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Abstract.  The currently ongoing Calar Alto Legacy Integral Field A(€ALIFA)
survey is aimed to observe600 galaxies in the local Universe.Q05 < z < 0.03). It

is the largest survey to date using optical integral fielccspscopy. Here, we shortly
introduce the main characteristics of the survey and désaeugw important steps re-
lated to the calibration of the data, focussing on the sppbtstometry and astrometry.
Error estimation is always needed for a proper interpmadf astronomical data, so
CALIFA will provide proper errors associated with the datdowever, all CALIFA
users need to be aware of the correlated noise that is ursdleigresent in the data as
we highlight at the end. We find that the overall quality of taa is excellent for all
the core CALIFA science goals, but we are already preparéactease the accuracy
even more for future data releases.

1. Introduction

Large imaging and spectroscopic surveys such as the 2dFGRS (Fblaksl899),
SDSS (York et al. 2000), GEMS (Rix et al. 2004), VVDS (Léwre et al. 2004), and
COSMOS (Scoville et al. 2007) have substantially increased our unddistgof the
Universe across cosmic times. For the first time it was possible to study itgdgra
galaxy properties like luminosity, stellar mass, star formation rate, metallicity, ete, f
large sample of galaxies. The large sample size has been crucial taypedomparison
studies for certain subsets of galaxies, which covered a broad rdggégry types, as
well as to study theféect of diferent environments.

Despite the tremendous success of these surveys, their informationtdsretih
limited in an astrophysical sense. Imaging surveys provide spatially resldye dis-
tribution of galaxies, but with an extremely low spectral resolution of thetspleen-
ergy distribution (SED) due to large width of the broad band filters usede nBxt
generation medium-band photometric surveys like COMBO-17 (Wolf et aBR@Q -
HAMBRA (Moles et al. 2008), COSMOS (Scoville et al. 2007) significantly ioyed
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the sampling of the SED for better redshift and stellar mass estimates. Howeyer
are still not able to resolve any absorption or emission line in the galaxy SBIBhw
offer important insights into the evolution of galaxy properties. On the other,hand
large spectroscopic surveys like SDSS (York et al. 2000) or VVDSHaere et al.
2004) recorded optical spectra for a large number of galaxies, &g tieenot contain
any spatially resolved information. This leads to significant aperture bvelsiet are
difficult to control.

To circumvent these problems, integral field spectroscopy (IFS) combieead-
vantages of imaging and spectroscopy albeit with a typically small field of \adiev(
tens of arcseconds). The technique of IFS has only been used forssmays with
a focussed science goal so far. Some examples are the SAIMROAS3D survey
targeting at 260 early-type galaxieszak 0.01 (Cappellari et al. 2011), the PINGs
project (Rosales-Ortega et al. 2010) to spatially map HIl regions in veayhy disc
galaxies £10 Mpc) and a survey of 70 (ultra) luminous infrared galaxiez at0.26
using various IFS instruments.

The Calar Alto Legacy Integral Field Area (CALIFA) survey, curreriiging car-
ried out at the Calar Alto observatory, will target 600 representatiVaxges in the
nearby Universe (005 < z < 0.03) with the technique of IFS for which 210 dark nights
have been granted. An international collaboration of more than 80 sciaatsds 13
countries, which are lead by the Pl S.RAn8hez, is currently exploiting the data to
address several open key questions in the evolution of galaxies: (&) Whelative
importance of minor and major merging?; (2) What role play internal dynarpical
cesses, such as bar, spiral arms, or stellar migration?; (3) How doesvtienment
affect the galaxy properties?; (4) How does stellar and AGN feedbaglegha prop-
erties of galaxies?; (5) What is the star formation history of galaxies? Additig the
fully reduced data obtained by CALIFA will be made public to the astronomicsad-c
munity. This will allow much broader range of scientific exploitation and sepétodis
discoveries, which represents and extraordinary legacy value o E2Ain the near
future.

