
ies in the K2000 sample than in Coma, Coma galaxy halosies with young central stellar populations). In additiome t
would be expected to have on average larger cores and to baalos of early-types and spirals do not belong to the same
more massive (consistent with FId. 1). A larger comparison one-parameter family (cf. Fi§] 2). At a givep dark matter
sample of field elliptical halos is required to conclude fipal  densities in ellipticals are aboutSdex higher than in spirals.
upon this point.
4. THE DARK MATTER DENSITY

3.2. Comparison with spiral galaxies Fig.[4 shows scaling laws for dark matter densities. The
Two independent derivations of dark matter scaling rela- C€Ntral dark matter densiy (cf. equatiori.P) of the logarith-
tions for spiral galaxies are included in Figh.[l - 3 through t  Mic halo fits is plotted in panels (a) and (b) versus luminosit
dotted and dashed lines. Dotted lines show scaling refation and stellar mass. For panels (c) and (d), the best-fit dark mat
from [Persic, Salucci & Stel (1996a,b). They are based on€r halo of each galaxy (being either logarithmic or NFW) is

maximum-disk rotation-curve decompositions with the halo 2veraged within Ee:
density from equatior{1)|_Persic, Salucci & Stel (1996a,b) 3 Mpm(2res)
give halo core-radii scaled by the optical disk radius. To {pom) = A7 (2ren)? (6)

reconstruct the underlying relationship betwegnand Lg, . -
we follow/Gerhard et al (2001) and assume exponential disksHeré;Mom (r) equals the cumulative dark mass inside a sphere

with with radiusr. Average dark matter densities are quoted in
'S L 053 column (2) of Tab B.
(Lﬁ) =84 (—13) 4) The general trend for both densities is to decrease with in-
kpc 104 o creasing galaxy luminosity. Thereby the central densjijes

(the empirical fit il Gerhard et &I, 2001 has been transformedScatter more than the averagggw). For two reasonspwm)
to our distance scale). quanpﬂes the actqal dark matter density more robustly than
Dashed lines in Figs] 13 3 fit the combined sample of 55 ro- /h- Firstly, our estimate of the very central dark matter den-
tation curve decompositionslof Kormendy & Freeman (2004). Sity depends strongly on the assumed halo profile. Instead,
These authors discuss various halo profiles, but we here only2veraged over 2 differences between logarithmic halo fits
consider non-singular isothermal dark matter halos. Thoug and fits with NFW-profiles are small compared to the statis-
these are most similar to equatiéd (1), isothermal cores andical errors (averaged over the Coma sample NFW-fits yield
circular velocities are not exactly identical as in logamic ~ 0-1~0.2 dexhigher(ppw) than fits with logarithmic halos).
halos. To account for the difference, we fitted a logarithmic = S€condly, the most significant differences betwggand
halo to a non-singular isothermal density profile (cf. Tat. 4 (Ppom) occur in the four Coma galaxies with distinct halos dis-
of Binney & Tremaing 1987). The fit was restricted to the re- cussed in Se¢]3. These galaxies have young central stellar
gion with kinematic data (typically inside two core-radiye ~ Populations. If the bulk of stars in these galaxies is oldyo
found that the logarithmic halo fit yields a 3 percent larger €Ver, then the related radial increase of the stellar mass-t
core-radiusy, and a 10 percent smaller circular velociiy. light rat|o.could contrlbut_e_to their smalf and largepy,. This,
The central halo density is reproduced to 0.001 dex (not sur-P€cause in our models it is assumed that the stellar mass-to-
prising given that the cores of the two profiles were matched) light ratio is radially constant. By construction then, any
Thus, under the assumption that fits performed with the two Créase in the mass-to-light ratio with radius (being eithes
profiles indeed match inside two core-radii, a correctiomef {0 @ Stellar population gradient or due to dark matter) is at-
derived halo parameters is not needed. Scaling relations fr  fributed to the halo component. In galaxies with a significan

Kormendy & Freemari (2004) are shown in Fgs[l - 2 without increase of the stellavl/L with radius, the "halo’ component
any correction. e ) 0 of the model thereby has to account for both, additionalkstel

