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ABSTRACT

Context. The formation process of fossil groups (FGs) is still under debate, and, because of their relative rarity, large samples of such
objects are still missing.
Aims. The aim of the present paper is to increase the sample of known FGs, to analyse the properties of their brightest group galaxies
(BGGs), and to compare them with a control sample of non-FG BGGs.
Methods. We extracted a sample of 87 FG and 100 non-FG candidates from a large spectroscopic catalogue of haloes and galaxies.
For all the objects with data available in UNIONS (initially the Canada France Imaging Survey, CFIS) in the u and r bands, and/or
in an extra r-band processed to preserve all low-surface-brightness features (rLSB), we performed a 2D photometric fit of the BGG
with GALFIT with one or two Sérsic components. We also analysed how the subtraction of the intracluster light (ICL) contribution
modifies the BGG properties. From the SDSS spectra available for the BGGs of 65 FGs and 82 non-FGs, we extracted the properties
of their stellar populations with Firefly. To complement our study, and in order to provide a detailed illustration of the possible origin
of emission lines in the FG BGGs, involving the presence or absence of an AGN, we investigated the origin of the emission lines in a
nearby FG that is dominated by the NGC 4104 galaxy.
Results. Morphologically, a single Sérsic profile can fit most objects in the u band, while two Sérsics are needed in the r and rLSB
bands, both for FGs and non-FGs. Non-FG BGGs cover a larger range of Sérsic index n. FG BGGs follow the Kormendy relation
(mean surface brightness versus effective radius) previously derived for almost 1000 brightest cluster galaxies (BCGs), while the
majority of non-FGs BGGs are located below this relation, with fainter mean surface brightnesses. This suggests that FG BGGs have
evolved similarly to BCGs, and non-FG BGGs have evolved differently from both FG BGGs and BCGs. All the above properties can
be strongly modified by the subtraction of the ICL contribution. Based on spectral fitting, the stellar populations of FG and non-FG
BGGs do not differ significantly.
Conclusions. FG and non-FG BGGs differ from one another in terms of their morphological properties and Kormendy relation,
suggesting they have had different formation histories. However, it is not possible to trace differences in their stellar populations or in
their large-scale distributions.
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1. Introduction

Fossil groups (FGs) were discovered by Ponman et al. (1994).
They are particular groups of galaxies with high X-ray lumi-
nosities but with fewer bright galaxies than most groups or
clusters of galaxies. Jones et al. (2003) later provided a com-

? Data of the two samples of 87 fossil groups and 100 non
fossil groups are only available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/673/A100
?? Based on observations obtained with CFHT, SDSS, CAHA, and
OHP observatories (see acknowledgements for more details).

monly accepted definition of FGs based on the satisfaction
of three conditions: they are extended X-ray sources with an
X-ray luminosity of at least LX = 1042 h−2

50 erg s−1; with a
brightest group galaxy (BGG) at least two magnitudes brighter
than other group members; and the distance between the two
brightest galaxies must be smaller than half the group virial
radius. The formation mechanism of these peculiar objects
and why they present such a low amount of optically emitting
matter are still under debate. Jones et al. (2003) suggested
that FGs are the remnants of early mergers, and that they are
cool-core structures that accreted most of the large galaxies
in their environment a long time ago, a scenario supported by
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hydrodynamical simulations by D’Onghia et al. (2005).
However, FGs could also be a short temporary stage of group
evolution before they capture more galaxies in their vicinity,
as reported for instance by von Benda-Beckmann et al. (2008)
based on N-body simulations.

FGs can be studied through their optical (Vikhlinin et al.
1999; Santos et al. 2007) or X-ray properties (Romer et al. 2000;
Adami et al. 2018). Some optical studies support the scenario
that FGs are the result of a large amount of dynamical activity at
high redshift, but in an environment that is too poor for them to
evolve into a cluster of galaxies through the hierarchical growth
of structures. For example, La Barbera et al. (2009) found that
the optical properties of BGGs in FGs are identical to those of
giant isolated field galaxies. Girardi et al. (2014) found a similar
relation between their X-ray and optical luminosities for FGs and
for normal groups, suggesting that all groups contain the same
amount of optical material, but that in FGs it is concentrated
in a giant central elliptical galaxy that has cannibalised most of
the surrounding bright galaxies. At X-ray wavelengths, based on
Chandra X-ray observations, Bharadwaj et al. (2016) found that
FGs are mostly cool-core systems, suggesting that these struc-
tures are no longer dynamically active.

However, recent observations tend to contradict the findings
that FGs are dynamically relaxed systems that have not under-
gone recent merging events. For example, Kim et al. (2018)
reported that the prototypical FG NGC 1132 shows an asym-
metrical disturbed X-ray profile, and suggested that it is dynam-
ically active. Similarly, Lima Neto et al. (2020) detected shells
around the BGG of NGC 4104 and, based on N-body simu-
lations, showed that this FG probably experienced a relatively
recent merger between its BGG and another bright galaxy with a
mass of about 40% of that of the BGG. More details on FGs can
be found in the recent review by Aguerri & Zarattini (2021).

To make up for the lack of large samples of FGs, Adami et al.
(2020) carried out a statistical study of FGs, extracted from the
catalogue of 1371 groups and clusters detected by Sarron et al.
(2018) in the Canada-France-Hawaii Telescope Legacy Survey
(CFHTLS). These systems were detected based on photomet-
ric redshifts (Ilbert et al. 2006). Adami et al. (2020) found that
groups with masses larger than 2.4 × 1014 M� have the highest
probability of being FGs and discussed their location in the cos-
mic web relative to nodes and filaments (for a similar study, see
also Zarattini et al. 2022). Adami et al. (2020) concluded that
FGs were most probably in a poor environment, making the
number of nearby galaxies insufficient to compensate for the
accretion by the central group galaxy.

Numerical simulations of FGs by Dariush et al. (2007)
showed good agreement with both optical and X-ray observa-
tions, and predicted that fossil systems will be found in signifi-
cant numbers (3%–4% of the population), even for relatively rich
clusters. These authors find that FGs assemble a higher fraction
of their mass at high redshifts than non-FGs, with the ratio of
the currently assembled halo mass to final mass, at any epoch,
being about 10%–20% higher for FGs. Their interpretation is
that FGs represent undisturbed, early-forming systems in which
large galaxies have merged to form a single dominant elliptical.

The role of the BGG is therefore crucial in explaining the
lack of bright galaxies in FGs. The aim of the present paper
is to analyse the physical properties of the BGGs of FGs and
compare them to those of non-FGs and clusters. For this, we
gathered as large a sample of FGs as possible from the sam-
ple of groups detected by Tinker1 from SDSS data (Sect. 2). In

1 https://www.galaxygroupfinder.net/catalogs

each FG candidate, we detected the BGG and measured its mor-
phological properties. We then compared the properties of FG
BGGs to those of a control sample of non-FGs, as well as to
the brightest galaxies of clusters and massive groups of galax-
ies previously studied by Chu et al. (2021, 2022) to study how
FG BGGs compare to the BCGs and BGGs of more imposing
systems (Sect. 3). We also analysed the stellar populations of
FG and non-FG BGGs and investigated the origin of the BGG
spectroscopic emission lines, taking as an example the BGG of
a very nearby FG, NGC 4104 (Sect. 4). Finally, our results are
discussed in Sect. 5.

2. Data

2.1. Selection of FGs

Tinker has made catalogues available that contain data for
559 038 galaxies. Among other quantities, these catalogues pro-
vide positions, spectroscopic redshifts from the SDSS survey,
k-corrected and evolution-corrected (to z = 0.1) g and r band
absolute magnitudes, galaxy stellar masses, and total halo masses.
For each galaxy, the group to which it belongs is indicated.

