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ABSTRACT

We present the first survey of resolved stellar populatioribé remote outer halo of our
nearest giant elliptical (QE), Centaurus A£[3.8 Mpc). Using the VIMO$VLT optical cam-
era, we obtained deep photometry for four fields along themajd minor axes at projected
elliptical radii of ~ 30— 85 kpc (corresponding te 5 — 14R.¢). We use resolved star counts
to map the spatial and colour distribution of red giant bhre(RGB) stars down te- 2 mag-
nitudes below the RGB tip. We detect an extended halo ougtfuttthermost elliptical radius
probed ¢ 85 kpc or~ 14Ry), demonstrating the vast extent of this system. We detect lo
calised substructure in these parts, visible in both (o@dBRand (intermediate-age) luminous
asymptotic giant branch stars, and there is some evideatéhth outer halo becomes more
elliptical and has a shallower surface brightness profile.d&five photometric metallicity
distribution functions for halo RGB stars and find relatjwhigh median metallicity values
(<[Fe/H]>mes~ —0.9 to —1.0 dex) that change very little with radius over the extent @f o
survey. Radial metallicity gradients are measured te-be0.002 — 0.004 dexkpc and the
fraction of metal-poor stars (defined as fHe< —1.0) is~ 40— 50% at all radii. We discuss
these findings in the context of galaxy formation modelsffiertiuildup of gE haloes.

Key words: galaxies: photometry - galaxies: stellar content - gakidividual: Cen A -
galaxies: evolution

1 INTRODUCTION Arimoto & Yoshii 11987). On the other hand, in the hierarchica
scenario of aACDM cosmology, either a few major mergers or
. : o . several minor mergers and accretion events are believedilth b
mass in the Universe and it is crucial to understand how tbem f up the haloes of the largest galaxies (.g. f@ann et all 1993;

and evolve. Imp ortant CIU?S come from analysgs of theicatras, De Lucia et all 2006). Recent work has favoured a two-stage sc

Ste"af popula_tlons and kinematics and a va_trlety_of modalezh nario (e.g. Naab et al. 2007, 2009; Kaviraj et al. 2009; Otati e

begn invoked in o_rder to rep_rO(_juce and explain their obsipuep- 2010, 2012) whereby early in-situ star formation buildshgpten-

fertles. The classical .mo.nO“.th'C collapse models ha"ess“.””' tral parts of gEs at > 2, while later low-mass dry accretions feed

:zfqo(iazn(?estr;a?argllailsifawe phaseLwtl‘ere Jt?; 4gag r??ggﬁﬂ the growth at large radii. Such models provide a naturalas

9 y regions (elg. Latson 1974; Candexg; tion for the observation that some massive ellipticals ghta are

more compact than their low redshift counterparts (e.gddDat al.
2005; Trujillo et all 2006; Buitrago et al. 2008).

Giant elliptical (gQE) galaxies contain a large fraction lo¢ tstellar

* Based on data collected at the European Southern Obsefrvatoanal, ] ] ) )
Chile, within the observing Programme 074.B-0741. Observations confirm the existence of a dominant popula-

i Email: dc@roe.ac.uk tion of old stars in the centers of gEs (e.g. Thomas et al. [R005
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but few constraints exist to date on the properties of stanei
gions beyond thefBective radiusRe. The reason for this is that
most studies of gEs have been based on integrated light-analy
ses, and the faintness of the outer regions has hindereditgtiza
study of these parts. Some work has demonstrated the ecéstén
faint tidal debris in the outskirts of ellipticals (elg. Fdlal. 2009;
Janowiecki et all_ 2010) while a few recent studies have estart
to probe kinematics and chemical composition out to increas
ingly large radii (e.g. Weijmans etial. 2009; Spolaor et 8lL@a.b;
Coccato et al. 2010a,b; Greene et al. 2012; L a Barberal edH2)2
The general picture emerging is one of older ages and lowtlme
licities in the outskirts of gEs, qualitatively consistevith the pre-
dictions of the two-phase model. However, it should be néhed
these studies typically have not probed beyond a fiéectve radii.

2000; Rejkuba et al. 2001, 2003, 2005, 2011; Crockett|eitdl2p
have surveyed Cen A in both optical and near-IR (NIR) bands
out to radii of~ 38 kpc in projection. At the distance of Cen A,
the physical scale is 1 arcmin 1 kpc and, given thaRegs ~
330 arcsee 6.1 kpc (van den Bergh 1976), this radial extent corre-
sponds to~ 6.2R«. Amongst the results, the predominantly old red
giant branch (RGB) population is found to be moderately ineta
rich ((M/H]~ -0.65) with a broad metallicity spread and no sig-
nificant metallicity gradient. In the deepest HST field stadio
date ¢ 38 kpc), an intermediate-age population is estimated to ac-
count for~ 20 — 30% of the population, and has a derived age of
~ 2-4 Gyr (Rejkuba et al. 201.1). A much younger 10 Myr), and
more localized, trace population is found within8 kpc, aligned
with the radio jet of Cen A and possibly triggered by bow shsock

To probe gEs to even more extreme radii, techniques other propagating through the interstellar medium (Crocketl ¢2G12).

than integrated light analysis are required. Tal & van Dakku

Although probing a significant range in radius, these studre all

(2011) stack SDSS images of more than 42000 massive red-galax based on small field-of-view (FOV, a few arcrfijrimagery, leav-

ies atz ~ 0.35 in order to explore the mean properties to radii
of ~ 400 kpc. They find the halo colour is bluer than the central
regions and remains constant beyen8R.;. They also find a de-
viation from a simple Sersic profile (Sersic 1968) at radBRe:,
in the sense that there is excess light, and an increasiipgicll
ity. While powerful, the stacking technique has the disatkge
that information regarding individual galaxies is lost ahe in-
terpretation can be complicated if the stacked sample igralyt
homogeneous.

An alternative method is to use resolved stellar population
probe the outskirts of gEs. This technique can only be apbe
a small number of very nearby systems at present, but hagithe a
vantage that age and metallicity can be directly constdafnem
colour-magnitude diagram (CMD) morphology, removing sale
of the uncertainties inherent in integrated light analy¥éisle-area
resolved star counts also allow the structure and extentafidual
galaxies to be probed to extremely loWeztive surface brightness
levels, competitive with those attained through the stagkinaly-

ing open questions about how representative they are afitial
properties of Cen A's stellar halo.

There is also good reason to believe that the halo of Cen A may
extend very far out, well beyond the region where previosslked
stellar populations studies have probed. Indeed, glotnilesters
(GCs) and planetary nebulae have been discovered out &cped]
radii of ~ 85 kpc (Peng et al. 2004alb; Woodley et al. 2007, 2010b;
Harris et all. 2012, see also Fig. 1). Harris etlal. (2007 ajudis the
halo of another nearby gE, NGC3379, where the outer stedllar h
is found to be predominantly metal-poor at ragiilOR.;. Such a
transition from a metal-rich to a metal-poor halo has nothestn
observed in Cen A suggesting that, if it is a universal featdigEs,
it may lurk at larger radii.

With this motivation in mind, we have undertaken the first
wide-field survey of the resolved stellar populations in hote
outer halo of Cen A. This work is part of a larger programme we
are conducting to explore the low surface brightness oetgpbns
of galaxies within 5 Mpc using wide-field imagers on 8-m class

sis of many thousands of systems. This has already been demontelescopes (Barker etlal. 2009, 2012; Bernard let al. 2043 e

strated in a number of recent studies of spiral and dwarfxgala
ies (e.g. Ferguson etlal. 2002; Ibata et al. 2007; McConpasthal.
2009;| Barker et al. 2009, 2012; Bernard et al. 2012) but tlns f
there has been no wide-field study of the resolved stellaulpep
tions in a gE.

Located at a distance of 3.8 Mpc _(Harris etlal. 2010a) and
sitting at the centre of the homonymous group of galaxie®-Ce
taurus A (Cen A, NGC 5128) is the best target for wide-field re-
solved stellar populations analysis of a gE from the grodrids
peculiar system hosts an active nucleus and shows striking e
dence for having experienced a recent gas-rich merger .ekent
particular, the inner regionss(30 kpc, or within the 25tiB-band
isophote, Rs) contain dust lanes, a dense warped gas disk and dif-
fuse stellar shells and arcs (e.g. Haynes et al. |1983; Maéh e
1983;| Peng et al. 2002, see also Hify. 1). The strong radio-emis
sion from Cen A partly overlaps with these optical featutms,
extends very much further out, covering almost 8 degree®dn d
lination (for a review, see Israel 1998). Nonetheless, &itmass
of ~ 0.5 - 1x 10" Mg (Woodley et al. 2007; Woodley & Gomez
2010¢) and a luminosity of M ~ —215, Cen A is typical in a
global sense of the field ellipticals seen at low redshift.