Persic. Salucci & Stel (19964, b) and Kormendy & Freeman and possible dark mass (Thomas 2006). Any contamination

(2004) discuss the scaling of disk galaxy halos vBthand with stellar mass will be largest at small radii, where the in

luminosity. In order to compare early-types and spirals ats ~ ¢réase in the stellanl /L dominates the shape of the mass pro-

the same stellar masses. we used file. The averaging radius in equatidd (6) is therefore chose
’ as large as possible. The value afRis a compromise for the

M. s Lg 0.33 whole sample, because the kinematic data extend-t8r;
(I—_B) =2x (1011|_®) () and the averaging should not go much beyond the last data
point.

for the stellar mass-to-light ratios of disks. Equatibh i5) Compared to the Coma galaxies, the majority of K2000
derived from the Tully-Fisher and stellar-mass Tully-lEéish  galaxies have larges,. After averaging inside 2, the halo
relations of Bell & De Jong (2001). densities in both samples become comparable, however. In
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FIG. 4.— Central halo density,, and average dark matter dens{ppm ) inside 2 ¢i versus luminosityg (a,c) and stellar
massM.. (b,d). Solid lines: fits including all Coma galaxies; dotd dashed lines: spiral galaxy scaling relations as in

Fig.[d.
this respect, the K2000 galaxies again resemble the fousCom M;2. It characterizes the original halo mass distribution befo
galaxies with young stellar cores. the actual galaxy formation. Had a disk with baryonic mass

Dotted and dashed lines in Figl 4 show spiral galaxies. MP grown in this original halo — instead of an early-type —
Their halo densities need not to be averaged before comparithen the halo contraction would have been different such tha
son, because core sizes of spirals (in the considered lsmino in generalMB,, # Mpy. The difference betweents,, and
ity interval) are larger than 4. Averaged over the whole  Mpy actually determines how much dark matter densities of
sample, we find dark matter densities in Coma early-types aellipticals and spirals would differ, if both had formed et
factor of 68 higher than in spirals of the same luminosity. If same original halos. To quantify this further, let's comsid
early-types are compared to spirals of the same stellar,masshe sphericallg averaged mass distribution of a thin expene
then the overdensity amounts to a factor of5l3Does this  tial disk for M (e.g.[Blumenthal et al. 1986). It is fully de-
imply that spirals and ellipticals of the same luminosityda termined by a scale-radius and a mass. For a given Coma
formed in different dark matter halos? elliptical with luminositylL g, the scale-radius and the mass of

5 BARYONIC CONTRACTION a realistic disk with the same luminosity can be taken from
equations[(4) and{5). Then, givén® and M; (the recon-
tracted Coma galaxy halo), equati@h (7) can be solved for the
baryon-contracted halB,, around the comparison disk (cf.
Blumenthal et dll_ 1986). Ond#,, is known, the average

Even if ellipticals and spirals would have formed in simi-
lar halos, then the final dark matter densities after theahctu
galaxy formation process could be different, since the twasy
in ellipticals and spirals are not distributed in the samg.wa D ;
This effect can be approximated as follows: assume that (a<pDM> follows directly.

spherical) baryonic mass distributiéh.(r) condenses slowly If ellipticals and spirals (of the sankg) would have formed

out of an original halo+baryon distributiow; (r). The halore-  in the same halos, then

sponds adiabatically and contracts into the mass disinitbut

Mpwm(r). If the original particles move on circular orbits then Sbar = <pDM>D (8)
r [M.(r) + Mowm(r)] = riMi(ri) () (pom)

turns out to be an adiabatic invariant (Blumenthal et al.6)98 3 - , o
. N Because of the large core-radii in some galaxies (cf. [Bigl)litis not
In case Of the Coma galaxied, a-n(_jMDM are known from always possible to find; for logarithmic halos. Therefore, here we only
the dynamical modeling and equatidn (7) can be solved for consider the best-fit NFW-halo of each galaxy.
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FiG. 5.— Estimated formation redshifig,m of Coma galaxy halos versus luminosity without baryon adioa (a) and
with baryon correction (b). Symbols and colors as in Elg. 1.

