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A B S T R A C T 

Groups of galaxies are the intermediate density environment in which much of the evolution of galaxies is thought to take 
place. In spectroscopic redshift surv e ys, one can identify these as close spatial-redshift associations. Ho we ver, spectroscopic 
surv e ys will al w ays be more limited in luminosity and completeness than imaging ones. Here, we combine the Galaxy And Mass 
Assembly (GAMA) group catalogue with the extended Satellites Around Galactic Analogues (xSAGA) catalogue of machine 
learning identified low-redshift satellite galaxies. We find 1825 xSAGA galaxies within the bounds of the GAMA equatorial 
fields ( m r < 21), 1562 of which could have a counterpart in the GAMA spectroscopic catalogue ( m r < 19.8). Of these, 1326 do 

have a GAMA counterpart with 974 below z = 0.03 (true positives) and 352 abo v e z = 0.03 (false positives). By cross-correlating 

the GAMA group catalogue with the xSAGA catalogue, we can extend and characterize the satellite content of GAMA galaxy 

groups. We find that most groups have < 5 xSAGA galaxies associated with them, but richer groups may have more. Each 

additional xSAGA galaxy contributes only a small fraction of the group’s total stellar mass ( �10 per cent). Selecting GAMA 

groups that resemble the Milky Way halo, with a few ( < 4) bright galaxies, we find that xSAGA can add a magnitude fainter 
sources to a group and that the Local Group does not stand out in the number of bright satellites. We explore the quiescent 
fraction of xSAGA galaxies in GAMA groups and find a good agreement with the literature. 

Key words: galaxies: distances and redshifts – galaxies: general – galaxies: groups: general – Local Group – galaxies: photom- 
etry. 
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 I N T RO D U C T I O N  

alaxies are social; most of them are found in groups of varying sizes
Eke et al. 2004 ; Robotham et al. 2011 ) and truly isolated individual
alaxies are very rare (Alpaslan et al. 2014 , 2015 ). The most extensive
nd massive systems are relatively easily identified in even a sparsely
ampled redshift surv e y. Ho we ver, small and compact groups are
asily missed in such single-pass surv e ys, as fibre collisions prevent
ore than one group member making it into the catalogue (Robotham 

t al. 2010 ). 
For groups of galaxies, an accurate redshift and thus distance and 
ultiband photometry are essential to measure the stellar content 

nd to infer to first order the group’s halo mass from the ensemble’s
inematics. Ho we ver, dynamical masses need a measure of the 
elocity dispersion of such a group and hence one needs as many
ow-mass satellite galaxies (i.e. test masses in a dynamical system) 
s practical. Small groups are the most common but their dynamical 
ass (and hence dark matter content) is the least constrained from
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inematics. The best-studied example of such a group is the Local
roup, the complex of the Milky Way, Andromeda, M33, and 

heir subsidiary satellites. The central question is, ho we ver, ho w
epresentative this Local Group is (e.g. in terms of galaxy occupation
tatistics; Boylan-Kolchin, Besla & Hernquist 2011 ; Lo v ell et al.
011 ; Weisz et al. 2011 ; Robotham et al. 2014 ; Boylan-Kolchin
t al. 2016 ). The make-up of the Local Group is still very much in
evelopment with lower mass and low surface brightness members 
till being disco v ered in deep imaging surv e ys (Bechtol et al. 2015 ;
rlica-Wagner et al. 2015 , 2020 ; Kim et al. 2015 ; Koposov et al.
015 ; Homma et al. 2019 ). See Simon ( 2019 ) for a re vie w and Wang
t al. ( 2021 ) for an o v erview of deep imaging results. 

Here, our aim is to provide a context for the Local Group through
tatistics of the dynamical masses, including a census of satellites, 
imilar to the Satellites Around Galactic Analogues (SAGA) project 
Geha et al. 2017 ) but starting from the Galaxy And Mass Assembly
GAMA) group catalogue (Robotham et al. 2011 ) and supplementing 
t with machine learning (ML) identified satellites from the extended 
atellites Around Galactic Analogues (xSAGA; Wu et al. 2022 ). 
e aim to verify the ML prediction in the xSAGA catalogue with

 GAMA redshift where possible and to e v aluate the properties of
dded xSAGA satellites to GAMA groups. 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Cosmological Lambda cold dark matter ( � CDM) simulations
hat attempt to reproduce galaxy groups (specifically the Local
roup) struggle with not only the satellite distribution (e.g. satellite

lignment; Hammer et al. 2013 ; P a wlowski, Kroupa & Jerjen
013 ) but also the mass of the Magellanic Clouds (Benson et al.
002 ; Koposov et al. 2009 ; Okamoto et al. 2010 ). The simulations
hat match the Local Group’s properties require a very quiescent
nvironment and a ‘quiet’, i.e. few mergers, assembly history of
ndromeda and the Milky Way (Klypin, Zhao & Somerville 2002 ;
ravtsov 2002 ; Gottloeber, Hoffman & Yepes 2010 ; Forero-Romero

t al. 2011 ). Reproducing the Local Group’s history from observed
atellite populations is an active area of research and a touchstone test
or cosmological simulations (Libeskind et al. 2011 , 2020 ; Collins,
ich & Chapman 2012 ; Fattahi et al. 2013 , 2016 ; Collins et al. 2014 ,
016 ; Garrison-Kimmel et al. 2014 , 2019a , b ; Creasey et al. 2015 ;
awala et al. 2016 ; Starkenburg et al. 2017 ; Elias et al. 2018 ; Digby
t al. 2019 ). This all points to the possibility that the best-studied
alaxy group with three massive members is – in fact – very unusual
nd not representative of the group environment in our Universe in
hich most galaxies reside. On the other hand, a sustained search

or dwarf galaxy systems (Geha et al. 2012 , 2017 ; Carlsten et al.
021 , 2022a , b ; Mao et al. 2021 ; Wang et al. 2021 ) is showing that
he Milky Way and M31 systems of satellites are not that unusual in
heir properties (e.g. fraction of quenched satellites). 