2. Sample selection and observing strategy

A well-defined sample of galaxies has been selected from the SDSS DRahpdtac
catalogue taking into account the scientific aims of the survey, technicatraonts,
and observational boundary conditions. A detailed description of thelsaajection

is presented in&chez et al. (2012) and Walcher et al. (in prep.), so that we onlyybriefl
describe it here. The main selection criteria for the sample are an apS&86&t-band
isophotal diameter of 45< D5 < 80" to dficiently use the instrument field of view
(FoV) and a redshift range of@5 < z < 0.03 to allow for a fixed spectral setup as
well as to limit the number of faint dwarf galaxies. Unfortunately, the spectpic
galaxy catalogue of SDSS becomes increasingly incomplete<atl4 mag, so that
not all galaxies with a matching diameter have an assigned SDSS redshifgaphis
information is filled by complementing the redshift information with the data acdessib
through the SIMBAD database at CDS. Additionally, only galaxies with 7° have
been selected in the North Galactic hemisphere of SDSS to ensure a godkityisib
from Calar Alto observatory, while no restriction was made for galaxie®athern
Galactic latitudes to compensate for the smaller SDSS footprint in this area dtythe s
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Figure 1.  Instrumental characteristics of the PMAS-PPA#truiiment as used for
the CALIFA survey.Left panel:Relative position of the PPAK fibers on the sky. The
central hexagonal field of view consists of 331 fiber, whiol @mplemented with
36 sky fibers at a distance 6f95” around the center of the hexagdright panel:
Unvignetted wavelength range covered by the V500 and theD¥ Xating setup
of CALIFA, respectively. The underlying spectrum corresgdo a typical galaxy
spectrum and the strong emission lines are labelled.

With these rather small set of selection criteria, we obtained a sample of 889e3a
in the local universe which is referred to as the “CALIFA mother sample”.

From the CALIFA mother sample described above, 600 galaxies will beoralyd
selected for observation based on their visibility on the sky. The obsemgadi®@ per-
formed with the Potsdam Multi Aperture Spectrograph (PMAS, Roth et 8bR0sing
the PPAK fiber bundle, which consists of 382 fibers with a size df lhtliameter on
the sky. In Fig. 1 (left panel) we show the covered area of each fieragected on the
sky. The primary science field consists of a large hexagonal bundiglofil3ers with
a 74’ x 64" FoV and a filling factor of~2/3. To aid the simultaneous estimation of
the sky background, 36 fibers are distributed in bundles of 6 fiberg @aircle with a
radius of 95 around the centre of the hexagonal FoV. The remaining 15 fibers iare fo
calibration purposes only and are connected to the internal lamps of thenest.

The PMAS instrument was upgraded in 2009 with an E2V CCD23444kchip
that nominally increased the covered wavelength range. However, uhedmers of
the CCD became stronglyffacted by vignetting so that 25% of the wavelength range
is lost for fibers near the edges of the CCD. Each galaxy is observedidifigrent
and complementary setups to compensate for tigcewhile increasing the scientific
value of CALIFA at the same time. The first setup uses a V500 grating withmanab
resolution ofR ~ 850 at 5000A and wavelength range of 3745-7300A (4200-6850A
unvignetted). The V1200 grating is used for the second setup and psoaidominal
resolution ofR ~ 1650 at 4500A and wavelength coverage of 3400-4750A (3600—
4550A unvignetted). The broader wavelength coverage of the VA0 setargeted
for stellar population studies as well as to characterize the ionised gasstroenal
emission lines. On the other hand, the higher resolution V1200 setup is ideakio
the stellar and ionised gas kinematics from the strong(Idtellar absorption lines and
the [O]243726 3729 emission line, respectively.

Three dithered pointings are taken in each setup to compensate for the ggromo
neous spatial coverage of a single pointing and to reach a filling factd08flacross
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almost the entire FoV. The exposure times were chosen based on extexgsérience
with the instrument to observe nearby galaxiean@ez et al. 2007; Rosales-Ortega
et al. 2010; Marmol-Queralb et al. 2011; Viironen et al. 2012). A single exposure of
900s is taken for each pointing in the V500 setup and 2 subsequent 800suees
are acquired for each pointing in the V1200 setup to reach an almost simg#r de
compared to the V500 setup.

3. Calibration plan and future improvements

The variety of science drivers for the CALIFA survey also demandsiain calibration
accuracy in many aspects. Kinematical studies of galaxies rely on theaagafrthe
wavelength calibration and a characterisation of its uncertainty across¥h&tudies
interested in the stellar population of galaxies will compare the observettapath
synthetic ones to infer the star formation history. They also require a haraoge
wavelength calibration to match the spectra, but more importantly a good rdlative
calibration across the covered wavelength range from the blue to thendedfehe
all the spectra. Given that CALIFA obtains spectra across the entirgygallws to
determine integrated quantities of the galaxies, such as stellar masses omstdidn
rates, which demands an absolute flux calibration to properly convert &mparent
fluxes to luminosities. A high astrometric calibration of the CALIFA data seem to
be not necessary at first glance. However, multi-wavelength ancilktey id the X-
ray, UV, IR, and radio regime are available which need to be properlyedigo the
CALIFA data for a proper scientific analysis. Additionally, the image retroigtion as
explained below is only accurate when the relative positions of the indiMxhiratings
are accurately known.