The group-finding algorithm described by Tinker (2021)
is based on the halo-based group finder of Yang et al. (2005),
which was further vetted by Campbell et al. (2015). The standard
implementation of the group finder yields central galaxy sam-
ples with a purity and completeness of 85%–90% (Tinker et al.
2011). To assign stellar masses to haloes and subhaloes, Tinker
(2021) uses the stellar mass function from Cao et al. (2020),
which takes into account the principal component analysis
galaxy stellar masses of Chen et al. (2012).

We first eliminated all the galaxies that were alone in a group
– because a single galaxy in a halo does not form a group – and
obtained a catalogue of 201 007 galaxies that were at least in a
pair. We then selected the galaxies belonging to groups where
the magnitude difference in the r band between the brightest and
second-brightest galaxy was at least 2 mag, and for which the
distance between these two galaxies was smaller than half the
virial radius, Rvirial:

Rvirial = (Mhalo × 4.30091 × 10−9)/(100 × H(t)2)1/3 (1)

where the corresponding mass Mhalo is given in the Tinker cat-
alogue, and H(t) the Hubble constant at the group redshift. We
thus obtained a catalogue of 2453 galaxies. We note that in this
process, we do not take into account the possibility to have a pro-
jected galaxy at less than half the virial radius, which could phys-
ically (in 3D) be at more than half the virial radius (because of
the lack of precision of the spectroscopic redshift or because of
high proper velocity). Such a galaxy could artificially be placed
in the group luminosity function between the BGG and the sec-
ond ranked galaxy, and therefore disqualify the group as a FG.
However, such a case would simply limit the size of our sample,
which would eliminate some of the genuine FGs. This effect will
not pollute our FG sample by inserting non-FGs.

From the above catalogue, we extracted a list with the bright-
est galaxy of each group, and this led to a catalogue of 1112
galaxies that may be considered as BGGs. This means that most
groups were made of pairs. In order to avoid considering objects
that could not be real groups, such as isolated galaxies with a
few small satellites, we added a condition on the halo mass:
Mhalo > 1013 M�, giving 88 FG candidates. This limit was chosen
to match the lowest mass that we found for a FG in our search
for FGs in the CFHTLS: 1.1 × 1013 M� (Adami et al. 2020).
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In the absence of X-ray data for all but one of our objects, this
condition also gives us more confidence that these systems may
indeed be FGs. Indeed, N. Clerc kindly matched our FG cat-
alogue with his XCLASS catalogue of X-ray sources derived
from XMM-Newton data and only found one match for FG17
(e.g. FG #17 of Table A.1), with LX = 5 × 1041 h−2

50 erg s−1 in
the [0.5–2] keV energy band. This value is slightly lower than
the limit of 1042 h−2

50 erg s−1 defined by Jones et al. (2003). For
the other FGs, this does not mean that they are not X-ray emit-
ters, but simply that they are not located in regions observed by
XMM-Newton.

The last step was to use photometric catalogues from
UNIONS2 to verify that no galaxies were missed in spec-
troscopy. The Ultraviolet Near Infrared Optical Northern Survey
(UNIONS) collaboration combines wide-field imaging surveys
of the northern hemisphere. UNIONS consists of the Canada-
France Imaging Survey (CFIS), conducted at the 3.6 meter
CFHT on Maunakea, parts of Pan-STARRS, and the Wide
Imaging with Subaru HyperSuprime-Cam of the Euclid Sky
(WISHES). CFHT/CFIS is obtaining deep u and r bands; Pan-
STARRS is obtaining deep i and moderate-deep z band imaging,
and Subaru is obtaining deep z-band imaging through WISHES
and g-band imaging through the Waterloo-Hawaii IfA g-band
Survey (WHIGS). These independent efforts are designed, in
part, to secure optical imaging in order to complement the Euclid
space mission, although UNIONS is a separate collaboration
designed to maximise the science return of these large and deep
surveys of the northern skies.

We searched the UNIONS photometric archive for objects
(galaxies or stars) that (1) fall within 0.5 × Rvirial of a FG centre,
(2) are missing from the Tinker catalogue, and (3) have magni-
tudes between that of the BGG and that of the second brightest
galaxy. Stars were removed with central surface brightness ver-
sus total magnitude plots.

2.2. Additional spectroscopic observations of fossil group

At the end of this selection process, we found three galaxies not
present in the Tinker spectroscopy and potentially falling within
two magnitudes from the BGG. This affected two FG candidates:
FG65 and FG73 (see Table A.1).

For FG65, we obtained long-slit spectroscopy with
MISTRAL at Observatoire de Haute-Provence for the two rel-
atively bright galaxies (RA = 228.7630093◦, Dec = 42.0503814◦
and RA = 228.769596◦, Dec = 42.0548771◦, 1 hour exposures),
which both have magnitudes differing by less than 2 mag from
the BGG. Both proved to be part of the same foreground galaxy
at z = 0.0149, and not related to the FG BGG at z = 0.13479.
This confirmed the fossil nature of the FG65 group.

We also observed a galaxy (RA = 238.45581◦, Dec =
56.4229◦, 1 h exposure) within the FG73 FG candidate with
CAFOS at the Calar Alto Hispano Alemán Telescope. This
galaxy was found to be at a redshift of 0.1055, which is very
close to the redshift of the putative BGG (z = 0.1080), and to be
different from the BGG by less than 2 mag. FG73 was therefore
removed from the FG final list because the two-magnitudes
difference criterium between the brightest and second-brightest
galaxies is not satisfied. We thus obtained the final catalogue of
87 FG candidates listed in Table A.1.

2 https://www.skysurvey.cc
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Fig. 1. Normalised histograms of the logarithms of the halo masses for
FGs (red) and non-FGs (grey). Top: 87 FGs and 100 non-FGs. Bottom:
25 FGs and 30 non-FGs analysed morphologically.
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Fig. 2. Same as Fig. 1 for the normalised histograms of the logarithms
of the BGG stellar masses.

2.3. Basic properties of fossil groups

The histograms of the halo masses and BGG stellar masses of
the FG candidates and of the comparison sample (see below)
are shown in Figs. 1 and 2, respectively. These quantities are
taken from the Tinker catalogues. The halo masses are in the
[1013,1014] M� range, with 65 FGs (74%) having halo masses
≤2×1013 M�. The BGG stellar masses are in the [1010.8,1012] M�
range, except for one galaxy (FG22), which has a lower mass of
1010.4 M�.

The redshift histogram of the groups is shown in Fig. 3. Most
of the FGs are in the [0.02,0.12] range, with only five FGs in the
[0.12,0.18] range. The absolute magnitude histograms in the g
and r bands, together with the (g–r) colour histogram, are shown
in Fig. 4 for the groups. BGGs have typical absolute magnitudes
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Fig. 3. Same as Fig. 1 for the normalised redshift histograms.
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Fig. 4. Normalised histograms of the absolute magnitudes of the BGGs
in the g (top) and r (middle) bands, and of the (g−r) colour (bottom) for
FGs (red) and non-FGs (grey). Left: 87 FGs and 100 non-FGs. Right:
25 FGs and 30 non-FGs analysed morphologically.

in the r band in the [−23,−21] range, with typical (g–r) colours
in the [0.8,1.0] range.

We searched for images of these 87 FG candidates in the
UNIONS image database in the u and r bands. These images
were retrieved from the DR3, which includes observations
made before January of 2021, and covers 7000 deg2 in u and
3600 deg2 in r. We found images for 35 FGs in the u band and
for 25 FGs in the r band, among which 12 FGs having both u
and r band images. We indicate in Table A.1 (last column) the
FGs with UNIONS images available.

