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A B S T R A C T 

We report the spectroscopic analysis of 10 satellite galaxy candidates in the sphere of influence of the Sombrero galaxy (M104, 
NGC4594), based on data obtained with IFUM (integral field units for Magellan). Based on their newly observed recessional 
velocities, we confirm that nine of these candidates are satellite galaxies of M104, with one being a background dwarf galaxy. 
All 10 dwarfs have stellar masses 2 × 10 

7 to 1 × 10 

9 M � and mean weighted metallicities −1 . 7 < 〈 [ M / H ] 〉 < −0 . 3. Although 

these dwarfs are predominantly old, with stellar populations ∼ 5 –11 Gyr. Ho we ver, this sample contains a local example of a 
low-mass ‘green pea’ candidate, it exhibits extreme optical emission features and broad emission line features ( σ ∼ 250 km s −1 ) 
reminiscent of high-redshift L y α/L y C photon leaking galaxies. Using the newly acquired recessional velocities of the nine 
satellites of M104, we find no evidence of coherent satellite motions unlike other nearby L ∗ galaxy environments. Given the 
small sample, this result does not statistically rule out such coherent motions. There remain 60 satellite candidates of M104 

for which future spectroscopy can more reliably test for such motion. Using the observed dwarf galaxies as tracers of the 
gravitational potential of M104, we estimate the dynamical mass of M104, M dyn = (12 . 4 ± 6 . 5) × 10 

12 M �, and find that, 
making a reasonable estimate of M104’s gas mass, > 90 per cent of its baryons are missing. These results agree with previous 
measurements of M104’s dynamical mass. 

Key words: galaxies: distances and redshifts – galaxies: dwarf – galaxies: groups: individual: M104 – galaxies: kinematics and 

dynamics – cosmology: observations. 
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 I N T RO D U C T I O N  

econstruction of the satellite galaxy systems of the Milky Way and
31 with full 6D phase-space coordinates consisting of the on-sky

ositions, distances, line-of-sight (LOS) velocities and on-sky proper
otions has revealed that these satellites are co-orbiting about their

osts in flattened, apparently stable structures known as satellite
lanes (Conn et al. 2013 ; Ibata et al. 2013 ; P a wlowski, McGaugh &
erjen 2015 ; P a wlowski & Kroupa 2019 ; P a wlowski & Sohn 2021 ).
ased on only positions and radial velocities, a similar configuration
f satellites appears to exist around Centaurus A (Tully et al. 2015 ;
 ̈uller et al. 2018a , 2019 ; M ̈uller et al. 2021 ), NGC253 (Mart ́ınez-
elgado et al. 2021 ), and NGC4490/NGC4485 (Karachentsev &
roupa 2024 ). These empirical results for well-studied host galaxies

n the local universe suggest that satellite planes may be common.
n contrast, similarly coherent, flattened, and (apparently) stable
tructures are rarely seen in Lambda cold dark matter ( � CDM)
osmological simulations which generally predict that satellites do
ot often have preferential spatial and kinematic orientations (Metz,
 E-mail: ethan.crosby@anu.edu.au 
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roupa & Jerjen 2009a ; Ibata et al. 2013 , 2014 ; M ̈uller et al. 2018a ;
 a wlowski & Kroupa 2019 ; P a wlowski 2021 ; P a wlowski & Sohn
021 ). 
Extensive research has been conducted to better understand the

iscrepancy. Cautun et al. ( 2015 ) highlighted statistical biases in the
ethods used to determine the significance of a plane, specifically

he look-elsewhere effect. This occurs when apparently significant
esults are found purely by chance when e v aluating a large parameter
pace, which may have produced a misleading level of significance in
he e v aluation of the Local Group satellite planes. Other concei v able
iases exist that could explain coherent satellite structures. For
xample, one may argue unique formation conditions within the local
osmic environment (e.g. the Local Sheet: Tully et al. 2008 ) that hosts
he best-studied galaxies with satellite planes to date fa v our the for-

ation of coherent structures around nearby host galaxies. Libeskind
t al. ( 2019 ) found a preferential global alignment of satellites within
he Local Sheet, and other studies (Neuzil, Mansfield & Kravtsov
020 ; Aragon-Calvo, Silk & Neyrinck 2022 ) are finding that the
tructure of the Local Sheet may be a cosmological outlier. These
olutions mostly pertain to a class of physical processes, including
alaxy accretion along flattened cosmic filaments (Libeskind et al.
010 ; Lo v ell et al. 2011 ), group infall of dwarf galaxies (Metz et al.
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009b ; Vasiliev 2023 ) and interaction fragments, known as tidal 
warf galaxies, rotating in thin planes following galactic interactions 
Kroupa, Theis & Boily 2005 ; Metz & Kroupa 2007 ; Kroupa 2012 ;
 a wlowski, Pflamm-Altenburg & Kroupa 2012 ; Hammer et al. 2013 ;
 ́ılek et al. 2018 ; Banik et al. 2022 ). Other potential solutions suggest

hat observed satellite planes are transient or unstable structures, 
ased on searches for satellite planes within simulations (Bahl & 

aumgardt 2014 ; Gillet et al. 2015 ; Buck, Dutton & Macci ̀o 2016 ;
hao, Cautun & Frenk 2019 ). There are also a growing number of
tudies that suggest the satellite plane of the Milky Way is not a outlier
n � CDM simulations when the dynamics of the Large Magellanic 
loud are considered (Garavito-Camargo et al. 2021 ; Samuel et al. 
021 ; Vasiliev 2023 ), though this specific explanation obviously does 
ot directly apply to other systems where coherent dwarf structures 
re claimed to exist. 

Questions that arise from this summary include: Which of these 
olutions represent ‘normal’ dwarf galaxy distributions? Does one 
pecific bias or physical effect dominate as the source of the 
odel/observation discrepancy, or are various factors simultaneously 

nvolved? Addressing these questions requires a broader range of 
bserved systems that are located in a larger, more div erse re gion of
pace beyond the Local Volume. Aside from some recent pioneering 
fforts (Heesters et al. 2021 ; Karachentsev & Kroupa 2024 ), based on
patial distributions, few comprehensive studies of satellite systems 
eyond a few Mpc have been carried out to date. This has moti v ated
earches for dwarf galaxy systems associated with hosts located well 
eyond the Local Volume and, so far, out to distances of up to 12 MPC

Crnoje vi ́c et al. 2016 ; Jav anmardi et al. 2016 ; M ̈uller et al. 2017 ;
 ̈uller, Jerjen & Binggeli 2018b ; Byun et al. 2020 ; Danieli et al.

020 ; M ̈uller & Jerjen 2020 ; Carlsten et al. 2022 ; Crosby et al.
023a , b ). Extensive catalogues of dwarf satellite galaxy candidates 
ut to this distance now exist as a result of these wide and deep optical
urv e ys. But that is only the first step. Determining the presence or
bsence of a satellite plane requires full positional (membership) and 
inematic information for these satellites. 
The next crucial step to explore the frequency and general 

roperties of satellite distributions – including the key question of 
hether satellite planes are ubiquitous – is to carry out spectroscopic 

ollow-up of satellite candidates (M ̈uller et al. 2021 ; Heesters et al.
023 ). Spectroscopy serves three key purposes: (i) confirmation of 
andidates as true satellites of their assumed hosts; (ii) exploring the 
atellite kinematics about their hosts; (iii) discerning the metallicity, 
tellar content, and – in fa v ourable cases, internal kinematics of
atellite systems. These results help to distinguish true satellites from 

ackground galaxies and to look for possible co-rotation of satellites 
bout their host, a key signature of satellite planes. Ultimately, such 
tudies of newly disco v ered satellite systems also broaden the scope
f interesting research questions, including determining how the 
orphology of the host galaxy may affect the pre v alence of a satellite

lane, whether satellite-plane membership of dwarfs correlates to star 
ormation history (as expected in hierarchical formation), how dwarfs 
re internally affected by group membership, and whether larger- 
cale cosmic superstructures influence the formation of satellite 
lanes (P a wlowski 2018 ; Libeskind et al. 2019 ). 
In this paper, we present the initial results of an observational 

tudy of dwarf satellite candidates in the M104 group aimed at 
ddressing these science goals. In Section 2 , we introduce 10 dwarf
atellite galaxy candidates identified photometrically near M104 and 
escribe the use of IFUM (integral field units for Magellan) to study
hese systems spectroscopically. In Section 3 , we present results 
f the observations on these ten candidates with IFUM, including 
n investigation of whether this sample reveals coherent satellite 
otions in the halo of M104, and a determination of the dynamical
ass of M104 based on the kinematics of its dwarf galaxy population.

