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ABSTRACT

Aims. We present kinematic and photometric evidence for an doorevent in the halo of the cD galaxy M87 in the last Gyr.
Methods. Using velocities for~ 300 planetary nebulas (PNs) in the M87 halo, we identify avarelike substructure in the PN
phase-space. We implement a probabilistic Gaussian mixtiadel to identify PNs that belong to the chevron. From aiglyf deep
V-band images of M87, we find that the region with the highestsity of chevron PNs is a crown-shaped substructure irighe |
Results. We assign a total of Mysu, = 54 to the substructure, which extends ov80 kpc along the major axis where we also observe
radial variations of the ellipticity profile and a colour drant. The substructure has highest surface brightnes2@kjac x 60kpc
region around 70 kpc in radius. In this region, it causes aremse in surface brightness §§0%. The accretion event is consistent
with a progenitor galaxy with a V-band luminosity of£2.8 + 1.0 x 10°L, a colour of (B- V) = 0.76 + 0.05, and a stellar mass
of M = 6.4+ 2.3 x 10°M,.

Conclusions. The accretion of this progenitor galaxy has caused an irapbmodification of the outer halo of M87 in the last Gyr. By
itself it is strong evidence that the galaxy’s cD halo is grayjthrough the accretion of smaller galaxies as prediciediérarchical
galaxy evolution models.
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1. Introduction by the accretion of smaller systems. Records of accretientsv

. . . . are also revealed in the form of spatially extended lowesef
According to the current theory of hierarchical formatiara |, ;o hiness features in the outskirt of stellar halos (Migbal.
evolution of structures, accretion events are believedaeeh -[van Dokkum et al. 2014; Duc ef 4l 2D15). Thesb-
an important role in the cosmological build up of stellardsal g ,~tures are not in a phase-mixed equilibrium in the host

in elliptical galaxies/(De Lucia & Blaizot 2007), responisitior - LI
; galaxy potential and, therefore, can in principle be traasd
their growth at relatively low redshifte (< 2;[Oser et a 0)- kinematic features in velocity phase- space

In dense environments accretion is even more dramatic, suc
M87 is one of the nearest centra %alames (at an adopted

that close to the dynamical centre of the cluster, centradtef dist £145 M L al
galaxies are expected to have the majority of their stanetexd Istance o pc; Ciardullo et 02; Longobardiet a

(Laporte et al. 2013; Cooper et al. 20 m) close to the dynamical centre of the Virgo clus-
: 14). L 1987). It is considered a type-cD galaxy

On the observational front, the outer stellar envelopes NVe et al 09) with an extendedatel
observed to increase in mass by a factoroft sincez = 2 119917 Kormendy et Al. 20
ﬁpvelope that reaches150 kpc in radius. A blue colour gradi-

(van Dokkum et &
L.2010). The presence of an accreted co ttowards its outskirts (Rudick etial. 2010) has beenpméted

ponent is usually identified as an excess of light over the X
as age and metallicity gradients (Liu etlal. 2005; Monteslet a
trapolation of the galaxy's inner profilc (Zibettief al_2i0 ), consistent with a late build-up of its halo. The @bit

\Gonzalez et al. 2007; D'Souza et al. 2014), or by high Ser@l
ties of globular clusters (GC tal. 2044y
K 500 foper § .
indexes @ > 4; I 9). Observations of qu%)Itra compact dwarf 15) also favour acmneti

colour gradients from the centres Of early type galaxmmtds onto the halo. M87 has been the target of several deep imag-

their outskirts|(Peletier et Al. 1990; Liu et . . , .
2010), ‘ty (Tamet al. "9 surveys|(Mihos et al. 2005; Rudick eflal. 2010), and itsel
lZD_OﬂJ) mainly attrlbuted o agradlentln metalll b (la) o™ oximity has made it possible to identify hundreds of ptane

ary nebulas (PNs), and to measure their line-of-sightoreés
are also in agreement Wlth a change in stellar propertwemirl (LOSVsT 2009 | i [ 2015).
Send offprint requests to: A. Longobardi In this letter we use the synergy between PN kinematics and

