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ABSTRACT

We present a direct measurement of the stellar velocity dispersion of the early-type lens galaxy D in the system
MG 2016+112 @ = 1.004), determined from a spectrum obtained with the Echelle Spectrograph and Imager
on the W. M. Keck Il Telescope, as part of the Lenses Structure and Dynamics Survey. We find a velocity
dispersion ofo,, = 304 = 27 km $' inside an effective circular aperture with a radius (8% corresponding
to a central velocity dispersion of = 328+ 32  kn1’s From aHubble Space Telescope F160W-band image,
we measure the effective radius and effective surface brightness in order to determine the offset of the lens
galaxy with respect to the local fundamental plane (FP). The offset corresponds to an evolution of the rest-frame
effective mass-to-light ratio of log (M/L;) = —0.62+ 0.08 from= 0 tp= 1.004 . By interpreting colors
and offset of the FP with two independent stellar population synthesis models, we obtain a single-burst equivalent
age 0f2.8 = 0.8 Gyr (i.e.z;> 1.9 ) and a supersolar metallicitylofy Z/Z,) = 0.25= 0.25 . The lens galaxy
is therefore a massive elliptical dominated by an old and metal-rich stellar populatios lat . The excellent
agreement of the stellar velocity dispersion with that predicted from recent lens models confirms that the angular
separation of the multiple images of the background QSO is predominantly due to the lens galaxy and not to a
massive “dark cluster,” in agreement with recent weak-lensing and X-ray observations. However, the significant
overdensity of galaxies in the field might indicate that this system is a protocluster, in formation around galaxy
D, responsible for the-10% external shear inferred from the strong-lens models.

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation —
galaxies: structure — gravitational lensing

1. INTRODUCTION tural evolution of the stellar mass and of the dark matter halo
. ) . of E/SO galaxies as a function of redshift, we are conducting an
In the cold dark matter cosmological scenario, structures in gpseryational program with the Echelle Spectrograph and Imager
the universe form through hierarchical merging of smaller gy on the W. M. Keck I Telescope: the Lenses Structure and
structures (Whl_te_& Rees 1978; Blumenthal et al. 1984; Davis Dynamics (LSD) Survey. The aim of the LSD Survey is to
et al. 1985). Within this general framework, early-type (E/S0) measure the internal kinematics of a dozen gravitational lens
galaxies in the cores of rich clusters form at high redshifts galaxies up t@ = 1 , allowing a powerful combination of dy-
(z> 2), corresponding with the first dark matter overdensity namical and lensing constraints on their mass distribution. The
peaks, as opposed to a later formation epoch for field E/SO| gp gyrvey? its main goals, and observing strategy is described
galaxies (Kauffmann 1996). Clusters subsequently form around;, getail elsewhere (Treu & Koopmans 2002).
these seeds by accretion of smaller mass galaxies, with Sig- Here we present the first result of the LSD Survey, a mea-
nificant structural_ and.dynamlcal evolution occurring at more g,rement of the stellar velocity dispersion of the lens galaxy
recent cosmological times. Recent observations have shown, ihe system MG 2016112 atz = 1.004. A summary of
that massive cluster E/SO galaxies were already assembled glg|eyant prior observations and a new lens model can be found
z> 1and subsequently evolved passively through aging of their iy Koopmans et al. (2002 and references therein). The primary
st.eIIar populatlo_ns'(e.g., van Dokkqm et al. 1998; Stanfprd, lens galaxy (D) in MG 2016112 is the highest spectroscop-
Eisenhardt, & Dickinson 1998). Similarly, field E/SO galaxies ically confirmed redshift lens galaxy known to date. The sug-
seem not to evolve dramatically betweer= 1 ane » gestion that this lens was embedded in a massive “dark cluster,”
both in number (Schade et al. 1999; Im et al. 2002) and struc-pased onASCA X-ray observations (Hattori et al. 1997), was
tural properties (van Dokkum et al. 2001; Treu et al. 1999, recently shown to be incorrect by high-resoluti@nandra ob-
2001a, hereafter TOla), although secondary episodes of stageryations, showing no evidence for hot X-ray gas (Chartas et
formation might be frequent at< 1 ~ (Menanteau, Abraham, & 51 2001). On the other hand, deep optical studies show an
Ellis 2001; Treu et al. 2002, hereafter T02). However, most oyerdensity of at least six bright E/SO galaxies with the same
observational results on the evolution of E/SO galaxies concern g qshift as the lens galaxy (Benitez et al. 1999; Soucail et al.
the evolution of their stellar populations and little is known 2001 Clowe, Trentham, & Tonry 2001). The absence of a
about the evolution of their internal structure. significant weak-lensing signal (Clowe et al. 2001) and the
To comprehensively quantify the luminosity, comm struc-  gpsence of X-ray emission, however, shows that these galaxies
are not associated with a massive evolved cluster.
1 Based on observations collected at W. M. Keck Observatory, which is  In the following, we assume for definiteness that the Hubble
operated jointly by the California Institute of Technology and the University

of California, and with the NASA/ESAdubble Space Telescope, obtained at
STScl, which is operated by AURA, Inc., under NASA contract NAS5-26555. 2 See also http://www.astro.caltech.eeli.SD.
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Fic. 2.—HST images of MG 2016-112: WFPC2 F555W\() and F814W