 TA R G E T  SELECTI ON  

n a previous study (Crosby et al. 2023b ), we searched for satellite
alaxies within the virial radius of the Sombrero galaxy (M104, 
lso known as NGC4594 or PGC42407) using deep CCD g-band 
mages obtain with the Hyper Suprime-Cam (HSC) at the 8 m Subaru
elescope. Combined with other imaging surv e ys conducted around 

104 aimed at finding satellite galaxy candidates (Karachentsev 
t al. 2000 ; Javanmardi et al. 2016 ; Carlsten et al. 2020 ; Karachentsev
t al. 2020 ; Crosby et al. 2023b ), we can identify 75 dwarf satellite
alaxy candidates within the virial radius of M104, complete to 
 magnitude limit of M g ∼ −9 . 5 or a surface brightness limit of
0 ,g ∼ 27. 
This sample is ideal for follow-up spectroscopic or resolved and 

eep photometric observations to confirm how many are likely 
hysical satellites of M104. Given that M104 is largely isolated from
ther L ∗ galaxies, systemic velocity measurements are not only a 
eliable means of confirming which of these dwarf galaxy candidates 
re associated with M104 but also provides a means of exploring
hether any substructure, such as satellite planes, is present. The 

arge size of the M104 sample has particular potential to greatly
mpro v e the statistical analysis of the system. Its isolation from other

assive host galaxies creates an ideal setting to examine its satellite
opulation to explore the satellite plane problem. These factors have 
oti v ated the spectroscopy follow-up in this paper. 
M104 is a particularly well-suited for follow-up spectroscopy 

or a number of reasons. The galaxy resides at a reasonably close
istance of 9 . 55 ± 0 . 34 Mpc (McQuinn et al. 2016 ) and has a distinct
ystemic recessional velocity of v � = 1095 ± 5 km s −1 . With a high
eculiar velocity of v p ∼ 300 –400 km s −1 , this places this galaxy
ell outside the Local Sheet as delineated by a line-of-sight (LOS)

ecessional velocity discontinuity in galaxies beyond ∼ 7 –8 Mpc 
Tully et al. 2008 ; McCall 2014 ; Karachentsev et al. 2015 ; Anand
t al. 2019 ). Given the satellite planes associated with galaxies in
he Local Sheet appear to align with the Local Sheet (Libeskind
t al. 2019 ), M104 represents an interesting test case that should
ot be affected by this local cosmological structure. M104 is also
patially and kinematically distinct from the Virgo Cluster given its 
ocation well in the foreground of the cluster’s southern extension by
round 6 –10 Mpc (Tully 1982 ; Kourkchi & Tully 2017 ) and M104’s
onsiderably lower systemic velocity compared to the mean redshift 
f Virgo. This firmly places M104 in a sparsely-populated ‘bridge’ 
etween the Local Sheet and the core of the Virgo cluster. We list
ome of the basic characteristics of M104 in Table 1 . 

Prior to this work, only five of the 75 current dwarf galaxy candi-
ates have been spectroscopically confirmed as satellites within the 
104 virial radius limit; these system’s properties are summarized 

n Table 2 . Of the remaining 70 objects, 39 are classified by Crosby
t al. ( 2023b ) as ‘high’ probability M104 group members, while the
emaining 31 are considered to be ‘low’ probability members. 

This paper presents new spectroscopic results for 10 of these high-
robability candidate group members (these are illustrated in Fig. 2 ).
he data presented here were obtained with IFUM, a new instrument
eployed at the Nasmyth-East focus of the 6.5m Magellan/Clay 
elescope at Las Campanas Observatory (Mateo et al. 2022 ). These
0 targets were selected to reasonably represent the diversity of 
warf galaxies found near M104, from vigorously star-forming blue 
ompact dwarfs (BCDs), to quenched low surface brightness dwarf 
llipticals (dEs). This variety of astrophysically interesting galaxies 
MNRAS 536, 2072–2085 (2025) 
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M

Table 1. Basic parameters of M104. 

Morphology SA(s)a Corwin, Buta & de 
Vaucouleurs ( 1994 ) 

RA(J2000) 12:39:59.4 
Dec. (J2000) −11:37:23 
v � 1095 km s −1 Tully, Courtois & Sorce ( 2016 ) 
D 25 8 . ′ 7 = 24 . 2 kpc Corwin et al. ( 1994 ) 
Distance (TRGB) 9 . 55 ± 0 . 34 Mpc McQuinn et al. ( 2016 ) a 

( m − M) 29 . 90 ± 0 . 08 McQuinn et al. ( 2016 ) 
M B T , 0 −21 . 51 mag Corwin et al. ( 1994 ) 
v max 

rot 345 km s −1 Schweizer ( 1978 ) 
M ∗ 1 . 8 × 10 11 M � Mu ̃ noz-Mateos et al. ( 2015 ) 
M 200 7 . 8 × 10 12 M � (Crosby et al. 2023b ) 
R 200 420 kpc (Crosby et al. 2023b ) 

a Distance measurements from various techniques are given in table 2 of 
McQuinn et al. ( 2016 ). 
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as also chosen, in part, to help e v aluate the performance of IFUM
n observing f aint, low-surf ace brightness systems. The sample was
lso chosen to ensure a relatively even distribution of satellites around
104 as an exploration of the kinematics of the dwarf–galaxy system

urrounding M104, and to serve as a first attempt to detect the
resence of a possible satellite plane, or other substructure, around
104. 

 OBSERVATION S  

FUM consists of three distinct fibre-optic IFUs, each feeding
MSpec’, a double spectrograph also used by M2FS (Mateo et al.
012 ). The three IFUs are HR (high resolution), STD (standard
esolution), and LSB (low surface brightness). Each of the IFUs
perates by placing high-precision lenslet arrays at the focal plane of
he Magellan/Clay telescope. Each lenslet is comprised of laser-
tched bi-conv e x he xagonal surfaces in a fused-silica substrate,
hich projects images of the telescope primary mirror (the system

ntrance pupil) on to the ends of precisely aligned optical fibres (see
ateo et al. 2022 for further general details). The fibres for each IFU

an be placed at the focal surfaces of the double MSpec spectrograph
hich was originally constructed for use with the multifibre, wide-
eld fibre spectroscopy system M2FS (Mateo et al. 2012 ). The
bservations obtained for this study e xclusiv ely used the LSB IFU
hich we describe in further detail here. 
The LSB IFU array consists of 360 individual lenslets in an 18 ×

0 array (see the top left panel in Fig. 1 ). Each spaxel of the lenslet
rray has an ef fecti ve diameter of 1 . 90 arcsec (this equals the diameter
f a circle with the same area as the hexagonal elements of the LSB
FU). The LSB IFU spans a field of 32 . 7 arcsec × 31 . 4 arcsec . The
SB fibres have core diameters of 260 μm, and are about 3.2 m in

ength. Both (identical) spectrographs of MSpec are of quasi-Littrow
esign and hence project these fibres a 1 : 1 magnification on to a
air of 4096 × 4120 E2V CCDs with 15 μm pixels. The two CCDs
ach image 180 of the fibres from half of the spaxel array. The rows
f individual spaxels defined by the lenslet array are transferred, in
 zig-zag pattern, to the spectrograph CCD detectors as described
n Fig. 1 . During the observations reported in this paper, two fibres
ere dead on the R-side of the LSB IFU (see Fig. 1 ); these fibres
ave since been replaced. 
Data for this paper were obtained o v er two observing runs in

