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ABSTRACT

We present the results of a wide spectroscopic survey aimed at detecting extragalactic globular
clusters (GCs) in the core of the Fornax cluster. About 4500 low-resolution spectra (from 4800
to 10000 A) were observed in 25 VLT/VIMOS masks covering the central 1 deg? around the
dominant galaxy NGC 1399 correspondingto 175 kpc galactocentric radius. We describe the
methodology used for data reduction and data analysis. We found a total of 387 unique physical
objects (372 GCs and 15 ultracompact dwarfs) in the field covered by our observations. Most
of these objects lie in the region of NGC 1399 halo, with only 10 per cent likely belonging to
other giant galaxies 48 of these objects have a literature counterpart. The new VIMOS data
set is complementary to the many GC catalogues already present in the literature and it brings
the total number of tracer particles around NGC 1399 to more than 1130 objects. With this
comprehensive radial velocity sample, we have found that the velocity dispersion of the GC
population (equally for red and blue GC populations) shows a relatively sharp increase from
low velocity dispersion (- 250350 km s™1) to high velocity dispersion ( 300-400 km s™1)
at projected radius of =10 arcmin ( 60 kpc) from the galaxy centre. This suggests that at a
projected radius of =60 kpc both blue and red GC populations begin to be governed by the
dominating Fornax cluster potential, rather than by the central NGC 1399 galaxy potential.
This kinematic evidence corroborates similar results found using surface brightness analysis
and planetary nebulae kinematics.
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1 INTRODUCTION

Nearby galaxy clusters are ideal laboratories for studying the evolu-
tion of low- and high-mass galaxies as well as dense stellar systems
(globular clusters, compact dwarf galaxies, planetary nebulae, etc.)
in dense environments. The Virgo and Fornax clusters are the closest
galaxy clusters, hence providing privileged targets where detailed
observations of the galaxy and small stellar system content can be
performed, and galaxy formation theories can be tested (e.g. Strader
et al. 2011).

The Fornax cluster is the most massive galaxy overdensity after
the Virgo cluster within 20 Mpc and it is an ideal target to study the
effect of the environment on the structure and assembly of galaxies
of any type, from the massive central giant early-type systems to
the dwarf galaxies (e.g. Ferguson & Sandage 1989; Mufioz et al.
2015; lodice et al. 2016; Venhola et al. 2017; Eigenthaler et al.
2018). Despite its regular appearance, it has been found that the
assembly of Fornax is still ongoing. Although its core seems in an
evolved phase (Grillmair et al. 1994; Jordan et al. 2007) and most of
the bright (mg < 15 mag) cluster members are early-type galaxies
(Ferguson & Sandage 1989), the presence of stellar and GC tidal
streams (e.g. D’Abrusco et al. 2016; lodice et al. 2016; Eisenhardt
et al. 2017) have revealed that there are still signs of active galaxy
interactions in the region inside 200 kpc, which mirrors the large-
scale activity, including the accretion of the Fornax-A (NGC 1316)
subgroup (dominated by the brightest cluster member, NGC 1316)
into the cluster core along a cosmic web filament (Drinkwater et al.
2000; Scharf, Zurek & Bureau 2005).

To kinematically map the complexity of the cluster core out to at
least 200 kpc using discrete kinematical tracers (e.g. GCs, UCDs,
and PNe) and finally connect the large-scale kinematics down to the
scale of the dwarf galaxies, we have started a multi-instrument ob-
servational effort called the Fornax Cluster VLT Spectroscopic Sur-
vey (FVSS). As a part of this effort we have acquired integral field
spectroscopy of dwarfs galaxies (see Mentz et al. 2016; Spiniello
et al. 2018), a counter dispersed imaging run with FORS2 to detect
and measure radial velocities of planetary nebulae (Spiniello et al.
2018) and multi-object spectroscopy of GC and UCD candidates
with VIMOS/VLT.

The latter programme is the topic of this paper, where we present
the radial velocity catalogue of GCs and UDGs in the core of For-
nax, which is complementary to archival spectroscopic GC data sets
on a more limited area: Schuberth et al. (2010, which incorporates
the catalogue of Dirsch et al. 2004), Bergond et al. (2007), and
other catalogues discussed throughout the text. The novelty of the
sample discussed in this paper is the uniform coverage of the central
1 deg? of the Fornax core which allows us to provide a spatially
complete map of the kinematics of the galaxies in the field out to
the regions where they meet the intracluster field (see e.g. Napoli-
tano et al. 2003; Arnaboldi et al. 2012). Here, dynamical times are
longer than the central galaxy regions and we expect to find the
kinematical signature of the substructures already seen in the FDS
photometry (lodice et al. 2016) or other gravitational interactions
such as shells and tidal tails in the kinematics of the galaxy outskirts
or intracluster regions (Napolitano, Arnaboldi & Capaccioli 2002;
Napolitano et al. 2003; Bullock & Johnston 2005; Rudick, Mihos
& McBride 2006; Murante et al. 2007; Duc et al. 2011; Longobardi
et al. 2015). FVSS will be the foundation of a multifaceted project
to constrain the baryonic and dark mass distribution in the core of
the Fornax cluster with high precision, thus shedding light on the
assembly history of massive galaxies in one of the nearest dense
environments.