* Based on observations made with the VLT at Paranal Obseyvat§l€€p imaging to identify an on-going accretion eventin tinen
under programs 088.B-0288(A) and 093.B-066(A), and witk thhalo of M87, which we find to be a non-negligible perturbation
SUBARU Telescope under program S10A-039. of the galaxy properties at the distances where it is traced.
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Fig. 1. Top-left: Projected phase-space,dé vs. major axis distancdRj, for all spectroscopically confirmed PNs (black astenisks
in the halo of M87. Red lines separate the elliptical annoflgsed to isolate cold components associated to the sighste.
Top-right: Histograms of the LOSVD in the three elliptical annuli. lach panel, the blue lines show the best-fit model computed
as a combination of three Gaussians. Black-dashed lineg gterelative contribution of each component to the LOSVIthw
parameters for the cold components given in the fdottom-left: As in the top-left panel, however, the green circles andenéay
diamonds show the PNs associated with the cold secondakyg petne LOSVD. Orange squares show a kinematically selegte
substructure from Romanowsky et al. (201Bpttom-right: Probability that a PN is drawn from the halo component (cey
area) or from the chevron (green, magenta areas). StaeseqrPN probabilities at their measure@y.

2. Kinematic evidence for an accretion event in M87 linear combination oK independent Gaussian probability den-
sity functions (PDFs), or components, expressed by:

K
We acquired kinematic data from the FLAMBAT spectro- _
scopic survey for a large sample of PNs in the outer regions %?() B kZ; P(X1 i 7P @)
M87 (Longobardi et &l. 2018, 2015). The total sample cossist , _ _

of 254 objects classified as M87 halo PNs and 44 intraclust¥pere.x is a data vector (here the LOSV$) is the mixture
PNs, for which we have obtained LOSVs with an estimated m@€ight that satisfies the conditionsOPx < 1 and}}; Pk=1,
dian velocity accuracy of.2 kms' . We concentrate here on the2"d P(X| i, o) are the individual Gaussian PDFs, with mean

M87 halo PNs that cover a range of radii freml5— 150 kpc. M« and dispersionry. The GMM classifier implements the
Expectation-Maximization (EM) algorithm, i.e. an itekegipro-

o _ cess that continuously updates the PDF parameters untiécon
_We see anotable chevron (or *V” shape) structure in the prgence is reached. At the end of the EM procedure, the posterio
jected phase-space of the PN sample as shown inlFig. 1 (|BBpabilities,y(x) for a data value to belong to each of tke

left). To isolate this kinematical substructure we utiliséhree- Gayssian components are returned. These are described by:
component Gaussian mixture model to identify high-density

narrow features on top of a broader distribution. We noté thg () — Pr(X1 paks tTk)Pk_ @)
there is not enough data to statistically favour this modeiro p(x)
simpler models with BIC or AIC (Bayesighkaike Information o apply the GMM to our LOSV distribution (LOVSD) we bin
Criteria;[LiddI& 20077); however, it is visually indicateddwe the PN M87 halo sample into seven elliptical annuli, or gsip
will confirm it with photometry in SeEl4. A brief descripti@f  jn phase-space, covering the entire PN velocity phaseesjiae
the technique is given in the f0”0W'“§ Eara raph; for moee d| OSVD in each annulus is analysed as a combination of three
tails we refer the reader 011). Gaussians, where the centrgg)(widths @), and weights®y)
are treated as free parameters in the EM algorithm, and have

A Gaussian Mixture Model (GMM) is a probabilistic modeluncertaintiesr,, = o/ \S, oy, = o/ V2S, andop, = Py/ VS,

