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ABSTRACT

Context . M49 (NGC 4472) is the dominant galaxy in subcluster B of the Virgo Cluster, and a benchmark for studying the build-up of
the extended halos of brightest group galaxies in the outskirts of galaxy clusters.
Aims. We investigate the kinematics in the outer halo of M49, look for substructures, and describe the transition to the surrounding
intra-group light.
Methods. As kinematic tracers, we use planetary nebulae (PNe), combining kinematics from the extended Planetary Nebula Spec-
trograph (PN.S) early-type galaxy survey with our recent deep photometric sample. We study the position-velocity-plane for bright
and faint PN populations out to 95 kpc radius, and employ a multi-Gaussian model for the velocity distribution to identify stellar
populations with distinct kinematics and histories.
Results. We report the detection of stellar-kinematic substructure associated with the interaction of M49 with the dwarf irregular
galaxy VCC 1249. We find two kinematically distinct PN populations associated with the main M49 halo and the extended intra-
group light (IGL). These have velocity dispersions σhalo ' 170 km s−1 and σIGL ' 400 km s−1 at 10–80 kpc radii. The overall
luminosity profile and velocity dispersion at ∼80 kpc are consistent with a flat circular velocity curve extrapolated from X-ray obser-
vations. The dispersion of the PNe associated with the IGL joins onto that of the satellite galaxies in subcluster B at ∼100 kpc radius.
This is the first time that the transition from halo to IGL is observed based on the velocities of individual stars.
Conclusions. Therefore the halo of M49, consisting of at least three distinct components, has undergone an extended accretion history
within its parent group potential. The blue colours of the IGL component are consistent with a population of stars formed in low-mass
galaxies at redshift ∼0.5 that has since evolved passively, as suggested by other data.

Key words. galaxies: individual: M49 – galaxies: elliptical and lenticular, cD – galaxies: clusters: individual: Virgo –
galaxies: halos – planetary nebulae: general

1. Introduction

In the current hierarchical paradigm, early-type galaxies (ETGs)
grow with time. The initial phase of strong in-situ star forma-
tion is followed by growth through minor mergers and accre-
tion at large radii (White & Frenk 1991; Steinmetz & Navarro
2002; Oser et al. 2010). This scenario reproduces the morpho-
logy, metallicity, and the kinematics of the inner halos at
30–50 kpc radius – see, for example, evidence for recent accre-
tion events at these radii in M87 (Longobardi et al. 2015b) and
M49 (Arrigoni Battaia et al. 2012).

As more effort is put into understanding the mass-assembly
history, reaching higher sensitivity and larger radii in these
galaxies, recent extended photometry and detection of individ-
ual stars provide evidence for very extended, blue halos around

? Based on data collected at Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan under programme
S14A-006 and with the William Herschel Telescope operated on the
island of La Palma by the Isaac Newton Group of Telescopes in the
Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofísica de Canarias.

nearby ETGs at the centre of their groups. M49, the brightest
galaxy in the Virgo Cluster, is surrounded by such an extended
envelope that is characterised by a strong blueward colour gradi-
ent beyond two effective radii (Mihos et al. 2013, 2017). If this
strong colour gradient, reaching from B–V = 0.92 at 25 kpc to
B–V = 0.65 at 100 kpc, were due to a strong metallicity gradient,
the corresponding stellar populations would have to have metal-
licities below [Fe/H] ≤ − 0.2 and ≤ − 1, respectively, at these
radii (Mihos et al. 2013)1.

Within the cosmological framework, simulations predict that
the mergers building up M49’s halo would have typical mass
ratios of 0.2 ± 0.1 (1:5, Oser et al. 2012). However, according
to the stellar mass-metallicity relation (Zahid et al. 2017), such
merging satellites would deposit stars with much larger metal-
licities ([Fe/H] ≈ −0.1 ± 0.1), which would be redder in colour.
If the bulk of the metal-poor stars in the outer halo instead orig-
inated from the formation of many low-mass, low-metallicity

1 Mihos et al. (2013) assume Bruzual & Charlot (2003) single stellar
population models for a range of ages. The values quoted here assume
an age of at least 5 Gyr.
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objects at high redshift, this would be in tension with recent cos-
mological simulations (Rodriguez-Gomez et al. 2016), which
predict that satellites with mass ratios less than 10−2 : 1 do not
contribute significantly to the mass of the stellar halo. Finally,
if the halo had been made by the more recent accretion of rel-
atively massive (1:5 merger-mass ratio) star-forming galaxies,
these would have left behind long-lasting dynamical signatures
like asymmetric velocity fields or substructures in the velocity
phase-space (Bullock & Johnston 2005).

Therefore, a possible way to address the tension between the
size and the colour of these halos at 100 kpc radial distance,
and to discriminate between the different formation channels of
these extended blue halos, is to measure the kinematics of the
associated stars. If the halo formed from many small, metal-poor
objects, its phase-space would be characteristically smooth and
point symmetric. On the other hand, if it had been built relatively
recently from more massive, star-forming satellites, we would
detect dynamical signatures in the velocity phase-space.

While the dynamics of the halos of local group galax-
ies like M31 can be mapped by absorption-line spectroscopy
of individual red-giant branch (RGB) stars at the dist-
ance of the Virgo Cluster, these stars would have appar-
ent magnitudes mV > 23.5, which is fainter than the sky
background. Integral-field spectrographs are ideally suited
for mapping the central high-surface brightness regions of
ETGs (see e.g. Emsellem & Sauron Team 2002; Ma et al. 2014;
Cappellari 2016), but due to their small field of view it becomes
increasingly costly to map the extended halos at larger distances
(beyond 2re). Even with sparse sampling, the coverage does not
extend beyond 4re (e.g. Weijmans et al. 2009; Ma et al. 2014;
Boardman et al. 2017).

