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ABSTRACT

We have started a new, deep multi-imaging survey of the Fornax cluster, dubbed the Fornax Deep Survey (FDS),
at the VLT Survey Telescope (VST). In this paper we present the deep photometry inside two square degrees
around the bright galaxy NGC 1399 in the core of the cluster. We found that the core of the Fornax cluster is
characterized by a very extended and diffuse envelope surrounding the luminous galaxy NGC 1399: we map the
surface brightness out to 33 arcmin (~192 kpc) from the galaxy center and down to u, ~ 31 mag arcsec ~ in the g
band. The deep photometry allows us to detect a faint stellar bridge in the intracluster region on the west side of
NGC 1399 and toward NGC 1387. By analyzing the integrated colors of this feature, we argue that it could be due
to the ongoing interaction between the two galaxies, where the outer envelope of NGC 1387 on its east side is
stripped away. By fitting the light profile, we found that there exists a physical break radius in the total light
distribution at R = 10 arcmin (~58 kpc) that sets the transition region between the bright central galaxy and the
outer exponential halo, and that the stellar halo contributes 60% of the total light of the galaxy (Section 3.5). We
discuss the main implications of this work on the build-up of the stellar halo at the center of the Fornax cluster. By
comparing with the numerical simulations of the stellar halo formation for the most massive bright cluster galaxies
(i.e., 13 < log Myy/M;, < 14), we find that the observed stellar halo mass fractlon is consistent with a halo formed
through the multiple accretion of progenitors with stellar mass in the range 108-10" M,,. This might suggest that
the halo of NGC 1399 has also gone through a major merging event. The absence of a significant number of
luminous stellar streams and tidal tails out to 192 kpc suggests that the epoch of this strong interaction goes back to
an early formation epoch. Therefore, different from the Virgo cluster, the extended stellar halo around NGC 1399
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is characterized by a more diffuse and well-mixed component, including the intracluster light.

Key words: galaxies: clusters: individual (Fornax) —
galaxies: photometry

1. INTRODUCTION

Deep and large-scale multiband imaging is crucial in
studying the galaxy outskirts, out to hundreds of kiloparsecs,
where the imprints of mass assembly reside: these are the
regions of the stellar halos. Under the hierarchical accretion
scenario, galaxies at the centers of the clusters continue to
undergo active mass assembly, and their halos are still growing
in the present epoch: stellar halos and diffuse intracluster light
(ICL) result from the stripping of stars from the cluster
members by minor mergers and dynamical harassment (Contini
et al. 2014; Lucia & Blaizot 2007; Puchwein et al. 2010; Cui
et al. 2014).

Observations show that stellar halos can be made of multiple
stellar components and can have complex kinematics and host
substructures in the form of shells and tidal tails, which indicate
gravitational interactions, like merging or accretion, in the
formation history of a galaxy (see Bender et al. 2015a; Long-
obardi et al. 2015a, and references therein). The light distribution
of the stellar halos can appear as a different component at large
radii with respect to the inner light profile, showing an
exponential decrease (Seigar et al. 2007; Donzelli et al. 2011),

galaxies: elliptical and lenticular, cD — galaxies: halos —

or, alternatively, they result as a shallower outer region of the
whole light profile, which can be well fitted by a single Sérsic law
with a high value of the n exponent, n ~ 7-8 (Bender
et al. 2015a). The relics of the interactions, such as tails, shells,
or streams, are also very faint, with a typical surface brightness
below 1, ~ 27 mag arcsec 2. Therefore, their detection requires
very deep imaging and a careful data reduction, able to perform
the sky subtraction with an accuracy of a few percent.

In the recent years, a big effort has been made to develop
deep photometric surveys aimed at studying galaxy structures
up to the faintest levels of surface brightness, which reveal low-
luminosity structures and trace the stellar halos at very large
distances from the galaxy center (Mihos et al. 2005; Janowiecki
et al. 2010; Martinez-Delgado et al. 2010; Roediger et al. 2011;
Ferrarese et al. 2012; van Dokkum et al. 2014; Duc et al. 2015;
Mufioz et al. 2015; Trujillo & Fliri 2015). Recently, deep
images of the Virgo cluster have revealed several faint
(11y = 26-29 mag arcsec2) streams of ICL among the galaxy
members and made it possible to map the stellar halos of the
bright cluster galaxies (BCGs) at very large distances from the
center (Janowiecki et al. 2010). In particular, the halo of M87 is
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traced out to about 150kpc (Mihos 2015). A steep color
gradient toward bluer colors is measured in the halo regions,
suggesting a significant contribution of metal-poor stars in its
outskirts. In this context, the VEGAS survey, an ongoing
multiband survey of early-type galaxies in the southern
hemisphere (Capaccioli et al. 2015), is producing competitive
results. In particular, for the cD galaxy NGC 4472 (in the Virgo
cluster), genuine new results concern the detection of an ICL
tail in the range 5R, < R < 10R, and in the range of surface
brightness of 26.5-27.6 mag arcsec™> in the g band.

For galaxies in the local universe (<30 Mpc), the properties of
the stellar halos can also be addressed using discrete tracers such
as globular clusters (GCs) and planetary nebulae (PNe).
Observations show that the red GC populations have number-
density profiles consistent with that of the stars in the parent
galaxy, while the blue GCs are spatially more extended in the
intracluster space and trace the metal-poor component of the halo
(Forbes et al. 2012; Pota et al. 2013; Durrell et al. 2014; Cantiello
et al. 2015; Hilker et al. 2015). In the Hydra cluster, the location of
blue GCs coincides with a group of dwarf galaxies under
disruption, suggesting a young stellar halo that is still forming
(Arnaboldi et al. 2012; Hilker et al. 2015). In this case, this
interpretation is further supported by kinematic measurements. In
M&87, the kinematics of PNe, their o parameter, and the shape of
the luminosity function allow us to separate the halo component
from the ICL population (Longobardi et al. 2015b). As stressed by
Bender et al. (2015a), deep photometry alone is not enough to
recognize the structure of the stellar halo, and kinematics
measurements are necessary when possible. In particular, the
possibility to infer the variation of the orbital distribution of stars,
PNe, and GCs (e.g., Gerhard et al. 2001; Napolitano et al.
2009, 2011, 2014; Romanowsky et al. 2009; Pota et al. 2015) in
the galaxy halos is a strong observational test for galaxy-formation
scenarios that can be compared with predictions of hydrodyna-
mical simulations (e.g., Wu et al. 2014).

From the theoretical side, semianalytic models combined
with cosmological N-body simulations have become very
sophisticated, with detailed predictions about the structure of
stellar halos, the amount of substructure, the mass profiles, the
metallicity gradients, and so on (e.g., Cooper et al. 2013;
Pillepich et al. 2014) in various types of environments. Recent
studies have demonstrated that the overall structure of stellar
halos, their stellar populations, and the properties of their
dynamical substructures directly probe two fundamental
aspects of galaxy formation in the ACDM (cold dark matter)
model: the hierarchical assembly of massive galaxies and their
dark matter halos and the balance between in situ star formation
and the accretion of stars through mergers (Cooper
et al. 2013, 2015a, 2015b; Pillepich et al. 2015).

The rich environments, clusters, and groups of galaxies are the
ideal laboratory to probe the physical processes leading to the
formation of the stellar halos and the ICL. In this framework, we
are performing a deep, multiband (1, g, r, and i) survey of the
nearby Fornax cluster at the VLT Survey Telescope (VST),
situated at the Paranal observatory of the European Southern
Observatory (ESO). The Fornax Deep Survey (FDS) with VST
aims to cover the whole Fornax cluster out to the virial radius
(Drinkwater et al. 2001), with an area of about 26 square degrees
around the central galaxy NGC 1399, including the region where
NGC 1316 is located. The FDS will provide an unprecedented
view of the structures of the cluster members, ranging from giant
early-type galaxies to small spheroidal galaxies. The multiband,
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deep images will allow us to map the light distribution and colors
of cluster galaxies out to 8—10 effective radii in order to study the
inner disks and bars, the faint stellar halo, including the diffuse
light component, and the tidal debris as signatures of recent
cannibalism events. Moreover, FDS will also give a full
characterization of small stellar systems around galaxies, as GCs
and ultracompact dwarf galaxies (UCDs).

A detailed description of the FDS observations, data
reduction and analysis, and scientific goals is the subject of a
forthcoming paper. In this work, it is urgent to present the first
results of the FDS, focused on the bright cluster member
NGC 1399, which is the cD galaxy in the core of the Fornax
cluster. This galaxy has been studied in detail over a wide
wavelength range, from radio to X-ray. NGC 1399 is
characterized by a large number of compact stellar systems
(GCs and UCDs), for which several studies have provided the
number-density distribution and stellar population estimates
(Dirsch et al. 2003; Mieske et al. 2004; Bassino et al. 2006;
Schuberth et al. 2010; Puzia et al. 2014; Voggel et al. 2016).

