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2 Instituto de Astrof́ısica de Canarias, c/ Vı́a Láctea s/n, E-38205, La Laguna, Tenerife, Spain
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ABSTRACT
Recent evidence of extremely metal-rich stars found in the Sombrero galaxy (M104)
halo suggests that this galaxy has undergone a recent major merger with a relatively
massive galaxy. In this paper, we present wide-field deep images of the M104 outskirts
obtained with a 18-cm amateur telescope with the purpose of detecting any coherent
tidal features from this possible major merger. Our new data, together with a model
of the M104 inner halo and scattered light from stars around the field, allow us to
trace for the first time the full path of the stream on both sides of the disk of the
galaxy. We fully characterize the ring-like tidal structure and we confirm that this is
the only observable coherent substructure in the inner halo region. This result is in
agreement with the hypothesis that M104 was created by a wet major merger more
than 3.5 Gyr ago that heated up the stellar population, blurring all old substructure.
We generated a set of numerical models that reproduce the formation of the observed
tidal structure. Our best fit model suggests the formation of this stream in the last
3 Gyr is independent of the wet major merger that created the M104 system. Therefore,
the formation of the tidal stream can put a constraint on the time when the major
merger occurred.

Key words: galaxies:individual: M104 – galaxies: interaction – galaxies: formation –
galaxies: haloes

1 INTRODUCTION

Recent deep, wide-area photometric surveys have revealed
a large number of faint stellar substructures (“streams”)
around spiral galaxies, resulting from the tidal disruption
of lower-mass galaxies. While detailed studies of resolved
streams around the MW and M31 imply a dynamic hierar-
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chical accretion history, consistent with ΛCDM cosmologi-
cal galaxy formation models (e.g., Bullock & Johnston 2005;
De Lucia & Helmi 2008; Cooper et al. 2010, 2013; Pillepich,
Madau, & Mayer 2015; Rodŕıguez–Gómez et al. 2016), a
much larger sample of galaxies is needed to test whether the
merging histories of the Local Group spirals are typical of
galaxies in their mass range (e.g., Mutch, Croton, & Poole
2011; Morales et al. 2018).

A crucial ingredient in testing whether the merger histo-
ries of the MW and M31 are typical (consistent with ΛCDM
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2 D. Mart́ınez-Delgado et al.

cosmological galaxy formation models) is the acquisition of
adequately deep images, as the majority of the predicted
tidal stellar streams have surface brightnesses in the R-band
fainter than about 29 AB mag arcsec−2. While a few deep
imaging surveys of the outskirts of local galaxies have re-
cently been completed (e.g., Tal et al. 2009; Mart́ınez Del-
gado et al. 2010; Ludwig et al. 2012; Duc et al. 2015) or are
ongoing (Danieli et al. 2020; Martinez-Delgado et al. 2021),
the majority of nearby galaxies have not been observed down
to the surface brightnesses needed to detect streams from
ancient minor mergers.

The halos in the simulations of Bullock & Johnston
(2005) typically have about two streams brighter than 30
AB mag arcsec−2 1. However, the majority of substructures
are at surface brightnesses fainter than 30 AB mag arcsec−2.
Our current inability to see the fainter streams (correspond-
ing to either earlier merger epochs or lower mass progenitors)
implies that currently the merger history that we study in
galaxies beyond the Local Group is strongly biased towards
the most recent (the last few tens of percent of mass accre-
tion) and/or the most massive minor merger events. Thus we
are only sensitive to the most metal-rich populations, as vali-
dated by studies of resolved stars around M31 (McConnachie
et al. 2018) and Cen A (Crnojević et al. 2016). Close to the
center of a galaxy (Rproj < 30 kpc) the substructure is most
likely generated by the most massive merged satellite galax-
ies, as dynamical friction will have brought them quickly
to the central regions. Therefore, our current view of tidal
streams in nearby galaxies is highly biased towards the most
massive minor mergers which are relatively rare for MW-like
galaxies.