In this first paper of the series, we present the radial velocity
catalogue of GCs. The assumed distance is 19.95 Mpc (Tonry et al.
2001). Hence, 1 arcmin 5.8 Kpc.

The paper is structured as follows: Section 2 describes the data
acquisition and reduction. The redshift estimation is discussed in
Section 3.1, results are presented in Section 4 and discussed in
Section 5. We summarize the results of the paper and conclude in
Section 6.

2 DATA

This section discusses all the steps undertaken to compile the spec-
troscopic catalogue discussed in this paper. The photometric sur-
veys that constitute the input of our spectroscopic work are briefly
described in Section 2.1. The workflow consists of selecting a sam-
ple of GC candidates based on photometric selection criteria (Sec-
tion 2.2) and then using the derived sample to design multi-object
masks (Section 2.3) for follow-up observations (Section 2.4).

2.1 Photometry

2.1.1 The Fornax Deep Survey

The Fornax Deep Survey® (FDS) is a joint project based on Guaran-
teed Time Observation surveys, FOCUS (PI: R. Peletier) and VE-
GAS (PI: E. lodice, Capaccioli et al. 2015), aimed at studying the
formation and assembly of the Fornax Cluster out to its virial radius
with a variety of observations. These include deep photometry, sup-
plemented by cross-match with other wavelength observations such
as X-rays (Paolillo et al. 2002, e.g.) and multi-object and integral-
field spectroscopy. The cornerstone of FDS is deep multiband (u, g,
r, and i) imaging data from the OmegaCam (Kuijken 2011) camera
at the VLT Survey Telescope (VST; Schipani et al. 2012), covering
an area of 30 deg? of the cluster out to the virial radius. The area
includes the Fornax-A subgroup, hence providing a full coverage
of the cluster structure under assembly. The depth of the imaging
data set reaches 30 mag arcsec™2 in the g band (lodice et al. 2016,
2017), among the deepest acquired on the cluster so far (Venhola
etal. 2017). VISTA/VIRCAM observations in Jand K (with limiting
magnitudes Ks = 23.4 AB mag, and J = 23.4 AB mag, respectively)
are also available (see e.g. Mufioz et al. 2015), to complement the
optical data and optimize galaxy and globular cluster membership
and the selection of follow-up targets (e.g. globular clusters, GCs
hereafter, and/or ultracompact dwarf galaxies, UCDs hereafter).

The multiband deep images have been used to study the light
distribution and colours of cluster galaxies out to 8-10 effective
radii and beyond to characterize the faint galaxy haloes. These
studies revealed the presence of ultrafaint stellar structures in the
core of Fornax: fingerprints of past and ongoing interaction between
galaxies falling into the deep potential well of the cluster (lodice
et al. 2016; Venhola et al. 2017). The same conclusion is backed
up by the complex distribution of globular clusters in the Fornax
cluster (D’ Abrusco et al. 2016; Cantiello et al. 2017).

2.1.2 Next Generation Fornax Survey
The Next Generation Fornax Survey (NGFS; Mufioz et al. 2015,

Puzia et al., in preparation) is an optical and near-infrared imaging
survey of the Fornax galaxy cluster virial sphere (Ryir 1.4 Mpc;

LESO programme 1D (094.B-0687).
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Drinkwater, Gregg & Colless 2001). NGFS uses the Dark Energy
Camera (DECam; Flaugher et al. 2015) mounted on the 4-m Blanco
telescope at Cerro Tololo Interamerican Observatory (CTIO) in
the optical wavelengths and the European Southern Observatory
(ESO) 3.7-m VISTA telescope with VIRCam (Sutherland et al.
2015) for near-infrared observations. The current NGFS survey
footprint covers 50 deg? with 19 DECam tiles of 2.65 deg? each,
and detects point-sources at SIN=5 downtou =26.5mag, g =
26.1 mag, i = 25.3 mag, J = 24.0 mag, and K; = 23.4 mag. Here,
we make use of preliminary NGFS Ks-band point source catalogues.

The panchromatic NGFS data were recently used to detect low
surface-brightness galaxies (Mufioz et al. 2015), measure the mor-
phological, scaling, and clustering properties of more than 600
dwarf galaxies, study their nucleation and stellar population proper-
ties and analyse the globular cluster systems in Fornax (Eigenthaler
et al. 2018; Ordenes-Bricefio et al. 2018).

2.2 Selection of globular cluster candidates

The selection of GC candidates was based on VST/OmegaCAM
photometry in the de-reddened g and i band from the FDS
(D’Abrusco et al. 2016; lodice et al. 2016) and preliminary
VISTA/VIRCAM photometry in the Ks band from the NGFS. In
the combined two-colour giKs diagram, confirmed GCs from Schu-
berth et al. (2010) are confined to a restricted colour—colour space.
We defined a polygon around the radial velocity members in this
colour space, which serves as first-order selection criterion for our
GC candidates.