The photometry and kinematics of the inner and brighter
regions of the galaxy resemble those of a typical elliptical
galaxy (Saglia et al. 2000). The two-dimensional light
distribution of the central brightest regions of the galaxy
appear very regular and round in shape (Ferguson 1989). The
most extended light profiles were published by Schombert
(1986) in the V band and by Caon et al. (1994) in the B band,
mapping the surface brightness out to R ~ 40 arcmin
(~230kpc) and R ~ 14 arcmin (~81 kpc), respectively. The
most extended kinematics of the stars (out to ~90 arcsec) was
derived by Saglia et al. (2000): it shows a small rotation
(~30km s~ ") and a high stellar velocity dispersion in the center
(~370 kms™ '), which decreases at larger radii and remains
constant at 250-270 km s~ '. At larger radii, out to ~13 arcmin,
the kinematics is traced by GCs and PNe (McNeil et al. 2010;
Schuberth et al. 2010). The kinematics of red and blue GCs are
distinct, with red GCs having velocity dispersions consistent
with that of stars, while blue GCs are more erratic, showing a
higher velocity dispersion, 300 < o < 400 kms ™' (Schuberth
et al. 2010). The velocity dispersions of the PNe are consistent
with the values derived by the star’s kinematics and with those
for the red GCs (Napolitano et al. 2002; McNeil et al. 2010).
The X-ray data have shown the presence of a hot gaseous halo
associated with NGC 1399, which extends out to about 90 kpc
(Paolillo et al. 2002). It appears very asymmetric, consisting of
three components that dominate at different scales: the central
bright part, coincident with the peak of light; the “galactic”
halo that extends out to ~7 arcmin, which is offset toward the
west with respect to the optical galaxy centroid; and, on larger
scales, the “cluster” halo that is elongated in the opposite
direction. The galactic halo is very inhomogeneous, showing
the presence of several cavities and arc-like features (see
Figures 3 and 6 in Paolillo et al. 2002). Different from the
compact stellar systems and X-ray emission, the light
distribution and colors in the faint outskirts of NGC 1399 are
still unexplored. As part of the FDS, in this paper we present
the analysis of the deep photometry performed in the g and i
bands inside two square degrees around NGC 1399 in order to
unveil the stellar halo of this galaxy at the largest galactocentric
distances and in an unexplored range of surface brightness.

In the following, we adopt a distance for NGC 1399 of
D = 19.95 Mpc (Tonry et al. 2001), which yields an image
scale of 96.7 pc arcsec ™.
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Figure 1. Color composite mosaic (from the u, g, and i bands) of the central 2 x 1 degrees” in the core of the Fornax cluster. The central cD galaxy NGC 1399 is the

brightest object on the left side. North is up and east is on the left.

2. OBSERVATIONS, DATA REDUCTION, AND
ANALYSIS

The ongoing FDS observations are part of the Guaranteed
Time Observation surveys FOCUS (P.I. R. Peletier) and
VEGAS (P.I. M. Capaccioli, Capaccioli et al. 2015) being
performed at the ESO VST. The VST is a 2.6 m wide-field
optical survey telescope, located at Cerro Paranal in Chile
(Schipani et al. 2012). The VST is equipped with the wide-field
camera OmegaCam, spanning a 1 x 1 degree” field of view in
the optical wavelength range from 0.3 to 1.0 um (Kuijken
2011). The mean pixel scale is 0.21 arcsec pixel .

The observations presented in this work were collected
during a visitor mode run during 2014 November 11 to 23
(runID: 094.B-0496[A]). The images are in the u, g, r, and i
bands. All images were acquired in dark time. They cover five
fields of 1 degz, one of them centered on the core of the Fornax
cluster (o = 03"38™29%024, § = —35%2703”18). Observa-
tions were obtained by using a step-dither observing sequence,
consisting of a cycle of short exposures, one centered on the
core of the Fornax cluster and others on three adjacent fields all
around it (A = +1°) on the SW and NW sides. This approach,
already adopted in other photometric surveys (Ferrarese
et al. 2012), allows a very accurate estimate of the sky
background around bright and extended galaxies.

For each field, we have obtained 76 exposures (of 150s
each) in the u band, 54 in the g and r bands, and 35 in the i
band, giving a total exposure time of 3.17 hr in the u# band,
2.25hr in the g and r bands, and 1.46 hr in the i bands. The
average seeing during the observing run ranged between 0.6
and 1.1 arcsec.

The data reduction has been performed with the VST-Tube
imaging pipeline: a detailed description of it, including
calibrations and error estimates, is given by Capaccioli et al.
(2015). The observing strategy adopted for this data set allows
us to derive an average sky image from exposures taken as
close as possible in space and time to the scientific ones. The
average sky frame is derived for each observing night, and then
it is scaled and subtracted from each science frame.

The color composite mosaic (from the u, g, and i bands) of
the central 2 x 1 degrees® around the central cD galaxy
NGC 1399 is shown in Figure 1. In this work we concentrate
our analysis on the g- and i-band images of this region in order
to study the light distribution of the stellar halo and the diffuse
ICL component. In a forthcoming paper, where we will also
present the full data set of the FDS observations, we will show
the photometry and structure of all the bright galaxies in the
whole mosaic, including the two-dimensional model of the
light distribution (E. Iodice et al. 2016, in preparation).

2.1. Surface Photometry

One of the goals of the FDS is to map the surface brightness
and color profiles out to the very faint outskirts of the cluster
member galaxies (up to about 8§—10 effective radii R,). To this
aim, the crucial step is to account for all of the effects that can
contribute to the sky brightness with the highest accuracy. As
mentioned in the previous section, data were acquired in
completely dark nights. By looking at the 100 um image
available at the NASA /IPAC Infrared Science Archive, we have
checked that the region of the Fornax cluster is almost devoid of
cirrus clouds, so they do not contaminate the images. Other
possible sources that can contribute to the sky brightness are the
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Figure 2. Left panel: surface brightness profile (top) and intensity profile (bottom) in the g band in the outer regions of NGC 1399. The black points correspond to the
values corrected for the background level +0.05 counts (continuous black line) estimated at R > Ry, (long dashed line); see bottom panel. The open blue, magenta,
and red points correspond to the surface brightness values for sky levels of 10%, 20%, or 50% lower or higher than our estimate of the background level, respectively.
The dot-dashed vertical line indicates the break radius at R = 12 arcmin (~70 kpc); see text for details. In the bottom panel, the short dashed lines indicate the
corresponding count levels of the residual sky for the above values. Right panel: total surface brightness profile in the g band (black circles) derived from the VST
mosaic, compared with literature data (top panel). The blue triangles are magnitudes derived from Caon et al. (1994), green squares are from Dirsch et al. (2003), the
red asterisks are the original data from Schombert (1986), and the open red circles are the same magnitudes corrected for a 30% higher value of the sky level.

extragalactic background light, the zodiacal light, and the
terrestrial airglow (Bernstein et al. 2002). The zodiacal light
decreases in intensity with distance from the Sun, and it is very
faint at low ecliptic latitudes (Bernstein et al. 2002). Therefore,
considering the ecliptic latitude of the Fornax cluster and the low
airmass value during the observations (<1.5), the contribution by
the zodiacal light and also of the terrestrial airglow are very low.
Given that, the small contribution by the smooth components
listed above to the sky brightness is taken into account by the sky
frame derived for each observing night and then subtracted from
each science frame (see Section 2). Since each sky frame is taken
on a field close in distance to the target and taken close in time,
the average value of all the smooth sources listed above is
estimated in a way that only a possible differential component
could remain in the sky-subtracted science frame. To estimate
any residuals after the subtraction of the sky frame that can also
take into account such differential effects, we proceeded as
follows. On the whole sky-subtracted mosaic in each band after
masking all the bright sources (galaxies and stars) and
background objects, we extracted the azimuthally averaged
intensity profile with the IRAF task ELLIPSE. The fit is
performed in elliptical annuli, centered on NGC 1399, with fixed
position angle (P.A.) and ellipticity (¢), given from the isophotes
at R ~ 1 arcmin, where P.A. = 6° and € = 0.02. The major axis
increases linearly with a step of 100 pixels out to the edges of the
frame, that is, out to about 100 arcmin, excluding the border,
which is characterized by a larger noise. This method allows us
(1) to measure any residual fluctuations'® in the sky-subtracted

10 The residual fluctuations in the sky-subtracted images are the deviations
from the background in the science frame with respect to the average sky frame
obtained by the empty fields close to the target. Therefore, by estimating them,
we obtain an estimate of the accuracy of the sky-subtraction step.

images and then take them into account in the error estimate of
the surface brightness and (2) to estimate the distance from the
galaxy center where the galaxy’s light blends into the background
at zero counts per pixel, on average. This method was first
suggested by Pohlen & Trujillo (2006) to study the light profiles
of spiral galaxies and also adopted by Iodice et al. (2014) on the
deep VISTA wide-field images of NGC 253.

