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ABSTRACT

For 18 well-observed gravitationally lensed QSOs, we campaw hon-parametric mass profiles for the lens-
ing galaxies with stellar-population models derived fronbiished HST photometry. The large volume of param-
eter space searched — with respect to the possible startfomméstories — allows us to infer robust estimates and
uncertainties for the stellar masses. The most interestsgts are: (1) the transition from little or no dark matter
in the inner regions< re) to dark matter dominating on the 5r scale ¢ 20kpc) is clearly seen in massive el-
lipticals; (2) Such a trend is not seen in lower-mass gatde that the stellar content dominates the mass budget
out to~ bre; (3) the radial gradient in the dark-matter fraction fordbéntermediate redshift galaxies agrees with
published data on nearby galaxies. This result can helpoéleathe discrepancies found in recent estimates of
dark matter in elliptical galaxies using different techugg (e.g. Planetary nebulae versus X-ray). The observed
trend suggests the stellar component in massive galaxteadsfurther out in terms of the dark matter scale

radius.
Subject headings. galaxies: evolution — galaxies: formation — galaxies:pditial and lenticular, cD — dark
matter
1. INTRODUCTION els (Williams & Saha 2000, Trotter et al. 2000, Keeton & Winn

2003) all models constrained to reproduce the observeddmag
positions (and time delays if known) precisely. From the elod
ensemble, estimates and uncertainties of any desireditygant

for example, the mass at a given projected radius—can blg easi
extracted. We use theixelLens code (Saha & Williams 2004)
which more or less automates the whole procedure, even for
complex lenses like B1608+656.

_ The model-ensemble technique (we used 200 models per
lens) makes our mass uncertainties larger than in previous w
on M/L ratios, but much more realistic. Four-image lenses
tend to be better constrained than two-image lenses. Ayse, s
tems with known time delays allow much tighter mass estimate
(providedHy is assumed, as we do here).

For galaxies further than- 100Mpc, the usual kinematic
tracers of galactic dynamics become increasingly difficult
impossible to use. But at larger distances, nature somgtime
provides a very different indicator of galaxy mass—straargst
ing of quasars. Galaxies with a quasar conveniently plaeed b
hind them, which they then lens into multiple images, are.rar
But for those galaxies it is fairly easy to measure masses) ev
to z~ 1. In recent years there has been progress on estimat
ing theM/L in samples of lensing galaxies (Keeton et al. 1998,
Kochanek et al. 2000, Rusin et al. 2003). For a few systems
there have been efforts to combine lensing and velocityedisp
sions (Treu & Koopmans 2002a,b, Koopmans & Treu 2003).

In this Letter we go beyond simph/L for a sample of lens-
ing galaxies and try to recover the distribution of stellada
dark mass within galaxies. Our technical innovations gre/¢i
use observed colors to model the stellar population in detali The stellar mass content can be determined from the photom-
hence map the stellar mass, and (ii) we use the method of pix-etry although a fair share of assumptions must be invokedin o
elated lens reconstruction to make detailed profiles ofdted t  der to transform light into mass. These assumptions redateet
mass; we pay particular attention to quantifying the uradest age, metallicity and mass distribution of the unresolvetiat
ties in both departments. populations. The latter can be reduced to a time-indepdnden

Our sample comprises 17 early-type galaxies over a wide universal initial mass function (IMF) as suggested by obser
range of redshifts (@ < z < 1) and a bulgez= 0.04). The vations (see e.g. Wyse 1998). In this paper we explore two
sample has been selected from the CASTLeS group database IMFs: Salpeter (1955) and Chabrier (2003), both defined be-
The main properties are listed in Table 1. We assume a concoriween 01Mg and 100/,. The former assumes a simple power
dance cosmology({m = 0.3,Q4 = 0.7) with Hi' = 14 Gyr. law over the allowed range of stellar masses. The IMF prahose
by Chabrier (2003) has a very similar upper-mass dependence
as the Salpeter function. However, the low-mass end assames
flatter — more physical — behaviour, following a lognormal-di