Fifteen years ago, the old stellar populations of Cen A were
the first to be resolved in a galaxy outside the Local Groupsiygu

WFPC2 onboard the Hubble Space Telescope (HST) (Soria et al.

present our observations and photometric analysis, ar iwe
present the resulting CMDs. 1§ we investigate the structure of
Cen Ass outer halo while irf5 we derive metallicity distribution
functions (MDFs) and constrain the radial gradientsy@hwe dis-
cuss our results, and the summary is presentédlin

2 THE DATA
2.1 Observations

Observations were obtained in imaging mode with the VIMOS in
strument at the ESO Very Large Telescope (VLT) on Cerro Rdyan
Chile under programme 074.B-0741 (Cycle 74, Pl: Fergusdn).
MOS (Le Fevre etal. 2003) is a visible wide field imager and
multi-object spectrograph mounted on the Nasmyth B platfof
the 8.2m Unit Telescope 3 (Melipal). The instrument is mage u
of four identical arms, each with a field of view ofZ8 arcmir?,
separated by 2 arcmin. The pixel scale is 0.205 arcsec.

We imaged two fields along each of the major and minor axes,
centered at projected galactocentric elliptical radiRof 45 and
70 kpc; these fields all lie well beyond the the known shelteys
of Cen A which is generally confined toRs (Haynes et al. 1983;
Malin et al.l 1983| Peng et &l. 2002). The radii, which refethe

1996). Since then, numerous space- and ground-based sstudie semi-major axis of the elliptical isophote which interseatgiven

(Harris et al.| 1999; Harris & Harris 2000, 2002; Marleau et al

position, are calculated assuming an axis ratio/e£l0.77 and a
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Figure 1. Projected position on the sky in standard coordinates (weitipect to the center of Cen A) of the four VIMOS observed si¢ldack rectangles).
Left panel.We show a photographic plate image of the central regionseof & The solid red ellipse represents the 2Bthand isophote as listed in the
RC3 (Rs = 257 ~ 27.8 kpc, ha= 0.77 and PA 35°), while red dashed ellipses are drawn at projected radiiSokpgc (corresponding te 7.5Re),

65 kpc ¢ 10.5R«r) and 85 kpc £ 14R«;). The black solid lines represent the major and minor axés. Alue square shows the location of the outermost
ACS/HST pointing (projected radius of 38 kpc) in the Cen A halo to date, analysed_by Rejkubalet a052R011).Right panel We show the positions of
confirmed globular clusters (red circles) from the Peng.g28l04a) and Woodley et lal. (2010b) catalogs, and confirnteaaefary nebulae (blue asterisks)
from|Peng et al! (2004b). The latter extend out to projectetii of 85 kpc. The two magenta stars indicate the positidriwo early-type dwarf companions

of Cen A (KK197 and KKs55, studied in Crnojevic etlal. 2010).

Table 1. Observing log for each of the four pointings.

Field @J2000 632000 Rcircf ReIIE F texp Nexp  Seeinghed
hmsy ' (arcmin/kpc)  (arcmirikpc) (sec) @)
Cen A-majl  132739.2 -422635.2 4mM3.7 42.345.7 I 6000 15 0.73
132740.7 -422630.1 V 10000 8 0.76
Cen A-maj2 132855.1 -420957.6 658.9 63.868.9 I 5200 13 0.68
132855.0 -421003.7 V 10000 8 0.58
Cen A-minl  132749.8 -432013.9 3732.8 41.845.1 I 8000 20 0.57
132749.8 -432017.2 \% 8750 7 0.66
Cen A-min2 132904.9 -433129.3 4968.8 64.769.9 I 6800 17 0.68
132905.0 -433133.6 V 10000 8 0.60

a projected linear distance from Cen A's centepspoo = 13'25M27.65, 610000 = —43°01'08.8”; taken from the NED

database).

b Projected elliptical radius from Cen As center, computaeduming pe= 0.77 and PA 35 (values from the RC3;

Corwin et all 1994).

position angle of 35(Corwin et al! 1994). Throughout this paper,
whenever we refer to a "radius”, we mean a projected elkptia-
dius computed in this way. The footprint of each pointingriaveh
and labelled in Fig.J1 where some fiducial radii are also ntrke
This figure also shows the location and size of the deepeahiext
HST/ACS pointing which lies at a projected radius 638 kpc.
Each of our VIMOS fields was observed with 13 to 20 individ-
ual exposures of 400 sec in thd-band, and 7 to 8 exposures
of ~ 1250 sec in thé/-band. Individual exposures were dithered
by a few tens of arcsecs. The seeing was excellent during efiost
the observing runs, ranging from 0.45-0.98" with mediamealof

~ 0.67" for I-band images and 0.65" for V-band images. Full
details of the observations are reported in Tab. 1.

The sensitivity of each individual VIMOS detector is lowér a
the edges, with additional distortion and vignetting in sortases.
Stars which fall in these regions are thus not recovered avell
we exclude these regions from our analysis. Tffieative area that
was surveyed by our observations (i.e., after eliminatimigrichip
gaps, masking bad edges, and considering the overlap bethee
minor axis fields) is- 0.22 ded, corresponding te- 30 x 30 kp&.

The data reduction procedure followed a modified version of
the pipeline developed for processing Wide Field Camera fiain
the Isaac Newton Telescope (for further details |see lrwi@519
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1997;| Irwin & Lewis| 2001} Irwin et &l. 2004; Barker et/al. 2012
Bernard et all._ 2012). The first stage includes bias and caefsc
correction, plus trimming of each image to the useful acatietec-
tor area. Master flats were then created by stacking a wpbhsed
dithered set of 2¥-band and 9-band twilight sky observations.
The flat-fielding also corrects for internal gairffdrences between
the detectors. The dark skyband images were combined to form a
master fringe frame. Typical fringe pattern amplitudesenamound
4% of the sky with a range of spatial scales. Individisland sci-
ence images were corrected for fringing using a scaledomeic
the master fringe frame.

Before stacking the science images, object catalogues were
generated for each image to refine the astrometric caldorati
and to assess the data quality. A Zenithal polynomial ptigjec
(Greisen & Calabrefta 2002) was found to provide an accurate
World Coordinate System (WCS) of the telescope plus imaging
camera. A third-order polynomial included all the signifiteadial
field distortions and a further six-parameter linear moaeldetec-
tor was used to define the remaining astrometric transfoomst
The Two Micron All Sky Survey (2MASS) point-source catalegu
(Cutri et al: 2003) was used for the astrometric referenstesy.

Common background regions in the overlap area of individ-
ual exposures were used to correct for sky variations duitieg
exposure sequence and the final stack included seeing weight
ing, confidence (i.e., variance) map weighting and clipmhgos-
mic rays. First-pass catalogues using standard apertotempbtry
techniques| (Irwin et al. 2004) were generated and used tatepd
the astrometric solution for the stacked images and to deothie
aperture corrections to total flux required for the final jpino¢tric
calibration.

In addition to the science targets, a series of Landolt stahd
fields (Landolt 1992) were observed throughout the programm

Table 2. 1p-band 50% completeness levels dfetient colours and elliptical
radii.

V=1) 0-1 1-2 2-3
R< 45 kpc

CenA-maj 25.2 24.8 24.2

Cen A-min 25.7 25.1 24.3
R> 45 kpc

Cen A-maj 25.4 25.0 24.4

Cen A-min  25.6 25.2 24.4

require they parameter to be smaller than 1.4-1.6, depending on
chip.

We calibrate the magnitudes obtained with our PSF photom-
etry to the Johnson-Cousins systémand V-bands by selecting
bright stars in common with the aperture photometry catadog
and then deriving a constanffeet between the two. The total num-
ber of stars remaining after quality cuts is 104325, of widch17
are in the inner major axis field (Cen A-majl), 22170 are in the
outer major axis field (Cen A-maj2), 26922 are in the inneranin
axis field (Cen A-minl), and 18046 are in the outer minor axislfi
(Cen A-min2). There is partial overlap between one chip Thea
the Cen A-minl and Cen A-min2 pointings. We chose to match the
common sources and retain the photometry from the Cen A-minl
field, since this is the one with the longest exposure timelzsd
seeing in the-band, hence smaller photometric errors.

