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ABSTRACT

Aims. To study the kinematics and dynamics of the extreme outerdfall87, the central galaxy in the Virgo cluster, and its siéion

to the intracluster light (ICL).

Methods. We present high resolution FLAMBP@LT spectroscopy of intracluster planetary nebula (PN)didates, targeting three
new fields in the Virgo cluster core with surface brightneewid to ug = 285. Based on the projected phase space information
(sky positions and line-of-sight velocities) we separattagy and cluster components in the confirmed PN sample. @eubke the
spherical Jeans equation and the total gravitational piatexs traced by the X-ray emission to derive the orbitalrifigtion in the
outer stellar halo of M87. We determine theparameter (luminosity-specific PN number) for the M87 teahal the ICL from the
photometric PN catalogs and sampled luminosities, andisisthe origin of the ICL in Virgo based on its measured PNoités.
Results. We confirm a further 12 PNs in Virgo, five of which are bound te Halo of M87, and the remainder are true intracluster
planetary nebulas (ICPNs). The M87 PNs are confined to thendrd stellar envelope of M87, within a projected radius df60
kpc, while the ICL PNs are scattered across the whole sudvesgion between M87 and M86, supporting a truncation of €87’
luminous outer halo at ac2level. The line-of-sight velocity distribution of the M8 at projected radius of 60 kpc and 144 kpc
shows (i) no evidence for rotation of the halo along the pimatmic major axis, and (ii) that the velocity dispersion @eases in the
outer halo, down tor,¢ = 78+ 25 km st at 144 kpc. The Jeans model for the M87 halo stars fits the wixdine-of-sight velocity
dispersion profile only if the stellar orbits are stronglgiedly anisotropic g ~ 0.4 atr ~ 10 kpc increasing t0.8 at the outer edge),
and if additionally the stellar halo is truncated~a150 kpc average elliptical radius. Theparameters for the M87 halo and the ICL
are in the range of values observed for oidl0 Gyr) stellar populations.

Conclusions. Both the spatial segregation of the PNs at the systemic igloicM87 and the dynamical model support that the stellar
halo of M87 ends at 150 kpc. We discuss several possible explanations for tgmaf this truncation but are unable to discriminate
between them: tidal truncation following an earlier endeurof M87 with another mass concentration in the Virgo cpessibly
around M84, early AGN feedbackfects, and adiabatic contraction due to the cluster darkemettilapsing onto M87. From the
spatial and velocity distribution of the ICPNs we infer tM87 and M86 are falling towards each other and that we may beroing
them just before the first close pass. The new PN data sugmovidgw that the core of the Virgo cluster is not yet viriatizaut is in

an ongoing state of assembly, and that massive elliptidakigs are important contributors to the ICL in the Virgostier.

Key words. galaxies: clusters: individual (Virgo) — stellar dynamies (ISM:) planetary nebulae: general — galaxies: halos —
galaxies: elliptical and lenticular, cD — galaxies: foriat

1. Introduction Theoretical studies of the fiuse cluster light through sim-
ulations predict that the ICL is unmixed and therefore stioul
exhibit a fair amount of sub-structure (Napolitano et ab02;

Over the past few years thefllise intracluster light (ICL) has Murante et al., 2004; Rudick et al., 2006). An important cent
been the focus of many studies, both in nearby (Feldmeier,et Rution to the difuse light in clusters may come from the ex-
2004; Mihos et al., 2005) and in intermediate redshift @rst tended halos of giant galaxies: numerical simulations ipted
(Zibetti et al., 2005; Krick & Bernstein, 2007). It has beenfd the presence of such h_alps around isolated gaIaX|_es ouvto se
that the ICL is centrally concentrated and in many casekjdac €ral hundred kpc, consisting of stars shed by merging sifs-un
ing the difuse outer halos of galaxies, comprisekd% of the (APadietal., 2006). When these galaxies enter the cluster, c
total starlight in the cluster (Zibetti et al., 2005), and topas their halos would be stripped first by the tidal fields andrlate

much as~ 35% (Gonzalez et al., 2007).



2 M. Doherty et al.: The M87 Halo and thefise Light in the Virgo Core

by the tidal shocking in the interaction with the clusteentral where a ‘broad’ line-of-sight velocity distribution is neaed,
core and cD galaxy (Rudick et al., 2006; Murante et al., 2007)and all PNs are true ‘ICPNs’.

Indeed the deep image of the Virgo cluster core by Mihos We here present PN velocity measurements from a further
et al. (2005), reachingy = 28 mag arcse@, shows a vari- three pointings in the heart of the cluster core. We empkasiz
ety of features such as streamers, arcs and smaller featsieghat these pointings are targeting faint surface brigtstnegions
sociated with individual galaxies. It also shows faint,ywex- well outside of individual galaxies, in order to trace thePIls
tended dituse halos surrounding the large galaxies. In particulaxpected to be moving freely in the cluster potential, am to
around the giant elliptical galaxy M87, the Mihos et al. (80 investigate the dynamical state of the ICL and of the cordef t
photometry reveals an extended stellar envelope at verglmw Virgo cluster. The photometrigeometric classification of PNs
face brightness levelgy > 26.5 mag arcse@, with flattened as ICPNs is in fact revised later in the paper according talyhe
isophotes (noted previously by Arp & Bertola, 1971; Weil ket a namical information obtained from the line-of-sight (LOS)-
1997), and out te- 37 (~ 161 kpc) along the semi-major axis. locities of the confirmed PNs.

The Virgo cluster has long been known to be dynamically In this paper we give a summary of our observations and
unmixed, with complex sub-structures. This was first realiz data reduction irg 2 where we also discuss the sample com-
from the spatial and velocity distribution of Virgo galagige.g. pleteness and show the final emission spectra. The distibut
Binggeli et al., 1987, 1993). In particular Binggeli et d1993) of measured line-of-sight velocities (LOSVD) and the potgel
found tentative evidence from the asymmetry in the veladigsy phase-space diagram for these PNs are presentg@.ifrrom
tribution of dwarf spheroidal galaxies that even the coréifo  these data we distinguish between ICPNs and PNs bound to the
is not virialised, and suggested that the cluster is dynalfgic halo of M87. In§ 4 we discuss the rotation, velocity dispersion
young, with two sub-clumps M87 and M86 falling in towardsind physical extent of the stellar halo of M87, using the sielo
each other in the centre. ties of the PNs bound to M87 in the combined data sets of this

From photometry irz~ 0.1 clusters (Gonzalez et al., 2005paper and A04. We then construct a dynamical model based
Krick & Bernstein, 2007) and from kinematic studies of thé.IC on the gravitational potential obtained from X-ray obséiores
in nearby clusters (Arnaboldi et al., 2004; Gerhard et @05 and the combined absorption-line and PN velocity dispersio
2007) we have learned that the genuine ICL component, defirié@fa for the galaxy. Possible mechanisms for the truncation
as the light radiated by stars floating freely in the clusteep- M87’s stellar halo are discussed§m.5. In§ 5 we compute the
tial, and the extended halos of bright (elliptical) galaxaten luminosity-specific PN number, s for both the M87 halo and
overlap spatially, and cannot easily be distinguished foooad- the ICL in Virgo, and in§ 6 we discuss the implications of the
band photometry alone. Kinematic information can compieimel CPN LOSVD for our understanding of the dynamical status of
the photometry. For surface brightngss< 25magarcseé, in- the cluster core and the origin of the ICL in Virgo. Summarg an
tegrated light spectroscopy can be used to measure the raear¢@nclusions of the paper are givensir7.
locity and velocity dispersion in the outer halos of the htegpt In what follows, we adopt a distance of 15 Mpc for M87,
cluster galaxies (Sembach & Tonry, 1996; Kelson et al., 2002quivalent to a distance modulus of 30.88; thén=173 pc.
however, reaching the faint surface brightness level oftithe
ICL component with this technique is veryfii¢ult. Since plan-
etary nebulae (PNs) follow light (e.g. Coccato et al., 2069
spectroscopic study of these tracers, both in the extendled h The observations were taken in service mode (22 hrs, 076.B-
and the ICL, dfers a way to identify and measure the kinematia086 PI: M. Arnaboldi) over the nights 25-28th March 2006 us-
of these difuse stellar components down to very faint surfadggg the FLAMES spectrograph on UNALT in MEDUSA mode
brightness gs < 285 in Virgo), but it is currently limited to which allows spectra to be taken through up to 132 fibers simul
clusters with distances 100 Mpc (Gerhard et al., 2005). taneously. The data were taken in clear conditions with seeing

_ For the Virgo cluster, there has been considerable succesg.9”. We used the high resolution grism HR504.8 centred at
with a two-step approach of identifying PN candidates wit§o4.8nm and with wavelength coverage 250A and spectral res-
narrow-band imaging followed by multi-object spectrosgopolution 20,000. With this setup, the instrumental broadgrif
Arnaboldi et al. (1996) observed the outer regions of the ghe arc lines is FWHM= 0.29 A or 17 kmsZ, and the error on

ant elliptical M86, measuring velocities for 19 objects.réé ¢ wavelength measurements is 0.0025 A or 156! rtRoyer
of these turned out to be true ICPNs, with velocities simitar o ). 2002).

that of the mean velocity of the Virgo cluster. Subseque@®y  rigure 1 shows the location of the selected fields targeted
PNs were det_ected in a spectroscopic survey with 2dF on the ¢ FLAMES, including the three previous fields FCJ, CORE
Anglo-Australian Telescope (Freeman et al. 2000; Amaitelld 54 SUB presented in A04, and the three new fields F41,F7
al. 2002). These results were all based on single line ifieati 7 5 The photometry used for the selection of PN candidates
tions, although the second oxygen line was seen with the righ rom Feldmesier et al. (2003); his fields F4 and F7 contaén th

ratio in the composite spectrum of 23 PNs observed by Freeman MES fields F4 and (F7L. F7.2). respectivel
et al. (2000). The first confirmation based on detecting tHe][O (FL, F7.2). resp y

doublet in a single PN spectrum was made in Arnaboldi et al.