For most lensed quasars, it is fairly easy to fit a model galaxy tribution. This IMF givesM /L ratios which are a factor 1.5
lens to the image positions and hence provide a map of thle totasmaller than those for a Salpeter IMF.
sky-projected mass. But such a map, although a reasonale fir  The main difference between most of the IMFs proposed
approximation, will be non-unique because of lensing degen (e.g. Salpeter 1955; Miller & Scalo 1979; Kroupa, Tout &
eracies (Falco et al. 1985, Gorenstein et al. 1988, Saha 2000 Gilmore 1993; Chabrier 2003) lies in the relative contribat
A way around this problem is to generate an ensemble of mod-from stars with masseéd < Mg,. Since these stars have a large

1See the CASTLeS paget t p: / / cf a- ww. har var d. edu/ gl ensdat a/ for a list.
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Fic. 1.— Profiles of the mass enclosed as a function of radius for twentass (left) and two massive early-type galaxies (right).
The solid and empty circles give the total and stellar masser, respectively. The stellar masses assume a Chakfifeblit a
Salpeter IMF leads to qualitatively the same result. Therdyars indicate 90% confidence intervals. The vertical eddine gives
the position off|en.

M/L ratio, stellar populations born with either IMF featureyer  uncertainties which are quoted with respect to the 5th-péth
similar spectral energy distributions, albeit with a diéfet nor- centiles (90% confidence interval) throughout the papere Th
malization for a given stellar mass (see e.g., Bruzual & €har stellar mass content is computed for the best fit, with repec
lot 2003). Therefore, a photo-spectroscopic analysis atloa the light inside the half-light radiusd).

used reliably to constrain the IMF at the low-mass end. In-

stead, we will use the available photometry from our sample

and compute the stellar mass content corresponding ta e@ithe 4. STELLARVS TOTAL MASS

Salpeter or a Chabrier IMF. These two mass distributionserep

sent a robust range of possible values between the unpliysica Figure 1 shows the mass profiles (stellar and total) for four
X . 2 ;
high M /L imposed by a simple power law extrapolated to low galaxies, two WithMi < 10"M¢, (left) and two withMio R

masses and a more realistic distribution. 10'?M, (right). The result is striking: the low-mass galaxies

The age and metallicity distribution can be constrained by Nave I|tt||e or n% darl|<_ rratter atdallkobserve_d r%dn. fTheb high-
a comparison of the photometry with a simple model of star Mass galaxies have little or no dark matter inside oire, but

formation. We assume a 3-parameter model which reducest 1arge radii they are dominated by dark matter. Here we have

the description of the stellar populations to a single nlietal a clear |nd|cat|on_ that massive galaxies have a gradiefiin t

ity (Z.), a formation epochtfor), and a formation timescale dark-matter fraction. , o
(7sp), S0 that at any given time the star formation rate g o« Rather than presenting mass proﬁles_ for _aII the gaIaX|e_s in
explAt/7sp), with At =t -teor. Each choice of parame- our sample_z, we will summarize the profiles in two ways: first
ters @, tror, 7sF) represents a possible formation scenario, and by comparing stellar and total mass at a chosen radius, end th
can be convolved with simple stellar populations (SSP) in or by quqntlfylng the dark-matter gradient. .

der to generate a composite model from which various photo- N Figure 2 and Table 1 we show three derived aperture

spectroscopic observables can be retrieved. We use thedruz Masses: the total mass derived from lensing, the stellas mas
& Charlot (2003) population synthesis models. derived assuming a Salpeter IMF, and the stellar mass derive

We use the published photometry of the lenses from the assuming a Chabrier IMF. Uncertainties are at 90% confidence

CASTLeS group (Rusin et al. 2003) which was obtained from 11€ aperture radius in all cases is a quantity we gl
HST/WFPC2+NICMOS images after carefully subtracting the and it IS the largest radius at which the Iensmg mass Is yveII-
contribution from the sources. Each set of measurements Corconstralned. In generdiens represents the radius over which

respond to a number of colours (from 1 to 5) which is used in tN€re is lensing information, and is roughly the radius @& th
order to constrain the parameter space described abovesave u OUtErmost image. From Figure 2 it is apparent that the dark-
their radial fits to generate the profile of the stellar comggn ~ Maiter fraction increases with mass, and the trend is cabigat
Galactic reddening was included in the analysis by using the With the observedtilt of the NIR fundamental plane (Mobashe
E(B-V) values from Rusin et al. (2003) and applying a dust etal. 1999; Ferreras & Silk 2000). Additionally, we see thigt
correction according to the R=3.1 curve of Fitzpatrick (P9 is estimated as more thMOt_ In a f‘?W cases for the Salpet.er
The best fit for each lens was obtained using an adaptive grid!MF: but never for the Chabrier IMF; while it would be cavalie
in the 3-dimensional parameter space that describes afitpes [0 &rgue against a Salpeter IMF on this basis, it does suggest
star formation histories in our model, and using a Metrapali ~ that future comparisons of lensing and stellar-populariaa-