2.3 Artificial Star Tests

These were analysed in the same way as the science image angve have performed extensive artificial star tests to quattié ob-

provide the instrumental to photometric system (Johnsousihs)
calibration. The variation in derived magnitude zero-poseen in
the standard field observations was at the leval2$f% and we take
this to be indicative of the final accuracy of our photometiadi-
bration.

2.2 Photometry

Although aperture photometry was performed as part of tha da
reduction process, we chose to further perform point spheact
tion (PSF)-fitting photometry on the stacked images so asai@m
accurately recover faint stars in crowded regions, obtdditenal
morphological information on detected sources and betisess
photometric errors and incompletenesieets. For this we used
the photometric suite of programs DAOPHOT and ALLFRAME
(Stetsom 1987, 1994). For each chip of the stacked imagef,3k
was constructed by using at least 30 bright, non saturated, st
evenly spread across the image. We derived a list of objeitts w
a 3 detection threshold in each filter, and computed the coordi-
nate transformations between thdfelient filters with the DAO-
MATCH/DAOMASTER packages (Stetson 1993). The list of stars
detected in at least one of the two filters for each chip wad ase
the input list for the simultaneous photometry on the stedke-
ages using ALLFRAME. In the final stellar catalogue, we metai
sources that were detected in both filters with photometriore
smaller than 0.3 mag. Furthermore, we only retain sourcstie
highly likely to be stellar by requiring absolute values toé sharp-
ness parameteg 2. At magnitudes fainter thah ~ 23 , we also

servational uncertainties in our data. We have simulatkel $sars
for each individual chip in each field with an even spatiatritisi-
tion and with colours and magnitudes covering the entirewmol
magnitude space spanned by the observed stars. The totenum
of simulated stars per chip is 250000, divided into~ 80 sub-
sets so as to not substantially increase the stellar crgaatinthe
images. The artificial stars were added to each chip by usiag t
measured PSF. The photometry was then performed in the same
way as for the real data, with the same quality cuts appliezidé/
rive photometric errors as theffirence between the input and the
recovered magnitudes of the fake stars, and assess thepletem
ness of our data by counting the number of stars recoveradituve
total number of injected stars.

Given that our pointings cover a significant portion of Cea A
outer halo, it is important to quantify the photometric unaities
not only as a function of magnitude but also as a function tf@a
tocentric radius. In Fid.]2 we show the completeness curwethé
entire sample (i.e., without distinction between major amdor
axes) within and beyond 45 kpc and for various colour rangss.
expected, the completeness at a fixed magnitude is someswet |
at smaller radii because of increased crowding, and it dseseto-
wards redder colours. The derivegband completeness values for
the individual major and minor axes are given in Tdb. 2. Thiala
completeness at a fixed colour does not vary significantiygatbe
minor axis, partly due to the fact that the Cen A-min1 pointirad
a longerl-band exposure time than other pointings. On the other
hand, the radial dependence of the completeness along tioe ma
axis is mainly driven by the intrinsically higher stellarrdity at
smaller radii. Along the major axis, the typical photomegirors



The Outer Halo of the Nearest Giant Elliptical 5

09 Z=onliv o =77\ 1
v = —~ X
0.8F D -
\ \
\ \
» 0.7F \
g N
Q o6t S\ i
2 VA
T e e e A - -
Q. \ \
g 0.4 - - - R<d5kpc AN ,
O —— R>45kpc N
0.3F AR i
0<(V-1) <1 S\
02  I<(V-Ny<2 AR :
W\
O.l’ A N \\ 4
N

22 23 24

IO,in

27

Figure 2. lp-band completeness curves for the four VIMOS fields com-
bined (i.e., without distinction between minor and majoeg)x The dfer-

ent curves refer to distinct colour ranges and ellipticaiiras indicated.
The dash-dotted red line denotes the 50% completeness level

in magnitude are of order 0.1 mag atlo = 22.9 for radii< 45 kpc,
and atlg = 234 for R > 45 kpc. Along the minor axis, the pho-
tometric errors are- 0.1 mag at alp ~ 23.7 — 23.8 for all radii.
This information will be incorporated into our spatiallgsolved
analysis of Cen A's stellar populations whenever necessary

3 COLOUR-MAGNITUDE DIAGRAMS

The CMDs for each of the four VIMOS pointings are shown in
Fig.[3. We have dereddened the original magnitudes using the
Schlegel extinction maps (Schlegel etlal. 1998) and adgitie
Cardelli et al.|(1989) extinction law. In order to account fossi-
ble spatial variations in the reddening (for example, dubedarge
FOV and the low Galactic latitude of Cen A), we have applied ex
tinction corrections to subfields of 20 arcsec on a side. @seh
scales, the variations are on the order00.02 mag with respect
to the mean extinction values 8f ~ 0.22 andAy ~ 0.38. Internal
extinction is expected to be negligible in the gas-deficarer re-
gions of Cen A and we do not take it into account in the subsgque
analysis.

The main feature visible in the CMDs of Figl 3 is a promi-
nent RGB, a feature indicative of an old populatign X Gyr) of
evolved cool giants. The upper two magnitudes of the RGB can
be seen in all cases. The width of the RGB is broader than the
photometric errors derived from the artificial star testplying an
intrinsic spread in colour, likely due to metallicity. Theseence of
upper main sequence and blue or red supergiant stars egchgle
presence of stars younger thanl Gyr. In the CMDs, there are
also some stars brighter than the tip of the RGB (TRGB) which
are candidate intermediate-ageX— 8 Gyr) luminous asymptotic-
giant branch (AGB) stars. However, as discussed belowréhisn
of the CMD is also heavily contaminated by foreground Gadact
stars. Similarily, we will also show that objects in the agleange
0.3 5 (V= 1) < 1 are for the most part unresolved background
galaxies.

In the top panel of Fig.]4 we show the combined CMD for all
stars in our photometric catalogue. We overagnhanced ¢/Fe]

= +O.2ﬂ stellar isochrones from the Dartmouth group (Dotter et al.
2008) shifted to the distance of Cen A with a fixed old age (12 Gy
and metallicity varying from [F#1] = —2.5 to—0.3. For our choice

of a-enhancement, these values translate into a range ¢][M
from ~ —2.4 to —0.15 dex using the prescriptions |of Salaris et al.
(1993). This set of theoretical models has been shown toegbag-
ticularly good fit to old and intermediate-age star clustéudials
(e.g. Glatt et al. 2008). We also show the AGB phase of the\Rado
stellar isochrones (Girardi etlal. 2010). We choose isawsavith

a metallicity ofZ = 0.004 (corresponding to [#]~ —0.7) and
ages of 2 and 4 Gyr (following the age estimates of Rejkubdl et a
2011 for fields at smaller radii).

Fig.[4 also shows the selection boxes used to define the loca-
tions of the RGB and AGB candidates that we will subsequently
analyse. For the RGB box, the faint limit is set by th&0% com-
pleteness limit for radiiz 45 kpc while the bright limit is deter-
mined by considering the location of the TRGB. The blue end of
the RGB box is defined by the most metal-poor isochrone and ex-
cludes the bulk of unresolved contaminants. For the AGB hbex,
start~ 0.1 mag above the TRGB in order to avoid RGB stars scat-
tered up by photometric errors and allow for a luminosity thidf
1.5 magnitudes. The colours range from the bluest edge &@#
to (V — I)o ~ 2.8, thus not encompassing the reddest stars in the
CMD. Stars with colours redder than this might be dust-emsthed
carbon-rich AGB stars, however only a handful of these dedyi
to be present and their numbers will be dwarfed by the forago
contaminants which dominate at these colours.

3.1 The Distanceto Cen A

The TRGB has a fixetl-band absolute magnitude bf, ~ —4.05

for predominantly metal-poor old populations (elg., Rizzal.
2007) and can therefore be used as a powerful distance indica
tor.[Harris et al.[(2010a) reviews Cen As distance measergsn
to date, as derived with fiierent indicators. Based on their previ-
ous HST studies, they report a melags = 24.10 + 0.1 which,
when combined with their assumefl 0.22 + 0.02, yields
lotres = 2388 + 0.1. We recompute the TRGB values for each
of our observed fields using a Sobel edge-detection filtez fteal.
1993) and average them to fingrreg = 2381 + 0.35, in ex-
cellent agreement with previous estimates. The significacer-
tainty on our value comes from a combination of zero-poird an
extinction uncertainties, and our chosen binwidth (whiepehds
on the photometric error at the TRGB value). The preciselatso
magnitude of the TRGB has a colgmetallicity dependence (e.g.
Madore et all_2009), becoming fainter for metal-rich popiats
([Fe/H]z —0.5). The value reported by Harris et al. (2010a) is com-
puted considering only the metal-poor side of the TRGB. Gatad
do not reach the reddest magnitudes of Cen A's RGB()o = 3)
because of incompleteness, so we too are sampling a regierewh
the TRGB magnitude is mostly constant. To be conservative, w
used stars with\( — 1)o < 2.5. Finally, we exclude stars bluer than
(V - 1)o ~ 1 for the TRGB computation, as these are largely con-
taminated by unresolved background galaxies. Througtheupa-
per we will use the TRGB value derived in this study.