Chu et al. (2022) show that subtracting the contribution of
intracluster light (ICL) could modify the properties derived for
BCGs. Therefore, with the aim of estimating how subtract-
ing the ICL could modify the properties derived for the BGG,
we also exploited the r band images processed to preserve all
low-surface-brightness (LSB) features (hereafter referred to as

Fig. 5. (g − r) colour magnitude diagram for four samples: light red
dots: galaxies within 1 arcmin of FG BGGs; red stars: FG BGGs; grey
dots: all galaxies within 1 arcmin of non-FG BGGs; black stars: non-FG
BGGs. The x-axis is the absolute magnitude in the r band. A zoomed-in
version of the plot at the brightest magnitudes is shown in the top right
corner.

rLSB). As explained by Žemaitis et al. (2023), for example,
the images were obtained using an observing technique that is
optimised for LSB surveys at CFHT (e.g. Ferrarese et al. 2012;
Duc et al. 2015).

There were 19 FGs available in rLSB. For all these objects,
we extracted images of 4000 × 4000 pixels2 centred on the
BGG, either by cropping the tiled UNIONS rLSB images, or
by first assembling two to four tiled images with the SExtractor
and SWarp softwares (Bertin & Arnouts 1996; Bertin et al.
2002; Bertin 2006)3 and then cropping them to this size. In the
latter case, special care was taken to assemble tiles that had been
background subtracted in order to avoid losing faint signal in the
outskirts of BGGs.

2.4. Control sample of non-fossil groups

In order to compare the properties of BGGs of FGs with those of
non-FGs, we built a catalogue of non-FGs in a similar way, but
this time imposing a magnitude difference between the brightest
and second-brightest galaxies of smaller than 2. This condition,
together with that of Mhalo > 1013 M� , gave 100 non-FG candi-
dates; none of these has a match in the XCLASS X-ray catalogue
of N. Clerc.

The catalogues of the 87 FG candidates and of the 100 non-
FGs are available in electronic form at the CDS, and contain
the following columns: number, RA, Dec, spectroscopic red-
shift, BGG stellar mass, absolute magnitude in the g and r SDSS
bands, virial radius, and halo mass. Among the 100 non-FGs, we
chose 30 non-FGs with good-quality UNIONS images in u, r,
and rLSB. These objects are listed in Table A.2. This subsample
of non-FGs is comparable in number to that of the FG candidates
for which UNIONS data are available. The BGGs of this control
sample were chosen to match the absolute magnitude and colour
histograms of our FG sample as closely as possible. This can be
checked by looking at Figs. 1–4. A Kolmogorov-Smirnov test on
the FG and non-FG samples shows that these two samples have
only a 40% probability of being statistically different.

For each FG and non-FG, we extracted all the galaxies
belonging to the same halo within 1 arcmin around the BGG
from the Tinker catalogue (which gives absolute magnitudes
in the g and r bands). The colour–magnitude diagram shown
in Fig. 5 shows that all FG BGGs follow a very well-defined

3 https://www.astromatic.net/
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Table 1. 2D profile model distribution of BGGs of FGs and non-FGs.

FG Non-FG

u r rLSB rLSB-ICL u r rLSB rLSB-ICL

One-Sérsic 29 2 9 3 27 6 14 6
Two-Sérsic 6 23 10 16 3 24 16 24

Notes. Number of BGGs of FGs and non-FGs for which one or two Sérsic laws are needed to fit their 2D profiles in the various bands: u, r, rLSB,
and rLSB after subtraction of the ICL contribution.

sequence. With a colour of g − r = −1.29, only one BGG is
bluer than g − r = 0 and falls outside the plot; it appears to be
a spiral galaxy, but we kept it in the sample. BGGs of non-FGs
surprisingly follow this sequence very well, whereas the galaxies
that are not BGGs tend to be fainter and show a notably larger
dispersion.

3. Morphological properties of the FG BGGs

3.1. Method

We now consider the 25 and 30 BGGs of FGs and non-FGs
for which r band data are available in UNIONS. Following
Chu et al. (2021) and Chu et al. (2022), the 2D profile of each
BGG was fit with GALFIT (Peng et al. 2002) with a single
Sérsic model and with a double Sérsic model. GALFIT initial
parameters were obtained with SExtractor using a bulge + disk
model. A mask and a point spread function were created fol-
lowing the method described in Chu et al. (2021). The choice
between a single and double Sérsic model was made based on the
statistical F-test (Margalef-Bentabol et al. 2016) and the com-
puted p-value, which indicates whether or not complexifying the
model is necessary by increasing the number of degrees of free-
dom. As the current sample has the same resolution as that of
Chu et al. (2022), we adopt the same p-value limit to distinguish
between the two different models: P0 = 0.15.

3.2. Morphological properties of fossil groups

The numbers of BGGs of FGs and non-FGs for which one
Sérsic law (S1) or two Sérsic laws (S2) are needed to fit their
2D profiles in the various bands are given in Table 1. For FGs,
we can see that in the u band, most BGGs can be fit with a single
Sérsic (83%). In contrast, a major part of the profiles in the r band
require two components (92%). If we now consider the BGGs
from the rLSB data, only 53% require two Sérsics.

The fact that a single Sérsic fits most of the u band images
of BGGs could be due to the lower signal-to-noise ratio (S/N) in
the u band, which makes the detection of a faint outer compo-
nent difficult, while this outer LSB component is better detected
in the deeper r band images. In line with this interpretation, it
appears surprising that the percentage of BGGs better fit by two
Sérsics is smaller in the deeper rLSB data than in the r band data.
This can be explained by the fact that the Elixir-LSB pipeline,
during the refined background-subtraction procedure, removes
light from around the BGGs. We cannot guarantee whether this
light originates from the BGG, is due to instrumental contami-
nation, or a mixture of both. This nevertheless means that part
of our two Sérsic fits in the r band is potentially contaminated
by MegaCam scattered light. We decided to keep both bands for
comparison purposes: the r band, with more flux but potentially
contaminated, and the rLSB band that is ‘cleaner’ but might be
missing light from the BGG outer profiles.

The same 2D profile fitting was applied to the control sample
of non-FGs. As for FGs, we see in Table 1 that most BGGs in
the u band are fit with a single Sérsic (90%) while in the r band
80% are better fit with two Sérsics, and in rLSB, 53% are better
fit with two Sérsics. The difference between FGs and non-FGs is
therefore of a few percent, a value that is not significant in view
of the dispersion.

As described in Sect. 3.4, we computed the ICL contribution
and subtracted it from the BGGs to see how the Sérsic parame-
ters changed. If we look at Table 1, we can see that only 3 FG
BGGs out of 19 (16%) can be fit with a single Sérsic, and for
non-FG BGGs, 6 out of 30 BGGs (20%) are fit with a single
Sérsic. The subtraction of the ICL contribution therefore does
not make the second Sérsic component disappear, as already
observed by Chu et al. (2022). The effect of ICL on the mor-
phological properties of BGGs is further discussed in Sect. 3.4.
Unexpectedly, we find more BGGs of FGs and non-FGs that are
better modelled by two-Sérsic profiles on ICL-subtracted rLSB
images than on rLSB images. This is discussed in Sect. 5.

As seen in Fig. 6, the effective radii are comparable for the
BGGs of FGs and non-FGs in all filters. The absolute magni-
tudes of FG BGGs appear brighter (by up to one magnitude)
than those of non-FG BGGs. The same is observed for the mean
surface brightnesses, except in the u filter, where they appear
similar.

The histograms of the Sérsic indices n are more concentrated
towards low values in r for FGs: only 2 FGs out of 25 (8%) have
n > 4, while 8 non-FGs out of 30 (27%) have n > 4. In rLSB,
there are 10 FGs out of 19 (53%) and 18 non-FGs out of 30
(60%) with n > 4. This high value of n may be linked to the
presence of ICL (see Sect. 3.4).

Because the difference in Sérsic indices between FGs and
non-FGs is not apparent in all bands, and the effective radii are
approximately the same, the only clear difference that we find
between the physical properties of FGs and non-FGs is that FG
BGGs are intrinsically brighter. This may be due to a selection
bias, as our sample of FG BGGs is overall brighter than our sam-
ple of non-FG BGGs (see Fig. 4). Despite our efforts to build two
samples with similar properties, we could not find as many non-
FG BGGs that are as bright as FG BGGs. This may indicate that,
in a given group-mass range, FG BGGs are indeed brighter and
most of the mass of the group is concentrated in the BGG.