should fully account for the observed ratio of ellipticakiai-

(Gerhard et al. 2001), witlhpy some measure of the dark

ral dark matter densities. However, averaged over the Comamatter density, e.gopm = (pom ). Equation[(ID) can be solved
sample we findpar =~ 2 and, thus, that the higher baryon con- for

centration in early-types is not sufficient to explain thetda

ZfFE)rm = [1+Zfsorm] X 51/3_ 1, (11)

of 6.8 between the dark matter densities of ellipticals and spi- \yhere we have omitted the dependency of dark matter densi-

rals at constant luminosity.

In general, the observed dark matter density ragig be-
tween ellipticals and spirals will be a combination of a eliff
ence in the halo densities before baryon infall and a fabatr t
comes from the baryons. L&t, o denote the baryon-corrected
dark matter density ratio, then the simplest assumption is

dobs = Obar X Ohalo; 9)
with dpar from equation[(B). After applying this approximate
baryon correction, dark matter densities in Coma ellifigica
are still a factor oféhao = 3.4 higher than in spirals of the

ties and formation redshifts dos and defined = pE,, /pSy-
Equation[(TI11) allows to calculate formation redshifts ohzo
ellipticals fromz; ,, and the observedl Two estimates based
on different assumptions abauiandz;, ., are shown in Fid.15
and are further discussed below. For each case, formatien re
shifts were calculated with both disk halo scaling laws sthow
in Fig.[4 and the two results were averaged.

Raw formation redshifts without any baryon correction(
Jobg are shown in Figd5a (and listed in column 3 of Tab. 3).
We considered a wide range of spiral galaxy formation red-

same luminosity. If the comparison is made at the same stelshifts z . €[0.5,2] and the related uncertainty i, is

lar mass, then,o = 6.4. Note that our baryonic contraction
corrections are likely upper limits, because in equafigm@

indicated by vertical bars. Our fiducial valuezg,, = 1, be-
cause regular disks become rare beypad. (Conselice et al.

only account for the stellar mass in the disk. In the presencez0%) \We did not allow for a luminosity dependence of spiral
of gas, the baryonic disk mass will be larger and so will be the g5axy formation times. For the Coma ellipticals we then find

halo contraction. The dark matter density contrast redativ
the original elliptical will be therefore smaller.

Concluding, the differences between the baryon distribu-

tions of ellipticals and spirals are not sufficient to expltie
overdensity of dark matter in ellipticals relative to spsraf

the same luminosity or stellar mass. Ellipticals and spiral
have not formed in the same halos. Instead, the higher darkC

matter density in ellipticals points to an earlier assembty
shift.

6. THE DARK-HALO ASSEMBLY EPOCH OF COMA EARLY-TYPES

In order to evaluate the difference between elliptical and

spiral galaxy assembly redshifts quantitatively, let'suase

Z ., ranging fromzZ,, ~ 0.5 to Z,, ~ 5, with the majority
of galaxies having formed aroumfj,, ~ 3. Brighter galaxies
have assembled later than fainter galaxies.

Coma galaxy assembly redshifts shown in Elg. 5b (see also
column 5 of Tab[B) include the baryon correction of $éc. 5,
because we usedl= dha in equation[(Ill). Moreover, be-
ause fainter spirals have denser halos than brighter axges,
allowed for a luminosity dependeg§,,(L). In analogy to

equation[(ID) assume
1/3
<£MU)/
ng (Lo)

1+Zom(L) _
1473 m(Lo)

(12)

that dark matter densities scale with the mean density of theandz5 = 1 for a reference luminosity ldg/L = 10.5 (the

universe at the assembly epoch, pgm o (1+Zorm)* (we will
discuss this assumption in SEC]7.2). #gt, andz;,,,, denote
the formation redshifts of ellipticals and spirals, regjpety,

then
1+émua=< )“
1+73(Le)

PEM (Le)
ng (Le)