which assumes that a distribution of points can be descabed with S = [, 7k(Xn)] Mf@ﬁ).
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We find cold components in three out of seven elliptical binspatial distribution showed, the edge of this feature isitbat
for which we show the histogram of the data, along with the-be® ~ 1200” (~ 90 kpc).
fit GMM and reducedy? in Fig.[I (top-right panel). We also  Over the same major axis distances at which the substructure
plot (bottom-left panel) the LOSV phase-space for the 254 Pl¢ located, we also observe variations in the M87 elliptipito-
in the halo of M87: black crosses represent PNs of the smodilk. Between 300 < R < 800" the ellipticity increases and then
halo LOSVD of M87, while magenta diamonds and green dofisttens to a value of ~ 0.43 for R > 800" (Kormendy et all.
are PNs that have a higher probability (see[@g. 2) to belong2009). In particular, the region at which the gradient flagtee-
the chevron. Finally, we show the probability that a given PHRects the crown-like overdensity.
is drawn from each of the components as a function of its ve-
locity (bottom-right panel). The GMM assigned a total of 54 ) i i
PNs to the chevron substructure, which covers70050 kpc) 4- Physical properties of the accreted satellite
for major axis distances 500< R < 1200’. The separation, 4 ;. Luminosity and a-parameter
AV, between the two peaks of the cold components becomes
smaller at larger distances. For the three elliptical bings To understand the physical origin of this structure, we cotap
AV = 6545 + 401, 2464 + 205, and 1533 + 20.6kms?, itstotal luminosity. We do it in a region with size800” x 300",
respectively. AR ~ 1200” (~ 90 kpc) the width of the chevron after the subtraction of the local background, determirssdg
goes to zero with LOSVs close to the galaxy’s systemic vgfocia region photometry method (for more details —. etal
(Vsys = 1275 kms?; [Longobardi et &l 201B) PNs on the arms ). We find a total luminosity in the range ofdwn = 3.7 +
of the chevron are seen on both the northern and southem sid® x 10°L,v. When compared to the luminosity determined in
of the galaxy as is shown in Figl 2 (see S&gt. 3). The brotite same region from the original image,+ 5.9 x 10°Lq,v,
Gaussian with average mean velocityl 290 kms? and disper- it is clear that at these distances the substructure reysese
sion~ 320 kms? in the three bins traces the M87 halo. significant fraction~ 60%, of the total light.

The search for kinematic features in the phase-space of GCsIn the region of the crown we countsNcrown = 12+ 3 PN,
has resulted in the discovery of a similar chevron-like struwhile we find a total of Mychevron = 54 + 7 PNs associated to
ture [Romanowsky et &l. 2012), shown in Elg.1 above as orarifje entire chevron (see Seli. 2). By correcting these nusnber
squares. Though the morphology in the phase-space is simir incompleteness factors aslin Longobardi etlal. (20183eh
it differs in a number of physical properties: the width godsecome 19 and 142, respectively. Hence, by scaliggvk-to
to zero atRgc ~ 1500’ with V| osec = 1307 kms?, versus the total number of PNs associated to the chevron we obtain th
R~ 1200’ and V os ~ 1250+ 21 kms for the PNs. Moreover, total luminosity associated to the progenitor of the M87 tei
the 27 chevron GCs show a veryfiérent spatial distribution be L~ 2.8+ 1.0x 10°Loy.
with the highest density of points on the NE photometric mino  The total number of PNs is proportional to the total bolo-
axis (Romanowsky et &l. 2012; D’ lal. 2015), and femetric luminosity of the parent stellar population, and fine-
GCs near the crown substructure traced by the PNs. portionality is quantified with the luminosity-specific PNt

sity, or, e—parameter| (Buzzoni et al. 2006). Utilising the com-

puted luminosity, and the completeness-corrected esirfiwait
3. Localising the substructure with deep imaging Npnchevion We can calculate the-parameter for the progenitor
of the substructure. Considering that the typical profigbalf

In Fig.[2 (left), we show the position of the chevron PNs ovefr . NonchewonPN to belong to the chevron is 0.7 (Fig.[T), we
obtainass = 1.8 + 0.7 x 10°8NpnL=t . Hereays is 2.5 mag

plotted on 16x1.6 ded V-band image of M87, with an estimated
@.hol”

surface brightness limit gfy = 285 magarcse@ (Mihos et al. - . . .