As an additional criterion we used the published wide-field Wash-
ington photometry from Dirsch et al. (2004) and Bassino, Richtler
& Dirsch (2006) to construct a C — i versus i — K diagram. Since
the Washington C band is similar to a u-band filter and the uiKs
plane is a very powerful tool to discriminate GCs from foreground
and background objects (Mufioz et al. 2014), the CiK; plane is the
cleanest selection criterion. Unfortunately, the spatial coverage of
the Washington photometry is not complete in the central square
degree due to chip gaps and the restricted field of view. Out of the
1065 unique spectroscopic targets with CiKs photometry, 809 (or

76 per cent) are within this selection polygon.

As shown in Section 2.2, the final mask design resulted in slit
allocations on 4340 unique spectroscopic targets. 4321 of those
have giKs photometry, and 2643 (or 61 per cent) of them are
contained in the selection polygon defined for potential GCs in the
giKs space. We note that the missing u-band information in this
colour space leads to a high fraction of contaminating foreground
stars and background galaxies (see Section 3.1).

Here, we applied a magnitude restriction of 17.0<i <23.0 mag
to our GC candidate sample in order to avoid severe contamination
by foreground stars at bright magnitudes and too low signal-to-
noise spectra at the faint magnitudes. For the very central regions
of NGC 1399, which are dominated by the galaxy light, we found
additional GC candidates taking advantage of the more accurate
photometry and morphological classification derived from Hubble
Space Telescope/ACS data by Puzia et al. (2014).

Finally, all other allocated fibres, i.e. the remaining 1678 slits,
besides a small portion used to duplicate targets, were split to ob-
serve known stars and background galaxies. These latter will be
discussed in a separate paper.

The FDS gi, the NGFS K, Washington C, as well as the cen-
tral ACS photometric catalogues, were matched with SEXTRACTOR
photometry of point and extended sources in all pre-images (ESO
programme 094.B-0687), which were taken in R band prior to the
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spectroscopic observations. The x and y coordinates of sources in
the pre-images are needed to create VIMOS catalogues for the cre-
ation of mask files with the VMMPS (VIMOS Mask Preparation
Software; Bottini et al. 2005) from ESO.

2.3 VIMOS pointings and mask design

A total of 25 VIMOS masks were designed covering the central
square degree around NGC 1399. The mask pointings were mi-
crodithered in such a way that the gaps between the four VIMOS
CCDs (or quadrants) were covered by the adjacent mask.

In Fig. 1, we show the spatial distribution of the VIMOS point-
ings, along with the footprints of archival observations in the same
sky region from Schuberth et al. (2010) and Bergond et al. (2007). It
is clear that the mask distribution is much more homogeneous with
respect to previous studies, although our target sampling varies
across the field. Besides the central giant elliptical NGC 1399, the
total covered area contains other giant galaxies, i.e. NGC 1404,
NGC 1387, and NGC 1380. Fig. 2 shows how the two-dimensional
density of allocated slits is considerably higher in the centre with
respect to the outskirts. 8 of the 25 pointings were dedicated to the
central 25 < 25 arcmin? to account for the higher density of GC
candidates close to NGC 1399.

The use of the MR grism allows a multiplexing of two in wave-
length direction (parallel to declination), i.e. spectra are not over-
lapping if slits are placed close to the bottom and top of the chip
areas in all quadrants. For a first automatic slit allocation we used
VMMPS with a catalogue of GC candidates from the giK, selection
as input. Since the result of the automatic slit allocation was not sat-
isfactory, we optimized the slit allocation of targets manually, for
example by de-centring some targets in the slits while still keeping
enough sky, or by allowing some overlap in wavelength range for
multiplexed spectra, and by giving preference to targets that also
fulfil the CiK; selection criterion. The remaining free area on the
chips was then filled with slits centred on GC candidates from the
(g — i) colour selection or on pre-selected background galaxies to
allow ancillary science on photometric redshift confirmations.

In this way, we defined 4574 slits in total for the 25 pointings
ranging from 157 to 202 slits per pointing (or 36 to 60 slits per quad-
rant). Several slits were positioned in such a way to cover more than
one target if they had the same declination and a small distance in
right ascension (of the order of 10 arcsec or less). Since the fields
are overlapping, about 300 targets have been observed twice and
four targets even three times through different masks. This allows
us to better understand uncertainties in the radial velocity measure-
ments and correct for them between different masks. Discounting
all duplications, we ended up with about 4340 unique targets for
which spectra were taken.

2.4 Observations

Spectroscopic observations were carried out with the Vlsible Mul-
tiObject Spectrograph (VIMOS; Le Févre et al. 2003), mounted on
the VLT-UT3 Melipal telescope at the ESO Paranal observatory in
Chile and used in multi-object mode. Data were acquired in Period
94 (Program 1D: 094.B-0687, PI: M. Capaccioli), from 2014 Octo-
ber to 2015 January. The VIMOS spectrograph was equipped with a
filter CGA475, which cuts off wavelengths bluer than 4750 A and an
MR grating with a spectral resolution R = 580 (or 12.0 A FWHM)
and a dispersion of 2.5 A pixel. All slits had a width of 1 arcsec. The
pixel scale in the spatial direction was 0.205 arcsec pixel™. This
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Figure 1. Layout of the observations. The background image is a mosaic of several VST/OmegaCAM pointings in the g band. The central galaxy is NGC
1399. Additional Fornax galaxies are also labelled. The red boxes mark the centres of all 25 VIMOS pointings. The footprints of some VIMOS masks are
shown on the bottom for illustrative purposes. Note how the VIMOS masks are dithered to maximize spatial coverage. The region covered by all 25 VIMOS
is outlined in red, whereas the regions covered by literature studies are shown in green (Bergond et al. 2007) and blue (Schuberth et al. 2010).

set-up allows us to explore the spectral window ranging from 4800
to 10000 A. Sky transparency was set to clear.