Beyond these distances, discrete tracers like globular clus-
ters (GCs) or planetary nebulae (PNe) are needed. The latter
are the progeny of asymptotic giant branch (AGB) stars and can
be easily identified due to their relatively strong [OIII]5007 Å
emission lines, and the absence of a continuum. With multi-slit
imaging techniques PNe can even be detected in galaxy clusters
like Hydra I (Ventimiglia et al. 2008) at 50 Mpc distance and
Coma (Gerhard et al. 2005) at 100 Mpc distance. Within 20 Mpc
distance, common techniques for PNe identification are the on-
off band technique (Arnaboldi et al. 2002, 2003) and counter-
dispersed imaging (Douglas et al. 2002; McNeil et al. 2010).

Empirically, it has been found that PNe are about three times
more abundant in the outer bluer halos around M87 and M49,
compared to the inner redder galaxy (Longobardi et al. 2013,
2015a; Hartke et al. 2017, hereafter L13; L15a; H17). This dif-
ference is also present in the morphology of the PN luminos-
ity function (PNLF), as it has been found that PNLFs steepen
from recent star-forming to old parent stellar populations (e.g.
Ciardullo 2010, L15a; H17), thus making PNe ideal single stel-
lar tracers to map the transition from the inner galaxy halo to the
outer blue envelope in bright cluster galaxies.

In addition to PNe tracers being relatively abundant in blue
outer halos, a series of studies indicate that PNe in different mag-
nitude bins of the PNLF have distinct kinematics. For example,
the study of the kinematics of the PN population in NGC 4697,
an ETG located in the Virgo southern extension, showed that
PNe in different magnitude intervals of the PNLF exhibited
different kinematics and spatial distributions (Sambhus et al.
2006). A very recent study of PN populations in the face-on
disk galaxy NGC 628 showed that PNe within 0.5 mag from the
bright cut-off of the PNLF are dynamically colder with respect
to PNe at fainter magnitudes (Aniyan et al. 2018, Arnaboldi
et al., in prep.). The correlation between the magnitude of the

[OIII]5007 Å emission and kinematics may be understood in the
framework given by the recent models of post-AGB evolution
(Miller Bertolami 2016), which link the total luminosity of the
PN core stars to the age and metallicity of the parent stellar pop-
ulation (Zijlstra et al. 2016).

In light of these empirical and theoretical results, we may ex-
pect the accretion events of satellites with different ages, masses,
and metallicities, which build the extended halos of ETGs, to
leave different imprints in the magnitude-position-velocity space
traced by PN populations. Therefore, by studying correlations in
this space, we may be able to identify substructures and assign
them to different progenitors.

The aim of this work is to understand the build-up of M49’s
halo and the surrounding intra-group light by a synergy of
accurate photometry (H17) from Suprime-Cam at Subaru Tele-
scope (Miyazaki et al. 2002) with line-of-sight (LOS) veloci-
ties from the extended Planetary Nebula Spectrograph (ePN.S)
ETG survey (Arnaboldi et al. 2017; Pulsoni et al. 2018). The
PN.S at the William Herschel Telescope is a double-arm slit-
less spectrograph that facilitates the identification of PNe and
the measurement of their LOS velocities in a single observation
(Douglas et al. 2002).

This paper is organised as follows: in Sect. 2, we describe
the synergy of photometric and spectroscopic surveys of PNe in
the halo of M49. Section 3 summarises the methods used for the
analysis of the LOS velocity distribution (LOSVD). We present
our results in Sect. 4 and subsequently discuss them in Sect. 5.
For the remainder of this paper we adopt a distance to M49 of
16.7 Mpc (Blakeslee et al. 2009), corresponding to a physical
scale of 81 pc per 1′′ and an effective radius of re = 194′′.4±17′′.0
(Kormendy et al. 2009, corresponding to 15.7 ± 1.4 kpc).

2. Matching photometric and kinematic data of PNe
in M49

We aim to investigate whether there are correlations between
substructures in distance-velocity phase-space with [OIII]5007Å
magnitudes for a large sample of PNe. We therefore combine
accurate photometry from a narrow-band survey with LOS ve-
locities obtained with the PN.S. The complete photometric sur-
vey from H17 consists of 624 PNe within a limiting magnitude
of m5007,lim = 28.8, covering a major-axis distance of 155 kpc
(equivalent to 9re) from the centre of M49, excluding the central
13 kpc due to the high background from M49’s light. For a de-
tailed discussion of the survey’s completeness and photometric
accuracy, we refer to H17.

The ePN.S ETG survey (Pulsoni et al. 2018) provides posi-
tions (RA, dec), LOS velocities (v) and magnitudes (m5007,PN.S)
for 465 PNe in the halo of M49, covering a major-axis dis-
tance of 95 kpc (equivalent to 6re). We remove all measure-
ments with a signal-to-noise ratio S/N < 2.5 in either of the
two dispersed arms from the PN.S dataset. The median error on
velocities measured with the PN.S is δv = 20 km s−1. We refer
the reader to Douglas et al. (2007) for a detailed description of
the data reduction procedures for the PN.S. We then calculate
the velocity dispersion σ = 363 ± 17 km s−1 using a robust-
fitting technique (McNeil et al. 2010) and remove all PNe with
velocities outside a velocity range of 3σ about the mean veloc-
ity v̄ = 935 ± 17 km s−1. We remove one high-velocity outlier
that is likely not a PNe but a foreground object as its magni-
tude is much brighter than M49’s bright cut-off m?

5007 = 26.8,
and 13 low-velocity outliers that are all located at the field edges
and thus likely affected by degrading image quality. After the
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removal of low S/N measurements and 3σ-clipping, the cleaned
catalogue contains 436 PNe.