1 The choice of the-enhancement is justified by the mean value found for
Cen A GCs, {/Fe]~ +0.14 (Woodley et al. 2010a).
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Figure 3. Dereddened CMDs of each individual VIMOS field along the majod minor axes (labeled as in Fig. 1). Photometric errsrbae reported, as
computed from artificial star tests. The red lined@t= 23.81 aside each CMD indicates the average TRGB value derieed the four fields (see text for

details).

3.2 Background and Foreground Contaminants port our interpretation, we additionally show in the midgienel

of Fig.[4 the CMD for all the sources rejected as stars by tyali
cuts in our PSF photometry. These sources will largely belved
galaxies. As can be seen, the dominant sequence here deeslind
lie blueward of the main RGB sequence. We have used thisdact t
guide our choice of RGB selection box boundaries so as totirai
contamination by these non-stellar sources. While it iantyeim-

Even under excellent seeing conditions, a substantial rurab
high-redshift background galaxies will appear as unresbjpoint
sources in ground-based data. Moreover, the low Galaditade
of Cen A b ~ 2(°) means that a non-negligible number of Milky
Way dwarf stars will be projected along our sight lines. Mirding

:)h'? contamination, a?d_ ultimately c%rrectlng for it, arecassary ) qsiple to cleanly separate stars from unresolved galaxieugh
efore we can properly interpret our data. color-magnitude cuts alone, our conservative approachsgyded

The minl_field was obs_erved with the best com_bination of 19 optimise the fidelity of our RGB catalogue, if not its comig-
depth and seeing of all our fields. Fig. 3 shows that this CMB ha agq.

two distinct almost parallel sequences, the particulandifn of

which is due to the smaller photometric errors. The blue erce To quantify the contamination from the Milky Way fore-
lies blueward of plausible RGB tracks (see top panel of E)g. 4 ground, we have simulated the CMD of the Galactic populaition
but redward of where we would expect to see blue plume stars this direction using the Besangcon model (Robin €t al. 2088)n-
(V -1 ~ 0). Similarly, red and blue supergiants at the distance puts, we provide the Galactic coordinates and approxinratesaf
of Cen A would be expected at slightly redder and bluer calour each of the four observed VIMOS fields. We apply the photoimetr
respectively but at brighter magnitudes than the sequezare (see errors derived from our artificial star tests to the simudaséars,
Fig. 9 of|Barker et al. 2012). As in previous work, we therefor and account for incompleteness by randomly extracting assab
identify the blue sequence as resulting from unresolveidgracnd ple reflecting the derived recovery level in each magnitudeThe
galaxies|(Barker et al. 2000, 2012; Bernard et al. 2012). fabe bottom panel of Fig.J4 shows the simulated Galactic CMD fer th
that the surface density of objects in this region of the CMiasd four pointings combined. The densest sequences here amdycle
not show any trend with galactocentric radius adds furtheigiat recognisable in the observed CMDs and only minimally cortam
to it being a population unassociated with Cen A. To further-s inate our RGB selection box. However, the Galactic poporesti
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severely contaminate the AGB selection box, where theyritte

up to~ 50% of the sources along the minor axis. Overall, the pre-
dicted number of foreground stars accounts~d0 — 15% of the
total number of stars observed.

Consideration of the magnitudes and colours of the back-
ground and foreground contaminants therefore leads usicude
that our analysis of Cen As remote RGB population will not be
strongly dfected by their presence. In the subsequent sections, we
will use two methods to estimate the actual contaminantcgour
density in our RGB selection box. In the first instance, weé use
knowledge of the surface density of objects rejected as $iar.
that are resolved) that fall within the RGB selection box tovide
a lower limit on the contaminant level. We will also use theace
density of RGB stars in the 76 R < 85 kpc radial bin along the
minor axis as an alternative estimate of the contaminaset.l&his
region has the lowest point source density of all those etlii
our survey. Since the number of genuine Cen A RGB stars which
reside in this area is unknown, it strictly provides an ugjeit on
the contamination. The situation is mordfdiult for the AGB se-
lection box and we resort to using model predictions for théese
density of Galactic stars to assess the contaminant level he

4 HALO EXTENT AND STRUCTURE

4.1 Colour-Magnitude Diagrams as a Function of Radius

In Fig.[3 we show the CMDs for each of our individual point-
ings; we now consider the CMDs as a function of radius in or-
der to search for radial variations. Fid. 5 shows Hess diagifar
three radial bins along each of the major and minor axes wattt-D
mouth stellar isochrones overlaid. Stellar density desseavith ra-
dius along both axes, with the highest density measured lzenav
occurring atR < 45 kpc along the major axis. A clear RGB se-
guence can be seen at all distances along the major axi§yitest
to the existence of a halo population at least out 86 kpc in this
direction. On the other hand, it isficult to discern whether an
RGB sequence is present in the outermost Bn-(65 kpc) along
the minor axis. This asymmetry in the density of stars altvegna-
jor and minor axes of the outermost elliptical bin suggds#s the
outer halo is either more flattened than the inner isophotaddv
suggest or that it is spatially inhomogeneous on the scatdsed
by VIMOS. The red extension of the RGB appears to become bluer
with increasing radius indicating a decrease in the numbeetal-
rich stars. However, the colour separation between isoglzrdoes
not scale linearly with metallicity and we will subsequgrgée that
this behaviour does not translate into a strong metalligigdient
(see Sect.]5).

4.2 Luminosity Functions as a Function of Radius

In addition to CMDs, we also examine constraints on halorexte
that come from consideration of the luminosity function¢). We
construct the LFs by selecting stars in a colour-magnitudetbat
minimizes the backgrouridreground contamination as much as
possible. Stars are chosen in the magnitude range 23 < 25
and in a diagonal colour range with the bottom edge compmyisin
1 < (V-1)y < 2and top edge comprisingdl< (V — ) < 2.5
(see Fig[h). We choose magnitude bins-00.3 mag, the largest
photometric error within the adopted colour-magnitudegeafor
the innermost radial bins, and derive histograms in the gantial
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Figure 4. Top panel Dereddened CMD for the combined four VIMOS
pointings. Individual points are replaced by a Hess (dghdiagram where
the density is highest. We show the boxes used to select tiieedR@G AGB
subsamples (red boxes). We overlay Dartmouth stellar iso€s for the
RGB stars (green lines), with a fixed age (12 Gyr) and varyieggatficities
([FeH] = -2.5, —0.9 and-0.3). We also plot the post He-burning AGB
phase of the Padova isochrones (cyan dashed lines, Gitaid|2010).
The latter have ages of 2 and 4 Gyr and a metallicitZof 0.004 (see
text for details).Central panel CMD of all the extended objects rejected by
quality cuts in our PSF photometry. A Hess diagram indicéteshighest
density region.Bottom panel CMD of Galactic foreground stars as pre-
dicted by the Besancon models (Robin et al. 2003, see teretails). The
foreground simulations have been convolved with photometrors and
the observational incompletenedteets have been taken into account (see
text for details). In the central and bottom panels we alssmiet our RGB
and AGB selection boxes to ease the comparison with the wds&MDs.
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Figure 5. Dereddened Hess (density) diagrams as a function of eliptadius, for both majorupper panelsand minor [ower panel} axes. We subdivide
the stellar samples into three elliptical bins per axis @dse Fig[1). The colourbars (on a square root scale) iralitest number of stars per unit area and per
0.05x 0.05 mag. We overlay Dartmouth stellar isochrones with a fixed ageG$6) and varying metallicities ([7&l] = —2.5, -1.3, -0.7 and—0.3 dex). Note
the diferent stellar densities among the radial bins. Finallyheupper left panel we also show the selection box used teedeFis (see Sedi. 4.2).

bins as before. The LFs are corrected for incompletenesfuas-a
tion of magnitude and radius, and the expected foregroundtsp
as simulated by the Besangcon models, are subtragteioally, in
order to facilitate comparison, the LFs in each bin are ntized
to the total number of stars brighter thén= 24.6 (correspond-
ing to the 50% completeness limit for the most crowded b, i.
R < 45 kpc along the major axis).

