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ABSTRACT

A new large-area Washingtdvl, T, + DDO51 filter survey of more than 10 déground the Carina dSph
galaxy reveals apectroscopically confirmgubwer law radial density “break” population of Carina giatars
extending several degrees beyond the central King profilgeMan telescope MIKE spectroscopy establishes
the existence of Carina stars to at least 4.5 times its deiding limiting radius, rjn and primarily along
Carina’s major axis. To keep these stars bound to the dSphiwequire a global Carina mass-to-light ratio of
M/L > 6,300 (M/L)s. The MIKE velocities, supplemented with 950 additional Carina field velocities from
archived VLT+GIRAFFE spectra with < r;in, demonstrate a nearly constant Carina velocity dispergign
to just beyond =rj,, and both a rising,, and a velocity shear at still larger radii. Together, thespbational
evidence suggests that the discovered extended Carindgtiopuepresents tidal debris from the dSph. Of 65
giant candidates at large angular radii from the Carinaerdat which MIKE spectra have been obtained 94%
are associated either with Carina or a second, newly disedwdiffuse, but strongly radial velocity-coherent
(0v=9.8 km s), foreground halo system. The fifteen stars in this secarithgrade velocity population have
(1) a mean metallicity 1 dex higher than that of Carina, and (2) colors and magnstadasistent with the red
clump of the Large Magellanic Cloud (LMC). Additional spexgcopy of giant star candidates in fields linking
Carina and the LMC show a smooth velocity gradient betweernL#iC and the retrograde Carina moving
group. We conclude that we have found Magellanic stars altadse as far (22) from the LMC center than
previously known.

Subject headingsCarina Dwarf — galaxies: Local Group — kinematics and dymrami Magellanic Clouds
—cosmology : dark matter

1. INTRODUCTION work on the Carina systern, Majewski et al. (2005, hereafter

Whether the Milky Way dwarf spheroidal (dSph) satel- Paper VI) attempted to resolve the previous, apparently dis
lite galaxies are undergoing tidal disruption remains a-con cordantresults regarding the photometric detection oban e
troversial question. Such tidal disruption would natyrall tended Carina structural component. Paper VI showed that

: ; i i i f Pdber
lead to extended populations of stars that have been strippe ©f &/l prévious photometrlcurveys of Carina, that of Pd|
from the satellite core. Thahostof the Milky Way (MW) — which makes use of thBDO51+WashingtonM, T, filter

dwarf spheroidals exhibit radial density profiles with ex- t€chnique to identify giant stars (Majewski eilal. 2000aghe

tended components was suggested by the large area phot@-fter Paper ) at the distance of the Carina system — achieves
graphic survey of most of the Galactic dSph satellites by the highest, and therefore most reliable, signal-to-bemkur
rwin & Hatzidimitriod {1995, hereafter IH95). A number contrast in the diffuse outer parts of the Carina system.eMor

of studies have addressed the question of the reality of ex-OVer @n extended, power-law component detected around Ca-

tended structural components around individual dSph exam-ina iniPaper]lis supported by spectroscopic confirmation o
ples — among them the Carina dSph, for which the issue Garina giant candidates to 1.4 times the nominal limiting ra
has prompted lively debate (Kuhn etlal. 1996, Majewski et al. diUs (im) of the central-fitted King profile in Paper VI. Our
2000b, hereafter Paper II, Morrison etlal. 2001, Walchefleta Prévious work has therefore established the likely readity
2003/ Monelli et al_2004). In a recent review of past and new € “King + power law" density profile for the Carina dSph.

In this paper (83) we take advantage of a similar, but deeper

! Dept. of Astronomy, University of Virginia, Charlotteshd) VA and much wider area, photometric database of Carina than
22903-0818 (rrm8f, srm4n, pmf8b, ricky, din5q@virginzug that presented in_Paper Il and, in addition, contribute &igh

2 Osservatorio Astronomico di Trieste, Via G. B. Tiepolo 1134131 quality radial velocities (RVs) of Carina stars from echell
Trieste, ltaly (zaggia@oats.inaf.it) spectroscopy of giant star candidates to more than thresstim

3 Las Campanas Observatory, Casilla 601, La Serena, Chile

(kunkel@jeito.Ico.c) the angular separation from the Carina center than we ex-

4 Visiting Astronomer, Cerro Tololo InterAmerican Obsenst National Plored inLPaper VI. Carina“?‘SSOCiated stars are now estab-
Optical Astronomy Observatories lished to 45r);, from the Carina core, leaving no doubt as

® Department of Astronomy, Wesleyan University, Middleton@T to the reality of an extended component to the Carina sys-
(kvj@urania.astro.wesleyan.edu) tem and imposing extreme limits on the mass of Carina if

6 i i .
Carnegie Observatories, 813 Santa Barbara Street, Pasatie®1101 these stars are bound to the dSph (84.6). To further im-
(crane@ociw.edu,shectman@ociw.edu) ; . . .
7 Korea Astronomy and Space Science Institute, 61-1 HwaangPo ~ Prove the kinematical mapping of the Carina system at smalle
Yuseong-Gu, Daejeon 305-348 Korea (tonysohn@kasi.re.kr) radii, we also take advantage of archived, publicly avédab
8 Dept. of Astronomy, University of Michigan, Ann Arbor, MI 489 VLT+GIRAFFE spectra of more than 1000 stars near the cen-

(rabernst@umich.edu) ter of Carina, which contribute more than 300 additional RVs
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of Carina-related stars within the King limiting radius. &h  be Carina giant stars. Figure 3 illustrates the selection cr
resulting velocity dispersion profile of the Carina system i teria we used to identify Carina RGB stars: “Carina giant
the most extensive yet determined for any dSph galaxy, yetstar candidates" are expected to fall primarily within tee r
shows a continuation to large radii of the same more or lessgions bounded by the solid lines in each of the diagrams in
flat trend found (to smaller radii) in other Galactic dSphs Figure 3. Because we want to create the most reliable maps
(Munoz et all 2005; Westfall et &l. 2006; Walker etlal. 2005; of Carina density possible and because we choose to reserve
Sohn et al. 2006) . the valuable Magellan echelle spectroscopic follow-up) (83
The present photometric and spectroscopic database ®f starobserving for the very best photometrically-selected ¢and
in the direction of Carina has yielded the additional digrgv  dates, our initial selection criteria were deliberatelynser-
of a second apparently coherent stellar populationin thefo  vative. For example, we didot employ the proposed wider
ground of the dSph (86). This other Milky Way substructureis CMD selection criteria discussed in §3.2 lof Paper VI, but
as dynamically cold as the Carina system itself and, irdlyica  maintained the more restrictive limits used.in Pager Il.dn a
represents the primary source of contamination within our dition, our 2CD giant selection boundary is set far from the
previousl(Paperlll) and present photometric samples oh@ari dwarf star locus to minimize photometric contaminatiorg(Fi
stars outside)i,,. The fifteen stars in our MIKE sample that 3b) of the giant sample. However, the extensive, archived
are part of this other substructure share a number of piepert VLT+GIRAFFE spectroscopic data set for the Carina field,
(color-magnitude diagram position, metallicity, and \atp- obtained for dSph candidates selected independently of our
angular separation trend) with stars of the Large Magedlani photometry and methodology, allows us in the velocity anal-
Cloud (LMC), but stretch some 22Zrom the LMC center. As  ysis described later (84) to search for additional Cariaasst
with Carina, these widely separated stars place new, vagg la with measured RVs that, while being excluded from our con-
lower limits on the LMC mass and tidal radius if the stars are servatively made “best" candidate lists, still occupy "RGB

bound to their parent satellite. like" regions of the CMD and 2CD (84.1.3).
Across our survey area, the photometric sample is expected
2. NEW PHOTOMETRIC SURVEY to be complete td1 = 20.8, so we analyze the spatial distribu-
2.1. Imaging Data tion of giant candidates to this magnitude limit. In additio

because our spectroscopic survey is almost complete eutsid
the Carina i, to T, = 18.4, we also analyze the spatial distri-
bution of giants using this magnitude limit. Figure 4 presen
the radial density profile derived for the Carina dSph fosthe
two adopted magnitude limits. To create this profile, stars
$have been binned into elliptically-shaped annuli matctiiegy
Carina center, ellipticity and position angle found by 1195
i . S As discussed at length ih_Papel VI ahd Westfall &t al.
or findings of Paperlil. Nevertheless, a deeper, more uniform (2006), proper assessment of the background level (i.e. den
and larger arel, T, + DDOS1 survey of the Carina system gy of faise positive detections) is critical to derivinGh
was desired._PaperVI (see §2.4 of that paper) showed how,ia| density profiles. Here we adopt two strategies for as-
the results of a survey with better photometry would improve gggging this hackgound level. In the case of Thdimited

the Carina giant candidate selection, whereas surveyiag to density profile, we can very accurately estimate the back-

larger angular radius would give greater insightinto theek  ,,nd directly from the results of our spectroscopic syrve

and character of this outer Carina population. (84), which is 90% com
X , plete for stars beyond ithe IH95 Ca-
Thus, new Carina photometry over a 10.74deea (9.3 yinap. - This spectroscopically-verified, true backgro@inéi

times more area than covered.in Paper Il — the area outlined, 3 deg? within our “Carina giant candidate” star sample is
below in Fig. 1) centered on the Carina dSph was obtainedg s cted from the observed density distributiofi,of: 18.4

with the Mosaic wide-field imaging camera on the Blanco ~4inads ; : ;
. : ph giant candidates across the entire surveydalrev
telescope on UT 2000 Feb 24-27 under photometric condi-he gensity profile shown in Figure 4a. Because of our near

tions. DAOPHOT IVALLSTAR [Stetson 1987) PSF-iting - gpecroscopic completeness for these stars, the densftiepr
photometry was derived for stars in each of the individuatMo 5y in Figure 4a beyond the [H®, virtually reflects the
saic pointings, producing magnitudes with median errors of o, 5ot gistribution of all Rv-verified members there.

(om0, 0pD0s1) = (0.018, 0.020, 0.015) &ft = 20.8, which For ourM < 20.8 sample, the background is estimated us-
is approximately 3.4 mag below the Carina red giant branch;, 1he “«cMD-shifting” method used In Paper I to estimate a
(RGB) tip (Fig. 2). The photometry of this new survey is ,cxqround rate, with the one important difference thahwit
about 2 times more precise at that magnitude than the Caring, - e\ survey here we are able to make exclusive use of the
data presented inPaper Il Instrumental magnitudes wére ca 551 areq outside of the Carina King limiting radius to signi
ibrated into the standard system via multiple observat®ins o4y reduce potential contribution of any Carina stardyo
WashingtorDDO51 standards in_Geisler (1996). Each star ing on the Carina RGB (e.g., asymptotic and post-asymptotic

in our catalog has been corrected for reddening based on itgiant hranch stars) that may have artificially inflated thé es
Galactic coordinates by using the reddening map constiucte e hackgrounds in the Papér Il execution of this method.
by ISchlegel et al.[(1998). We found &(B-V) range of  op the other hand, we acknowledge that this method may also
0.033-0.102 in our Carina fields. underestimate the contribution of the newly discovered hal
. . . , ! substructure discussed in §6, since it has a similar CMD po-
2.2. Carina dSph Candidate Selection and Density Profile  gjiion as the Carina dSph. To correct for this, we add back
As in|Paper |l, the dereddenei ¢ T,,M —DDO51) two-
color diagram (2CD) and thé(-T,, M) color-magnitude di- 9 This is the background level scaled to a 100% spectroscapiptete-
agram (CMD) are used together to select stars most likely to"S 'evel