023 March and 2024 May. The 2023 March observations employed
n 80 μm wide slit just behind the output ends of the fibres at the
ocal surfaces of the two identical spectrographs in MSpec. These
ata were obtained using 1 × 2 pixel binning (spectral × spatial)
NRAS 536, 2072–2085 (2025) 
f the 4096 × 4112 CCD detectors. About 63 per cent of the light
ncident on the lenslet arrays was blocked by the 80- μm slits in
his configuration. For the 2024 May run, the instrument set up was
imilar apart from using the 300- μm (full-open) slit which leads to
o significant slit losses. The same binning (1 × 2) was employed as
n 2023. All observations from both runs used the so-called blue 600
ine/mm reflection gratings in MSpec which, with the 80- and 300-
m slits, delivered an effective spectral resolution of R ∼ 3600 and
 ∼ 1000, respectiv ely o v er a wav elength range of 4800–6700 Å.
able 3 indicates which slit configuration was used for each target (or

ust have two parts, one for LSB80 and one for LSB300). This setting
omfortably spans from H β to H α at the mean redshift of M104. By
ombining data from multiple spaxels we were able to obtain reliable
bsorption-line velocities of galaxies with mean surface brightnesses
s faint as 24 . 5 mag / arcsec 2 in both configurations. Rele v ant details
f the IFUM configuration used in this paper are summarized in
able 4 . 
Our primary science goal with these observations was to measure

 reliable recessional velocity for each galaxy, coadding the spectra
rom each spaxel together as necessary. We eliminate the sky
ackground from our spectra by exposing the IFU to empty sky,
r a background target (BT) which we subtract from our science
arget (ST) frames. The total exposure time for each target was based
n the galaxy’s surface brightness and was selected to produce at
east a measured bulk velocity for each galaxy. Observing details
nd basic structural parameters of each galaxy as reported in Crosby
t al. ( 2023b ) are provided in Table 3 . 

 RESULTS  

.1 Spectral fitting 

o produce our final spectra to measure systemic velocities, metal-
icities, weighted ages, and mass-to-light ratios, we co-added all
paxels of each galaxy, excluding spaxels that do not increase the
ignal-to-noise ratio when co-added, or which are clear foreground
r background sources as determined typically from their radial
elocities. In the unique case of LV J1235-1104, the spaxels con-
aining the star formation regions were also excluded as unique
pectral features (discussed further in Section 4.3.5 ) in these regions
ntroduced significant fitting errors. The spaxels chosen to be co-
dded are shown for each galaxy in Fig. 2 ; the resulting IFUM
pectra are shown in Fig. 3 . 

We employed the PYTHON implementation of the penalized PiXel
tting ( PPXF ) algorithm (Cappellari & Emsellem 2004 ; Cappellari
016 , 2023 ) that employs a penalized maximum-likelihood approach
o fit stellar and gas spectral templates to the IFUM data to simultane-
usly extract recessional velocities, stellar ages, stellar metallicities,
tellar mass-to-light ratios, and emission-line flux ratios. PPXF allows
ne to model a galaxy spectrum with superimposed stellar population
ynthesis (SPS) models with varying weights representing the spread
n age and metallicity of the underlying stellar populations, and
herefore the stellar mass-to-light ratio for the given galaxy. 

For our analysis, we used the E-MILES SPS templates 1 (Vazdekis
t al. 2016 ) with the following choice of parameters: 

(i) The observation sample from the next-generation spectral
ibrary (NGSL), a library of spectra for 600 stars extending
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Table 2. Basic parameters of the five existing confirmed satellite galaxies of M104. The table columns contain the following information: (1) galaxy name, 
(2) right ascension (J2000), (3) declination (J2000), (4) central g -band surface brightness, (5) mean g -band surface brightness within the ef fecti ve radius, (6) 
reference for recession velocity. 

Name RA Dec μ0 , g 〈 μe , g 〉 v � Reference 
(J2000) (J2000) (g mag arcsec −2 ) (g mag arcsec −2 ) (km s −1 ) 

(1) (2) (3) (4) (5) (6) (7) 

UGCA287 12:33:55 −10:40:48 22.2 23.8 1052 ± 9 Corwin et al. ( 1994 ) 
LV J1235-1104 12:35:39 −11:04:01 18.6 21.2 1124 ± 45 Jones et al. ( 2009 ) 
PGC042120 12:37:14 −10:29:46 24.3 25.2 756 ± 2 Huchtmeier, Karachentsev 

& Karachentse v a ( 2009 ) 
SUCD1 12:40:31 −11:40:05 19.4 20.3 1293 ± 10 Hau et al. ( 2009 ) 
PGC42730 12:42:49 −12:23:24 19.7 23.5 1025 ± 45 Jones et al. ( 2009 ) 

Figure 1. Top left: A schematic representation of the IFUM/LSB lenslet 
array as projected on to the sky with North to the top and East to the right when 
the Magellan/Clay Nasmyth-East rotator is at the home (zero) position. The 
fibres associated with the bottom half of the array feed the ‘B’ spectrograph 
while the upper half fibres feed the ‘R’ spectrograph (the two spectrographs 
are identical; the ‘B’ and ‘R’ notation is a relic from an earlier version of 
the instrument). The LSB fibres are mounted in groups of 18 fibres, 10 per 
spectrograph. The fibre mount notation and the fibre numbering is illustrated 
in this representation of the lenslet array. Note the zig-zag pattern of the 
fibre numbers. Bottom left: This shows a portion (about half) of the B-side 
CCD observations of LV J1235-1104 (discussed further in Section 4.3.5 ). 
The numerals refer to the 10 fibre mounts corresponding to the lower ten 
rows in the top left figure, each containing a set of 18 fibres. The arrows show 

the direction of constant direction, in this case from East to West when the 
instrument rotator is a the home position. Careful inspection of the galaxy 
emission lines (H β and [O III ] 4959/5007 at left in this image shows how 

features alternate in orientation in successive fibre mounts. Upper right: An 
image of LV J1235-1104 based on the spectral region including only the [O III ] 
emission line at 5007 Å (between the curved left-most lines in the lower left 
image). Lower right: An image of LV J1235-1104, this time sampling only 
the continuum radiation between the red arcs in the lower left image. 
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rom 1660 to 10 200 Å acquired using Hubble Space Telescope 
 HST )/STIS 

2 . 
 Compiled by Sara R Heap and Don Lindler: https:// archive.stsci.edu/ prepds/ 
tisngsl/index.html 

s
a
e

(ii) Theoretical scaled solar isochrones as described in Pietrinferni 
t al. ( 2004 ). 

(iii) A bimodial � b = 1 . 3 initial mass function (IMF) resembling
he IMF proposed by Kroupa ( 2001 ). 

(iv) The assumption that [M/H] = [Fe/H], implying that there is 
o enhancement of α-elements in the stellar spectra. This assumption 
s reasonable for dE galaxies similar to those observed in our
rogramme (Geha, Guhathakurta & van der Marel 2003 ; Sen et al.
017 ; Sen, Peletier & Vazdekis 2022 ). 

Integrating the NGSL over (Pietrinferni et al. 2004 ) isochrones 
nd the adopted IMF generates a series of SPS models whose free
arameters are the age and metallicity of the stellar population. 
For all our results, the templates are weighted by the mass of

he constituent stellar population, which increases the sensitivity 
o older stellar populations that are less luminous than younger 
tellar populations but contain a greater proportion of the stellar 
ass of a galaxy. The alternative, using light-weighted templates, is 

trongly fa v oured towards younger stellar populations that when used 
o model dwarf starburst galaxies whose luminosity is dominated 
y young bright stars, may provide misleading mass-to-light ratios 
hen a more massive but less luminous older stellar population is
resent. This is frequently the case in dwarf starburst galaxies (Zhao,
u & Gao 2011 ) and thus why it is essential to use mass-weighted

emplates for star-forming galaxies. 
We use the bootstrapping method as described in (Cappellari 2023 ) 

o better estimate uncertainties in the recessional velocity , metallicity , 
nd stellar ages. This method involves perturbing the residuals of an
nitial singular fit to the spectra and re-fitting many times using the
wild’ bootstrapping method (Davidson & Flachaire 2008 ). We use 
00 Monte-Carlo realizations for the results of each galaxy reported 
ere. Additionally, we also use a regularization parameter of 3 for
ach galaxy to further smooth the results. 