VIMOS is equipped with four CCDs, arranged in four quadrants
with chip gaps of 2 arcmin in vertical and horizontal direction
(see examples of the VIMOS detector footprints in Fig. 1). Overall,
one VIMOS mask set covers a field of 4 x (7 x 8 arcmin?). All
masks were observed for 1.5 h in total, divided into three dithered
exposures of 30 min. The seeing ranged from 0.66 to 1.15 arcsec,
with a median of 0.85 arcsec. The median airmass was 1.061.

2.5 Data reduction

The reduction of the VIMOS data was performed using the REFLEX
environment (Freudling et al. 2013) of the ESO VIMOS pipeline.
For each VIMOS pointing, the data consist of the scientific images,
flat fields, and arc lamp calibration images taken immediately after
the science exposures. Each science exposure has a distribution of
slits containing the science spectra of the targets. Indeed every slit
is also contaminated by the emission spectrum of the earth’s atmo-
sphere. Since the wavelengths of the sky emission lines are precisely

39™

38™
RA (J2000)

known they can be used for the absolute wavelength calibration of

the spectra.

In order to obtain the final wavelength calibrated science spec-
tra, we proceeded as follows. First, a wavelength calibration is
performed using the provided arc lamp spectrum. Secondly, we
calculated the residual shift of the sky emission lines with respect
to their rest-frame wavelength. For this purpose, we provided our
own sky line catalogue, in which the wavelengths of prominent

1747

sky lines, in particular in the Ca triplet (CaT) region, are listed.

The pipeline determines this shift for each spectrum in each sci-
ence exposure individually, which is essential because the wave-
length shifts are not the same for the three exposures: the shift is

largest for the first exposure and smallest for the third exposure.

This is caused by the change of instrument flexure between the
first science exposure and the final arc lamp exposure. In other
words, the third science exposure is taken closest in time, i.e. un-
der almost the same instrument conditions to the arc lamp expo-
sure, and thus its wavelength calibration is the most accurate. Fi-

nally, the pipeline stacks the three individual science exposures and

extracts sky subtracted object spectra from the combined science

frame.
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Figure 2. Two-dimensional spatial density of VIMOS slits. Slits are shown
as small black crosses, whereas the colours represent total counts in boxes
of 2 x 2 arcmin?. Axes express the distance in arcmin from NGC 1399.
More slits were placed towards the centre of the cluster, where the target
density is higher. North is toward the top, east to the left.

Unfortunately, the pipeline does not apply the wavelength shifts to
the individual spectra before the stacking, meaning that the stacked
spectra are not corrected for the residual shifts. This leads to an
incorrect absolute wavelength calibration and also to a slight line
broadening in the stacked spectra. Even though we cannot correct for
the line broadening with the current ESO pipeline version, we found
a workaround to correct for the absolute wavelength calibration
of the spectra, which is necessary for an accurate measurement
of the radial velocities of the objects. To zeroth order, it can be
assumed that the median wavelength shift in the stacked spectrum
is the same as the one derived for the second exposure. Thus, we
re-reduced the second science exposure of all available data to
determine the median wavelength shift in each multiplex of each
mask by taking the average shift of all spectra in that multiplex.
Then, the wavelength of each stacked spectrum was shifted by an
amount as determined by the multiplex and the mask in which the
spectrum is located. All further analyses were carried out on the
spectra corrected in this way.

For each mask, the REFLEX pipeline outputs multi-extension fits
files which include the calibrated 2D spectra, the calibrated 1D spec-
tra (and respective errors) and a 2D model of the sky lines. To make
the data set more manageable, we implemented a PYTHON/ASTROPY
(The Astropy Collaboration 2018) script which copies different data
structures corresponding to each slit into a multi-extension fits file.
Each slit is associated to a fits file which contains: the 1D scientific
spectrum, the 1D error spectrum, the sky-subtracted, wavelength-
corrected 2D spectrum, and a thumbnail of the object of 5 < 5
arcsec? from g-band VST imaging.

3 ANALYSIS

3.1 Redshift estimation

A total of 6700 spectra were extracted by the REFLEX pipeline.
The number of spectra is larger than the number of slits because
multiple spectra can be extracted from one slit. These spectra belong

MNRAS 481, 1744-1756 (2018)

to objects genuinely associated with the Fornax cluster (i.e. GCs,
UCDs, or dwarf galaxies), as well as Galactic stars, background
galaxies, and sources with signal to noise (S/N) too low to be
classified with certainty.

Radial velocities were computed with IRAF/fxcor, which performs
cross-correlation between the Fourier-transformed scientific spec-
trum and a Fourier-transformed set of template spectra (Tonry &
Davis 1979). Fxcor was preferred to full spectra fitting approaches
(e.g. PPxF, Cappellari & Emsellem 2004) because the former does
not require initial guesses on the radial velocity and it is more CPU
efficient.

