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ABSTRACT

This paper presents the full VIVIMOS-IFU data set and related data products from an
ESO Large Programme with the observational goal of obtgitwo-dimensional kinematic
data of early-type lens galaxies, out to on@eetive radius. The sample consists of 17
early-type galaxies (ETG) selected from the SLACS grawatetl-lens survey. The galaxies
cover the redshift range from 0.08 to 0.35 and have stelllrcityg dispersions between 200
and 350 knys. This programme is complemented by a similar observdtjprogramme on
Keck, using long-slit spectroscopy. In combination withltinband imaging data, the kine-
matic data provide stringent constraints on the inner masflgs of ETGs beyond the lo-
cal universe. Our Large Programme thus extends studiesasbyearly-type galaxies (e.g.
SAURONATLAS3D) by an order of magnitude in distance and toward bigmasses. We
provide an overview of our observational strategy, the gatalucts (luminosity-weighted
spectra and Hubble Space Telescope images) and derivagbpsdide. two-dimensional fields
of velocity dispersions and streaming motions) that hawenhesed in a number of published
and forthcoming lensing, kinematic and stellar-populatitudies. These studies also pave
the way for future studies of early-type galaxiezat 1 with the upcoming extremely large
telescopes.

Key words: galaxies: elliptical and lenticular, cD — galaxies: sturet— galaxies: kine-
matics and dynamics — techniques: spectroscopic — gravi@tlensing
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1 INTRODUCTION tion paradigm (e.g. Binney 1978; Blumenthal et al. 1984)exgh
ETGs are seen as the end products of the stochastical merging
of smaller building blocks (e.g. spiral galaxies; Toomre &omre
1972; Barnes 1992).

Both observational and theoretical studies have progiesse
rapidly over the last decade, largely thanks to major olagemal
programmes conducted on the ground and from space (e.g. 2dF,
SDSS, COSMOS, COMBO17; Colless etlal. 2001; Bernardilet al.
2003;| Scarlata et &l. 2007; Faber et al. 2007) and due to the-la
scale numerical simulations nowaday§oedable by supercom-
puters (e.gl_Hopkins etal. 2006). The SAURON and ATEAS
projects provide detailed analysis on substantial sangflasarby

. ) ) ) ETGs based on deep integral-field spectroscopic data ané ser
b Baseldoob” oberv_anonsdmade with ES?DT?)'?;‘E’%‘;SZ g‘t ;Ih(g;;‘gg'" as a local benchmark for ETG studies (¢.9. Cappellari|etQfl7 2
aranal servatories under programme .bB- a Emsellem et al. 2007. 2011).

and on observations made with the NAESA Hubble Space Telescope, D ite the t d . in dat | d t
obtained at the Space Telescope Science Institute, whagbeisited by the . espite the remen c_nus mcrea_se In da ¢_':1v0 ume an Compu a
Association of Universities for Research in Astronomy, Jnmder NASA .tlonal power, many questl.ons remain verﬁi@ult to answer. This
contract NAS 5-26555. is due to several factors: (i) the types of available dataglls only

+ E-mail: oliver.czoske@univie.ac.at luminosity-weighted kinematics and imaging) and theirligudin

The formation and evolution of early-type galaxies (ETGs) i
a widely studied topic in present-day astrophysics, inipart
ular due to a number of tight correlations between their ob-
servables, such as structural parameters, kinematicgursol
and central supermassive black-hole masses (e.q. lllitbwo
1977; | Sandage & Visvanathan 1978; Djorgovski & Davis 1987;
Dressler et el.. 1987| Ferrarese & Merritt 2000; Gebhardtlet a
2000). See Renzini (2006) for a recent review. These caivakm
seem hard to explain at first sight in the hierarchical CDMrfar
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terms of signal-to-noise ratio and spasalectral resolution) have
remained limited compared to their volume, (i) mass madgli
technigues often ster from intrinsic degeneracies that are hard
to overcome without very high quality data that can only be ob
tained for small samples of nearby ETGs. ETG studies thaiase
conductedeyondthe local Universe with 8—10 m-class and space-
based telescopesfser from many of the same issues that similar
studies of théocal Universe, with 4 m-class telescopes, faced more
than a decade ago.

One of the prevailing and, even today, still not precisely
answered questions is how important dark matter is in the in-
ner baryon-dominated regions of ETGs (e.q. Saglialet alZ2,199
1993;|Bertola et al. 1993; Bertin et'al. 1994; Carollo ef &94;
Gerhard et al!_1998; Loewenstein & White 1999; Gerhard et al.
2001;| Keeton 2001; Romanowsky et al. 2003; Mamon & tokas
2005%;/ de Lorenzi et al. 2009). Open questions include iniqart
lar the following: (i) How much dark matter is there precisei-
side the inner fewfgective radii of ETGs and how is it distributed?
(ii) How do the stellar and dark matter distributions of ETéwslve
with cosmic time and are there trends with galaxy mass?[§i)
these observations agree with theoretical predictions?