Fic. 1.—G-band absorption feature 24304 Ain the spectrum of galaxy D (1) images and the NICMOS-2 F160VWH) image. The exposure times are
in MG 2016+112. The rest-frame wavelength scale is shown on the top axis 5200 s ¥ andl) and 5120 sHi), and the pixel scales aré@55 y), 0'1 (1),
for reference. The smooth solid line is the best-fitting template (spectral type @nd @075 H). The two lensed quasar images (A and B), the primary lens
G4 IIl) broadened to the measured velocity dispersign= 304+ 27  kins  galaxy (D), the arc C and the additional galaxy (E) are indicated on khe

The hatched region is affected by sky subtraction residuals and was omitted inband image. The emission from the [ doublet detected from galaxies E
the fit. and D is shown in the bottom right panel. Note that the doublet in D is blended

by the large velocity dispersion.
constant, the matter density, and the cosmological constant are . .
H, = 65kms*Mpc % Q,, = 0.3 andQ, = 0.7, respectively. ~ €TOr ONoy, therefore includes both the random error contribu-
0 A tions and the systematic uncertainties due to template mis-
2 OBSERVATIONS matches, con_tinuqm fitting, a_lnd fitted spectral range. '_rhe inferred
: central velocity dispersion is = (1.08+ 0.05)p,, , i.eq, =
2.1. Keck Spectroscopy 328 = 32km s™*. The correction is based on the average ratio
. (and spread) between the central stellar velocity dispersion (i.e.,
We observed MG 2016112 using ESI on the W. M. Keck  measyredin aR /8 aperture) and the dispersion measured from
Il _Telescope _durlng four consecutive nights (200_1 July 23-26), 5 larger aperture~2R. in our case), as determined from local
with a total integration time of 8.5 hr. The seeing was good /50 galaxies (see TO1b for details). The predicted velocity dis-
(0:6-08), and three out of four nights were photometric. Be- ,qion from isothermal gravitational lens models, i.e., 320340
tween each exposure of 1800 s, we dithered along the slit toy, -2 (Kgopmans et al. 2002), is in excellent agreement with
allow for a better removal of sky residuals in the red end of the 1,6 gpectroscopic determination of the central stellar velocity
spectrum. The slit (20in length) was positioned at a position  gispersion (see also Kochanek 1993, 1994 and Kochanek et al.
angle of 13 in order to include galaxies D and E and art C  »000 for a general discussion). In addition, we detectifjO
(see Fig. 2)'. . . . emission from galaxies D and E at nearly identical redshifts
The slit width of 125 yields an instrumental resolution of 30 (z = 1.004 Fig. 2)
€ Sttt widin _ _ . . 2).
km s, which is adequate for measuring the stellar velocity
dispersion and removing narrow sky emission lines. Data re- ;
duction was performed using a newly developed IRAF package . 2.2..Hubble Space Telescope Imaging )
that combines the procedures described in Treu et al. (1999, Optical and infrarecHubble Space Telescope (HST) images
2001b, hereafter TO1b) and Smith et al. (2001) for the treatmentof the system are available from thST archive® The Near-
of echelle distortions and sky subtraction. Spectra of G-K giants Infrared Camera and Multi-Object Spectrometer (NICMOS)
observed at twilight with a3 slit width were used as stellar Camera 2 imaged the galaxy in F160W for 5112 s, while the
templates, after appropriate smoothing to match the instrumen-Wide Field and Planetary Camera 2 (WFPC2) imaged the system
tal resolution of the 'R5 slit. The best fit was obtained for a through filters F555W and F814W for 5200 s each (Fig. 2). The
G4 Il stellar template, using the Gauss-Hermite pixel-fitting images were reduced, and surface photometry was performed
software on the spectral region around the G band (Fig. 1). Thison the F160W and F814W images as described in Treu et al.
yielded a stellar velocity dispersion of, = 304 = 27  km's (1999, 2001a), except thgt cosmic-ray rejection on t_he F814W
inside an effective circular aperture with raditi§®. The scatter ~ image was performed using the L.A.COSMIC algorithm (van
in the fits for the different stellar templates was used to estimateDokkum 2001). The lens galaxy is very faint at F555W and

the uncertainties related to template mismatches (see T01b). Th&arely detected in the Planetary Camera images, yielding a very
uncertain flux. The galaxy brightness profiles are well repre-