3.1. General datareduction scheme

The complexity of IFS data and the diversity in the characteristics of thegmonding
instruments is a huge problem for the data reduction. IFS data reducticstiltdoe
considered as an art, for which extensive experience with the instrandhES data is
necessary. A dedicated data reduction pipeline was specifically dedmribe CAL-

IFA survey that runs autonomous usually without any manual interveritidrally, the
pipeline was based on R3D4Bchez 2006) coded in Perl and C, but it is currently be-
ing upgraded and migrated to a newly developed IFS reduction platfored pasely

on Python called “Py3D”. The main reason for the transition is to take adyarth

the growing Python community in astronomy and to simplify the maintenance of the
pipeline along the duration of the survey and even beyond.

The pipeline reduces the data right after the observations of each negéatfin-
ished. The raw data are processed already to science grade datapassevhile
taking into account several instrument and atmospheric characterigtats,as bias
subtraction, cosmic ray detection, instrumental focus, instrument fleflat-dielding,
wavelength calibration, sky subtraction, flux calibration, image recortsinyditter-
ential atmospheric refraction correction, etc. All these steps are outlingdnichez
et al. (2012) in more detail. In the following we just highlight a few challengisg
pects of the CALIFA data calibration, evaluate their performance anéprégeas to
improve quality even further.
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Figure 2. Example for the image reconstruction processherGALIFA data.
Left panel: SDSSr band image of a galaxy within the CALIFA sampl&liddle
panel: Overlaid position of each fiber of the three dither pointinddost of the
covered field is fully covered by at least one fideight panel:Reconstructed image
from the flux in the fibers using the distance-weighting attpon as described in the
text. The spatial resolution of the SDSS image cannot becaetibecause of the
relatively large fiber diameter of’3

3.2. Imagereconstruction and astrometric calibration

In order to homogeneously cover the hexagonal PPAK FoV one need¢o the gaps
between the fibers. This is solved with a three pointing dither scheme, whibbvwss
in Fig. 2. The full coverage allows to reconstruct an image with a reguidiofpixels
for each wavelength applying a dedicated resampling scheme, whichgeoduhree-
dimensional cube at the end. We used a simple inverse-distant weightiegnacs
described in 8nchez et al. (2012), where the flux in each spatial @gxebf the final
reconstructed image can be computed from the original fiberfllas

k=n
H=§%& . (1)

The Weightsmh. follow a Gaussian distribution according to the distarﬁ:ef the fiber
k with the corresponding pixel,(j) in the image plane:

wi = Nexp(-0.5(rf¢)%) 2)

whereN is the normalization factor such thgtjwh. N = 1. The reconstructed image
of one example galaxy is shown in Fig. 2. We choose a final pixel siz€ obtnpared
to an initial fiber diameter of .Z”’. Although it is clear that reconstructed image is
intrinsically undersampled with respect to the fiber diameter, thgrid size has the
advantage that absolute fluxes and surface brightnesses can beeagdited to each
other.

An accurate knowledge of the initial position of each fiber is crucial to @rgp
reconstruct the final CALIFA datacubes. Thisets of the dither pointings are fixed
for all CALIFA observations and we currently rely on this a-priori kiiegdge to assign
the position of each fiber relative to the others. Furthermore, we empiricatiyrdine
the peak of the light distribution in the reconstructed image of the galaxy tonatbsig
known reference coordinate of the galaxy to this pixel. However, a falaxges do
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Figure 3.  Visualization of the image registration techeidor CALIFA currently
being testedLeft panel: Synthesized broad-band flux distribution for the individua
fibers of one single PPAK pointingdiddle panel: The fiber coverage is overlaid on
a corresponding SDSS broad-band image with an arbitrarjiqguosvith respect to
the galaxy center. This relative position can be variedteettee aperture flux of each
fiber is extracted from the SDSS imagRight panel:y? value of the CALIFA and
SDSS flux comparison for a regular grid dfgets in right ascension and declination.
The best matching fiber positions with respect to the galexyer in the SDSS image
is very well defined and the exact position of PPAK on the skylmaestimated with
subarcsec precision.

not have a well-defined galaxy center and pointinffsats can be subject to human
errors when manually entering th&sets to the telescope control system. In order to
automatically handle these cases, we investigated the possibility to infer theerelati
position of each pointing individually to subarcsecond precision by regigteach
pointing on the reference SDSS image.