To calculate the stellar mass, we use the i - and r -band magnitudes
s measured from DECaLS i - and r -band images (Zou et al. 2017 ,
018 ), assuming the distance to M104 (or NGC4680 in the case
f dw1244-1127) to calculate the luminosities and thus the stellar 
ass from the aforementioned mass-to-light ratio. We use the i and

 bands, as it is less influenced by internal extinction and strong
mission lines in star-forming galaxies than bluer pass bands. 

An additional component that is sometimes required to model 
 galaxy’s spectrum is the gas component, which, if present, can
roduce observable emission features if it is excited by energetic 
ources, e.g. star-forming regions. For this study, we have constructed 
 emission spectral template that contains the following strong 
mission lines found in the observed spectral range: 

(i) H αλ6563 and H βλ4861 Balmer series lines 
MNRAS 536, 2072–2085 (2025) 
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Table 3. Basic structural and observing parameters of the 10 galaxies with IFUM spectroscopy reported in this paper. The table columns contain the following 
information: (1) galaxy name, (2) total science target (ST) time, (3) total background target (BT) time, (4) slit configuration, (5) observing pattern defined with 
the sequence of science target (S) and background target (B) frames, (6) right ascension (J2000), (7) declination (J2000), (8) central surface brightness, (9) mean 
g -band surface brightness within the ef fecti ve radius, (10) morphological type, and (11) half-light radius from the underlying LSB component, ignoring nuclei, 
and star-forming regions, assuming a distance to M104, 9.55 Mpc (McQuinn et al. 2016 ), except for dw1244-1127 which we assume the distance to NGC4680, 
30.1 Mpc (Tully et al. 2015 ). All structural parameters are from Crosby et al. ( 2023b ). 

Name ST time BT time Slit Observing RA Dec. μ0 , g 〈 μe , g 〉 Morph r e 

(s) (s) ( μm ) Pattern (J2000) (J2000) (g mag arcsec −2 ) (g mag arcsec −2 ) Type kpc 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

2023 targets 
UGCA287 2700 2400 80 B-S-S-S-B 12:33:55 −10:40:48 22.2 23.8 dIrr 1.42 
LV J1235-1104 7200 4800 80 S-B-S-B-S 12:35:39 −11:04:01 18.6 21.2 BCD 0.28 
KKSG31 6300 3900 80 B-S-S-S-B 12:38:33 −10:29:24 21.3 25.4 N-dE 1.12 
dw1239-1143 16 500 9600 80 S-B-S-S-B-S-S-B-S-S-B 12:39:15 −11:43:08 22.2 24.4 N-dE 0.73 
dw1239-1240 4500 2400 80 B-S-S-S-B 12:39:30 −12:40:30 22.2 24.7 N-dE 0.82 
dw1240-1118 13 200 8700 80 B-S-S-B-S-S-B-S-S-B 12:40:09 −11:18:50 21.3 23.8 N-dE 0.72 
dw1244-1127 4800 1200 80 S-B-S 12:44:38 −11:27:11 20.6 24.1 dIrr 1.96 

2024 targets 
dw1233-0928 2700 1800 300 B-S-S-S-B 12:33:51 −9:28:08 21.1 23.5 dIrr 0.87 
PGC42730 2700 1800 300 B-S-S-S-B 12:42:49 −12:23:27 19.7 23.4 N-dE 1.60 
dw1245-1333 4500 1800 300 B-S-S-S-B 12:45:55 −13:32:31 22.9 24.6 dE 0.45 

Table 4. IFUM instrumental parameters. 

Parameter Units Value 

LSB array size arcsec 32 . 7 × 31 . 4 
LSB array size spaxels 20 × 18 
Ef fecti ve area arcsec 2 1027 
Spaxel diameter a arcsec 1.90 
Slit width μm (80)/(300) 
Wavelength range Å 4800–6700 
Ef fecti ve resolution λ/	λ (3600)/(1000) 

a The spaxel ef fecti ve diameter is defined as 2 
√ 

A/π , where A is the 
nominal area of a single hexagonal spaxel of the LSB IFU. Values with 
format ( x )/( y ) indicate changes between the 2023 and 2024 observing runs, 
respectively. 
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(ii) [ OIII ] λ4959 and λ5007 doublet 
(iii) He I λ5876 
(iv) [ OI ] λ6300 and λ6369 doublet 
(v) [ NII ] λ6548 and λ6584 doublet 

The relative ratios of these lines are allowed to vary as often seen
n spectra of star-forming galaxies. We use the measured ratios of the
 β and H α emission features to estimate the gas attenuation, from

he Balmer decrement and case B recombination (Storey & Hummer
995 ). Using equations (23a, b) and (c) from Cappellari ( 2023 ) for a
eneric extinction curve, we can thereby estimate the attenuation at
n y wav elength in our spectra. 

To calibrate our spectra to physical units, we first convolve the
ECam r -band filter with the optimal PPXF fit for the dEs dw1239-
143, dw1239-1240, and dw1240-1118 to simulate a DECam r -band
agnitude. Then, we used the absolute magnitude as calculated from
ECaLS r -band images (Zou et al. 2017 , 2018 ) as described abo v e.
he SFR can be estimated from the calibrated H α intensity (Calzetti
t al. 2007 ): 

FR (M � yr −1 ) = 5 . 3 × 10 −42 L (H α) corr ( erg s −1 ) , (1) 

here L (H α) corr is correct for extinction. The SFR for each galaxy
s provided in Table 5 , as calculated from the co-added flux from all
paxels containing a H α signal. 
NRAS 536, 2072–2085 (2025) 
For each galaxy spectra, we calculate the signal-to-noise ratio
SNR) using the following equation: 

NR = 〈 ST ( Å) 〉 / 
√ 

〈 BT ( Å) 〉 ∗ χ, (2) 

here ST and BT represent the science target and the background
arget frames, respectively. χ comes from the PPXF fitting parameters
nd represents the quality of the fit. To a v oid the influence of
mission and absorption features, we select a 200 Å region from
bout 5950 − 6150 Å that is largely free of spectral features to
ake this comparison, thus ef fecti vely measuring the SNR of the

ontinuum signal. The SNR for each galaxy is provided in Table 5 . 

.2 Satellite membership 

ritical to testing the hypotheses central to our science goals is
onfirming the membership of the dwarf galaxies presented in the
aper as satellites of M104. A quantitative method to achieve this
nvolves modelling the escape speed of the M104 halo as a function
f radius from its centre. The LOS velocity of any satellite that
ignificantly exceeds the escape speed at a given projected radius
an be confidently excluded as a satellite of the M104 system. 

To carry out this analysis, we assume that the M104 halo is
pherically symmetric and that it can be reasonably modelled with an
inasto potential, φe ( R ), as formulated by Retana-Montenegro et al.
 2012 ) (see equation 19). 