Because dark matter is not directly observable but can only
be inferred from other observations, these questions atepa
larly difficult to answer for more distant ETGs where data qual-
ity progressively deteriorates due to lack of signal-téisapeven
with the largest ground-based telescopes. To overcome a num
ber of these hurdles, several systematic programmes wre in
ated over the last decade to combine the constraints ofgstron
gravitational lensing with those of stellar kinematics R.&nd
SLACS; e.g.. Koopmans & Treu 2002; Treu & Koopmans 2004;
Bolton et all 2006; Treu et 5l. 2006; Koopmans et al. 20065200
Bolton et all 2008; Auger et al. 2009). This combination haed¢d
out particularly powerful in breaking degeneracies in ET@ss
models, despite the limited quality of the kinematic datay.(e
Treu & Koopmans 2004; Koopmans etlal. 2006, 2009; Augerlet al.
2010). The reason is that the mass enclosed by the Einst#irsra
of a lens galaxy can be accurately determined and breakstlz u
mass-anisotropy degeneracy of ETGs to a large extent (gee e.
Koopmans 2004, for an explanation based on a simple power-la
model).

Whereas the LSD and SLACS programmes used predomi-
nantly luminosity-weighted stellar velocity dispersioasd were
modeled using the spherical Jeans equation|(e.q. Koopmame&
2003; Treu & Koopmans 2004), one might argue that (slowly) ro
tating systems aridr systems with orbital anisotropy cannot be
modeled properly that way (see for example the discussion in
Kochanek 2006). To address these valid issues, a new ansubs
tially larger observational programme of a sub-sample cAGS&
lenses, using observations with the VLT and Keck, was starte
2006 (Czoske et &l. 2008, 2009; Barnabé &t al.)2010) torobtai-
dimensional kinematic fields (both first and second momefrttseo
line-of-sight velocity distribution) out to theirfiective radii, com-
plemented with a rigorous modelingfert based on two-integral
axisymmetric models (Barnabé & Koopmens 2007; Barnalad et
2009). The self-consistent combination of gravitatioleaising and
stellar-kinematic data sets allows better constraint®tsdi on the
mass distribution of ETGs (Czoske el al. 2008; Barnabé!|@08al,
2010,2011), but also to test less rigorous methods thattrstgh
have to be used at even higher redshifts ¢.2.0.5) until IFU ob-
servations from the next generation of telescopes (suctS&ssE
ELT) become available.

provide more precise and accurate results ontdit@ mass pro-
file of ETGs in the inner few féective radii, several problems still
remain that are critical for our understanding of galaxyrfation.
For example, what fraction of the mass inside sevefdctve
radii is due to dark matter and what are the relative massi-dist
butions of the stellar and dark-matter components? Thistishm
harder to answer with kinematic and lensing data aloneggimere
are many combinations of the stellar and dark-matter Oistions
that lead to similar lensing and kinematic data (Treu & Koapm
2004; Barnabe et l. 2009). If, on the other hand, the stalkss-
to-light ratio can be determined independently, these ageies
can mostly be lifted. This assumes, however, that the bbaandt
colours provide sflicient information to break degeneracies in the
IMF models, which in general they do not. Still, current doainits
can already set limits on the IMF and stellar mass-to-light r
tios that are becoming competitive (Grillo etlal. 2008; Augeal.
2009/ 2010; Spiniello et &l. 2011). To go beyond these bimadi
inferred stellar mass-to-light ratios, one can also ussdinge (IFU)
spectra to determine line indices from which more precisssag
metallicities and mass-to-light ratios of the ETG stellapplation
can be obtained (e.g. Trager etial. Z2000). Whereas thisafon
is going to be used in forthcoming publications, here we eanc
trate on describing the data for kinematic purposes.

In this paper, we present the full VI¥IMOS-IFU data of
our sample of 17 SLACS early-type lens galaxies, collectad f
these purposes. The sample is presented in[Sect. 2. Weldetwi
integral-field spectroscopic observations using VIMOShenVYLT
in Sect[31l and summarize the HST observations as needthisfor
project in Sec{_3]2. The data reduction of the IFU data isrilesd
in some detail in Sedf] 4, and the kinematic analysis, ieed#riva-
tion of two-dimensional maps of line-of-sight velocity avelocity
dispersion, in Sedt]5. In Sekt. 6, we provide a list of addéi ob-
jects that are visible in the VIMQ8-U field of view around the
lens galaxies. Finally, we conclude in Sddt. 7. Appendix Yegi
a recipe for estimating the expected photon noise on thecesdu
spectra based on a simple model.

The fully self-consistent combined lensjdgnamics analysis
of the data described in this paper is presented in the campan
paper by Barnabe etlal. (2011).

2 SAMPLE

The sample described in this paper consists of seventelyrtyae
galaxies from the Sloan Digital Sky Survey that have been con
firmed as secure gravitational-lens systems in the SLAC,\‘Esyﬂr
The SLACS survey searches for gravitational lens systems in
the spectroscopic data of a subsample of SDSS galaxies songpr
the luminous red galaxy sample (Eisenstein &t al. 2001) asd p
sive members of the MAIN sample (Strauss et al. 2002), defised
having rest-frame K equivalent widths less thanSIA. The pres-
ence of emission lines at a redshift higher than that of thgeta
galaxy in the SDSS spectra indicates that there is a backdrou
galaxy within the fibre, which may have been lensed. Canelgdat
were selected for follow-up snapshot imaging with HST, vato
ing in most cases a robust confirmation or rejection of the-len
ing hypothesis. See Bolton et al. (2006) for details on ttectien
procedure. Treu et al. (2006) conducted a number of testsrifyv