Through spectroscopic follow-up of stars in the Paper Il Ca-
rina database, Paper VI demonstrated the efficacy of Wash
ington M, T, + DDO51 photometry to produce high qual-
ity candidate lists of giant stars from the Carina system
to large separations from the core, and dispelled concern
(Morrison et all 2001; Mayer et al. 2002; Walcher et al. 2003)
that there may have been problems with the original method
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into our background estimate the fractional contributidn o the Magellan Inamori Kyocera Echelle (MIKE) spectrograph
stars from this substructure among the spectroscopic gamplon the Clay 6.5-m telescope at Las Campanas; this instrument
of > i, stars chosen as Carina giant candidates. This yields aleliversR ~ 19000 resolution spectra over the red echelle or-
conservativé’ background level of 10.3 deg which is then ders we used for this work. Of the 77 stars targeted, 65 were
subtracted from the observed density distributioiio£ 20.8 selected to be giant candidates by the giant selection shgwn
Carina RGB candidates. the solid lines in Figure 3 and 12 were selected using an ex-
The two samples with the two methods of background cal- panded 2CD selection (shown by the dotted lines in the same
culation produce remarkably consistent radial profileg.(Fi figure). This wider 2CD giant selection corresponds to that
4). In both cases, the central part of the density profile i6 we derived in_Papel I. More than half (40) of the 77 stars ob-
described by the normalized 1H95 King profile (shown by the served with MIKE lie outside the nominal Caring, as de-
solid line) for Carina, which is characterized by, = 28.8 termined by IH95; the rest are scattered throughout thenegi
arcmin and a core radius of 8.8 arcmin. Both radial distri- inside the King limiting radius, but primarily at larger iiad
butions also show a prominent, second “break population"where few previous Carina spectra have been obtained.
roughly following a power-law decline to the limits of our Radial velocities (RVs) have been derived via cross-
present survey. The dashed lines correspond to power-lawcorrelation of the MIKE spectra against a “universal tem-
indices of -1.5, -2 and -2.5 respectively. A -2 index power plate" containing sets of stellar atmospheric absorpiioesl
law appears to yield a reasonable match to the density fall-that typically give the strongest correlations to the seof
off of the break population, although power laws with indice late type stars; apart from these lines, the bulk of the spect
of -1.5 or -2.5 cannot be discounted; in general, the powerand templates are masked out because these wavelengths con-
law here is steeper than found.in Papkr I, owing to a slightly tribute more noise than signal to the cross-correlatiort-spe
higher background derived in this study (see also a discus-trum. Prior to cross-correlation, the spectra are alsoiEcur
sion of this steeper slope in_Paper VI). Nevertheless, & thi filtered to remove irrelevant low frequency features as agll
completely new photometric survey with substantial sectr features with higher frequency than the intrinsic resolutf
scopic follow-up we have independently borne out the gen-the spectrograph. A fuller discussion of this cross-catieh
eral conclusion of Paper Il and Paper VI that Carina exhibits technique is given in_Majewski etlal. (2004a); but we have
a prominent, extended, power-law break population. found that the procedure works just as well, or even better,
As discussed in_Papel Il, the density profile exhibited in for R=19 000 spectra than for the moderate resolution spec-
Figure 4 mimics that of model disrupting dSph galaxies (see,tra cross-correlated in that paper. We observed to Bjgha
e.g., Fig. 15 of Johnston etlal. 1999). With our updated ver- number of K giant velocity standard stars that we used to mea-
sion of the Carina density profile, we can revisit the im- sure small systematic offsets imposed on the derived R\s tha
plied fractional mass loss rate according to the method ofare particular to the nature of the adopted artificial tenepla
Johnston et all (1989) under the assumption that the poweOur cross-correlations here were conducted over the echell
law population represents unbound tidal debris. We derive aorder (spanning 8468-8693 A ) that contains the calcium in-
fractional mass loss rate for Carina off(/dt);=0.075 Gyf?, frared triplet and over a dozen other useful lines in stars as
but we must note that this method is technically derived for metal poor as Carina ([Fe/H} —2). Tests with other, nearby
break populations following a -1 power law, and even in orders yield similar RV results but of lower reliability, oe
that case it only yields estimates good to within a factor of values given here are based solely on the calcium triplet or-
two. Perhaps a better estimate of the fractional mass loss ra der, where the typice®/N of the stellar continua were 7-12
comes from thedf/dt), method ofLJohnston etlal. (1999) per pixel. This particular echelle order also contains ampl
using the corrections given ky Johnston et Al. (2002); this numbers of telluric absorption features with strengthsagre
method yields un upper limit for the Carina mass loss rate of enough to yield useful velocities. Since the stars were ob-
(df/dt), < 0.24 Gyr™. In a subsequent paper (Mufioz et al., served with a 0.9 arcsec slit whereas the seeing often was
in preparation, hereafter MO6) we use this newly derived den as good as 0.7 arcsec, significant fractional errors in dariv
sity profile as well as the velocity dispersion profile dediie RVs may arise from slit centering errors. To measure the
84.3 to model the mass loss history using N-body simulationsvelocity shifts that result from this effect, we indepentlign
specific to the Carina dSph, and derive likely mass loss ratescross-correlate the telluric absorption features in eadero

generally between these two estimates. against those in a set of observed RV standards as well as in
dusk spectra (see discussioriin Sohn £t al. [2006). These RV

3. SPECTROSCOPIC DATA standards were typically exposed by smoothly passing them

3.1. Spectroscopy with MIKE across the slit during the integration to create a symmetric

net slit function for the resulting spectra. By comparisén o
' multiple spectra obtained of several Carina giants as veell a
by comparison of results from cross-correlation of différe
echelle orders, we find the random errors in the derived RVs
to be better than 1.0 knisfor the January run and 2.5 km
. . ; ; : - ts1 for the December run. The degradation in the second run
resolution to contribute reliable information on the im@r ;a5 que to significantly worse overall observing conditions
dyn_amlcs of (rather than simply stellar membership in) the 5t resulted in poored/N spectra on average.

Carina dSph. Thus, on UT 2004 Jan 27-28 and Dec 29-30  T4pe 1 gives for the stars observed with MIKE the J2000.0
good spectra of a total of 77 Carina giant star candidates sepgitions, date of spectroscopic observation, photometri
lected from the new photometric survey were obtained usingqaa RVs in both the heliocentric and Galactic standard of

10 The procedure just describéghoresthe fact that much of the §6 sub- rest &GSR) conventions, as well as a parameter that charac-

structure is actuallputsideour CMD selection criterion, to make the most teri_zes the quality of the RV: an _overaII qu_a"ty inde@,_
generous estimate of the background. which ranges from 1 (lowest quality) to 7 (highest quality).

The Carina power-law population has been of particular
though not exclusive, interest during our follow-up spectr
scopic observations. Papel VI presented radial velocitgnb
vations obtained with the Blanco telescope + Hydra multifibe
system. Only some of these observations were of sufficien
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The precise meaning of the vario@sgrades is explained in  (version 1.12) and the GIRCALIB calibration reference file

Kunkel et al. (1997a) arid Majewski et al. (2004a). database (version 2.3). The GIRCALIB image database con-
As an additional check on the RVs, we independently tains generic reference solutions for the calibration frlam
derived RVs for all MIKE spectra using thé xcor (bias and dark frames, flat-fields, fiber slit geometry and fibe

package from IRAF following the method described in response correction frames as well as wavelength calitrati
Frinchaboy et &l.[ (2006). The mean RV difference betweenfor all the different FLAMES observing modes) that are used
both methods is @+ 0.4 km s with a dispersion of 3+0.3 as initial guesses for specific night-to-night solutions dt
km s showing a very close correspondence between thethe different calibration steps. For each night, the catibn
methods. However, for some spectra with very &N frames (bias, flats, wavelength calibrations) are grouped t
our standard methodology failed to yield an acceptable (i.e gether and reduced with the appropriate recipe, startitig wi
Q > 4) cross-correlation, wheredsccor yielded a cross-  the reference solution in the GIRCALIB database and then it-
correlation with higher apparent reliability. In theseessgve erating corrections to it. Once all of the solutions are fibun
have adopted the fxcor RV in Table 1 and given the derived they are applied with a single command to the science images.
velocity error in place of th@ value. No particular problems were encountered in the reduction
In the end, all 65 Carina-giant candidates observed with of the calibration frames, but occasionally the wavelergih
MIKE have a reliable velocity and these form the basis of ibration gave unstable and distorted solutions due to the un
most of the outer Carina RV analyses below. Among the 12 even spacing and scarce number of ThAr calibration lines
stars with RVs selected from the expanded giant selectien cr in the available spectral range. To overcome and check this
terion in Figure 3b, none have been found to have a Carina-problem, for each wavelength calibration frame used (ome pe
like velocity; however, two of these stars have velocitegrne night taken during the daytime) the emission line detection
Vhel ~ 332 km s! and constitute members of the newly dis- threshold and fitted polynomial order were readjusted antil
covered halo substructure discussed in 86. Thus we includesatisfactory solution was obtained. These solutions wee t
these two stars in our discussions relevant to this halo sub-verified directly by the ThAr-calibrated science spectre-(b
structure. fore night sky subtraction), which were cross-correlatéth w
a separate, emission line night sky spectrum calibratest-ext
3.2. The GIRAFFE Spectra nally with the detailed night sky line lists bf Osterbroclaét
(1996,11997). It was found that the average RMS veloc-
ity scatter from fiber to fiber based on the sky-lines was an
"acceptable 87 km s®. We adopt this value as our wave-
length zero point error for the GIRAFFE spectra. The same
test revealed that the offset from plate to plate was less tha
0.2 km/s; nevertheless, we corrected all plates to the same ra-
dial velocity zero point system based on the night sky lines.
The archived GIRAFFE images contain spectra from all of
e fibers for a given MEDUSA plate. Between 109 and 112
MEDUSA fibers were placed on target stars depending on the
pointing, with the remaining fibers positioned on empty sky
positions. The identification of the target objects asgtedia

Because our MIKE observing focused primarily on the
most widely separated Carina giant candidates, our result
ing spectroscopic coverage leaves a significant stafigiaqa
from the only other previously published echelle resolutio
Carina RVs, which are in the Carina core (Mateo ¢t al. 1993).
Fortunately, there exists a substantial collection of &eth
VLT/FLAMES observations of the Carina system that bridges
the gap'? These data were retrieved and reduced to RVs by ih
S.Z.andD.C..

FLAMES is installed at the Nasmyth A focus of the VLT
Kueyen telescope and is composed of a fiber positioner,

OzPoz, that feeds the dedicated medium-high resolution Gl-, ; : ; ; ; :
’ ; with each spectra is possible using associated archivésktab
RAFFE (resolving poweR = 6000-30000) and UVESR ~ containing the observers’ input values of target positiang

40000) spectrographs with 132 and 8 science fibers, resF’ecfnagnitudes as well as details of the positioning of the filmer o
tively, over a large field of view ¢ 28 arcmin in diameter) 4 o sky.

in the "MEDUSA" mode. The VLT Carina data set used in g, ia| velocity derivations were performed using an im-

this paper was collected over a 9 night run at the end of 2003 ; : :

. . 2 plementation of the Tonry and Davis (1979) method in the
(sz-31 D de<f:emb_er) and1£:r(])n5|sts of 16 different p;ércl)téngshea MIDAS environment. We extracted radial velocities both for
observed four times. The exposure time was 3300 SeC-  ¢50h gingle exposure of each medusa plate and then for the
onds per pointing. The four exposures for each pointing wereg, o o the four exposures per plate. For each exposure we
taken in sequence and with the same MEDUSA plate config-t extracted the sky fibers to create a sky spectrum for that

Iuratlon. IAL! obslf.\lg\gaStlonts weLe done “gg%%GIRﬁ‘FFEt In t(?e exposure. This sky spectrum was subtracted from each target
ow resolution, L set-up havinig ~ » and centered - finar spectrum and the result was continuum-normalized and
on the Calcium infrared triplet to cover_the region frqm 8206 finally cross-correlated with a synthetic spectfdraf a low
to 9400 A . At the end of each observing night, during day- metallicity giant star to obtain the radial velocity. In thec-
light, a sample of calibration frames were taken by the VLT onq reduction method we summed the four extracted and sky-
staff within the nominal VLT calibration plan. subtracted spectra for each star and cross-correffagéith
Spectroscopic calibration and extraction have been per-he template spectrum. The comparison of the single spec-
formed with the GIRAFFE BLDRE data reduction pipeline  tra and the summed spectra RVs for each object revealed that
11 |RAF is distributed by the National Ontical Ast Obssori the RVs from the former were very poor, especially for the
IS aistrioute y the National ptical Astronomy res, H . H H
which are operated by the Association of Universities fosdé&ch in As- famt.eSt stars: several times we failed completely to mEHSl.J
tronomy, Inc., under cooperative agreement with the Nati@tience Foun- areliable RV. In the cases where we were able to get four in-
dation.
12 The archived FLAMES/VLT data set used in this paper is parhef software and documentation can be found at hitp:/girtsdrsceforge.net/.
ESO large program 171.B-0520 “Towards the Temperature d¢d Oark 14 We built the template spectrum using the Kurucz models phpsem-
Matter: Quantitative Stellar Kinematics in dSph Galaxjd' G. Gilmore. ulated for the GIRAFFE spectrum resolution and set-up uésitested sev-
13 The GIRAFFE BLDRS, Base Line Data Reduction Software, ista se eral templates and finally adopted a spectrum for a star Wil = 4500,
of python scripts, modules and a C library to reduce GIRAFpé&cta. The logg = 2.5 and [Fe/H]=-1.5.
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dependent RVs we compared their average with the RV of theM, T, + DDO51 photometry. This distribution of the “best"
summed spectrum and found that the RMS was much largemphotometric candidates makes it easier to define an appropri
than the measurement error in 80% of the sample. Thus, weate additional criterion, based on RVs, for identifying @ar
decided to use only the RVs derived from the summed spectramembers. Anticipating that the velocity dispersion of Gari

A total of 1771 independent radial velocity measurements members actually rises slightly outside the Carina core, we
were obtained across the sixteen medusa pointings. After redefine as an RV membership criterion the ange defined
moving 66 stars for which we could not get an RV and ac- by RVs for Carina stars beyomg> 0.6r,;, (twice the core ra-
counting for repeated targeting of some stars, RVs were ob-dius), where we find a meame =2208+ 1.3 and as =10.2
tained for 994 distinct stars. In the final definition of thedRV  km s1.26 This range is indicated by the dashed lines in Figure
we found that among objects having more than three mea-5b and the shaded region in Figure 6b. This new RV selection
surements+ 130 stars) the scatter was always compatible criterion for MIKE and GIRAFFE stars is narrower than that
with the measurements errors except for the very faintest ob applied in_ Paper VI, but this is because the RVs in the present
jects where we found a larger scatter. The RV errors take intosample have smaller random errors. This final set of stars, se
account this larger scatter. Of the 994 individual GIRAFFE lected by our conservative CMD and 2CD criteria (Fig. 3) is
target stars, 975 were found in our Washingtbi51 pho- shown in Fig. 5hb.
tometric catalog. We only consider those 975 in our analysis An additional feature apparent within the RV distribution
because the remaining 19 stars not present in our photometef the “best photometric sample" in Figure 5b and 6b is the
ric catalogues cannot be checked for their giant statusan th distinct group of stars with a clumped RV at an eveare
2CD 15 Table 2 presents the RV information for these stars.  extreme velocity than the Carina dSph. This feature is even