Stellar tidal streams around all but the most nearby
galaxies cannot be resolved into stars with our modest tele-
scopes, and thus appear as elongated diffuse light regions
that extend over several arc minutes as projected on the
sky. Their typical surface brightness is 26 mag arcsec−2 or
fainter, depending on the luminosity of the progenitor and
the time they were accreted (Johnston et al. 2001). Detect-
ing these faint features requires very dark sky conditions
and wide-field, deep images taken with exquisite flat-field
quality over a wide region (> 30′) around the targets. By
focusing on nearby spiral galaxies with diffuse-light over-
densities, the Stellar Tidal Stream Survey (STSS) has dis-
covered more than 50 previously unknown stellar structures
so far at distances < 50 Mpc (Mart́ınez Delgado 2018). The
morphologies of these diffuse-light structures include “great
circle” streams, isolated shells, giant debris clouds, jet-like
features, and large diffuse structures that may be old, phase
mixed remnants of merged companions. Again, very simi-
lar features are seen in cosmological simulations of minor
mergers (Johnston et al. 2008; Cooper et al. 2010).

One of the first cases of stellar streams reported be-
yond the Local Group is M104 (NGC 4594, also known as
the “Sombrero galaxy”). This massive galaxy is located in a
low density environment in the direction of the Virgo clus-
ter. Recent estimates of its total mass have been obtained
by using radial velocities and projected separations of some
of its satellite dwarf galaxies. These estimates suggest M104
has a total mass of 1.55±0.49×1013M� (Karachentsev et

1 All magnitudes are in the AB system (Oke & Gunn 1983)

al. 2020), a value that is in good agreement with previous
studies (e.g. see mass estimates using orbit-based models in
Jardel et al. 2011). A distance of ∼ 9.5 Mpc has been com-
puted using the tip of the red giant branch method (TRGB)
in several of its confirmed satellite galaxies (McQuinn et al.
2016; Karachentsev et al. 2020). Its peculiar morphology has
puzzled researchers for many years, resembling a combina-
tion of a massive halo, that includes a massive bulge/inner
halo plus a more extended spheroid/external halo, and a
dusty disk nearly edge-on. It was initially classified as an
Sa, a nearly edge-on, galaxy (de Vaucouleurs et al. 1991;
Emsellem et al. 1996), but recently re-classified as an ellip-
tical galaxy by Gadotti & Sánchez-Janssen (2012). Gadotti
& Sánchez-Janssen (2012) made a detailed structural anal-
ysis of the M104 disk, bulge and halo components by us-
ing Spitzer IRAC 3.6µm imaging, and concluded that this
galaxy is an outlier in scaling relations of disk galaxies when
all components are considered together. However, when con-
sidered independently, both the disk and the bulge-halo com-
ponents fit well with regular disk and intermediate-mass el-
liptical galaxies, respectively (Cohen et al. 2020). The disk
component shows a low and very low star formation rate in
the inner disk and dust ring, respectively. This result sug-
gests an ongoing inside-out star formation quenching process
(De Looze et al. 2012).

More intriguing is the halo–bulge system. Most obser-
vations show that its globular cluster population follows the
bi-modal distribution in the color/metallicity space observed
in several other spiral and elliptical galaxies (e.g Harris et al.
2017), but more interesting is that the two GC populations
also show clear differences in their kinematics (Jardel et al.
2011). These differences in the kinematics clearly point to
a different origin. Additionally, although the blue GC pop-
ulation shows a metal distribution that coincides with the
one observed in giant elliptical galaxies, the red population is
much more metal-rich than expected for an elliptical galaxy,
and does not follow the expected mass–metallicity relation
(Harris et al. 2010, 2015; Cohen et al. 2020). On the other
hand, a growing number of satellite galaxy systems are be-
ing discovered in the galaxy neighbourhood. So far, 15 com-
panions have been confirmed, one of them being an Ultra
Compact Dwarf that is deeply embedded in the M104 in-
ner halo (Hau et al. 2009). Most of these recently discovered
satellite galaxies are low surface brightness systems (e.g. Ja-
vanmardi et al. 2016; Karachentsev et al. 2020) but still need
to be confirmed by precise distance determinations (Carlsten
et al. 2020).