From the cleaned catalogue, 226 PN.S-PNe fall into the un-
masked regions of the photometric survey. We cross-correlate
their positions with those of the PNe from the photometric sur-
vey with a tolerance of 5′′, resulting in 215 common objects. The
resulting catalogue, containing positions (RA, dec), LOS veloc-
ities (v), and magnitudes (m5007,Sub) of 215 PNe, is referred to as
matched catalogue. The combination of the two surveys allows
us to assess the accuracy of the magnitudes measured with the
PN.S in comparison to the excellent Suprime-Cam photometry.
We find that an offset in magnitudes that is governed by a linear
relation of the form

m5007,PN.S = am5007,Sub + b, (1)

with a = 0.704 ± 0.084 and b = 8.78 ± 2.29. We correct for
the magnitude offset by inverting this relation. There is a resid-
ual ±0.7 mag scatter of the PN.S magnitudes with respect to the
Suprime-Cam photometry, which is likely due to instrumental
effects as the PN.S has been optimised for kinematic measure-
ments only. We apply the magnitude correction to all PN.S PNe
in the cleaned catalogue, resulting in the magnitude-corrected
PN.S catalogue, which contains positions (RA, dec), LOS ve-
locities (v), and magnitudes (m5007,PN.S−corr) of 441 PNe.

3. Methods for LOSVD decomposition

In this section, we briefly describe the methods used to analyse
the closer velocity distribution (LOSVD) of PNe in the halo of
M49.

3.1. First and second moments of the LOSVD

Following the procedure outlined in Sambhus et al. (2006), we
calculate the reduced velocity U for each PNe with velocity v:

U(x) = (v − vsys) · sgn(x). (2)

M49’s systemic velocity as computed from the ePN.S velocity
fields is vsys = 960 ± 24 km s−1 (Pulsoni et al. 2018) and x is the
position along the galaxy’s photometric major axis (PA = −31◦,
Kormendy et al. 2009). PNe with U > 0 are denoted as co-
rotating and with U < 0 as counter-rotating, respectively. The
mean reduced velocity is calculated in magnitude bins to evalu-
ate how the kinematics of M49 change as a function of magni-
tude.

We then calculate the LOS velocity dispersion profile as a
function of radius, using the robust-fitting technique described
in McNeil et al. (2010). As galaxies in group and clusters of-
ten have a LOSVD with strong wings due to the presence of
intra-cluster or intra-group light (IGL, e.g. Arnaboldi et al. 2012;
Veale et al. 2018; Barbosa et al. 2018, L15a), we estimate the
dispersion within three standard deviations from the mean ve-
locity. The error on the velocity dispersion is calculated using
Monte-Carlo techniques (see McNeil et al. 2010, Eq. (2)).

3.2. Adaptive-kernel smoothing

Smoothed velocity and velocity dispersion fields are calculated
using the adaptive-kernel-smoothing technique of Coccato et al.
2009. For a sample of N PNe, the smoothed velocity ṽ and σ̃ at
every position on the sky (x, y) are

ṽ(x, y) =

∑N
i=0 viwi∑N
i=0 wi

(3)

σ̃(x, y) =

∑N
i=0 v2

i wi∑N
i=0 wi

− ṽ(x, y)2 − δv2
1/2 , (4)

where vi is the observed ith tracer velocity and δv is the cor-
responding measurement error. Following Coccato et al. (2009),
we use a distance-dependent Gaussian kernel for the ith tracer

wi = exp
−D2

i

2k(x, y)2 , (5)

where Di are the distances of the ith tracer from the remainder
of the sample. The kernel width k is defined to be proportional
to the distance Ri,M to the Mth closest tracers:

k(xi, yi) = ARi,M(xM , yM) + B, (6)

where xM and yM are the coordinates of the Mth closest PN to the
ith tracer (xi, yi). Pulsoni et al. (2018) optimised the kernel pa-
rameters A and B for the best compromise between spatial reso-
lution and noise smoothing through Monte-Carlo simulations of
discrete velocity fields extracted from cosmological simulations
(see Sect. 3.1.1 therein). For M49, they determine A = 0.73 and
B = 11.3 as kernel parameters. We use these parameters to cal-
culate the two-dimensional (2D) smoothed velocity and velocity
dispersion fields presented in Sect. 4.

3.3. A multi-Gaussian model for LOSVD decomposition

The information of the velocity and velocity dispersion fields
is contained in the LOSVD. We model the LOSVD as the sum
of individual Gaussians to evaluate whether it is consistent with
a single or multiple components. In order to assign PNe to
the kinematic components, we use a Gaussian-mixture method
(see e.g. Walker & Peñarrubia 2011; Amorisco & Evans 2012;
Watkins et al. 2013; Agnello et al. 2014, L15b). We decompose
the LOSVD profiles into multiple independent Gaussian compo-
nents. Each Gaussian Gi can be described by its central value µi
and dispersion σi. For a PN k with measured velocity vk ± δvk
this is

Gi(vk, δvk; µi, σi) =
1

√
2πσi

exp
 (vk − µi)2

2(σ2
i + δv2

k)

 . (7)

In the simple case of a two-component system, the likelihood
would be

Lk =
G1(vk, δvk; µ1, σ1) + a2/a1G2(vk, δvk; µ2, σ2)

1 + a2/a1
, (8)

with a1 and a2 being the amplitudes of the respective Gaussians.
The total likelihood is the product of the individual likelihoods
that are calculated for each individual PN. This method allows
us to exploit the information of every PN without the need for
binning.

We assume flat priors on the model parameters and
calculate their posterior probability distribution functions
(PDFs) using the ensemble-based MCMC sampler emcee
(Foreman-Mackey et al. 2013).
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Fig. 1. Mean reduced velocity U vs. magnitude m5007 of PNe in the
matched catalogue. Top: northern (blue squares) and southern (red dia-
monds) quadrants. Bottom: western (purple squares) and eastern (green
diamonds) quadrants. In both panels, the black open symbols denote
the entire sample and the respective colour bands the 1σ-error on the
reduced velocity. The insets highlight the respective quadrants on the
sky, with M49’s photometric major axis denoted by a dashed line.
The excess of bright PNe with positive reduced velocity in the north-
ern and southern quadrants motivates the division into a bright and a
faint PN sample.