1 Infact, one system, J1250B, was downgraded to gBagossible lens”)

Whereas the above-mentioned results show that these datan|Bolton et al.[(2008).
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Figure 1. Distribution of the SLACAFU sample in redshift and velocity
dispersion. The velocity dispersion measurements are fagm this paper,
the error bars are statistical errors. For comparison, tHCS early-type
sample of Auger et al. (2009, grey points), the SAURON saraptedshift
z~ 0 (trianglesi Emsellem et lal. 2004) and a sample of Comaetlestrly-
type galaxies (stars: Mehlert efial. 2000; Corsini €t al.€dG0e shown.

that the SLACS lens sample is statistically indistinguidbgrom
the parent samples. Results on the structure of the egré/igns
galaxies can therefore be taken as representative for fhdaiton
of (massive) early-type galaxies as a whole.

In order to be observable from Paranal, lens systems close to
the equator{ < 15°) were selected from the (mostly northern)
SLACS catalogue. The final sample of 17 systems chosen for VI-
MOS/IFU follow-up is evenly distributed in right ascension.

The location of the 84 early-type SLACS galaxies studied by
Auger et al.|(2009) in the parameter space of redshift anolcitgl
dispersion is shown in Fi§] 1. The seventeen galaxies frenvth
MOS/IFU subsample are marked; they are representative of the ful
SLACS early-type galaxy sample. F[d. 1 also shows the 48 loca
early-type galaxies studied by the SAURON team (Emselleat et
2004), as well as 17 early-type galaxies in the Coma clusiteliex
bylThomas et all (2007). The VIMQIEU sample represents a ma-
jor step out to cosmological distances compared to the SAVRO
and Coma samples. In terms of velocity dispersion, it opsrigith
the more massive half of the SAURON sample and thus lends itse
to comparison of the structure of early-type galaxieg at0.1 to
their local counterparts.

3 OBSERVATIONS

3.1 Integral-field spectroscopy

We have obtained integral-field spectroscopic observatioh
17 systems using the integral-field unit (IFU) of VIMOS
(Le Fevre et al. 2001).

VIMOS is a wide-field imager, multi-object and integral-fel
spectrograph mounted at the Nasmyth focus B of the Very Large
Telescope UT3 (Melipal) on Paranal, Chile. The integrdtifinit
samples the focal plane with a total of 6400 lenslets, eaebhath
is coupled to an optical fibre. The opposite ends of the fibres a
arranged to form pseudo-slits of 400 fibres each. The liglargm
ing from the pseudo-slit is dispersed in the usual way usigIs
and optionally order-separating filters, and the resulsipgctra are

recorded on four 2k 4k EEV CCD chips. In low-resolution mode,
the spectra from four pseudo-slits are stacked in the dispedi-
rection on each of the four CCDs. The arrangement is such that
each CCD records the spectra from one quadrant of the field of
the IFU head. In high-resolution mode, only the spectra foora
pseudo-slit fit onto a CCD and only the central 1600 eleméefritseo

IFU head are used. The spatial scale in the focal plane cahdse c
sen to be 67 arcsec or @3 arcsec per spectral element. We used
the large spatial scale and high-resolution mode and thuswith

a field of view of 27 x 277 covered by 4 40 spectra.

Three of the 17 systems of the sample were observed as ESO
Programme 075.B-0226 (henceforth the “pilot programme®) b
tween June 2005 and January 2006. The remaining fourteen sys
tems were the targets of an ESO Large Programme, 177.B-0682
(the “main programme”), and were observed between Apri6200
and March 2007. For the pilot programme, the high-resatubioe
grism (HR-Blue) was used, which has a nominal resolution of
R = 2550 and covers the wavelength range 4000 A to 6200 A; for
the main programme the HR-Orange grism was used, whichgover
a somewhat redder wavelength range between 5000 A and 7000 A
at comparable resolutiofR(= 2650).

All observations were carried out in service mode. For this,
the total observing time was broken down in observing blocks
(OBs), each with an execution time of one hour and comprising
science and calibration exposures. For the pilot prograntinnee
dithered science exposures of integration time 555 secomdse
target were taken during an OB. For the main programme, desing
exposure per OB was taken, with integration time 2060 sexond
The main observational constraint for scheduling the OBsHis
project was a maximum seeing aB@rcsec FWHM (full width at
half maximum).

We followed ESO's standard calibration plan which commise
three flat-field exposures and one arc-lamp exposure peraRént
immediately after the science exposures. Bias exposunestalen
during day time in blocks of five exposures.

Standard stars are observed at varying intervals by ESD sta
and were therefore in most cases not available for the sagsni
that our science data were taken. They are useful for reldtix
calibration but not for absolute spectro-photometrichraliion.

3.2 HSTimaging

Modelling stellar dynamics and the lenfiext requires photomet-
ric information on both the lens galaxy and the lensed bamkapt
source. We use various HST observations obtained for theCSLA
project (see Bolton et al. 2008; Auger el al. 2009).

Lens modelling aims at reconstructing the two-dimensional
surface-brightness distribution of the background sauftes is
obtained from high-resolution ACS images from which eltipt B-
spline models of the lens galaxies were subtracted (seerBettal.
2008, for details). For eight systems, we have deep F814\éma
from Programmes 10494 and 10798 (Cycle 14, PI: L. Koopmans)
consisting of four exposures. For the remaining systemg sink
gle exposure images from snapshot Programme 10174 (Cy&les 1
Pl: L. Koopmans) are available. The pixel scale of these enag
0.05arcsec.