From the intensity profiles, we estimated the outermost radius
from the center of the galaxy, where counts are consistent with
those from the average background level. Such a value is the
residual from the subtraction of the sky frame, so it is very close to
zero. The radius where the galaxy’s light blends into this level sets
the surface brightness limit of the VST light profiles and gives an
estimate on the accuracy of the sky subtraction. In the bottom
panel of Figure 2, we show the intensity profile in the g band,
centered on NGC 1399 and extending out to the edge of the
mosaic, as a function of the semimajor axis. We derived that for
R >33 arcmin (~192kpc) we are measuring the residual
fluctuations of the sky. The error on the average value is 0.11
counts. The fluctuations of the background level are less than 0.2
counts. The same approach is adopted in the i band, and it gives a
limiting radius of R ~ 27 arcmin, an error with the average value
of 0.2, and fluctuations of the background level that are less than
0.4 counts.

The isophotal analysis of NGC 1399 is performed by using the
ELLIPSE task out to the limiting radii estimated above, where the
semimajor axis length is sampled with a variable bin. We derived
the azimuthally averaged surface brightness profiles (see Figures 2
and 3), as well as the ellipticity and P.A. profiles (see Figure 4), as
a function of the semimajor axis. The surface brightness profiles
extend down to p, = 31 4 2mag arcsec > and g, = 28.6 +
2 mag arcsec > in the g and i bands, respectively. According to
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Figure 3. Left panel: azimuthally averaged surface brightness profiles in the u (blue), g (light blue), r (green), and i (red) bands from the VST mosaic in logarithmic
scale. Right panel: g- and i-band profiles plotted in linear scale. The effective radii are those derived by fitting the growth curves of the g and i total magnitudes. The
continuous line is the resulting fit with an exponential (long dashed line) and a Sérsic (dotted line) law (see Section 3.5). In both panels, the small box is the enlarged
portion of the outer regions where the light profiles become steeper for R > 12 arcmin (~70 kpc). This radius is indicated with the vertical short-dashed line.

Capaccioli et al. (2015) and Seigar et al. (2007), the error
estimates'' on the surface brightness magnitudes take the
uncertainties on the photometric calibration (~0.003—0.006 mag)
and sky subtraction (~0.11 — 0.2 counts) into account. We noticed
that, for a large area of the mosaic (~50 to ~80 arcmin from the
galaxy center), the fluctuations on the background level are not
larger than 10% (see bottom panel of Figure 2), whereas, on a
smaller range of radii, for 30 < R < 40arcmin and for
80 < R < 90 arcmin from the galaxy center, the deviations from
the average zero level of the background affect by about 20% the
surface brightness for p, > 27 mag arcsec > and ;>
25 mag arcsec ~. Therefore, to adopt a conservative approach,
the error estimate on the sky subtraction takes into account the
largest values of about 20% in the residuals, even if it is worth
stressing that this is an upper limit and that this value is smaller on
average.

Before discussing the light profiles and the two-dimensional
light and color distribution (see next section), we present here
some tests on the reliability of our results.

We noticed that the light profiles show a change in the slope at
R = 12 arcmin (~70kpc) and at 26 < p, < 26.5 mag arcsec ~
(see Figure 3). In a logarithmic scale this is quite evident. At this
break radius the light profiles become steeper. The relatively high
surface brightness level at which the change of slope is observed
suggests that it should not be due to a wrong estimate of the sky
level. Nevertheless, we have checked this as follows. In the left
panel of Figure 2 we show how much the light profile changes by

' The uncertainty in the surface brightness is calculated with the following

formula: err = \/(2.5/(adu x In(10)))? x ((erryy + errgy)?) + errfp, where

erfqy = yJadu/N — 1, N is the number of pixels used in the fit, errgy, is the
rms on the sky background, and err, is the error on the photometric calibration
(Seigar et al. 2007; Capaccioli et al. 2015).
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Figure 4. Ellipticity (bottom panel) and P.A. (top panel) profiles for NGC 1399
derived by fitting the isophotes in the g (blue points) and i (red points) band
images. The vertical dashed line indicates the break radius at R = 12 arcmin.

accounting for a sky level 10%, 20%, and 50% higher or lower
than the average background level. Even if the average sky level
was wrong by 20%, the change in the slope would still be present
and only the outer points (at R > 25 arcmin) would be affected.
To obtain a shallower profile from R > 20 arcmin of about more
than 2 mag arcsec 2, the sky level would have to be 50% lower.
Anyway, also in this case, for 12 < R < 20arcmin a slope
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Figure 5. VST image centered on NGC 1399 in the g band, plotted in surface brightness levels. The image size is 68.95 x 51.10 arcmin. The dashed black ellipse is

the isophote at the limiting radius Rji, = 33 arcmin (~192 kpc). The surface brightness level contours in the range 30 < p, < 31.2 mag arcsec™

2 are shown in blue.

The dashed black lines show the direction along which we extracted the radial profiles shown in Figure 9, and we observe a light excess. The black circles identify the
whole sample of dwarf galaxies in the Fornax cluster observed in the DECAM images published by Muiioz et al. (2015).

variation in the light profile is still evident. By looking at the
bottom panel of Figure 2, this large difference can be excluded
since the observed background level out to the edge of the mosaic
is clearly higher.

A further check comes by comparing the light profiles obtained
from the VST data with the literature data for NGC 1399. All of
the light profiles from the literature were shifted to the g-band
profile by using the transformations from Fukugita et al. (1996).
The most extended light profiles published in the optical bands for
NGC 1399 are from Schombert (1986), Caon et al. (1994), and
Dirsch et al. (2003), and they are compared with the VST profile
in the g band in the right panel of Figure 2. On average, the
agreement is quite good. The light profile by Caon et al. (1994)
extends out to 14 arcmin. It was obtained along the major axis of
NGC 1399 in the B band, and this causes some differences
between the two profiles that are evident for 1 < R < 6 arcmin. A
change in the slope is observed at the same radius (R = 12 arcmin)
as the one derived from the VST g-band profile (see right panel of
Figure 2). The light profile published by Dirsch et al. (2003) (in
the R band) is not an azimuthal average, but it is derived by
measuring the surface brightness around all targeted GC sources
within an annulus between 8 and 11 arcsec. Compared to the VST
profile, the agreement is very good. Even if it is less extended and

does not reach the same faint surface brightness levels as our data,
a drop is still observed for R > 10 arcmin. The most extended
light profile (R ~ 40 arcmin) available in the literature is that from
Schombert (1986) in the V band. It is consistent with the VST
profile out to R ~ 10 arcmin. As previously argued by Dirsch
et al. (2003), the discrepancy between this profile and all the
others might be due to an overestimated background or additional
light from the bright objects close to NGC 1399 that was not
completely masked. Indeed, if we correct the background level for
the profiles published by Schombert (1986) by about 30%, it
becomes fully consistent with the other results (see open red
circles in the right panel of Figure 2).

3. RESULTS: LIGHT AND COLOR DISTRIBUTION
OUT TO 192 KPC

In Figure 5 we show the the sky-subtracted VST image in the
g band centered on NGC 1399, plotted in surface brightness
levels, where the outermost isophote at R = 33 arcmin
(~192 kpc) is overlaid. In order to highlight the low surface
brightness structures, we performed a Gaussian smoothing with
a radius of 20 pixels.



THE ASTROPHYSICAL JOURNAL, 820:42 (17pp), 2016 March 20 IODICE ET AL.

T 5 @”r — 5 ¥ v % i . - T - v T ""@F' LERE e = |
o Q -8 g . ° q
- ‘ % . N « '
’ - ]
" o A . - S - il
25(1—_190-2183:00623&? il il . NGFS033625-354212 0 O ol
=19. i e : @ @ 3
| re=4.24 arcsec Py I B i g : j
- - : a & A “, o kL ]
-, e - a . ) / Syr i 5 . : 1
- B ! & : ]
3 : : ﬁ? e 1
P ) o » o } L ]
4 o o5 o . voa . g . :
o o gt P TR oY 7 ]
v PR A LR -l . B N T M e 4
4 8 o 3 L] s = el et a -+
- - o - e o s ] k- B
b d o i A LT = ° o Q&
: R S e . @ -
ey @ : & e . -§ mg=20.70 + 0.04 mag ° “-a . @
) . - : J
. , s ¥ v e - 2 | mi=19.84 + 0.04 mag
e ) : e ; e - 2 5 ,
3 u Nsl.?so‘§37n3"344302 g %" e B s 4 aicees 2 b kL
5 : ¥ & ~ v . ¥ Q .‘ : 2 aQ 15
E " - " . & ] - - e 4
o vt B, g i T e = 15" o . _
3 . s B e 4 ®°
L : 4 - % - B o o 2 -
g 100" 08.0Y - 06.0 01.0 020 D3a7.000 80 36:36.01 0 320" . B3EI00 200 . 6P Gy 200 320 20.0 181
e R S S BT . S e ST el LR B e B B o L i JUR T SR e O I, O i O i T RN O e b R A e (O LA e i W o ST |
21 22 24 25 26 27 28 30 31 21 22 24 25 26 27 28 30 31

Figure 6. Enlarged portion of the mosaic where two dwarf galaxies among the faintest objects detected by Muifioz et al. (2015) are located. We selected two examples,
one nucleated (left panel) and one nonnucleated (right panel) dwarf. The integrated magnitudes in the g and i bands were derived in a circular aperture with a radius of
2r,, where the effective radius r, is the value given by Muioz et al. (2015).