The Indo-U.S. Library of Coudé Feed Stellar Spectra (Valdes
et al. 2004) was used as library of template spectra. The library
contains 1273 stellar spectra, observed with a dispersion of 0.44
Apixel and aresolution of 1 A. The spectra cover the 3460-9464
A range, which overlaps adequately with the wavelength range of
our VIMOS spectra. From the whole library, we selected a random
subset of 40 stars with spectral types from F to M because this is
the range expected for metal-poor to metal-rich GCs.

The 40 stellar spectra were convolved with a Gaussian filter of
standard deviation o = 12.0 A; /2.355, where 12.0 A is the FWHM
resolution of our VIMOS spectra and 2.355 is the constant relating
the FWHM with o .

The scientific spectra were prepared as follows. First, we com-
puted the median signal to noise per resolution element S/N, where
the signal S is measured in the range 5000-6600 A and the noise
N is the noise returned by the REFLEX pipeline in the same wave-
length range. Secondly, telluric bands in the range 6850-7688 A and
some bright skyline regions were replaced with the fit to the spectral
continuum. The continuum was computed with IRAF/continuum by
averaging 10 contiguous pixels and interpolating the result with a
cubic spline coupled with a 30 rejection algorithm.

Naively, one may think that cross-correlating the full wavelength
range of our VIMOS spectra will return more robust radial veloc-
ities because the number of atomic lines used for the convolution
is larger. Instead, we found that using the whole wavelength range
can increase uncertainties due to severe template mismatches, likely
due to the low (S/N = 12) average S/N of our spectra. Therefore, we
chose to run fxcor on the region surrounding the Calcium Triplet
(CaT) at 8498-8548-8662 A, because these three lines occupy a
very narrow wavelength range. Therefore, we correlate the scien-
tific spectra between 8485 and 8750 A with the template spectra
between 8450 and 8720 A. This means that we are able to measure
the radial velocities of unresolved objects between —500 km s™*
and +3000 km s~1, which include both Galactic stars and Fornax
objects.

During the fxcor run, and prior to the correlation with the template
spectra, the Fourier-transformed scientific spectra were filtered with
a ramp filter. The filter was set up to cut off noisy high frequencies
as well as low frequencies which may result from poor continuum
fitting. The continuum was fitted with a cubic spline function. We
ran fxcor in non-interactive mode, meaning that fxcor always returns
the velocity corresponding to the highest cross-correlation with the
template spectrum. The final radial velocity is the median of the
single radial velocities obtained from the cross-correlation with
the 40 template stars. To overcome extreme template mismatch
(i.e. the case in which the fitted radial velocity varies considerably
depending on the adopted template), we used a median-absolute-
deviation algorithm (MAD) to flag radial velocities deviating more
than 50 from the median of the radial velocities obtained from the 40
template stars. Outliers, if any, are removed from the velocity set and
the final radial velocity and error are computed from the remaining
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Figure 3. Results from IRAF/fxcor for 4200 spectra. The x-axis represents
the Tonry & Davies R parameter (TDR) which is a proxy for the goodness
of the cross-correlation between the scientific and the template spectra.
Smaller TDR corresponds to larger velocity uncertainties dv (bottom panel)
and therefore to a poorer spectral fit. The measured radial velocity v is shown
on the y-axis of the top panel. The sequence of objects at v = 0km s~* are
Galactic stars, whereas the cluster at v = 1700 km s~ are sources in the
Fornax cluster. The histogram on the top shows raw counts for stars and
Fornax objects, respectively.

measurements. 90 per cent of GCs and stars have between 0 and 5
outliers, suggesting that the effect of extreme template mismatch is
small.

The scatter in radial velocity due to normal template mismatch
(i.e. due to intrinsic mixture of stellar populations in GCs) varies
between 3 and 10 km s™(after removing outliers) depending on
the S/N of the spectrum. The final error on the radial velocity is the
median velocity error returned by fxcor summed in quadrature to
the scatter due to normal template mismatch.

We used the Tonry & Davis (1979) R factor (TDR hereafter) to
assess the goodness of the correlation between scientific spectra
and template spectra. As expected, TDR is inversely proportional
to the velocity uncertainties. This effect is shown in Fig. 3, where
TDR is shown as a function of the measured radial velocity v and
velocity uncertainty dv. It is worth noting that fxcor was set to mea-
sure the Doppler shift of the CaT lines only for objects with radial
velocities —500 < v < 3000 km s™*. This means that only radial
velocities measured to be —450 < v < 2500 km s~ are meaning-
ful, whereas velocities outside this range are non-physical, and thus
discarded as meaningless. Heliocentric velocity was computed with
IRAF/rvcorrect for each slit, and subtracted from all radial velocities.