(10)

dashed line in Fid.18c illustrates the resultizgy,, as a func-
tion of L). Becaus&aio < dobs the baryon correcterzﬁer

in Fig.[Hb are lower than the uncorrected ones in Elg. 5a.
The typical assembly redshift reduces#g,, ~ 2, as com-
pared toZ ., ~ 3 without the correction. The baryon cor-
rection is mostly smaller than the uncertainty related to ou
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Fic. 6.— As Fig[®, but estimated formation redshifis, of Coma galaxy halos are plotted versus the formation epoch
Z(mo) of the central stellar population (from column 7 of Tab. ®fted lines: one-to-one relations. Symbols and colora as i
Fig.[d.

ignorance abouifsorm (vertical bars in Figllbb correspond to  objects withMg puige— Mg > 1.56 in the semi-analytic models

Z €[0.5,2]). The trend for lowe; ., in brighter galaxies ~ (Simien & De Vaucouleurs 1986).

is slightly diminished by the baryon correction such that th ~ Simulated galaxies were chosen randomly from the cata-

dependency of,., onL in Fig.[Bb mainly reflects the lumi-  logue of De Lucia & Blaizot/(2007) in a way such that each

nosity dependence of spiral galaxy assembly redshifts. of six luminosity intervals (betweeMg = —17 andMg = -23;
Fig.[@ compares halo assembly redshifts with central stel-width AMg = 1.0) contains roughly 50 galaxies. We use dust-

lar population ages, from [Mehlert et al. [(2003). (We use corrected luminositieMg of the semi-analytic models.

Ho = 70kms*Mpc?, Q4 = 0.75 andQy, = 0.25 to transform .

ages into redshifts.) Largely independent from applyirg th 7.1. Dark matter density

baryon correction or not, the agreement between the two red- Dark matter halos of simulated galaxies are reconstructed

shifts is fairly good for about half of our sample. Among the from tabulated virial velocitiesy;, virial radii r;, and maxi-

remaining galaxies, some have halos which appear youngemum circular velocitiesmay as follows. Itis assumed that the

than their central stellar populations. This could incictitat halos can be approximated by an NFW-profile (cf. equation

the stellar ages are overestimated (they are sometimes larg [3), in which case the circular velocity profile reads

than the age of the universe in the adopted cosmology; cf. 2

Tab.[3). It could also point at these galaxies having grown (Vcirc(r)) - }'”(1+CX)‘CX/(1+CX). (13)

by dry merging. In a dry merger, the dark matter density can Wyir x In(1+c)-c/(1+c)

drop, but tne stellar agr(]es ?‘taly constanbti In C(:jora_?tgalaxt_gs W Herex = r/rvir and the halo concentration is defined by

young stellar cores, the halo assembly redshifts are iastea Ivir,/Ts. The maximum circular velocitymax of an NFW halo

rger han he cenal sillr ages. This ndicates some s G s 21,/ (Navarto, Frenk & e 1999), s
y P Y that (with equation 13)

Wyir

7. COMPARISON WITH SEMI-ANALYTIC GALAXY FORMATION 463 [ Ymax 2 _ c
MODELS ' In(1+c)-c/(1+c)’
In the following we will compare our results to semi- : . .
analytic galaxy formation models. To this end we have con- 2SiNg the tabulated; andvmay this equation can be numer-
ically solved for the halo concentratian which in turn de-

structed a comparison sample of synthetic ellipticals goid s . - . X
rals using the models of De Lucia & Blaizot (2007), which Learlrcr)nnesrs =fvr/C and, thus, the entire NFW profile of the

are based on the Millennium simulation (Springel et al. 3005 Before compared to the Coma galaxy models. halo densities
Comparison ellipticals are selected to rest in dark mattes-c pare g y e
are averaged withini2¢ (cf. equatiofB). In case of simulated

ter structures with virial masses larger thislig, > 10"°M, ; . - A .
and to obeyMspuge—Ms < 0.4 (Simien & De Vaucouleurs spirals we use effective radii from the empirical relatid. (
' For ellipticals, we assume

1986). We ignore galaxies at the centers of simulated ciste
since we have omitted the two central Coma galaxies from the (