At these large distances we are mapping the faint stellar The existence of a stellar stream toward NGC 1387 was already
outskirts of NGC 1399, which encloses most of the bright proposed by Bassino et al. (2006) based on their study of the
galaxies in the core of the Fornax cluster. On this image we have projected distribution of the blue GCs (see Figure 9 of that paper)
identified the whole sample of the dwarf population in the Fornax and recently confirmed by D’ Abrusco et al. (2016) using our FDS
cluster observed in the DECAM images published by Mufioz data (see Figures 3 and 4 of that paper). The system of stellar
et al. (2015). As an extra check of the detection limit of the VST streams detected in this work matches very well in space and size
data, we provide in Figure 6 the enlarged portion of the mosaic in the bridge detected in the spatial distribution of the blue GCs.
the g band where two dwarf galaxies among the faintest and new Different from the GCs, the spatial distribution of the dwarf
objects discovered by Mufioz et al. (2015) are located. We galaxies does not show any evident correlation with the stellar
selected two examples, one nucleated and one nonnucleated stream between NGC 1399 and NGC 1387 (see Figure 5). This
dwarf, which appear clearly detectable also in the VST. cannot be considered as a definitive conclusion since we cannot

exclude the presence of undetected faint and diffuse dwarfs inside
the stellar streams (this aspect will be further investigated in a

3.1. The Low Surface Brightness Substructures in the dedicated work on the FDS data). o .
Outskirts of NGC 1399 The stellar bridge could be the sign of an ongoing interaction

) between the two galaxies. This aspect is discussed in detail in
In the region between NGC 1399 and NGC 1387, we detect a Section 4.

“bridge-like” stellar stream. This feature is much more evident in
the enlarged image shown in Figure 7 (top panel): it appears to be

made of several filamentary structures that connect the two 3.2. Isophote Analysis
galaxies. They are about 5 arcmin long (~29kpc) and cover an The azimuthally averaged light profiles of NGC 1399 in the u,
area of about 4.5 arcmin (~27 kpc). They have an average surface g, 1, and i bands are shown in the left panel of Figure 3. The light
brightness of 1, ~ 30 magarcsec™~ (1 =~ 30.6 mag arcsec™ ). profile in the g band is the most extended, out to 33 arcmin
Also, the isophotes of NGC 1387 are not symmetric with respect (~192kpc) from the galaxy center, and the deepest, down to
to the galaxy center, appearing more elongated toward the SW. tte = 31 & 2 mag arcsec 2 (up ~ 31.8 mag arcsec 2). In the i
The g — i color map in the area of the stellar streams, shown in band, we reach the faint level of y; = 29 + 2 mag arcsec > at
the bottom panel of Figure 7, shows that, on average, the stellar R ~ 27 arcmin (see Figure 3). As pointed out in the previous
bridge is bluer than the two close galaxies. The asymmetry to the section, the g-band light profile shows a slope variation at
SW of NGC 1387 is a very extended arc-like region with redder Roreak = 12arcmin ~ 2R, (~70kpc) and at 26 < i, <
colors. We derived the average g — i colors in several regions 26.5 mag arcsec 2 (26.6 < pp < 27.1 mag arcsecfz), which is
covering the three main filaments in the stellar bridge (see boxes quite evident when plotted logarithmically. This is a common
in Figure 7) and in the red arc on the west side of NGC 1387 (see feature in the light profiles of all other bands, where for R > Ryeax
red boxes in the bottom panel of Figure 7). The results are plotted they are steeper.
in Figure 8. We found that in the middle region of the stellar By integrating the growth curve of the azimuthally averaged
bridge the g — i ~ 0.9 mag. This value is about 0.1-0.2 mag bluer profiles, the total magnitudes inside 33 arcmin in the g band
than the average colors in the regions closer to NGC 1399 and and 27arcmin in the i band are m, = 8.57 & 0.14 mag and
NGC 1387, which are about 1.08 and 1.14 mag, respectively (see m; = 7.53 £ 0.10 mag (mp =~ 9.17 mag), respectively. The values
Figure 8). Given the very low level of the surface brightness, the were corrected for the Galactic extinction by using the absorption
stellar bridge and the features identified in the color map were coefficients A, = 0.035 and A; = 0.018 derived according to
unknown in the previous works. Schlegel et al. (1998). The absolute magnitude in the g band is
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Figure 7. Top panel: enlarged image of the core of the Fornax cluster in the VST g band shown in Figure 5, on the western regions of NGC 1399. The arrow indicates
the regions of the streams between NGC 1399 and NGC 1387. Dashed boxes correspond to the regions where an average g — i color is derived. Bottom panel: g — i
color map in the same region shown in the top panel. Darker colors correspond to redder g — i values. Boxes correspond to the regions where an average g — i color is
derived for the streams (blue) and in the halo of NGC 1387 (red). The image size is 31.1 x 14.3 arcmin.

M, = —22.93 mag, so the total luminosity is L, ~ 1.66 x 10"'L..
The effective radii are R, = 5.87 £ 0.10 arcmin in the g band and
R, =5.05 & 0.12 arcmin in the i band. These values for the
effective radii are larger than that given by Caon et al. (1994),
which is R, = 2.17 arcmin: this is the effect of a more extended
light profile in the VST g-band images (see right panel of
Figure 2). We derived the effective radius integrating the grow
curve out the last data point in the Caon et al. (1994) profile, that is,
R = 14 arcmin, and we have obtained R, = 2.28 arcmin, which

is consistent with the already-published value. According to the
R, estimates given above, the surface brightness profiles in
the g and i bands extend out to about 6R, (see right panel of
Figure 3).

The P.A. and ellipticity (¢ = 1 — b/a, where b/a is the axial
ratio of the ellipses) of the isophotes change toward larger radii
(see Figure 4). Inside 0.5 arcmin, the isophotes are almost
round (0.06 < € < 0.12) and the P.A. is constant at about 22°.
For 0.5 < R < 1 arcmin, a large twisting is observed: the P.A.



THE ASTROPHYSICAL JOURNAL, 820:42 (17pp), 2016 March 20

C I T T T =

bEE NGC1387 halo ]
- . ]

11 AN \\} /S3 . .Sl B
I TN ~ Sh. NGC1399
S F E . :
Eor \ \ ,"*»// 52 b
N N 1

B \ / 1

0.8 —~J 3

ut | I | | | | ]

2 4 6 8 10

Distance from NGC1387 [arcmin]

Figure 8. Average g — i colors derived in the regions covering the streams (blue
points) between NGC 1399 and NGC 1387 (see Figure 7 plotted as a function of
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value of g — i derived for NGC 1399 at 10 arcmin from its center is also shown.

decreases by about 20°. At larger radii, for R > 1 arcmin, the
ellipticity increases and reaches a maximum of € ~ 0.25 in
correspondence to the break radius, while the P.A. remains
constant at ~8° and also shows a peak (P.A.~ 18%at
R = Ryrear. Thus, for R > 1 arcmin, the light distribution tends
to be more flattened and elongated toward the SW direction
than in the inner regions.

3.3. Light Profiles at Several P.A.s

The steeper behavior of the outer profile is confirmed by the
light profiles extracted along several position angles: at
P.A. = 98°, which corresponds to the major axis of the outer
component (for R > Ry, see Figure 4), and three other
intermediate directions at P.A. = 30°, P.A. = 40°, and
P.A. = 120°. The surface brightness is computed in a sector ten
degrees wide and corrected for the flattening. The results are
shown in Figure 9. Profiles on the NE side at P.A. = 30° and
on the SE side at P.A. = 30° are not included in the plot since
most of the regions out to 5 arcmin fall in the masked areas.