(2003). Expanding on this early work, we began a campaignZ2el. Data reduction and sample completeness
systematically survey PN candidates in the Virgo clusténgis
multi-object spectroscopy with the FLAMESIRAFFE spec-
trograph on the VLT (Arnaboldi et al., 2004, hereafter A04
A04 presented the first measurements of the velocity distrib
tion of PNs from three survey fields in the Virgo clustercanda 1 see  http/www.eso.orgscifacilitiesparanginstrumentglameg
concluded that in two of these fields the light is dominated hyverview.html.

the extended halos of the nearby giant elliptical galaxidsle 2 The GIRAFFE pipeline is available at

the ICL component dominates thefdise light in only one field, httpy/girbldrs.sourceforge.net.

2. Observations

The data were reduced using the GIRAFFE pipélineluding
ias subtraction, determining fiber location on the CCD, avav
ength calibration, geometric distortion corrections axtrac-
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Fig. 1. Deep image of the Virgo cluster core showing thfudie light distribution (Mihos et al., 2005), with our tardieids superposed. Target
fields of the previous spectroscopy (A04) are shown as retesiand our new target fields as well. The blue ellipse shbedoundary used in
the dynamical modeling i§ 4.4.

tion of the one-dimensional spectra. The co-addition wasezh 20
out separately as a final step on the one-dimensional spestra
the fibers are allocated in a slightlyfiirent order for MEDUSA

plates 1 and 2 and the pipeline does not account for this. s

Table 1. Observed Fields and Spectroscopic confirmations

Field F71 F7.2 F4
«(J2000.0) 122853.70 122846.40 122743.35
6(J2000.0) +124432.5 +130020.5 +123357.5
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: Total number of targgts with aIIocgted fibers. . Fig. 2. Histogram showing thensoo; magnitudes of all our observed tar-
Number of targets with allocated fibers ameho7 brighter or equal to gets (solid black line) over-plotted with those where einiséines were

the completeness magnitude limit of the photometric survey detected (red dashed line). The blue dotted lines show tb®ptetric
¢ Number of spectra with detected emission line. completeness limits for target fields F4 (26.6) and F7 (26.8)
4 Number of spectra with both [@] 14959 5007 A detected.

€ One of these is in common with EX, i.e., we have only 12 confirmed
PNs in total, one of which was observed twice.

the two photometric fields F4rg007=26.6) and F71fs007=26.8)
are shown as blue dotted lines. These photometric complete-
Table 1 shows the number of spectroscopically confirmedss magnitude limits are defined as to where the signabiten
emission-line objects and planetary nebulas, with redpeitte over the entire photometric measurement is nine per pixel or
number of candidates targetdd), and the number of candi- greater, corresponding to a photometric error of approteiga
dates targeted above the photometric completeness lingafth  0.12 magnitudes (Feldmeier et al., 2003). The confirmatba r
field (Nemp). for emission-line objects above the completeness limihént
A histogram showing the number of candidates versus nu#-70% depending on the field. This is comparable with the re-
ber of confirmed emission-line objects by magnitude is shovenlts from A04 (30-80% varying by field), and is a reasonable
in Figure 2. The photometric completeness limits 0%) in recovery rates given the followindtects.
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Fig. 3. Spectra for the confirmed PNs, ranked by magnituggyand smoothed by a factor 7 to 0.035nm per pixgborand the LOS velocities are
labelled in the top left corner of each spectrum. The expklcteation of [Om] 14959 is shown by a red dash, in the cases where not immediately
obvious. The [Qu]5007 line for the PNs with myo=27 and v,s = —155km s* has a signal-to-noise ratio of 3 and this is our weakest \mdie
detection. A typical error in the velocities is 3 jgnsee Section 2.2.

Firstly, if the astrometry is not very precise or if some rotalux than their real flux. If in addition their broad-band flwdall
tion error is introduced in positioning the plate, then paudll of below the limiting magnitude of theflbband image they will be
the flux from some objects may miss the fibers. This is more selected as ICPNs when they are in fact very faint continuum
rious for faint objects as they will then not be detected a&tbe stars, due to the fact that they will have erroneously laegan
noise. Indeed, in Figure 3 the total flux in thelf§5007 A line tive colours.
is not clearly correlated with the magnitudeggy of the source,
indicating that fiber positioning might be problematic. Wean
sure the relative fluxes for the sameif5007 A detection in
different frames and find that it can in fact vary by up to a fact
of two.

2.2. Spectra of PNs and background emission line galaxies

gigure 3 shows all of the spectra for the confirmed PNs,
ranked by their photometric magnitude,gg. For most of the
The likelihood of having false candidates above the cor®Ns brighter than Ba,=27 we also detect the second line
pleteness limit is very low. Each candidate ICPN was hanfd m]14959. The expected location of [)14959 is shown by
inspected, and the code that finds the objects has been &xed dash, where not immediately obvious by eye. The target
tensively tested on closer galaxies. In some cases (e.dl, Mields F7.1 and FZ2 overlap and have one source in common.
Durrell et al. (2003)), there has been close to 100% recousry The independently measured velocities for this sourceeaigre
ing the same techniques as used to select the candidate ICR#MSin 3km s,
here. Our weakest believable detection has a total signal-teenoi
However, below the photometric completeness limit the uf@tio SN=3. As an additional check we create the average com-
certainties are clearly much higher. Although many of thietéa  Pined spectrum for the 12 identified PNs (Figure 4) and mea-
objects are still likely to be ICPNs and were hence targetéfred the equivalent width ratio of the two [Olll] lines. Ttagio
spectroscopically, the probability for ‘spillover’ (Agueet al. S 3 as expected if all identifications are real.
2005) increases substantially. Due to the photometria®iiro In Figure 5, examples of the other emission-line objects
the [Oll1] fluxes some objects will be measured with a brighteresentin the sample are shown: anif@oublet, an asymmetric
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3 Fig. 6. Radial velocity histograms. The bottom panel shows thecrelo
ity distribution of all identified PNs in the 3 new fields. Thegk at

~ 1300km s? corresponds to PNs bound to the halo of M87. They have
amean velocity of 129735km s and rms dispersion of Z825km s*.

The middle panel shows the distribution of PNs velocitiethi previ-

Counts

i
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E Umdeniiied ‘ ‘ s ously surveyed FCJ field (A04), and the top panel shows thelglion
of dwarf spheroidal LOS velocities in the same region of tirg&/clus-
s0f ter core, for comparison. The systemic velocities of M87 K86 are

E shown with the dotted lines.
40
307
g work is presented in a companion paper (Arnaboldi et al.8200
‘ ‘ ‘ ‘ ‘ Here we concentrate on the kinematics, yielding infornratio
e B0 vl () %08 the halo of M87 and the assembly history of the Virgo cluster.

20E

Fig. 5. Examples of the other emission-line objects present indhe s
ple, [Oll], Ly—a, and an unidentified broad emission line which w@. LOSVD and projected phase-space

speculate might be Hell at 1640A in a high-BG, or alternatively C . .
CIV 1550 or [CI11] 1909 from an AGN. The spectra have been sthed  Figure 6 shows the distribution of velocities of the newlgridi-
to 0.035 nm per pixel. For comparison to Figure 3 thggmagnitudes fied PNs in the Virgo cluster core. The velocities have nonbee

are shown in the top right corner. adjusted for a heliocentric correction, as the observativere
almost all taken close to the equinox and the correctionftigimi
only +3km s'2.
Ly—e« line, and an unidentified broad emission line which might For the subsequent analysis, we combine these velocities
be an AGN (for example CIV1550 or Cll1]1909). Alternatively with the A04 sample in the FCJ and Core fields. Figure 7 shows
there is a possibility that the line is Hell at 1640A in a LBG athe location of these PNs on the deep image of the cluster core
higher redshift. Shapley et al. (2003) discuss that thi®imes from Mihos et al. (2005), and Figure 8 shows their distribati
times seen as nebular emission and also as much broader emithie projected phase-space plane defined by projectechdest
sion (~ 1500km s') possibly from stellar winds. The FWHM from M87 center and line-of-sight velocity.
of the lines we see is about200km s (observed frame). The  In the phase-space diagram Figure 8, we can identify two re-
contamination rate of these other emission-line objec#®18, gions with very diferent characteristics: For projected distances
or 37%. R < 2400” most of the PNs are strongly clustered around the
The PN emission lines are all resolved, and thus we hasgstemic velocity of M87, ys = 1307 km s?. By contrast, for
been able to measure the expansion velocities of these RNs Bn- 2400”, the PN velocities spread widely over a velocity range
to derive information on the masses of the progenitor sfdris more typical for the Virgo cluster. From the latter, intnaster
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Fig. 7. Deep image of the Virgo cluster core showing the distributibthe intracluster light (Mihos et al. (2005)). The sphtistribution of our
spectroscopically confirmed PNs are overlaid. The A04 targee shown in green. Our new targets are shown in red if ifteidhvith respect to
Earth and blue if blueshifted. Objects with velocities lgkthan the mean velocity of Virgo (1100 km*yare shown as crosses and those with
lower velocities shown as circles. Dwarf spheroidals arekethas magenta dots. The velocities (in ki) sire labelled for all objects shown. The
nominal ‘edge’ of the M87 halo at~ 160 kpc is indicated with a white circle. The pink circle has.5 degree diameter and is centered on the
projected midpoint of M87 and M86. North is up and East is tl#ft.