; ; : els may help constrain the IMF.
gorithm (see e.g., Binney et al. 1992, or Saha 2003) to find the We now consider the gradient in the dark-matter fraction.
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Fic. 2.—A comparison of total and stellar masses for our sam-
ple of gravitational lens early-type galaxies (all meadunside
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Fic. 3.— Dark matter gradient/Y, computed between, ~

Nens). The upper and lower panels correspond to a Salpeter an@-25e andry ~ 4.5r. Filled circles correspond to the Chabrier

a Chabrier IMF, respectively. The solid line represéviis/ Mg
and the dashed line follows the expected correlation frantith
of the fundamental plane for ellipticals.

Following Napolitano et al. (2005; hereafter NO5) we introd

(). (),

Mg Mg
Even thoughVT is a noisy quantity, it has advantages over
Mot /Mg. Being a gradient it is not sensitive to the choice of
wavebands used to measure stellar luminosity. AR, is
unlikely to be very sensitive to the redshift evolution ofaga
ies, because to first ordbt /Mg will change at the same rate
throughout the inner parts of a galaxy as its stellar pomriat
ages. We are able to compW&Y with tolerable uncertainty
for only a subsample of galaxies.

The work of NO5 differs from ours in several respects:
(i) they derived masses from the kinematics of planetaryneb
lae and globular clusters; (ii) their galaxies are nearbgrehs
ours span range from~ 0.3 to andz ~ 1; (iii) they used three-
dimensional radial gradients while we are working with pro-
jected quantities. Point (i) is unlikely to affe&tY much, as
we have already argued. Regarding point (iii), the differeis
minimal for the estimation of the stellar masses, since gs Fi
ure 1 shows, the stellar mass is concentrated within theaent
few kpc; even for the more extended distribution of the dark
matter, most of the mass that makes up the total line of sight
mass resides at small radii. In general, 2D and\3D esti-
mates differ by less than 50%. We conclude that we can djrectl
compare with NO5.

Figure 3 compares our estimatesWi" with those of NO5
in the format of their Fig. 7. There is a general agreement

_ e
VT:Ar

(1)

IMF and empty circles to the Salpeter IMF. The error bars cor-
respond roughly tod. This figure may be compared with Fig. 7
of Napolitano et al. (2005). The star symbols are taken fitwah t
paper. The curves arerbands for model predictions with dif-
ferent star-formation efficiencies, also adapted from Nitgom
etal.

numbers we cannot assess significance. In Figure 3 we have
also plotted the predictions dafCDM models by NO5. This re-
quires some justification. First, the models were computed f
there-Mgy relation characteristic of the NO5 data set, butiur
Mg turns out to be very similar. Second, the models are based
on NFW ACDM predictions for halos at = 0; do they still
apply to our data, witlz ~ 0.3-1? Fortunately, yes, because
the relation between the concentration parameter and hads m
is fairly robust with respect to the redshift of observatian
thez=0-3 range (see Fig. 14 of Wechsler et al. 2002). The
curves in Figure 3 show three different star-formation &ffie
cies:ess =0.07,0.25,and 1, whereg is defined as the ratio be-
tween total stellar and baryonic matter. The general tretihit
higher stellar mass systems should have a monotonicafjgfar
contribution from dark matter with increasing radius. Ttés

be understood intuitively as follows (cf. section 3.4 of NOB
galaxies with higher stellar masses the stellar component e
tends to larger radii, in terms of NFW profile scale radiug] an
so larger radii are more dark matter dominated. Our dataris co
sistent with that trend. However, one should be cautiouswhe
interpreting the results with respect ¢g=. The NO5 models
disregard the effect of the gas collapsing to the centre ef th
halo and its effect on the dark matter density profile.