The surface-brightness distributions of the lens galazies
obtained from NICMOS F160W images from Programmes 10494,
10798 and 11202 (Cycle 16, PIl: Koopmans). The full resafutio
images have a pixel scale 0% arcsec and include four exposures
for a total exposure time of 2560s. In order to have proper flux
weights for the kinematic maps we resample the NICMOS images
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Table 1. The VIMOSIFU sample. Apparent brightness,, effective radiufReg v and Einstein radiugging; are from Auger et all (2009). Redshifts and SDSS
velocity dispersion are from_Bolton etlal. (2008). VIMOS agity dispersions were measured from aperture-integrapettra from the IFU data; errors
include only the &ect of noise, not of template mismatch (5-10 %, Ject. 5.18.1a6t two columns specify the grism used for each object adtimber of
observing blocks spent on each target.

Galaxy @32000 632000 my Retrv OEinst Zens  Zsource O'SDSSB08  OviMos  Grism OBs
(arcsec)  (arcsec) (kmd (kmsh)

SDSS J0037 00:37:581 -09:42:201 1690 268 153 01955 06322 27210 2453f§:g HR_Blue 9
SDSS J0216 02:16:324 -08:13:453 1836 297 116 03317 05235 33323 3407778 HR_.Orange 14
SDSS J0912 09:12:05.  +00:29:012 1656 429 163 01642 03239 32&12 3065'19%  HRBlue 4
SDSS J0935 09:35:48 -00:03:348 1771 412 Q87 03475 04670 39635 3304“_“2:? HR_Orange 12
SDSSJ0959  09:59:407 +04:10:170 1794 151 099 01260 05350 19%13  24421%2  HR_Orange 4
SDSS J1204 12:04: 47  +03:58:064 1745 165 131 01644 06307 26%17 2408723  HR.Orange
SDSSJ1250A 12:50:286 +05:23:491 1777 191 113 02318 07953 25214  2199*37  HR.Orange
SDSSJ1250B  12:50:R -01:35:317 1568 401 - Q0871 03529 2469 274489 HR.Orange
SDSSJ1251  12:51:36L -02:08:052 1771 534 084 02243 07843 23323  2015%} HROrange 12
SDSS J1330 13:30:48 -01:48:416 1756 136 087 00808 07115 18%9 1918'78  HR_Orange 3
SDSS J1443 14:43:182  +03:04:082 1762 138 081 01338 04187 20911 2268727 HR.Orange
SDSSJ1451  14:51:28) -02:39:364 1692 264 104 01254 05203 22314  2039*34  HR.Orange 7
SDSSJ1627  16:27:466 -00:53:576 1787 205 123 02076 05241 29@14  2726*;% HROrange 11
SDSS J2238 22:38:400 -07:54:560 1718 241 127 01371 07126 19811 2268782  HR.Orange 6
SDSS J2300 23:00:585 +00:22:380 1819 193 124 02285 04635 27317 2504“:% HR_Orange 10
SDSSJ2303  23:03:212 +14:22:179 1677 354 162 01553 05170 25516  3015'7! HR.Orange 11
SDSS J2321 23:21: 8 -09:39:103 1527 479 160 00819 05324 2498 2481*%%  HRBlue 5

to the VIMOSIFU grid with 0.67 arcsec per spatial pixel after con- After rectification of the two-dimensional spectra ontora li

volution to match the point spread function (PSF) of the VI®IO  ear wavelength grid with a dispersion 0684 A per pixel, one-

data, taken to be Gaussian with FWHM o8@rcsec. dimensional spectra are extracted for each fiber in an optirag

Three systems (J1251, J1627 and J2321) were not observedusing the algorithm of Horhe (1986). We refer to the resgltnl-
with NICMOS. For these systems we use the B-spline models to lection of one-dimensional spectra as a “data cube” evamginthe
the F814W ACS images to estimate the surface brightnesseof th data structure is, strictly speaking, not a three-dimeraicube.
lens galaxy. We add random noise according to the ACS weight Spectra are labeled by the spatial coordinatesd M (or world

maps to mimic observational data. coordinatesr ando).

_Allimages were astrometrically registered using the messu A relative flux calibration (giving correct flux as a functioh
position of the lens galaxy and in some cases additionalc@bje  wavelength) is done using the standard observation neiaréiste
visible in the VIMOS field of view. to the execution of a given science observing block. Sinisadibes

The F814W images of the systems in the sample are shown in not necessarily come from the same night as the science wgsos

Fig.[2. and no attempt is made to observe them at the same airmass, the

standard observations can only provide a relative comediut no
absolute spectro-photometric calibration.

The varying transmissivity of the fibres is corrected by mea-
suring and comparing the flux under a sky line in théedent ex-
The VLT VIMOS/IFU data were reduced using thépgi pack- tracted spectra. We used {O15577.4 for this purpose, integrating
age which was developed within the framework of the VIRMOS over a range of seven pixels.243) and subtracting an estimate of
consortium and the VDS projectipgid has been described in  the underlying continuum from a window of five pixels on ongesi
detail by| Scodeqggio et al. (2005) and Zanichelli et al. (3008 of the line.