region we see a string of low PN velocities (800-400 krh) s OutsideR = 2400 in Fig. 8 we find PNs at larger relative
extending inwards to the upper FCJ field (see Fig. 7). velocities to M87, with an approximately uniform distribrt

' . . Y in the range-300 to 2600 km s'. Those in the radial range
In the FC?] field at prOJec_ted distanbe< 11300 there aré 2400” < R < 3600” (the F7F4 field) are confined to negative
two of these intracluster outliers at400 km s*. The remain-

. L X velocities with respect to M87. These are probably encrivach
ing PNs are distributed symmetrically arounghand have mean g < trom M86 ar?d other Virgo compone’fr;ty co%trast, the

velocity 1276+ 71km s' and velocity dispersionr = 247 pNs further than 3600” from M87 (in the Core field) show a
km s *(A04); their velocity distribution is shown in the middleproad distribution of velocities, more characteristichuf tluster
panel of Fig. 6. as a whole (see A04).

In the combined new FF4 fields atR ~ 2000” we find

five PNs tightly clustered aroun%,g = 1307 km st these show up as approximately flat velocity distributions in thes-
have mean velocity 129 35km s™ and an rms dispersion of |ocity range, besides the peak of velocities from PNs boend t
78+25km s*. At comparable radii there are two additional PN§187. A flat distribution of velocities in addition to the peak
with velocities of 753 and 634 knT§ compared to the previous near M87's systemic velocity is also seen in the LOSVD of the
five, these area’ and &r outliers. Itis unlikely that one or two of gwarf spheroidal galaxies in the same region of the Virgstelu
these outliers are part of the same (very asymmetric) bligtdn  core (Binggeli et al., 1993) which is shown in the top panel of
as the five PNs clustered aroungv By contrast, they fit natu- Figure 6. However, for the dwarf galaxies the flat velocityti
rally into the stream leading from the FCJ outliers all theywapytion extends to significantly more redshifted velocitiesli-

into the ICL. We therefore identify as PNs bound to the M8¢&ating that the dwarfs and ICL PNs kinematics can only piytia
halo only those PNs which are clustered around the systegnic ¥e related.

locity of M87. These are confined to radli< 2400".

The M87-bound PNs in the FCJ and combinedA&ffields
are located at mean projected radii of 60 and 144 kpc, respec-
tively. They correspond to the narrow peaks in the lineighs 3 They cannot be in the Local Group: the faintest PNs in the SMC
velocity distributions (LOSVD) in the lower and middle hisave mgy=23 (Jacoby & De Marco, 2002) so are still much brighter
tograms in Fig. 6. than the brightest Virgo PNs ats53=26.3.

In the middle and bottom panels of Fig. 6, the ICL PNs
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persions from absorption-line spectra and discrete LOScitgl mea-
surements from globular cluster and PN data. The squaresledee
Fig. 8. Distribution of line-of-sight velocity versus projectedsthnce Points from van der Marel (1994), the green diamonds arecbase
from the center of M87 for all spectroscopically confirmedsiNthe Sembach & Tonry (1996), and the red and blue stars are veldisit
new fields as well as the FCJ and Core fields of A0A4. persions for the metal-rich and metal-poor GC samples aé @bal.
(2001), respectively. The magenta circle is the PN velodigpersion
determined in A04 and the magenta triangles are the PN digpeval-
4. The M87 Halo ues from this paper. These last two points are approximatelyg the

. L major axis of the outer isophotes, which have elliptieity 0.43.
We have seen from the phase-space diagram in Fig. 8 that thé

PNs in the FCJ and /74 fields divide into two components, one
associated with the halo of M87, and the other with the undouRN LOSVD peaks associated with M87 in our two pointings FCJ
Virgo ICL. All PNs found around the M87 systemic velocity aréA04; this is F3 in Feldmeier et al., 2003) and/FZ (Figure 2)
within R = 161 kpc projected radius from the galaxy’s centeshould be ffset from the systemic velocity of the galaxy (1307
In the following subsections we combine our velocity measurkm s™). From the extrapolated fit of Coté et al. (2001) to the GC
ments with the kinematic data in the literature, and dist¢bes radial velocities we would expect a negative constdfged of
rotation, velocity dispersion profile, dynamics and truiaraof about 160 km s'at both field positions, i.e., a mean velocity of
the outer M87 halo. Finally we consider possible originshef t ~ 1150 km s*.
truncation. For the M87 sample of PNs identified in the phase-space dia-
gramin Fig. 8, we find a mean velocity of /= 1297+35km st
in the new field (F/F4) at mean projected radiis= 144 kpc.
In the previously studied field (FCJ; A04) the mean velocity i
First we ask whether there is any evidence in our data fotioota 1276+ 71km s* at mearR = 60 kpc. Thus we see no evidence
in the outer halo of M87. For the globular cluster (GC) systefi@r rotation of the outer stellar halo around the galaxy'sioni
of M87, Cohen & Ryzhov (1997) inferred a rotation of abou@xis in either the PN sample Bt= 60 kpc or atR = 144 kpc.
100 km s? for R < 35 kpc, approximately about the minor axislhe rotation seen in the GCs may thus suggest that they do not
of the galaxy intensity isophotes, using spectra of lowlggm trace the main stellar population of M87, or that they are-con
with errors for the GC velocities of order 100 kmlsCohen taminated with IC GCs with a LOSVD similar to the encroach-
(2000) added new data for GCs in the halo at2® < 43 kpc ing stars of M86 as seen in Fig. 8 (see also Fig. 1 of Coté. et al
with smaller errors (typicallyx 50km s1), and inferred a rota- 2001). We have not surveyed fields along the minor axis, so we
tion of 300km s*. C6té et al. (2001) carried out an independeg@nnot check with PNs whether there is rotation about themaj
analysis using a new spectroscopic and photometric databaxis.
(Hanes et al., 2001) partly based on that of Cohenl& Ryzhov
(1997) and Cohen (2000), and similarly findl60km s*. Coté T - .
et al. (2001) found that the metal rich GCs rotate everywheérléz' Velocity dispersion profile
about the photometric minor axis of the galaxy, while theahetWith the new data, we can also now plot the velocity dispersio
poor GCs have a more complex behaviour: they rotate about firefile of M87 all the way out td&R = 144 kpc from the centre
photometric minor axis of the galaxy betweend R < 40 kpc, of the galaxy. Figure 9 shows this as a function of projecéed r
and about the major axis Rt< 15 kpc. dius from M87 centre. In the inner regior® £ 25”) we use the

If the PN population in the outer halo of M87 also rotate®-band absorption line measurements from the integragderst
about the galaxy’s photometric minor axis, similarly to 87 light of van der Marel (1994). In the region 25 R < 80" we
GC system at 15 R < 40 kpc, we should see a signature alongse stellar velocity dispersions from Sembach & Tonry (3996
the major axis of the galaxy, that is, the mean velocitiedhef t As these authors discuss, their data is systematickgifrom

4.1. Rotation of outer halo?
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most other datasets by-710%, due to using a larger slitwidth.
Romanowsky & Kochanek (2001) calculate that this amounts s
to an additional instrumental dispersion of 183km and so
we adjust the velocity dispersion by this amount (subtragitn
quadrature) to bring it in line with the van der Marel datagés
take the average of the velocity dispersions at each pesitid
negative R, assuming symmetry with respect to the galaxyis ¢
ter. We exclude the Sembach & Tonry data in radial bins beyonds
80" as there is a discrepancy between the velocity disperstons at 25
the corresponding opposite positions in radius along tisesad <
furthermore the values in those bins have large error bdnis. T
may be due to low 8\ in the outer part of the galaxy where the
surface brightness is low afmt real anisotropies in the velocity
dispersions. Either way we judge it better to exclude theda d 5
points as they are less trustworthy. Rovg'/* (kpc'")
We also show in Figure 9 the data of Coté et al. (2001) for the
metal-rich GCs out to 380 We exclude the outer bins (380
635’) where the error bars are close to 100% and therefore @ig. 10. V-band surface brightness profile for M87 from Kormendy et al
not constrain the shape of the velocity dispersion profilarip  (2008) shown with black circles along average ellipse rRgjj of the
way. The metal-poor GC system is more spatially extended th! ophotes. Red glrcles show the extr.apolated .Ser.sm fié. fUH !lne
its metal-rich counterpart (see Figure 10 below and Cot.e shows the reprojected three-dimensional luminosity madained
2001) and may be composed of accretedaridfalling remains from the extrapolated data, and the dashed line shows thejeep

e : . ) . . . tion of the luminosity model when truncated at average sflipadius
of ‘failed’ or disrupted dwarfs: their velocity dispersidata are Reuc = 149 kpc. For comparison, the number density profiles of the

also shownin Figure 9, but will not trace the velocity dispens req and blue globular cluster populations from Coté e(2001) are
of the M87 stars. We also note from Figure 1 of Coté etalo@d0 also shown with arbitrary scaling as red and blue starseisgly.