Recently, the GAMA surv e y (Driv er et al. 2011 ) has made great in-
oads into identifying smaller groups of galaxies reliably (Robotham
t al. 2011 , 2012 , 2013 , 2014 ). The impressive completeness of
AMA, 97 per cent of all r < 19.8 magnitude sources in the field
ave spectroscopic redshifts (Liske et al. 2015 ; Driver et al. 2022 ),
s enough to identify the lower mass galaxy groups reliably. For
xample, one can look for Local Group analogues, with up to three
r four bright galaxies and many smaller ones. Ho we ver, membership
or the fainter galaxies remains uncertain because these typically do
ot have spectroscopic redshift measurements, even in the GAMA
urv e y. Photometric redshift values are too uncertain: these cannot
istinguish between distant background galaxies and faint group
embers. 
A second development is the recent extension of the SAGA survey

Geha et al. 2017 ) by Wu et al. ( 2022 ) using ML classifications
f faint galaxies to successfully classify these as either distant
ackground or belonging to a single halo surrounding a Milky Way
nalogue (xSAGA). Here, we start with the GAMA group catalogue
 GAMA GR OUPS v10 from GAMA Data Release 4 (DR4)] and cross-
orrelate with the xSAGA catalogue to compare the number, size,
olour, and surface brightness of xSAGA galaxies as a function of
AMA group properties. 
This paper is organized as follows: Section 2 describes the GAMA

roup catalogue, Section 3 describes the xSAGA catalogue and the
omparison with GAMA group positions, Section 4 describes the
esults of the comparison between the xSAGA and GAMA group
atalogues, Section 5 discusses these results and places them in larger
ontext with the aid of some group catalogues, and summarizes our
esults and conclusions. We assume a � CDM cosmology with the
lanck18 cosmological parameters ( H 0 = 67.4 km s −1 Mpc −1 , �m 

=
.315; Planck Collaboration 2020 ). 

 G A M A  G RO U P  SELECTION  

ur starting point is the GAMA surv e y (Driv er et al. 2009 ; Liske et al.
015 ). GAMA is a highly complete ( > 97 per cent to r < 19.8 mag)
pectroscopic and multiwavelength imaging survey conducted with
he intent to investigate large-scale structure in the local Universe
NRAS 526, 4575–4584 (2023) 
 z < 0.6) on kpc to Mpc scales (Driver et al. 2009 , 2011 , 2022 ;
aldry et al. 2018 ). The surv e y now consists of fiv e surv e y re gions,

hree of which are equatorial, co v ering a total of nearly 250 000
alaxies. Additional photometric data were collected on each galaxy
n 20 + bands at multiple wavelengths (Liske et al. 2015 ; Driver
t al. 2016 , 2022 ; Baldry et al. 2018 ). This specific study uses
AMA DR4, detailed in Driver et al. ( 2022 ). This highly complete

edshift catalogue is ideal to identify smaller groupings of galaxies
nd local environments (Brough et al. 2011 ; Robotham et al. 2011 ,
014 ). Robotham et al. ( 2011 ) constructed the galaxy group and pair
atalogue using a friends-of-friends (FoF) algorithm. 

From the Robotham et al. ( 2011 ) catalogue, updated for GAMA
R4 groups ( GAMA GR OUP v10), we select all galaxy groups with

n FoF redshift centre below z = 0.03. This results in a selection
f 272 groups. Fig. 1 shows their position on the sky. Fig. 2 shows
he distribution of the number of GAMA galaxies in these groups.
he majority of groups have two to three massive members in them,
aking them very similar to the Local Group. 

 XSAG A  DWA R F  C ATA L O G U E  

o quantify if a Milky Way analogue galaxy or a Local Group
nalogue has a similar retinue of satellite galaxies, one needs highly
omplete spectroscopic catalogues around every potential Milky
ay + Andromeda grouping. In the local volume, this is the

arget for the ELVES surv e y (Carlsten et al. 2021 , 2022b , a ). For
uch larger volume searches, incompleteness plagues the accurate

haracterization of the retinue of satellite galaxies. Thus, a highly
omplete satellite catalogue has been the science objective of the
AGA (Geha et al. 2017 ) surv e y. Ho we ver, this is observ ationally
 xtremely e xpensiv e as it requires high-resolution spectroscopic
edshift confirmation of intrinsically faint galaxies. 

Wu et al. ( 2022 ) have produced a catalogue of dwarf galaxies
ased on the Dark Energy Spectroscopic Surv e y (DESI) imaging
Dey et al. 2019 ) using an ML technique. Their aim is to vastly
xpand the number of high-probability dwarf systems surrounding
ocal Group analogues. Wu et al. ( 2022 ) used the spectroscopic

edshift catalogues of the SAGA surv e y to identify a training data
et, and then optimized a convolutional neural network (CNN) to
istinguish z < 0.03 galaxies from more-distant objects using image
utouts from the DESI Le gac y Imaging Surv e ys as input. Wu et al.
 2022 ) identify a sample of o v er 100 000 CNN-selected low-redshift
alaxies with CNN probabilities greater than 50 per cent to be located
t low redshift ( P z < 0.03 > 50 per cent, Fig. 4 ). This is the extended
A GA catalogue (xSA GA). For xSA GA, Wu et al. ( 2022 ) claim to
e complete to M r < −15 mag and select objects with m r < 21
ag. This is almost 1.5 mag deeper than the GAMA cut-off (Liske

t al. 2015 ; Driver et al. 2022 ). This is the xSAGA catalogue against
hich we compare the low-redshift GAMA group positions and
AMA membership. GAMA was not used in the training of xSAGA

nd provides a completely independent confirmation of the CNN
redictions by Wu et al. ( 2022 ). Redshift verification with GAMA
pectroscopy of the ML low-redshift prediction is a first goal for this
ork. 