We found that the light distribution of the fainter outskirts at
R > Ry has on average the same light profile at different
position angles. In particular, even taking into account the larger
scatter than the azimuthally averaged profile, at all P.A.s the light
profiles show a change in the slope for R > Ry On the west
side, for 15 < R < 30 arcmin, an excess of light is measured at
PA. = 98° where 27 < pi, < 28 mag arcsec > (27.6 < g <
28.6 mag arcsec 2), which is two magnitudes brighter than the
light at the corresponding radii on the east side. This region is the
intracluster area among NGC 1387, NGC 1379, and NGC 1381,
where D’ Abrusco et al. (2016) also find an excess of intracluster
GCs. On the same side, at P.A. = 120° (NW), a peak in the
surface brightness is observed at R ~ 20arcmin with
g ~ 28 mag arcsec > (up =~ 28.6 mag arcsec 2): on the image,
this is the region between NGC 1381 and NGC 1380B. Similar
features are observed on the SW side, at P.A. = 40°, with
27 < pe < 28 mag arcsec > (27.6 < pp < 28.6 mag arcsec %)
for 15 < R < 20 arcmin, almost one magnitude brighter than the
NW profile at the same radii: at this distance from NGC 1399 we
are mapping the light between NGC 1389 and NGC 1387. As
discussed in Section 2.1, at this faint surface brightness, small
fluctuations of the residual sky level could account for such an
effect, which might become even more significant in a smaller area
than in a large elliptical annulus. Even if no definitive

IODICE ET AL.

conclusion can be drawn at this point, since we are mapping
regions where the surface brightness values are comparable with
the sky fluctuations, it is important to note that such “excess” light
is measured on the west side of the cluster core where most of the
galaxies are located, while, on the east side, inside the same radius,
only the dwarf irregular galaxy NGC 1427A is present (see
Figures 1 and 5).

In a forthcoming paper, we show the analysis of the light
distribution for all the bright galaxies in the core of the Fornax
cluster so, after modeling it and subtracting off from the whole
image, we can address whether those light excesses are still
present in this region or, alternatively, they are just the overlapping
stellar halos of these galaxies.

3.4. Color Profiles and Color Map

The u—i, g—r, and g—i color profiles are shown in
Figure 10. The center of the galaxy is red, with g — i~
1.3magand g — r ~ 0.8 mag. A strong gradient toward bluer
values is observed in the wu—i color profile, where
32<u—i<27magfor 1 <R 10arcmin. In the same
range of radii, the difference in the g — r and the g — i values is
only ~0.1 mag. Close to the break radius, all the color profiles
show a bump of about 0.1-0.2 mag redder than the central
values.

For R > Ryrear, € — ¥ has almost the same value as the inner
radii: g — r ~ 0.8. The g —i colors seem to be bluer since
1.3 < g — i < 1.1 mag, while the u — i are redder up to 1 mag.
This effect can be explained as a gradient in metallicity (see,
e.g., Peletier et al. 1990).

In Figure 11, we show the g —i color map centered on
NGC 1399. In the inner regions, at R ~ 3 arcmin from the center,
there is an extended red tail (1.1 < g — i < 1.3 mag) on the west
side of the galaxy. This could be a sign of a recent, minor merging
event. At the same distance from the center (R ~ 3 arcmin) and on
the same side (west), Coccato et al. (2013) found asymmetries in
the kinematics traced by GCs: a recent accretion of a dwarf galaxy
was given as a possible explanation of this feature. For
R < Rppear, the color map appears asymmetric with respect to
the center, and it is more extended and redder on the SW side,
where g —i~ 1.0-1.2mag. By comparing the X-ray density
contours to the g—i color map, we found a surprising
correspondence between the morphology and extension of
the “galactic” X-ray halo (see Paolillo et al. 2002) on the west
side of the galaxy and the color asymmetries observed in the
stellar light. In particular, the X-ray contours match the shape of
the red tail observed in the inner regions of the galaxy on the
west side.

3.5. Profile Fitting: The Exponential Halo around NGC 1399

As pointed out in Section 1, several recent works have
shown that the light profiles of BCGs are not uniquely and well
fited by a single Sérsic profile, where the intensity
I(R) < R'/", but in several cases a second component is
needed to fit the outer stellar halo (Seigar et al. 2007; Donzelli
et al. 2011; Arnaboldi et al. 2012). For NGC 1399, Schombert
(1986) tried to fit the light profile with a single component
using de Vaucouleur’s law: the best fit matches very well only
the inner and brighter regions of the galaxy for R < 10 arcmin.
As discussed above, the azimuthally averaged light profiles of
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Figure 9. Surface brightness profiles in the g band extracted along several P.A.s (green and magenta triangles) compared with the azimuthally averaged profile (black
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Figure 10. Azimuthally averaged color profile as a function of the radius. The
dashed line indicates the break radius R = 12 arcmin (~70 kpc).

NGC 1399 (in both the g and i bands) have an extended,
steeper behavior for R > Ry (see right panel of Figure 3),
which clearly requires a fit with two components. Therefore,

10

we adopted a Sérsic law (Sérsic 1963) given by the equation

R 1/n
pR) = p, + k(n) (—) -1} (H

Te

which accounts for the inner and most luminous part of the
galaxy, plus an outer exponential function given by

W(R) = pg + 1.086 x R/rp. 2)

In the above formulae, R is the galactocentric distance, r, and
L. are the effective radius and effective surface brightness,
respectively, k (n) = 2.17n — 0.355 (see Caon et al. 1993), and
1o and ry, are the central surface brightness and scale length of
the exponential component.

We performed a least-squares fit of the azimuthally averaged
surface brightness profile in the g band for R > 0.1 arcmin to
exclude the power-law core of the galaxy. The structural
parameters that give the best fit are the following: g,
21.5 + 0.3 mag arcsec > (uf ~ 22.1 mag arcsec %), r, =
49.1 £ 0.7 arcsec (~4.7kpc), n =4.5 £ 0.7, po =234 +
0.1 mag arcsec > (ug ~ 24 mag arcsec ), and r, = 292 +
4 arcsec (~28kpc), and the results are shown in the right
panel of Figure 3. The total g-band magnitude of the
exponential component, corrected for the galactic extinction
(see Section 3), is m° = 9.13 mag. Thus, compared to the
total magnitude of the whole system (see Section 3), it
contributes about 60% of the total light, where the ratio is Leyp,/
Lgy = 0.60 + 0.03.
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Figure 11. g — i color map centered on NGC 1399. The image size is 31.24 x 21.22 arcmin. The continuous black contours are the X-ray levels from Paolillo

et al. (2002).

The above parameters are within the range of values derived
by Donzelli et al. (2011) for the 205 BCGs having double
component profiles. In particular, the scale length of the
exponential component measured for NGC 1399 is comparable
with the average value of 25 kpc found for this large sample of
galaxies.

From the best fit, we derived the total luminosity of the
Sérsic component and of the exponential one as a function of
the radius. In Figure 12 are plotted the relative fractions of the
two components with respect to the total light profile: the inner
Sérsic component dominates the light distribution inside
~1 arcmin (<£0.3R,), where the contribution to the total light
is about 90%. At R = 10arcmin, the two components
contribute 50% to the total light. This is consistent with the
previous fit performed by Schombert (1986), where de
Vaucouleur’s law reproduces very well the light distribution
inside 10 arcmin. The exponential component in NGC 1399 is
the dominant one for R > 10 arcmin, that is, outside 2R,.

The striking result of this analysis is that the break radius,
identified by a “visual inspection” of the light profiles, is a
physical scale separating the regions where the main galaxy
and the stellar halo dominate. We had already commented that
the transition between the two components occurs at the same
radius where the ellipticity and P.A. of the isophotes become
flattened and misaligned (see Figure 4). Hence one can argue
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Figure 12. Fraction of the Sérsic (red line) and exponential (blue line)
components with respect to the total contribution of both of them as a function
of the galactocentric radius.
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that the bright inner regions are almost spherical and the
exponential component is more flattened, implying a different
formation mechanism.

4. DISCUSSION: TRACING THE BUILD-UP HISTORY OF
THE EXTENDED HALO AT THE CENTER OF THE
FORNAX CLUSTER

We have obtained a new, deep mosaic of the Fornax cluster
with VST in the u, g, r, and i bands, which covers an area of
about 3 x 6 square degrees around the central galaxy NGC 1399
(see Figure 1). In this paper we focused on the light distribution
in the g and i bands inside 2 square degrees around NGC 1399.
The large mosaic obtained with the 1 deg? field of view pointings
of OmegaCam and the large integration time allow us to map the
surface brightness out to 33 arcmin (~192 kpc) from the galaxy
center in the g band (see Figure 3). At these large distances we
are mapping the faint outskirts of NGC 1399, down to
fte = 31.2 = 2 mag arcsec 2 (up =~ 31.8 mag arcsec 2): the stel-
lar envelope, the central galaxy plus ICL, encloses most of the
bright galaxies in the core of the Fornax cluster (see Figure 5).