4 DATA REDUCTION

Czoske et &1:(2008), we have already given an overview aféite The observed galaxies are smaller than the field of view of
reduction procedure as applied to our data set, so that wictes  VIMOS/IFU, leaving a sfficient number of fibres pointing at blank
ourselves here to giving the main parameters. sky to permit good sky subtraction. These sky fibres are ifileht

The wavelength calibration is based on about 20 helium automatically from a histogram of the total fluxes recordedach
and neon lines spread over the wavelength range. Fitting@ th  fibre, integrated over the entire wavelength range. The $hgdi

order polynomial results in residuals with root-mean-squaf are then grouped according to the shape of thg 8577 line, a
~ 0.075 A, corresponding te 5kms™, significantly smaller than  mean over the sky spectra in each group is computed and stetutra
the spectral resolution and negligible in our analysis. from each row according to the group it is judged to belong te

sky subtraction works well even redwards of 6200 A, wheresitye
is dominated by the OH molecular bands.

2 httpy/cosmos.iasf-milano.inaf/iandoravipgi.html The data cubes from all the exposures on a field are finally
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Figure 2. HST/F814W images of the systems in the sample. In images obtairednapshot programme cosmic ray hits were interpolated fov display
purposes.

combined into a final data cube by taking the median. Telescop reconstructions of the individual exposures are hard tosomesto
offsets between the exposures are corrected through spafial sh subpixel accuracy, given the level of accuracy of the fitmagmis-
ing by an integer number of fibres. Subpixel shifts could iimpr sion correction and the resulting noise in the image recoctons.
_c:lple be_ cor_rected for b}/] |ntehrpolat|on_(tj)etvvfe?]n adjlacgm_ef_ilbut A short-coming ofvirear is that it does not provide noise esti-
In practice it turns out that the centroids of the galaxiesnage mates on the reduced spectra. Since proper weighting isatéssi
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Table 2. Stellar templates used for kinematic analysis of the VIMIES plemented as a packageLAcR) in the .statisticaI. anguage R
sample (R Development Core Team 2()57)‘ollowmg descriptions from

several authors, in particular_van der Marel & Franx (1998) a
Kelson et al.|(2000). Compared to the version used in Czashk e
(2008), we have modified and extended our methdicsently to
J0037  HD249 K1lv warrant a full description of the method here.

J0216 HD 195506 K211 The model parametem are determined by minimizing the
J0912 HD 121146 K31V merit function

J0935 HD 195506 K211 1
i i

Galaxy Template star  Spectral type

J1204 HD 221148 K31l
J1250A HD 145328 K111

J1250B HD 216640 K1 where the sum extends over all “good” pixelsin the observed
J1251 HD 145328 K1l spectruns. The observed spectrum is transformed to the rest frame
J1330 HD 25975 K111 of the respective lens galaxy prior to the analysis by digdob-
J1443 HD 85503 K211 served wavelengths by a factorIzens. The dfective resolution of
J1451  HD114092 K4l the spectrum is increased R§1 + Ze, compared to the nominal

j ;gg; EB iggggg g ::: resolutionR of the spectrograph (SeEf B.1).

12300 HD 195506 K2 1l . a'tl'.r;i data-modes (in vector-matrix notation) is given by the
J2303  HD121146  K3IV quati

J2321  HD77818 K11V § = [G* t)(1) P™() + g () + & . ©)

Here, the vecto6 is the LOSVD, taken to be a Gaussian in veloc-

for the determination of kinematic and stellar populatiagm- ity, with kinematic parameters(streaming motion) and, (veloc-
eters, we reconstruct noise spectra from a simple modeldncl ity dispersion). The vectot is a stellar template spectrum, taken
ing photon noise and read-out noise. We require noise ﬁ)ﬁn‘[r from the Indo-US Iibrary of stellar spectra (Valdes et aIO4EI)
each spectral element in the data cube and for the apertormed Templates were chosen by fitting a random sample of IndoUS spe
spectra. It turns out that at each step of the reduction proeethe tra to the aperture-integrated VIM@BU spectra and selecting one
noise estimate can be written as a rescaled version of tmertur  Of the best-fitting (in the least-squares sense) templateidates.
intermediate data product, including the sky backgrourie ffec- We did not always choose the template giving the absoluté-min
essary noise spectra can thus easily be produced by creatihg ~Mumy?: It was noticed that HD 195506 appeared among the best-
rescaling a second data set, reduced in the normal manneithut  fitting templates for several systems and was thereforeechfus
sky subtraction turnedfb A detailed derivation of the noise esti-  all of these. Tablg]2 lists the templates used for the kinienfits,
mation procedure is given in AppendiX A, which can also belrea as well as their spectral type and luminosity class. As eic

as a walk-through of the data reduction process. the selected template stars are predominantly late-typegiThe
F|gB shows integrated spectra obtained by summing the one- same template was used for fitting all the individual fibrecsze

dimensional spectra from fibres within elliptical apersifellow- for each system. Theffect of template mismatch on the derived

ing the shape and size of each lens galaxy. Typical diamefers kinematic parameters will be discussed below.

these apertures are around 4 arcsec, i.e. a little largetttties3 arc- For the kinematic fit, the template is first brought to tiiee-

sec circular aperture used by the SDSS. tive instrumental resolution of the observed spectrum byaolv-