.1 xSAGA galaxies in GAMA 

irst, we examine how many xSAGA galaxies are in the equatorial
urv e y area of GAMA (typically designated as the G09, G12, and
15 fields). Table 1 summarizes these numbers. We find that 1825
SAGA galaxies are within these three fields RA and Dec. limits.
econdly, we compared the positions of xSAGA galaxies against
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Figure 1. The position of the GAMA groups (green) and the xSAGA galaxies (blue). The GAMA equatorial fields (green rectangles in the middle) are complete 
and the best-studied ones. The GAMA group catalogue includes a fourth field, but this is not as complete in spectroscopic redshifts nor is it fully co v ered by 
xSAGA. For simplicity, we only analyse the equatorial fields here. 

Figure 2. The number of galaxies in GAMA groups below z < 0.03. The 
majority are comprised of a few galaxies. 
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Table 1. The number of xSAGA galaxies in the equatorial fields, within 
the GAMA detection envelope, those found and not found in GAMA within 
the bounds of the equatorial fields and of those xSAGA galaxies with a 
counterpart in GAMA below and abo v e the z = 0.03 redshift limit that 
xSAGA was trained on. 

Sample Number of galaxies 

xSAGA within three GAMA equatorial fields 1825 
xSAGA within GAMA detection envelope 1586 
(in equatorial fields, m r < 19.8) 
xSAGA within three GAMA equatorial fields 
not found in GAMA 260 
xSAGA found in GAMA 1326 
(in equatorial fields, m r < 19.8) 
xSAGA in GAMA below z = 0.03 974 
xSAGA in GAMA abo v e z = 0.03 352 
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hose of the GAMA catalogue ( G3CGAL v10). Of the xSAGA galaxies 
n the equatorial fields, 1586 are bright enough to potentially be 
elected for GAMA ( m r = 19.8, 90 per cent complete; Driver et al.
022 ). Of these possible GAMA members, 1326 have a counterpart 
n GAMA within 2 arcsec radius, the GAMA fibre aperture used 
n the Angle-Australian Telescope AAOmega instrument, 260 do 
ot (84 per cent complete). The 6 per cent difference between the
eported GAMA completeness and the one in xSAGA/GAMA 

 v erlap may be due to rejection of some xSAGA sources by their
mall angular size in the original GAMA target selection. 

Fig. 3 shows the distribution of spectroscopic redshift and ap- 
arent magnitude for the xSAGA o v erlap with GAMA. The CNN
robability assigned to each xSAGA galaxy is denoted by the colour
or each point. Of the o v erlap of xSAGA and GAMA, 974 are
elow z = 0.03 according to the GAMA spectroscopic redshift (true
ositives) and 352 are not (false positive). The false positive rate in
he xSAGA/GAMA o v erlap is 26.5 per cent. The expectations from

u et al. ( 2022 ) were for 71 per cent precision (purity or true positive
ate) with a trailing of redshift values abo v e z = 0.03. Wu et al. ( 2022 )
how in their fig. 3, how the CNN’s precision declines below m r = 19
ag. Our true positive and false positive rates are consistent with the

redicted true positive rate and the redshift behaviour and worsening 
erformance at lower luminosities predicted by Wu et al. ( 2022 ). 
It is not possible to estimate the true ne gativ e ( T N ) and false

e gativ e ( F N ) rates as we only have the xSAGA selection, not their
MNRAS 526, 4575–4584 (2023) 
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M

Figure 3. The redshift and r -band Petrosian apparent magnitude of xSAGA 

galaxies identified in the GAMA equatorial fields’ footprint with GAMA 

catalogue counterparts. The colour is indicative of the CNN confidence in the 
z < 0.03 identification. Some 26.5 per cent are abo v e the redshift limit and 
we note that the majority of these are lower confidence. A more stringent cut 
in CNN confidence level would result in a cleaner but less complete sample. 
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Figure 4. The CNN probability of an xSAGA galaxy being an z < 0.03 
galaxy as a function of its most likely associated GAMA group mass (MassA 

from the Robotham et al. 2011 , catalogue). These are all the xSAGA galaxies 
down to m r < 21 and within the R100 of a GAMA group at z < 0.03. The few 

xSAGA galaxies in low-mass GAMA groups have CNN confidence levels in 
the lower range of acceptability compared to higher mass [log 10 ( M /M �) > 

10.5] groups. 
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nitial candidates. The precision 1 is 974/1326 (73 per cent), but for
ther typical metrics of ML, recall, 2 and the compound F 1 metric 3 

e would need to know the true and false ne gativ e rates as well.
he three metrics are often take together as any ML algorithm is a

rade-off between precise predictions and a complete selection from a
arge sample (recall). A precision metric o v er 70 per cent is perfectly
orkable in a statistical sense but individual sources and thus group
embership have a substantial chance still of false positives. 
In the following, we mark the galaxies that are common to xSAGA

nd GAMA in black and the new xSAGA candidate group members
n blue. 