3.3. Kormendy relation

We now consider the relation found by Kormendy (1977) (mean
effective brightness 〈µ〉 as a function of effective radius Re),
which can be fit with the following law:

〈µ〉 = (a ± σa) × log(Re) + (b ± σb).

The slopes and intercepts with their errors are given in
Table 2 in the u, r, rLSB and ICL-subtracted rLSB bands, both
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Fig. 6. Normalised histograms of the effective radius, absolute magnitude, mean surface brightness corrected for cosmological dimming, and
Sérsic index n (from left to right). From top to bottom: 35 candidate FGs (in blue) and 30 non-FGs (grey) in the u band; 25 candidate FGs (in red)
and 30 non-FGs (grey) in the r band; 19 candidate FGs (green) and 30 non-FGs (grey) in the rLSB band; same as above in the rLSB band after
ICL subtraction (yellow for FGs).

Table 2. Kormendy relation of BGGs of FGs and non-FGs.

FG Non-FG

a σa b σb a σa b σb

u 3.41 0.28 17.15 0.31 3.72 0.44 17.13 0.47
udimm 3.31 0.30 16.95 0.33 3.68 0.44 16.83 0.47
r 3.80 0.32 16.82 0.34 3.95 0.68 17.24 0.69
rdimm 3.26 0.39 17.07 0.41 3.76 0.68 17.09 0.69
rLSB 4.48 0.23 15.79 0.29 4.03 0.31 17.07 0.35
rLSBdimm 4.47 0.30 15.47 0.38 4.00 0.31 16.75 0.35
rLSB-ICL 3.41 0.30 17.16 0.27 3.69 0.44 17.53 0.39
rLSB-ICLdimm 3.10 0.36 17.10 0.32 3.44 0.44 17.41 0.38

Notes. Slopes (a) with their error (σa) and intercepts (b) with their error (σb) for the Kormendy relation. For each filter, we give the values without
(u, r, rLSB, rLSB-ICL) and with (udimm, rdimm, rLSBdim, rLSB-ICLdimm) redshift dimming correction. Magnitudes were converted to the
CFHTLS i magnitudes to compare the present results with those of Chu et al. (2022).

before and after correction for cosmological dimming applied as
in Chu et al. (2022). For better comparison with this latter study,
we converted the surface brightnesses measured in the u, r, rLSB
and ICL-subtracted rLSB bands into those in the i band using the
Fukugita et al. (1995) tables. We can see in Table 2 that the dis-
persion is smaller for FGs than for non-FGs in all bands, and that
the relations in u and r are parallel within the dispersion. With

the exception of the rLSB band, the slopes are larger for non-
FGs than for FGs, but in view of the dispersion this difference is
not significant.

The Kormendy relation derived in the i band for almost
1000 BCGs by Chu et al. (2022) was 〈µ〉 = (3.34 ± 0.05) ×
log(Re) + (18.65 ± 0.07) and 〈µ〉 = (3.49 ± 0.04) × log(Re) +
(16.72 ± 0.05) before and after correction for cosmological
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Fig. 7. Kormendy relation for FGs in red and non-FGs in grey, superim-
posed on the relation found for almost 1000 BCGs by Chu et al. (2022)
in cyan. Both plots are obtained in the rLSB band, the top plot without
ICL subtraction and the bottom plot after ICL subtraction. The points
for FGs and non-FGs have been shifted from the r to the i band, and all
points are corrected for cosmological dimming.

dimming, respectively. This relation was found to be indepen-
dent of the model used (one or two Sérsic profiles). If we com-
pare the Kormendy relations found here for FGs and non-FGs to
those of Chu et al. (2022), we see that FGs are located on this
relation, while the majority of non-FGs are located below the
relation, as illustrated in Fig. 7, and this is true both before and
after ICL subtraction. However, in view of the large dispersion,
the difference in the intercepts is not statistically significant.

Therefore, the BGGs of FGs appear to have properties more
similar to those of BCGs than to those of non-FG BGGs, sug-
gesting that BGGs in FGs and BCGs have followed a compa-
rable evolutionary path, while non-FGs have evolved somewhat
differently, reaching fainter surface brightnesses.

3.4. Influence of the ICL contribution on the estimation of the
morphological properties of FGs

Chu et al. (2022) estimated the importance of the ICL contribu-
tion for the morphological properties of seven BCGs computed
with GALFIT. To this end, these authors fitted the 2D properties

of the BCGs to the original images, and then subtracted the con-
tribution of the ICL derived by Jiménez-Teja et al. (2018) from
these images before fitting the BCGs again. The main result of
Chu et al. (2022) was that two Sérsics were still necessary to
fit the BCGs, and therefore that the need for a second com-
ponent could not only be attributable to ICL. In all cases, the
effective radii increase in the presence of ICL, some of them
drastically (by an order of magnitude). For all seven BCGs, the
absolute magnitude of the external component is fainter after
removing the ICL (with a difference that can reach two mag-
nitudes). After subtracting ICL, BCGs also have brighter effec-
tive surface brightnesses, with a difference that can almost reach
3 mag arcsec−2.

Similarly, to better quantify the effect of the ICL in the
present study, we now compare the values of the various physi-
cal parameters galaxy by galaxy before and after ICL subtrac-
tion. This demands an estimation of the ICL contribution for
each FG. For this, we use DAWIS (Detection Algorithm with
Wavelets for Intracluster light Studies; Ellien et al. 2021), a
wavelet-based algorithm optimised for the detection and char-
acterisation of LSB structures in deep optical images. Briefly,
DAWIS applies a wavelet transform to the analysed image and
detects sources in the new wavelet representation. The light pro-
files in the original image of these sources are then modelled
from their wavelet representation through a restoration proce-
dure. DAWIS follows a semi-greedy procedure, meaning that
sources are restored iteratively. The brightest detected sources
are modelled first and removed from the image, and the whole
wavelet procedure is then applied again on the residual image.
New sources are detected, modelled and removed, until conver-
gence to a noise only residual map. This provides a refined mod-
elling of all detected sources, from very bright objects down to
very faint structures. We note that the detected sources are not
necessarily entire astrophysical objects, but rather substructures
of such objects. DAWIS was applied to each FG for which we
have an image in the rLSB band, providing for each of them a
list of sources and their light profiles.

For each BGG, from the DAWIS output list, we extracted a
sublist of sources that are identified as contributing to ICL. This
sublist was estimated using the following criteria: the source
must be unimodal and centred on the BGG centre, and its spatial
radial extent must be greater than or equal to a given radius. We
tried different values for the spatial extent, going from 40 kpc
up to 100 kpc. Low values lead to brighter ICL contribution,
contaminated by smaller sources such as pieces of foreground
and background galaxies. For our study, we chose to remove
a clean ICL contribution, potentially missing some of it, rather
than a contribution contaminated by galaxies, and set the radius
to 100 kpc. The light profiles of these sources are summed
into a 2D ICL profile, and this profile is then subtracted from
the BGG light profile. More details about this procedure and
DAWIS can be found in Ellien et al. (2021) and Brough et al.
(in prep.).

The results after ICL subtraction are illustrated in Fig. 8 and
Table 3. We can see that for FGs, the ICL increases the effective
radius by a mean factor of 3.7, and the ICL adds light to the
BGG by up to 1.3 mag. With ICL, the mean surface brightness
can be up to 5 mag arcsec−2 brighter, with a mean at 1.3, and
the Sérsic index n tends to be larger (by 2.8 on average). There
seems to be a bimodality in the Sérsic index histogram. The peak
at n < 2 comes from BGGs that were better modelled with two
Sérsic profiles before and after ICL subtraction, and the peak at
n > 3 originates from 1-Sérsic profile BGGs on LSB images that
become 2-Sérsic BGGs after ICL subtraction.
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Fig. 8. Normalised histograms of the difference between the values obtained before and after subtraction of the ICL for the 19 candidate FGs (in
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Table 3. Morphological parameters for FG and non-FG BGGs.