The spectra are typical for early-type galaxies, with sjron ing with a kernel thgt isa Gaussiz.in in Wavelgngth. The cmmm
metal absorption lines, in particular Chl and K, the G and the ~ With the LOSVDG is performed in logl (equivalently: velocity),
Mg b bands. With the exception of J2321 (Czoske Et al.|20a8), n and the result is then resampled to the same wavelength grid a

significant emission lines from the lens galaxies are detecthis the datas, thus avoiding having to resample the data beyond what
is true even for those galaxies that show clear disk and|sgita- has been done during the data reduction. The funcipsfi§1) and
ture in the HST images. g™ (2) are multiplicative and additive correction polynomiafso-

Most of the spectra clearly show (13727 emission from dermandn, respectively. These polynomials are needed to correct
the lensed source, although in some cases this line fatkdeuthe any low-frequency dferences between the galaxy and template
wavelength range of the VIMOS spectra. In some cases, in par- SPectra due to ingficient flux calibration, contamination by the

ticular J1250B and J1451, several Balmer emission linga fiee continuum of the lensed background galaxy and otffeces which
source can be seen. These become more prominent in thealssidu are not related to the kinematics of the lens galaxy. In estto
of the kinematic fits, described in Sddt. 5. Czoske et &l (2008), where only a short wavelength rangendro

a single spectral feature was used and a linear correctiartifun
was stfficient, we here use the full wavelength range. Theffcoe
cients are determined by a linear fit nested within the noedr

5 KINEMATIC ANALYSIS optimization for the kinematic parametersndo-,. The orders of
51 Method the polynomials are determined by inspecting large-sgaemat-

ics in the residuals from the fits; we obtain satisfactoryections
Many methods to determine the line-of-sight velocity distr form= 4 andn = 6.

tion (LOSVD) of early-type galaxies from spectra have bems p

posed in the past (e.g. Rix & White 1992; van der Marel & Franx

1993; Cappellari & Emsellem 2004). We use the conceptuatly s 3 http://www.r-project.org. The stacR package can be obtained
plest method, template-fitting in pixel space. Our methodnis from the first author on request.
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large programme. Emission lines from the sources are maflkeinarrow residuals of sky lines at 5577 A, 5890 A and 630@etbeen interpolated over
for display purposes.

A number of features in the spectra were excluded in the kine- zero and wavelength-dependent dispersitonSincevierct does not

matic fits. Possibly present Balmer lines in the lens spattare
due to younger stellar populations that are not adequassigribed
by the late-type template stars. The strength of thesMgnd and
NaD lines is enhanced compared to that in the galactic stg u
as templates (Barth etlal. 2002). Also masked were nigheskig-
sion lines and atmospheric absorption features, as wethé&ss®n
lines from the lensed background sources. Finally,&a @ipping
algorithm (three iterations) was applied to detect possihitliers.

The noisee is assumed to be normally distributed with mean

produce noise estimates that take the details of the rexuptio-
cedure into account, we have to estimate the noise spetdraiaé
fact, using a model including readout noise and photon rasste-
scribed in Secf]4 and AppendiX A. The average signal-tsenai-
tio used to characterize a spectrum was determined by diyithie
spectrum by its noise spectrum and taking the median. Stgnal
noise ratios are thus given per wavelength pixel of widt48 &.

The noise was propagated to error estimates on the kinematic

parameters using a Monte-Carlo method. Gaussian noiseddad a
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Figure 4. Kinematic fitting of spectra of system J0935. Top: globalcspe
trum summed in an aperture of radius 2.3 arc§gbl ~ 45 per wavelength

bin. Centre: single spaxel witB/N ~ 23 per bin. Bottom: single spaxel
with S/N ~ 12 per bin. The top panel of each pair shows the spectrum and
the template fit in red. The bottom panel shows the residudls the ex-
pected noise level in green (Appenflix A). The grey areas megions that
were excluded from the fits. Wavelengths are given in thefraste of the

lens ¢ = 0.3475). The [Q] line from the source can be seen at 4057 A in
this plots.

to the best-fit model with wavelength-dependent dispergiven

by the corresponding noise spectrum and the resulting spect
was fitted in the same way as the original spectrum. The quested
rors on the parameters of the original spectrum are the 169 an
84% percentiles of the kinematic parameterand o, obtained
from 300 such realizations.

tra of widely varying stellar type. Reasonable candidateplates

are defined for this purpose as those givirfg< x2, + 1, where
X2, is the minimum value obtained with the set of stellar spectra
The rms values of-, obtained with these template candidates lie
between 5 and 10 % (maximum value is 10.6 % for J0959). For the
two-dimensional kinematic maps, template mismatch wilksttyo
have an &ect on the overall level, but not on the structure if stellar
populations across the galaxy are homogeneous.

5.2 Results

Example fits for an aperture-integrated spectrum and spécim
individual fibres are shown in Figl] 4. The template fits gelhera
reproduce the observed spectra to the expected noise level.