To the MIKE and GIRAFFE data we also add more clear in Figure 6d, where we show a histogram for a
Blanco+Hydra RVs for photometrically selected giant subsample of stars from Figure 6b, in particular, stars with
stars froni Paper VI that were observe®at 7600 resolution  re > 1.5rjim. Their vhe) ~ 332 km st implies a significant
in October 2001. We include these Hydra RVs only for retrograde motion for stars in this direction of the sky. The
those stars not already having higher resolution echellemagnitudes and colors of these stars (Table 1) are alsarrathe
observations. In the end, our sample includes a total ofclumped, indicating similar spectral characteristics anap-
1123 RVs from Table 1, Table 2, Mateo etlal. 1993 and the parently similar (and substantial) distance. In 86 we epglo
Paper VI contribution. further this moving group of giant stars from what appears to

be a newly found halo substructure.
4. SPATIAL AND RADIAL VELOCITY DISTRIBUTIONS OF CARINA
DSPH MEMBERS

4.1. Definition of Carina dSph Members ] ) o
A comparison of Figures 5a and 6a with Figures 5b and 6b
4.1.1. The Full Sample suggests that the restrictiveness of our “conservativetgh
Figure 5a shows the distribution of all derived RVs for stars metric selection of Carina giants, while providing extréyne
in the Carina field as a function of elliptical distance frdmt  pure samples of Carina stars, also leads to a non-negligible
center, including stars having RVs frdm_Mateo ét al. (1993) level of incompleteness (a well-known issue we have ad-
(green points), Hydra observed stars from_Papkr VI (cyandressed before in 83.2 of Paper VI). Given that we now have
points), stars with MIKE RVs (red points), and GIRAFFE the advantage of three criteria for discriminating Cariizats
data (blue points). The elliptical radius of a star is defined and a large number of RVs from GIRAFFE in the Carina main
to be the semi-major axis radius of the ellipse centered onbody, it is worth reinvestigating the tradeoffs between ssiam
Carina (with the ellipticity, center and position angle the size/completeness and sample purity. More specifically, ca
dSph as found by IH95) that passes through the star. Figureve expand any of the selection limits to admit substantially
6a shows the integral of the RV distribution over all radids.  more Carina stars from the GIRAFFE sample without sacri-
most obvious characteristic of these “full sample" RV distr ficing the reliability of the membership census.
butions is the presence of the prominent RV peak associated 2CD outliers: Figure 7 demonstrates some possibilities for
with the Carina core nease ~ 220 km s*. However, a sig-  expanding our membership acceptance criteria by showing
nificant contribution of stars at other RVs may be seen,parti the 2CD and CMD of stars satisfying our newly established
ularly from stars withv,e < 150 km s* from the Milky Way. Carina RV-membership criterion, but falling outside one or
These contaminants come predominantly from the GIRAFFE the other (or both) our conservative photometric criteplatt
sample, which was apparently primarily selected on thesbasi ted as the solid lines in Figs. 3 and 7). As may be seen in
of positions of stars in the CMD. While the Carina RV peak Figure 7b, a large fraction of these starsjlist belowour
still stands out, the substantial background of non-Castaes Figure 3b giant selection in the 2CD. However, inspection of
makes it difficult to define an accurate RV criterion for cligan  the distribution of stars in Figure 3b clearly shows a str@tg

4.1.3. Expanding the Conservative Sample

isolating Carina members. most vertical giant star 2CD concentration Bt T2)g ~ 1.2
that extends below the adopted diagonal limit there. More-
4.1.2. The Conservative Sample over, the 2CD analysis of giant and dwarf stars presented in

Paperll makes clear that giant stars are commonly found at
these positions of the CMD — a point demonstrated by the
superposition of the_Papeér | “giant star boundary" in Figure
7b (dotted lines). Stars in Figure 7 lying within the Paper |
15 The 19 stars missing from our catalogue are primarily dubdddss of 2CD boundary but within the Figure 3a CMD boundary are

stars in the gaps between CCD chips in our Mosaic images aasvel small

gaps in the placement of our Mosaic pointings withip, visible in Figure 16 The velocity dispersions shown later in Fig. 11 are at lovsues than
1. We note that only 10 of these 19 stars have RVs consisténthé Carina the observed spreads in Fig. 5 because the former have beegted for
dSph. measurement errors.

Figures 5b and 6b show the same RV distribution, but
only for stars satisfying the conservative Figure 3 créteri
for identifying Carina giant candidates by their Washimgto
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marked with red open triangles in Figure 7. Given that these2CD and CMD outliers above, even though we can make a
stars satisfy the RV, CMD and the Paper | 2CD criteria, we compelling case for the membership of all five of these RV
regard these stars as Carina giants from here on. outliers, weexclude thenfrom our dynamical analyses to fol-
CMD outliers: We may also investigate those stars that sat- low, so that we do not unduly bias our velocity results. Fig-
isfy the RV and 2CD criteria but not our initial CMD bound- ures 5¢c and 6¢c summarize the RV distributions of our final,
ary. In Figure 7 these stars are marked with open blue circlesexpanded Carina-member sample based on our two (slightly
for the stars that satisfy the stricter of the 2CD boundarieswidened) photometric criteria and one velocity criteridn.
and green open circles for the stars satisfying the Papebl 2C Tables 1 and 2 we designate by the column “Member" those
limit. Almost all of these lie very close to the RGB limit. A 260 stars considered to be members by the most conservative
number of them lie at a CMD position just above the strong criteria and those additional 116 stars that have been satimit
red clump. Given that Carina has stellar populations asgoun as Carina members by the exceptions described in this sub-
as 0.6-1.0 Gyri.(Monelli et al. 2003), it might not be too sur- section. We stress that (1) all 116 of these stars are from the
prising to find some core He-burning stars lying above the GIRAFFE sample, (2) all but 2 are within < 0.9r;, and so
canonical red clump from the dominant, older, more metal- have no impact on the dynamical results at larger radii, and
poor Carina population (e.@._Salaris & Girardi 2002). Other (3) the inclusion or exclusion of these 116 stars in our analy
modest CMD outliers are in CMD positions consistent with sis has little effect on the general dispersion trends desr
those expected for asymptotic giant branch stars. A similarlater (Fig. 11). Thus we have opted to include these 116 stars
outlier trend was found in Paper VI, where it was noted that to improve our sampling and statistical uncertainties. filee
slightly expanding the magnitude width of the CMD selection RV outliers discussed above but not included in our analyses
criterion by a few tenths of a magnitude would increase com- are highlighted in this column by “RV?".
pleteness with virtually no decrease in reliability. Givbat o .
previous conclusion, and that these stars satisfy the 2@D an 4.2. Sky Distribution of Carina dSph Members
RV criteria, we consider all of these outliers as Carina mem- The azimuthal distribution of the Carina RV-members on
bers. the sky (Fig. 8a) shows them to lie predominantly along the
RV outliers: Finally, what about stars that fall within the Carina major axis, even though, as shown in Figure 1, the az-
2CD and CMD criteria but just outside the RV criterion? Sev- imuthal coverage of our photometric and spectroscopictsffo
eral of these stars are conspicuous in Figure 5b. First, wee no actually favors theminor axes (see, e.g., the distribution of
that there are- 300 stars satisfying ours3RV criterion in Carina giant candidate®t found to be RV members in Fig.
Figure 5b. For a sample of this size and with a Gaussian dis-8b). Figure 9, which shows the ratio of the circular to eitipt
tribution, one expects 0.3%, or~ 1 outlier. As may be seen cal radius £¢/r¢) for each star in the survey versus its circu-
in Figure 5b, two stars with./rjim < 0.6 lie just belowthe RV lar radius, demonstrates the tendency for Carina RV members
cutoff and are probably very likely this kind of Gaussiam@i  outside the King limiting radius to lie along an extension of
outlier member. These stars ( C2661 and C161179) are indithe position angle of Carina’s ellipticity and, indeed, v
cated by the blue solid squares symbols in Figures 5 and 7an apparently even more elliptical distribution in thisedition
where they can be seen to be very solidly photometric mem-at larger radii. Stars on the major axis will hayg¢r. =1 and
bers. Nevertheless, because they are in the well-populatedtars on the minor axis will have /ro = 0.67, according to
central part of Carina, whether or not they are included in ou the ellipticity of Carinal(IH95). That the meag/r. increases
analyses has very little effect. at largern; shows the tendency for the extended population to
On the other hand, as we discuss in §4.5, the velocity dis-become even more stretched along the major axis, evokes the
persion of Carina appears to grow beyond the King limiting character expected of tidal tails, and is a key characienst
radius, and, even though our RV selection criterion was de-dSph tidal disruption models (Oh et Al. 1995; Piatek & Rryor
rived from stars withre/riim > 0.6 specifically for this reason, [199%;|Johnston et El. 2002; Choi etlal. 2002; M06). Further
the RV dispersion that sets the selection criterion is domi- surveying for Carina members over larger radii to see wirethe
nated by stars with .8 < re/rim < 1.5. Beyond this range, and how this trend may continue would provide a valuable
the dispersion not only grows, but, as we show in 85, the RV check and important constraint on the nature of any tidal dis
distribution becomes flatter than Gaussian. Both larger ve-ruption.
locity dispersions as well as more platykurtic velocitytdis ) L .
butions are fully consistent with models of disrupting dSph 4.3. Photometric Contamination Levels Revisited
systems|(Read etlal. 2005a; M06). Thus, even wider sepa- [Paper VI has already focused on the reliability of our
rated RV-outliers are not only conceivable at large rablligyt ~ methodology to assess dSph structure into extremely low sur
are expected. We mark three of these from our MIKE sampleface brightness regimes, with specific focus on Carina. How-
— C1960448, C2450090 and C2050415 — with red squareever, with the now much better spectroscopic coverage ds wel
symbols in Figures 5b and 7. These stars, which lie within as better photometry of the Carina field we may reassess the
~ 28 km s? (30), ~ 20 km s? (20) and~ 10 km s? (10), effectiveness of our Washingtavi, T,,DDO51 survey strat-
respectively, of our Carina RV membership limit, are again egy. In addition, the MIKE spectroscopic sample, which was
solidly within the photometric Carina giant candidate sele pre-selected based on the Washington+DDO51 photometry,

tion criteria (Figure 7). They are particularly interestipo- provides an interesting contrast with the GIRAFFE sample,
tential members, since all three lie approximately alorgy th which was not.
Carina major axis, and at large radii ~-2.0deg to the east, A straight calculation of our success rate from the 48 Ca-