that the GC sample is likely to contain intracluster GCs asst
our PN sample contains ICPNs, requiring a careful analyfsis o
the GC LOSVDs. gate whether this spatial and velocity segregation is Baamit

Finally, the two outermost velocity dispersion points argnd indicates that the M87 stellar halo is truncated.
from planetary nebulas presented in AO4 and this paper. \i¢e no Kormendy et al. (2008) present a composite V-band surface-
that when we bin the A04 data to be consistent with the bibrightness profile for M87 out to 135 kpc along the semi-major
ning of the velocity distribution in this work (100knT’sbins) axis. This is shown with black circles in Figure 10, with the
the peak around M87 is resolved into a somewhat narrower pesgni-major axis of each isophote replaced by the average el-
of 9 objects, with two lower velocity and one higher velocityipse radiusRag = (ab)Y/? of the isophote. We will use the lat-
outliers (Figure 9). The mean and rms velocity of this peak ¢€r in the construction of the spherical Jeans model$ #4.
V= 1264 km s' ando = 247 km s*from A04 then change to Kormendy et al. (2008) fit a Sérsic profile to the semi-majas a
1292+ 46km st and 139+ 23km s respectively. It is possible profile excluding the central core and the last two data goint
that the larger value ofpy obtained by A04 could be due to(which may have a significant ICL contamination), and obtain
the inclusion of some ICPNs from the component with uniforriie following best-fit parameterg: = 2571, R, = 704" = 51.2
LOSVD seen in Figure 6. We carried out test$ but could not kpc, n = 11.885. We use this Sérsic fit to the surface bright-
distinguish between both interpretations. The dynamiaadeh ness profile (see Fig. 10) to compute the luminosity of the M87
discussed below favors the high valueogdy atR = 60 kpc. halo at radii outside the available photometry. We note tifat

In any case, the PN velocity measurements show that t#@scription of M87 as a classical EO or E1 galaxy is based on
halo of M87 becomes colder at larger radii: the velocity disp Short exposure optical images, while in deep images itdistgs
sion decreases to 78kmisat R ~ 140 kpc. show marked eccentricity. For the extrapolation we assume a

ellipticity e = 0.43 and position angle (PA -25°), based on
the outer parts of the ellipticity and position angle prdfila

4.3. Truncation of the M87 stellar halo Kormendy et al. (2008). We then evaluate the M87 halo lu-

In the FCJ field, there are M87 halo PNs detected througho%}iigosmes in the r?gilgns_ of %yerzlap betw_eer|1 thhe photometri
X L . . spectroscopic fields, in which, respectively, the pimetic
but in the P74 fields, the PNs around the systemic velocit dentification and spectroscopic follow-up of the PNs was ca

of M87 (=1307 km s?) appear to be found only within a pro- . : 2

) : A ied out. These are shown by the colored regions in Figures 11
jected rad|us_ OR = 161 Kpc (see Fhe §pat|al dlstnbut_lon Of.th%or ellipticity e = 0.43, the P%s belonging to ?\/I87 appegr to be
spectroscopically confirmed PNs in Figure 7). At projectediir rgound within an avera{ge ellipse radiBs,y = 149 kpc. We use

o

he isophote corresponding to this radius to demarcatetfien

R > 161 kpc from the center of M87, we find only the encroac

ing stars of M86 and other Virgo components. We now InVescontaining PNs belonging to M87 (in red in Fig. 11) from the re

ion containing no PNs belonging to M87 (in green in Fig. 11).
able 2 gives the areas and the V-band luminosities of thie var

4 We carried out a2 test for the (FCJ;A04) sample and i) a broa

Gaussian (v 1264 km st ando = 247 km s?), ii) a uniform distri- - - . PR .
bution plus a narrow Gaussian £71264 km s ando- = 139 km s%). ous regions obtained. On the basis of the Sérsic fit, the odti

Because of the limited statistics of the PN sample in thislfigle re- the M87 luminosity in the F7-green and in the F7-red area is
sults depend on the velocity range chosen for the test. I0a 7G50 0.92. ) )

km s range, the two distributions fit the data equally well witf80 From the number of spectroscopically confirmed M87 PNs
probability, while the broad Gaussian is ruled out in a3%650 km s*  in the F7-red area (i.e., 5), and the ratio of the M87 halo fumi
range. nosities from the Sérsic fit (i.e., 0.92), we can then preitie
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mated by an extended envelope witla ~ 0.57 (Mihos et al.,
2005; Kormendy et al., 2008). This ellipsoidal component in
cludes the dtuse fan of stellar material, which extends along
the projected southeast semi-major axis out tt00 kpc (Arp &
Bertola, 1971; Weil et al., 1997), but is otherwise fairlyauth.
At larger radii and fainter surface brightnesses, the ldjbtri-
bution is a superposition of the outer halo of M87 and the ICL
and is brightest in the range BfA. towards M86 where our tar-
get fields are. At these radii it does show irregular featares
1 some radial streamers, and our fields are large enough taliecl

e e T S S several of these. In fact, some of our outermost M87 PNs may be

oo o9 close to an arc-like feature in the Mihos et al. (2005) image b
Fig. 11. Left: The red region is the intersection between the photime yond which little light is seen. However, both the earliesuks
field FCJ and the FLAMES (FCJ) pointing. Right: The red regiothe  of Weil et al. (1997) who reported the apparent lack of sharpe
part of the intersection between the photometric field Finfr@ldmeier edge fine structures around M87, and our independentirispect
et al. (2003) and the regions jointly covered by thelFF7.2 and F4  of the Mihos et al. (2005) image near M87, provide no evidence
FLAMES circular pointings, which is within the isophote wian aver- 5, g large number of “shell-like” features at various azthsu
age ellipse radiusrune = 149 kpc. This covers the region containingy g radii around M87. This is true both inside and outside our
PNs with velocities bound to M87. The green region is the phthe truncation isophote, and in particular arouRé 60 kpc, where

intersection between the F7 region and the FLAMES pointegbe- N . L A
fore, but outsiddR,,nc, Where no PNs associated with the M87 velocit);he PN data already indicate a falling velocity dispersicofife

peak are found. (see Fig. 9)_' L T
Further investigation of the extended luminosity disttibo

around M87 would require quantitative photometry of thepdee
expected number of PNs at the M87 systemic velocity in the Firage of Mihos et al. (2005), and a large-area and wide-angle
green area, to bex60.92 = 4.6 PNs. The observational result ofPN velocity survey to separate the outer halo of the galaompfr
zero M87 PNs detected in the F7-green area thus implies a trtive ICL with better statistics.
cation of the M87 stellar halo &4 > 149 kpc, at a 20 level. In what follows, we follow an independent approach and
This radius tells us the location of the outermost PN in teoins test the hypothesis of a truncated stellar halo in M87 dynami
the average ellipse radii and we now refer to it as the trumcat cally. We will verify whether we can make a dynamical model
radiusRyunc. for M87 in which the stellar velocity dispersion reaches i@+

ues everywhere around M87, and the total gravitationaliate

is traced by the X-ray emission of the hot gas.

Table 2. M87 halo PNs and sampled luminosities.

Field Nepectr ~ Area L 4.4, The mass distribution and anisotropy in the M87 outer

kpc& Lve halo
FCJred 12 4157 Zx10° The smooth photometric and X-ray emission profiles indicate
F7 red 5 4349 Bx 10 that the outer halo of M87 is in approximate dynamical equili
F7 green 0 8909 .2x10° rium. With the extended velocity dispersion profile we argno

able to create dynamical models of M87 to infer the orbitalcst
ture in the outermost halo. In a spherical system, the isitrine-
locity dispersions of a population of stars with dengitpoving
This is a surprising result: the numerical simulations af a potentialb are related by the second-order Jeans equation
Abadi et al. (2006) find that the luminous halos around isalat
2B

galaxies should extend to the virial radius, i.e., to sevesa- d ,. . >

dred kpc and well beyond their traditional luminous radits. gy (J(r)‘rf (r)) T

is therefore not obvious why there should be a truncation of

the M87 stellar halo, see Section 4.5. One question is whethéhere the anisotropy paramefr) = 1 — (o(r)/o(r))? quan-

the truncation we see occurs only at the targétéd within an tifies the orbital structure of the system. Its value sparenge

opening angléP.A., say, rather than at all azimuths, and whethdetween-co signifying purely tangential orbits and 1 signifying

when azimuthally averaged, the halo light distribution Vdaex-  purely radial orbits. These intrinsic quantities are novieinms

tend to larger radii. This could be the case if we had readhed ©f the three-dimensional radius,

radii where the stellar halo of M87 has a significant amount of Therefore if we know the potentidl, density of starg and

substructure, similar to the outer Milky Way halo (Bell et, al assume a radial dependence for the anisotropy, we can swolve f

2008). For example, we might explain the spatial segregatio the intrinsic radial ;) and tangentiald,) velocity dispersion

the M87 halo PNs in terms of a cold stellar shell at our field pgrofiles. These can then be projected and compared with the ob

sition, followed by a steeper surface brightness profilhasé¢ served projected velocity dispersion profile to fix the pazters

P.A. whereas at other P.A. the profile would be shallower. Thid the assumed anisotropy profile. Under the spherical ggsum

would also explain the smadtpy that we measure in our fieldstion, the radii of the observables will be the average edlipslii

atR = 144 kpc, as the stars populating shells are near to tRgg introduced in§ 4.3.

apocenters of their elongated orbits. One method of deriving the potential of a galaxy is to use
To assess this we must reconsider the photometric structatectron density and temperature profiles obtained fronay-r

of M87. Within a semi-major axis of 160 kpc andsy < 27.5, measurements of the thermal bremsstrahlung emission frem t

the surface brightness distribution around M87 is well agpr hot interstellar medium surrounding massive ellipticdbgees.

o2+ 05T =0 )
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Then the projected velocity dispersiang, is obtained by pro-
jecting the intrinsic velocity dispersions along the lifesight.
These integrals were determined numerically.