.2 Gr oup cr oss-match 

e only consider GAMA groups that are at redshifts below z < 0.03
or cross-match. We adopt the r -band luminosity weighted centre
f the group system as the position of the group centre. Starting
rom the group centre on the sky (CenRA, CenDec), we counted the
umbers of xSAGA satellites within both R100 and R50, the full
nd half-radii of the group, and inferred the distance to the nearest
SAGA galaxy for each group using MA TCH COORDINA TES SKY in
STROPY.COORDINATES to determine if they were within R100 or
50. In the case of groups of only two members, the full radius is the
rojected distance between them and the half-radius is half of that.
he R100 radius is below the 300 kpc cut-off that Wu et al. ( 2022 )
se for group membership in training for almost all GAMA groups
elow z = 0.03. There are 272 GAMA groups in the group catalogue
t redshifts below z = 0.03. Of these, 190 have one or more xSAGA
alaxies associated with them within the R100 radius. Each GAMA
NRAS 526, 4575–4584 (2023) 

 Precision is defined as P = 

(
T P 

T P + F P 
)

, where T P is the number of true 

ositives and F P is the number of false positives. 
 Recall is defined as R = 

(
T P 

T P + F N 
)

, where T P is the number of true positives 

nd F N is the number of false ne gativ es. 
 The F 1 metric is a combination of precision ( P ) and recall ( R ): F 1 = 

 ×
(

P×R 
P+ R 

)
. 

4

H  

G  

r  

g  

f  

t  

g  
roup has a mass estimate (MassA) and total luminosity estimate
totRmag; Robotham et al. 2011 ). Fig. 4 shows the confidence level
f the xSAGA CNN in the xSAGA galaxies associated with a GAMA
roup as a function of GAMA group mass. At the lower mass end of
he GAMA groups [ log 10 ( M group / M �) < 10], the xSAGA satellites
re rarer and all already in GAMA. Abo v e this group mass, there is
o dependence on CNN confidence in the xSAGA identification on
ither group mass or selection as a GAMA target. xSAGA selection
either bias against group masses abo v e this mass nor whether they
ere targeted by GAMA. 
In the following, we compare the group characteristics, the number

f galaxies in the group found via FoF, the dynamical mass of
he group, and the total SDSS-r band luminosity ( N FoF , MassA,
otRmag), to those characteristics observed in the xSAGA satellites.

assA is used in the following figures as the mass of the GAMA
roup [ log 10 ( M group / M �)] and totRmag as the measure of group
uminosity for an estimate of the total stellar mass in Section 4.3 . 

 RESULTS  

he results of this e x ercise to expand the satellite tally in GAMA
roups using xSAGA catalogue can be split into a few broad
ategories: what we learned about the GAMA groups, what we
earned about the satellite galaxy population now associated with
alaxy groupings, and how our Local Group satellite population
ompares to other, similar groups in broader surv e ys. 

.1 Numbers of xSAGA satellites inside GAMA groups 

ere, we look at the numbers of xSAGA galaxies that fall within a
AMA group’s boundary, either the half or full fraction of galaxies

adius (R50 or R100). Fig. 5 shows the number of new xSAGA
alaxies within the half-size and full-size radius of the group as a
unction of mass. The number of FoF identified GAMA galaxies in
he group is indicated with the colour-bar. The majority of GAMA
roups do not have an xSAGA satellite associated with them within
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Figure 5. The number of new xSAGA galaxies found within the 50 per cent radius (left) and 100 per cent radius (middle) of each GAMA group as a function 
of GAMA group mass (MassA from the Robotham et al. 2011 , catalogue). The concentration of new xSAGA candidate group members (right panel) is defined 
as the ratio of the number found within R100 divided by that within R50. Higher values of this ratio indicated a more spread-out satellite distribution within the 
R100 radius. Most groups concentrate their xSAGA retinue within R50, some have half within the R50, and the rest within the R100 radius. And only a few 

massive groups have the majority of their xSAGA satellites between R50 and R100. The one group at log 10 ( M group /M �) ∼ 14 is both richer ( N FoF > 20) and 
more enriched (27 xSAGA satellites within R100, middle panel). This could be considered a small cluster, rather than a sparse group. 
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Figure 6. The ratio of the number of new xSAGA galaxies found within the 
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group members as a function of GAMA group mass. 
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ither the R50 or R100. More massive groups, however, often have a
ew xSAGA identified satellites. There is one outlier of 25 xSAGA 

alaxies in a massive and rich group of 20 GAMA members. Fig. 5
hows the concentration of xSAGA ( �∈ GAMA) galaxies in groups,
efined as follows: 

 = 

N xSAGA ( < R100) 

N xSAGA ( < R50) 
, (1) 

.e. the ratio of the number of xSAGA galaxies within R100 o v er
50. Lo wer v alues of the concentration index means the ne w xSAGA
alaxies are concentrated more towards the inner parts of the group. 
igher values of this ratio indicated a more spread-out satellite 
istrib ution b ut within the R100 radius. Most groups retain their
SAGA retinue within R50, some have half within the R50 radius
nd the other half within full R100 (concentration of 2). And only a
e w massi v e groups hav e the majority of their xSAGA satellites
etween the R50 and R100 radii. Lower mass groups are more 
ompact with their xSAGA satellites compared to more massive ones. 
ost GAMA groups are N = 2 but some have up to 20 members

nd additionally show a wider distribution of associated xSAGA 

alaxies. We note a single massive group [log 10 ( M group /M �) ∼ 14,
roup ID 200006] that is both richer ( N FoF = 67) and more enriched

27 xSAGA satellites within R100). Generally speaking, an increase 
n the spatial distribution of satellites can be expected with increased 
roup mass. 
Fig. 6 shows the ratio of associated xSAGA galaxies to the total

AMA identified group members. A number of the more massive 
roups gain up to 200 per cent more members. This illustrates that
 reliable ML search in images for fainter group members, such 
s the xSAGA project (Wu et al. 2022 ), will result in a plethora
f new sources and potential targets for redshift measurements to 
mpro v e the kinematic mass estimate for any galaxy groups identified
hrough a few bright members in a spectroscopic redshift surv e y. The
conomy of an ML approach to this observational problem is cleanly 
llustrated here. 