Re Mabs µmean n
(kpc) (mag) (mag/arcsec2)

FG u 14.0 (8.8) −20.6 (0.8) 23.7 (1.0) 4.2 (2.3)
Non-FG u 13.2 (8.7) −20.4 (0.7) 23.8 (1.2) 5.2 (2.0)
FG r 11.7 (4.8) −23.0 (0.4) 20.9 (0.5) 2.3 (1.9)
Non-FG r 10.6 (4.6) −22.4 (0.5) 21.3 (0.6) 3.3 (2.5)
FG rLSB 22.0 (19.5) −23.4 (0.4) 21.5 (1.1) 4.4 (2.1)
Non-FG rLSB 16.7 (16.4) −22.6 (0.5) 21.6 (1.2) 5.0 (2.7)
FG no ICL 7.9 (2.9) −22.8 (0.5) 20.2 (0.6) 1.6 (1.2)
Non-FG no ICL 7.7 (2.4) −22.2 (0.4) 20.8 (0.6) 2.4 (2.1)

Notes. Mean morphological parameters (with their dispersion in paren-
theses) for FGs and non-FGs in the u, r, and rLSB bands, and after
subtracting the ICL contribution. The columns are: effective radius Re,
absolute magnitude Mabs, mean surface brightness µmean corrected for
cosmological dimming, and Sérsic parameter n.

For non-FGs, the ICL increases the effective radius by a
mean factor of 2.4 and the absolute magnitude with ICL is up
to 1.2 mag brighter. The mean surface brightness before sub-
traction of the ICL can be up to 1.2 mag arcsec−2 fainter, with
a mean of about 0.8, and the Sérsic index n tends to be larger
with ICL, with a large dispersion from one BGG to another.
We note that when the ICL is subtracted, the Sérsic index dis-
tributions become comparable for FGs and non-FGs (refer to
Fig. 6). The distributions of the properties of BGGs obtained
for FGs and non-FGs after ICL subtraction also become more
comparable to those measured in the r filter (see Fig. 6). This is
not surprising, as the r images before LSB processing should
resemble rLSB images after the removal of low-brightness

features. However, we also note that there is still a significant
difference between the properties measured on the r and rLSB-
ICL images. Indeed, BGGs on the r filter appear bigger, brighter,
and have fainter mean surface brightnesses and higher Sérsic
indices (see Table 3) than on rLSB-ICL images, all of which
indicates the presence of ICL even on the r images. This illus-
trates the fact that ICL somewhat modifies the apparent morpho-
logical properties, and that its contribution should be carefully
subtracted before analysing the physical properties of BCGs
and BGGs.

4. Stellar populations of BGGs

4.1. Data

We retrieved the spectra of the FG and non-FG BGGs of our
sample in the SDSS. Among the 87 FGs, 9 spectra were not
available, leaving us with 78 BGGs. Among the 100 non-FGs,
4 spectra were not available, and so we analysed 96 spectra.
We fit these spectra with Firefly (Wilkinson et al. 2017) and
eliminated the spectra corresponding to AGN as classified by
the SDSS: 13 in FGs and 14 in non-FGs. This was done
because it is difficult to extract stellar populations from spec-
tra dominated by an AGN. The AGN fractions are very sim-
ilar between BGGs of FGs and non-FGs, namely 20% and
17%, respectively. We were therefore left with 66 FG BGG and
82 non-FG BGG spectra. As Wilkinson et al. (2017) showed
that Kroupa and Salpeter IMFs gave comparable results, we
limited our analysis to a Kroupa IMF. We used the STELIB
and MILES stellar libraries to estimate the robustness of our
results.
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Fig. 9. Histograms of the fraction of stellar mass created as a function
of age for FGs (red) and non-FGs (grey) for a Kroupa IMF using the
MILES (top) and STELIB (bottom) libraries.

4.2. Results

We find that the stellar populations of FG and non-FG BGGs
cannot be distinguished with this relatively straightforward anal-
ysis. As an illustration, we show the fraction of stellar mass cre-
ated as a function of age in Fig. 9. Firefly fits the galaxy observed
spectra using multiple star-formation bursts with various lumi-
nosities, masses, metallicities, and ages. The software returns the
number of bursts, and for each burst gives its age, metallicity,
and the fraction it contributed to the luminosity and stellar mass
of the galaxy. From these, we computed the fraction of stellar
mass formed in a range of galaxy age by summing the fractions
of total stellar mass of all the star-formation bursts that occurred
in the considered age range.

We find that 76% and 71% of the total stellar mass of FG
and non-FG BGGs, respectively, was already formed 8 Gyr ago
based on the STELIB library. These percentages become 61%
and 66% for the MILES library. These results agree with Fig. 5,
where we see that the BGGs of FGs and non-FGs have very sim-
ilar colours. Therefore, although the morphological properties of
FG and non-FG BGGs somewhat differ, their stellar populations
do not. Figure 9 shows that the choice between the MILES and
STELIB libraries does not significantly affect the results.

There are 39 BGGs in FGs with emission lines (among
which 9 may have a broad Hα component) out of 78. Each time
Hα is detected, it is associated with the [NII]6584 emission line.
For the BGGs of non-FGs, 30 out of 96 show emission lines
(with no broad Hα line apparent).

Fig. 10. SDSS g′, r′, i′ trichromic image (∼2.9′ × 3.5′) of NGC 4104.
The redshifts indicated come from the SDSS. The red rectangles show
the regions where we extracted MISTRAL spectra.

These emission lines can originate from star-formation pro-
cesses (e.g. driven by recent merging events) or from AGN activ-
ity (even if no broad Hα line is detected). However, the spec-
troscopy available to us comes from the SDSS survey, with a
fiber of 3 arcsec diameter. Given the angular extent of the consid-
ered BGGs, at most 10% of their area within a Petrosian radius
is covered by the fibre, and mainly in the centre of the galax-
ies. Detected emission lines are therefore probably coming from
AGN activity, with rare cases where it can be produced by star-
forming processes detected in the disk.

The respective percentages of Hα-[NII] emission line galax-
ies are 50% for FGs and 31% for non-FGs. This suggests that
BGGs in FGs more frequently contain an AGN in their centre
than those in non-FGs.

4.3. Emission lines in fossil-group BGGs: the case of
NGC 4104

As seen in the previous section, a non-negligible fraction of
our FG BGGs show emission lines and we think that these are
mainly due to AGN activity. In order to more precisely inves-
tigate the location of the emitting regions in BGGs and see if
some merging-induced star-formation activity can be detected,
we concentrated on a specific example: NGC 4104 (not a mem-
ber of our present sample of FG candidates). This is a well-
known galaxy (see Fig. 10) at z ∼ 0.02816, and the BGG of
the eponymous FG recently studied by Lima Neto et al. (2020),
for example. It constitutes a good laboratory for investigating
the possibility of having merging-induced star-formation activ-
ity because it is believed to have likely experienced relatively
recent merging activity (Lima Neto et al. 2020). Given the fact
that it is a nearby galaxy, it is also easy to study its spectral and
morphological characteristics in detail.
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Fig. 11. SDSS spectroscopy of NGC 4104, with emission (blue labels)
and absorption (red labels) lines.

Despite the BGG status of NGC 4104 (classified as S0 by the
RC3 catalogue de Vaucouleurs et al. 1991, and as Elliptical by
the SDSS), SDSS spectroscopy (identified as spec-2227-53820-
0518 in the Science Archive Server) clearly shows strong emis-
sion lines in its centre (see Fig. 10 for the location of the SDSS
spectroscopic extraction area). In this region, there is a notice-
able lack of emission at the Hβ and [OIII] wavelengths. The Hα,
[NII] , and [SII] lines are very prominent, as are MgI and NaD
absorption lines (see Fig. 11).