2015). Here we see the large spatial extent of the substaictflo!Vn the luminosity function as in_Longobardiet al. (2015),
@Hg we have assumed a bolometric correction for the V-band
of

associated with the chevron PNs. Because of its shape on . . ~
image we will refer to it as theeil of M87. Now we are inter- Cv=0.85 (Buzzoni et al. 2006) and BE-0.07 for the Sun.

ested to see if this feature is also visible in the opticadtlig

To this end, we constructed an unsharped masked im2. Colour and Mass
age, which is the dierence between the original image and a _. ,
smoothed image. We utilised the IRAF tafskedian to smooth " Fig-[2 (right panel) we show the chevron PNs overplotted on
the original image by using a window with a size of 1450 the B-V colour_ image of M87, that combme_s the V-band d_ata
1450’. This window size was chosen so that it contained t{g€€ SecLI3) with deep B-band photometry with a surfacéibrig
large scale extension of the substructure. By looking ahtple- N€SS limit ofug = 29 mag arcset. Itis interesting to notice that
est concentration of PNs, in the NW region of M87, it can bgloSe t0R ~ 1200" the colour shows an azimuthal variance,

seen to extend over many hundreds of arcsecord8QQ’). such that along the photometric minor axis the measured val-
Thus, the adopted box size 4s 1.8 times larger than the long UeS are redder (Mihos et al. 2015). This feature correlatts w

side of the feature. the spatial number density of the chevron PNs, showing aitlefic

The results of the unsharped masking can be seen mﬂ:iiﬁfumber along the photometric minor axis. This suggess th

(central panel), where the high frequency structures awe nd'€ t_)luer regions a}re the result o_f the accreted materiab_pn t
clearly visible. A previously unknown debris structureftwa 1€ light from M87’s halo. In particular, the crown strucius
crown-like shape, can be seen on top of M87 at the NW sidg@€asured to have integrated colour{®) = 0.76+£ 0.05.
This we refer to as therownof M87's veil. It has a character- ___(B:V) colour is a good estimator of the mass-to-light-
istic width of ~ 3007, an extension ot 800", and is almost raflo, T*, of the underlying stellar population. By adopting
perpendicular to M87’s photometric major axis. Just as tRe ply = 2.3 for (B'V)=O'76.LM§QQUQD—&§QMD-HLLZQM)Z the
total stellar mass associated to the disrupted galaxy is the
1 The stability of the fitted parameters and the measuredndistaf M = 6.4+ 2.3 x 1QQMQ- . )
the chevron edge were tested with 100 GMM runs fdfetient mock From the distribution and velocities of chevron PNs in Elg. 2
data sets and initialisation values. a possible interpretation of the satellite orbit could ket thwas
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S T %i 2 ..ﬁm. ; - f i i A R
Fig. 2. Spatial and colour distribution associated with the kingorsubstructure identified in the phase-space of the M83 Réals.
Left panel: V-band image of a B x 1.6 ded centred on M87 from Mihos et al. (2015). Full circles, andndimds indicate the
spatial position of the M87 halo PNs in the chevron substmectMagenta and green colours indicate PN LOSVs above dod/ be
Vi os = 1254 kms?, the LOSV at the end of the chevrdentral panel: Unsharp masked image of M87 median binned to enhance
faint structures. The crown-shaped substructure is @sibdistance of 8001200’(~ 60— 90 kpc) along the major axis, NW of
M87. Details are given in Sectidi 3. The blue line measurekp@0Right panel: (B-V) colour image of M87 from_Mihos et al.
(2015) with chevron PNs overplotted (white dots). The ddstipse indicates the isophote at a major axis distanc001 The
crown is found in a region where the (B-V) colour is on aver@gg bluer than on the minor axis.

first disrupted entering M87 from the South (along the greerewly discovered substructure within the halo of M87 demon-
dots), with the debris then moving up North, turning aroumd istrates, that beyond a distance~of60 kpc, its halo is still as-
the crown region, and coming back down on both sides acrassnbling.

M87 (the veil, magenta dots). The velocities would then ynpl

that the northern side of M87 is closer to the observer. The dycknowledgements. AL is grateful to J. Elliott for helpful comments which im-
namical time for such an orbit is of ordgr 1 Gyr (Weil et al. Proved the manuscript. JCM is supported by NSF grant 1108964

1997).
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