.2 xSAGA contribution to group stellar mass 

ow much additional stellar mass do these potential new members 
ring to the group? Figs 5 and 6 suggest a substantial contribution in
umber of galaxies to the groups. Here, we convert the g − r colour
nd SDSS-r apparent magnitude reported for the xSAGA galaxies 
o a stellar mass using the prescription for stellar mass for the g
r colour from Zibetti, Charlot & Rix ( 2009 ). We convert the total
uminosity of the group in SDSS-r band (from totRmag in the GAMA
roup catalogue, see Robotham et al. 2011 ) using the same colour
or the SDSS-r band M/L ratio. We thus arrive at a total group stellar
ass and the stellar mass contribution by each xSAGA satellite. 
Fig. 7 shows the fraction of stellar mass each xSAGA galaxy

ould have increased the group stellar mass by. The majority of the
SAGA galaxies already in GAMA contribute substantial fractions 
o the stellar mass of the group. Considering these are typically
mall groups, this is unsurprising. Most of the xSAGA galaxies not
ncluded in GAMA contribute a small fraction (less than 1 per cent of
tellar mass) with some exceptions. The uncertainty on stellar mass 
ontribution is substantial because we need to use a single colour to
erive the mass-to-light ratio and the group’s distance to compute 
he absolute magnitude, when a GAMA redshift is not available. 

e note that xSAGA galaxies were associated with a group using
rojected radii. Even in the limited redshift range ( z < 0.03, 136
pc), there could still be false positiv es i.e. fore ground xSAGA

alaxies included in a distant group or a background xSAGA galaxy
ncluded in a foreground galaxy group count. Even with a precision
MNRAS 526, 4575–4584 (2023) 
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Figure 7. The fraction of the stellar mass that is contributed by xSAGA 

satellite galaxies to each GAMA group. Black dots are xSAGA galaxies 
with a GAMA counterpart and blue dots are without a GAMA catalogue 
counterpart. 

o  

s
 

[  

t  

L  

p  

t  

s

4

I  

s  

e  

t  

s  

(  

(  

h  

a  

b  

b  

m  

r  

−  

t  

(  

s  

i  

x  

a

4

T  

s  

g  

s  

Figure 8. The surface brightness within the ef fecti ve radius, g − r colour, 
and ef fecti ve radius of the xSAGA galaxies not found in GAMA, found within 
the R100 radius of the GAMA groups as a function of GAMA group mass. 
The majority of xSAGA galaxies are small, within a small range of surface 
brightness, and of a range of g − r colour. The colour scale is to match 
the star-forming (blue) and quiescent (red) criterion of Salim et al. ( 2014 ). 
The majority of xSAGA galaxies are star forming but there is a substantial 
quiescent population. 
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f o v er 70 per cent, a number of the additional satellites will be
purious. 

F or conte xt, the intragroup light (IGL) of a single GAMA group
log 10 ( M group /M �) ∼ 13] sho wed e vidence for < 36 per cent of
he group’s stellar mass in the diffuse IGL component (Mart ́ınez-
ombilla et al. 2023 ). A few per cent additional stellar mass fits the
icture of slow present growth of the intragroup component if all
hese xSAGA satellites are eventually converted to the intragroup
tellar population. 

.3 xSAGA satellite characteristics in GAMA groups 

n this section, we take a closer look at the characteristics of xSAGA
atellites identified within the GAMA groups. Fig. 8 shows the
f fecti ve surface brightness ( μeff ) of the xSAGA galaxies against
he dynamical mass of the GAMA group (MassA). The ef fecti ve
urface brightness is computed from the r -band apparent magnitude
 r 0 ) and the ef fecti ve radius by m r,eff = r 0 + 2.5log [2 π ( R r,eff /arcsec) 2 ]
Wu et al. 2022 ). The ef fecti ve radius ( R r,eff ) is the Petrosian r -band
alf-light radii, enclosing half the flux in the SDSS-r band through
 growth curve algorithm. The effective radii and ef fecti ve surface
rightness are from the DESI catalogue. xSAGA satellites’ surface
rightnesses and small ef fecti ve radii ( r eff � 10 kpc) firmly put the
ajority of them in the lower surface brightness and dwarf galaxy

egime. The symbols in Fig. 8 are colour-coded according to the g
r colour of the xSAGA galaxies. The colour scale is to highlight

he separation between quiescent (red) and star-forming galaxies
blue) as defined by Salim et al. ( 2014 ). The majority of the xSAGA
atellites is star forming but quiescent galaxies are picked up as well
n all group masses. The selection of both red and blue galaxies by
SAGA shows that the initial colour selection and subsequent ML
lgorithm does not prohibitively bias against red galaxies. 

.4 The quenched fraction of xSAGA satellites 

he dependence of star formation on group environment was a key
cience goal for the GAMA project (see Driver et al. 2009 ). The
eneral picture for isolated dwarf galaxies is that these almost all
tar forming (Haines et al. 2007 ; Geha et al. 2012 ; Kawinwanichakij
NRAS 526, 4575–4584 (2023) 
t al. 2017 ) with only a small number of quiescent isolated galaxies
eported (see Monachesi et al. 2014 ; Mart ́ınez-Delgado et al. 2016 ;
arling et al. 2020 ; Polzin et al. 2021 ; Casey et al. 2023 ). In GAMA
roups, Treyer et al. ( 2017 ) examined the quenching of group central
alaxies and found evidence for substantial quenching in satellites
‘conformity’, see also Weinmann et al. 2006 ; Wang & White 2012 ;
auffmann et al. 2013 ). Grootes et al. ( 2017 , 2018 ) found that gas