Fig.[d shows the LFs in radial bins along the major and minor
axes. Poissonian errorbars are shown, which include thertanaty
in the completeness corrections and in the Besangon modats:
Although the LFs look broadly similar, the outer bins showean
cess of sources brighter than the TRABr&es = 23.81 + 0.35)
with respect to the innermost bin. Additionally, the LFs bee
progressively flatter at faint magnitudes in the outer fadias
with the variation being more pronounced along the minos.axi
A Kolmogorov-Smirnov (KS) test rejects the null hypothetiat
the LFs at radii beyond 45 kpc come from the same underlying
population at a 99% significance level.

Although these dferences could result from genuine radial

variations in the halo populations, it is also plausible thay re-
sult from varying relative contributions of Cen A stars andzm-
inants. Indeed, in the outer halo the latter will contribamencreas-
ing fraction of the overall source counts and will thus haveae
profound impact on the LF shape. In Fid. 7 we plot the LF per
unit area of sources rejected as stars by our quality cutsjede
from the same selection box as above. If unresolved bachdrou
contaminants follow the same luminosity distribution asoleed
galaxies, then we can assume this is how these objects will co
tribute to the overall LF. We also show in F[d. 7 the LF per unit
area of point sources in the 76 R < 85 kpc radial bin along
the minor axis, which has not been corrected for incompsten
or foreground subtracted (we use the bin<3R < 85 kpc rather
than 65< R < 85 kpc in order to avoid as much as possible the
presence of Cen A halo stars). Despite the fact that the tage f
tion of contaminants remains unknown, this comparisorsitates
the excellent agreement between the two estimates of bawkdr
LF shapes at magnitudes brighter than the TRGB. This isueass
ing as it indicates that the excess of bright stars with retsjoethe
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Figure 6. Luminosity functions at dierent elliptical radii as indicated, for both majdeft pane) and minor (ight pane) axes. The chosen elliptical bins are
the same as in Fifl] 5. The LFs are derived from stars in a bdx28ik 1o < 25 and 1< (V - |)o < 2 (bottom edge) and.4 < (V - I)g < 2.5 (top edge). They

are normalized to the number of counts fer< 24.6 (vertical red dash-dotted lines, i.e., the 50% complesefienit for theR < 45 kpc subsample along the
major axis). For each LF we report the number countddog 24.6. The LFs are corrected for incompleteness, and simulatedifound counts have been

subtracted for each magnitude bin. The errorbars are po@so
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Figure 7. Luminosity functions for the 75 R < 85 kpc field along the
minor axis (blue line) and for the extended sources rejebedur photo-

metric cuts (black dashed line). The number counts are pieatga, and
both curves are not corrected for incompleteness.

innermost radial bins is very likely due to an increasing:fien

of contaminants at large radii. At fainter magnitudes, tkeof re-
solved sources turns over with respect to that of point &sunc
the 75< R < 85 kpc minor axis bin, consistent with the progres-
sive flattening seen in the outer LFs in Hif). 6. Clearly somthisf
behaviour will be a result of incompleteness in the resob@atce
counts but we have no way to correct for this. Without an aateur
measurement of the shape and normalisation of the contatiifa

it is impossible to quantify what fraction of the faint soesdn the

75 < R < 85 kpc bin LF are genuine Cen A halo stars however it is
likely that this number is non-negligible. Indeed, we haee\td
TRGB values for each radial bin along both the major and minor
axes and find all of them to be consistent with the value dérive
from the total stellar sample (see Sé&gt. 3), within the uagsties;
this supports the idea that a significant RGB population ésnt

in all our fields.

4.3 Radial Density Distribution

In Fig.[8 we show the spatial distribution of sources fallimighin
our RGB and AGB selection boxes. Small holes in the distribu-
tion are mostly due to saturated stars. As noted before,igfest
stellar density occurs in the majl pointing. Additionafyy.[8 re-
veals that the enhanced density in this region is due in paat t
spatially-coherent substructure which is most prominenthe in-
nermost chip; this overdensity is apparent in both the ibigion

of RGB and AGB candidates. At a radius of 40 kpc, the new
substructure lies well beyond the known shell system. Tthéur
explore this feature, we retrieved a scanned UK Schmidistelee
(UKST) Illa-J survey plate centred on Cen A and spannirdj 1
on a side. Figl]9 shows a slightly smoothed version of thisepla
with an outline of the innermost chip of the majl pointing Bve
laid. The substructure detected in our star count analgsitearly
visible on this deep plate. Furthermore, the plate revéwds the
substructure is part of a very large overdensity of starckvpro-
trudes from the main body of Cen A along the north-easterromaj
axis. Given the morphology of this feature, the most likefigio

is post-merger debris from a significant merger event andnoiot
vidual dwarf galaxy accretions.

Aside from the innermost major axis field, the RGB stellar
density declines smoothly with radius along both axes, evfol
candidate AGB stars it remains relatively constant. We stigav
radial density profiles for the RGB sample in the left paneFiof.

[I0. These are computed using the same elliptical annuli fasebe
Star counts are calculated in radial bins for 3R < 90 kpc, in
steps of 10 kpc, and corrected for incompleteness as a fumofi
radius and magnitude. These profiles are not corrected fer fo
groungbackground contaminants. Instead, we indicate the RGB
number density for the 7& R < 85 kpc bin along the minor axis
with a dash-dotted line, and assume that this representper u
limit on the contamination. Similarly, a lower limit is gimeby the
dashed line which is constructed from the sum of resolved-bac
ground source density and simulated foreground star gerkt
rived in the same selection box as for the RGB sample. As can be
seen, these contaminant estimate®ediby a factor of~ 4. Com-
pleteness corrections are very significantRot 40 kpc while the
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Figure 8. Distribution on the sky (standard coordinates with respe¢he center of Cen A) for the candidate RGB and AGB starsgatbe major gpper
paneld and minor [ower panel} axes (see Fifl1 for a reference). Red dashed ellipsesawm dn steps of 10 kpc, starting at an elliptical radius of B6 &ut
to 80 kpc. Black lines are, respectively, major and minorsakéoles in the stellar distributions are mostly due to trespnce of foreground saturated stars.
Note that the highest density region is localized to theimuest chip along the major axis, for both RGB and AGB starsufiderline the highest density in
the RGB sample, we replace individual points with a contdat for densities larger than 670 starg@rcmir?.

last major axis point is calculated from only a very smallafgee
Fig[8). It is clear that the surface density of RGB stars isagiw
higher along the major axis than the minor axis, and espedal
radii < 55 kpc. On the other hand, both axes exhibit similar profile
shapes with steep declines in the number counts out 5 kpc
and much flatter declines beyond that.

Unfortunately, we cannot construct a surface density (or su
face brightness) profile across the whole extent of Cen As ha
since the UKST plate does not have the required level of lifea
for an accurate photometric calibration. Previous stub&és con-
strained the structure of Cen A over small areas. Using dékanw
the inner~ 12 kpc,lvan den Bergh (1976) fit a de Vaucouleurs’

law (de Vaucouleurs 1959) with parametd®s = 6.1 kpc and
V(Rs) = 2215 mag arcse@. Additionally,|Dufour et al.|(1979)
find Rg = 5.5 kpc fromU- andV-band profiles along the major
axis, withV(Rer) = 2200 mag arcse@. The smaller fective ra-

dius found in the latter study probably results from theiclagion
of data at radii> 4.7 kpc.

It is of obvious interest to explore whether the stellar dgns
profile in the outer halo behaves as expected from an exatipol
of the inner profile and we attempt to address this as folltmvhe
right panel of Fig[ID, we present contaminant-subtracezdions
of our RGB radial density profiles using both the upper (fibgdh-
bols) and lower (open symbols) limit estimates for the canitzant
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Figure 10. Left panel Radial density profiles for RGB stars along both major dill#ack circles) and minor (filled light blue triangles) axas a function

of elliptical radius. The radius is also expressed in terfnefiective radii (top axis). Star counts have been correctethfmmpleteness (both radial and in
magnitude). The dashed-dotted red line indicates the uppirestimate for backgrounfbreground contamination (i.e., the RGB number densitytlier

75 < R < 85 kpc bin along the minor axis), while the dashed blue linesents the lower limit estimate (i.e., the number derdfityesolved background
sources and simulated foreground staRight panel Same as the left panel, after subtraction of the upper kstitmate (filled symbols) and lower limit
estimate (open symbols) for backgroyfiodeground. Overplotted for each axis and for each of thesulatracted profiles (solid lines for the upper limit and
dashed lines for the lower limit for backgroyfateground) is a de Vaucouleurs’ profile witlffective radius of 6.1 kpc and arbitrarily scaled to match the
datapoint aR = 55 kpc. The right-hand vertical axis reports surface brighs values corresponding to the de Vaucouleurs’ profikéranily scaled to the
(upper-limit) contaminant-subtracted major axis profilee errorbars are poissonian.