The main results given by the analysis of the light
distribution down to the above levels of surface brightness
are the following:

1. We detected a “bridge-like” stellar stream in the region
between NGC 1399 and the nearby early-type
galaxy NGC 1387 (see Figure 7). It is very faint,
with 29 < “5 < 31 mag arcsec 2 (29.6 < ug < 31.6
mag arcsec” ), and it is about 5 arcmin wide (~29 kpc).
Given the very low level of the surface brightness, this
structure was unknown in the previous works.

2. The azimuthally averaged light profile in the g band is
consistent with the presence of two main components: the
bright central part of NGC 1399, which contributes about
90% of the light inside 1 arcmin (i.e., <0.3R,) and is well
fitted by a Sérsic law with n = 4.5, and an exponential
outer component from R > 10 arcmin, which contributes
about 60% to the total galaxy light and extends out to
about 6R, (see Figure 3). The break radius at
R = 10 arcmin is a physical scale separating the regions
where the two components dominate.

In this section we discuss the main implications of these
results on the build-up history of the center of the Fornax
cluster.

4.1. What about the Origin of the Bridge-like Stellar Stream in
the Halo Region between NGC 1399 and NGC 1387?

Stellar streams of comparable low surface brightness and
extension as detected in the outskirts of NGC 1399 are also
observed in the halo of several galaxies. The results from the
pilot survey of tidal streams published by Martinez-Delgado
et al. (2010), as well as those detected around galaxies in the
SDSS DR7 archive by Miskolczi et al. (2011), suggest that
several morphologies exist for such faint stellar structures, like
great circles, spikes, very long tails, or also mixed types of
streams. The morphology and stellar population of the stellar
streams are strictly related to which kind of gravitational
interaction makes them and the nature of the galaxies involved.
As discussed by Duc et al. (2015), the material expelled from a
galaxy, which is interacting with a companion massive enough
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to perturb it, produces a tidal tail having age and metallicity
(i.e., colors) similar to those measured in the parent galaxy. On
the other hand, when a low-mass galaxy is disrupting the halo
of a massive object, it produces a tidal stream made of material
different from that in the massive galaxy. The system of
NGC 2698/99 in the ATLAS?P sample is an example of a tidal
interaction producing tails, which also shows a luminous bridge
of stars between the two galaxies (see Figure 21 in Duc
et al. 2015).

As mentioned in Section 3, the stellar bridge-like structure
detected between NGC 1399 and NGC 1387 could be the sign of
an ongoing interaction between the two galaxies. The deep images
taken at VST show that NGC 1387 has asymmetric isophotes
at low surface brightness levels (29 < p, < 31 mag arcsec ),
which appear more elongated toward the west side. These features
are quite evident in the g — i color map, where the galaxy shows a
red arc-like structure on this side (see bottom panel of Figure 7).
The projected distribution of the blue GCs by Bassino et al. (2006)
also shows a bridge between NGC 1387 and NGC 1399 that is
very recently confirmed by D’Abrusco et al. (2016) on the VST
data. These features match very well in space and size the bridge
of stellar streams detected in the light distribution.

Bassino et al. (2006) claimed that the observed stream of the
blue GCs might be caused by a tidal stripping from the outer
envelope of NGC 1387 by NGC 1399. This idea was
supported by the low number of blue GCs around NGC 1387
with respect to that of red GCs. According to this scenario, the
east side of NGC 1387’s envelope is stripped away by NGC
1399 and creates the stellar bridge observed between the two
galaxies. The red arc on the west side of the galaxy is the
surviving part of that envelope. A hint in favor of this
hypothesis comes from the comparison between the average
colors measured in the stellar bridge and in the halo of
NGC 1387. We found that the average g — i color in the middle
region of the stellar bridge is only ~0.2 mag bluer than the
average colors in the arc on the west side of NGC 1387, where
g—1i= 1.14mag (see Figure 8). Taking into account the
uncertainties on the color estimates at these levels of surface
brightness (see Figure 10), the values derived above are all
consistent. Anyway, the color difference between the surviving
red part and the blue stripped part might mean a difference in
their origin. Kinematics and numerical simulations will shed
light on the interaction between these two galaxies.

4.2. Which Kind of Physical Structure Is the Outer Exponential
Component in NGC 1399?

The light profiles derived for NGC 1399, out to about 192 kpc
from the center, resemble those typically observed for disk
galaxies, having a very bright R"/” central component and an
outer exponential one (see Figure 3). In this case, NGC 1399
would be a giant SO-like galaxy with a very faint and diffuse face-
on disk (e ~ 0.2, see Figure 4), never known in the literature. In
order to prove such a hypothesis, it is necessary to gather
observational and dynamical characteristics for this structure and
check if they are consistent with a stellar disk. To do this, we used
the photometry presented in this work and the published
kinematical data. By the best fit of the light profile in the g band,
the exponential component has a central surface brightness
o =234 + 0.1 magarcsec > (uo = 22.6 + 0.1 mag arcsec >
in the r band) and a scale length r, = 292 4 4 arcsec
(~28kpc). By comparing these values with the typical ones
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obtained for a large sample of disk galaxies from the SDSS data,
in the p, — 7, plane, they are located along the slope of the
constant disk luminosity but in the void region of very low surface
brightness galaxies and with a very large disk (see Figure 1 in van
der Kruit & Freeman 2011 and references therein). In particular,
disk galaxies with a mass comparable to that of NGC 1399,
~1012M@, have an average scale length of 5.7 + 1.9 kpc, and the
central surface brightness in the r band is in the range
18 < pp < 21.8 mag arcsec” 2. Thus, the “disk” in NGC 1399
would be one magnitude fainter and 10 times more extended than
any other observed disk in the local universe.

The photometry alone is not enough to exclude the “disk”
nature for this component because we need to prove that such a
very faint and enormous disk should be dynamically stable.
According to Toomre’s criterion (Toomre 1964), the stability
of a galactic disk depends on the stellar velocity dispersion o,
the epicyclic frequency k, and the local surface density I,
where the parameter Q = 0k/3.36G% > 1. The most extended
stellar kinematics for NGC 1399 reaches a distance of
R = 97 arcsec (~9.4kpc) (Saglia et al. 2000), so it does not
map the regions of the exponential component. At these large
radii, the kinematics is traced by GCs and PNe out to
~13 arcmin (McNeil et al. 2010; Schuberth et al. 2010), thus
almost out to the region of the break. The kinematics of red and
blue GCs are distinct. The kinematics of the red GCs is
consistent with that of the stars in the inner regions of
NGC 1399, while blue GCs are more erratic, showing a higher
velocity dispersion (300 < o < 400 km sfl) than the red GCs
(Schuberth et al. 2008, 2010). Schuberth et al. (2008) analyzed
the GC kinematics and their irregularities out to 35 arcmin: they
found an increase of the velocity dispersion of the blue GCs
beyond 20 arcmin. The maximum rotation velocity of stars was
about 40 kms~ ! inside 9.4 kpc, while that for blue GCs is
about 110 kms™' at R ~ 60 kpc. Therefore, the blue GCs are
the only traces of the kinematics in the region of the
exponential component. Assuming as an average value of the
rotation velocity Vo, ~ 180 km s~ ! (corrected for inclination)
and as velocity dispersion o ~ 300kms ™' for the blue GCs,
we estimate the Q parameter at the break radius R = 10 arcmin
(~58 kpc), where the exponential component starts to dominate
the light, and at the last measured point in the surface
brightness profiles R = 33 arcmin (~192 kpc). The local sur-
face density is derived by the surface brightness profile at these
radii by using a mass-to-light ratio M/L =32 M./L. at
R = 10arcmin and M/L =42 M,/L. at R = 33 arcmin.
These are derived by using the total mass given by the GC
dynamics (see Figure 19 in Schuberth et al. 2008) and the total
luminosity integrated at the same radii from the VST g-band
profile. Given that, we find Q[R = 10] ~0.85 and Q
[R=33]~4 x 1075, s0 Q < | over the whole extension of
the exponential component. This analysis allows us to conclude
that such a faint and large exponential component cannot be a
dynamically supported disk. Therefore, we associate the light
of the inner component with the bright cluster member
NGC 1399 and the extended outer component with its stellar
halo. The system galaxy plus halo has a total magnitude in the
g band of 8.57 mag (see Section 3), so it has total luminosity
L~2x10"L.. According to the M/L ratio at 192kpc
estimated above, we found that this system has a total mass
M~ 7 x 10" M.
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Figure 13. Overview of the surface-density profiles of the blue and red GCs
(blue and red circles), by Bassino et al. (2006), and X-ray (magenta asterisks),
by Paolillo et al. (2002), compared with the surface brightness profile in the g
band (black circles), as a function of the galactocentric radius for NGC 1399.
The surface-density profiles are arbitrarily shifted in the ordinate scale. The
dotted line indicates the “transition” region where the blue GCs and the X-ray
density profile show a different slope with respect to the inner regions. The
dashed line indicates the distance of 10 arcmin, where the contribution of the
inner component and stellar halo to the light distribution is about 50% (see
Section 3.5 for details).