In order to investigate the origin of these emission lines,
and to see whether or not they are present over the entire
galaxy, we partially mapped NGC 4104 at the Observatoire de
Haute-Provence with the MISTRAL single-slit spectro-imager4

in March 2022. We used the blue setting (one-hour exposure,
resolution R ∼ 750, and covered the wavelength range [4200,
8000] Å) to obtain spectra in four different slits (see Fig. 10).
The three slits close to the galaxy centre provided sufficiently
high S/N to allow extraction of spectra in 15 different regions
(see Fig. B.1). The outermost slit has insufficient S/N to detect
any significant lines (including emission lines).

We do not detect any emission lines in the external regions
of the galaxy with the other slits. Only central regions (l1, l2,
l4, c1, c2, c3, c5, and c6 on Fig. B.1) show [NII], [SII], and
sometimes weak-to-bright Hα emission, very similarly to what
is visible in the SDSS spectrum. Figure B.1 shows a zoom onto
the [6700, 6940] Å wavelength interval. The table GalSpecInfo
of the SDSS DR17 database lists NGC 4104 as an AGN, with
an old stellar population of the order of 13 Gyr. In order to
investigate the nature of this galaxy more precisely, we first
applied the pipes_vis visualisation tool (Leung et al. 2021) –
which is based on the BAGPIPES tool (Carnall et al. 2018) – to
the normalised SDSS spectrum. We selected a Wild et al. (2020)
model, adding dust (Charlot & Fall 2000) and a nebular compo-
nent (Leung et al. 2021).

First, based on Lima Neto et al. (2020), we assumed a stellar
mass for NGC 4104 of 1011.3 M� and a redshift of 0.03. We also
fixed the α and β slopes of the Wild et al. (2020) burst (decline
and incline steepness of the burst, index of double power law) to
100, the ηdust (additional scaling factor for dust in star forming
clouds) to 2.0, the nCF00 (slope of the attenuation law) of the
dust component to 0.7, and the tbc parameter in pipes_vis (time
during which the star forming clouds remain) to 0.01 Gyr.

4 See http://www.obs-hp.fr/guide/mistral/MISTRAL_
spectrograph_camera.shtml

Fig. 12. Modelisation of the normalised SDSS spectrum of NGC 4104
with the pipes_vis tool.

We then fixed the galaxy velocity dispersion to 150 km s−1

in order to reproduce the [SII] doublet aspect. The log(U) value
(ionisation parameter) has to be lower than −3.5 in order to have
[NII] stronger than Hα. We fixed log(U) to this value.

We had to introduce a passive population of older than
∼6 Gyr to explain the depth of the absorption lines. We fixed
the age of the Universe when the older population formed to
8 Gyr. We also fixed the SFR decay timescale of the older pop-
ulation to 1 Gyr. To explain the absence of [OIII] emission and
the weakness of Hβ, we fixed the metallicity to Z = 2.5 and
the Av (extinction in V band) to 2. Finally, we added a small
burst in the Wild et al. (2020) model, with 5% of the mass of the
older population contained in the burst at ∼1 Gyr ago (12.8 Gyr
after the Big Bang) in order to explain visible emission lines and
to have sufficiently deep MgI and NaD lines. Values contained
in the burst of more than 10% of the mass of the older popula-
tion do not allow the spectrum characteristics to be reproduced,
regardless of the values of the other parameters.

With this set of parameters, we are able to reasonably repro-
duce the SDSS spectrum (see Fig. 12). This probably shows that
we are dealing with a relatively old stellar population (∼6 Gyr
old). This is consistent with the 4–6 Gyr old merger proposed by
Lima Neto et al. (2020). Any emission lines induced by the old
merger have probably now vanished. In addition, a recent burst
or merger (∼1 Gyr old) is also likely. It may possibly have reac-
tivated the central AGN and be at the origin of the emission lines
presently observed in the centre of NGC 4104. The star-forming
Hα emission induced by this late merger event would require a
few hundred million years to also vanish, and this is not in con-
tradiction with the age of the recent burst (∼1 Gyr).

As a comparison to the other FGs, we also applied Firefly to
the SDSS spectrum of NGC 4104 with a Kroupa IMF and the
STELIB and MILES stellar libraries. For these two models, we
find that 73% and 69% of the total stellar population was formed
more than 8 Gyr ago, which is consistent with the previous
results. The subtraction of the stellar population fitting results
in a pure-emission spectrum that can be used to locate the line
ratios in the BPT (Baldwin et al. 1981) diagrams (Kewley et al.
2013). The line ratios [OIII]/Hβ and [NII]/Hα locate the nuclear
spectrum of NGC 4104 in the region occupied by LINER nuclei.

We also investigated the AGN nature of the spectra in the
regions covered by MISTRAL where [NII] and Hα emissions
are strong (namely regions c1, c2, and c5 of Fig. B.1). [OIII] and
Hβ were not detectable, and so Fig. 13 only shows vertical lines
for these three regions. We clearly see that, even without [OIII]
and Hβ lines, the NGC 4104 c1, c2, c5, and central regions all
have AGN characteristics.

In conclusion, the emission lines of NGC 4104 originate
mainly from the galaxy centre and each of the regions exhibit-
ing emission lines have characteristics similar to those of AGN.
The remaining areas of the galaxy have passive characteristics.
The emission lines of NGC 4104 are therefore largely due to
the AGN activity, in agreement with an AGN origin for the
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Fig. 13. log([OIII]5007/Hβ) versus log([NII]6584A/Hα) for the SDSS
spectrum (central area, see e.g. Fig. B.1) and the c1, c2, and c5
MISTRAL regions. Regions under the red and blue curves are normal
galaxies according to Kauffmann et al. (2003) and Kewley et al. (2013),
respectively, while regions above these curves are active objects (AGN,
LINERS).

emission lines that we detected in at least part of our general
sample of BGGs (see previous section).

5. Discussion and conclusions

The aim of this paper is to increase the number of known FGs
to shed light on their formation process. Here, we increase the
sample by adding 87 spectroscopically confirmed FG candidates
with a high probability of being real FGs in view of their esti-
mated large halo mass; though confirmation of the X-ray condi-
tion of their X-ray luminosity (LX > 1042 erg s−1) is still missing.
For the FGs with UNIONS data available (35 in the u band, 25
in the r band and 19 in the rLSB band - r band treated with the
Elixir-LSB software), we analysed the morphological properties
of their BGG, and compared these properties with those of a
control sample of 30 non-FG BGGs.

The 2D photometric fits of the BGGs made with GALFIT
with one or two Sérsic components show that a single Sérsic
component is sufficient in most objects in the u band, while two
Sérsics are needed in the r band, both for FGs and non-FGs.
However, non-FGs cover a larger range of Sérsic index n than
FGs. Therefore, FG BGGs appear to have homogeneous profiles
whereas non-FG BGGs cover a larger range of profiles.

After the subtraction of ICL in the rLSB images, the frac-
tion of two-Sérsic BGGs increases. This is rather unexpected,
because ICL forms a faint halo around the BGG and adds flux
to the envelope of the BGG. We might therefore expect a higher
fraction of two-Sérsic BGGs when ICL is included. However,
the ICL distribution does not necessarily follow a Sérsic profile.
In a more general way, it seems that Sérsic profiles do not trace
physical components, and only act as an analytical description
of galaxies.

FG BGGs appear to follow the Kormendy relation previ-
ously derived for BCGs by Chu et al. (2022), whereas the rela-
tion for non-FG BGGs is shifted to fainter surface brightnesses.
This implies that FG BGGs have morphological properties that
are more similar to those of BCGs, and may have evolved sim-
ilarly to BCGs. Chu et al. (2021) confirmed that BCGs have
not evolved since z = 1.8. Therefore, a similar evolution of
FG BGGs and of BCGs favours the scenario in which FGs
formed long ago and have since stopped evolving because their
environment lacks galaxies that the group could otherwise have
accreted.