Several formation scenarios have been proposed in or-
der to explain the unusual morphology and properties of
M104, both of its elliptical and disk components. Gadotti
& Sánchez-Janssen (2012) proposed a two-stage formation
with a former gas inflow that generated the old ellipsoid and
a more recent inflow of pre-enriched gas that built up the
disk. Although this scenario successfully explains the for-
mation of the observed bi-modal GC distribution, it is not
supported by the current knowledge of cosmic gas accretion
models in which galaxies as massive as M104 do not allow
new cold gas inflows from the cosmic web (Birnboim & Dekel
2003).

More recently, (Cohen et al. 2020) proposed that the ex-
tremely metal-rich stars observed in the M104 halo can be
produced in a recent major merger with a log(M/M�)∼11.1
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Sombrero galaxy stream 3

Figure 1. Left panel: Original discovery photographic plate of M104 stream by (Malin & Hadley 1997). Right panel: Luminance-filter
image of the M104 stream obtained with an 18-cm apochromatic refractor telescope and a total exposure time of 4.75 hours. The total

field-of-view of this image is 50′× 50′. North is up and East is left.

galaxy. In this scenario, the metal-poor blue GC population
was part of an old elliptical galaxy while the metal-rich red
GCs, and most of the metal-rich halo stars, were accreted
from a companion. Motivated by this recent study, we have
obtained new deep, wide-field images of M104 to look for
traces of cohererent tidal features or shells which could con-
firm this major merger scenario.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Discovery photographic plate

The first deep image of M104 revealing its stellar
stream and some faint extensions was made by combining
photographically-amplified data from two UK Schmidt Tele-
scope (UKST) plates taken in blue light (Malin & Hadley
1997). A traditional silver halide photographic plate was
coated with a thin layer of gelatin containing a three-
dimensional dispersion of tiny, light-sensitive microcrystals,
distributed uniformly throughout the ‘emulsion’. When ex-
posed to light, then processed in a liquid developer, the light-
struck crystals are reduced to metallic silver grains, their
number (and thus the optical density) is proportional to the
relative intensity of the incoming radiation. The silver halide
crystals strongly scatter visible light within the emulsion,
such that upper layers of the emulsion always contain the
faintest images. In contact-copying plates with a diffuse light
to make a positive, high contrast photographic image, this
property can be exploited to emphasize the faintest details
on a plate (“photographic amplification”), at the expense of
brighter features. The process is non-destructive, and was
found to be especially useful for revealing very faint details
in photographic optical astronomy (Malin 1978, 1979). A
full technical description of this photographic amplification
is given in Malin (1981) .

The left panel of Fig. 1 shows the resulting photographic

plate of the M104 stream. The well-defined South-West loop
is clearly visible and there is evidence of a fainter, large, but
less well defined extension to the North-East. Later, three
further red-light images were added, which confirmed its ex-
istence. On all these images, including the new one here,
the well-defined southern loop appears detached from the
inner diffuse halo of the galaxy. These features are about ∼
5.5 magnitudes fainter than the natural dark sky and ex-
tend about 100 kpc on either side of the galaxy. This stellar
stream was subsequently confirmed with imaging from the
Sloan Digital Sky Survey (Miskolczi et al. 2011).

2.2 Wide-field imaging with a small telescope

The STSS has established a successful search strategy to
detect tidal streams to very faint surface brightness limits.
This survey strategy aims to obtain multiple deep exposures
of the target galaxy with modest-sized (0.1-0.5-meter) tele-
scopes using a latest generation astronomical commercial
CCD camera. The images are obtained using high through-
put clear filters with near-IR cut-off, known as luminance
filters (e.g., see Fig. 1 in Mart́ınez Delgado et al. 2015) and
long exposures of at least 7–8 hours.

The right panel of Fig. 1 shows an image of a wide
field around M104 obtained during 2019 and 2020 with a
CFF 180mm F/7 apochromatic refractor with Astro-Physics
QUADTCC reducer (yielding an effective ratio of F/5.2)
remotely operated in Cuenca (Spain). It used a Moravian
G3 16200 CCD camera and Chroma Luminance filter with
a pixel scale of 1.32”.