(14)

1.02
analysis in this paper. Likewise, we exclude from the com- Iiﬂ) = 1534(%) ) (15)
parison galaxies that have been stripped-off their entile,h pC ©

because the only Coma galaxy that possibly lacks dark mattemwhich is a fit to the Coma data.

inside 3¢ has been excluded from the analysis in this pa- Fig.[4 shows that the average dark matter densjtigg) of
per as well (cf. Se¢]2). Isolated field spirals are drawn from the Coma early-types match fairly well with semi-analytica
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FiIG. 7.— Average dark matter densifypm) versusLg in simulated cluster ellipticals (a) and in simulated figbitals (b).
Large symbols and lines as in Fig. 1. Simulated galaxies ft@rsemi-analytic models bf De Lucia & Blaiz6t (2007).

models. This is remarkable, because the simulations do notery inner regions< 2rei of interest here. In case of field spi-
take into account the halo response during baryon infall. rals, formation redshifts defined either from the final onfro
Therefore, either the net effect of the baryons on the datk ma the maximum mass are very similar.
ter distribution is small in the analyzed population of gala Without a baryon correction, our estimates of Coma galaxy
ies or there is actually a mismatch between the halos of ob-formation redshifts are on average higher than in the semi-
served galaxies and thé-body models. It may also be that analytic models (Fig.]8a). This, although (1) the dark mat-
real galaxies do not have maximum stellar masses. This caner densities of ellipticals match with the simulations and
be checked by the comparison of dynamically derived stellar (2) our assumption about the formation redshifts of spirals
mass-to-light ratios with independent stellar populasgn- (Zm = 1) is consistent with the simulations. The origin for
thesis models (Thomas et al., in preparation). the offset between Coma galaxies and semi-analytic models
Similarly to what is found in real galaxies, the dark mat- in Fig.[8a is that the density contrast between halos of el-
ter densities of spirals are lower than in ellipticals in sem lipticals and spirals is larger in observed galaxies thatihé
analytic models (cf. Fid.]7), but the density contrast in ob- simulations. After applying the baryon correction, the Gom
served galaxies is larger. Again, a major uncertainty here i galaxy formation redshifts become consistent with the simu
that the simulations do not take into account the gravitaio lations (Fig[8b). This result indicates that the discreyydre-

effect of the baryons. tween the measured and the simulated density p&tig/ oS
_ is due to baryon effects.
7.2. Assembly redshift Our Coma galaxy formation redshifts are based on the as-

Formation redshifts of simulated and observed galaxies areSUmption thatppu ) o< (1+zorm)*. Fig.[d shows{ppw) versus
compared in FigJ8. Coma galagym are from Sed_J6 and (1+2z0m) explicitly. Independent of including a baryon cor-
both cases discussed there — with and without baryon correcfe€ction or not, the slope of the relationship betwéesu) and
tion — are shown separately in panels (a) and (b), respéctive (1+Zom) inthe Coma galaxies is roughly parallel to simulated
Formation redshifts of simulated galaxies are defined as theéN-Pody halos. This confirms that our assumption for the scal-
earliest redshift, when a halo has assembled 50 percerst of it g betweenppm) andzom is approximately consistent with
mass. Since we are mainly interested in cluster ellipticals the cosmological simulations. N
we need to take into account that interactions between the Concerning the absolute values of the dark matter densities
cluster halo and a galaxy’s subhalo cause a mass-loss in thé has been already stated above that they are only cornsisten
latter. Although cluster-galaxy interactions happen ithbo  With the simulations if either the net effect of the baryoms i
simulated and observed galaxies, the mass-loss in the simuZ€ro in the case of ellipticals or if galaxies do not have max-
lations may be overestimated because of the finite numericalMum stellar masses. The former case would imply that ha-
resolution and the neglect of the baryon potential. In parti 0 of spiral galaxies experience a net expansion during the
ular, for simulated subhalos with very low masseszat0  baryon infall (several processes have been proposed fr thi
the derived formation redshifts may be artificially high,ewh ~ €-g-.Binney, Gerhard & Silk 2001). _
defined according to the assembly of half of the final mass. De Lucia etal.((2006) quote a stellar assembly redshift be-
To avoid such artificially large assembly redshifts, we defin 10w z <1 for simulated ellipticals more massive thish >
Zorm Of simulated galaxies as the earliest time when half of the 10"*Mo. The halo assembly redshifts in FIg. 8 are mostly
maximum mass was assembled, that a single progenitor in th@bovez > 1. In part, this is due to the fact that we only
merger tree of given galaxy had at some redshift. Our assump£onsider semi-analytic galaxies in high-density envirents
tion is that even if dynamical interactions between cluatet 5|m|I_ar to Coma. In addition, formation redshifts defined ac
galaxy halos take place, they do not significantly affect the cording to the stellar mass assembly and the halo assembly,
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FiGc. 8.— Comparison between assembly redstzifs, of simulated and observed galaxies (symbols as in[Fig. 7jh Bomation redshift
estimates for Coma galaxies with and without baryon caoeare shown (panels a,b). For comparison, panel (c) shomgation redshifts
of simulated spirals (dots) and of observed spirals (dasihed cf. equatior_IR2). Simulated galaxies from the sendbgtic models of
De Lucia & Blaizat (2007).