Fig.[8 shows the maps of velocity, velocity dispersion and
spectral signal-to-noise. The kinematic maps are resttit spec-
tra with an average signal-to-noise raggN > 8 (per pixel) for
which kinematic parameters can be reliably measured. Tfivdst
of the sample show little structure in the maps and displagki
matics typical for nearly-isothermal pressure-supposied rota-
tors. Clear rotation patterns can be discerned in the \glotaps
for the remaining third of the sample (e.g. J0959, J1251 »8gp
Kinematic maps of local galaxies in general show a centrak o
velocity dispersion; at the redshifts of our sample, thediapeeso-
lution of the integral-field spectrograph is noffistient to resolve
this peak.

Fig.[d compares our velocity dispersion measurements on the
global (aperture-integrated) VIMOS spectra to measuré¢snen
the spectra from the Sloan Digital Sky Survey (Table 1). Tgree-
ment between the flerent measurements is generally good, which
gives us confidence in the quality of the spectra and thehibitia
of the analysis method.

For the SDSS spectra we compare two independent measure-
ments: the values listed by Bolton et al. (2008) and new watlee
termined with our code using the same wavelength rangesamd t
plate spectra as for the VIMOS spectra. The middle panelgfdFi
compares these measurements, whidfedionly in the analysis
method. The error bars on the slacR measurements incluge onl
the dfect of noise in the spectra and do not take into account sys-
tematic d€fects such as choice of template and other parameters.
The good agreement within the errors shows that systentéticte
contribute only little to the uncertainties. A notable @ertis J0935
for which we measurer = 330kms?! compared to 396 knT$
from|Bolton et al.|(2008).

The right panel compares measurements on the SDSS spectra
to those on the VIMOS spectra, using identical methods. The d
ferent instrumental resolutiofiR(= 1800 for SDSSR = 2500 for
VIMOS) has been taken into account. There appears to beld slig
offset of the velocity dispersions obtained from the SDSS spec-
tra compared to those from the VIMOS spectra. A similar trend
is visible in the middle panel, while the comparison of the VI
MOS measurements to the SDSS measurements from Bolton et al.
(2008) does not show anyfeet.

6 SECONDARY SOURCES

Some of the VIMO@FU fields in this sample contain objects in
addition to the primary targets. For these fields we showelarg
scale cut-outs from SDSSband images and label them by number.

The errors due to template mismatch can be estimated from We extracted aperture spectra from the VIMOS data cubes@nd d

the distribution of best-fit values determined with 755latedpec-

termined their redshifts by cross-correlation (Tonry & BalQ79)
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used here are summed over all spaxels within theazen@ire as the SDSS

spectra and analysed using our methoddR). For the SDSS spectra, values measured witbR and values obtained from Bolton et al. (2008, B08) are

used.

Table 3. Data for additional sources in VIMQIEU fields. Coordinates are
in arcsec relative to the position of the lens galaxy (alwlapelled as “1”)
in each field. Redshifts marked with “?” are suggested by peathe cross-
correlation but cannot be confirmed unambiguously by visugpection.
Objects withz = 0 are stars.

Object  Aa(”) AS(") 2z
30216-1 0 0 03311
J02162 429  +32  0.3327
J0216-3  -09  -92 0.3339
J0216-4  -131  +35 0.3327
J0216-5  +124  +48 0
30912-1 0 0 0.1638
J0912-2  +43  +64 0.1609
J0935-1 0 0 0.3468
J09352 406  +52  0.3407
J0935-3  +86  -53 0.3528
J12508-1 0 0 0.0866
J1250B-2  -51 +111 0.2621?
J1251-1 0 0 02238
J12512  +152 +108 O
J1451-1 0 0 0.1248
J14512 105 48 0
J1451-3 429 +37 0.5196?
J2238-1 0 0 0.1365
322382  +44 46 0.1358
J2300-1 0 0 0.2280
J23002  -115 71  0.2277?

with a set of SDSS template spectra. Coordinates relatitreetpri-

mary target and redshifts are listed in Table 3. The table lidts

redshifts for the lens galaxies obtained by the same methortler

to ensure that relative redshifts are accurate. Most ofdidéianal

objects are consistent with being at the same redshift aketize
galaxy.

7 CONCLUSIONS

In this paper, we have presented integral-field spectrosatata
obtained with VIMOSIFU on a sample of 17 early-type lens galax-

ies selected from the SLACS survey. The data permit spatiall
resolved reconstruction of the stellar kinematics in theakax-
ies, presented as maps of systematic velocity and velosped
sion. The sample, which spans a redshift range .68 @o Q35
for the lens galaxies, is well-suited for a comparison withal
samples, such as SAURON (Emsellem et al. 2004) and AFPAS
(Cappellari et al. 2011).

The distinction of slow-rotating and fast-rotating gaksi
found in the SAURON sample (Emsellem etlal. 2007) and earlier
work (e.g. Davies et al. 1983) is also evident from the kingtna
maps for our sample. About a third of the galaxies in the sampl
show clear evidence for rotation in their velocity maps.

While the spatial resolution of integral-field spectroscop
observations of galaxies at cosmological distances isssaciy
much coarser than for local galaxies, the present sanffdesache
unique advantage that all the galaxies act as gravitatiensés and
therefore der the possibility to model their mass distribution using
the two complementary methods of stellar dynamics and @ravi
tional lensing. A Bayesian implementation of a fully setfsistent
modelling algorithm for the joint analysis of stellar dynam
and gravitational lensing was developed by (Barnabée & Ko@mns
2007) and applied to subsets of this sample by Czoske et048]2
and Barnabeé et al. (2009). Modelling and analysis of thedata
set is presented |n Barnabe et al. (2011).
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APPENDIX A: ESTIMATION OF NOISE VECTORS

Noise vectors can be estimated by following the reductiatess
from the initial raw data through the final data product. \dgsa
model that takes into account photon noise (from object &gil s
and readout noise, it is possible to express the variandeiddta
at each step in the reduction as a simple rescaling of themurr
intermediate data product.