Assuming that the M104 halo is spherically symmetric, we model
he gravitational potential of the M104 system using the Einasto
otential as formulated in equation 6b from Miller et al. ( 2016 ): 

( r) = 

−GM 

r 

⎡ 

⎣ 1 −
� 

(
3 n, r 

r 0 

( 1 /n ) 
)

� ( 3 n ) 
+ 

r 

r 0 

� 

(
2 n, r 

r 0 

( 1 /n ) 
)

� ( 3 n ) 

⎤ 

⎦ . (3) 

e have adopted an Einasto index of n = 3 and a scale ra-
ius of 250 Mpc . These parameters provide a rotation curve that
s a reasonably flat extrapolation of the inner rotation curve
Faber et al. 1977 ; Lewis 1985 ) out to the virial radius of

104 and given the mass from Section 4.5 . We acknowledge
he circular logic involved wherein by the mass of M104 is in-
uenced by the choice to include certain dwarf galaxies in the
ethod in Section 4.5 , but the mass of M104 calculated here is
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Figure 2. Upper frame : DECaLS g -band images (Zou et al. 2017 , 2018 ) of 
our IFUM spectroscopy targets, north is up and east to the left. The horizontal 
bar at the bottom of each image represents a length of 1 kpc at the distance 
of M104. Lower frame: As the upper frame, but o v erlaid with he xagons 
indicating the spaxels considered to a part of the galaxy for the purposes of 
co-adding spectra to measure a bulk velocity for each galaxy. Some spaxels 
from galaxies are excluded when the spaxels are dead, the SNR of the spectra 
is too low, or it is otherwise affected by noise or foreground objects. 
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onsistent with independent measurements, such as in Karachentsev 
t al. ( 2020 ) and the satellite membership of the dwarf galaxies
s not strongly affected by variation in these parameters. Given 
he potential φe ( R ), the escape velocity as a function of radius
s 

 esc ( r) = 

√ 

2 × φe ( R ) . (4) 

e plot the escape velocity cone as a function of radius in
ig. 5 , along with the recessional velocities of M104 dwarf satellite
andidates including those from this paper. We find that with the
xception of dw1244-1127 (which as illustrated in Fig. 10 is most
ikely a satellite of the background host galaxy NGC4680), that 
ll the dwarf candidates are realistic satellites of M104 as they lie
ithin the escape velocity cone. 

.3 Individual galaxies 

.3.1 KKSG31 

KSG31 is a nucleated dE for which we were only able to extract
 reliable spectrum from the nuclear star cluster (NSC; Fig. 2 ) from
hich we obtain a recessional velocity v � = 1297 ± 7 km s −1 . We
easure a mean mass-weighted metallicity of 〈 [ M/H ] 〉 = −1 . 4 and
 mean weighted age of 6.5 Gyr, within expectations for dE galaxies
f this luminosity. The low S/N of 2.2 in the spectrum of KKSG31’s
SC means we cannot fully resolve the rele v ant metal absorption

eatures [Mg B ( λ5205 and λ5193) and Na D ( λ5980 and λ5985)].
he spread in metallicities shown in Fig. 4 for KKSG31 is the result
f an upper limit on the intensity on those metal lines. 

.3.2 dw1245-1333 

w1245-1333 is the only non-nucleated dE in our sample and 
ence has too low an SNR for a reliable estimate of its population
arameters from its continuum spectrum. Thus, we do not report 
tellar metallicities or ages for this galaxy. Ho we ver, we did detect
 weak emission signal in this galaxy localized to a small region
ffset from the galactic centre (as shown by the spaxel selection in
ig. 2 ), whose spectra suggests it is a small star-forming region. We
sed the emission signal from this star formation region to measure
 recessional velocity of v � = 981 ± 1 km s −1 for this galaxy. The
resence of this star-forming region might better classify this 
alaxy as a transitional dwarf galaxy (dT) or a dwarf irregular
dIrr). 

.3.3 dw1240-1118, dw1239-1143, dw1239-1240, and PGC42730 

w1240-1118, dw1239-1143, dw1239-1240, and PGC42730 are 
ll nucleated dEs, possessing NSC. Interestingly, dw1240-1118 
nd dw1239-1143 both have higher recession velocities, of 
617 km s −1 and 1378 km s −1 , respectively, which is redshifted rela-
ive to M104 by 516 and 283 km s −1 . Ho we v er, the escape v elocity
one in Fig. 5 suggests these galaxies are still bound to M104. We
onclude that all three galaxies are satellites of M104. 

The SNR for PGC42730’s nucleus and surrounding galaxy spectra 
18.9 and 46.9, respectively) are high enough that we can identify
ariations in the star formation history within this galaxy. As shown
n Fig. 6 , while both the nucleus and the rest of the galaxy have
imilar metallicity, a continuous range of younger stars in the 
ucleus suggests a scenario where ongoing star formation built up 
he nucleus in situ until around ∼ 1 Gyr ago. The stellar mass of
MNRAS 536, 2072–2085 (2025) 
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Figure 3. The co-added and continuum normalized IFUM spectrum for each target galaxy (blue line). The red line indicates the best PPXF fit from the stellar 
and gas templates. Greyed out windows are masked wavelength regions excluded from the fit due to the presence of saturated sky emission lines. The y -axis is 
an arbitrary normalized unit a function of erg s −1 cm 

−2 Å−1 . Each panel notes how many spaxels were co-added to produce the displayed spectrum. 

Table 5. Kinematic and stellar population parameters of the 10 satellite galaxy candidates derived from galaxy spectrum. The columns contain the following 
information: (1) galaxy name, (2) mass-weighted stellar age, (3) mass-weighted stellar metallicity, (4) SFR calculated from H α luminosity, (5) heliocentric 
velocity, (6) heliocentric velocity difference between the satellite and M104, (7) stellar mass, (8) number of spaxels used in building the galactic spectra shown 
in Fig. 3 , (9) continuum signal-to-noise ratio of each resulting spectra. The heliocentric velocity of M104 is 1095 ± 5 km s −1 (Tully et al. 2016 ). The weighted 
age and metallicity are calculated from the weighted sum of the histograms in Fig. 4 . 

Name 〈 age 〉 〈 [ M/H ] 〉 H α SFR v � 	v �,M104 M ∗ # spaxels SNR 

(Gyr) (dex) (M � yr −1 ) (km s −1 ) (km s −1 ) (10 7 × M �) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

2023 targets 
UGCA287 9 . 3 + 1 . 3 −4 . 2 −0 . 5 + 0 . 2 −0 . 2 0.0013 1001 ± 1 −94 ± 5 53 + 6 −7 171 38.7 
LV J1235-1104 8 . 5 + 2 . 7 −2 . 4 −1 . 7 + 0 . 6 −0 . 4 0.042 1074 ± 1 −17 ± 5 8 . 4 + 2 . 7 −1 . 8 71 61.3 
KKSG31 6 . 5 + 3 . 1 −1 . 9 −1 . 4 + 0 . 3 −0 . 3 0.0 1309 ± 22 214 ± 23 2 . 8 + 0 . 7 −0 . 6 1 2 . 2 a 

dw1239-1143 9 . 0 + 0 . 8 −0 . 7 −1 . 2 + 0 . 1 −0 . 1 0.0 1367 ± 12 272 ± 13 4 . 9 + 0 . 7 −0 . 4 73 18 . 3 a 

dw1239-1240 8 . 7 + 1 . 6 −1 . 3 −1 . 2 + 0 . 3 −0 . 3 0.0 1040 ± 13 −55 ± 14 7 . 9 + 0 . 5 −0 . 5 67 7 . 6 a 

dw1240-1118 9 . 0 + 0 . 9 −1 . 0 −0 . 9 + 0 . 1 −0 . 1 0.0 1593 ± 9 498 ± 10 8 . 0 + 0 . 9 −0 . 3 59 31.8 
dw1244-1127 5 . 4 + 2 . 7 −1 . 1 −1 . 3 + 0 . 9 −0 . 6 0.035 2441 ± 1 1346 ± 5 29 + 15 

−5 39 16 . 2 a 

2024 targets 
dw1233-0928 2 . 7 + 2 . 3 −1 . 1 −0 . 3 + 0 . 4 −0 . 5 0.0016 1137 ± 2 42 ± 6 9 . 8 + 4 . 9 −3 . 4 35 36.2 
PGC42730 10 . 9 + 1 . 3 −0 . 8 −0 . 5 + 0 . 1 −0 . 1 0.0 1154 ± 4 59 ± 7 98 + 8 −7 128 50.5 
dw1245-1333 – – 3 . 6 × 10 −5 981 ± 1 −114 ± 5 – 3 0 a 

a The SNR of these spectra are < 20, thus the mean age and metallicities provided may be biased Woo et al. ( 2024 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/3/2072/7915987 by D
a-C

ollect C
hifley Library AN

U
C

 user on 04 August 2025



Spectroscopy of M104 satellite candidates 2079 

Figure 4. The normalized weights for the metallicity and stellar age of the E-MILES SPS templates fit to the data IFUM galaxy spectra by PPXF . 
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he nucleus is M ∗ = 1 . 1 ± 0 . 2 × 10 7 M �, which means the fraction
f stellar mass that resides in the nucleus is 0 . 01 –0 . 02. This is
xpected for a galaxy of PGC42730’s stellar mass, and matches the 
roperties of NSCs found in other galaxies of this mass (Fahrion et al.
022 ). 
e  
.3.4 UGCA287 and dw1233-0928 