The steps of this process are outline in Fig. 3. First we extract synthead#dyand
fluxes from the spectra of each fiber together with its associated un¢grtSigcond,
we extract the brightness in fluxes withiry2 apertures at the assumed position of each
fiber from the SDSS broad-band image for which we take into accountdlgdnal
pixel coverage of each fiber. The goodness of the match can be estibyated y?
statistics:

(kaALIFA _ fEDss)z

=)

2 2
K (O_(kZALIFA) _l_(O_EDSS)

(3)

With a brute-force approach the value can be computed forfiérent pointing po-
sitions varied along the right ascension and declination. We find that the minimum
x? is very well defined and allows to pin-point the position of the individual RPA
pointing on the sky relative to the SDSS image with sub-arcsecond predi¥itinthis
technique the uncertainty in the position of the PPAK pointing is not limited by the fibe
size any more, but rather by the size of the SDSS image pixels. Whether thetatisma
in the seeing of the CALIFA and the SDSS observations makes a stréiagedice in
the cross-match is currently unclear and requires further tests. Wéateedéd not im-
plemented this scheme in the current version of the data reduction pipeliae aodf
leave this for the next version.
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Figure 4. Evolution of the intrinsic spectrophotometridilwation with time
along the duration of the survey so fdreft panel: Ratio between the integrated
flux within a 30’ aperture of the reconstructed CALIFA and the SDS#&nd im-
age as a function of time. This factor is used to anchor thelatesphotometry of
the CALIFA data to the SDSS photometrRight panel: Color ofset between the
CALIFA and SDSS3 - r magnitudes as a function of time. A period in time where
the telescope was being repaired is indicated by the shadadad the time of the
mirror re-coating is indicated by the vertical line.

3.3. Absolute and relative photometric calibration

Standard star observations are part of the calibration data taken foAtHEALSsurvey

at the beginning and end of each night if the weather permits. Standasdastanot
observed for a significant fraction of nights, so that we currently asealeragesen-
sitivity function for consistency. Thiaveragesensitivity function was derived as the
average of the ones obtained in two truly photometric nights. Anyway, thegaaency

of the atmosphere can significantly change during nights. The standambseva-
tions therefore only provide a relative spectrophotometry along the waythlevhich
should be stable with time, but an absolute photometric recalibration is unaleidab
Because the CALIFA sample is drawn from the SDSS, we can anchor théF8A
photometry to the calibrated broad-band SDSS images. The spectrabfahgeCAL-

IFA V500 setup fully covers thg andr bands, so that synthetic broad-band images
can be directly extracted from the datacubes. The flux within a 30" apeattound the
galaxy centre is obtained for CALIFA and SDSS in both band, so that anpaids in

the absolute photometric calibration can be quantified and corrected.

In Fig. 4 we show the photometric re-scaling factor against observing tinaifo
observations in the V500 setup till February 2012. We find that the intrifsiolate
photometry of the fixed calibration varies by more than 30% as expecteithdspread
for a certain night can be as low as2% for photometric nights. The strong variation
of the intrinsic photometry with time is not random, but rather follow a certain patter
The sudden change in the intrinsic photometry by about 25% coincidetyewait
the time at which the mirror was re-coated. This shows that the intrinsic phoiometr
calibration, while using amveragesensitivity function, is mainly modulated by the
reflectivity of the telescope primary mirror and not by systematic uncertaiotithe
data reduction itself.