ycling is similar to field spirals in the satellites of GAMA groups.
hey only find a lower specific star formation rate in the massive
atellites. Sotillo-Ramos et al. ( 2021 ) find no evidence of quenching
n groups for lower mass galaxies. Pearson et al. ( 2021 ) find that
alaxies in groups typically become larger with group halo mass and
o evidence for dramatic changes in morphology with increasing
roup mass. Davies et al. ( 2019a ) note that scatter around the star
ormation and stellar mass relation does not follow the characteristic
-shape with stellar mass. Davies et al. ( 2019b ) investigated the

raction of quiescent or passive galaxies in different mass ranges in
ore detail. They found a low fraction of passive/quenched galaxies

t lower masses (5 per cent at 10 9 M � for satellites). The general
icture from GAMA for satellite galaxies is that they resemble field
alaxies and any differences are subtle; the quenched fraction goes
own with mass in both field and group satellite galaxies. 
In Fig. 9 , we show the stellar mass and specific star formation

ates, inferred from full GAMA photometry (Wright et al. 2016 ;
river et al. 2022 ) using MAGPHYS (da Cunha, Charlot & Elbaz
008 ), of the GAMA galaxies that are in the xSAGA catalogue. The
ashed line shows the cut-off between star forming and quiescent
sed in SAGA. Salim et al. ( 2014 ) compared quiescent/star-forming
riteria and for the g − r colour, their fig. 4 shows a criterion at g

r = 0.65. This relation mostly holds for the xSAGA galaxies in
AMA and can be substituted in the xSAGA catalogue as a whole

o distinguish between star-forming and quiescent populations. 
Fig. 10 shows the fraction of quiescent/passive/quenched galaxies

s a function of galaxy stellar mass for the xSAGA galaxies within the
100 radius of known GAMA groups that are similar to the Local
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Figure 9. The stellar mass and star formation rate from MAGPHYS (da Cunha 
et al. 2008 ) spectral energy distribution fits of the GAMA full photometry 
(Wright et al. 2016 ; Driver et al. 2022 ) for the xSAGA galaxies in the GAMA 

surv e y. The fraction of star-forming galaxies is determined using the sSFR < 

−11 yr −1 criterion, similar to xSAGA (Geha et al. 2017 ). The colour scale is 
the g − r colour from the xSAGA catalogue. The colour criterion ( g − r = 

0.65) to separate star forming from quiescent in Salim et al. ( 2014 ) is similar 
but not an exact criterion. 

Figure 10. The fraction of quiescent xSAGA galaxies within the R100 of 
GAMA groups of similar mass as the Milky Way halo [log 10 ( M halo /M �) = 

12 −12.4]. An xSAGA galaxy is considered quiescent if the g − r colour is 
below 0.65 (Salim et al. 2014 ) and their stellar mass is inferred from the g −
r colour, the group’s redshift, and the apparent SDSS-r luminosity following 
the prescription in Zibetti et al. ( 2009 ). The quiescent fraction is very similar 
to the one found for GAMA satellites in Davies et al. ( 2019b ). 
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Figure 11. The histogram of the number of xSAGA galaxies, not included 
in GAMA ( m r < 21), within the R100 radius of the 38 GAMA groups that 
resemble the Local Group [12 < log 10 ( M group ) < 12.5 and N FoF < 4]. Typical 
number of additional satellites is 1–2. 

t  

q
l  

(  

G

t  

g  

e  

r
r  

a
l  

o  

l

4

A
t  

g  

g
t  

<  

d  

F  

t
t

w
t  

f  

o
a
s
o  

o  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/3/4575/7319355 by Texas C
hristian U

niversity user on 19 Septem
ber 2024
roup halo. Fig. 10 shows for comparison the quiescent fractions 

rom Sloan Digital Sky Survey (SDSS) (Geha et al. 2012 ), the SAGA
urv e y (Mao et al. 2021 ), the Local Group (Wetzel et al. 2016 ), and
ll GAMA groups (Davies et al. 2019b ). 

The passive/quiescent fraction in xSAGA satellites follows the 
elation by Davies et al. ( 2019b ) for GAMA groups for higher
atellite galaxy masses [log 10 ( M ∗/M �) > 10] and the relation found
y Geha et al. ( 2012 ). The lower mass galaxies have increasingly
ower quiescent fractions. The useful limit of the early results (Geha 
t al. 2012 ; Davies et al. 2019b ) is log( M ∗/M �) = 9.5, below which
he surv e yed population is not sufficient in size to determine a
uiescent fraction. The Local Group mass function is complete to 
og( M ∗/M �) = 6 (Wetzel et al. 2016 ) and the targeted SAGA surv e y
Mao et al. 2021 ) to about log( M ∗/M �) = 7. The xSAGA search in
AMA groups extends the mass limit down to log( M ∗/M �) ∼ 9. 
The xSAGA passive fraction bridges to the SAGA passive frac- 

ions found at log 10 ( M ∗/M �) ∼ 9. Stellar mass for all xSAGA
alaxies is derived using the M/L ratio from the g − r colour (Zibetti
t al. 2009 ), the SDSS-r luminosity, and the associated group’s
edshift. Incompleteness increasingly plays a role at the lower mass 
ange and Wu et al. ( 2022 ) note that their selection completeness
nd purity corrections are unconstrained below a stellar mass of 
og 10 ( M ∗/M �) = 7.5. We note that xSAGA extends the useful range
f GAMA for satellite quiescent fraction about an order of magnitude
ower in stellar mass. 