Figure 9. Extended UKST photographic plate image (see alsdFig. thnor
is up, east is left). Overlaid is the location of the innerm@BVOS chip
along the major axis (red rectangle).

level. We overplot the de-reddened de Vaucouleurs’ proéhvdd

bylvan den Bergh (1976), arbitrarily scaled to matchRhe 55 kpc
datapoint in each case. Our VIMOS density profiles appeadbyo

consistent with fall-& of the extrapolated de Vaucouleurs’ profile.

tening of the halo profile at these radii, the increased fadiasity

in theR ~ 85 kpc bin along the major axis suggests additional low-
level substructure in these parts. Visual inspection obtitermost
chip along the major axis (Fifil 8) provides a tantalisinggasgion

of this, with a marginally higher stellar density in the auypertion

of the chip. Had we assumed a de Vaucouleurs’ profile with an ef
fective radius of 5.5 kpc, as derived tmgm)r,
conclusions would be unchanged. For reference, in the pighél

of Fig.[1I0 we indicate the surface brightness values coorasp
ing to the extrapolated de Vaucouleurs’ profile, arbityesitaled to
match the (upper-limit) contaminant-subtracted majos gxdfile

at 55 kpc.

Finally, the radial density profiles for candidate AGB sirst
shown here) are essentially flat along both axes, excephéosig-
nificant major axis overdensity at ragji55 kpc. Any genuine AGB
stars in these parts are most likely completely outnumbleyédre-
ground and background contaminants.

5 METALLICITY DISTRIBUTION FUNCTIONS

For largely coeval populations, the colour and width of tHeBR
constrains the mean metallicity and metallicity spreadeffiopu-
lation (the RGB colour is more sensitive to changes in mietbgll
than it is to changes in age, VandenBerg ¢t al. £.g..|2008&nG
that we have not found evidence for a significant intermeeiate
AGB population in our VIMOS fields (except for the innermost
radial bin along the major axis), we will assume that the Cen A
halo population is essentially coeval and proceed to d¢ﬂl\lﬂ0-

There is a reasonable agreement along the minor axis when themetric MDFs (see, e.g., Harris et al. 19

upper limit on the contaminant level is adopted, while uding
lower limit yields an excess of stars at raiii> 65 kpc. The ma-
jor axis profile deviates significantly from the inner exwégiion

atR > 75 kpc regardless of what contaminant level is subtracted. metallicity ranging from [FgH] =

Although some part of this behaviour could be due to a gerflate

(2005, and references therein).

We again adopt 12 Gyme-enhanced ¢/Fe] = +0.2)
isochrones from the Dartmouth gr00081hwi
-25 to [FgH] = -0.3, sam-
pled every 0.2 dex. This choice of age is driven by the analgki
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Figure 11. Metallicity distribution functions as a function of ellipal radius, for both majorl€ft panel3 and minor fight panel§ axes (solid black lines).
The MDFs are derived via isochrone interpolation with a fiegg (12 Gyr) and varying metallicity. The histograms areexied for incompleteness and
normalized per unit area, and the median metallicity (aftenpleteness correction) is reported for each panel. Thebars are computed via MC simulations,
taking into account photometric errors and random err@ssting from the interpolation technique. Finally, in eaabot we also show the MDF for the
75 < R < 85 kpc bin along the minor axis (red dot-dashed histograres, upper limit estimate for the foregroybédckground contamination), and the
combined MDF for resolved background sources and simufateground stars (blue dashed histograms, i.e., lowet &stimate).

Rejkuba et al.[(2011) which indicates that the bulk of the &ia
mation in their 38 kpc field occured 12 Gyr ago on a relatively
short timescale~ 3 Gyr).

Our MDFs are calculated only using stars which fall within
our RGB selection box, to ensure good completeness. Ingbiem
of the CMD, the stellar isochrones are also more widely sepdr
thus reducing the uncertainty in individual metallicitytelenina-
tions. We linearly interpolate within the isochrone griddeter-
mine the metallicity of each star. The uncertainties are maed
by producing 1000 Monte-Carlo (MC) realizations of the ipte
lation process: each time the CMD position of the star isedhri
within its photometric uncertainty (with a Gaussian dtsition),
and the metallicity recomputed.

While the derivation of precisabsolutemetallicity estimates
is not possible with photometric data alone, we can neviagke
get robust results on thelative metallicities within our sample.
Fig.[11 shows the MDFs, corrected for incompleteness, as@ fu
tion of radius along both axes, while TdB. 3 tabulates theimm
properties. The MDFs exhibit the same overall shape caongist
of a peak around [FEl]~ —0.8 and a long tail to lower metallic-

ities. At R < 65 kpc, the major axis has a slightly larger num-
ber of stars more metal-rich than [F8~ —0.70 compared to the
minor axis, which translates into a small increase in theiarmed
metallicity. This mild enhancement could plausibly be tetato
the presence of the substructure we have uncovered in these p
Intriguingly, we find the median [FEl] is rather constant across
the radial extent of our survey, varying from on#{.88 to—1.04.

In particular, there is a change afFe/H]= —0.16 dex along the
major axis ¢ 35— 80 kpc, see Fid(]l8) corresponding to a gra-
dient of ~ —0.004 dexkpc. Along the minor axis, the change is
A[Fe/H]= -0.1 dex over~ 30— 85 kpc and thus a similarly small
gradient of~ —0.002 dexkpc. The metallicity spread, as estimated
by the standard deviation of the individual metallicity raeee-
ments, is also essentially constant~at0.45 dex throughout the
halo. Finally, the fraction of metal-poor stars (which wefide
as fmp = Nire/Hj<-10/Nior) Shows only a very modest increase of
~ 10% with radius, reaching a maximum ef50% in the outer-
most bin.
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Table 3. Median metallicities and metal-poor stars fractiorig( = Njre/Hj<-1.0/Ntot) @s a function of radius, for fierent backgrourftbreground

subtractions.
Field [FeH]med [FQ/H]medsub—uppg [FQ/H]medsub—IowE fmp fmpsub—upp fmpsub—lovv
R < 45 kpc (major) -0.880.04 -0.820.04 -0.872:0.04 0.4@:0.04 0.32:0.05  0.39:0.05
45 kpe< R < 65 kpe (major)  -0.820.01 -0.85:0.01 -0.872:0.01 0.41001 0.34001 0.38001
65 kpc< R < 85 kpc (major)  -1.040.01 -1.08:0.05 -1.08:0.01 0.53001 0.56:0.04 0.5:0.01
R < 45 kpc (minor) -0.920.01 -0.89:0.01 -0.9G:0.01 0.43:0.01 0.32:0.01 0.410.01
45 kpc< R < 65 kpc (minor)  -0.9€0.01 -0.820.03 -0.92+0.01 0.46:0.01 0.34:0.04 0.410.01
65 kpc< R < 85 kpc (minor)  -1.020.01 -1.09:0.27 -0.96:0.01 0.52:001 0.620.22  0.47Z0.01

@ after subtraction of the upper limit on backgroyfodeground estimate, i.e., the MDF of the Z3R < 85 kpc bin along the minor axis.
b after subtraction of the lower limit estimate, i.e., the dmed MDF of resolved background sources and simulatedjfouad stars.

0.5
— ACS-40kpc  [Fe/H]  =-0.89
04 ~7 ACS(1<26.3) [FeH] =-075
— 35kpc<R(major+minor)<45kpc |
|
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[Fe/H]

Figure 12. Normalized metallicity distribution functions for the cbimed
VIMOS fields at 35< R < 45 kpc along major and minor axes (black solid
line), compared to the one for the outermost AGST pointing (red solid
line). The solid line MDFs are drawn from stars in the RGB siid@ box
shown in Figl#, and the VIMOS MDFs have been corrected farmalete-
ness. The red dot-dashed MDF is derived using all RGB staghtbr than

lo = 26.3 and within the whole colour range of the AGST photometry.
The VIMOS errorbars are drawn from MC simulations (see text)ile the
ACS errorbars are poissonian.