600 - - To obtain a dynamical model for the Sérsic light distribati

i | in the potential implied by Fig. 12, we fixed the minimum and
- 1 maximum anisotropy using constant anisotropy models agwl th
> 400 — 7 employed g¢? minimization approach to deduce the bestfit
for the solution in eq. 5. This minimization takes into acebu
the long-slit data, therpy point at 60 kpc from A04, and the
newopy point at 144 kpc, but not the globular cluster data. The
best-fit model is shown by the solid black line in Figure 13. It

800

200~ -

Nulsen & Boehringer, 1995 (ROSAT)

Scaled to XMM—Newton

ol ‘ ) ) ) ] fits the data very well within 6 kpc but it is unable to reproduc
0 20 40 60 80 100 the low PN velocity dispersions in the outer partsRat = 52
r (kpe) andRa = 131 kpc, where it would predict LOSVDs with dis-

persions of 350-400 knTs.

On the basis of the results 4.3, we assume now that the
alaxy’s intrinsic luminosity density is truncatedrat Ryync =
49 kpc (i.e., in a spherical system the intrinsic truncatedius
is the same as the projected truncation radius). The regiiaje

f this truncated intrinsic luminosity density is also shmoin

igure 10 by the blue dashed line. We construct a Jeans model
for the truncated luminosity distribution in the same way as
Soove. Finally, to check the influence of the assumed patlenti
on the results, we have evaluated one further model, alsorass

ing a truncation in the luminosity density but using the glac
a§§ocity that was adjusted to the analysisXMM-Newton ob-
servations in Matsushita et al. (2002). The correspondiags
models are shown in Figure 13 with the blue and green dashed
M(r) = ur + Mp[(r/a) — arctan(/a)]. (2) lines respectively, with the second model dipping slighdlyer

This mass profile is related to the potential throudi(r)/dr = in the outer parts, reflecting the lower potential in thisoeg
ve(r)?/r = GM(r)/r2, where \(r) is the circular velocity at. It Both truncated models behave as the untruncated Seérsic
is more easily calculated than the potential but also indéget Modelin the center, but fall much more steeply at r&gj > 30
of distance. The circular velocity profile is shown in Figirz Kpc, thus being able to reproduce the outernagst data points
and increases from a minimum circular velocity of 393 kite ~ at Rag = 52 andRayg = 131 kpc (corresponding to projected
eventually a maximum velocity of 830 kris For comparison radii R = 60 andR = 144 kpc). AtRa,g = 52 kpc, the truncated
the same profile is shown withy adjusted so that the maxi-models predict a velocity dispersion which favours the bigh
mum velocity reached is 700 ks the value suggested by thevalue ofopy, i.e., 247 km s'. Figure 14 shows that the best-
extrapolation of newer observations taken wihM-Newton fit models imply a mildy radially anisotropic orbital didttition
(Matsushita et al., 2002). (B = 0.15) in the centre that becomes highly radially anisotropic
The density of the stars was obtained through the deprojétthe outer halog ~ 0.8).
tion of the surface-brightness profile of M87. To obtain the i ~ We conclude that, under the assumption of spherical sym-
trinsic luminosity density, we adopt the Kormendy et al.q&8D metry, the Jeans models can only reproduce the low PN velocit
profile (also missing the last two data points), and using thelispersion measurements in the outer halo of M8R.at > 30
Sérsic fit extrapolated to very large radii, $e4.3; then we em- kpc only with a truncation of the intrinsic luminous density
ploy the standard deprojection formula. In Figure 10, thesis In principle, this dynamical argument could be circumvente
extrapqlat_lon IS _shovyn by thg r(_ad circles and the f?p“'l‘?@f if at the position of our outer fields the stellar halo of M87swva
the intrinsic luminosity density is shown by the solid blditie strongly flattened along the line-of-sight. In this case could

which fol:lowrs] theg_inl:lgs ver)c/jwell. doot for the an be low at these radii independent of a truncation. However, a
Finally, the radial dependence we adopt for the anisotropy; 5 kpc radius such a flattening is likely to be local and would

Fig. 12. Circular velocity profiles for M87 from X-ray data.

If the gas is relatively undisturbed then we can assume Itieaate
gas is in hydrostatic equilibrium and thus derive the pa&bnt

Nulsen & Bohringer (1995) usBOSAT data and a maxi-
mum likelihood method to deduce the most likely mass profi
in the Virgo cluster core, extending from the centre of M8¥tou
300 kpc. They parametrize this profile with a model compoged
two (approximate) isothermal mass distributions, onebaited
to the mass of M87 with a mass per unit length 3.6x10°°M,,
kpc! and the other to the dark matter of the cluster with a m
per unit lengthMo/a = 12.4 x 10'*°M,, kpc™* and a core radius
a = 42 kpc. This parametrization is given as

profile is given by have arisen from the geometry of accretion, rather tharifgign
B(r) = B r+n 3) ing an angular momentum supported global structure calhps
i1, from eveni! =~ 20 times further out. Thus the well-mixed,

gwee-dimensional stellar halo of M87 would then have ended

r, Bmr 1/ is the minimum anisotropy arrd represents the scale@t even smaller radii. Also note that in this case we could sti
of the transition from the minimum anisotropy to the maximurfjOt €xplain the lack of PNs at the M87 systemic velocities for
anisotropy. This solves the Jeans equation (1) as a firgrdity  radii greater thaiync (see Fig. 8 and the discussion§a.3.)
ferential equation with the integrating factor

LE. = j(r)r#@™(r + rp)#n1->) (4) 4.5. On the possible origin of a truncated stellar halo in M87
wherex = rq/r, so that

wherer; < ry, Bm is the maximum anisotropy reached at larg

Summarizing the last two sections, there are two indepdnden
5 1 [~ vz and mutually consistent pieces of evidence that the stedby
op(r) = E ) "F'Fdr . (®)  of M87 ends aRyuc ~ 150 kpc: the lack of PNs around the
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The case of M87 is not so simple though. M87 is at the center
of at least a subcluster potential well, traced by the X-nayse
sion and the dark matter mass profile derived from it (Nulsen &
Bohringer, 1995; Schindler et al., 1999, see Fig. 12). faggal
at the center of its cluster experiences a symmetric gitaital
field from the cluster dark matter, and is consequently naxigr
tationally truncated (Merritt, 1984). On the other hand, Mtas
a relative motion of~ 300 knys with respect to the galaxies in
the cluster core (Binggeli et al., 1993), and the galaxyrithigt
tion in the core is complicated and not centered on M87, con-
taining a strong concentration around MB6 (Binggeli et al.,
1987). It is possible that the M@86 concentration including
the associated dark matter exerts a significant tidal fiels87.
There is no obvious feature in the density of the X-ray enmtti
gas atRyync ~ 150 kpc around M87, but because the total mass
within the truncation radius appears to be already doméhlaye
cluster dark matter, a tidal truncation of the M87 mass istr
bution may be dficult to see in X-ray observations. However,
if M87 was currently tidally truncated by a tidal field with-as
sumed mass center towards MBB6, we would expect to see
some of the tidally dissolved stars as PNe in our outer F7<field
at slightly redshifted velocities with respect to the systeve-

Fig. 13. Velocity dispersion profiles derived for Jeans models withPCity. Within the limited statistics, we do not see any PNtw
spherical symmetry and surface brightness profiles as ur€it0; see such velocities outside a projected radius of 161 kpc §s&8.

text. The velocity dispersion data points are shown at tegrage el- This suggests that if there has been a tidal truncation, itldvo
lipse radii Ry, computed with the ellipticity profile. For the globularhave occurred some time ago during the interaction withtearot
cluster velocity dispersions this is not possible; thegermt used in mass concentration. The most likely candidate in the Virge c

constructing the Jeans models. Symbols are as in Fig. 9.

0.8

i

Jirunc(T)
Jirune(r) (XMM—Newton V)

o.0L

may be that around M84; at a relative velocity with respect to
M87 of about 300 km s, M84 could have travelled their cur-
rent projected separation inl Gyr.