3.2 Disentangling Fornax objects from foreground and
background sources

We are interested in separating objects physically bound to the For-
nax cluster (GCs, UCDs, and galaxies) from objects unrelated to
the Fornax cluster (Galactic stars and foreground or background
galaxies). A first distinction can be performed on the basis of
the systemic velocity. We use the same velocity range adopted
by Schuberth et al. (2010) for GCs and Galactic stars. Using the

Mgp

Z
©
=]

Ha CaT

5 Mm

"“""’“—‘”‘M

Flux

EB’EETS?
L E R —F= "=

810z Jaquialdeg gz uo Jesn aliyseoue [esjua) 10 Ausiaaiun Aq 0Z22890S/v1 /L L /2] L 8FA0eSqe-8|oie/Seluw/wod dno-olwspese//:sdny woJj papeojumoq

bt
A

(""’"—”’"—VM—"”"\/"Wﬂ
A

=

5000 5500 6000 6500 7000 7500 8000 8500 9000
Restrame Wavelength [ A ]

Figure 4. A sample of GC spectra suitably normalized. Shown are
continuum-normalized redshift-corrected spectra for GCs with increasing
S/N per resolution element (from top to the bottom). The spectrum at the top
has S/N = 15, the one at the bottom S/N = 50. The main atomic lines are
labelled on the top. Features such as the strong absorption in the spectrum at
Flux = 2 and the emission in the spectrum at Flux = 3 are instrumental arte-
facts and not physical features of the GC. The flat horizontal lines between
7000 and 8000 A mark regions with masked skylines (see the text).

top panel of Fig. 3 as a reference, Fornax objects are those with
450 < v < 2500 km s (850 data points), whereas Galactic stars
are those with —450 < v < 450 km s™* (956 data points). The ve-
locity determination of background galaxies and their distribution
will be discussed in a separate paper.

Spectra of Fornax objects (GCs, UCDs) and Galactic star candi-
dates were redshift-corrected and visually inspected. We checked
for the correct positions of the following lines: CaT, H a (6563 A),
NaD(5892 A), the MgpBtriplet( 5175A) and HB(4861A). The
CaT and H a lines, if present, are always visible, whereas the Mg 3
lines are hardly recognizable in spectra with S/N  10. The NaD is
not always visible because this atomic line is shifted onto a prob-
lematic sky line at 5860-5890 A for spectra withv 1000 km s~*
. The H B line, at which the instrumental efficiency is less than 20
per cent, can be discerned only for spectra with S/N  20.

Fig. 4 showcases some spectra with S/N ranging from 50 (bottom
spectrum) to 15 (top spectrum). The GG475 filter of the first and
third quadrant, coupled with the MR-grism, introduce an absorption
feature between about 5600 < A < 6300 A (see the third spectrum
from the bottom in Fig. 4 for an example). This occurs because the
GG475-filter is composed of 10-20per cent in its weight by sodium
oxide. Impure manufacturing likely caused this feature but it does
not affect our analysis because the blue part of the spectra is not
used for our velocity measurements. Strong emission features can
occasionally appear in the blue part of the spectra (see the fifth
spectrum from the bottom in Fig. 4), but they are attributed to zero-
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Figure 5. Internal velocity comparison. The figure shows the velocity dif-

ference v between GCs with two independent velocity measurements.

The solid and dashed lines represent the reference v =0kms~! and
v = +100km s~ 1, respectively.

order overlaps that are not corrected for by the REFLEX reduction
pipeline, rather than to physical phenomena associated with the
light source.

For spectra with very low S/N the distinction between atomic
lines and noise features becomes somewhat subjective. Therefore,
all 850 Fornax object candidates were independently eyeballed by
five members of the team. The inspection was performed on a dash-
board including the 2D image of the source, the redshift-corrected
spectrum and attributes such as magnitude and S/N. We gave a vote
of 1 to spectra which were certainly Fornax objects and O to non-
Fornax object spectra. Votes from all members were summed-up
for each spectrum. We found that 323 spectra received a vote of 5/5
(meaning that these spectra were classified as Fornax objects by all
members of the team), 348 spectra received a vote = 4/5 and 420
spectra received a vote = 3/5. In the followings, we will use the last
set of 420 spectra as our final spectroscopic catalogue of the Fornax
cluster.

We repeated the above procedure to select a sample of spec-
troscopically confirmed Galactic stars with radial velocities in the
range —450 < v < +450km s, finding a total of 492 Galactic
stars.

Of the total 4574 slits, we have allocated 2400 slits on GC/UCD
candidates, 800 slits on background galaxies (selected via a star
galaxy separation based on their colours and stellarity index from
SEXTRACTOR), and 1000 on stars. Schuberth et al. (2010) have
already spectroscopically confirmed the brightest GCs in the central
regions of NGC 1399 and we considered more valuable to focus
on GC candidates not yet confirmed by previous studies, while
still observing a few tens of known GCs to calibrate our velocity
measurements against literature studies. The small recovery fraction
we have obtained (17 per cent) is due to a number of factors:
contamination from stars and background galaxies in the fainter end
of the GC luminosities, low-S/N objects due to their poor spectral
quality (see Fig. 3), and observation at large galactocentric radii
where the GC density is below 1 GC per arcmin? (see fig. 15 in
Schuberth et al. 2010).

4 RESULTS

4.1 Velocity self-consistency

We measured radial velocities for 51 duplicated objects (including
Galactic stars), observed across multiple VIMOS masks. The ve-
locity difference v between duplicated objects is shown in Fig. 5
as a function of g magnitude. We detected no clear trend between

v and the magnitude, but a significant scatter is observed. One ob-
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Table 1. Number of confirmed VIMOS objects also found in archival data
grouped by author.