4. Results

4.1. Distinct kinematics of bright and faint PNe

We want to investigate whether the kinematics of PNe corre-
late with magnitude as possible correlations or anti-correlations
could point to different stellar populations with distinct kinemat-
ics. We therefore calculate the reduced velocity for PNe from
the matched catalogue using Eq. (2), as these have the most ac-
curate magnitude measurements. As Fig. 1 illustrates, we find
no significant correlation between reduced velocity and magni-
tude, however, the entire sample (black circles) shows an excess
of co-rotating PNe brighter than m5007 < 27.5 mag. This ex-
cess is driven by PNe localised in the northern (blue squares)
and southern (red diamonds) quadrants, as illustrated in the top
panel of Fig. 1. The PNe in the western (purple squares) and
eastern (green diamonds) quadrants do not show such an ex-
cess; see bottom panel in Fig. 1. A 2D Kolmogorov-Smirnov
(K-S) test (Peacock 1983; Fasano & Franceschini 1987) inves-
tigating whether the northern and southern samples could be
drawn from the same U-magnitude distributions as the west-
ern and eastern samples results in a p-value of p = 0.17, thus
rejecting this hypothesis (Press et al. 2007). Based on the be-
haviour of the mean reduced velocity as a function of magnitude,
we divide the magnitude-corrected PN.S-sample into a bright
(m5007 < 27.5, 258 PNe) sample that is governed by an excess
reduced velocity in the fields along the major axis, and a faint
(m5007 > 27.5, 178 PNe) sample, where this excess is absent.

The comparison of the LOS velocity dispersion profile, cal-
culated in seven elliptical bins, of the magnitude-corrected sam-
ple with that of stellar tracers from integral-field spectroscopy
(Veale et al. 2017, hereafter V17b) shows that the PN kine-
matics agree well with those of the integrated light in the re-
gion of overlap; see solid and dashed black lines in Fig. 2.

We then calculate the velocity dispersion profiles for the bright
(open green diamonds) and faint (filled red squares) samples
separately.

We also construct smoothed velocity and velocity disper-
sion fields for the total PN-sample as well as for the bright
and faint samples, using the adaptive kernel-smoothing tech-
nique (Coccato et al. 2009; Pulsoni et al. 2018) that is described
in Sect. 3.2. The resulting fields are shown in Fig. 3, where the
smoothed values ṽ and σ̃ are plotted at the position of the ob-
served PNe. The bright and faint samples have distinct features,
which we discuss in turn below. It is apparent that the velocity
and velocity dispersion of the bright sample that are shown in
panels a and b of Fig. 3 differ significantly from those of the
faint sample shown in panels c and d.

4.2. Faint sample: separation of halo and intra-group light

The velocity field of the faint sample (Fig. 3c) is dominated by a
rotation of vrot = 120 km s−1 about the minor axis. The velocity
dispersion (Fig. 3d) is σ = 270 km s−1 along the major axis and
increases up toσ = 320 km s−1 along the minor axis. Comparing
the spatial density of tracers, the faint component (see Fig. 3c) is
less centrally concentrated compared to the bright one (Fig. 3a),
which allows us to study the kinematics of the extended outer
halo.

The smoothed velocity (Fig. 3c) and velocity dispersion
(Fig. 3d) fields do not immediately suggest multiple velocity
components due to their smooth and symmetric appearance.
However, inspecting the LOS velocity dispersion profile shown
with red squares in Fig. 2, the rising dispersion at large radii –
even reaching the velocity dispersion of the Virgo Subcluster B
(grey error bars, derived from Binggeli et al. 1993) – indicates a
smooth transition that might be driven by an additional compo-
nent with larger velocity dispersion.

We therefore constructed the LOSVD for the PNe in the
faint sample. As shown by the histogram in the left panel
of Fig. 4, it has strong wings. If we characterise the over-
all LOSVD of the faint component in terms of Gauss-Hermite
polynomials (van der Marel & Franx 1993; Gerhard 1993) with
moments µ, σ, h3, and h4, we obtain a high h4 value, that is,
h4 = 0.11 ± 0.03, and a much smaller h3 = 0.01 ± 0.03 (dashed
green line in Fig. 4). This is in contrast to observations of ETGs
in equilibrium, where the asymmetric deviations of the LOSVD
from Gaussianity (characterised by h3) are more prominent than
the symmetric deviations (characterised by h4), with the latter
being a few percent at most (Gerhard 1993; Bender et al. 1994).

In order to illustrate the uncommonly large value of h4
with respect to galaxies in equilibrium, we compare our de-
rived value to the distribution of luminosity-averaged h4 values
of ETGs in the SAURON (Emsellem et al. 2004) and MASSIVE
(Veale et al. 2017) surveys. As shown in Fig. 5, the error-band of
our best-fit value of h4 (indicated by the red shaded region) over-
laps with the tails of the histograms from the SAURON (grey)
and MASSIVE (blue) surveys and is larger than any of the mea-
sured h4 values based on IFU data. It shows that the radially
extended LOSVD of the faint PN sample cannot be reproduced
by the LOSVDs found in most ETGs within a few effective radii
(0.5 − 4.0 re). The large h4 value measured for M49 is more ex-
treme than any of the 41 values measured for the MASSIVE
galaxies, which demonstrates that it has not been drawn from
the same distribution at the 97.5% confidence level.

We note that M49 is part of the MASSIVE sample and
that the h4 value measured here is larger than the luminosity-
averaged value determined by Veale et al. (2017). However, our
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Fig. 2. LOS velocity dispersion profile as a function of major-axis radius of the total (open black circles), bright (open green diamonds), and faint
(filled red squares) magnitude-corrected PNe in the halo of M49. The coloured bands denote the 1σ errors. The stellar velocity dispersion profile
is indicated by the dashed black line (V17b) and the dispersions of metal-poor and metal-rich GCs are indicated by the solid blue and dashed
red line respectively (C03). The grey error bars connected with dashes denote the velocity dispersion of galaxies in the Virgo Subcluster B. The
velocity dispersion of the faint PN-sample reaches that of the Subcluster B at large radii, which indicates that these PNe are tracing the underlying
intra-group light.

best-fit value agrees with their h4 value at the largest radii within
the errors (see Veale et al. 2017, Fig. D8), continuing the trend
of rising h4 values with increasing radius observed in the MAS-
SIVE survey. This positive gradient of h4 values with radius
present in the MASSIVE survey is also illustrated by the offset
between the mean h4 values between the SAURON and MAS-
SIVE surveys. The SAURON survey covers the central 0.5−1 re,
where the h4 values are generally small or even slightly negative
(see also Bender et al. 1994). The radial coverage of the MAS-
SIVE survey extends to 2.0 − 4.0 re. Due to this larger coverage,
the transition to a core-wing structure of the LOSVD as signalled
by an increase in h4 value can be observed. Our measurement
that includes data out to 6 re shows that this positive gradient of
h4 values extends to larger radii than those sampled in the MAS-
SIVE survey.