On the other hand, due to the dynamical youth of the Virgo
cluster, it is also possible that M87 has not been tidaiigaed
yet, and is more similar to an isolated massive ellipticdga
As already mentioned i§ 4.3, the luminous halos around iso-
lated galaxies are expected from numerical simulationsafi\b
et al., 2006) to extend to the virial radius, i.e., to seviraidred
kpc, and well beyond their traditional luminous radius. Een
we now consider the possible origins of the truncation of the
M87 stellar halo in the context of isolated galaxies.

One possible explanation might lie in the fact that M87 is
an old galaxy with a massive nuclear black hole, which pdmts
much stronger AGN activity in the past than is apparentndwe. T
feedback from its AGN through the surrounding hot gas might
at some redshifg; have stopped the star formation in nearby

Fig. 14. Anisotropy profiles for the best-fit models: they imply a myild satellite galaxies through, e.g., ram pressure strippiigen
I’adlally anISOtI’OpIC orbital d|Str|bUt|0rﬂ(% 015) in the centre that these Satellltes |ater accreted onto the galaxy' they me

becomes highly radially anisotropic in the outer hgto+(0.8).

predominantly added dark matter to the outer halo, so theat th

virial radiusRy of M87 kept growing, but the luminous radius
stalled atRy(z:). On this assumption, we can estimatefrom

systemic velocity of M87 beyond this radius, and the very lothe redshift dependence of the virial radius.

velocity dispersion in the outer halo.

The X-ray observations show that the hot gas extends out

In well-mixed, dense galaxy clusters it is expected th&b 300 kpc (Nulsen & Bohringer, 1995; Matsushita et al., 200

galaxies are tidally truncated by the cluster’s tidal fieNge¢ritt,

The derived integrated mass profile of the total gravitatiadgter

1984; Ghigna et al., 1998). The tiddfects are strongest near theshows a change in slope at about 30 kpc (Matsushita et aR)200

cluster core radius and the approximatigd = rperi0halo/ O clus
for the tidal radius is found to work well. Hergei is the pericen-
ter of the galaxy’s orbit in the cluster, angl,, andoys are the
velocity dispersions of the galaxy halo and the clustepees
tively. The tidal truncation of the dark matter halos of géds

and then increases linearly at large radii (see Fig. 12 gbove
The mass distribution inferred from the X-ray measurements
thus provides evidence for two components: a galaxy dark mat
ter component and a cluster dark matter component. From the
modeling of Nulsen & Bohringer (1995) and the rotation @urv

has been detected with combined strong and weak lensing-obge Fig. 12 we can estimate the maximum circular velocity gen-
vations in several dense clusters (Natarajan et al., 199%;2 erated by the M87 galaxy halo now to bgayvs7 ~ 400km s*.
Limousin et al., 2007; Halkola et al., 2007). Tidal radii c#-b Using the results of Bullock et al. (2001), this correspotuda
tween 15 and 60 kpc have been found, in agreement with exppeesent-day virial masbly(z = 0) ~ 2.0 x 10*Mg and virial

tations.

radiusRy(z= 0) ~ 470 kpc, several times larger than the trun-
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cation radius inferred from both the PN number counts and thember of PNs down to 2.5 magnitudes below the PNLF ¢iit-o
outer halo dynamicSRrunc = 149 kpc. For the samenxvsz, @25 equals about one tenth efaccording to the double expo-
the virial radius of M87 would have been 149 kpc at redshiftential formula of Ciardullo et al. (1989) for the PNLF.

z; = 2.9, arguing that feedback would need to have be#te  \ye can use the number of photometrically detected PNs in
tive quite early-on to explain the observed truncationuadi e FCJ, F7F4 fields, and the luminosities of both the M87 halo
__ A second possible explanation would assume that the acClgy the |CL populations sampled in the surveyed areas, te com
tion of dark matter and satellites onto M87 ceased with the CPute thea,s values for these two components. Since the M87
lapse of the Virgo cluster core. In the new potential afterdbl- 1516 and the ICL coexist at the two field positions, we deter-
lapse, the satellites would both have been deflected from theyine the fraction of the PNs in the photometric sample boond t
nearly radial orbits with respect to M87, and have signifiian e \g7 halo or in the ICL according to the fraction of speetro
larger impact velocities than previously, making accre@md <cqpically confirmed PNs associated with each componehein t

merging with M87 suddenly less likely. The total mass of M8/ o5y j.e., with the narrow M87 peak or the nearly uniform
would thus not increase any further, stalling at the virigss velocity distribution for the ICL.

at that redshift. Moreover, the rotation curve in Fig. 12vgho . ) L
that with the on-going collapse of the Virgo cluster a substa__ Luminosity of the ICL - We estimate the luminosities of the
tial cluster dark matter cusp has since built up within thie o |CL Stellar population in our fields from the deep photometry

M87. The likely efect of this is an adiabatic contraction of thélihos et al. (2005). Such surface brightness measurements f
galaxy’s luminous and dark halo. the dituse light generally contain the cumulative contributions

The two-component mass model of Nulsen & BbhringéFom extended galaxy halos_, the true ICL, and from excess un-
(1995) (see equation 2) for the present-day mass diswibptie- resolved_ backgrounql galaxies above that adopted from. the sk
dicts within Ryune ~ 149 kpc, a galaxy mass o (Ryundus? ~ subtraction. Depending on the method of sky subtractiom, th

5.4x 1012Mg, and a cluster dark matter massM{Ryunc)virgo = homogeneous part of the last component may be included in the

3 ; : sky measurement. The photometry of Mihos et al. (2005) shows
1.2 x 10"Mg, assuming a flat rotation curve for the galac ‘plateau’ of the surface brightness at a valug:pf= 27.7

tic contribution to the mass. The luminous mass of M87, ( : .
5)x10"M, (Cappellari et al., 2006), is consistent with the ed1al Way between M87 and M86, where the/FZ fields are sit-
timated total galaxy mass. As an example, consider trumatiuated' As we have seen in Sections 4.3, 4.4, there is no lbontri

of the accretion onto M87 by the collapse of the Virgo core élpn from the halo of M87 to the plateau. Williams et al. .(2007
redshiftz = 0.5. Using a lower ymxws7 ~ 300km s* for the estimate the surface brightness of background galaxies fro

M87 halo before adiabatic contraction and again the I’eSIﬁ|tS't:C?ir deeg é:maging fsur\éey with thé—iut_)ble Spaﬁe.TteIeslcot)e's
Bullock et al. (2001), the virial mass and radius at that néftls f l\éanﬁﬁ. am;_eriad g;, _:_Jtzveys ( | .)’ n z?]_swa (in ra(I: L)sde_r
becomeMy (z= 0.5) ~ 6.2 x 10°M¢ and virial radiusRy(z = 1eld within our fie - 1NeSe garaxies, which are resoived |

0.5) =~ 300 kpc. An (over)estimate of the adiabatic contractiotrqe ACS data, would contribute afflise surface brightness of

: : ~ 28.6 in ground-based data. The sky subtraction procedure
can be obtained from angular momentum conservation at fi .
outer radius, i.e GMy(z= 095)Rv(z= 0.5) = G[M(Ruuc)us? + a\é%opted by Mihos et al. (2005) would have already subtracted

AN : this component if its surface brightness is similar in thgesd
M(Rtrunc)\/irgo] Rtrunc, gIVIng Rtrunc/RV(Zz 05) = 03. ThIS SUg- . .
gests that the observed truncation radius could well begte r of the mosaic where the sky was measured_. In the fo_IIow!ng, we
of the virial radius from the time when the cluster core quéled. t1€"efore usgy = 27.7 for the ICL surface brightness in this re-
It is clear that more data are needed to pursue this quest AN with a ppss@le uncertainty of a few tenths of a magtetu
further. In particular, a larger number of PNs all around M8 Ue to a possible inhomogenesity of the background sources.

would be very useful to set stronger constraints on the tigtal The a; 5 values and their implications - In what follows we
pothesis. make the assumption that the ICL surface brightness is aonst
in the FCJ, FF4 fields at this value giy ~ 27.7 mag arcse@.
L - In Table 3 we give the corresponding ICL luminosities and the
5. The luminosity-specific PN number for the M87 number of spectroscopically confirmed PNs from the ICL in
halo and the ICL in Virgo these fieldsNspectr- In Table 4 we give the number of PNs in
: . N - he complete photometric samples in the overlap area cdvere
The physical quantity which ties a PN population to the lumi- : ; g
; . : - . o y the spectroscopic follow-uPpnet, @and the fraction of PNs in
nosity of its parent stars, is the luminosity-specific PN bem the M87 halo and the ICL accor’aing to their measured LOSVDs.