3 EASI2D, developed by D. Sand and T. Treu (D. Sand et al. 2002, in
preparation). 4 Obtained as part of the CASTLeS Survey.
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TABLE 1
OBSERVED SPECTROPHOTOMETRIC QUANTITIES OF
GarLaxy D IN MG 2016+112
Parameter Value
REASNift (D)..vvvvvvveeeeeeeesseeeen 1.004 0.001 "
FL60W (MAG). -+ eevereeeeneranns 18.24 0.02 <
F814W — F160W (mag)............. 3.3+ 0.1 =
SB, r160w (Mag aArcse®) .............. 17.64+ 0.40 &
R, Foraw (AICSEC). ... 0.65 0.10 4
R, F1eow (AICSEC). ... 0.3% 0.06 v
o, (<0'65) (kms™) ...l 304+ 27
bla=1-e......ooooiiiiii, 0.75% 0.10
Major axis position angle (deg)..... 121+ 2
Rest-Frame Quantitiés
G (KM S™) oo 328 32 z
B-l(mag) ... 1.9& 0.15 FiG. 3.—Evolution of M/L as inferred from the evolution of the FP. Filled
Mg (Mag)......cooovvniiin, —22.53+ 0.10 pentagons and open squares represent field and cluster measurements, re-
M, (mag) ........ SREEEEELRTETEEERE —24.51+ 0.04 spectively, while the thick solid and dashed lines indicate linear fits to the
SB, s (Mag arcsef?) ------------------ 18.12+ 0.50 MI/L evolution for field and cluster E/SO galaxies (see T02 for details). The
SB,, (mag arcsec) .................. 16.14- 0.40 large filled square at = 1.004 indicates th&/L  evolution of galaxy D in
2 Derived from the observed quantities (see text). MG 2016+112.

sented by aiR¥* profile, but the F160W- and F814W-band ef- are correlated and partly cancel in the FP relation (e.g., TO1b).
fective radii are significantly different and the galaxy shows a The M/L evolution is intermediate between that of clusters
significant reddening toward its core. We attribute the larger and field E/SO galaxies, when we assume that a linear fit,
effective radius in the F814W-band to a bluer extended envelopea log (M/L;) o< z (see Fig. 3), provides a good description of
around galaxy D (seen as a “wing” in the brightness profile), the data and can be extrapolatedte 1.004 . Even though this
which presumably comes from a younger stellar population thatis only a single-galaxy measurement—not a determination of the
has been accreted from smaller galaxies (e.g., galaxy E). Becausep atz ~ 1 —the inferredM/L  evolution suggests that passive
the F160W-band light is a better tracer of the underlying old evolution of an old stellar population is a good representation
stellar population (dominant in mass) and is not contaminatedof the evolution of massive E/SO galaxies outze= 1.004
by the [On] emission line (Fig. 2), we use onR, r,c0n,  fOrour  Additional measurements, covering a range of FP parameters,
analysis. In addition, the fits provided the integrated magnitudesare needed to confirm this result.
and effective surface brightnesses (SBs). The relevant obser- The color andVl/L evolution of lens galaxy D can be used
vational quantities of MG 2016112 are listed in Table 1. Rest-  to infer age and metallicity of its stellar population. A single-
frame photometric quantities are corrected for Galactic extinction purst stellar population, generated with two independent pop-
using E(B—V) = 0.235 from Schlegel, Finkbeiner, & Davis ulation synthesis codes (Bruzual & Charlot 1993; Fioc &
(1998). Rocca-Volmerange 1997), gives a single-burst equivalent age
of 2.8 = 0.8 Gyr (i.e., z;>1.9) and a supersolar metallicity

3. RESULTS log (Z/Z,) = 0.25+ 0.25(Fig. 4), assuming there is no sig-
nificant internal extinction in the lens galaxy. The contours in
Figure 4 are based on thé difference between the model and
the observed color and mass-to-light ratio evolution (and their
errors). Because the colors and the luminosity can be dominated
by a small mass fraction of bright young stars, this age should
c?e regarded as a lower limit for the age of the dominant stellar

Using the stellar velocity dispersion, effective radius, effec-
tive surface brightness, and colors of the lens galaxy, we can
now quantify the evolution of its stellar mass-to-light ratio as
well as the age and metallicity of the dominant stellar popu-
lation. A discussion is given in § 4.