5. DISCUSSION

In the Milky Way it is generally held that in the inner few kpc
and on mass scales ©f10'M, there is little or no dark matter,
whereas on the scale ef 100kpc and~ 10'2M, dark matter

between the two sets of results, at least over the mass rangeompletely dominates. In this Letter, we see the same transi

covered by both data sets. Our values are somewhat highe
for 11 < log(M,./Mg) < 11.5 range, but with the current small

tion in elliptical galaxies at redshifts of®to 1, based on pro-
jected mass distribution derived from lensing. The darktenat



TABLE 1
APERTUREMASS (x10'%M,,)

Object z e/kpc  riens/KpC My Miat(< MNens)  Msaip(< fiens)  Mehab(< Fens)
B0047-280  0.49 5.4 86 -225 337352 111248 9.04%7
B0142-100  0.49 3.1 56 -22.7 24937 18.3322 20.9398
J0414+053  0.96 14.5 29.0 -23.1 825539 7473334 51.3508
B0818+122 0.39 4.8 10.6 -22.0 674538 20.835% 16.2332
J0951+263  0.20 0.7 21 -19.3 4731 1.539 1.131
B0952-011  0.38 0.5 25 -19.4 4533 4.432 3559
B1009-025 0.78 1.6 48 -21.0 180329 7.438 5.553
J1017-204  0.86 2.4 24 -216 4852 6.45%° 43130
B1030+074 0.60 2.6 47 -21.8 16121 145352 10.6:3°
B1104-181 0.73 4.4 16.3 -22.7 12201328 36.6537 228312
B1115+080 0.31 2.3 74  -21.1 27535 148158 10.5:%3
J1411+521  0.46 2.9 93 -21.2 336338 10.0%° 8.9:%8
J1417+522  0.81 5.2 16.1 -23.4 11807385 434533 328178
B1422+231 0.34 1.5 6.0 -20.7 158182 7.9333 6.21%8
B1520+530 0.72 2.2 6.6 -22.4 269318 21833 185393
B1608+656 0.63 4.2 6.3 -23.1 850822 40.25:3 28,5728
B2149-274  0.50 2.9 41 -21.9 139133 6.925 4.65%
B2237+030 0.04 3.1 09 -209 1921 1.652 1.933

fraction tends to increase with the total mass. Incidenta# matter profiles can be reconstructed in this way is an obvious

note that one of the possible mechanisms that can be invoked t goal for future work. But another line of future work is to im-
explain the tilt of the fundamental plane involves such adre  prove the spatial resolution in some cases. A possible méco
between stellar and total mass with a very similar scaling be hinted at in this work, is that bottom-heavy IMFs such as the
havior (Ferreras & Silk 2000). Part of the tilt is explainegd b Salpeter function might be ruled out by the comparison betwe
non-homology effects (Trujillo et al. 2004), but our datgsu  stellar and lensing masses.

gest a further contribution to the tilt from the differentir The correlation presented in this Letter help to reconéiée t
vs dark matter distributions. We claim that most of the tflt 0 apparent discrepancy between the low dark matter contamt fr
the fundamental plane — at least when the observables used tadynamical estimates using planetary nebulae (Romanovisky e
define it reach beyong — is caused by the correlation between al. 2003 and the dark matter dominated galaxies suggested by
dark matter fraction and galaxy mass as presented in thierLet  X-ray data (Loewenstein & Mushotzky 2002). Mass estimates
The gradient of the dark matter fraction inside individualle- of faint X-ray ellipticals, albeit challenging, will defitiely

ies is also similar to what is inferred in nearby galaxieseSen test the observed correlation.

results indicate that the distribution of dark matter inag#s

has not changed much sinze 1. _ We would like to thank Nicola Napolitano for a very useful
Enlarging the sample of galaxies for which stellar and dark- giscussion and for providing his data and LCDM predictions.
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2Recently Dekel et al. (2005) have argued that the assumpfitsotropic PNe orbits made by Romanowsky et al. (2003)Itregiin the mass being underesti-
mated. However, our result th&Y is small for logMs /M) =11-11.5 suggests that while in general velocity aniggtis an important effect, it is less so for a
dynamically old population like PNe.