Strongly winged LOSVDs such as the one observed in
M49 are also observed in other galaxies in group and clus-
ter environments (e.g. Ventimiglia et al. 2011; Veale et al. 2018;
Barbosa et al. 2018, L15a). Hydrodynamical cosmological sim-
ulations of galaxies at the centre of clusters find that the
strongly winged LOSVDs of star particles are well described
by two Gaussians with different dispersion (Cui et al. 2014;
Dolag et al. 2010) and centred on different mean velocities
(van den Bosch et al. 2005). The Gaussian with the largest ve-
locity dispersion indicates the presence of a population of intra-
group (or intra-cluster) stars at large radii, which do not trace the
halo but the group (or cluster) potential.

Using the method described in Sect. 3.3, we fit a single-
and a double-Gaussian model to the data, with the latter being
clearly favoured, with a lower Bayesian Information Criterion
(BIC, cf. Table 1). If we were to fit a single Gaussian to the
LOSVD for the entire faint sample, its velocity dispersion would
be σfaint,single = 290+17

−16 km s−1 and it would be centred on M49’s
systemic velocity. A K-S test whether the faint LOSVD can be
drawn from a single Gaussian with these parameters results in
p = 0.08. This model is denoted by the orange line in the left
panel of Fig. 5, while the best-fit two-component model scaled
to the binned LOSVD is denoted by the solid black line. For

comparison, we also carry out a K-S test between the observed
faint LOSVD and our best-fit two-component model, resulting
in p = 0.64.

The first component of the model (dashed blue line),
which we associate with M49’s halo, is centred on µhalo =
−27.1+26.8

−24.5 km s−1 (with respect to the systemic velocity of M49)
and has a velocity dispersion of σhalo = 169 ± 27 km s−1. The
second component (dotted red line), which we associate with
the IGL, has a central velocity of µIGL = 54.0+54.0

−55.0 km s−1 that
is marginally offset from the halo one and its velocity disper-
sion σIGL = 397+38

−36 km s−1, which is more than twice as large
as that of the halo component, or, phrased differently, is 5.9σ
away. The difference between the central velocities of the IGL
and main halo indicates a velocity bias that is consistent with
that observed in several central dominant (cD) galaxies (e.g.
van den Bosch et al. 2005; Barbosa et al. 2018, L13).

In order to quantify the contribution of the second Gaussian
with respect to the main one, we statistically associate each PN
to either one of the two Gaussians based on its LOS velocity.
To determine the mean fraction and its error as a function of ra-
dius, we calculate 10 000 realisations. On average, we associate
81 PNe with the second, broader Gaussian. These PNe have
a uniform spatial distribution in M49’s halo. The right panel
of Fig. 4 shows the increasing relative contribution of PNe as-
sociated to the second Gaussian as a function of major-axis
radius. The fraction of PNe associated to the second Gaus-
sian, which is already 30% in the innermost elliptical bin,
rises with increasing radius and reaches above 50% beyond
50 kpc.

4.3. Bright sample: kinematic signature of the accretion of
VCC 1249

We now investigate the presence of a kinematically distinct com-
ponent in the bright sample. North of the minor axis, the ve-
locity dispersion is σ = 230 km s−1 and the velocity field is
featureless, with the majority of the PNe moving with veloci-
ties close to M49’s systemic velocity (see Fig. 3a). The velocity

A123, page 5 of 10

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832711&pdf_id=2


A&A 616, A123 (2018)

Fig. 3. Smoothed velocity (left column) and velocity dispersion
(right column) fields for the bright (top row) and faint (middle row)
magnitude-corrected PN-samples. For comparison, the bottom row
shows the smoothed fields for the total sample from Pulsoni et al.
(2018). The solid grey lines denote the photometric major and minor
axes of M49. The dashed lines divide the sample into four quadrants.
The black cross denotes the position of the dwarf irregular galaxy VCC
1249. The mean errors on the smoothed fields are ∆vbright = 39 km s−1,
∆vfaint = 43 km s−1, ∆σbright = 34 km s−1, and ∆σfaint = 38 km s−1

respectively. The bar in the lower-left corner of panel f corresponds to
25 kpc. North is up, east is to the left.

field south of the minor axis shows a multi-peaked distribution.
There is an approaching component 5′ along the major axis with
a σ = 400 km s−1 peak in the velocity dispersion field. This

peak is centred on the position of the dwarf irregular galaxy VCC
1249 (black cross), which is currently interacting with M49 (e.g.
Arrigoni Battaia et al. 2012). VCC 1249 has a systemic velocity
of vVCC1249,sys = 390±30 km s−1 (SDSS), therefore the superpo-
sition of the LOS velocities of PNe originating from this galaxy
and halo PNe results in a high-velocity dispersion in the ker-
nel smoothing (recall vM49,sys = 960 ± 24 km s−1, Pulsoni et al.
2018).

We therefore divide the bright population along the ma-
jor axis into two subsamples. The southern subsample contains
signatures of the accretion of VCC 1249. Based on the feature-
less appearance of the smoothed velocity and velocity disper-
sion fields north of the minor axis (see Fig. 3), we assume that
the PN-kinematics in the northern subsample are unaffected by
the accretion of VCC 1249. We again fit single- and double-
Gaussian models to the data and find that the best-fit model
for the bright northern subsample is a single Gaussian with
µ = −2.7+25.1

−24.8 km s−1 and σ = 270+19
−51 km s−1. Adding a sec-

ond Gaussian to the model only marginally increases the maxi-
mum likelihood and is penalised with a higher BIC (see Table 1).
A K-S test remains inconclusive as to whether the north-
ern subsample is drawn from a single or a double Gaussian
model.