@ = Nen/Lgar, whereNey is the number of all PNs in the popu-p - o o the small number statistics, we computgfor the
latior® andLgg is the bolometric luminosity of the parent steIIarM87 halo in FCJ, and for the ICL in F7, where their respective
population. Observations show that this quantity varigh die c?ontributions areilargest '

(B-V) color of the stellar continuum light (Hui et al., 1993), an
simple stellar population models predict that it is a fuoctof
the age and metallicity of the parent stellar populationzZni
et al., 2006). Furthermore, within the framework of singéslar T_able 3. ICL PNs and sampled luminosities in the coloured regions of
populations models, the parameter quantifies the average Pig- 11.

lifetime rpy (Villaver et al., 2002; Ciardullo et al., 2005) via the_.
relatione = Bren, wheres is the ‘specific evolutionary flux '€ Nspectr ﬁriza L
and is nearly constant (see Buzzoni et al., 2006, for a @etail P Lo
discussion). The PN samples in elliptical galaxies and @le |

are all confined to the brightest 1 to 2.5 magnitudes of thelPNL E?ﬂeﬁf green 5 1%12%78 :gi 183
Therefore we use the 5 parameter, defined in termsN$ 5, the

5 This is given by the integral over the whole eight magnituatege
of the Planetary Nebula Luminosity Function (PNLF).
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Table 4. Number of PNs in the photometric samples, for the M87 hal6. ICL and the dynamics of the Virgo cluster core

and the ICL. )
6.1. ICPNs and dwarf spheroidals

F| el d Nphot N phot N phot

M87 ICL The LOSVDs in Figure 6 show the dynamical components in

the Virgo cluster core: the halo of M87, and the ICL component
FCJ 16 14 2 traced by a broad PN velocity distribution. This componentc
F7 24 10 14 ers the velocity range from 1300 km'sdown to the systemic

) ~ velocity of M86 at -244 km ', Overlaying the spatial coordi-
% Number of PNs above the photometric completeness limit frofztes of the PNs on the deep image of the Virgo cluster core
Aguerri et al. (2005)° Number of PNs above the photometric com{Figure 7; Mihos et al. (2005)) we can easily see the associa-
pleteness from Table 1 in EYand F72. tion of the PN components identified in the velocity - positio
space, with the morphological components of the surfaggbri
ness distribution in the Virgo core. The M87 PNs are confied t
still relatively bright regions covered by the M87 halo, Vetthe
ICL PNs are scattered across the whole region.
M425 For comparison, we examine the phase space distribution of
Jue  PNLF(m)dm dwarf elliptical galaxies in a region covering our targetdse
= fmim PNLF (m)dm (6)  for the PNs spectra, i.e., in a 1.5 degree diameter circle cen
' tred on the midpoint of M87 and M86 (Figure 7). The aim is
. . , to search for possible associations between our ICPNs and th
where PNLF(m) is the analytic expression for the PNLBqgiiions and velocities of the dwarf galaxies. The top pahe

(Ciardullo et al., 1989)M" andm" denote the absolute and apgigre 6 shows a histogram of the LOS velocities for all dwarf
parent magnitude of its bright cuforespectively, anthim iS the i the region marked in Figure 7. The velocities form a fla; un

photometriamseor limiting magnitude in each field. This scalinggorm gistribution extending to larger positive velocitigsn the

The Nphot Of each field is scaled by a factor

ensures that we account for all PNs within 2.5 mag/of ICPNs. We ask whether any of the PNs could be physically as-
The V-band luminosities in each field are converted to bol@pciated with the dwarf galaxies. There are only two po&nti
metric luminosities according to associations: one is between a PN with velocity 818kiremid
a close-by dE at 791knrs This dE has total blue apparent
Lpot = Ly10704EBCv+0.07) (7) magnitude 15.4, i.e., M=-15.48 (using the assumed distance) or

Lg=1.4 x 10°L». According to Ciardullo et al. (2005), galaxies
According to Buzzoni et al. (2006), a valueBE, = -0.85mag fainter than My ~ —19 and bluer thaW - | < 1.1 produce about
can be taken as a representative correction for all galaxgsty one [Om]-bright PN in every 4 10PL, . Itis therefore unlikely
within 10% uncertainty. that the dwarf galaxy in question produced the PN detectesl he

Finally, we obtain the bolometric luminosity-specific PN@s the expected number is 0.35) although it cannot be ruled o
numbera,s: For the M87 halo light at the FCJ position it iscompletely. On the other hand, the second association mey we
azsms7 = 3.1 x 107° PN L%, and for the ICL at the F7 position be genuine: this is of a PN with ve]omtyZSkm sll and a close-
it is azscL = 7.2 x 10° PN L1 The values ofx,s for dif- by Sb spiral galaxy to its west, which has veIocn_y 30krhand
ferent stellar populations are well documented (Ciardetlal., Bix=10.91 (and therefore is capable of producing between 85
2005; Buzzoni et al., 2006; Coccato et al., 2008); in the and 2000 PNs depending on its age, see Buzzoni et al. 2006).
range 3- 10x 109 PN L;* are observed for bright ellipticals ~_ Although therefore the majority of the ICPNs do not appear
and SOs. Both the. s values obtained for the ICL and for theto be physically associated with the dwarf galaxies (ite,RNs
M87 halo stars are consistent with those of old10 Gyr) stel- are unlikely to originate in the dwarfs), their distribution ve-
lar populations. Iocny_space is at Igast partially similar, indicating ttiag¢y fol-

Uncertaintiesin the a2 5 values - The luminosity of the Mg7 10w similar dynamics.
halo is computed using Monte Carlo integration of the $4iti
to the surface brightness from Kormendy et al. (2008) int@8 F 5 Dynamical status of the Virgo core
field, and the errors here are of the order of few percent.

The luminosity of the ICL is computed usipg = 27.7 from  The velocity distribution of dwarf spheroidals (dBS0) in a 2
Mihos et al. (2005). We independently estimated the ICLamef radius circular region centred on M87 is very flat and broath w
brightness by comparing the re-projected surface brigistpeo- the peak of the distribution at 1300 km*sand a long tail of
file of the M87 halo with the Sérsic fit of Kormendy et al. (2Q08negative velocities (Binggeli et al., 1993). The LOSVD oéth
in the F7 field. This results in an azimuthally averaged ICICPNs now confirms that this asymmetry is also present in the
uy = 285. While 50% fainter than the measurement of Mihogery center of the Virgo core, in a region of diameter. Fig. 8
et al. (2005), the two values may be quite consistent whengak shows that velocities near the systemic velocity of M86 aens
into account that the ICL is observed mostly on the side of M8® about half-way from M86 to M87.
towards M8@M84. The asymmetry and skewness of the LOSVD may arise

Considering the uncertainties in the surface brightness fsom the merging of subclusters along the LOS as described by
the M87 halo and ICL, and the statistical errors in the numb&ghindler & Bohringer (1993). In their simulations of twerng-
of detected PNs, the, s values for M87 and ICL dfer at the ing clusters of unequal mass, the LOSVD is found to be highly
~ 20 level. We speculate that,sc. is a factor 2 larger than asymmetric with a long tail on one side and a ctitem the other
@25 mg7 because of dierent metallicity distributions in the ICL side, shortly ¢ 10° yrs) before the subclusters merge.
and the M87 halo, with a larger fraction of metal-poor stars i  The observed LOSVDs of the PNs, GCs (Cbté et al., 2001),
the intracluster component, as shown by Williams et al. 200 and (d&-dSO0) in the Virgo core may therefore be interpreted as
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additional evidence that the two massive subclusters iNitige Point 1) indicates that the ICL did not have the time to phase
core associated with the giant ellipticals M87 and M86 arre cumix yet, supporting the idea that much of thisftdse component
rently falling towards each other - more or less along the L OB falling towards M87 together with the M86 group. Points 2)
with M87 falling backwards from the front and M86 forwardsand 3) argue against the origin of this ICL from current hssra
from the back - and will eventually merge. I.e., the entireeco ment of dwarf irregulars by the cluster potential (Moore let a
of the Virgo cluster must then be out of virial equilibriumdan 1996), firstly because none of the ICPNs between M87 and M86
dynamically evolving. are found at velocities redder than 800 kn,swhile we see

The distribution of the brightest galaxies in Virgo alsodesy nearby dwarf galaxies in the 1860vi os < 2500 km s* range,
arecent and on-going assembly: West & Blakeslee (2000)fouand secondly because thefdse morphology of the ICL sug-
that Virgo’s brightest elliptical galaxies tend to be akgihalong gests that it has not recently been dissolved from the dwauts
the principal axis of the cluster (which is inclined by onlyoast had time to phase mix at earlier times in the sub-component of
10-15 degree to the line of sight) and which on larger scalti¢ Virgo cluster which is now falling towards M87. Points 4)
connects Virgo to the rich cluster Abell 1367. Thiswork segtg  and 5) indicate that the parent stellar population of theNEP

that the formation of the cluster is driven by infall alongsth iS an old population, and point 5) makes dwarf spheroidais un
filament. likely progenitors (recall that the dSph analyzed by Duetal.