We analysed the properties of the stellar populations of FG
and non-FG BGGs derived from the analysis of their SDSS spec-
tra with Firefly, assuming a Kroupa IMF and using the STELIB
and MILES stellar libraries. We find no significant difference
between FGs and non-FGs (65 and 82 galaxies respectively), and
so the stellar populations of BGGs must have evolved in compa-
rable ways in FGs and non-FGs.

Detailed observations of the FG NGC 4104 illustrate the fact
that the BGGs of some FGs may show emission lines in their
spectra. However, only a small percentage of BGGs are blue
and star forming and could therefore potentially exhibit star-
formation-induced Hα lines. The others, such as NGC 4104,
show emission lines originating from their centre and mainly
due to their AGN activity. In NGC 4104, this AGN was prob-
ably reactivated in the recent past by some merging activity,
which puts the passive status of the central regions of FGs into
question.

In conclusion, the BGGs of FGs and non-FGs are found to
differ morphologically, suggesting they have followed somewhat
different evolutionary pathways, but not sufficiently different to
make their stellar populations distinguishable.

As a parallel project to increase the number of known FGs,
we are presently obtaining spectroscopic confirmation of the
subsample of FG candidates detected in the CFHTLS survey
with a high probability by Adami et al. (2020). This will be the
topic of a future paper.
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Appendix A: Lists of FG candidates and non-FGs

The list of the 87 FG candidates is given in Table A.1 with the
principal properties of their BGG. The list of the 30 non-FGs for

which the morphological properties were analysed here is shown
in Table A.2. The full list of 100 non-FGs will be made available
in electronic form at the CDS, together with the list of 87 FG
candidates.

Table A.1. Sample of 87 FG candidates.

Number RA DEC z logMBGG Mabsg Mabsr Rvirial (Mpc) logMhalo UNIONS

1 4.6490 -10.5378 0.1463 11.521 -21.358 -22.369 0.6069 13.053
2 10.6416 -9.9117 0.0585 11.194 -21.325 -22.327 0.4548 13.436
3 22.3493 15.4461 0.1727 11.279 -19.754 -20.503 0.6696 13.628 u
4 24.9841 -9.2424 0.0421 11.807 -20.801 -21.759 0.4630 13.109
5 26.3686 -10.0933 0.0550 11.493 -20.868 -21.811 0.7318 13.131
6 58.2920 -5.4971 0.1230 11.525 -21.666 -22.587 0.7250 13.055
7 117.6895 17.1722 0.0727 11.586 -20.272 -21.221 0.4433 13.020
8 118.8856 27.7361 0.0748 11.721 -21.282 -22.286 0.5019 13.672 u
9 120.0094 51.6025 0.0823 11.644 -20.168 -21.120 0.5096 13.054 r rLSB

10 124.8362 20.2687 0.0816 11.753 -21.506 -22.476 0.4569 13.070 u
11 128.8010 31.7042 0.0684 11.424 -21.369 -22.295 0.4432 13.689 u r rLSB
12 131.0486 23.5347 0.0768 11.464 -21.091 -22.050 0.4653 13.577 u
13 131.1130 53.4878 0.0616 11.408 -21.085 -21.925 0.4823 13.467
14 131.7862 19.6311 0.0312 11.025 -22.859 -21.569 0.4403 13.607 u
15 132.5318 2.6479 0.0597 11.562 -20.921 -21.866 0.6485 13.517
16 136.8240 16.7384 0.0522 11.389 -20.574 -21.552 0.4463 13.160
17 137.5553 38.7321 0.0978 11.531 -20.399 -21.346 0.6854 13.198 u r rLSB
18 139.7271 50.0207 0.0343 11.495 -20.761 -21.739 0.4935 13.150
19 141.3023 5.3517 0.0760 11.658 -20.682 -21.606 0.5196 13.121
20 142.1698 12.6173 0.0282 10.986 -21.118 -22.104 0.4655 13.133
21 144.5160 42.9743 0.0468 11.207 -20.680 -21.613 0.4771 13.102 u r rLSB
22 150.5563 11.3197 0.0550 11.284 -19.868 -20.831 0.4730 13.101
23 150.7645 16.6710 0.0706 11.591 -21.217 -22.207 0.4664 13.063
24 151.9548 39.7382 0.0808 11.621 -21.008 -21.952 0.5842 13.186 r rLSB
25 154.8047 15.0122 0.0815 11.512 -20.524 -21.498 0.6847 13.007
26 155.9830 7.9813 0.1033 11.604 -21.229 -22.230 0.5261 13.189
27 157.3174 15.4637 0.0570 11.261 -21.377 -22.259 0.4406 13.605
28 161.1391 45.5408 0.1122 11.577 -20.049 -21.001 0.5509 13.043 r rLSB
29 162.1012 5.2697 0.0699 11.235 -20.415 -21.334 0.5064 13.111
30 164.5891 3.6572 0.0567 11.312 -21.166 -22.145 0.4939 13.235
31 165.8158 54.1113 0.0703 11.510 -21.037 -21.990 0.5013 13.263 r rLSB
32 175.0114 15.7188 0.0844 11.483 -20.261 -21.208 0.4708 13.156
33 175.5136 3.0047 0.0406 11.151 -20.327 -21.209 0.4457 13.210 u
34 178.8740 49.7966 0.0535 11.139 -20.907 -21.818 0.4519 13.180 u
35 179.8952 40.6662 0.0666 11.425 -20.782 -21.727 0.4915 13.306 u r
36 180.1458 32.6646 0.0715 11.463 -20.595 -21.566 0.5057 13.328 u r rLSB
37 181.2686 40.7910 0.0525 11.050 -20.526 -21.520 0.4447 13.210 u r
38 181.3191 21.0103 0.0746 11.565 -21.133 -22.111 0.5507 13.100 u
39 181.4802 25.2690 0.1007 11.722 -20.689 -21.624 0.5222 13.024 u
40 181.5380 -2.9481 0.0256 10.847 -21.123 -22.091 0.7142 13.389
41 182.3114 67.6405 0.0599 11.234 -20.413 -21.392 0.4919 13.103
42 183.1793 61.9709 0.0496 11.323 -20.877 -21.818 0.4802 13.110
43 184.6847 44.7812 0.0383 11.233 -21.255 -22.150 0.4753 13.326 r rLSB
44 192.5297 52.8502 0.0330 11.385 -20.683 -21.649 0.4422 13.063
45 198.8502 7.8469 0.0926 11.614 -21.053 -21.931 0.5359 13.727
46 201.2748 6.3122 0.0825 11.437 -20.423 -21.364 0.4478 13.249
47 202.5798 11.5118 0.0377 11.184 -21.247 -22.226 0.5317 13.405
48 203.7632 35.4873 0.0635 11.011 -20.667 -21.559 0.4752 13.103 u

The columns are: running number, J2000 right ascension and declination (in degrees), spectroscopic redshift, logarithm of the BGG mass, absolute
magnitudes in the g and r bands, virial radius, logarithm of the halo mass, UNIONS data when available with relevant photometric band(s).
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Table A.1. Continued.