Paper Number of duplicated objects
Dirsch et al. (2004) 29
Schuberth et al. (2010) 26
Bergond et al. (2007) 14
Firth et al. (2007) 11
Chilingarian et al. (2011) 2

Mieske et al. (2004)
Hilker et al. (2007)
Francis et al. (2012)
Drinkwater et al. (2000)

T

ject has a velocity difference which scatters more than 30 from the
average. We attributed this disagreement to an issue with the wave-
length calibration for this particular object. The root mean square
of the velocity difference of GCs and stars combined is 91 km s™?,
which becomes 79 km s~ after clipping the outlier. The former is
our statistical error.

We weight-averaged the radial velocities of the duplicated GCs.
This left us with a catalogue of 387 Fornax objects and 464 Galactic
stars.

4.2 Comparison with literature data

The stellar systems surrounding NGC 1399 have been in the focus
of many spectroscopic studies (Drinkwater et al. 2000; Dirsch et al.
2004; Mieske, Hilker & Infante 2004; Bergond et al. 2007; Firth
et al. 2007; Hilker et al. 2007; Schuberth et al. 2010; Chilingarian
etal. 2011; Francis et al. 2012).

To find which of our VIMOS objects have a literature coun-
terpart, we matched our catalogue of 387 Fornax objects with
the NED (Nasa/lIpac Extragalactic Database?) database using the
PYTHON/ASTROPY tools. We manually added the catalogue of Schu-
berth et al. (2010) to the literature database, because these GC
measurements are not in NED. We required the literature objects to
have a measured radial velocity and to be within 0.4 arcsec from
our VIMOS source.

In most cases, the literature counterpart has been observed by
more than one author. Table 1 reports the number of objects per
author for which we have a VIMOS radial velocity. In order to
compare literature velocities with our VIMOS velocities, we av-
eraged together the radial velocities of unique objects observed
in multiple literature studies. Overall, we found 48 of our Fornax
objects to have a literature counterpart.

Fig. 6 shows the comparison between our VIMOS objects and the
unique literature objects obtained as explained above. No bias is de-
tected. The root mean square of the velocity difference is 81 km s™.

4.3 Classification of Fornax objects

We classified all Fornax objects based on their morphology: namely
GCs, ultracompact dwarfs (UCDs), and background galaxies. The
spatial resolution of VST/OmegaCam is insufficient to resolve the
typical half-light radii of GCs with r, < 10 pc (Masters et al. 2010;
Puziaetal. 2014). Although the size of UCDs with ry, > 20 pc can be
resolved using our imaging data (Cantiello et al. 2015), measuring

2https://ned.ipac.caltech.edu/
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Figure 6. Comparison with literature studies. The radial velocity of liter-
ature objects is averaged among literature studies as discussed in the text.
The one-to-one line is shown as a dashed line.

UCD sizes is not the focus of this paper and will be deferred to a
future work.

It is established that a sharp magnitude cut cannot perfectly sep-
arate UCDs from GCs. However, it has been shown (Moggel, Hilker
& Richtler 2016; Eigenthaler et al. 2018) that the bulk of candidate
UCDs with confirmed sizes in the Fornax cluster have My < —10
(=M; =< —11). Therefore, we use this magnitude cut as benchmark
value to separate UCDs with i < 20.3 from GCs with i > 20.3. This
selection returns 15 UCD candidates and 372 likely GCs.

The object with coordinates RA(J2000) = 3:36:37.253
Dec.(J2000) = 35:23:09.20 is the nucleus of the nucleated dwarf
galaxy FCC 171, whose radial velocity was first measured in
Bergond et al. (2007). This object will be included in the GC sample
in the following analysis.

5 DISCUSSION

In this section, we discuss some qualitative properties of the final
dataset of bona fide GCs and UCDs. We look at the spatial distribu-
tion and phase-space diagrams. A detailed kinematic and dynamic
analysis (rotation curve, dark matter modelling, luminosity function
analysis) will be the subject of forthcoming papers.

5.1 Phase-space and spatial distribution

The phase-space diagram and the spatial distribution are shown in
Fig. 7. Inboth cases, GCs, UCDs, and Galactic stars are compared to
the catalogues of Bergond et al. (2007) and Schuberth et al. (2010).
These two catalogues are the largest and most homogeneous in the
literature. Moreover, the catalogue of Schuberth is an extension
of the catalogue of Dirsch et al. (2004). Together they include
sources within 18 arcmin from NGC 1399. The Bergond et al. (2007)
catalogue was designed to target intracluster globular clusters and
it is more radially extended (see also Fig. 1). It covers a strip of
about 1.5 deg in right ascension and half a degree in declination.
The catalogues of Schuberth et al. (2010) and Bergond et al. (2007)
combined provide a good representation of the current archival
phase-space and spatial distribution of the GC system in the core of
the Fornax cluster.

The left-hand panel in Fig. 7 shows that the velocity distribution
of GCs/UCDs is well separated from that of Galactic stars, although
a few GCs between 10 < R < 20 arcmin might be misclassified as
Galactic stars.