5.1 Uncertainties

There are a number of uncertainties in the derivation of tim-sl
that we now consider. In particular, we wish to address totwka
tent these uncertainties coulffect our derived MDFs as a function
of radius. Firstly, intermediate-age AGB stars ascendiregdiant
branch could contaminate our RGB samples and this could be im
portant in our innermost major axis chip where the clearatigre
of such a population exists. AGB stars will lie on the blueesid
the RGB, and will thus artificially enhance the metal-poopyia-
tion in our MDFs. However, given that the metal-poor popolat
in the innermost major axis bin is small (see FEig. 11), we tate
that this cannot be a significanfect.

Secondly, similar to the LFs discussed in $ecl 4.2, the MDFs
we derive will contain both genuine Cen A halo stars as wethbas
taminants. As the contaminants are not RGB stars at thendistaf
Cen A, the metallicities computed for them will be meanisgle
Both the number and the colour distribution of the contamisa

can potentially influence our results. In Fig] 11, we showmedr
ized “MDFs” for our two estimates of the contaminant popioliat
derived in exactly the same way as described above. Our lower
limit estimate, based on summing resolved galaxies andfovad
models, yields an “MDF” that is fairly flat while our upper lites-
timate, based on the outermost portion of the outer minar féedd,
bears a strong similarity to those we have derived for the.Tdlis
is not surprising since this field may still contain a sigr@ficnum-
ber of genuine Cen A RGB stars. We subtract these estimatks of
contaminant “MDF” from our measured MDF and recompute the
median metallicity and metal-poor fractions (see Tab. B)sThas
only a small impact on our results and does rifdct our inferences
regarding the metallicity gradient and metal-poor frattio

Finally, although we have corrected for incompletenessin d
riving our MDFs, these corrections are very significant far ted-
dest ( — 1)o = 2.5) populations that fall within our RGB selection
box. In order test how accurate our completeness correctos
for these metal-rich populations, we use the photomettalague
for the HSTACS field at 38 kpc, kindly provided by M. Rejkuba
(Rejkuba et al. 2005), which reaches to redder colours antefa
magnitudes than our VIMOS data. We deredden the photometry
with the mean extinction values reported in SELt. 3. For thgnit
tude and colour ranges of relevance for comparing to our VBMO
data, the photometric and colour uncertainties are gdparakller
than~ 0.03 and~ 0.04 mag respectively, and the completeness as
derived from artificial star tests is close0100%. In addition to
photometric accuracy, the other main advantage of thidataia
over our ground-based data is its purity. The high resahui@049
arcsefpixel) of the ACS means that background galaxy contami-
nants can easily be identified and rejected.

We initially derive the MDF for the HS/ACS catalogue us-
ing the same RGB selection criteria and procedure as for dur V
MOS data. In Fig[(IR2 (solid lines), we show the resulting ACS
MDF as well as the VIMOS MDF for the same radial range
(35 < R < 45 kpc), constructed using data along both major and
minor axes. The HSACS sample yields a median metallicity of
[Fe/H] = —0.89, and a spread (standard deviation}~00.44 dex.
For a comparison, the VIMOS MDFs at these radii have a median
metallicity of [FgH] = —0.90 with a spread of 0.42 dex. Reassur-
ingly, there are only small dierences in the median metallicity and
the shape of the two MDFs, confirming that that our completene
corrections for the reddest stars in the VIMOS data are ateur
and that contaminating galaxies have a negligible influemceur
results at these radii.

We then proceed to derive the MDF for the HBTS data
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using a broader range of colour and magnitude than we are sen-this process compared to the typicall Gyr age of RGB stars

sitive to with VIMOS in order to assess what systematic lHase
might arise from the limitations of our photometry. We seRGB
stars brighter thahy = 26.3 and use the whole range of colours
in the HSTACS CMD. The dashed line in Fi§. 112 shows the re-
sultant MDF in this case. Overall, there is a good agreement b
tween this MDF and our VIMOS MDF however it peaks at some-
what higher metallicities and has a metal-rich tail not sieethe
ground-based data. The median metallicity derived in tay V8
[Fe/H] = —0.75 with a spread of 0.46 dex. This value translates into
[M/H] = —0.61 for our choice ofr-enhancement, and is in excellent
agreement with the mean metallicity [M] = —0.65 reported by
Rejkuba et al.| (2005) (obtained using the VandenBerg!etGl0 2
evolutionary models). Finally, the metal-poor fractiorm the
HST/ACS MDFs are 0.38 (VIMOS selection box) and 0.29 (full
colour range) which are withir 10% of our VIMOS estimate
(i.e., 0.40 for the considered radial range).

In summary, none of thefiects discussed above are expected
to have a significant impact on our results. The lack of seitgito
very red stars in the VIMOS data may slightly bias@ 15 dex) our
metallicity estimates towards lower values, but it is ualjkthat
this dfect could disguise any strong radial gradients. Contamina-
tion from backgrountioreground objects has even less of fieet
on our measurements. We conclude that the moderately high an
relatively uniform metallicity in the extended halo of Cenif\a
robust result.

6 DISCUSSION
6.1 Halo Extent and Structure

The intrinsic faintness of the outskirts of gEs has madedtlehg-

ing to quantify the structure and extent of these objectn év our
local universe. We have shown the existence of an RGB popula-
tion to at least 85 kpc ¢~ 14R) along the major axis of Cen A.
Along the minor axis, there is a clear RGB signature in the GMD
to ~ 65 kpc, however analysis of LFs and TRGB distances sug-
gests that the stellar population extends further in thrisatiion too.
The RGB population in Cen A is therefore at least as extended a
the distribution of planetary nebulae and GCs (Penglet 84a;
Woodley et all. 2007, 2010b; Harris etlal. 2012). A few stutiege
shown the existence of stars at very large radii in otheptakls
(e.g.,| Weil et al| 1997; Harris etlal. 2007a.b; Tal & van Dakku
2011). Taken together, these studies demonstrate the xtastt®

of elliptical galaxies. Almost all previous studies of pticals have
focused on regions lying &t 1 — 2R. While this is stficient

to sample the bulk of the light in these systems, it samplég on
a small fraction of their physical extents. With the inciagsfo-

cus on questions related to the size evolution of early-gglaxies
(e.g., Buitrago et al. 2008), an understanding of the ptaseand
nature of the peripheral regions of ellipticals is of paramtoim-
portance.

The RGB stellar density in Cen As halo is always higher along
the major axis than the minor axis for a given elliptical ansu
Within ~ 55 kpc & 9Re), this results from the presence of a co-
herent overdensity of stars that we have uncovered alongajer
axis. The morphology of this feature suggests it is postgerede-
bris, perhaps originating from the same recent (Gyr) event that
led to the galaxy’s peculiar inner structure (see, e.0aelst9938).
The feature is unlikely to be due to triggered star formafiom
Cen As radio jets given the estimated timescale’(3§ears) for

(Israell| 1998). The existence of such substructure in Cerfak's
outer halo indicates that these regions are significantigrimoge-
neous and that a wide-field approach is required to propéastyys
and interpret the resolved stellar populations in thestspar
Beyond 55 kpc, the dlierence between the major and minor
axis density profiles could plausibly be explained if ouruasg-
tion of elliptical isophotes with 8=0.77 and a position angle of
35 breaks down. Indeed, the two profiles could be brought into
better agreement if/a~0.5-0.6 in these parts, implying a higher el-
lipticity in the outer halo. Interestingly, Tal & van Dokku(2011)
find the same result in their stacking analysis of SDSS lunsed
galaxies. In particular, they find a mild increase in eltfiti from
0.25 to 0.3 (or equivalently/a varying from 0.75 to 0.7) at radii
2 5R.z. On the other hand, the profileffirences in Cen A could
simply be due to additional low-level substructure furtberalong
the major axis, a tantalising hint of which may exist in outada
Finally, we have examined whether the star count measure-
ments we have made in the outer halo are consistent with an ex-
trapolation of the inner surface brightness profile. Alomghbthe
major and minor axes, there is evidence for a flattening irptbe
file shape beyond60-70 kpc £ 10— 115R), the exact details of
which depend on the contaminant level subtracted and hoprthe
files are normalised. Subtracting the upper limit on the @mihant
level, approximate power-law profiles Bf32 andR-3€ can be fit to
the major and minor axis profiles of Cen A, respectively. Atfiat
ing of the outer profile was also seen beyon8R.; in the stacked
surface brightness profile of Tal & van Dokkum (2011). These a
thors were not able to tell whether the excess light at |aagius
was due to a flattening in the galaxy surface brightness prafil
to intragroup light. Indeed, the same ambiguity persistotoe ex-
tent here although the Cen A group is unlikely to have an ekten
intragroup light component.