Recent studies have shown that E/SO galaxies in clusters an
in the field define a tight fundamental plane (FP) outzte
0.7-0.8(van Dokkum et al. 1998; T02), with slopes very similar
to the ones observed in the local universe. Assuming that galaxy
D lies on an FP with slopes similar to those in the local universe,
we can obtain the evolution of the intercepiof the FP with
redshift, which is related to the evolution of the average effective
mass-to-light ratioNI/L ). In Figure 3, we plot the evolution of
MI/L for cluster and field E/SO galaxies as a function of redshift
(small squaresand pentagons;, from T02), together with the value
obtained for galaxy Dlérge filled square). From the local FP,
one finds an offseASB, = —1.55 mag arcsécwhich corre-
sponds toA log (M/Lg) = —0.62+ 0.08 for pure luminosity T 3 4 5 2z 3 4 57
evolution, the error being dominated by the observed FP param-
eters of galaxy D. We also note that errors Bn  and SB Age (Gyr)

Fic. 4.—Likelihood contours of the age and metallicity of the stellar pop-
®In the following, we adopt logR. + loghs, = 1.25 logo + 0.32SB — ulation of MG 2016+112, galaxy D. The inner and outer contours indicate
8.895(Bender et al. 1998) for the local FP in the rest-fraBband (see T0la the 68% and 95% probability. Panely @nd ) are for population synthesis

for a discussion). The uncertainties on the local determination of the FP are models from Bruzual & Charlot (1993) and Fioc & Rocca-Volmerange (1997),
negligible in our analysis. respectively.

0.5

log,,(Z/Z,)
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population. The supersolar metallicity is slightly higher, but  This scenario is consistent with the gravitational lens system
within 1 ¢, consistent with results obtained from E/SO galaxies being embedded in a galaxy overdensity (i.e., a protocluster;
in clusters at redshifts= 0.3—0.9 , which have been assembledsee also Benitez et al. 1999), which is not yet relaxed to a more
through hierarchical merging of smaller galaxies (e.g., Ferreras,centrally concentrated system and still shows evidence for on-
Charlot, & Silk 1999). going merging and accretion. In addition, it would explain the
absence of a significant weak-lensing signal (Clowe et al.
2001), the relatively small lensed-image separation, as well as
constraints from recerithandra X-ray observations (Chartas
We have presented a direct measurement of the stellar veet al. 2001). In particular, the spread of the velocities of the
locity dispersion of the lens galaxy in the highest spectroscop- galaxies in the overdensity (Soucail et al. 2001), if they are
ically confirmed redshift lens system MG 204612 ¢ = assumed to be virialized, implies a mass 3 times larger than
1.004, as part of the LSD Survey. The effective radius and the 3¢ upper limit inferred from the nondetection of extended
surface brightness are determined frét8T images, to com-  X-ray emission withChandra (Chartas et al. 2001). We there-
pare the properties of the lens galaxy with those of E/SO gal- fore think that the assumption of virializationrst correct and
axies in the local universe. The colors and evolutionvit . that these galaxies form a (nonvirialized) protocluster. Three
of its stellar population, as derived by comparison to the local galaxies in the field are spatially clusteredza& 0.97 and
FP, indicate an old~3 Gyr) metal-rich stellar population, con- might be falling toward the overdensity with high velocity
sistent with a passively evolved single stellar population formed (Soucail et al. 2001), consistent with a cluster in formation.
atz, > 1.9. The large stellar velocity dispersion and metallicity
of the lens galaxy is comparable to the most massive present-
day cluster galaxies (Ferreras et al. 1999; Fisher, llingworth, The use of the Gauss-Hermite Pixel Fitting Software de-
& Franx 1995). In addition, the F814W-band surface brightness veloped by R. P. van der Marel and M. Franx is gratefully
profile at large radii deviates slightly from tHe"*  profile, acknowledged. The ESI data were reduced using software de-
possibly indicating an outer envelope, as typically found for veloped in collaboration with D. Sand. We thank E. Agol, A.
brightest cluster galaxies and cD galaxies (Graham et al. 1996).Benson, G. Bertin, R. Blandford, C. Conselice, R. Ellis, and
This bluer envelope and the [@ emission that we detect from M. Stiavelli for comments on this manuscript. We acknowledge
galaxy D (see also Soucail et al. 2001) could be due to thethe use of theHST data collected by the CASTLES collabo-
accretion of a younger stellar population from smaller gas-rich ration. L. V. E. K. and T. T. acknowledge support by grants

4. DISCUSSION AND CONCLUSIONS

galaxies, such as the closest companion to galaxy D for whichfrom NSF and NASA (AST 99-00866, STScl-GO 06543.03-

we detect [On] in emission (Fig. 2).

95A, and STScl-AR-09222).
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