4.3. What Is the Vision from Other Dynamical Tracers in the
Halo Region?

The large-scale study of the GCs in NGC 1399 published by
Dirsch et al. (2003) and Bassino et al. (2006) provides the color
and spatial distribution up to the projected distance of
52 arcmin. They found that the blue GCs dominate in the
outer regions, and their radial distributions show a slope change
at R ~ 7 arcmin, while the red GCs have a single power-law
profile on the entire range of radii (see Figure 13). The radial
distribution of the red GCs follows the slope of the surface
brightness out to the break radius, while the blue GCs do not
seem to match the steep light profile for R > Ry..x, being
shallower.

The X-ray halo of NGC 1399 extends out to about 90 kpc,
and it is very asymmetric; Paolillo et al. (2002) noted the
presence of several components: the “galactic” halo extends out
to ~7 arcmin and is offset toward the west with respect to the
optical galaxy centroid, while on larger scales the “cluster” halo
is elongated in the opposite direction. The transition between
the “galactic” and “cluster” X-ray density profile occurs at
R ~ 7 arcmin, which is consistent with the value where the
blue GC radial distribution starts to dominate over the red GC
component, and it is a few arcminutes smaller than the break
radius identified in the light distribution (see Figure 13).

As a conclusion of the cross-analysis with different tracers,
we find that there is a “transition” region (very close in radius)
where the light distribution, the blue GCs, and the X-ray
density profile show a different slope with respect to the inner
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regions (see Figure 13). In correspondence with this region, the
kinematics of blue GCs is different from that of the red GCs,
which is consistent with that of the stars in the inner regions,
while the analysis of the X-ray-emitting gas supports the
presence of different dynamical components. Moreover, as
pointed out in Section 3, the two-dimensional density
distributions of stars, blue GCs, and X-rays consistently show
an asymmetry on the west side, toward the nearby early-type
galaxy NGC 1387.

The above results confirm those derived by Hilker et al.
(1999), who adopted a similar approach. By comparing the
light distribution in NGC 1399, down to about 24 mag arcsec >
in the V band, with the surface density of GCs and X-ray and
with the surface brightness of dE /dS0 galaxies, they found that
the profile slopes of the blue GC population, the X-rays, and
the cD halo light are very similar in extension and slope. As
suggested by Hilker et al. (1999), the agreement in the above
properties might suggest that these components share a
common history.

4.4. What Do Theoretical Studies on Halo Formation Predict
for the Shape of the Light Profile?

According to Cooper et al. (2013), the break radius in the
total stellar mass density sets the transition region in the galaxy
halo between the stars formed in situ to those captured from
accretion events. The shape of the light profile for R > Ry eax
could be indicative of which kind of accretion mechanism
shaped the galaxy halo in the past. As discussed by Deason
et al. (2013), when plotted in logarithmic scale, some outer
light profiles are steeper, named as “broken,” in contrast to
others that show an “excess of light” at large radii. The broken
profiles are generally associated with short and more recent
accretion, possibly unmixed as they trace the orbit of the
accretion, while the shallower profiles could result from minor
merging events taking place over long timescales, showing a
larger degree of mixing. To produce such a broken profile,
simulations found that the accreted material from satellites has
similar apocenters or, alternatively, results from the accretion
of a massive satellite (Deason et al. 2013). As investigated by
Deason et al. (2013), the Milky Way also shows a broken
profile of its stellar halo, and a break is detected at about
20-30 kpc from the center. On the other hand, no break is
detected in the halo profile of M31. The kinematics can
discriminate between the two cases because, if a massive
satellite was accreted, the metal-rich population of the accreted
stars shows a peak in the velocity dispersion at R > Ryeax-

In the case of NGC 1399, the light profile deviates from a
smooth Sérsic profile, with n >~ 4, for Ry > 10 arcmin,
showing a steeper exponential profile with a scale length
rp, = 4.8 arcmin (~28 kpc; see right panel of Figure 3). Similar
to NGC 1399, the BCGs studied by Seigar et al. (2007) also
have a stellar halo with an exponential light profile. Different
from NGC 1399, the light profile of M87 is shallower with
increasing radius, and it was reasonably well fitted by either a
single Sérsic law or a double r/4 (Janowiecki et al. 2010). As
found by Bender et al. (2015a), the light distribution of the cD
galaxy NGC 6166 in Abell 2199 is also well fitted by a single
Sérsic law with a high value of the exponent (n ~ 8), so it
appears shallower toward outer regions. According to the
theoretical predictions, the differences in the halo profiles can
reflect a different assembly history of this component in the
BCGs. In NGC 1399, as discussed above, the regions after the
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break radius are purely explored with any kinematical tracers.
The only information is close to the break radius and indicates
that a peak in the velocity dispersion is observed in the metal-
poor blue GCs (Schuberth et al. 2008), but this is not enough to
draw any conclusion on this point.

Therefore, based only on the new, deep photometry, we
might address some points useful for the interpretation in the
context of the stellar halo formation scenarios, which are not
conclusive and need to be confirmed by a kinematical analysis.

First, one should take into account that the exponential
stellar halo in NGC 1399 is the dominant component almost
everywhere outside the 2R,, and it contributes about 60% of the
total light. Thus, it might be reasonable to think that the
material forming this component could be stripped by a
massive satellite during a close passage around NGC 1399.
Previous observational studies on NGC 1399 strongly suggest
that the core of the Fornax cluster underwent merging events,
which led to the accretion of the majority of blue GCs
(Schuberth et al. 2010). If any kind of gravitational interaction
happened in a recent epoch, we should find signs of it, in the
form of tidal tails or streams, in the light distribution.
Therefore, the frequency and the spatial distributions of such
a features are strong constraints on the timescale and orbits of
the accretion event, respectively.

Different from the Virgo cluster, the deep images of the core
of the Fornax cluster do not reveal bright and extended
structures of this type, except for the red tail detected at
R ~ 3 arcmin and the faint streams toward NGC 1387 (see
Section 3, Figure 7). This remains valid even considering that
the Virgo cluster is about 3 Mpc closer, so the faint structure in
the light distribution detected in the Fornax cluster would have
an absolute magnitude only ~0.3 mag brighter. On the other
hand, at the same faint level of surface brightness, around the
giant bright galaxies M49, M86, and M87, several tidal tails are
detected, some of them very extended, up to 100 kpc (Mihos
et al. 2005; Janowiecki et al. 2010; Rudick et al. 2010;
Capaccioli et al. 2015; Longobardi et al. 2015a). This
observational fact might suggest that we are tracing two
different epochs of the halo assembly in the two clusters: the
Fornax cluster could be in a more dynamically evolved phase
(Grillmair et al. 1994; Jordan et al. 2007), where most of the
gravitational interactions between galaxies have already taken
place and streams and tails are already dispersed into the
intracluster medium or are below the observable surface
brightness level.

4.5. Stellar Halo Mass Fraction in NGC 1399: Observations
versus Theoretical Predictions

By fitting the light profile, we found that there exists a
physical break radius in the total light distribution at
R = 10arcmin (~58 kpc) that sets the transition region
between the bright central galaxy and the outer exponential
halo, and that the stellar halo contributes 60% of the total light
of the galaxy (Section 3.5).

In order to estimate the stellar mass fraction of the halo for
NGC 1399, we need to account for the stellar mass-to-light
ratio values for both the central galaxy and the halo. The color
profiles shown in Figure 10 suggest that the stellar halo (for
R > 10 arcmin) has g — r color similar to that measured in the
central galaxy, so we can assume a similar stellar M/L for both
components. According to an average g — r ~ 0.8, from the
stellar population synthesis model (Ricciardelli et al. 2012;
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Figure 14. Stellar halo mass fraction vs. total stellar mass of the galaxy. The
triangle indicates the value derived for NGC 1399, and the circles are for other
BCGs from the literature (Seigar et al. 2007; Bender et al. 2015a). The dashed
red region indicates the average predictions from theoretical models by Cooper
et al. (2013). The blue region indicates the average predictions from the Illustris
hydrodynamic simulations by Rodriguez et al. (2015).

Vazdekis et al. 2012) using a Kroupa IMF, M/L ~ 4. There-
fore, the total stellar mass of the whole system, galaxy plus
halo, is M, ~ 6.6 x 10" M, while the stellar mass in the
halo is My ~ 4 x 10" M. The stellar mass fraction is the
same we found for the light, which is 0.58 4 0.03. As shown
in Figure 14, this value is comparable with those derived for
other BCGs with total stellar mass similar to NGC 1399, which
varies from 0.47 to 0.9 for the galaxies in the sample studied by
Seigar et al. (2007), and it is about 0.65 for the bright BCG
NGC 6166 (Bender et al. 2015a).