~ 1.6deg southwest and 2.0 deg northeast of Carina center, rina RV-members among all 65 Carina giant candidates with
respectively (see Fig. 8a). Indeed, the latter star is poten MIKE spectroscopy yields a success rate of 74% in identify-
tially the most widely separated Carina giant in our samgtle, ing true dSph members. Restricting the analysis to onlgstar
re =4.9rm. outside the nominal (IH95) King limiting radius yields a suc
Nevertheless, unlike in the cases of the sample-admittedcess rate of 55% (22 dSph members amonge49 r)i, Ca-
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rina giant candidates with RVs), and this includes cand&lat radius and at least a factor of two uncertainty for the céntra
at extremely low densities (0.058% the density of the Carina surface brightness). Walcher ei al. (2003) estimate then€ar
core). However, 13 of the 40 Carina giant candidates outsidemass andvi/L by assuming that its periGalactic tidal radius
rim With determined RVs appear to be giant stars fram can be approximated by, (obtained from their photometric
othertidal stream with rather similar CMD characteristics as survey of the dSph) and using the Oh etlal. (1992) relatignshi
Carina (86). Though these stars are not attributable t;m&@ari  between the tidal radius of a satellite and its mass and.orbit
this newly discovered Milky Way feature might be argued as a Circular orbits yieldM /L as low as 0.6 while more eccentric
success of the overall methodology we have been using in thisorbits can easily accommodate values as high as the ones de-
series of papers to identify just this kind of halo substiuet rived bylMateo et al.(1993), but Walcher el al. (2003) derive
Were we to combine these stars with the true Carina dSpha Carinafl/L)pest= 17 based on an orbit with eccentricity 0.6
members, our success rate in identifying “halo substrettur and apoGalacticon twice that of Carina’s current distance.
stars rises to 94%. The new RV dataset presented here invites yet andiér
In contrast, the original GIRAFFE sample was apparently evaluation. Unlike previous determinations making use of
selected only on the basis of the position of these starsein th a “central” velocity dispersion from a relatively small num
CMD (though not our CMD). Among the 975 stars in the ber of stars in the very core of the dSph, our extensive and
GIRAFFE sample also in our catalogue, 390, or 40.0%, areradially continuous velocity coverage means that the defi-
found to have Carina RVs — and this is for a sample highly nition of "central" is not pre-defined by our available sam-
concentrated to the main body of Carina, with most stars hav-ple. If we assume that at least the inner parts of the dSph
ing re < 1.0rim. However, had we applied our photometric are well represented by a King profile, Figure 4.11 from
selection criteria to the GIRAFFE catalog 97.3% of the stars|Binney & Tremainel(1987) shows that the velocity dispersion
identified as Carina giant candidates would have been foundof stars begins to deviate from its central value at about hal
to be Rv-members (almost tripling the telescope efficiency) the core radius. Figure 10 shows the central velocity disper
Combining all available RV data at all radii, the Washing- sion of Carina as we grow the radius (shown in units of core
ton+DDO51 pre-selection results in a 90.5% RV-member ef- radius as measured by 1H95) within which we include RVs
ficiency. Thus, the combination of Washingt@DO51 pho- in the dispersion computation. As we add successive stars
tometry with quality spectroscopy is found once again (see out from the Carina center the derived “central” velocity-di
Palma et al. 2003, Westfall et al. 2006, Sohn et al. 2006) topersion (calculated using the maximum likelihood method,
be a very effective observational strategy for identifyirgy Pryor & Meylan{1993; Hargreaves ei al. 1994; Kleyna ét al.
diffuse halo substructures. 2002) reaches a value of9¥ & 0.65 km s* at half the core
The point is relevant to potential further work on the ex- radius (computed from 87 total Carina stars). This value,
tended structure of the Carina system. Continued searohes f which is slightly larger than (but consistent with) the 6r@ k
Carina giants at large separations from the dSph center wills™* value used by Mateo etlal. (1993), is adopted to rederive
require an efficient means to identify the best candidates tothe CarinaM /L'’s.
optimally take advantage of spectroscopic time on the Erge  The central mass-to-light ratio can be determined as
telescopes. We note that usioigly a selection for Carina stars  (Richstone & Tremaine 1986):
by their position along the Carina RGB in the CMD becomes 3332
a very inefficient way to find Carina giants at;3: At these (M/L)o = Po _ n 0 (1)
radii, only one in 85 stars in the RGB selection region in the lo ry2%
CMD we have used (Fig. 3b) turns out to be an actual Ca-here, is a correction parameter dependent on the concen-
rina giant, and tM = 203, the density of such stars is only  ation value (0.955 for Carina)y, is the geometrical mean
7.4 deg*, making even multifiber spectroscopic searches for of the half-light radii measured along the major and minor
members within a CMD-only target list a rather inefficienten 5y (163+ 26 pc) andS, is the central surface brightness
terprise. (2.2+1.0 Lo /pc). We adopt all these structural values from
4.4. Standard Mass-to-Light Determination Revisited IH95'" and Obta'n.M/L)O = 4335 for Carina Whgre the main
) ) source of uncertainty comes from the uncertainty in the cen-
Estimates for the central and global CarMal determined | surface brightness. To illustrate this, we calculateér-
using standard prescriptions (e.g., core-fitting combinit 1o in the (Vi /L), not considering the uncertainty in the central

the central velocity dispersion) are given by Mateo et al. g, face brightness. and obtaM (L).. = 43°8.
(1993) as M/L)O =40+23 and M/L)tot =37+20 (a” M/L Erom IIIIr?gworth "197 5) /( )0 7

values in solar units), respectively, when isotropic, Eng
component [(King 1966) models are adopted; anisotropic (M /Uyt = 166.5R: gu 2
models were argued to give similar glod)L for the low- ot BLliotv

est possible central mass density. These values were based o h , h . Ki dius i
an observed central velocity dispersion 08 1.6 km s*. whereR;,q is now the geometric-mean King core radius in pc

Monte Carlo analyses conductzd _Mateo étlal. _(1993) show(210i 80), is thelKing (1966) dimensionless mass parame-
that it is unlikely that this dispersion has been inflated by e :ﬁg gggg rl\?eg Tec:gglt-dgip;er;?seirtl)tnve_ll_gglltg f(?riﬁqfég r(ia\lgtsesatlo
ther atmospheric jitter in the target K giants or the influenc y AIsp ) gv

of binaries. ues for both: and /302 of 2.8+ 1.3 and 0.52, respectively,

However, there seems to be no real consensus on deriveffr @ Carina C(zfocentration of log(rc) = 0.52. This yields
M/L’s for Carina. For example, Mateo (1998) quotes the (M/L)wory = 41532 for a Ligv = 0.43x 10° (Mafe6[1998).
Carina M /L)t as 31, whereas_IHB5, adopting the origi- 17 Aside from fitting th tly derived Carina density s

H H H : side trom Titting e presently derive arina densi on,
nal Mateo et al. (1993) central VelOCIty dlspersmn, derive these parameters also fit well the Carina distributions_ifckéa et al. [(2003)

(M/L)tot = 5947 and M/L)o = 70+ 50 (where the large  ang paper Il Moreover, they fit our data better than the peters derived
error bars reflect uncertainties in the velocity dispersiame by[Walcher ef 1 [[270D3) from the theoretical King model [#F065).
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This translates into a total masshfy = 1.76'115 x 10’ M. (e.g.,[tokas et al_20D%; Xiao efl al. 2005, Read Bt al._2005b;
These results are in very good agreement with the ones foundashchenko et al. 2005b; Walker et al. 2005) have invoked
by Mateo et al.[(1993) despite the fact that the structural pa “two-component dSph models”, where the dark mass extends
rameters they use are different from the IH95 ones adoptedar beyond its luminous counterpart and is responsiblefer t
here. Here we adopt the updated distance of Carina from Ma-flat dispersion profile at large radius. Yet, our MIKE obser-
teo (1998), which is larger than the value used by Mateol et al.vations of Carina have now yielded the most extensive cov-
(1993), and this results in a larger half-light radius thane erage of velocities in any dSph, including, for the first time

pensates for the slightly larger luminosity adopted here. the measurement of the velocity dispersion of a dSph (apart
L i i from Sgr) with a reasonable sample of stars beyamg.2As
4.5. Velocity Dispersion Trend of Carina Stars may be seen in Figure 11, the velocity dispersion for Carina
With this large RV dataset in hand we can now assess theapproximately doubles at these large separations — a result
velocity dispersion behavior for Carina to well pagt. To that isnotexplained with previous two-component models.
ascertain this trend, we have studied the velocity dispersi Is abandoning mass-follows-light really the “easiest" as-

as a function of both elliptical and circular angular digtan  sumption to discard in the dSph models? Flat dispersion pro-
from the Carina center. Because the true shape of the gravitafiles arisenaturallyin tidal disruption models (Kuhn & Miller
tional potential and tidal boundary of a dSph are likely to be [1989; [Kroupal 1997 Fleck & Kuhn_2003ven if large
somewhere in between these limiting shapes, it is helpful toamounts of dark matter are preseanhd the central parts
explore these two limiting cases. In each calculation of¥n R of dSphs are bound and in equilibrium_(Mayer etial. 2002;
dispersion 35 outliers have been removed iteratively, with Sohn et al. 2006). As we show in M06, a single-component,
the mean velocity for each bin reevaluated at each iterationmass-follows-light, tidally disrupting dSph model gives a
and the dispersions estimated using the maximum likelihoodgood representation for both the density and velocity dispe
method. We note that this method assumes that the velocitysion profile for the Carina dSph we have derived here.

distribution follows a Gaussian distribution everywhefaeh Further evidence for a disruption scenario is provided by
is not strictly true for Carina. However, such non-Gaussian the trend of velocity across the satellite. In Figure 12 we
behavior is apparent only in the outskirts of Caring(rjim; show the mean RV (in Galactic Standard of Rest) as a func-

85), and the effect of the non-Gaussian character foune ther tion of b-distance from the center of Carina (approximately
is that the dispersion will tend to be slightly underestiedat  the major axis of the satellite). No significant RV trend ie th
by the maximum likelihood method. central part of Carina that resembles a rotation curve is ob-
Figure 11 shows the derived Carina velocity dispersion pro- served. However, beyongl,, a gentle velocity gradient is
files for both choices of angular separation: the left panelsobserved across the major axis of Carina to the extent of our
show profiles plotted against elliptical radius, the righdws observations. Over 1.2 degree (2.1 kpc), a peak-to-peak
the same for circular radius. To test binning effects, weshav difference of~ 10 km st is seen in this trend — a differ-
used both 23 and 46 stars per bin (lower and upper panelence significantly larger than the error in the means for the
respectively) for stars insidgn,, but because the number of binned points. This velocity trend is interesting becadse i
stars with measured RV beyond this point is sparse, the lashas been predicted as a hallmark of tidal disruption by sev-
four dispersion points in each plot are binned at 10 stars.eac eral studies (e.g., Piatek & Pryor 1995; Johnston et al.|1999
The Figure 11 Carina profiles remain fairly flat throughout |IEleck & Kuhni2008). According to_Pryor (1996), “a veloc-
the radial extent of the main body of the dSph~td.1ripm. ity gradient across the galaxy that is larger than the vsfoci
Such flat profiles over a comparable structural radial rangedispersion is the clearest signature [of tidal destrugtion
have now been reported (although not to the radial extent of o _
this study) for several dSphs: Sculptbr (Tolstoy é{al. 2004 4.6. Implications of Widely Separated RV-Members
Westfall et al. 2006), Dracd_(Munoz etial. 2005), Ursa Mi-  Figures 5 and 8 show that we have found RV-verified Carina
nor (Munoz et all 2005), Fornak (Walker et al. 2005), Leo | member stars to 4.5y,. This limit may extend to 4.9y, if
(Sohn et dll 2006) and Sagittarius (Majewski et al., in prepa we adopt a 3 limit for Rv-members specific to the outermost
ration). Note that while_Wilkinson et all (2004) found a bins in Figure 11, in which case star C2050415 (represented
sudden drop in velocity dispersion at abaut, for both by the outermost square in Figures 5b and 8) is the outermost
Ursa Minor and Draco, this feature could not be repro- detected Carina giant. If the RV member at 45 is bound
duced by Munoz et al. (2005) when reanalysing these profilesto Carina, it sets a new lower limit for the physical exterd an
when WashingtonBDO51 photometric and additional spec-  tidal radius of the dSph at 96.5 arcmin, or 2.84 kpc for an
troscopic data were used to check them. Kleyna et al. (2004)assumed distance of 101 kpc to Cariha (Mateo 1998). Using
have also found Sextans to have a predominantly flat profilethis radius in the tidal limit equatioh (Oh efl &l 1992):
but with a cold velocity dispersion at abaut, (and a kine-
matically cold center as well); given that similar claims fo 13 5 13
cold points nearj, in the Ursa Minor and Draco dSphs have Ridal = Madsph (1-¢
not held up under further scrutiny, the Sextans result wisra idal Mg [(A+e)2/2€elin[(1 +e)/(1-€e)] +1
further investigation.
Flat velocity dispersion profiles are incompatabile with wherea is the orbital semimajor axisMgsph and Mg are
mass-follows-light dSph models (with or without dark mgtte  the mass of the dSph and the MW insiaeespectively and
in complete dynamical equilibrium, where decreasing dispe e is the orbital eccentricity (values fa and e taken from
sions are expected at large radius, approaching zero as thPiatek et all 2003 to be 61 kpc and 0.67 respectively), the
cutoff radius of the distribution is approached. To explain lower limit to the Carina mass become3 2 10° M, assum-
the observed velocity behaviar, Walker et al. (2005) sugges ing a mass of the Milky Way interior taof My = 6.7 x 10!
that theeasiestassumption to discard is that mass follows Mg (Burkerti19917). This estimated mass limit is further un-
light; following this line of reasoning, a number of groups derestimated because we are takingatogectedradius of the




Carina Tidal Tails

star as the actual, three-dimensional distance from the cen
ter. Given the Carina luminosity = 0.43 x 10° L, (Mateo
1998), the above mass translates to a global mass-to-lfght o
M/L > 6,300, which is more than 100 times higher than the
central and totaM /L derived for Carina in §4.4%. On the
other hand, if the star at 419y, is a Carina member and it

is bound, it sets the tidal radius at 133.7 arcmin, or 3.93 kpc
enclosing an astounding mass 02 % 10° M, which yields
M/L > 16,000.

While some stars on trapped orbits can be found well out-
side the true tidal radius up ta2, or even more (see, e.g.,
discussion in §7.3 df Binney & Tremalhe 1987), the number
should be extremely rare beyondi4l. Also, were one to ex-
pect theM/L of a galaxy to grow with radius, the asymp-
totic values implied for Carina are unreasonable high even
when compared to values for galaxy clusters: 200 - 300
(Carlberg et all_1997), which are thought to be approaching
fair samples of the universe. From this line of reasoning, we

9

from core fitting with the central velocity dispersion in 8.
In other words, if one assumes that the gldidglL of Carina
is that obtained using the central velocity dispersiom titne
tidal boundanycoincideswith the radius at which the break in
the density distribution is indeed observed.