GCA287 and dw1233-0928 are both typical dwarf irregular 
alaxies with recessional velocities v � = 1000 ± 1 km s −1 and v � =
137 ± 2 km s −1 , respectively. These galaxies are both large, with
f fecti ve radii r e ∼ 0 . 5 and r e ∼ 0 . 33 arcmin, respectively (1400 pc
MNRAS 536, 2072–2085 (2025) 
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Figure 5. The escape velocity from the M104 halo ( v esc ) as a function 
of projected radius ( r p ) plotted with a dashed line. All spectroscopically 
measured M104 satellite velocities in this paper are plotted with squares, 
while velocities sources from elsewhere in the literature are represented with 
circles. dw1244-1127 is labelled separately in the plot and lies inside the 
shaded area which exceeds the escape velocity of the M104 system, and thus 
is not a satellite of M104. 

Figure 6. The stellar metallicity and age parameters for the stellar population 
of the nucleus (top row) and the rest of the galaxy, or the extended component 
(bottom row) for the nucleated dE PGC42730. The ongoing star formation 
up to ∼ 1 GYR ago in the nucleus suggests an in situ formation scenario for 
this nuclear star cluster. 
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Figure 7. The line profiles of the Balmer H α transition and nearby nitrogen 
and oxygen forbidden transitions from the co-added spectra of LVJ1235- 
1104, shown with the tricker line. The fits to all three emission features are 
shown without Gaussian wings (dotted line) and with Gaussian wings (solid 
line). The ‘wing’ component is consistent with an ionized galactic wind with 
velocity ∼ 250 km s −1 . 
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nd 900 pc at the distance of M104), parts of the galaxy extends
eyond the field of view of IFUM. dw1233-0928 consists of two
onstituent stellar populations split into a bimodal metal rich and
etal-poor population (as shown in Fig. 4 ). These dwarf irregulars

ave SFRs of 0.0013 and 0.0016 M � yr −1 , respectively, but the SFR
or UGCA287 may be underestimated as all star-forming regions
ere not captured within the IFUM field of view. 

.3.5 LV J1235-1104 

V J1235-1104 is a low-mass BCD ( M ∗ = 8 . 4 × 10 7 M �) and a
andidate green pea (GP; Cardamone et al. 2009 ) galaxy. The
NRAS 536, 2072–2085 (2025) 
lassical GPs as originally reported in Cardamone et al. ( 2009 ) have
tellar mass M ∗ ∼ 10 8 . 5 − 10 10 M �, making a LV J1235-1104 a low-
ass Green Pea candidate, that some call a ‘blueberry’ (Yang et al.

017 ; Liu et al. 2022 ). BCD and GP galaxies are both rare classes
f galaxies (Lee et al. 2009 ; Karachentsev & Kaisin 2020 ) that are
f fecti vely dwarf starburst galaxies. Both classes are described purely
y the colours and shapes of the galaxies in telescope images, both
eing compact and blue or green in colour, indicative of strong [O III ]
007 Å emission (Cardamone et al. 2009 ). Indeed, this emission
ine within LV J1235-1104’s integrated spectra has a very large
qui v alent width of 314 Å that falls abo v e the threshold of an
xtreme emission-line galaxy (EELGs) as defined in Amor ́ın et al.
 2015 ) (EW[O III ] > 100 Å), which as a broad category include GP
alaxies. EELGs are dominated by young stellar populations with
igh specific SFRs (sSFR ∼ 1 − 100 × 10 −9 yr −1 ) and low mean
etallicity (log[O / H] + 12 ∼ 8; Yang et al. 2017 ). Thanks to recent

isco v eries from JWST research programmes these galaxies have
een shown to closely resemble the first galaxies of the universe
Curti et al. 2022 ; Harish et al. 2022 ; Taylor, Barger & Cowie 2022 ;
hoads et al. 2023 ; Trump et al. 2023 ). Curiously, while the EW of

he emission features in LV J1235-1104 are indicative of extreme
tar-forming conditions akin to these high-redshift dwarf starburst
alaxies, its sSFR ( sSFR ∼ 5 × 10 −10 yr −1 ) is lower than the typical
efinition of an EELG. Modern ( z ∼ 0) starburst dwarf galaxies are
istinct from high- z galaxies in that they often contain a population of
lder stars (Amor ́ın et al. 2007 , 2012 ), which contains > 90 per cent
f the stellar mass of the g alaxy. Earlier g alaxies, which have not yet
ad the time to form an older population of stars, might therefore have
 systematically higher sSFR, even among galaxies of comparable
tar-forming conditions and thus may account for the unexpectedly
ow sSFR in LV J1235-1104. 

Additionally, recent IFU observations of GPs show they exhibit
nique characteristics. They are intensely star-forming galaxies and
re frequently Lyman continuum (Ly C) and Lyman alpha (Ly α)
mitters (Izotov et al. 2017 , 2018 ; Komarova et al. 2021 ; Malkan &
alkan 2021 ; Flury et al. 2022 ) and have a broad-line component

f spectral emission features with σ ∼ 100 –300 km s −1 (Bosch et al.
019 ; Hogarth et al. 2020 ; Komarova et al. 2021 ). We have confirmed
he presence of similar broad emission features in this galaxy as
hown Fig. 7 . These features originate from excited gas accelerated
o high velocities. The source of this acceleration must be related to
tar formation, likely the radiation pressure from super-star clusters,
hich is expected to dominate over thermal pressure (Krumholz &
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Figure 8. A contour plot of the H α emission intensity across the IFUM field 
of view, bounded by the thick dashed line. The horizontal thick line abo v e 
the IFUM FOV represents a distance of 1 kpc at the distance of M104. The 
numbers superimposed on the contours represent the H α emission surface 
brightness with units of log ( erg s −1 pc −2 ), assuming the distance to the 
galaxy is 9.55 Mpc. The dotted contour represents the area containing the 
> 99 per cent of the stars within this galaxy. 
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atzner 2009 ). Secondly, Komarova et al. ( 2021 ) ruled out a scenario
here radiation pressure acting on the dust grains is responsible for

he observed high velocity wind: the dust opacity must be around 2
rders of magnitude higher than even in a solar metallicity system in
rder to accelerate the gas to these high velocities. Among the only
bsorption mechanisms which has enough opacity to produce these 
igh winds is L y α/L y C absorption of neutral hydrogen. Komarova
t al. ( 2021 ) concluded that provided L y α/L y C photons are able to
scape the star-forming regions, this is a viable explanation for these 
igh v elocity, star-formation −driv en winds. This pro vides evidence 
hat LV J1235-1104 is a L y α/L y C emitter like higher redshift
Ps, but further observations such as direct UV spectroscopy with 
ST /COS is required to confirm this hypothesis. 
We also detect the presence of a star-formation powered outflow 

f hot, ionized gas from an e xtended env elope of optical emission
eatures in the circumgalactic medium (CGM). In Fig. 8 , we show
he H α emission surface brightness contour plot, which reveals 
he extended emission envelope that extends beyond the Stellar 
omponent of the galaxy, indicating that excited gas is being ejected 
rom the star-forming regions into the CGM. Galactic outflows with 
utflow velocities that exceed the escape velocity of the host halo are
ommon in low-mass BCD galaxies (Romano et al. 2023 ). 