Do the halos of M87 and M86 already touch each other, §007) had a narrow metallicity distribution at [Fg~ -2).
are they just before their close pass? PNLF distances (Jactlyva elliptical galaxies have a wider metallicity diswifion,
etal., 1990) and ground-based surface brightness fluonudis- 2nd they could be disrupted during passages through the high

tances (Tonry et al., 2001) indicate that M86 is behind M87 I{ENSity regions around M87. Some of the observed ICPNs could
just under~0.15 magnitudes. The globular cluster LF turnoveface stars on a stream f:r;om such a disruption event (pkthgu
also suggests that M86 is likely 0.1 to 0.2 magnitudes mage din0Se€ &t vos ~ 800 km s7), but those at low velocities in Fig. 8
tant than the main body of Virgo (Kundu & Whitmore, 2001)2'€ falll_ng in with !\/I86., so have not crossed the dense regions
However, the most recent surface brightness fluctuation- m&gt: Point 3) then implies that these must have been parteof th
surements by Mei et al. (2007) find that M87 and M86 are onfijffuse halo of the M86 group. _ _ _
at very slightly diferent distances. Within the errors, the dis- We conclude that we have found observational evidence in
tance moduli (M87: 318+ 0.07, M86: 3113+ 0.07) are con- the Virgo core for the mechanism described by Rudick et al.
sistent with being either at the same distance or separgtielb (2006): we observe thefliise component ‘pre-processed’ in the

Mpc. Unfortunately the evidence from the relative distange M86 sub-group, which is or has been gravitationally unbound
M87/M86 is not conclusive at this stage. from M86 as this substructure is being accreted by M87. The

idea that the dfuse light is being stripped from the M86 sub-
group is consistent with the observed highly skewed LOSVD
6.3. Implications for the formation of the ICL and with the predictions from the simulations of Schindler &
. , , i Bohringer (1993). Note that the light in the M86 subgroup is
The observational facts concerning the ICL in the Virgo tus tidally stripped by the more massive M87 component, while
core are. these two sub-structures merge along the LOS; we do not see
a diffuse ICL with a broad velocity component redwards of the
1. The LOSVD of the ICPNs is not symetrically distributedystemic velocity of M87, because it has not yet been formed.
around the systemic velocity of M87. Those between M87 This scenario is also consistent with the simulations of
and M86 are mostly at ‘bluer’ velocities, i.65,800 km s*.  Murante et al. (2007). Their statistical analysis of th@ie star
“Red” velocities are only seen in the field®8 north of the particles in a hydrodynamical cosmological simulatioridates
line connecting M87 with M86; see Fig. 7. ~ that most of the ICL is associated with the merging tree of the
2. While the dwarf spheroidals (¢f8S0) LOSVD in the region brightest cluster galaxy, and about 80% of the ICL is libedat
marked in Figure 7 extend into ‘red’ velocities, up to 250@hortly before, during and shortly after major mergers ogma
km s!, ICPNs with velocities greater than 1800 krtare  sjve galaxies. The results from Murante et al. (2007) impbtt
seen only at its northern perimeter, while those in the rgighe main contribution to the ICL comes from merging in ear-
between M87 and M86 are confined t0800 km s'(see lier sub-units whose merger remnants later merge with trae fin
Figs. 6, 7, 8). This is not a consequence of the filter useg galaxy. Similarly, Rudick et al. (2006) predict that \&at
in the photometric selection of these objects, which stitherging events quickly add ICL, and without or between these
has a transmission of 50% to [OW§007 at~2275km s*  events, the ICL fraction rises only slowly. Once the M86 sub-
(Feldmesier et al., 2003f. ~_group has finally merged with M87, this will have created the
3. The morphology of the ICL between M87 and M86 is ‘difmost massive galaxy in the then Virgo cluster, and the IChén t
fuse’; it is mostly not in tidal tails or streams (Mihos et,al.future Virgo core will indeed have originated mainly froneth

2005). o Of:)rogenitors associated with its merging tree.
4. The measured;s parameter for the ICL is in the observe

range for old stellar populations.

5. The metallicity distribution of the RGB stars associatéth
the ICL in the Williams et al. (2007) field is broad, with
peak at about 0.1 solar, and the best model of Williams et wsing high resolution multi-object spectroscopy with
(2007) indicates an old stellar population {0Gyr). FLAMES/MEDUSA on the VLT we confirm a further 12

PNs in the Virgo cluster, located between 130 and 250 kpc from
6 There may be a dierent, small selectionfiect due to the finite the center of M87, and obtain their radial velocities. Forsmo
limiting magnitude of the photometric PN survey, as the IGRat we Of these objects we also detect the second lineifD4959A.
detect are slightly biased towards objects on the near $ite@luster These PNs trace the kinematics offdse light in Virgo, at
core. typical surface brightness pf, = 27.5.

a?. Summary and Conclusions
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The phase-space distribution for the new sample of PN v@embining all the velocity dispersion data available in lites-
locities combined with earlier measurements at 60 and 380 kature with our new M8%py data, we have solved the spherical
from M87 illustrates the hierarchical nature of structuwenia- Jeans equation assuming a total gravitational potentithaed
tion. One group of PNs has an unrelaxed distribution of veloby the X-ray emission. Within this framework, the Jeans nhode
ities with a range characteristic for the still assemblirigg is able to reproduce the ‘cold’ PN velocity dispersion in tler
cluster core, while the second group has a narrow velocsty dhalo of M87 only if (i) the orbital structure in the outer hdde-
tribution which traces the bound, cold outer halo of M87. Weomes highly radially anisotropic, wih > 0.4 atr > 10 kpc,
summarize our results for these two groups in turn. and(ii) the intrinsic luminous density is truncated. This dyma

cal argument can be circumvented only if the stellar digtidn
} , . were strongly flattened along the line-of-sight in the syedt

7.1. Dynamical status of the Virgo cluster and origin of the fields. At these radii this flattening would be local and imply

ICL that the spheroidal stellar halo would end at even smalbkr. ra
Seven of the newly confirmed PNs are genuine intracluster PNs | N€ evidence for the truncation of the luminous halo of M87
in the Virgo core, not bound to M87. Their spatial and velodlUS comes from both the spatial distribution of the PNs with
ity distribution indicates that we are witnessing the grational Velocities near the systemic velocity of M87 (Fig. 8), anahfr
stripping of the duse light component around the M86 groupt,he small velocity dispersions in both the A04 field and in the
as this sub-structure is being accreted by the more massive M'€W fields near the outer edge. _ ,
We do not see a fiuse ICL with a broad velocity distribution The reason for the truncation is not obvious; we discuss pos-

including red-shifted velocities around M87, becauseéspm- SiPlé mechanisms in Section 4.5.f@rently from some dense
ably has not been formed yet. clusters where lensing analysis indicates that galaxi¢sid®i

On the basis of the LOSVDs of ICPNs and galaxies in t e cluster center are tidally truncated by the dark mattep of
Virgo core, we surmise that M87 and M86 are falling towar e cluster, M87 in Virgo is located at the center of the dsepe
' ; - tential well traced by the X-ray isophotes. We also do pet s
each other nearly along the line of sight, and that we may ngound PNs with ve?/ocities neyar 1200 Jenfurther out from
observing them in the phase just bef_ore the flrst_clos_e pass. 87. This suggests that if there has been a tidal truncaition
thus conclude that the heart of the Virgo cluster is stillffam ‘ 99 : ; . . ;
equilibrium. would have occurred some time ago during the interactioh wit
: . — another mass concentration, such as around the other massiv
Finally, theas values determined for the ICL indicate arbalaxy in the Virgo core, M84. Alternatively, due to the dyma

old stellar population. This is consistent with the analylsy g ;
- . . ical youth of the Virgo cluster, it is also possible that M8 sh
Williams et al. (2007) of the colour-magnitude diagram (CMDnot geen tidally distgrbed yet, and is mofe similar to anatad

for ICL red giant stars, which showed an old stellar popalati massive elliptical galaxy and should thus still be accptirat-

(2 10 Gyr) with a large spread of metallicities. ffarently, the ter (Abadi et al., 2006). In this case possible explanationthe

CMD for a nearby dwarf spheroidal galaxy indicates a simg 1-oiion could be early AGN feedbacRets that indirectly
larly old, but metal-poor stellar population (Durrell e1, 007). truncate star formation in accreting satellites, or adiatzon-

Together with the observedgs distribution of the ICPNs, these w0 of the M87 halo due to cluster dark matter collagsin
results suggest that at least some of the ICL in Virgo origiea onto the galaxy
from stars unbound from the brightest and most massive galax The existing data cannot discriminate between these scenar

I€s. ios. The next step in this project is therefore to obtain a@amwf
atleast 100-200 measured PN velocities covering the wh8é M

7.2. The M87 halo halo. This is required to verify that the velocity dispersite-
creases everywhere around the galaxy, and to obtain &taflist

The other five of the newly confirmed PNs are associated witletter constraints on phase-space structures in the swfiray

the bound halo of M87, at a mean projected radtus 144 kpc  |CL, including possible stars tidally dissolved from M87itia

from the centre of the galaxy. These PNs have velocitieedms homogenous imaging and spectroscopic PN survey covering th

the systemic velocity of M87, with a small dispersion, ané amwhole halo of M87 out to 40 arcmin we will be able to accu-

furthermore segregated spatially from the rest of theduitrs- rately measure the rotation, radial anisotropy of the erkind

ter) PNs, as shown in Figs. 7 and 8. truncation of the outer halo of M87.

The LOSVDs of the M87 PNs both in the new fields and in
the FCJ field of AO4 are consistent with no rotation of the putécknowledgements. We wish to thank Nando Patat for carrying out the obser-
hal d the photometric minor axis. outsitle 15 kpc. We vations in service mode,_ anq Marina Rejkuba and Sandrorhziua_ fqr qdwce
alo aroun p Icmi XIS, ou p . in using the GIRAFFE pipeline. We thank Ken Sembach for mhmg his ve-

cannot test whether the halo is rotating around the maja. axbcity dispersion data in digital format, John Kormendy diring us the surface
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Together with the results of A04, this indicates that the Malb ~ ©4SS'o"s:

becomes ‘dynamically’ cold beyond 50 kpc radius.
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