Figure 5b attests to the relative purity of the Carina dSph
giant candidate sample created by our dual photometric se-
lection criteria (Figs. 3a and 3b): Very few RV outliers are
found among our Carina giant candidates overall, and, in ad-
dition the small number of giant candidates we find thatdi
share the Carina dSph RV lie predominantly in the 332 kim s
group. Furthermore, Figure 5b suggests that the outer kalo i
highly substructured (at least when traced by giant stang),
sult that is also evident from Figure 2 in Mufioz et al. (2005).
In such circumstances, to obtain substantial contaminatio
our survey would require a considerably unfortunate canspi
acy of phenomenato produceeconchalo substructure with
the same RV, approximate distance, and CMD distribution as

must therefore conclude that either Carina has an enormousgarina; we consider this possibility as unlikely.

extended dark matter halo to creat®ldL an order of mag-

nitude higher than the universe, or, more simply, that these 5. THE CASE FOR TIDAL DISRUPTION OF THE CARINA DSPH

widely separated Carina stars are simply not bound.

We (Mufioz et al. 2005) have used similar arguments in
our discussion of the Ursa Minor dSph, where a gld¥gL
of 1,400 to 14,400 was implied by the widest separated RV
member, depending on the use of circular or elliptical radii
respectively. While the possibility that the widely sepada
Mufioz et al. Ursa Minor stars could be interlopers that just

happen to have the same RV and color-magnitude positions,,
(i.e. approximate distances) as Ursa Minor was explored andg

shown to be very unlikely, this miniscule possibility catino

Taken alone, Figure 13 can be argued as a validation of the
notion that dSphs like Carina are surrounded by large dark
matter halosl(Stoehr etlal. 2002; Hayashi et al. 2003). Ac-
cording to Havashi et all (2003), NFW-like halos that fit the
Carina central velocity dispersion (adopted as 6.8 Kb s
and central luminous King profile, even in the face of sub-
stantial tidal stripping of the dark halo, still maintainlbs
ith (1) maxima in their circular velocity profile exceeding
0 km s? that peak well outside;n,, as well as (2) true tidal
radii of 11 kpc or more. Making similar arguments for all of

presently be completely discounted. However, the case fory,o Milky Way satellites alleviates —at the high mass end

the widely separated Carina stars being interlopers is faem
difficult to make because of the sheer number of them: six
(possibly eight) farther thanrg,. Figure 13, which shows
the global mass anlll /L implied for Carina as progressively

more widely separated RV members are attributed as bound Nevertheless. we believe

satellite members, demonstrates that the implication of an
enormous implied Carin®/L is robust to the invalidation

of any particular star, or even several, attributed as a Eamp
interloper. TheM/L’s in Figure 13 are derived in two ways
that make use of equation 3: (1) The implied mass of Carina
is found by assuming a spherical potential for the dSph and
the star’s linear projected distance from the center ofr@ari
used aijgal (Open circlesagain, this is a conservative lower
limit, because we are working withrojectedradii). (2) As-
suming that the distribution of stars around Carina manmstai
constant ellipticity with radius, we can assume there exast
every star not on the major axis a counterpart at the sgime
liptical radius on the major axis which is then used fyyq.

This assumption raises the lower limits on the imphégdL’s
(solid circleg. The two methods for deriving the minimum
implied M /L probably span the actual limits, since galaxy po-
tentials tend to be rounder than their density profiles.

Figure 13 demonstrates that all of the stars wittor R
exceeding Br;, would need to be discounted as Carina-
associated to bring the global minimuvh/L to more stan-
dard values for the Carina dSph (such ashtyé ~ 40 found

18 These estimations are robust to the uncertainties in thigabgaram-
eters derived bj Piafek eflal._(2003). Their 95% confidenogeador e is
(0.26; 0.94) which results inld /L range of (370; 470,000). Even a value for
e of 0.24 corresponding to an orbit with peri:apoGalacticér6&102 kpc,
(their 95% confidence bounds for these parameters) yieMglathat is an
order of magnitude higher than the central value.

— the mismatch between the CDM-predicted subhalo mass
function and that presented by the Galactic satellite syste
(i.e., the “missing satellites problen”; Kauffmann €1 &93;
Klypin et al.[199B| Moaore et al. 1999).

that an alternative explanation o
Figure 13 —i.e. that Carina (and other dSphs) are surrounded
by populations ofinboundstars released through tidal disrup-
tion — is not only simpler but also provides a better match to
all of the available observations of Carina:

Density profile: We have remeasured the Carina density
profile with new data, and confirm the existence of a two-
component, “King+power law break" shape suggested ear-
lier by the photometric studies of IH95, Kuhn et al. (1996),
Paper |I, and_Monelli et al.| (2003, 2004). This photomet-
ric work is now solidly backed by spectra of stars in the
break population (see also Paper VI), proving the existence
of RV-members in the extended power-law break population
and leaving no doubt as to the reality of the feature (cf.
Morrison et all 2001;; Walcher etlal. 2003). This density pro-
file matches (1) the classic shape of a disrupting dSph galaxy
as seen by N-body simulations of disrupting satellites.{e.g
Johnston et al. 1999, Maver ef al. 2002) as well as (2) pro-
files observed in archetype examples of tidal disriuptia li
the Sagittarius systern (Majewski etlal. 2003). In contnast,
published dark halo models predict a dynamical structuate th
would give rise to the observedminous two-component
profile of Carina. It is difficult to imagine how the required
structural transition between two bound, pressure-supgor
stellar population'® could be produced so deeply inside an

19 we find little evidence for rotation in either the King profie power
law components of the structural profile of Carina withip,.
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extended dark matter halo, and, coincidentally, exmbisig-
nificant changen the observed dynamics (velocity disper-
sion) at this point (see below). Moreover, the position & th

Munfoz et al.

10° — 10'° M, which would prevent them from undergo-
ing tidal stripping, even in very extreme, radial orbits.cBu
~LMC-mass dark matter halos (DMH) are at the limits of the

break in the profile precisely matches that expected for a Ca-Jargest subhalo sizes predicted 8 ¢DM (Mashchenko et al.

rina having a constai /L given by the core-fitting technique
(84.4).
Azimuthal configuration: The distribution of stars found

20058); the existence skveral~ LMC-mass subhalos in a
Milky Way-sized system is not expected (see Figure 14 of
Hayashi et 2ll 2003). If more examples of subhalos much

in the outer Carina structural component shows a preferencanore massive than previously inferred are found — e.g., if
to lie along the major axis, and to have an even greaterwe continue to extend the radius over which RV-members are
ellipticity than the Carina core, just as would be expected identified in Carina and the other satellites of the Milky Way

for emerging tidal tails (e.g., Oh etlal. 1995; Piatek & Pryor
1995; [ Johnston et lal. 2002; _Choi et al. 2002).

(see, e.g., 86) and attribute these stars as bound to the dSph

In contrast,— a new problem for CDM will emerge, namely axcess
CDM halos tend to have rounder potentials _(Stoehrlet al.

of inferred massive satellites about the Milky Way. While

2002;|Hayashi et al. 200B; Bailyn & Steinmetz 2005) so that the situation is not yet extreme enough to rule out the ex-

either the Carina halo is very unusual, or an explanatioe-is r

tended dark halo hypothesis on this basis, nevertheleiss, it

quired for why its embedded luminous component has a ratheworth pointing out again that tidal disruption is a simpleywa

different spatial distribution than its dark halo.
Velocity shear. As pointed out in 84.5, the observed veloc-

to put stars at any arbitrary angular separation from a dSph,
should even more extreme outliers be found. Moreover, as

ity trend observed in the Carina system is that expected forRead et gl..(2005b) point out, inferring the existence oé¢he

tidally induced shear. However, we regard this observenttitre
with caution appropiate to the still meager statistics fos t
measurement in the outermost parts of Carina.

Velocity dispersion profile: We find a Carina velocity dis-
persion profile that is flat and then rising well past the King
limiting radius. A characteristic of bound populationshsit
eventually the velocity dispersion of stars should declith
radius, eventually approaching 0 kit it radii where bound
stars reach the apocenters of their internal orbits. Thata d
namical “cold point" radius isi0t reachedeven among our

extremely extended halos and large masses for satellés-gal
ies brings an inconsistency with the actual measured dentra
velocity dispersions (which are lower than predicted) nefe
significant tidal stripping and shocking are considered.

The Sagittarius paradigm: All of the observed spatial and
dynamical features in Carina are also found in the one undis-
puted case of dSph tidal disruption in the Milky Way — the
Sagittarius dSph (see Sgr spatial and velocity properiesg
in Majewski et all 2003, 2004a). Moreover, we (M06) have
explored N-body simulations of modest mass, one compo-

most widely separated RV-members suggests that, if boundnent dSph systems (originating as Plummer models) orbiting
these stars are not near the tops of their orbits, and that thdor significant fractions of a Hubble time and can reproduce

tidal radius of Carina must be beyond — ewsall beyond
given the still large velocity dispersion at2.5r|;;, — the ob-

the observed properties of Carina fairly well. THoath (1)
an actual, uncontestetitlally disruptinganalogue of the Ca-

served typical radius of our Rv-members. Thus, to explain rina system, as well as (2) successful tidal disruption mod-

the observed velocity dispersion trend requires an extyeme

els (with fewer unexplained details than alternative, ecttzl

extended dark halo of even larger dimensions and mass thadark matter halo models) exist makes it difficult to avoid the

implied by Figure 13.
In contrast, flat (and rising) dispersion profiles are a ratur
product of tidal disruption models (Kroupa 1997, M06).
Flattening of the velocity distribution: As shown in re-

question: Is Carina simply another example of the estaddish
Sgr paradigm?

Commonality of disruption: A number of discoveries of
apparent halo moving groups or streams have recently been

cent studiesi(Mashchenko et Al._2005b; Walker ket al. 12005;made (including the one presented here in the foreground of
MO06) if the Milky Way tidal field strips stars from dSphs Carina, see 86): the Monoceros/GASS stream (Newberg et al.
(even if surrounded by a DM halo) the velocity distributidn a 2002;||bata et al. 2003; Rocha-Pinto etial. 2003; Cranel et al.
large radii deviates from a pure Gaussian, in general becomi2003), the TriAnd structure_(Rocha-Pinto etlal. 2004, Ma-
ing more platykurtic near and beyong,. We have shownfor  jewski et al. 2004), the M31 giant southern stream
the case of Ursa Minor, Draco_(Munoz e al. 2005), Sculp- (lbata etall 2001) and a recently discovered, second M31
tor (Westfall et all 2006) and Leo | (Sohn el al. 2006) that halo substrucutre _(Kalirai etial. 2005), the identificatioi
the velocity distribution evolves from Gaussian in the cen- an outer Galactic halo stream using blue horizontal branch
ter to a flatter distribution with increasing radius. The sam stars by _Clewley et all (2005), a potential system in Virgo
is observed in Carina, where the distribution seems to flatte (Duffau et all 2006); and a new halo moving group found with
out at large radii, with a kurtosis excessof=-0.9+ 0.6 M giant stars (Majewski et al., in preparation). This grow-
for stars beyond 018, contrasted with the near-Gaussian ing list of examples provides increasingly solid evidenta o
~v2 =+0.2+ 0.2 for stars inside 01§,. However, we note that  highly substructured Milky Way halo, and to t@aemmonal-
such flattened outer RV distributions could also be observed ity of tidal disruption of stellar systems in the Milky Way halo
systems where the orbits are mostly circular (Dejonghel1987 (e.g. Font et al. 2006; Bullock & Johnston 2D05). Such tidal
An emerging “too many satellites problem"?. 84.6 streams must come frosomewher@nd dSph satellites are
makes the case that to keep all of Carina RV members boundhe most obvious available source.
requires a potential minimum mass for the dSph-of.0 x
10° M. IMufioz et al. [(2005) have performed a similar anal-
ysis on the Ursa Minor dSph system and find that to keep
it's most widely separated RV-member bound requires a min-
imum mass of almost M, or 10t M, for a counterpart of The new MIKE RVs have revealed an additional coherent
that star moved along its elliptical isopleth to the majoisax RV peak in the field centered on the Carina dSph (Fig. 5)
Read et £1.L(2005b) argue that, in fact, dSphs have masses adt vy = 33224 2.6 km s2, represented by 15 stars with the