.5 Local Group equi v alent xSAGA count 

n extant problem in extragalactic research remains how typical 
he Local Group of galaxies is compared to other groups of
alaxies. Fig. 11 shows the distribution of the number of xSAGA
alaxies, not included in the GAMA galaxy catalogue but within 
he radius of GAMA groups that resemble the Local Group [12
 log 10 ( M group /M �) < 12.5 and N FoF < 4], where M group is the

ynamical mass and N FoF is the number of members identified in the
oF algorithm. There are 38 GAMA groups that fit this criterion. The

ypical number of new small satellites identified by xSAGA appears 
o be 1–2. 

Fig. 12 shows the luminosity function of new xSAGA galaxies 
ithin GAMA groups (xSAGA �∈ GAMA), those xSAGA galaxies 

hat are also in GAMA (xSAGA ∈ GAMA), and the luminosity
unction from McConnachie ( 2012 ) for the Local Group, both
bserved and limited to xSAGA observational limit. The xSAGA 

ddition to GAMA groups allows one to examine the brightest 
atellites of Local Group analogues, thanks to the limiting magnitude 
f xSAGA ( m r = 21 AB at z = 0.03, dashed vertical line). The addition
f xSAGA allows for satellites, a magnitude fainter than GAMA to
e included in group statistics. CNN projects like xSAGA will have
MNRAS 526, 4575–4584 (2023) 
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Figure 12. The cumulative histogram of the normalized number of xSAGA 

galaxies in GAMA groups that resemble the Local Group [12 < log 10 ( M group ) 
< 12.5 and N FoF < 4, 28 unique GAMA groups with 53 xSAGA galaxies 
in total, 37 xSAGA ∈ GAMA, 16 xSAGA �∈ GAMA] as a function of 
absolute SDSS-g magnitude. For those xSAGA galaxies included in GAMA 

(orange), we used the GAMA spectroscopic redshift for the distance modulus, 
and for those xSAGA galaxies not in GAMA (blue), we employed the 
group’s spectroscopic redshift ( z FoF ) for the distance modulus. The combined 
xSAGA number is shown as the thick grey line. For comparison, the relative 
Local Group satellite frequency as a function of V -band luminosity from 

McConnachie ( 2012 ) is shown in green. The observed luminosity function 
is shown as the dotted line and the cumulative distribution to M lim 

= −15 
(dashed black vertical line), the limit of xSAGA is the solid green line. The 
Local Group has relatively fewer bright satellites compared to similar groups 
in GAMA. Close to the xSAGA limit, the Local Group is richer than the 
average GAMA group. We note that the completeness of xSAGA may play 
an important role ( ∼75 per cent at M lim 

= −15; Wu et al. 2022 ). 
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Table 2. The Kolmogoro v–Smirno v (K–S) and Anderson–Darling (A–D) 
statistics of the satellite luminosity function of the Local Group and analogue 
groups with xSAGA satellites: those xSAGA galaxies already in GAMA, 
those xSAGA galaxies not in GAMA, and all combined. The number of 
xSAGA galaxies brighter than the limiting absolute magnitude is provided in 
parentheses. 

Sample 
No. of xSAGA 

galaxies 
K–S 

( p -value) 
A–D statistic (sig. 

level) 
( M lim 

< −15) 

xSAGA ∈ GAMA 37 (36) 0.44 (0.05) 2.56 (0.03) 
xSAGA �∈ GAMA 16 (7) 0.27 (0.83) −0.33 (0.25) 
xSAGA 53 (43) 0.37 (0.14) 1.90 (0.05) 

Figure 13. The number of satellites in a virialized halo for the Galacticus 
(blue filled area; Benson 2012 ; Brennan et al. 2019 ; Bovill, pri v ate communi- 
cation) and Justice League (orange diamond; Akins et al. 2021 ; Applebaum 

et al. 2021 ) simulations of group galaxies for satellites of absolute magnitudes 
of M V < −10 mag, the practical limit of xSAGA. 
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o be pushed to lower luminosities with future imaging surv e ys to
ully probe the Local Group luminosity function. 

Fig. 12 compares the Local Group relative numbers to those
f similar dynamical mass and membership in GAMA using a
umulati ve, normalized histogram. We sho w the full range of Local
roup luminosity function to illustrate the length current deep

maging and spectroscopic surv e ys still hav e to go before fully
ampling a similar range in luminosities. Normalized o v er the total
umber of satellites found, the GAMA groups have relatively more
right satellites than the Local Group, the majority of which were
lready known in the GAMA catalogue ( M g < −17). Adding xSAGA
dds number at the intermediate absolute magnitudes ( −17 < M g 

 −13). Because the xSAGA selection did not include a hard
imiting magnitude, the number of xSAGA satellites added still rises
eyond M g = −15, hinting at the dimmer populations yet to be
isco v ered and confirmed. The Local Group is very similar to these
AMA groups, when limited to the same absolute magnitude. The
ormogoriv-Smirnov and Anderson-Darling statistical test whether
oth luminosity functions abo v e M lim 

= −15 are from the same
arent distribution are inconclusive, i.e. the null hypothesis that both
riginate from the same distribution cannot be rejected with any
onfidence (see Table 2 ). 