Another issue with the sensitivity function is the red-to-blue relative spelotro
tometry that needs to be checked. Tde r colour diference appears pretty flat with
time, at least before and after the mirror coating. Apparently, the waviblelegpen-
dent reflectivity of the mirror changed slightly, which causes a systemfiietan the
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colour by 004 + 0.05 mag. This spectrophotometric accuracy is already better than the
10% anticipated in the design of the survey. The stability of the spectrophtrioine
encouraging considering that we useaeragesensitivity function, but we want to
improve the overall accuracy even further. There are two limiting factothi® spec-
trophotometry: 1.The large fibers of PPAK together with the low filling factodscta
aperture losses of the standard star that are wavelength dependdntatmospheric
dispersion. 2. Changes in the wavelength-dependent atmospheridierticurve are

not monitored in real time. To overcome this limitation we plan to use a time dependent
spectrophotometric and the lens array integral field unit of PMAS to obt&ctispin

a 16’ x 16" field for a few elliptical galaxies observed already with CALIFA. These
spectra can be calibrated to much higher accuracy because of the oostispatial
coverage of the lens array and will serve as reference spectragtyactihe sensitivity
function from the CALIFA data itself without the aperture losses involvegfunting
sources. Nevertheless, the current scheme is more tifiaciesut for the first 100 galax-

ies observed, but we anticipate that any discrepancy will increasdimeeand needs

to be solved.

4. Error propagation and correlated noise

A significantimprovement compared to the CALIFA data reduction desciib&@nchez
et al. (2012) is the implementation of the photon and read-out noise propag@am
the raw data to the final datacube. This is possible only by reducing the nwhbe
interpolation and resampling steps to a minimum during the whole reduction proces
so that the error spectra can be propagated analytically through ezadsgping step.
We only resample the individual wavelength solution of each fiber to a comrage-w
length grid and use a Monte Carlo scheme to propagate the error vectrcofitec-
tion for DAR effects often required a resampling scheme to align the object position
along the wavelength. In CALIFA we avoid this additional resampling step twyoa
stage process. First, we reconstruct the datacube from the indivilokera as described
above and estimate the position of the galaxy centre at each wavelengtindSee
reconstruct a DAR-corrected datacube again from the individuakfimechanging the
relative position of the fibers against the final grid of the datacube dicepto the
previously estimated DARfEect. The simplicity of the spatial image reconstruction
scheme allows to analytically compute the errors associated with each spestom
in the reconstructed datacube.

However, the reconstruction of the datacube implies that the spectra asdats a
ciated noise are strongly correlated. This can be highlighted by the fdach BAL-
IFA datacube comprises about 4400 spectra that were constructecafeet of only
993 independent fibers. In the analysis of CALIFA datacubes it is a comiask to
coadd spectra together in certain bins with the aim to increase/théoElow surface
brightness regions. The spatial correlation of the noise will lead to a systernares-
timation of the formal AN per bin, because it has been assumed that the spectra, and its
associated noise, are completely independent. Trestehas been empirically verified
on the data as shown in Fig. 5. Although it is not feasible to handle the fuldoance
matrix of a datacube, a statistical correction of the error gii§still possible. As
part of the data reduction pipeline we compute an error weight factoeddede-scale
the formal noise of each pixel in the limit of co-adding all spectra of the dagcWe
are currently studying in detail the relation of the error weight factor withsbie and
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Figure 5.  Signal-to-noise (SN) correction factor as a fiomcof the number of
coadded spectra within the datacube. There is a very titgitior between the for-
mal estimated SN and the measured SN féiiedént binsize to compute the coadded
spectra. The data points originate from 15 representatitecdbe showing that this
is a universal relation for all CALIFA datacubes considgrthat the same dither
pattern is used for all objects. The deviations from a lirretation at low binsizes
is due to contaminations of stars in the field for which thé & was not properly
estimated.

will provide a simple recipe in the DR1 article (Husemann et al. in prep.) that allow
to estimate the /Bl for coadd CALIFA spectra directly from the data. This will be
essential to properly use the CALIFA data for almost all science application

5. First resultsand Datarelease

Currently, the data taken so far are being checked for their quality withindhabo-
ration to full-fill certain figure of merits in the accuracy of the astrometrycsppho-
tometry, the wavelength calibration, and other parameters thatfi@litethe final data
quality. With the aim of being a true legacy survey, the CALIFA DR1 (Husematn
al. in prep.) will release the reduced high-quality data for an initial set 6fgedaxies
at the end of this year. In the meantime, the progress of the survey camebked
at httpy/www.caha.e4&CALIFA. Subsequent data releases will follow as the survey pro-
gresses along which we are continuously working to increase the calibeatibquality
of data as discussed in this short article. We hope that the astronomical cityas.

a whole will benefit from our forts and actively use the CALIFA data for their own
science projects.
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