The systemic velocity of GCs and UCDs is Vgcs = 1443 =
18km s™* and vycps = 1413 + 91 km s~ respectively. These are
both consistent with the average systemic velocity from the litera-
ture vnep = 1425 = 4km s, Our sample also includes interlopers
from large galaxies surrounding NGC 1399, in particular NGC
1380, NGC 1404, NGC 1387. The positions of these three galaxies
in the phase-space diagram are also labelled.

It is not trivial to disentangle the GC population of NGC 1387
and NGC 1404 because of their proximity in phase-space to NGC
1399. Here, we adopt a conservative approach to extract the GC
system of these galaxies, but we acknowledge that more refined
methodologies can return more accurate results, as we will discuss
in forthcoming papers. Following Schuberth et al. (2010), we use 3
arcmin from the galaxy centre as a benchmark radius to select the
bulk of GCs associated with these galaxies. We also require that the
radial velocities of GCs have to be within vsys & 20 the systemic
velocity of the host galaxy, where o is the galaxy stellar velocity
dispersion. Here, we used ¢ = 247 km s™* (Vanderbeke etal. 2011),
Vsys = 1947 km st for NGC 1404 and 0 = 170km s~ (Wegner
etal. 2003), Vsys = 1302 km s~ for NGC 1387, respectively.

After applying the above selection criteria, we found 17 and 8
GCs associated with NGC 1404 and NGC 1387, respectively. The
larger number of GCs associated with NGC 1404 is due to the galaxy
being more massive than NGC 1387, but also to its proximity to
NGC 1399 which increases the fraction of contaminants. In the case
of NGC 1380, with ¢ = 190 km s™* (Vanderbeke et al. 2011) and
Vsys = 1877 km s~, the identification of its GC system is easier
given its isolated position. Using the criteria above, we found seven
GCs associated with this galaxy.

The right-hand panel of Fig. 7 displays the spatial distribution
of our GC and UCD catalogues. This diagram also shows how our
catalogue is complementary to literature catalogues: it increases the
object sampling in the central regions of the galaxy and it fills gaps
without literature data in the outer regions.

GC systems which are bound to other giant galaxies can be seen
clustered around their centres. Fig. 7 suggests that our combined
sample might also contain some GCs belonging to NGC 1379 and
NGC 1381 (see Fig. 1).

5.2 Photometric diagrams

Fig. 8 displays the distribution of GCs/UCDs in the photomet-
ric space. These are compared with the distribution of all sources
targeted for spectroscopic follow-up, including Galactic stars and
background galaxies. Although the u filter is known to well dis-
criminate GCs from contaminants, here we only consider g, r, i
magnitudes because all but one GCs/UCDs have a genuine mea-
surement in these photometric bands, whereas only 50 per cent
of our GCs/UCDs have an FDS u-band measurement. This is due
to FDS u-band imaging being shallower than the other bands for
detecting faint GCs (D’ Abrusco et al. 2016).

GCs/UCDs and contaminants are not well separated using merely
g, r, i filters, but velocity information clearly separates GCs/UCDs
from Galactic stars and background galaxies. This is also shown in
Fig. 8 (left bottom panel with (g — i) versus v) which shows how
the velocity dispersion of blue GCs with (g — i) < 0.85 is higher
than that of the red GCs, a property shared with GC systems in
the most giant galaxies (e.g. Pota et al. 2013). The rightmost panel,
with v versus i, shows that the velocity distribution of all GCs has
an extended tail towards lower velocities (a property also visible in
Fig. 7). This effect was already noticed in Schuberth et al. (2010).
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Figure 7. Left: phase-space velocity diagram. The figure shows the measured systemic velocity of the Fornax objects presented in this paper (orange points),
GCs from Schuberth et al. (2010, grey crosses), GCs from Bergond et al. (2007, grey points) and Galactic stars measured in this paper (green points). The
systemic velocity of NGC 1399 is marked with a dashed line at v = 1425 km s™1. The systemic velocity and galactocentric distance of giant Fornax galaxies
(namely NGC 1404, NGC 1387, NGC 1380) are marked with the correspondent galaxy name. The distance is expressed in arcminutes from the centre of NGC
1399. Physical distances in kpc are also shown on the top panel. Right: position diagram, with north to the top and east to the left. The plot shows the spatial

distribution of the objects from the left-hand panel (except for Galactic stars for clarity). Note how the GCs from our paper complement the GC catalogues of

Schuberth et al. (2010) and Bergond et al. (2007).

Figure 8. Colour—colour and colour—magnitude diagram. The figure shows the distribution of the labelled objects in a (g — i) versus (g — r) space (left-hand
panel) and (g — i) versus i space (right-hand panel). Each diagram includes also a radial velocity v axis to show the separation of GCs/UCDs from stars and
galaxies. The objects labelled as ‘all’ represent all 4340 sources observed with VIMOS.

The convincing separation between GCs and stars also ensures that
this property is unlikely due to misclassified GCs.

5.3 Root-mean-square velocity profile

The root-mean-square velocity vy,s quantifies the total kinetic en-
ergy of a stellar system. It accounts both for the ordered and for the
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random stellar motions. Here, we compute the root-mean-square
velocity as
1
Vrzms = N
where v; is the radial velocity of the i-th GC and  v; is its uncer-
tainty. vsys = 1425km s~ is the systemic velocity of NGC 1399.

(vi — Vsys)2 —( Vi)zr €y
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