Assuming that the underlying halo population of bright PNe
in M49 is symmetric, we expect the LOSVD of halo PNe2 in the
southern subsample to have the same mean velocity and veloc-
ity dispersion that we fit in the northern subsample. However,
when comparing the LOSVD of PNe in the northern subsample
with that of the southern sample (grey histograms in the top and
bottom panel of Fig. 6), it is apparent that the LOSVD of the
southern subsample cannot be described by a single Gaussian.
This is further corroborated by Pulsoni et al. (2018), who can-
not reconcile the asymmetric LOSVD of M49 at the position of
VCC 1249 with simulated galaxies in equilibrium.

In order to account for the contribution of PNe from the ac-
cretion of VCC 1249, we fit a double-Gaussian model: the first
Gaussian is fixed by the Gaussian fit to the LOSVD of PNe from
the northern sample and the second Gaussian is free to vary.
We find that the second component is centred on µVCC1249 =
−512 ± 30 km s−1 relative to the systemic velocity of M49 and
has a velocity dispersion of σVCC1249 = 40+28

−19 km s−1. The maxi-
mum likelihood and BIC for this model in comparison to a single
Gaussian are shown in Table 1, with the two-component model
being preferred with a lower BIC. If we add M49’s systemic
velocity to the centre of the secondary component, it results in
vVCC1249,LOS = 412 ± 30 km s−1, which agrees with VCC 1249’s
systemic velocity from SDSS within the errors. As illustrated in
Fig. 7, PNe associated with this secondary peak cluster around
the position of VCC 1249, which further supports the association
of these PNe with VCC 1249.

5. Discussion and conclusions

In this work, we found that the PNe in the halo of M49 di-
vide in subpopulations in a position-velocity-magnitude space.
The three subpopulations correspond to the main halo, the intra-
group light, and the accreted satellite VCC 1249. We investi-
gated the bright and the faint samples and identified the main
halo in both. In the faint sample, we find evidence for two
kinematic components: the M49 halo and the IGL with veloc-
ity dispersions σfaint,M49 = 169 ± 27 km s−1 and σfaint,IGL =

2 PNe not associated to the accretion of VCC 1249.
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Fig. 4. Left: LOSVD of the faint component (grey histogram with errorbars) and best-fit model pdf (black line), consisting of the halo (dashed blue
line) and IGL (dotted red line), and scaled to the observed LOSVD. While the likelihood is fit with a bin-free method, we bin the LOSVD for visual
convenience. For comparison, the best-fit single-Gaussian model is shown in orange. The dashed green line denotes the best-fit Gauss-Hermite
expansion. Right: fraction of faint PNe associated with the IGL as a function of major-axis radius, based on the probabilities derived from the
LOSVD decomposition. The number of PNe associated with the IGL is given on top of each bin.

Fig. 5. Best-fit h4 value and error band (red vertical line and shaded
region) derived from the LOSVD of the faint sample compared to the
h4 distribution of 47 and 41 ETGs from the SAURON (Emsellem et al.
2004) and MASSIVE (Veale et al. 2017) surveys (grey and blue his-
tograms).

397+38
−36 km s−1, respectively. If only a single Gaussian is fit,

the resulting velocity dispersion is σfaint,single = 298+17
−16 km s−1.

In the bright component, where a single Gaussian fit is pre-
ferred based on a lower BIC, the velocity dispersion is σbright =

270+19
−51 km s−1, which is in agreement with the estimate for the

faint component, obtained with the same method, within the er-
rors. Therefore the absence of two distinct IGL and halo model
components in the bright sample is likely due to the smaller sam-
ple size.

The fit of a two-component LOSVD for the bright sample,
with contribution from a high-dispersion IGL component and a
halo with velocity dispersion similar to the one measured in
the faint component, is impeded by the kinematic signature
of the dwarf irregular galaxy VCC 1249 in the low-velocity
tail of the LOSVD. We therefore first discuss the accretion of
VCC 1249 in Sect. 5.1 and then the implications on IGL detec-
tion in the bright component in Sect. 5.2.

Table 1. Maximum likelihood and Bayesian Information Criteria (BIC)
of single- and double-Gaussian models of the LOSVD in the respective
PN-samples.

Sample NGauss Nfit log(Lmax) BIC

Faint 1 2 −1352 2714
Faint 2 5 −1258 2543

Bright-north 1 2 −834 1678
Bright-north 2 5 −835 1694

Bright-south 1 2 −1009 2028
Bright-south 2 2 −1005 2020

Notes. NGauss denotes the number of Gaussians and Nfit the number of
fitted parameters.

5.1. Accretion of VCC 1249

We can clearly detect the kinematic signature of the dwarf
irregular galaxy VCC 1249 in the bright PN sample. The
interaction between M49 and VCC 1249 led to the forma-
tion of stellar tidal tails and to the removal of gas from the
dwarf (Arrigoni Battaia et al. 2012). Our best-fit velocity for the
VCC 1249 PNe (412 ± 30 km s−1) falls in between the systemic
velocity derived from SDSS vsys = 390±30 km s−1 and the peak
velocity of the H i removed from it, which is vHI = 469 km s−1

(McNamara et al. 1994), suggesting that the PNe trace both the
dwarf and the stripped stars as their average velocity is be-
tween the H i and VCC 1249 systemic velocities. PNe associ-
ated with the interaction of VCC1249 and M49 are clustered
around the position of the dwarf irregular galaxy with a loose
association of PNe appearing to stream towards or away from
the centre of M49 (see Fig. 7). They broadly overlap in space
with the H i tail associated with VCC 1249 (McNamara et al.
1994, blue contours). The interaction also triggered the forma-
tion of H ii regions, which also emit at 5007 Å. However, as they
are extended, they should not be contaminating our PNe sample.
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Fig. 6. LOSVD of the bright component (grey histogram with errorbars)
in the north (top) and south (bottom) of the galaxy. The northern compo-
nent is best-fit by a single Gaussian (solid black line). The substructure
of VCC 1249 in the southern part is fit by a Gaussian (dotted red line) in
addition to the halo (dashed blue line). While the likelihood is fit with a
bin-free method, we bin the LOSVDs for visual convenience.