6.2 Metallicity Gradient

The photometric MDFs derived from our VIMOS data yield me-
dian values of [F#H]mes ~ —0.9 to —1.0 dex which, given our
choice of a-enhancement, correspond to /Mmeq ~ —0.75 to
—0.85 dex. The median metallicity is essentially constantyinar

by only ~ 0.1 — 0.15 dex across the radial extent of our survey
(~ 5 through 1&). This variation implies negligible gradients,
< —0.004 dexkpc. There are also no strong azimuthal variations,
aside from a small enhancement in metallicity in the regibthe
outer halo major axis substructure. This suggests thareitle stel-

lar populations of the accreted system do ndfedisubstantially
from the native populations in the outer halo of Cen A or thgt s
nificant mixing of the debris has already occurred.

The moderately high metallicity found argues against a sce-
nario in which most of the outer halo stars have been accreted
from very low mass objects. Crnojevic et al. (2010) studyams
ple of dwarf satellites of Cen A with luminosities in the rang
My ~ —10.7 to —139, corresponding te- 0.005— 0.1% the lumi-
nosity of Cen A. They find median metallicities of [M] < —1.0,
considerably below the outer halo metallicity of Cen A. Hoere
this result may not be surprising. Indeed, Oser etial. (2QE2)
simulations to argue that the dominant mode of halo assembly
through minor mergers with typical mass ratioswf:5; such sys-
tems are likely to be more metal-enriched than low mass dwarf

We can compare our results to previous HST studies of
Cen A's halo. These cover 4 fields in the radial range froh3 to
~ 6.2Re, none of which lie along the major axis (Harris el al. 1999;
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Harris & Harris| 2000, 2002; Rejkuba et al. 2005). Aside frdra t
central pointing which contains a combination of halo anthéu
stars, these fields all exhibit a moderately high mean nigtsll
([M/H]~ -0.4 to —0.6) with only a small population~ 10%) of
low metallicity stars. When combined with our results praed
here, this suggests a variation of onty 0.5 dex in [M/H] over
the entire extent of the halo. Harrés al. were able to reproduce
their MDFs with a simple chemical evolution model in whichilga
star formation proceeds with an initial stage of rapid infdivery
metal-poor gas, after which the infall dies away expondgtigim-
ilarily, Rejkuba et al.|(2011) argue that most of the starshiair
field at~ 6.2R formed rapidly and at very early times, with a mi-
nority intermediate-age component having formed morenthce
The moderate metallicities we find at larger radii in the ralg-
gests that the qualitative conclusion of rapid collapseinaas to
hold in these parts, although we have yet to model our MDFsin d
tail. Interestingly, recent kinematic and abundance swidf GCs
in Cen A's halo (out to~ 40 kpc) also support a fast, early forma-
tion phase, coupled with subsequent merger events (Woedky
20108,b).

Unfortunately, it is not straightforward to compare ourules
to those for other gEs. Very few observational studies haenb
able to investigate the metallicity content of stellar pagons at
galactocentric radii as large as we have probed in Cen A/ASS
observations have been obtained centred 82R for the nearby
“classical” g NGC3379+ 11 Mpc;|Harris et al. 2007a) and at
~ 3R for the intermediate-sized elliptical, NGC337¥ 10 Mpc;
Harris et al.l 2007b). The resulting picture isffdrent for these

two systems. NGC3379 shows an extremely broad and flat MDF,

with the metal-poor population becoming increasingly dwanit
at> 10Ry. On the other hand, NGC3377 has an MDF peaked at
~ —0.6 dex and does not show a significant gradient out to the
furthest radius probed-(5Re). In integrated light analyses, some
systems show continuing metallicity gradients outt@® — 4Reg
(Greene et al. 2012; Weijmans et al. 2009) while others sheaps
ening of gradients when traced as far out Rs;§La Barbera et al.
2012). The stacking analysis lof Tal & van Dokkum (2011) yseld
a clear colour gradient within the inner 3Ry, with the popula-
tions getting bluer and thus more metal-poor (and possildgrd
with radius, while the color index flattens out at larger gidaen-

tric distances (out te- 14R¢). Larger samples will be required to
establish what is the typical behaviour for the metalligitadient

at large radii in gEs.

Comparison to the predictions of theoretical models is sim-
ilarly difficult since existing models do not explicitly address the
large radii probed by our study. Theoretical models of ginfation
are able to predict both the presence and the absence ofimetal
ity gradients at smaller radii. Monolithic collapse moddatswhich
gas sinks to the centre of the potential well and is enrichethé
first generations of evolving stars, predict steep radidhiteity
gradients which become more pronounced with increasinaxgal
mass due to gas losfieiency (e.g.. Matteucci 1984; Chiosi 2002;
Kawata & Gibson 2003; Kobayashi 2004). On the contrary, in hi
erarchical models, the physical properties of the resulgataxy
will largely depend on those of the progenitors however tpee-
tation is for metallicity gradients to be shallower due te thixing
of stars|(Kobayashi 2004; Naab etlal. 2009). Whether or rexeth
inner trends should extend to larger radii remains an opestan.

Finally, we note in passing that the metallicity of RGB stars
in Cen As outer halo is very similar to that which we have
found in the extended stellar envelopes around some spatax-g
ies (Barker et al. 2009, 2012). These extended envelopealsoe

characterised by flatter surface brightness profiles than sethe
inner regions. Itis interesting to speculate whether matdenetal-
licity extended stellar structures could be an ubiquiteeatdre of
all large galaxies, regardless of morphological type.

7 CONCLUSIONS

We have conducted a wide-field survey of resolved stellaufaop
tions in the outer halo of our closest gE, Cen A, using the VBAO
imager mounted on the VLT. Two fields were imaged along each
of the major and minor axes sampling projected ellipticdiiran
the range~ 30 — 85 kpc (or~ 5 — 14Rs). From PSF-fitting pho-
tometry, we derive CMDs iV- and I-bands that reack 2 mag
below the TRGB. The CMDs show evidence for an old RGB pop-
ulation, which can be traced to the furthest extent of ouvesur
(~ 85 kpc) along the major axis and to at least5 kpc along
the minor axis. However, consideration of LFs and MDFs gityn
suggests that the stellar population along the minor axenebs to
at least~ 85 kpc too.

The spatial distribution of RGB stars has been mapped as a
function of radius and azimuth. We have uncovered a prontinen
localized overdensity extending 1055 kpc ¢~ 9R) along the ma-
jor axis. Inspection of a deep UKST plate confirms the existenf
this structure and shows a morphology consistent with pasger
debris. Our VIMOS data indicate that the metallicity of trmne
stituent stars in this structure do noffér significantly from that
of the underlying halo population. Even beyond the exterthisf
substructure, the major axis stellar density is higher tharminor
axis one at a given elliptical radius. This could be evideforean
increasing ellipticity in the outer halo, or conversely fesidual
low level debris contaminating the outer halo major axiscéin
tainties in the contaminant level make itfttult to rigorously as-
sess whether the outer halo density profile follows an egtedion
of de Vaucouleurs law which characterises the inner regiBoth
the major and minor axis profiles appear generally condistéh
such an extrapolation, but there is evidence for a flattemirtge
profile beyond~ 60— 70 kpc ¢~ 10— 11.5R).

We derive photometric MDFs via isochrone interpolation of
RGB stars. The median metallicities we find are relativelghhi
(<[Fe/H]>mea~ —0.9 to —1.0 dex, corresponding to [M] ~ -0.75
to —0.85 dex), with broad spreads ef 0.45 dex. We analyse the
median metallicities as a function of radius in order to sedor
radial gradients, but find only a modest decrease 0fL—0.15 dex
over a range of 5 to 14Ry. Moreover, the fraction of stars more
metal-poor than [F&l] = —1.0 increases by only 10% as a func-
tion of radius, reaching 50% at the outermost radii probed. When
combined with previously published results, the stellatattieity
in Cen A can be seen to vary ky 0.5 dex over the entire radial
range of 85 kpc. This apparent constancy of the metallisityely
intriguing, and suggests that if Cen A does have a metal-palar
component then it can only dominate much further out.

Our results demonstrate that important constraints optielil
galaxy formation can come from studying the extent and ptogse
of their extended halos. The faintness and inhomogeneithasfe
parts requires an approach that combines both depth anefigide
coverage. Unfortunately, Cen A is the only gE that can, atqme
be readily resolved into stars over large areas from thenghou
other techniques, perhaps less optimal, will be requirechéili-
tional gEs. Our findings indicate that Cen A itself is also thgrof
further study; observations at even larger radii than we ipggbed
here will be required in order to establish its true extent search
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for evidence of an underlying metal-poor component to isHat
halo.
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