The raw image frames have valuexpressed in ADU; these
contain in addition to the useful data the bi& he noise variance
is the quadratic sum of the photon noise due to the data velués
and the readout noisegiven in electrons. In terms efectronsthe
signal (without bias) isd — b)/g and the variance is thus
Fhu= 2 (@=D)+1* [e]. (A1)
The conversion from electrons to ADU is here given by the gain
factorg (in ADU/e").

Variance scale as

2

3 =22 (A2)

when the data are rescaled accordingie= cf;. These relations
preserve the signal-to-noise under rescaling. The vagiafiche
raw images in terms of ADU is thus

g(d—b)+R® [ADU],

whereR = gr is the readout noise in ADU.

The preliminary reduction step imipgi subtracts the bias
frame and produceB¥FC files. Compared to the raw frame, the vari-
ance is increased by the noise in the combined bid®’/5. Since
the readout noise is small anyway, we neglect this term.

2 _

O-raw -

(A3)

BFC = d-b (A4)
ohc = gBFC+R:. (A5)
The following reduction step applies the wavelength cali-

bration, rectifies the two-dimensional spectra, and etdrace-
dimensional spectra from these. The output files are n@MEEx.
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TheEXR2D extension contains the rectified versiorBsf.. Neglect-
ing the correlation of pixel noise introduced by the resangpiwe

have, as for th&FC:

02 mop = gEXR2D+ R .

(A6)

The 1D spectra iEXR1D are created frorEXR2D by the Horne
optimal extraction algorithm (Horne 1986; Zanichelli et2005),
which sums over the spatial direction of the 2D spectrumguaim
estimate of the spatial profile of the light distribution asights.
The algorithm permits direct estimation of the noise varéim the
extracted spectra; this is, however, not implementediitgi. We

replace the Horne variance by the variance of a straight sten o

N = 5 columns in the 2D spectrum:

Z EXR2D

Nc

> 0k = Y (GEXR2D + R)
N¢ Nc

g EXR1D+ N.R?

EXR1D

2 _
UEXRID —

Comparison of the noise predicted by Hq.A8) to real dataiie p

(A7)

(A8)

sky fibres (no object contribution) indicates that the nidsadeed

somewhat overestimated, although not dramatically so.

The relative fibre transmissivityof a given fibre is estimated
from the measured flux in a sky emission line and stored in &FIT

table. Its application results in

1
EXR1DTC = YEXRlD

1
U—EXRlDTC = t_zo'éxmo

1 N
= JZEXRID+ =R
tt 2

= % EXR1DTC+ % R.

(A9)
(A10)
(A11)

(A12)

The flux calibration uses the sensitivity functisf). It acts like
any other rescaling. The sensitivity function is normalize an
exposure time of 1 s, hence it has to be rescaled to exposued ti

(in seconds). The estimate of the sky is based on a large muwhbe

fibers and has negligiblefect on the variance.

EXRIDFLUX = Tis (EXR1DTC- SKY1D)
g 1 N
Thmorux = T 7o EXRIDTCH 55 R
J =5 =y Nc
= = EXRIDFLUX R2.
Tst * Tzop

(A13)
(A14)

(A15)

The overline indicates that the sky has not been subtracted.
The final data cube is generated by combinMag, exposures

using the median which results in a somewhat larger varitvare

the arithmetic mean. Simplifying again, we use the varidocéhe

latter:

CUBE EXR1DFLUX

Q

X0 Noep

1 2
2 Z O EXR1DFLUX

XD Nexp

1 J —o=r——0
= Nz D, T g EXRIDFLUX +

eXP Nexp

Q

2
O cuse

N R
N T25°E2

1 g —— N R
= - CUBE+—2 —
New T St " Nexp T25°2

(A16)

(A17)

(A18)

(A19)

Note that due to the dithering between exposures some opthe s
els in the cube arise from a combination of fibres frorfiedent
guadrants which have fiierent gaing and sensitivity functions.
Assuming that we can use somgegtive values averaged over the
four quadrants, the factgy stin the second row of Equation (AlL7)
can be taken out of the sum. This way, the variance of the cube
can be obtained from a mock cuB&BE which is produced in the
same manner as the actual cube CUBE, only with sky subtractio
turned df.

All the parameters in E._(A17) are stored as FITS header key-
words or in table extensions efipgi products.

In the final step, the global spectrum is created by summing
over Nsp, spaxels (defined by an aperture) in the final data cube,

giving
SPEC = ) CUBE (A20)
Niib
O-éPEC = ZO—%UBE (A21)
Nip
_ 1 g —~—— NN 4°r?
- = Tsthﬁ;cusa No, TI5E (A22)
1 g9 5=~ NN g%
= N TsoPECt N, TEgE (A23)

Equations[(AZD) and_(A21) provide the recipes for the final
spectrum. The readout noisés written in terms of electrons, as it
usually is given in the fits headers.
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