Previously, Guo et al. ( 2011 ) and Jiang, Jing & Li ( 2012 ) reported
 factor 2 fewer extragalactic satellites than the average of MW
nd M31 satellites to a limit of M V < −15, based on the SDSS
nd Canadian French Hawaiian Telescope (CFHT) imaging survey,
especti vely. Ho we ver, Wang et al. ( 2021 ) concluded that the number
NRAS 526, 4575–4584 (2023) 
f satellites matches for Local Group analogues based on the
yperSuprimeCam, DECaLS, and SDSS imaging surv e ys. A logical

ollowing step is to expand the search for the lowest mass galaxies
n nearby groups of galaxies (Tanaka et al. 2018 ; Mutlu-Pakdil
t al. 2022 ), for example, the M81 grouping (Chiboucas et al. 2013 ;
onachesi et al. 2014 ) or the M101 (Danieli et al. 2017 ; Bennet

t al. 2020 ; Garner et al. 2022 ) as nearby analogues for the Milky
ay and its satellite retinue. Deeper imaging surv e ys hav e long held

he promise to expand the satellite mass or luminosity functions of
earby galaxies (Tollerud et al. 2008 ; Danieli, van Dokkum & Conroy
018 ; Wang et al. 2021 ); the Rubin Observatory certainly promises to
o so (Mutlu-Pakdil et al. 2021 ). Once greater statistics are obtained
n the satellite retinue of Milky Way/Local Group analogues (Busha
t al. 2011 ; D’Souza et al. 2014 ), the Milky Way and its satellites
an be placed in an evolutionary context (Lan, M ́enard & Mo 2016 ;
anieli et al. 2023 ). Such group environment statistics can then be

ompared to, for example, completely isolated populations of low-
ass galaxies (de los Reyes et al. 2023 ), to discern the effects of

nvironment on low-mass galaxy evolution. 
Fig. 13 shows the numbers of satellites in two suites of simulations,

he semi-analytical Galacticus (Brennan et al. 2019 ; Weerasooriya
t al. 2023 ) and smoothed particle hydrodynamical models of
he Justice League (Akins et al. 2021 ; Applebaum et al. 2021 )
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or different luminosity cuts of the satellite population. The plot 
ompares the results of the computationally e xpensiv e Justice League 
esults to the much more computationally ine xpensiv e Galacticus. 
he Justice League runs benefit from detailed physics at the highest 

esolutions presently run, while the Galacticus simulations can be 
hought of as a Local Group grounding of the prescriptions that 
ake up semi-analytical models (Bovill et al., in preparation). 
Fig. 13 shows the numbers of xSAGA galaxies – both those already 

n GAMA and new ones – with an absolute luminosity of M g < −10,
ithin the R100 radius for unique GAMA groups in our sample. 
he numbers are consistent for the intermediate mass groups [10 
 log 10 ( M group /M �) < 11] with Galacticus but not for lower mass

roups [log 10 ( M group /M �) < 10] for Galacticus. For the higher mass
roups [log 10 ( M group /M �) ∼ 12], the top satellite numbers agree well
ith the Justice League ones. 

 C O N C L U S I O N S  

n this paper, we report a simple experiment where we compare the
ositions of very likely low-redshift ( z < 0.03, P z < 0.03 > 50 per cent)
alaxies identified with a CNN on DESI data (Wu et al. 2022 ) to the
ositions of galaxy groups identified in the GAMA surv e y using an
oF algorithm (Robotham et al. 2011 , 2012 ). Exploring the number
f likely low-redshift galaxies associated with GAMA groups, we 
nd that the number of satellites associated with a GAMA group is
etween none and 5 for the majority of local GAMA groups. As can
e expected, more massive and richer groups show a larger number 
f associated xSAGA satellites. Most of the associated xSAGA 

atellites span a range of surface brightness, are of intermediate 
olour (0 < g − r < 1), and are small ( R eff < 10 kpc). While the
SAGA galaxies add a number of new members to groups, their total
tellar mass contribution to the group is very small: typically less
han 1 per cent for the new xSAGA galaxies in a GAMA group. 

We checked the redshifts of the xSAGA selection against the 
pectroscopic redshifts from GAMA and found a false positive rate 
f 30 per cent for the selection, consistent with Wu et al. ( 2022 ) pre-
ictions (Fig. 3 ). The xSAGA extension of the low-redshift GAMA 

roups constitutes a probabilistic extension to the group catalogue 
embership. This looks to be a promising approach to supplement 

igh spectroscopic completeness surv e ys with probabilistic galaxy 
atalogues to attain an ever more complete picture of groups of
alaxies, not just the retinue of Milky Way equi v alent galaxies. 

We compare the numbers of satellites found with xSAGA to 
roup mass (Fig. 13 ) and these are in qualitative agreement with
he Galacticus (Brennan et al. 2019 ) and Justice League (Akins et al.
021 ; Applebaum et al. 2021 ) simulations of galaxy groups. 
Selecting those GAMA groups that resemble the Local Group of 

alaxies [12 < log 10 ( M group /M �) < 12.5 and N FoF < 4], we find
hat such groups have a typical retinue of 1–2 xSAGA galaxies. 
he satellite luminosity function of Local Group analogue GAMA 

roups is quite similar to the one observed in the Local Group down
o the equi v alent limit of absolute luminosity for xSAGA (Fig. 12 ).
tarting from those xSAGA galaxies that were included in GAMA 

bservations, we explore the quiescent fraction of xSAGA galaxies 
s a function of stellar mass. This fraction is consistent with the
ne found in previous work (Geha et al. 2012 ; Davies et al. 2019b )
ut extends the useable range of stellar masses down to the SAGA
urv e ys (Fig. 9 ). 

In this paper, we show that the xSAGA extension using a CNN
y Wu et al. ( 2022 ) is a very useful tool to expand a catalogue of
nown galaxy groups to lower stellar galaxy masses and we confirm 

ndependently the reported purity of the xSAGA sample (70 per cent) 
ith GAMA spectroscopic redshifts. The xSAGA expansion can be 
sed for spectroscopic target pre-selection and statistical comparison 
etween group memberships and simulations of galaxy groups. 
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he GAMA DR4 (Driver et al. 2022 ) included v10 of the group
atalogue GAMA GR OUP v10 that describes the GAMA II equatorial
nd G02 surv e y re gions. The full xSAGA satellite catalogue is not
et available but is expected to appear shortly. 
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