respectively, are not always equal. For example, in our com-comparison sample of simulated cluster ellipticals con-
parison sample of simulated cluster ellipticals we find an av structed from the semi-analytic galaxy formation models of
erage dark halo assembly redsHit,m) = 1.50 for galaxies  |De Lucia & Blaizot (2007). These synthetic ellipticals have
more massive thaM, > 10'*M.. Evaluating for the same  Zom ~ 0.5—-4 and higher dark matter densities than simulated
galaxies the redshitz:, . (when half the stellar mass is as- field spirals, which are appear on average aragpd ~ 1.
sembled) yieldsz;,,,) = 1.07. Thatzom 2 Z;,, is plausible Assuming for local spiralg> ., = 1 as well, and assuming
if some star formation is going on betweer_i&g Zom in the further that the inner dark matter density scales with thie fo
progenitor and/or in the subunits that are to be accreted aft mation redshift like (¥ zom)3, our results imply that ellip-
Zom- It should also be noted that the simulations do not take ticals have formed\zqm ~ 1—2 earlier than spirals. With-
into account stellar mass-loss due to tidal interactions. out baryon correction, we find an average formation redshift
aroundzom ~ 3, which is slightly larger than in semi-analytic
8. SUMMARY galaxy formation models. Accounting for the more concen-
We have presented dark matter scaling relations derivedtrated baryons in ellipticals, the average formation rétish
from axisymmetric, orbit-based dynamical models of flat- drops tozom ~ 2.
tened and rotating as well as non-rotating Coma early-type For about half of our sample, dark halo formation red-
galaxies. Dark matter halos in these galaxies follow simila shifts match with constraints derived from stellar popiolas
trends with luminosity as in spirals. Thereby, the majoaty ~ (Mehlert et all. 2003): the assembly epoch of these (oldyearl
Coma early-types — those with old stellar populations — havetypes coincides with the epoch of formation of their stellar
halo core-radir, similar as in spirals with the sani&@band components.
luminosity, but their asymptotic halo velocities are ab2ut
times higher. In contrast, four Coma early-types — with ypun
central stellar populations — have halo velocities of thaesa
order as in comparably bright spirals, but their core-radh We thank Ortwin Gerhard and the anonymous referee
smaller by a factor of 4. Differences between spirals and el-for comments and suggestions that helped to improve the
lipticals increase, when the comparison is made at the samenanuscript. JT acknowledges financial support by the
stellar mass. The average halo density insidg: 2xceeds  Sonderforschungsbereich 375 'Astro-Teilchenphysik’haf t
that of comparably bright spirals by about a factor @&.6lf Deutsche Forschungsgemeinschaft. EMC receives support
the higher baryon concentration in ellipticals is takeio iat- from grant CPDA068415/06 by Padua University. The Mil-
count, the excess density reduces to about a factor of 3f but ilennium Simulation databases used in this paper and the web
ellipticals and spirals are compared at the same stellas,mas application providing online access to them were consdict
then it is again of the order of 6. as part of the activities of the German Astrophysical Virtua
Our measured dark matter densities match with a Observatory.