The reduction was carried out with the usual steps of
bias and dark subtraction. The flat-fielding was done in Pix-
insight, using an Artesky 550-mm flat-field generator. As-
trometry was obtained using SCAMP (Bertin 2006). A final
stacked image was obtained by combining 57×300-s best im-
ages, with a total exposure time of 285 minutes (4.75 hours).

MNRAS 000, 1–10 (2018)
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The photometric calibration was referenced to the r band
of the Sloan Digital Sky Survey (SDSS) in this field using
a mosaic from the SDSS DR12 mosaic utility. The surface
brightness limit of the image is µlim,r = 27.3 mag arcsec−2

measured as 3σ in 10×10 arcsecond boxes (following the
recipe by Román et al. 2020, appendix A), which is approx-
imately one magnitude deeper than the SDSS DR8 images.

2.3 Observations with the 4.2m William Herschel Telescope

On 2009 April 22, we observed the stellar stream in M104
with the Prime Focus Imaging Camera at the 4.2 m William
Herschel Telescope (WHT) on La Palma, Spain. The images
were taken in the Harris R filter. The first hours of obser-
vations were impacted by severe high clouds resulting in up
to 0.8 mag extinction; these exposures were rejected to min-
imize spurious signals from scattering in the background.
The remaining images were taken in photometric conditions
with a total integration time of 12 × 600 = 7200 s, with a
seeing of 0.92′′ in the final coadded image.

The data were reduced using the pipeline THELI v3.0.4
(Schirmer 2013), using standard bias and flat-fielding pre-
processing to remove the instrumental fingerprint. The as-
trometric calibration and distortion correction for the in-
dividual exposures was performed against Gaia DR2 (Gaia
Collaboration et al. 2016, 2018). The image series was inter-
leaved with offset exposures to a blank sky field nearby, from
which we planned to extract a background correction and
fringe map. However, when processing the data, it became
evident that the dither pattern for the blank sky field was
not wide enough to account for the presence of brighter stars
in the area. This led to numerous local over-estimations of
the background on angular scales comparable to those of the
stream, despite the advanced masking techniques available
in THELI. We therefore decided to not use the data from
the blank sky fields. The fringing amplitude in the data is on
the order of 0.5%, on a spatial scale 2−10× smaller than the
width of the stream and of comparable brightness. Coadding
the dithered exposures averaged out the fringing signal to a
negligible level. The coadded image featured a residual ap-
proximately linear gradient of 2% of the background value
in the vertical direction, which we removed using column
averaging. The stream is well visible in the data (Fig. 2).

Flux calibration of the coadded image was achieved by
cross-matching unsaturated stars against PanSTARRS-DR1
g and r-band photometry (Chambers et al. 2016), using a
linear fit for the color term. We set the diameter of the pho-
tometric apertures to 50 pixels (11′′.8), where the growth
curve leveled off and contamination by neighboring sources
was still negligible. The photometric calibration equation for
the coadded image in the AB mag system is ZP = 27.18 +
0.0454 (g-r), with a statistical uncertainty of σ(ZP) = 0.039
AB mag.

3 TRACING THE STELLAR STREAM IN THE INNER
HALO OF M 104

In Fig. 4, left panel, we show the final coadded image from
the small telescope (see Sec. 2.2). It is evident that there is
a considerable confusion due to the scattered light from the
stars present in the field. Additionally, the prominent halo of

Figure 2. WHT 4.2-m image of the M104 stream. North is up and

East is left, the field of view is 15′ × 15′.

Figure 3. Placement of apertures to determine the mean local

background (green circles) and the mean stream surface bright-

ness (yellow circles) of the apocenter of the stream. The field of
view corresponds to the inner half of Fig. 2

.

M104 obstructs any analysis of features that may be located
in the area adjacent or over the galaxy, including the low
surface brightness tidal stream that appears visible in the
outermost area of the halo at south-west direction. In order
to expose any low surface brightness features buried beneath
the confusing light from the M104 halo or stars present in the
field, we carried out a modeling of the sources of confusion.