6. DISCOVERY OF A DYNAMICALLY COLD MOVING GROUP IN
THE CARINA FOREGROUND

6.1. Observed Properties of the 332 km Sroup
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rather small velocity dispersion of®+ 1.9 km s (Figs. 5 dices (Cenarro et El. 2001a,b). For studies of resolveckgala
and 6). The extreme RV of this system (+122 ki when ies and star clusters an RGB star's CMD position relative to
converted to the Galactic Standard of Rest) implies a strongthe system horizontal brandfi;-Viyg, is often used as a proxy
retrograde motion for these stars if they are nominal Milky for surface gravity. To adopt this method, transformation
Way stars at this Galactic positior (p] = [260,-22]°). The equations from Majewski et al. (2000a) are used to translate
strong RV coherence of this group makes it even more un-the Washington photometry into CousmMsndl magnitudes.
likely that it is from a dynamically hot, well-mixed, random We start by assuming all stars are at the same distance as the
Galactic halo population, but the dispersion is, howevér, o Carina dSph and adopt;g=20.8 as the mean magnitude of
order what one sees in dwarf satellite galaxies: For exam-the Carinared horizontal branc¢h. Frinchaboy ét al. (2088) u
ple, the dispersion is comparable to those measured in the exa similar technique to study open clusters with spectrarttavi
tended parts of the Carina system (Fig. 11) — which we haveonly slightly betteiS/N and derive a mean metallicity error of
argued to be likely tidal debris — as well as those measured0.3 dex. Therefore, we believe that 0.5 dex is a conservative
all along the trailing tidal arm of the Sgr dwarf debris strea  estimate of our mean uncertainty, where the main contribu-
(Majewskil2004b). However, the lack of any spatial concen- tion comes from uncertainties in the equivalent width mea-
tration of these stars across the relatively large span of ou surements.
survey fields (see Fig. 8b) and their very low apparent dgnsit  Figure 15 shows the [Fe/H] distribution derived for both
(a factor of~ 2 more diffuse than the mean> rj;, giant star Carina and 332 km'$ group stars under the assumption of a
density for Carina stars of the same apparent magnitude) sugsimilar distance. The mean [Fe/H] derived for Carina stars
gest that these stars represent either tidal debris frortek sa is -1.86 with a dispersion 0f-0.41 — in good agreement
lite galaxy or an extremely low density part of a very extethde with other studies (Monelli et al. 2008; Koch et al. 2006) —
satellite. whereas the mean [Fe/H] derived for the 332 Kihgsoup is
Figure 14a shows the distribution of stars in this moving -0.93 with a dispersion af0.62. Barring possible variations
group within the CMD of all stars selected to be giants in in [Ca/Fe] between the two groups of stars, Figure 15 sug-
our photometric survey (according to the tenets of Figule 3b gests that the metallicity of the moving group may-b®.9
along with the “Carina dSph RGB" boundary we have used dex higher in [Fe/H] than the Carina dSph were this group at
in Figure 3a. The CMD positions of the fifteen 332 kit s the same distance.
group stars is both highly concentrated and slightly beght

in mean RGB position than the mean CMD locus of the Ca- 6.2. The Magellanic Cloud Connection
rina RGB. A similar concentration is also seen for the moving  On the other hand, if these moving group stars are more
group members in the 2CD (Fig. 14B)moreover, their rel-  metal rich (as their calcium line strengths suggest), thiey a

ative position in the 2CD compared to Carina stars suggestsalsointrinsically fainterin theV band, whereas they are also
that the 332 km 3 stars are more metal rich than the mean prighterin apparent magnitude relative to Carina stars of the
Carina star (see_Papér I), assuming similar [Mg/Fe] ratios.  same color. All of this suggests that the moving group must be
An independent test of the relative metallicities of these closerthan Carina, and by as much as a magnitude in distance
stars comes directly from the spectra: Despite the relgtive modulus or more (see, e.g., Fig. 12alof Paper I). Interest-
low S/N of the spectra (which were taken for RVs), in many ingly, this places the distance of these stars to be of ohger t
cases the strong calcium infrared triplet lines are cledrelV  distance of the Large Magellanic Cloud (LM@he center of
pOSSIb'e the equwalent width for each trlplet line witharch which not on|y lies 0n|yv 20° away from the center of our Ca-
MIKE spectrum was measured. We found that for all three rina field in the sky but has a similarly high systemic helince
calcium lines the equivalent widths for the 332 kM group  tric velocity (262 km<; an der Marel et al.[(2002, hereafter
stars were about double those of Carina stars with a similarydM02) Even more intriguing, in othe¥l, T,,DDO51 pho-
(M=T) color. _ tometric survey work in fields encircling the LMC we have
~ We also used a photometric bandpass method for measurfound additional giant stars with LMC-like velocities rang
ing the calcium infrared triplet line strengths becauseit(1) ing from 4 to 18.5 away from the LMC center in the general
is perhaps more reliable for relatively lo®/N spectra, (2)  region between the LMC and the Carina dSph. Preliminary
it averages results over three lines, and (3) a formalism ex-results for this work have been shown in e.g., Fig. 6 of Ma-
ists to convert these photometric line measures into a for-jewski (2004), and a more complete discussion will be given
mal [Fe/H] value. We limit this work to MIKE spectra with  e|sewhere (Nidever et al., in preparation). Here we focus on
S/N > 7 per pixel and follow the bandpass definitions summa- the relative positions (Fig. 16) and velocities (Fig. 17paf
rized inlArmandroff & Zinh (1988). We point out that since  pest-quality velocities for stars in fields that bridge thgion
our original survey was not intended to measure metallici- hetween the LMC core and our Carina survey field. Because
ties, we did not observe an appropriate set of stellar @libr the expanse of sky involved is sufficiently large that there i
tors of the metallicity scale. However, since a primary in- significant variation in the reflex motion of the Sun in the RV,
tention is to compare the relative metallicity between tiee C  Figure 17 shows velocities after conversion to the Galactic
rina and 332 km8 group samples, precise calibration is not Standard of Rest (GSR) frame 22
necessary. Therefore, we followed the prescription oedlin  After conversion tovgsg an even greater agreement is
iniCole et al. (2004) for converting calcium equivalent widt  found (Fig. 17) between the actual velocities of the LMC

and stellar gravity to [Fe/H], adopting the calibrationthis  (big solid circle), the 332 km4 group in the Carina field
procedure froni_Koch et Al (2006). A. J. Cenarro graciously

made available the code used to measure the line strength in- 2! Figure 17 showsll giant candidates in our survey regions with mea-
sured RVs within the plottedigsg range; groups of stars with clumped,

20 Note that two of the fifteen moving group stars lie just ougsidir more negative (i.e. generally retrogradejsgare also found (e.g., see_Majewski
conservative giant selection criteria, and were part ofttgerimental foray ~ 2004D), but are not relevant to the present discussion. _
into this region with the MIKE sample discussed in §3.1. 22 The adopted motion of the Sun is (232,9,7) kthis the Galactic rota-

tion, anticenter and directions.
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(smaller filled circles), and RGB stars we have found with parison of Figures 14a and 18a certainly evokes the notion of
similar velocities between these systems (open trianglds a a diaphanous presence of LMC stars in the foreground of the
circles). While the relative numbers of stars in each posi- Carina dSph, which has given rise to the 332 Krhgroup.

tion on Figure 17 are a function of widely varying survey Finally, within the GIRAFFE RV dataset, we found four more

areas, spectroscopic magnitude limits, and spectrostapic

stars with velocities matching the 332 kit group and posi-

get selection (i.e. whether or not stars were selected to betions in the CMD (red open circles in Figure 18) reasonably

an LMC-like giant, a Carina-like giant, or any kind of gi-

compatible with being LMC red clump stars. Adding these

ant); what is relevant is the smooth variation of the mean four stars changes only marginally the mean velocity and the
velocities in each survey field from the LMC to the 332 km velocity dispersion of the moving group.
s group, a trend that strongly suggests a dynamical asso- With the possible connection to the Magellanic Clouds in

ciation of all of these stars. Even more intriguing is that

mind, we can bring the abundance argument full circle to look

this velocity trend matches that found for other LMC trac- for self-consistency of this hypothesis. For example, & th
ers (e.g.l. Schommer efl Al. 1992; Kunkel éf al. 1997b) at sim-originally identified 332 km § group members are parts of

ilar position angles from the LMC core over a°l8ngular

the red clump of the LMC, then for each star we can recal-

separation from the LMC center, and where the trend is at-culate its [Fe/H] from the infrared triplet strength assngqi

tributed to the rotation curve of the LMC_(Schommer et al.

1992; Kunkel et l. 1997b; vdMD2).

Figure 17 shows the RV trend for the LMC disk (solid line)
and halo (dashed line) from the best-fitted model to preWous
published outer LMC data kiy vdMO?2 (see their Fig. 5). We

the Vyg = 19.2 of the LMC red clump. The result yields a
mean [Fe/H]=-0.67 (with dispersiah0.62 dex) — relatively
more metal poor than, but still consistent with the mean teta
licity ([Fe/H]=-0.37) of the dominant population of stars in
the LMC found recently by Cole etlal. (2005) using the same

show the trends at LMC position angles corresponding to ourinfrared triplet methodology. Considering also that it \wbu

survey fields and to the 23imit of the model and previous

seem unlikely to find two such extreme velocity stellar sys-

data, as well as an extrapolation of the vdM02 LMC RV trends tems at a similar distance and position in the sky, the col-
to the Carina field* This figure suggests that the inner data lective evidence compellingly suggests that we have found

follow the disk velocity trend, whereas the 332 krh sioving
group lies right on the extrapolation of the halo velocignid
to ~ 22° (~ 20 kpc) radius from the LMC center.

widely dispersed stars from one of the Magellanic Clouds —
the LMC being more likely — in the foreground of the Carina
dSph.

To further test an association of the Magellanic Clouds to o
the 332 km s group stars, we compare in Figure 18 their 6.3. Implications for LMC Structure
distribution in the CMD and 2CD to that of stars found in the ~ As with the examples of the Carina dSph explored earlier,
closest survey field to the LMC, shown by a green open cir- and the Ursa Minor system explored.in Munoz etial. (2005),
cle in Figure 16. The position of spectroscopically-conéitn ~ the presence of extremely widely displaced, but satellite-
LMC stars from this same inner RV survey field are shown associated stars would seem to have profound implications
by green open triangles in Figure 18. Figure 18a shows thatfor the structure of the LMC. One can use equation (45) from
the CMD position of the 332 knT§ group stars (red solid cir-  vdMOZ to estimate the mass of the LMC given a certain tidal
cles) ispreciselywhere the locus of the LMC'’s prominentred radius. For our most widely separated star in the 332 km
clump slightly overlaps our Carina RGB selection boundary. S group (~ 22° away from the center of the LMC) to re-
Moreover, inspection of our Carina field sample of giantsstar main bound to the LMC implies a minimum LMC mass of
that fall outside our Carina CMD selection region in Figure 3.1x 10" M, assuming a Milky Way mass interior to the
14a reveals: (1) a possible additional concentration absta LMC of 4.9 x 10'* M, (Kochanek 1996; thz Burkkrt 1997
at Mg ~ 19 just outside the Carina selection boundary at the model gives almost the identical Milky Way mass). This in-
position of the LMC red clump seen in Figure 18a (although ferred LMC mass isv 3.5 times more than that reported by
not stretching as blueward in Fig. 14a because such stars adMO0Z (87 x 10° M) to a 13 radius and consistent with the
eliminated by the 2CD selection); and (2) a slight excess of 2.0 x 10 M, LMC mass derived if we assume a flat LMC
stars tracking the nominal position of the LMC RGB visible rotation curve to this distance. The implied 20.2 kpc mini-
in Figure 18a, above the Carina RGB selection boundary. Tomum tidal radius is now more than 33%o({lgreater than the
test whether both of these groups of “Carina outliers" may 15.0+ 4.5 kpc tidal radius estimated by vdMO02.
be Magellanic in origin, on UT 2005 August 15 we observed These results immediately suggest two possible scenarios
two bright giant candidates in this “LMC RGB position" of (ignoring possible solutions offered by Modified Newtonian
the CMD (marked as solid squares in Figure 18) using the Dynamics;.Milgrom 1995 Sanders & McGatigh 2002): (1)
MIKE spectrograph on the Magellan telescope. These turnedThe LMC is substantially larger than previously appredate
out to have RVs (317 and 342 ki consistent with mem-  The inferred totaM /L would exceed 10 in solar units. An
bership in the 332 km$ group, which further vindicates a  even larger mass is implied by the fact that the velocityelisp
Magellanic Cloud provenance of this moving grdipCom-  sion of the 332 km 8 — 9.8 km $§* — while ~ 2x smaller
than the dispersions of tracets10 kpc from the LMC, as
might be expected in the outer limits of a galaxy halo, are
still quite larger than the expected, small asymptotic @&t
the “edge" of a galax§y® We note that an LMC extending
out to ~ 20 kpc (in the line of sight) has been already pro-
posed by Zaritsky & Linl(1997) based on the identification of

23 An apparent difference in the velocity dispersions amormgdifferent
sets of points in Figure 17 is in part attributable to the mbeag 5< lower RV
precision of the measurements for the stars found outsel€#ina survey
region.

24 The model in Figure 17 should not be interpreted as the amtetion
curve, but a velocity trend on the sky. The actual rotatiawvewcorresponding
to these points is shown in Figure 6 of van der Marel et al. 2200

25 \We note the RV uncertainties for these stars are largd5 km s?,
therefore we do not include them in the velocity dispersialtwation but
only use them as membership information.