Fig. 7. NGVS g-band image of M49 (from Arrigoni Battaia et al. 2012).
PNe from the southern bright PN sample are colour-coded by their rel-
ative probability to be associated with VCC 1249. The white cross de-
notes the centre of VCC 1249. The H i contours from McNamara et al.
(1994, precessed to from B1950 to J2000) are superposed in blue. The
bar in the lower-right corner corresponds to 10 kpc. North is up, east is
to the left.

A cross-correlation of our catalogue with the positions of H ii
regions from Arrigoni Battaia et al. (2012) did not yield any
matches. Therefore our detections are not H ii regions, but PNe
associated with this accretion event. Our findings will be the
basis for a more in-depth dynamical model of the dynamics of
M49’s halo and its recent interaction with VCC 1249.

5.2. M49 halo and the IGL in the Virgo Subcluster B

We find evidence for an extended population of PNe that are
kinematically associated with the IGL. Based on their LOS ve-
locities, we statistically associate 81 PNe in the faint sample with

the IGL population, which are uniformly distributed in M49’s
halo. This PN subsample has a velocity dispersion more than
twice that of the halo (σIGL = 397+38

−36 km s−1) and traces the
IGL out to 95 kpc along the major axis, much further than any
X-ray observations of M49 to date. It is therefore difficult to as-
sess the dynamical state of the IGL based on the X-ray potential.
If we however assumed that the circular velocity profiles derived
by Das et al. (2010) remained flat beyond their maximum radius
of 30 kpc, the circular velocity would be vc ≈ 500 km s−1.
Churazov et al. (2010) derive a number of relations to calculate
the circular velocity from the velocity dispersion for a given
surface brightness profile and orbital configuration. Inverting
their Eq. (24) for an isotropic system, assuming a flat rotation
curve, and the surface brightness profile from Kormendy et al.
(2009), the corresponding dispersion at 80 kpc would therefore
be σ ≈ 300 km s−1, similar to the combined velocity disper-
sion of the halo and IGL traced by the PNe at large radii (see
Fig. 2). This suggests that the circular velocity inferred from
X-ray observations within 30 kpc is indeed constant out to
∼80 kpc, and that the transition to the group structure takes place
at larger radii, as also shown in Fig. 2.

In order to trace the transition from halo to IGL, we con-
sider the velocity dispersion profile. In the decomposition of the
LOSVD of the faint sample, we approximate the velocity dis-
persion profile of the IGL as constant, resulting in with a value
of σIGL = 397+38

−36 km s−1. However, the velocity dispersion pro-
file of the total faint sample (indicated by red squares in Fig. 2)
increases with radius, reaching the velocity dispersion of galax-
ies in the Subcluster B (grey error bars). The subcluster velocity
dispersion was calculated from the velocities of individual galax-
ies (Kim et al. 2014) within 1◦.6 from the subcluster centre based
on their membership classification by Binggeli et al. (1993). The
characteristic increase in velocity dispersion is also observed in
the bright sample. A similar increase in velocity dispersion is
seen in the metal-rich (red) GCs, however, as their data have a
smaller radial extent, Côté et al. (2003) did not attribute this rise
to an IGL contribution. The right panel of Fig. 4 illustrates that
the rise in velocity dispersion is due to the increased fraction of
PNe associated with the IGL at larger radii.

The fact that the velocity dispersion of the faint sample
reaches that of the Subcluster B indicates that M49’s outermost
halo is dynamically controlled by the subcluster’s gravity. This
is one of the defining features of a cD, or in this case group dom-
inant galaxy. Early attempts to measure the velocity dispersion
out to radii where the halo is dynamically controlled by cluster
gravity were made by Dressler (1979). In the case of NGC 6166
in Abell 2199, where a velocity dispersion profile reaching the
cluster dispersion was already observed by Kelson et al. (2002),
the cD halo would have not been recognisable based of surface
photometry alone (Bender et al. 2015). M49 is the first galaxy
where the transition from galaxy to cluster velocity dispersion
has been measured from the velocities of individual stars (PNe).

In the case of M49, deep broad-band photometry from the
VEGAS survey (Capacciol et al. 2015; Spavone et al. 2017) and
Mihos et al. (2013, 2017) already indicated the presence of an
extended, blue outer halo, characterised by a steep colour gra-
dient and a shallower surface-brightness profile. Based on their
narrow-band PN survey, H17 argue for the presence of IGL, that
is traced by a PN population with a PN-specific frequency of
αIGL = (1.03 ± 0.22) × 10−8 PN L−1

�,bol, three times higher than
the specific frequency of M49’s halo, and an underlying stellar
population that contributes 10% of the total luminosity in the sur-
veyed area. The PN kinematics presented here corroborate their
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result of an extended PN population associated with the IGL.
The blueward colour gradient measured by Mihos et al. (2013)
constrains the IGL colour to B − V ≤ 0.65.

In addition to the smooth blue halo, Janowiecki et al. (2010)
observe a number of shells surrounding M49. However, these
shells are significantly redder than the underlying smooth blue
halo, and are therefore clearly of distinct origin. Mihos et al.
(2013) argue that the colour of these shells (B − V ≈ 0.85) is
in agreement with the accretion of a single dwarf elliptical (dE)
galaxy from the dE population surrounding the Virgo Cluster,
which have a mean colour of B−V ≈ 0.77 (van Zee et al. 2004).