The observed halo mass fractions for NGC 1399 and for
other published data are compared with the predictions from
numerical simulations by Cooper et al. (2013), for galaxies
with a dark halo virial mass within the range
13 < log Myy/M < 14, and from the Illustris hydrodynamic
cosmological simulations by Rodriguez et al. (2015). Accord-
ing to the dynamical models performed by Schuberth et al.
(2010), the virial mass for NGC 1399 is in the range 5 x 10'?
to 7 X 1013M@. On average, taking into account the
uncertainties in the M/L estimate, the stellar mass fraction
derived for the halo of NGC 1399 fully agrees with those
predicted by the Illustris simulations, whereas it is at the lower
limits of those by Cooper et al. (2013). The stellar mass
fractions of the halos in the less luminous BCGs studied by
Seigar et al. (2007) are more consistent with simulations,
except for NGC 4874, where deviations could be due to a
wrong estimate of the M/L ratio or of the halo stellar mass
fraction. On the other hand, the brightest galaxy of the selected
sample, NGC 6166, is far from the theoretical predictions: this
could be due to unexplored regions in the simulations because
Figure 12 in Cooper et al. (2013) shows that there are no values
for a halo stellar mass larger than 10'* M. We noticed that the
region of the stellar halo mass fraction larger than 0.8 seems
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devoid of observed stellar halos. The same effect seems to be
also present in the same diagram obtained by Trujillo & Fliri
(2015) (see Figure 12 of that paper), where the stellar mass
fractions derived for less massive galaxies (in the range
12 < log Moo/ M < 12.5) occupy the bottom half of the
region given by the theoretical predictions. In both cases, this
could be due to an incomplete sample. Anyway, this aspect
needs to be further investigated on both the observational and
theoretical sides.

Assuming that the stellar halo has been formed by accretion,
then we find consistency with simulations. This means that
60% of the total light we measured in the core of the Fornax
cluster for R < 192kpc is formed via multiple accretion
events. According to Cooper et al. (2013), the stellar mass of
accreted satellites for halos of the most massive galaxies (i.e.,
13 < log Mago/M,, < 14) varies in the range 10°-10''M..
While the lower limit of this interval is consistent with the
typical mass for ultracompact dwarf galaxies (Chilingarian
et al. 2011), the upper limit is that of a brighter and larger
object. This might suggest that the halo of NGC 1399 has also
gone through a major merging event. Given the absence of any
tidal tail in the deep VST images, the epoch of this strong
interaction goes back to an early formation epoch. For
comparison, the total stellar mass of NGC 1387, which is
interacting with NGC 1399 (see Section 4.1), is about
8 x 10'°M., assuming an M/L similar to that derived for
NGC 1399, or even higher considering that NGC 1387 has on
average redder colors than NGC 1399 (E. Iodice et al. in
preparation).

The Illustris hydrodynamic cosmological simulations by
Rodriguez et al. (2015) also predict a transition radius at which
the halo component starts to dominate over the stars formed
in situ. Such a radius is a function of the total mass of the
galaxy, ranging from ~4-5 effective radii for medium-sized
galaxies (Mg ~ 10'°-10"! M) to a fraction of the effective
radius for very massive galaxies (Mgp ~ 10"2 M). For
NGC 1399, the total stellar mass is M, =~ 6.6 X 10”M®,
and the break radius in terms of the effective radius of the light
distribution is Ry = 1.7R, (see Section 3.2). Such a value is
comparable with the predictions from Illustris simulations on
the break radius, which vary from ~0.2Rp,s for the most
massive galaxies (stellar masses ~1012M®) to ~3.5Ry.¢ for
galaxies with stellar masses of ~10"'M...

4.6. Halo versus ICL

The presence of ICL in nearby clusters was established by
several works in recent years (see Zibetti 2008 as review). As
mentioned in Section 1, the extended stellar halo in BCGs and
the intracluster stellar component overlap, so it is hard to
separate each contribution by deep photometry alone. Surface
photometry indicates that the ICL surface brightness is detected
in the range between ~26 and ~32 mag arcsec  in the r band,
and it declines more steeply than the light profile of the
galaxies in the cluster. The contribution of the ICL to the total
light of most clusters is about 30% (Gonzalez et al. 2005;
Zibetti et al. 2005). On average, this component is more
elongated than the BCG, and the major axes of BGCs and the
ICL are almost aligned (AP.A. < 10°),even if higher degrees
of misalignment are also measured in some cases. The deep
imaging of the Virgo cluster shows that, other than the
numerous thin ICL streams, part of this component is in a more
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diffuse form, locked in the extended halo around M87, traced
up to 150 kpc (Mihos 2015).

For NGC 1399, the deep VST photometry allows us to map
the surface brightness levels typical for the ICL contribution.
The azimuthally averaged surface brightness profile derived in
this work shows a steeper exponential decline for
e = 26.5 mag arcsec 2 (i.e., p, = 25.65 mag arcsec 2 since
g —r~0.85), and it reaches y, = 31.2 mag arcsec 2 at
~192kpc from the analysis (see Figure 3). As discussed in
detail in the previous sections, this component is the stellar halo
around NGC 1399, which is very extended and contributes to
about 60% of the total light. We may suppose that part of this
huge amount of light comes from the contribution of the ICL,
which could vary from 10% to 30%, as was estimated in other
clusters of galaxies (Gonzalez et al. 2005; Zibetti et al. 2005).

A hint for extra light is detected from the light profiles
extracted at several P.A.s, in the regions between galaxies on
the west side (see Section 3 and Figure 9), in the range of
surface brightness of 27 < p, < 28 mag arcsec > and for
15 < R < 20 arcmin. At fainter levels of surface brightness,
the stellar bridge between NGC 1399 and NGC 1387 is about
1-1.5 mag arcsec 2 brighter than the average value of the
diffuse component (y, ~ 31 mag arcsec”2; see Figure 8). As
found in other BCGs (Gonzalez et al. 2005; Zibetti et al. 2005),
the ellipticity and P.A. profiles of the stellar envelope show that
it is flatter with respect to the inner galaxy light, and both are
misaligned by about 10° (see Figure 4).

However, photometry alone does not allow us to separate the
gravitationally bound part of NGC 1399’s very extended stellar
halo from that of the ICL. There is a hint from the kinematics of
the GCs for a higher velocity dispersion of the blue population
at large radii of about 20 arcmin (Schuberth et al. 2010), but
this point needs further confirmation with new data. Therefore,
at this stage, no definitive conclusion can be drawn, and
kinematical studies are crucial to disentangling the bound and
unbound components in the stellar halo of NGC 1399.

5. SUMMARY

In conclusion, the most important and first results of the FDS
with VST can be summarized as follows:

1. Deep photometry allowed us to detect the faint stellar
counterpart of the blue GC stream in the intracluster
region on the west side of NGC 1399 and toward
NGC 1387. By analyzing the integrated colors of this
feature, we claim that it could be explained by the
ongoing interaction between the two galaxies, where the
outer envelope of NGC 1387 on its east side is
stripped away.

2. In the core of the Fornax cluster, a very extended
envelope surrounding the luminous galaxy NGC 1399 is
present. This component, which is well fitted by an
exponential law, comprises 60% of the total integrated
light out to 192 kpc, including the ICL fraction.

3. The surface brightness profile of NGC 1399 shows a
physical break radius in the total light distribution at
R = 10 arcmin (~58 kpc), that is, 1.7R,, that sets the
transition region between the bright central galaxy and
the stellar halo. Such a value is comparable with the
predictions from [llustris simulations on the break radius
for galaxies in the range of stellar masses 10''-10'% M.
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4. Comparing with the numerical simulations of stellar
halo formation for the most massive BCGs (ie.,
13 < log Myyo/M, < 14), we found that the observed
stellar halo mass fraction is consistent with a halo formed
through the multiple accretion of Progenitors having
stellar masses in the range 10°-10'' M. This might
suggest that the halo of NGC 1399 has also been through
a major merging event.

5. The absence of a significant number of luminous stellar
streams and tidal tails between the galaxies in the core of
the Fornax cluster suggests that the epoch of this strong
interaction goes back to an early formation epoch. Thus, the
extended stellar halo around NGC 1399 is characterized by
a more diffuse and well-mixed component, including the
ICL, with respect to that of M87 or M49 in the Virgo
cluster (Mihos et al. 2005; Capaccioli et al. 2015). This is
an indication that the Fornax cluster could be in a more
dynamically evolved phase than the Virgo cluster.
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