Number RA DEC z logMBGG Mabsg Mabsr Rvirial (Mpc) logMhalo

49 204.6871 15.4295 0.0745 11.343 -21.080 -22.011 0.5456 13.027
50 205.0684 56.5015 0.0998 11.580 -21.328 -22.321 0.7522 13.499 r
51 207.4004 28.4404 0.0746 11.404 -21.001 -22.005 0.4925 13.282 u
52 210.5004 45.5619 0.0654 11.477 -20.185 -21.081 0.4571 13.022 r
53 211.7204 -1.7302 0.0700 11.443 -20.505 -21.461 0.4704 13.145
54 216.6863 9.1793 0.0550 11.335 -20.687 -21.649 0.4883 13.044
55 218.8973 50.1900 0.0691 11.456 -20.003 -20.859 0.4993 13.021 r rLSB
56 219.1753 9.9292 0.0586 11.726 -21.873 -22.841 0.6403 13.901
57 219.6765 30.4659 0.0707 11.648 -20.980 -21.876 0.4580 13.201 u
58 223.2020 32.3799 0.0878 11.873 -21.724 -22.760 0.7595 14.007 u
59 225.6145 19.7352 0.0972 11.550 -19.964 -20.867 0.6811 13.002
60 225.8131 36.1477 0.0733 11.649 -21.754 -22.699 0.5928 13.734 u
61 226.1660 53.8232 0.0379 11.403 -20.567 -21.559 0.5158 13.133 r
62 227.3765 46.4927 0.0378 11.195 -19.350 -20.342 0.5162 13.072 r
63 227.4669 -0.3847 0.0711 11.775 -20.964 -21.874 0.4527 13.129
64 228.2578 28.4928 0.0786 11.390 -20.520 -21.464 0.4803 13.037 u
65 228.7253 42.0131 0.1348 11.968 -20.222 -21.162 0.9219 13.185 u r rLSB
66 232.6162 -0.2305 0.0869 11.774 -20.435 -21.238 0.6042 13.090
67 233.3931 33.6996 0.0677 11.502 -21.141 -22.153 0.4443 13.212 u r rLSB
68 233.4166 24.4047 0.0434 11.335 -20.677 -21.642 0.4801 13.158 u
69 234.9934 48.5938 0.0677 11.391 -20.930 -21.872 0.5596 13.091 r rLSB
70 235.6059 13.9567 0.0926 11.635 -20.781 -21.717 0.4694 13.026
71 236.6317 12.1427 0.0720 11.800 -20.121 -21.008 0.6834 13.113
72 237.0568 29.9150 0.0960 11.500 -21.384 -22.344 0.5031 13.069 u r rLSB
74 239.8565 42.2635 0.0605 11.420 -20.906 -21.841 0.5515 13.068 r rLSB
75 242.3237 4.0439 0.0551 10.939 -20.982 -21.903 0.4439 13.197
76 246.6880 24.1490 0.0589 11.117 -20.538 -21.497 0.4370 13.164 u
77 251.8154 33.9324 0.0673 11.622 -20.905 -21.875 0.4699 13.596 r rLSB
78 252.4850 35.2121 0.0996 11.589 -19.763 -20.775 0.4768 13.000 u r rLSB
79 255.2097 23.0110 0.0094 11.906 -21.262 -22.206 0.8850 13.252 u
80 255.8944 58.9176 0.0762 11.516 -20.669 -21.656 0.4717 13.026 u r rLSB
81 317.6327 0.8951 0.0681 11.319 -20.853 -21.800 0.4475 13.109 u
82 322.3274 11.2010 0.0890 11.755 -21.004 -21.990 0.4537 13.310 u
83 327.4432 -7.4425 0.0903 11.582 -21.746 -22.652 0.6729 13.590 u
84 336.5609 0.6678 0.0364 11.016 -20.888 -21.877 0.4711 13.091 u
85 340.9873 1.0005 0.0580 11.195 -20.881 -21.756 0.5032 13.297 u
86 342.3251 12.6305 0.1337 10.374 -19.661 -20.730 0.4602 13.072 u
87 346.9538 0.9405 0.0418 11.459 -21.107 -22.059 0.4846 13.596 u
88 348.8094 -1.2422 0.0251 10.848 -20.366 -21.327 0.4662 13.012
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Table A.2. Control sample of 30 non-FG candidates.

Name RA DEC z logMBGG Mabsg Mabsr RVirial (Mpc) logMhalo

NonFG6 121.2352 31.2595 0.0732 11.363 -20.550 -21.495 0.4882 13.152
NonFG8 121.5296 39.3424 0.0645 11.480 -19.942 -20.897 0.5038 13.190
NonFG9 121.6227 33.2801 0.0838 10.829 -20.221 -21.072 0.4785 13.131

NonFG12 123.3757 30.3811 0.0753 11.197 -19.908 -20.894 0.4397 13.017
NonFG15 124.1161 33.3768 0.1084 11.150 -20.659 -21.640 0.6743 13.588
NonFG16 124.7523 34.9870 0.0623 11.159 -20.596 -21.592 0.5076 13.198
NonFG17 125.0182 41.3390 0.1021 11.216 -20.396 -21.356 0.5278 13.266
NonFG19 126.1656 32.3262 0.0683 11.357 -20.572 -21.526 0.5401 13.282
NonFG22 126.5740 29.5435 0.1100 11.251 -20.850 -21.837 0.5273 13.268
NonFG23 126.8353 34.2165 0.0876 10.973 -20.556 -21.531 0.5129 13.223
NonFG24 127.3892 31.6653 0.0900 11.595 -20.422 -21.453 0.5514 13.318
NonFG29 128.2929 30.4762 0.1075 11.301 -20.196 -21.128 0.4921 13.177
NonFG30 128.3209 30.9804 0.0936 11.243 -19.755 -20.676 0.4963 13.182
NonFG31 128.9864 30.1257 0.0933 10.824 -20.749 -21.711 0.4650 13.097
NonFG33 129.4784 36.9984 0.0548 11.574 -20.437 -21.297 0.4853 13.137
NonFG34 129.5675 35.0896 0.0647 11.434 -20.314 -21.331 0.4675 13.092
NonFG48 131.7605 31.4298 0.0660 11.346 -19.842 -20.664 0.6012 13.420
NonFG56 133.3498 37.3566 0.1036 11.083 -21.203 -22.141 0.5211 13.250
NonFG58 133.6843 35.5656 0.0882 11.258 -21.218 -22.227 0.7549 13.726
NonFG63 134.0557 37.7081 0.0938 10.904 -21.090 -22.034 0.4891 13.163
NonFG67 135.3629 34.4643 0.0655 11.307 -20.122 -21.080 0.5484 13.301
NonFG69 136.0299 30.8830 0.0635 11.212 -20.990 -21.967 0.5083 13.201
NonFG78 140.8148 33.5107 0.0424 10.670 -20.200 -21.173 0.4663 13.080
NonFG82 142.0339 35.8988 0.1108 11.454 -20.930 -21.906 0.4497 13.061
NonFG84 143.2806 32.2718 0.0735 10.961 -21.084 -22.079 0.5072 13.202
NonFG86 143.7315 32.8416 0.0610 11.287 -19.442 -20.364 0.5401 13.279
NonFG90 144.2122 30.2841 0.1111 11.305 -21.027 -21.855 0.4677 13.112
NonFG95 148.1868 40.7628 0.0925 11.150 -21.372 -22.324 0.4461 13.043
NonFG96 148.3277 34.7647 0.0502 11.332 -20.690 -21.682 0.4690 13.090
NonFG98 148.5450 32.4480 0.0869 11.200 -20.812 -21.764 0.6378 13.506

The columns are: name, J2000 right ascension and declination (in degrees), spectroscopic redshift, logarithm of the BGG mass, absolute magni-
tudes in the g and r bands, virial radius, logarithm of the halo mass. The availability of UNIONS data is not indicated, since they all have UNIONS
data in the u, r, and rLSB bands. The full version is available at the CDS.
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Appendix B: Spectra of NGC 4104

Illustrations of the observations obtained with the MISTRAL
spectrograph at Observatoire de Haute Provence are given in
Fig. B.1.

  

  

Fig. B.1. MISTRAL spectroscopic observations of 15 different regions of NGC 4104. Spectra are normalised in flux. The location of the SDSS
fibre is shown as the blue central circle. The wavelength domain is limited to [6700, 6940]Å.
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