APPENDIX
GMP3414 AND GMP4822

The best-fit model parameters for the galaxies GMP3414 an&#4842 (which were not included in the original sample of
Thomas et al, 2007a) are given in Tab. 4. The table is simoldiab. 2 of Thomas et al. (2007a) and we refer the reader to this
paper, in case more detailed information about the parardefmitions are required. The best-fit models with and withaark
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FIG. 9.— Average halo densit{ppm) versus assembly redshift. Large symbols: Coma galaxidsuitbaryon correction
(a) and with baryon correction (b). Small symbols: simudatéuster ellipticals and simulated field spirals from thense

analytic models df De Lucia & Blaizok (2007).

matter halo are compared to the observations in Eigs. 10 @n
percent confidence regions include modelszaf70° (GMP3414)

dnlboth galaxies the best-fit inclinationiis 90°, but the 68
and > 50° (GMP4822).

GMP3414 and GMP4822 were observed with the Wide Field Pdap&amera 2 (WFPC2) on board tH&T as part of the
HST proposal 10844 (PI: G. Wegner). For each galaxy two expsswuin 300s each were taken with the filter F622W. Four

other objects were previously observed as part of this malpem

d a full description of the respective observatioaghmeters

and the data analysis is givenlin Corsini et al. (2008). Adahith the final photometric parameters will be publishedha t

journal version of this paper.
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FIG. 10.— Upper panel: joint ground-based and HST photometry of
GMP3414/NGC4871. Lines: best-fit deprojection (red) asdeiige-on reprojection
(blue). Lower panel: stellar kinematics along major axést{ted), along the minor axis
(middle/blue) and along a third axis parallel to the majoisaxith an offset ofres/2
(right/green); filled and open circles refer to differerdes of the slits; dotted: best-fit
model without dark matter.
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TABLE 2
DARK MATTER SCALING RELATIONS.

relation logy = a+blogx
y X a XZe ms  (Alogy) P figure
1) @) ©) 4 (5§ (6) 0 C)) €)

fits to all galaxies

Th s 124+014 0554026 124 035 0.39 0.010
pc 103L@
r *
s Wy, 0714012 090+028 085  0.31 0.39 0.002
Vh L
S wiﬂfﬂt@ 0524012 0074023 1.62 0.19 0.21 0.109
Vh *
T iy 0333007 0454016 104 047 0.21 0.002
T . 0.67+0.64 -1.994+057 041 041 0.66 0.001
o et 048+023 0794032 1.15 031 0.39 0.026
s e -187+£018 -128+033 075 047 0.66 0.019 [4a
op )
Ph * — -
Wihs iy 0774019 -157+038 094 052 0.66 0.058 [14b
{ppm) L _ _
o 2364014 -156+024 131 0.38 0.32 0.004 [4c
feom) M« 1904011 -157+024 179 0.44 0.32 0.025 [J4d

fits omitting galaxies with young stellar cores

L 101L1—BLO 1544021  063+033 0.16 0.16 0.44 0.002 [1la
- M. 0981014  0544£029 018 0.17 0.44 0.007 [1b
pc 101Mg
Vh L
ey Eh, 078011  021+021 014 007 0.24 0.016 [Jic
b o 0594010 0194017 012  0.07 0.24 0.008 [I1d
ms- 101IMg
Mghp - o 068+135 -164+096 0.04 0.18 0.75 0006 [2
= ot 0.79+021 0624030 0.10 0.14 0.44 0017 [3
P L _ —
wlhs i 1814036 -1.024+054 031 0.34 0.75 0.028
Ph M — —
Vihs  rottig 0.94+017 -0.814+043 0.31 0.36 0.75 0.090
{ppm) L _ _
WO 2014020 -1.04+030 077 0.31 0.41 0.012
pom) M« 99954011 -0744+025 0.86 0.33 0.41 0.020