Low-mass dwarf galaxies have low rotational velocities and low 

scape speeds, such that feedback resulting from star formation 
r environmental interactions such as ram pressure stripping are 
hought to remo v e their star-forming gas reserv es rapidly (Wetzel,
ollerud & Weisz 2015 ; Simpson et al. 2018 ; Garrison-Kimmel et al.
019 ; Putman et al. 2021 ). This is supported with observational
vidence, star-forming dwarf galaxies are much more common in 
he field, rather than inside of satellite galaxy systems, suggesting 
hey are rapidly quenched in the presence of L ∗ host galaxies or that
he mechanisms powering their intense star formation is strongly 
uppressed in satellite galaxy environments. Interactions between 
ow-mass dwarfs and an L ∗ host galaxy quench starburst episodes 
s opposed to triggering them (Brunker et al. 2022 ; Laufman et al.
022 ). LV J1235-1104 is both likely experiencing strong internal 
tar formation feedback and environmental stripping from M104 
a projected distance of 200 kpc to M104) which given its low-mass
ndicates it will soon be stripped of its star-forming gas. Additionally,
iv en its v ery lo w relati v e v elocity ( 	v �,M104 = −20 km s −1 ), it must
ither be orbitting M104 in the plane of the sky or near its orbital
poapsis. Given that this galaxy still possesses its star-forming gas, 
he later scenario is likely, indicating that this galaxy is on its first
nfall into the M104 group. 

For the results presented in Table 5 , we deliberately exclude the
pectra from these star formation regions. The significant strength 
f typically weak emission lines (such as [Cl III ] λ5517 Å and [Cl III ]
5537 Å) and broad line features introduced significant fitting errors 
hen attempting to fit the spectra with PPXF , since these features are
ot accounted for by PPXF . 

.3.6 dw1244-1127 

w1244-1127 is a star-forming dwarf irregular galaxy with a reces- 
ional velocity of v � = 2441 ± 1 km s −1 , placing it far in background
ehind M104, and thus is not a member of the M104 group. As shown
n Fig. 10 , this galaxy is likely a satellite of the nearby spiral galaxy
GC4680, with a velocity difference of 	v = 25 ± 1 km s −1 . 

.4 Coherent satellite motion 

rosby et al. ( 2023b ) hypothesized that LOS velocities alone may
e sufficient to indicate the presence of a kinematic satellite plane,
y comparing the mean value and width of the satellite LOS velocity
istribution. If a stable plane consisting of coherently rotating satel- 
ites was observed at least partially face-on, then the expectation is
hat the LOS velocity distribution would appear abnormally cold for 
n environment of M104’s mass, since the motions of each satellite
ould then be largely in the on-sky proper motions, rather than the
OS motions. Currently, we lack the means to acquire on-sky proper
otions to directly reproduce the kinematics and determining highly 

recise (uncertainties less than ±100 kpc ) distances to satellites is 
ifficult at the edge of the Local Volume where M104 resides. 
We start by measuring the velocity dispersion of the likely M104

atellite members (Section 4.2 ) that have reliable radial velocities. 
o estimate the uncertainty in these velocities, we bootstrap the 
esults, by randomly sub-sampling satellites with measured velocities 
llowing for replacement. Then, we compare these results to simu- 
ated M104 analogues from the cosmological simulation Illustris: 
he Next Generation 100 (Illustris TNG-100; Nelson et al. 2017 ;
illepich et al. 2017 ; Springel et al. 2017 ; Marinacci et al. 2018 ;
aiman et al. 2018 ; Nelson et al. 2019 ). A total of 265 M104-like

nalogues were selected this way, as defined in Crosby et al. ( 2023b ).
e then selected groups using a friends of friends (FOF) groups

hat are separated from each other by at least 2 virial radii ( R 200 )
nd are selected based on the virial mass ( M 200 = 10 12 –10 13 M �)
nd the number of subhaloes ( n sub = 30 –100) within the virial
adius with at least an absolute g -band magnitude of M g = −9.
or each analogue, we select the 10 brightest satellites in the g -band
satellites as selected in Crosby et al. 2023b ) and perform this same
ootstrapping method to produce a velocity dispersion distribution 
or each simulated analogue, simulating a mock set of observations 
n a similar manner presented here for M104. All these distributions
re then added together. We compared the LOS velocity dispersion 
istributions from simulated M104 analogues and M104 itself in 
MNRAS 536, 2072–2085 (2025) 
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Figure 9. The distribution of the standard deviation of relative line-of-sight 
velocities for the bootstrapped sample of the M104 satellites with known 
recessional velocities (solid line) and the 265 similar M104 environments 
from the TNG100-1 simulation (dotted line). The mean velocity dispersions 
are σ = 138 ± 36 km s −1 and σ = 92 ± 43 km s −1 for the bootstrapped 
sample of M104 satellites and the M104 analogue systems in TNG100-1, 
respectively. 
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ig. 9 . From this process, we measure a mean satellite dispersion
elocity of σ = 92 ± 43 km s −1 for M104-like analogues in Illustris
NG-100, and σ = 138 ± 36 km s −1 from our bootstrapped M104
atellites. Both distributions nearly lie within the 1 σ of each other
nd thus we are unable to conclude that there exists the presence
f unexpected coherent motion in the satellites in comparison to
imulations. 

Ho we ver, this case only reveals the presence of a satellite plane
hen such a plane is largely face-on, where the satellite motion would
e mostly in its on-sky proper motions relative to the observer and
ess of their true motion is detected in LOS velocities, thus the LOS
elocity distribution appears to colder than less coherently rotating
ystems. In the case where it is edge-on, we can detect a satellite
lane by measuring the fraction of satellites co-rotating in a disk
round M104, and compare that to expectations from a non-planar
ystem of satellites. Based on visual inspection of Fig. 10 , there
ppears to be no preferential co-rotating axis yet, unlike other systems
uch as NGC4485/NGC4490 (Karachentsev & Kroupa 2024 ). But
ore likely, if a plane is present that can take any orientation, it
ill be somewhere between face-on and edge-on, and a number of
ther key parameters, such as the number of satellites in the plane
nd the plane thickness for example, could also vary significantly
ased on the diversity of satellite planes already known (Conn et al.
013 ; Ibata et al. 2013 ; M ̈uller et al. 2018a ; P a wlowski & Kroupa
019 ). Ultimately, this expanded analysis would involve comparing
he shapes of the satellite LOS velocity distribution, more than
ust the collective dispersion. We currently lack enough measured
ecessional velocity from satellites to constrain the uncertainty of
uch an analysis, so we defer this analysis to later work. 

.5 Dynamical mass of M104 

ith the satellite velocity dispersion now measured, we can estimate
he dynamical and baryonic mass of the M104 group. We can use
he dynamical mass to compare to theoretical mass estimates from
rosby et al. ( 2023b ). From the virial theorem we can use the velocity
NRAS 536, 2072–2085 (2025) 
ispersion to calculate the total mass enclosed within a radius: 

 tot = 

5 R max v 
2 
σ

G 

, (5) 

here v 2 σ is the velocity dispersion as calculated abo v e and R max 

s the maximum radial extent of the satellite galaxies. For this
alue, we use the maximum projected radial extent of the satellites
ultiplied by 

√ 

2 , which is ∼ 595 kpc . From this, we determine
 tot = (12 . 4 ± 6 . 5) × 10 12 M �, which is slightly higher than our

heoretical mass estimate from Crosby et al. ( 2023b ) of 7 . 8 ×
0 12 M �, calculated from the stellar mass of M104 and the average
tellar mass to total halo mass ratio measured from the TNG100
imulation for similar M104-analogues as described in Section
.4 . This is in line with a similar dynamical mass measurement
f M tot = 15 . 5 ± 4 . 9 × 10 12 M � from Karachentsev et al. ( 2020 ),
hich considered a larger number of dwarf galaxies up to ∼ 1 Mpc

way from M104. 
The stellar mass of M104 is M ∗ = 1 . 8 × 10 11 M � (Mu ̃ noz-Mateos

t al. 2015 ) and likely dominates > 99 per cent of all stellar mass
ithin the virial radius given its brightest satellite PGC42730 has
 stellar mass of only 10 9 M �. The stellar masses of the next
rightest satellites, among those quoted in Table 5 , are even less
ignificant. The baryonic mass fraction of the universe as measured
y Aghanim et al. ( 2020 ) is expected to be 
b /
m 

∼ 0 . 16 and
e expect to find a similar ratio within the M104 system. This

ndicates that the total mass of baryons within M104’s virial radius
hould be M bary = 2 . 0 ± 1 . 0 × 10 12 M �, based on the dynamical
ass measurement abo v e. The stellar mass of M104 is known and

he baryonic mass of its satellites is negligible, so there should be
 gas mass of M gas =∼ 1 . 8 × 10 12 M � within the virial radius. This
ndicates the gas to stellar mass ratio should be M gas /M ∗ ∼ 10 in
rder to satisfy the baryonic to dark matter mass ratio, but it is very
nlikely that a galaxy such as M104 possess that much gas. A similar
lass of L ∗ galaxy Cen A possesses at most M gas /M ∗ ∼ 0 . 2 (M ̈uller
t al. 2022 ) and larger statistical analyses of L ∗ galaxies suggest
hat for a galaxy of M104’s stellar mass, then this ratio is at most
 gas /M ∗ ∼ 0 . 3 (Warren, Jerjen & Koribalski 2007 ; Parkash et al.