5.3. Origin of the IGL in the Virgo Subcluster B

In addition to the photometric properties discussed in the previ-
ous subsection, we would like to derive constraints on the dy-
namical age of the IGL, on the basis of its smooth appearance in
photometry (Mihos et al. 2013; Capacciol et al. 2015) and regu-
lar velocity field and LOSVDs (see Figs. 3 and 4). The smooth
appearance suggests that the IGL has a dynamical age that is
older than the orbital precession time, that is, at least 5 Gyr,
thereby ruling out the accretion of a moderately massive (1:5
merger-mass ratio), young star-forming galaxy as the origin of
the extremely blue IGL. As the LOSVD is smooth and the veloc-
ity field is point-symmetric, this is consistent with the accretion
of many low-mass systems. Due to the constraint on the dynam-
ical age (>5 Gyr) and the observed B − V colour (0.6), these
systems must have metallicities lower than [Fe/H] < −1 ± 0.5
(Mihos et al. 2013). According to the low-mass end of the mass-
metallicity relation (Kirby et al. 2013), galaxies with these low
metallicities would have stellar masses of at most a few times
108 M�.

Independent constraints on the age and metallicity of intr-
acluster stellar populations in the Virgo Cluster were derived
from HST-ACS observations of ∼5300 stars in a single point-
ing located between M87, M86, and M84 at 190 kpc dis-
tance from M87 (Williams et al. 2007). The theoretical stellar
evolution models suggest that this intracluster population is
dominated by stars with old ages (≥10 Gyr) with a significant
number of very metal-poor stars ([Fe/H] < −1.5). If the IGL
is as blue as the last measured point at 100 kpc by Mihos et al.
(2013, B−V ≈ 0.6), for a 10-Gyr old stellar population the corre-
sponding metallicity is [Fe/H] < −1.5, leading to even stronger
constraints on the stellar masses of the satellites that built the
IGL: these would have to be less than M? ≤ 107 M� (Kirby et al.
2013).

We now put these measurements into the context of galaxy
clusters observed at slightly larger redshift (0.3 ≤ z < 0.6).
Recent studies on six clusters in the Hubble Frontier Fields
(Lotz et al. 2017) measured negative colour gradients with in-
creasing distance from the brightest cluster galaxy (BCG)
out to the intra-cluster light (ICL, Montes & Trujillo 2018;
Morishita et al. 2017a; DeMaio et al. 2018). The three different
studies agree that these strong colour gradients cannot be ex-
plained with metallicity gradients alone, but are a combination
of metallicity and age gradients.

Morishita et al. (2017a) extend these measurements out to
300 kpc from the central BCG and measure colours as blue as
B − V ≈ 0.1. They estimate that 10 − 15% of the ICL mass
beyond 150 kpc was contributed by (post-) star-forming popula-
tions with young ages (∼1 Gyr) at z ≈ 0.5 and low stellar mass
(M? < 3 × 109 M�). However, the total ICL mass in the six
Hubble Frontier Field clusters is similar to the mass of all
existing red satellites with stellar masses below 1010 M� as

estimated from the combination of the Frontier Field data with
the GLASS survey (Morishita et al. 2017b), which suggests that
tidally stripped stars from higher-mass systems likely also con-
tribute some of the mass of the ICL (Morishita et al. 2017a). Due
to dynamical friction, low-mass systems will stay roughly at the
radius at which they were disrupted, while the more massive (and
therefore metal-rich and red) satellites would sink towards the
BCG centre (e.g. Ostriker & Tremaine 1975; Amorisco 2017).

An evolutionary path for the formation of a blue, smooth,
and extended IGL around M49 may come from the early (be-
fore z ∼ 0.5) accretion of a number of low-mass satellites with
young (∼1 Gyr) and blue (B − V = 0.1) stellar populations at
that redshift. Since their accretion more than 5 Gyr ago, their
stars would have evolved passively and would now have reached
a colour of B − V = 0.65 at z = 0. If applicable, the constraints
on the age from the resolved stellar populations in the ICL in
Virgo (Williams et al. 2007) would set the time of accretion at
even higher redshift and the stellar mass of the satellites to lower
masses (e.g. 107 M�).

The formation of a smooth IGL by the accretion of low-
mass satellites at intermediate redshift can be well reproduced
in N-body simulations combined with particle tagging (e.g.
Amorisco 2017), where it is assumed that any low-mass halo
forms stars according to the cosmological baryon fraction. The
contribution of such low-mass systems with low merger-mass
ratios is lower in current hydrodynamical cosmological simu-
lations: while being able to resolve mergers with mass ratios
below 10−4 : 1, the cumulative effect from mergers with stel-
lar mass ratios below 10−2 : 1 is found to be negligible with re-
spect to stellar halo growth (see Fig. 1 in Rodriguez-Gomez et al.
2016). As more massive satellites form sufficient stars in these
hydrodynamical simulations, these satellites can now well repro-
duce the build-up of the halo closer to M49; see, for example,
Pop et al. (2017), who reproduce shells that are distinctly redder
than the underlying galaxy halo, like the ones observed in M49
(Janowiecki et al. 2010; Mihos et al. 2013).

Our observations suggest that the IGL formed early from
the accretion of many low-mass satellites. This scenario is also
in line with the observations of GC colours in ETGs; blue,
metal-poor GCs are attributed to accretion from satellite galax-
ies, while red, metal-rich GCs are thought to have been formed
in-situ (Côté et al. 2003; Peng et al. 2006; Li & Gnedin 2014;
Renaud et al. 2017; Forbes et al. 2016). Our robust results on the
mass of the satellites (M? . 108 M�), which were accreted at
redshift z ≈ 0.5, imply that the feedback in the current cosmo-
logical simulations is too strong for low-mass satellites to form
sufficient stars. As these satellites need to contribute significantly
to the growth of the IGL, the feedback would have to be reduced
early in their lifetimes.

Understanding the build-up of the IGL in low-mass subclus-
ters is important because they will eventually contribute to the
overall ICL in their parent cluster. Our results corroborate the
existence of multiple channels contributing to the ICL and IGL
build-up at different cluster mass scales and distances to the clus-
ter centre. In order to constrain the masses of the IGL and halo
progenitor galaxies, we are planning to obtain more accurate
LOS velocity measurements, as they would allow us to detect
also substructures with lower velocity dispersion and therefore
lower masses, which will set important constraints on the feed-
back mechanisms in the current cosmological simulations.
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