Mops  10IMg

NoTE. — (1,2) Fitted quantities; (3,4) parameters of linear fitwérrors; (5) reducegZy
of the fit; (6) rms-scatter in log (7) mean errofAlogy); (8) significance of the relation
(probability P that there is no relation according to a Spearman rank oateglation test); (9)
figure in which the relation is shown.
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TABLE 3
HALO DENSITIES, HALO ASSEMBLY REDSHFITS AND STELLAR AGES
galaxy ~ log oMl Zrorm log {£0M)/Spar z o 2ro)
Mo P W orm Gyr 0
@ @ (©) 4) ®) (6) @)
0144 -224+008  1233%il -2.00+0.08 156528 58+05 0.60r2%8
0282 -1514+0.09 266:§f§§ -1.98+0.09 160:2;23 7.7+£08 095%%@
0756 -2.04+004 1927398 -1.89+0.04 17939 31+02 0.26:002
1176 -1.40+0.07 277ﬁ91gg -1.61+0.07 247t932 33404 0428’18:%
1750 -150+0.31 315:%32 -1.80+0.31 199t§;§§ 11.3+17 248t§;§§
2417 -1.6240.66 257:9@3 —-2.014+0.66 154%% 115+24 265753,
2440 -1.01+0.11 407:%%3 -1.69+0.11 225:2;% 135+21 817y,
3414 -1.35+0.20 264’19:8% -1.60+0.20 250%{33 112427 24045,
3510 -160+0.30 227 -2.02+0.30 1527 142+16 > 4.26
3792 -1.24+0.40 3.76ﬁgfgg -1.83+0.40 1939;3'7 134+£21  733%%,
3958 -1.114+042 zegtiég -1.82+0.42 197t?-48 . e
4822 -1.43+0.83 330%;5 -1.65+0.83 24@%}% 112+13 240383
4928 -2.05+040  214% -2.08+0.40 1427 145+ 1.4 >5.70
5279 -1.8640.49 213t9fgg -2.084+0.49 1429;% 109+08  216'2%
5568 -2.47+0.56 101t9-z’8 -2.40+0.56 osgtg-gg 9.606 150’18-%2
5975 -1.26:0.09 349t%§§ -1.52+0.09 270tgf§§ 57+12 0.58:§f§§

NoTE. — (1) Galaxy id from_Godwin, Metcalfe & Peach (1983); (2) eage dark matter
density (ppm) inside 2e; (3) halo assembly redshif.m according to equatiof(11) with
5 = dopbs @andze,, = 1; (4) as column (2), but including the baryonic correctipg defined in
equation[(B) (we do not derive an error estimate for the bacycontraction, but use the same
errors in columns (2) and (4), respectively); £a)m as in column (3), but with baryon corrected
8 = Shalo andz,(L) from equation[(IR); (6) central stellar agefrom Tab. B.1 of Mehlert et al.
(2003) (GMP3958 has no age estimate because of its very [&)(F) formation redshif(ro)
of the stars derived from column (6). In some galaxies thiéastage or its upper limit exceed
the age of the universe in the adopted cosmology. In sucls cadg a lower limit is given for
Z(1o) or the upper redshift error is set equaktg respectively.

TABLE 4
MODEL PARAMETERS FORGMP3414AND GMP4822.

2

galaxy fit T r Vh c q X
W @ 6 @ 6 ® O e
GMP3414 sSC ® 0.490
LOG 45 97 356 0239
NFW 4.0 1530 10 0238
GMP4822 SC 6 0.259
LOG 55 131 552 0229
NFW 5.0 671 10 0232

NoTE. — (1) galaxy id; (2) type of fit (SC: without
dark matter; LOG: logarithmic halo; NFW: halo profile
from|Navarro, Frenk & White 1996); (3) best-fit stellér
[Me/Le] (Re-band); (4,5) best-fit logarithmic halo pa-
rametersy, [kpc] andw, [kms™]; (6,7) best-fit NFW con-
centrationc and flatteningg (cf. [Thomas et al. 2007a for
details); (8) achieved goodness-offf (per data point).