26 While RVs for stars in our analysis that lie outside the Cafield are
generally of lower resolution, the velocity dispersionsdar fields less than
10° match well those found for the carbon stars summarized inrEi§ of
vdMO2.
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a vertically extended red clump in the CMD of a field in the tometry and new echelle spectroscopy we have confirmed the
direction of the LMC. (2) The Magellanic Cloud stars we ob- existence of an extended, power law component in the den-
serve in the foreground are not bound to the LMC. The colder sity distribution of Carina, which can be modeled as a “King
dynamics of the 332 kn§ stars might be explained through + power law". Such density distributions are characteristi

a tidal debris origin. those found in models of disrupted satellites and has also be
But if unbound, stars in the direction of the Carina dSph observed in the tidally disrupting Sgr dSph.
arenot aligned with the expected direction of an LMC tidal — With Magellan+MIKE echelle spectroscopy of giant star

tail, based on both the typical proper motiéhsneasured candidates in the Carina field we have establish the existenc
for the LMC (summarized in Table 1 of vdM02) as well as of Carina stars to the limits of our photometric survey field,
the direction of the HI Magellanic Stream (both the leading with confirmed Carina members to at leastrg,5 and likely

and trailing arms) — both lie in a roughly orthogonal di- 4.9i,. These detections represent the most widely separated
rection. This is not necessarily a problem, since stars will stars (in terms of};,) found associated with any dSph (apart
be tidally stripped anywhere along the satellite-Milky Way from the Sgr dSph) to date. Beyond verifying the existence of
equipotential, whereas we have only explored one positionthe extended Carina population, these widely separated mem
angle from the LMC here. On the other hand, the Carina ber stars have profound implications for the structure of Ca
survey fielddoeshappen to lie more or less along the axis rina: If the stars are bound, Carina must have a minimum total
defined by the LMC and SMC. A tidal disruption scenario M/L of 6,300 in solar units, or 16,000 in the case of the#,9
involving an interaction of the LMC and SMC might con- example.

ceiveably throw Magellanic stars out along this axis. Fer ex = — With the addition of VLT+GIRAFFE spectroscopic data
ample, the velocities of our Magellanic giant stars are con- and other published data (Mateo et al. 1993; Paper VI) within
sistent with those of the carbon stars found_ by Kunkellet al. rj, to our MIKE velocities at largeim, we have good and
(1997¢.b) in the same general direction (see Figs. 16 and 17)continuous sampling of the Carina RV distribution to well
and which these authors attribute to a “polar ring" of SMC pastr» by 408 confirmed Carina members. With these data,
debris around the LMC. Alternatively, the widely separated we have rederived the central and globbiL for Carina, as-
“LMC" stars may constitute residue from the disruption of suming a single-component model and using the core-fitting
a former “Greater Magellanic Galaxy" which has often been technique; the results yield £3 and 4132 (M/L), respec-
invoked as a possible explanation for the curious alignmenttively, where the main source of uncertainty comes from the
of a number of Milky Way satellites and globular clusters luminosity. These results are significantly at odds with the
along a “Magellanic Plane" that also includes the HI Mag- lower limits to the globaM /L found using the outlying Ca-
ellanic Stream|(Kunkel 1979, Lvynden-Bell 1982, Majewski rina members above.

1994, |FusiPeccietall 1995, Lynden-Bell& Lynden-Bell = — With the extensive RV coverage we have also derived
1995,| Majewski et al. 1996, Palma etial. 2002). A dynami- the line of sight radial velocity dispersion profile for Gzai

cal association of Ursa Minor, Draco, the LMC and the SMC to ~ 2.5r;,, the most extensive such profile so far (by more
is suggested by their common motions along one great cir-than a factor of two) for any dSph. The profile is flat to past
cle (see, e.g., Fig. 3 of Palma etlal. 2002). Were this groupr;m and then exhibits a rise in the dispersion to almost twice
of Milky Way satellites truly daughters of the break up of the inner value at- 2rj,. Such results are incompatible with

a Greater Magellanic system or produced together as tidalcompletely bound, mass-follows-light dSph models, bub als
dwarfs during a major merger with the Milky Way, their close, challenge two-component models that account for the flat dis
but not precise, alignmentin a single plane mightindicagée t persion via an extended dark halo surrounding the dSph. In
possibility of a potentially broad stellar swath of loosely the latter case an enormous halo is needed, one significantly
herent Magellanic Plane debris. But if the 332 km stars more massive than that implied above for simply keeping the
represent dynamicallgld tidal debris like this, one might not > 4r;;, Carina stars bound, since the significant dispersion at
expect it to so well match the current distance of the LMC, large radius implies that the tidal radius is much farther ou

nor its velocity (or, even more coincidentally, the velgak- — While with our new data we cannot definitively rule out

trapolated from the LMC velocity trend to this position ireth  averylarge, and extended dark halo for Carina — one pro-

sky). ducing a globaM/L approaching as much as 6,300 or more
Only with further surveying for additional “332 km™s — we conclude that a simpler, less contrived scenario that

group” stars in other directions around the Magellanic @®ou  provides a good match &l available observations of Carina
can one hope to test such hypotheses. We intend to explorés that it is tidally disrupting and we have identified some of

these possibilities further elsewhere (Nidever et al. repp- its unbound stars. This scenario simultaneously accoonts f
ration) with a larger database of outer LMC stars collected the following observed features of the Carina system: @) It
over a larger area. “King+power law" density profile, which is a natural prod-
uct of tidal disruption; (2) the fact that the extended compo

7. SUMMARY AND DISCUSSION nent of Carina lies predominantly along its major axis and

Our survey for diffuse halo substructure in a large field shows increasing ellipticity with radius, as would be expdc
around the Carina dSph has yielded the following primary re- in nascent tidal tails; (3) Carina stars extending from thiec
sults on the structure of both the Carina dSph and the LMCto the edge of the survey area; (4) the flat, then rising ve-
(or Magellanic Clouds): locity dispersion profile with radius; and (5) a flattening of

— Using a combination of new WashingtoRBO51 pho-  the RV distribution with radius, from Gaussian in the core

to platykurtic at large radius. Explaining this combinatio

27 We must note that this may not be a problem if the LMC had afigni  of observed Carina properties with extended dark halo sce-
cantly different proper motion. In particuldr_Momany & Aag2005 argue  narigs will require substantial efforts to create sucagsad
that the LMC is in fact moving in the direction of Carina, buann the reader hoc models. On the other hand, all of the above Carina fea-

that there are likely to be unidentified systematic errorthan UCAC?2 that . . :
they used that are responsible for these results. tures not only resemble those seen in the establishedlytidal
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disrupting Sgr dSph system, but have been well-matched byAs discussed several times here, such profiles are produced
mass-follows-light models (presented in a companion paper naturally in dSph models undergoing tidal disruption (see
Mufioz et al. 2006) of disrupting dSphs having the nominal alsolKuhn & Miller[1989;| Kroupa 1997; Maver etlal. 2002,
centralM/L ~ 40 derived here. Fleck & Kuhn [200B3;| Read etlal. 2005a; MO06). However,
— Finally, we have detected a second, strongly velocity- rather than settling the issue, these rather flat veloc#igeti
coherent structure in the Carina field with even higher RV sion profiles have prompted the development of even more ex-
than Carina. The more metal rich stars constituting this treme, two-component, extended dark halo dSph models with
moving group have CMD positions consistent with LMC red substantially highebound masses and tofdl/L — exceed-
clump stars and their velocities follow the extrapolated ve ing 400 or even 1000M /L) (e.g./tokas 2002; Kleyna etlal.
locity trend expected for LMC halo stars. With additional 2002; [Walker et all 2005). These models are partly moti-
Washingtorr-DDO51 photometry and follow-up spectroscopy vated by the proposition that the so-called missing staelli
we have traced this population from? 4eparation from the  problem of ACDM cosmologies could be alleviated if galac-
center of the LMC out to the 22separation of the Carina tic dSph satellites inhabit the most massive sub-halos = i.e
field center. These stars either represent the detectiomgfM  Mgsph > 10° Mg, or equivalently \c > 30 — 40 km st
ellanic stellar tidal debris, or, if bound to the LMC, imply a  (Stoehr et 4[_2002; Hayashi ei Al 2D68).
significantly larger mass and tidal radius for the LMC than ~ From the numerous arguments laid out thus far, we are per-
previously determined. suaded that the weight of evidence militates against the ex-
Traditionally, debate over the kinematical and structural treme halo hypothesis for Carina in favor of a tidal disrup-
properties of the diffuse, low surface brightness dSphs hastion scenario. Yet one more argument favors the latter hy-
tended to polarize around two primary interpretationstifad)  pothesis: An extended DM halo of the magnitude our data
dSphs are dark matter dominated (el.g.._Mateo 11998) galaxwould require in this scenario has ancillary implications f
ies, with M/L reaching to as much as 100 (MA,) mak-  thechemical evolutiomf Carina that are problematical. De-
ing them structurally different compared to globular ciust  spite having a complex and episodic star formation history,
and dE systems. The prime observational evidence to supCarina has a relatively low mean metallicity of [Fe/}1.9
port this claim is the relatively high measured central vitjo (Manelli et al.|2008] Koch et al. 2006). Tolstay et al. (2003)
dispersions that — coupled with an assumption of dynam- note that galaxy masses of order a few timeg M, —
ical equilibrium — imply masses far in excess of that in- consistent with the mass of Carina derived from central ve-
ferred by the luminous component. Alternatively, (2) dSphs locity dispesion[(Mateo et HI. 1993; §4.4) — are low enough
have also been discussed as systems partly or completely oub suffer metal-enriched winds, which promote preferéntia
of virial equilibrium (Hodge & Michi 1969; Kuhn & Miller  depletion of metals but retention of sufficient gas to allow
1989; LKuhh11993;| Kroupa 1997; _Gomez-Elechoso et al. further star formation at a continued, relatively low mean
1999; Fleck & Kuhn 2003). Such an assertion seeks to ex-metallicity (like Carina’s). A larger galactic potentiaihein-
plain the large central velocity dispersions of dSphs tghou  jshes the possibility of blow-out/blow-away of either gas o
inflation by tidal heating or other dynamical effects, aliog/ metals (e.g.| Vader 1986, 1987, Mac [ ow & Ferrara 1999;
for much more modest dSph masses, consistent with no darlEerrara & Tolstdy. 2000), leading to closed-box enrichment
matter. (Tolstoy et al.L 2003). Bul_Koch etlall (2006) find that the
To date, despite much observational and theoretical effort metallicity distribution function of Carina is not well nted
the physical evidence has generally remained unpersuasiv@y a closed-box model. If Carina has an enormous extended
enough to dislodge the most ardent adherents to these model®M halo, it would have resulted in an enrichment that it is
Reinforcing viewpoints have been several “all or nothing” n  not observed (Smecker-Hane etlal_1996). However, a more
tions introduced into the debate, including: (1) the assionp  modest Carina dark matter content is not discounted by this
that dark matter dominated systems are in dynamical equilib argument.
rium throughout their entire physical extent (e.g.. Staeital. One of our goals in this paper (see dlso Mufioz Bt al.12005)
2002; Walker et al. 2005); or, (2) if evidence of tidal stiipp ~ has been to push the measurement of physical parameters in
is found around a dSph, the system must be devoid of darkone dSph to hitherto unexplored regions to see if, in at least
matter (e.g.L Burkeft 1997). one system, new data in the extrema can definitively rein in
Remarkably, more recent work intendedttarify the phys-  the range of possible models. We conclude that the new breed
ical nature of dSphs has, instead, increased the apparént guof extremely largeM /L, extended dark matter halos is less
between diametrical viewpoinis. Kleyna et Al. (1999) had pr  likely to apply to the present Carina dSph than a tidal dis-
viously suggested that “only 10—-20 additional observations  ruption scenario, which more readily explains all presdnt o
[of dSph star RVs] at 0.75 times the tidal radius would be re- servational data on the satelld®. That said, our results do
quired to distinguish clearly between an MFL distributionla not rule outany dark matter in the dSph, and, indeed, as we
an extended halo or disrupted remnant model with a flat orshall show in Mufioz et al. (2006), an easily workable (and
radially rising velocity dispersion.” Yet, despite thetféitat  therefore likely) model for Carina is one with elements of
the latest dSphs spectroscopic surveys have provided RVs of
hundreds of dwarf members to beyond @,i#5n several sys- 28 \We note, however, thaf Kazantzidis et Al (2004) argue atéiis pic-
tems (Matelo 1997; Kleyna etlal. 2002, 2004, Wilkinson &t al. ture, showing that, in the case of Draco and Fornax, onlyshefdVeirc <
2004; [ Tolstoy ef I 2004; Wesffall eflal._2006: Mufioz ét al. 23 km s* can succesiully reproduce the velocity dispersion probiesese
2005; [Walker et &lL_2005; SOhn, ef al. 2306)’ we a,re appqr— 29 This conclusion does not preclude the possibility that anfarty ex-
ently no closer to a consensus view of dSph dynamics. Whiletended dark halo might have been stripped from Carina deegirhes. Thus,
this is partly due to technical differences in interpretatof the success of tidally disrupting, mass-follows-light relsdn describing at
even the same databases (e.g., Wilkinson et al. 2004, £ okalgast some dSphs (MO8 Sohn 6(al. 2006) could be consistintwDM if
et al. 2005, Mufioz et al. 2005), in general most studies are o o maror - oo oS ihat are sullicienty strippegach fhe fumi-
finding flat dSph velocity dispersion profiles to be the norm.
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both of the originally debated dSph scenarios: a tidally dis- aged population, and even for why there seems to be a radial
rupting, mass-follows-light dSph, but one with relativiigh metallicity and age gradient in Carina: The present balance
(M/L ~ 35-40) dark matter content, as suggested by the cen-of populations bound to Carina likely reflects the compet-
tral velocity dispersion. ing interplay of star formation history and mass loss histor