018 ). This suggests that M104’s baryonic mass to total mass ratio is
uch smaller than expected, by a factor of ∼ 10. Karachentsev et al.

 2020 ) noted a similar phenomenon with the stellar mass to total mass
atio, which was lower by a factor of ∼ 10 for that analysis as well.
uriously, our TNG100 sample of simulated M104 analogues have
 mean M gas /M ∗ ratio of M gas /M ∗ = 3 . 8 ± 2 . 0 for a mean stellar
ass of M ∗ = (0 . 9 ± 0 . 4) × 10 11 M �, which is consistently higher

han that expected from observations (Warren et al. 2007 ; Parkash
t al. 2018 ; M ̈uller et al. 2022 ). Ho we ver, this still falls short of the
xpected ratio from observations. 

.6 Mass–metallicity relation 

e show the mass–metallicity relation for the newly observed M104
atellite galaxies in Fig. 11 . We compare the M104 satellites to
he dEs observed using MUSE in Heesters et al. ( 2023 ). We also
lot the root mean square fit of the mass–metallicity relation for
he Milky Way dwarfs from Kirby et al. ( 2013 ). Heesters et al.
 2023 ) found that their sample of early-type dwarf galaxies were
ostly more metal poor than the relation found from the Milky Way

warfs. Here, we find that within 1 σ uncertainty, our M104 dwarfs
re consistent with the Milky W ay trend. W e note that some of spectra
ave low SNR (SNR < 20), which may produce biased stellar ages
nd metallicities (Woo et al. 2024 ) and thus we have shown these data
oints separately in Fig. 11 . This suggests that the chemical evolution
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Figure 10. Galaxy distribution in the M104 group environment with measured satellite galaxy velocities. The nine satellites have a mean heliocentric velocity 
of 1156 km s −1 and a velocity dispersion of 221 km s −1 . Velocities relative to M104 (1094 km s −1 ) are also given. Symbol colour and the direction of the 
triangular symbols reflects the relative velocity. As noted in Crosby et al. ( 2023b ), the M104 environment is well defined in velocity space with a significant 
velocity gap of over 1000 km s −1 to the next galaxy grouping in the background that includes NGC4680 (2451 km s −1 ). The dwarf dw1244-1127 (2426 km s −1 ) 
is most likely a companion of NGC4680 as judged from its small relative velocity difference of 25 km s −1 and its proximity to NGC4680’s virial radius. 
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f the M104 environment followed similar pathway as the Milky Way 
nvironment, despite the key differences, such as the abundance of 
warf satellites and the presence of nucleated dE galaxies. 

 SU M M A RY  A N D  C O N C L U S I O N  

n this paper, we have presented details spectroscopy of ten dwarf 
alaxies in the vicinity of M104, nine of which we can conclude are
atellites of M104 based on recessional velocities alone. Of these 
ine dwarf galaxies, one is a BCD, two are dwarf irre gular, fiv e are
ucleated dE galaxies, and one is a dE galaxy with no nucleus. The
emaining background galaxy is a dwarf irregular. 

These galaxies collectively span stellar masses 2 × 10 7 to 1 ×
0 9 M �. For the dEs, the mean mass weighted ages of these dwarf
alaxies span the range 7 . 0 − 11 . 0 Gyr with metallicities −1 . 7 to
0 . 3. The dwarf irregulars UGCA287, dw1233-0928 and dw1244- 

127 follow similar trends with the exception of the presence of
 younger stellar population. These ages and metallicities match 
xpectations of the historical formation scenarios of dE and irregular 
alaxies, which suggest these galaxies collectively formed early in 
he universe, around ∼ 7 − 12 Gyr ago. 

This spectroscopy includes one BCD and candidate green pea, 
V J1235-1104. This low-mass galaxy ( M ∗ = 8 . 4 × 10 7 M �) has
xtreme emission features powered by star formation, the equivalent 
idth of [O III ] 5007 Å is 314 Å and we have detected broad

omponents to emission lines with σ ∼ 250 km s −1 , consistent with
he spectral properties of higher redshift starburst dwarf galaxies 
amed extreme emission-line galaxies (EELGs) or GPs. It is forming 
tars at a rate of 0 . 042 M � yr −1 as measured from the H α flux, which
ives it an sSFR of 5 × 10 −10 yr −1 which however falls short of
ypical values for EELGs or GPs. This galaxy contains two powerful
tar-forming regions, whose intense radiation field is producing a 
alactic outflow of hot ionized gas filling the circumgalactic medium 

bout this galaxy, and optical emission features are visible in our
pectra up to ∼ 1 kpc away from the star formation regions. The
imilarity of this galaxies unique emission features to those of GPs
MNRAS 536, 2072–2085 (2025) 
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Figure 11. The mass–metallicity relation of the satellites of M104 as 
presented here, split between those with high SNR ( > 20, shown with squares) 
and low SNR ( ≤ 20, shown with large circles), the sample of dE galaxies from 

Heesters et al. ( 2023 ) (small circles) and the root mean square fit of the mass–
metallicity relation for Milky Way dwarf satellites from Kirby et al. ( 2013 ). 
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akes this galaxy a candidate L y α/L y C photon leaking galaxy, like
igher redshift starburst galaxies. This class of galaxy in the Local
olume is exceedingly rare, and are not usually satellite galaxies,
aking this satellite particularly unique. As with most low-mass

tarburst dwarf galaxies it is not immediately obvious what triggered
his galaxy’s starb urst, b ut given that environmental interactions are
ikely to rapidly strip a low-mass galaxy of this kind of its star-
orming gas, it is likely a recent addition to the M104 system of
atellites. 

We consider the bulk recessional velocities of these galaxies
n the context of satellite planes. By comparing the dispersion
n of the LOS velocities sample of M104 satellites producing by
ootstrapping to that of simulated M104 analogues in the Illustris
NG100-1 simulation, we find no significant difference between

he two, indicating that a satellite plane that contends with � CDM
imulations of the kind around the Milky Way, M31, or Cen A is
ot currently detected around M104. Ho we ver, with only 10 out of
0 possible satellite candidates around M104 within the virial radius
onfirmed with spectroscopy, ongoing observations and re-testing of
his hypothesis will be required. 

Finally, we use our new recessional velocities to measure the
ynamical mass of M104 within the virial radius. We measure a
ass of M tot = (12 . 4 ± 6 . 5) × 10 12 M � and thus a revised virial

adius of R vir = 491 ± 86 kpc . Considering M104’s stellar mass
 M ∗,M104 = 1 . 8 × 10 11 M �), the likely gas content for an M104-like
alaxy ( M gas ∼ 0 . 25 M ∗), indicates that > 90 per cent of its expected
aryons are missing, given expected baryon mass fractions from
osmological observations. This matches similar findings from prior
easurements of M104’s dynamical mass, and of Cen A (M ̈uller

t al. 2021 ), a morphologically similar galaxy to M104. 
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