It has recently been claimed (Gilmbre 2004) that “Sgr was (Font et all 2006) in this disrupting analogue of the Sgr dSph
arare event, not a paradigm for the average”. This conatusio galaxy.
has been motivated by the notion that were systems like the We appreciate useful discussions with David Law and An-
CarinadSphtidally disrupting, then the halo should hakgda  drew McWilliam. We thank an anonymous referee for help-
numbers of youngish (e.g., blue main sequence) stars iarlarg ful suggestions that helped improve the paper and to Carl-
numbers than seen_(Unavane el al. 1996). Such an analysi®n Pryor for providing us with his code to calculate velgcit
presumes that thpresentCarina system is representative of dispersions using the Maximim Likelihood Method. We ac-
the typical stellar population that would have been contsd knowledge funding by NSF grant AST-0307851, NASA/JPL
to the halo by tidally disrupting dSph systemsluding the contract 1228235, the David and Lucile Packard Foundation,
former Carina In contrast, as was previously demonstrated and the generous support of Frank Levinson and through the
in Majewski et al. [(2002), if for a Hubble time Carina were Celerity Foundation. Additionally, P. M. F. is supportedthg
disrupting at the fractional mass loss rate implied by its-de NASA Graduate Student Researchers Program, a University
sity profile, —i.e. < 0.24 Gyr* (see §2.2) — then far more  of Virginia Faculty Senate Dissertation-Year Fellowstsipd
stars from Carina’s oldest population would have been lpst b by the Virginia Space Grant Consortium. D.L.N. is supported
now than from either the intermediate-aged or young popula-by the ARCS Foundation, a University of Virginia President’
tions in Carina. This is also a reasonable explanation for wh Fellowship, and by the Virginia Space Grant Consortium.
the Carina system today is dominated by it's intermediate-
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TABLE 1
RADIAL VELOCITIES OFSTARS OBSERVED WITHMIKE 2

Star Q2000 82000 UT Date Mo (M-T2)o (M-DDO51) R\elic RVs Qlo Cand® Member
C830356 6:35:11.95 -51:25:05.1 27Jan2004 18.84 1.30 -0.00 328.0 119.7 6 Y N
C2520066 6:36:40.86 —-51:58:07.0 27Jan2004 19.04 1.39 0.02 213.9 5.3 7 Y
C2640634 6:38:22.77 -51:11:00.4 27Jan2004 18.08 1.62 0.01 221.2 12.2 7 Y
C2680057 6:38:36.82 -51:16:23.9 28Jan2004 18.33 157 0.03 2221 131 26 Y
C2411078 6:38:47.04 -50:50:31.2 28Jan2004 18.65 1.42 0.04 229.4 20.4 4 Y

@A full version of this table can be found in the electronictiedi of the Astrophysical Journal
PDenotes a photometric Carina giant candidate.
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TABLE 2
RADIAL VELOCITIES OFSTARS OBSERVED WITHVLT/FLAMES?

Star Q2000 62000 Mo (M _T2)0 (M —DDOSl)o RVhelio RVgsr o Cand? Member
C2501778 6:38:31.92 -51:07:04.8 19.76 1.22 0.01 230.3 21.3 29 2D Y
C2680118 6:38:45.15 -51:11:26.6 19.56 1.20 0.02 216.3 7.2 2.6 Y Y
C1400762 6:38:47.04 -51:00:46.8 18.60 1.27 -0.07 20.8 -188.2 1.1 CMD2 N
C1401432 6:38:54.60 -51:04:01.2 20.17 1.19 0.05 216.8 7.7 7.6 Y Y
C1402042 6:39:03.60 -50:57:43.2 20.63 1.91 -0.02 13.8 -1953 2.1 CMD¢Y N
C2413901 6:39:11.88 -50:58:40.8 19.28 1.31 -0.11 69.5 -139.7 1.0 N N
C2413890 6:39:12.60 -50:54:10.8 19.68 1.19 0.02 225.0 15.8 34 Y Y

aA full version of this table can be found in the electronictiedti of the Astrophysical Journal

bDenotes a star that is a 2CD outlier but lies inside Papemitdgiax and within the Carina RGB selection.
CDenotes a star that lies just outside the RGB selection staigiant stars according to the Paper | selection criteria.
9dDenotes a star that lies just outside the RGB selectionshagiant stars according to the most conservative giant bed in this paper.
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FiG. 1.— The area covered by our new photometric and spectra@ssapsey. Points represent all stars in our photometrigesubrighter tharM > 21. The
nominal King limiting radius of Carina froin [HB5 is delineat by the ellipse.
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FIG. 2.— Photometric errors as a function of magnitude in our Magaic camera survey of the field centered on the Carina dSph.
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FiG. 3.— (a) The color-magnitude diagram of stars in our newr@aphotometric survey. The solid line marks the region aetbpd represent the Carina red
giant branch. (b) The two-color diagram of stars in our Gasarvey toM = 20.8. The solid line marks the region from which we pick starglijkto be giant
stars. The dotted line delineates an expanded selecti@nion used i Papelr | and explored in §2.2 and 84.1. In batlelpaonly stars within one King limiting
radius have been plotted as a guide to the general featuthesef distributions.
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FIG. 4.— (a) The density profile derived for the Carina dSph ughed, < 18.4 sample. The dotted line shows the equivalent backgrounsitgdevel that has
been subtracted to produce the profile, as measured difemtiythe spectroscopic sample outside the nomimal Kingiligiradius (the ellipse shown in Figure
4, adopted from_IH95). All stars have been binned into edgltannuli according to the Carina ellipticity and pogitiangle derived bl TH95. Outside the 1H95
King limiting radius, the density values shown come almastally from the spectroscopically-confirmed Carina meralieom 83, which is 90% complete to
T, = 184. (b) Same as panel (a) but for thie< 20.8 giant candidate sample. In this case, where we do not haatrepcopic coverage to the magnitude limit,
we have subtracted the mean background level as deriveceyéthod described in the text. The dashed lines in both pahelwr 13, r=2 andr=25 power
laws, while the curving solid line shows the TH95 King profiéealed vertically to the density of our point at a radius @atcmin.
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Fic. 5.— Distribution of derived RVs for the newly observed @arigiant candidates as a function of elliptical distancenftbe center of Carina. (a) All
stars observed with MIKE (red), VLT+GIRAFFE (blu&)._Mateicaél [T99B (green) and Carina giants frbm Papér VI (cyan)Sta)s selected to be Carina giant
candidates by our Washington+DDO5 photometry method an€€MD selection. The dotted horizontal lines mark thet®undary used as our RV selection
criterion. (c) RV distribution of our adopted final sample.
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Fic. 6.— Histogram of the radial velocities for (a) all stars.isTimcludes stars observed with MIKE, VLT+GIRAFFE, starsrifMafeo ef d1.[{1993) and
Carina giants frorh PaperiVI. (b) Stars that have been seléatee Carina giants by our photometric method. (c) Our fiaaige of Carina stars. (d) Histogram
of stars selected as giant candidates having 1.5ri,, We have shaded the region whithin our RV selection critessshown in Figure 5.
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FIG. 7.— (a) Color Magnitude Diagram and (b) Color-Color Diagréor VLT+GIRAFFE stars with Carina-like velocities (as d&fd in Figure 5) that are not
classified as Carina giants. Blue open circles mark statsthaCMD outliers, but that are classified as giant candidagethe more conservative criterion shown
by solid lines in panel (b). Red open triangles show starkiwithe Carina RGB that were not selected as giant candithgtesir conservative 2CD selection,
but that are within the giant selection box define@_in_Pep&rken open circles mark CMD and 2CD outliers by the consgevatiteria of this paper but that
would have been classified as giant candidates by the 2CEtiseleriterion adopted in_Papér I. In addition, black @sckhow the CMD and 2CD position for
stars with Carina-like velocities but that were not classifas giant by any of the above criteria. The figure also irduds solid squares) the CMD and 2CD
positions for the RV outliers discussed in §4.1.2 (blue segifor VLT+GIRAFFE examples and red squares represenéimples from the MIKE data). See the
text for more discussion.
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FiG. 8.— (a) Distribution of bona fide Carina RV-members on the gs in Figure 5, red circles show MIKE stars, blue circlesrtkfdLT+GIRAFFE stars,
green circles are stars frdm Mateo €tal._(1993) and cyatesiroark stars whose RVs come from_Papér VI. Shown also inghecfiare the three red squared
from Figure 5, which denote the three MIKE RV outliers dissers in §4.1.3. (b) The distribution of stars selected to ben@agiant candidates based on the
CMD and 2CD that do not have Carina-like RVs is also shown.aigular, solid symbols mark the distribution of 332 ki stars (see §6), and open symbols
other RV outliers.
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FIG. 9.— Ratio of the circular to elliptical radius for each G&iRV member versus circular radius. Stars on the major aftibaverc/re=1 whereas stars on
the minor axis will have/re=0.67 (the ellipticity of Carina). The Figure shows that theanr¢/re increases outward, indicating a preference of the stais to |
along the major axis.
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FiGc. 10.— Central velocity dispersion as a function of radiugressed in terms of the King core radius. The dispersioni¢sileded so that stars are added
one by one to the central bin (except the first point whichuidek the innermost three stars in the dataset) and usingakienom likelihood method. A value
of 6.97+0.65 km s is reached at about half the core radius. The dispersionsgpdint includes the innermost 87 stars.
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FiG. 11.— Velocity dispersion versus ellitical distance (ledinels) and circular distance (right panels) for 23 and @& ster bin (lower and upper panels). To
take into account the fact that the outer regions have a noveérldensity and therefore less stars are found there, shéolar dispersion points in each panel
were calculated with 10 stars each.
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FiG. 12.— Mean Radial Velocity trend (in Galactic Standard o§fRéor the Carina dSph. The two outermost points on bothsdiden the center of Carina
were calculated with 10 stars to take into account the lowesity in the outer regions of the dSph. A peak-to-peak wiffee of~ 10 km s is observed over
a 1.2 degree scale (2.1 kpc). We interpret this feature asaitiek of tidal interaction.
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FIG. 13.— The implied globaM /L implied for Carina as progressively more widely separat¥dniembers are attributed as bound to the satellite. Open
circles show the implied/ /L of Carina assuming a spherical potential and the star'aflipeojected distance from the center of Carina. Solid esrshow the
M/L implied usingelliptical radii on the major axis.
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FIG. 14.— (a) Color-magnitude diagram of all giant candidatdeaed by the method in Figure 3b. The selection criterfplied to select Carina RGB stars
from among all giant candidates is shown. Red trianglesesamt the 332 km'§ moving group stars. (b) Color-color diagram correspondintpe CMD shown
in (a). ThelPapef | giant box is also shown as dotted lines.
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FiG. 15.— [Fe/H] from spectroscopic indices versMs,. The new moving group stars are clearly more metal rich tharQarina stars, indicating that they
might belong to a different population. The metallicitieere calculated assuming that all the stars in the Figuretdhe aistance of Carina.
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Fic. 16.— Map of the fields in which we have found stars with velesilike the LMC and the 332 knisgroup. The position of the LMC is marked with a
magenta circle while the large circle around it shows thealius that marks the known extent of the disk. The dottediGugle around Carina (dSph center
marked by the solid square symbol) shows the approximatnegrf the current photometric survey (Fig. 1). Open greent®ls show the location of other
fields studied as part of a separate study of the LMC halo (idet al., in preparation), with the open green circle dbse the LMC marking the field used
to make the CMD and 2CD shown in Figure 18. The dashed lineexiimy the LMC with the Carina field marks a line of constarsifion angle between the
two galaxies. The small black circles represent carbors $tathat region found by _Kunkel etlal. (1987a,b). The arrowntsotoward the center of the Small

Magellanic Cloud.



34 Munfoz et al.

150 200
I

Vesg (km s71)
100

50

0 ) 10 15 20
Distance from LMC (degree)

F1G. 17.— Velocity trend for stars observed in the peripheryhef tMC and in the direction of Carina as a function of Galatdimgitude and latitude. The
LMC is indicated by the big solid symbol atdér~ 75. Red filled circles show the 332 kmlgyroup observed with MIKE and GIRAFFE, open green triangles,

open green circles and black dots correspond to stars inelus finarked with the same symbols in Figure 16. The dasHetlle® shows the velocity trend
expected for the halo/disk of the LMC extrapolated to théatise of Carina (vdM02).
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FIG. 18.— Color-magnitude diagram and color-color diagramtlierfield in the periphery of the LMC shown as the green opesiecin Figure 16. The red
lines mark the RGB selection box of Carina. The red circlgsesent members of the 332 kri gyroup found in the Carina field, with solid circles marking
those stars observed with MIKE that satisfied @arina selection criteria and the open red circles those VLT+GIRBIStars with velocities consistent with

membership in the 332 kmisgroup. The green triangles represent other Magellanis stars found in our separate LMC survey. The two red squapessent
those two “Magellanic giant candidates" observed with MliKBAugust 2005; both are found to have RVs consistent with bemship in the 332 km$ group.