First, we built a model of the scattered light from
nearby stars in the field. For this, we carried out specific ob-

MNRAS 000, 1–10 (2018)



Sombrero galaxy stream 5

Figure 4. Modelling and subtraction processes. Upper left panel: Coadded image of M104 obtained in this work. Upper right panel: Halo
model. Bottom left panel: Stars model. Bottom right panel: Original image subtracted from models. Images have been enhanced by a
gaussian smoothing of 5 pixels kernel. The surface brightness scale is common to all panels and is shown in the upper right panel. Some

residual light due to ghost light from nearby bright stars remains on the edges of the image, having not been modelled.

MNRAS 000, 1–10 (2018)



6 D. Mart́ınez-Delgado et al.

servations of bright stars to produce a high signal-to-noise,
large-radius PSF model. We follow a processing similar to
that carried out by Román et al. (2020); Infante-Sainz et al.
(2020). Given the excellent circular symmetry of the PSF
of this telescope, we performed azimuthal symmetry of the
model in order to maximize the signal-to-noise, which pro-
duces our final PSF model. Finally we run the scattered-
light modelling pipeline developed by Román et al. (2020)
producing the model of the light scattered by the stars in the
field (see Fig. 4). The number of fitted stars is 176. This is
all the stars in the field up to magnitude 13.5 in the r band
and is more than enough to eliminate confusion by bright
stars in the field.

For the modelling of the stellar halo of M104 we per-
formed a masking of all external sources. Additionally, and
after exhaustive preliminary tests, we masked the region of
the central dust disk and its surroundings. The reason is
because we find it difficult to make a fit to this morphol-
ogy due to its complexity, so we prefer to model only the
outer region or halo of M104. For the modeling we use IM-

FIT (Erwin 2015) on the masked image. We obtained a very
satisfactory result in modeling the halo by using two Ser-
sic functions, one of them with a ‘boxy’ parameter. The first
function manages to fit the innermost part and closest to the
disc, with parameters: PA = 88.1◦, n = 1.11, ellip = 0.42, c0
= 0.38 and Reff = 135.6′′using a boxy Sersic function. The
second function fits to the outermost region of the halo with
parameters of PA = 17.9◦, n = 1.06 and Reff = 337.5′′. The
total magnitude of the halo model (both functions, see Fig.
4) is 8.18 mag.

The result of the subtraction of the models of the light
scattered by stars and the M104 halo can be seen in the
lower right panel of Fig. 4. The modeling produces very clean
residuals, leaving only the innermost region of the M104 disc
with S0 type morphology and a clearly visible diffuse feature
looping around M104. Due to the regions of oversubtraction
near the S0 disk of M104, the integrated photometry of the
whole stream is infeasible. We have calculated the maximum
surface brightness of the stream, in the southern region, re-
sulting in approximately µr = 26.7 ± 0.4 mag arcsec−2. An
estimate of the color of the feature is not possible in our
data in which we only have the luminance filter. We have
explored other data sets, for example in the Canada–France–
Hawaii Telescope archive, with which to obtain a color in
this brighter region, however it is infeasible due to its low
surface brightness and the strong background fluctuations
that make the photometry unsuitable for a robust color de-
termination.

The surface brightness of the possible apocenter of the
stream was determined by manually placing circular aper-
tures on the stream (situated at 18.70′ from the center of
M104) and in its local vicinity (for background determina-
tion), see also Fig. 3. We find a mean surface brightness of

µR = (4.16± 0.04± 0.15)× 10−2 µJy arcsec−2 (1)

= 27.351± 0.010± 0.039 AB mag arcsec−2 . (2)

The first error is the measurement uncertainty, including
the fluctuations in the background samples and the stream
samples shown in Fig. 3. The second error is systematic,
propagated from the uncertainty of the photometric zero-
point.

4 STREAM SIMULATIONS

In this section, we fit a stream model to the M104 stream
to assess whether the lower and upper stream could plausi-
bly be a single structure. We first measure the stream track,
using the image showed in the left panel of Figure 5, which
has been re-binned to enhance its signal-to-noise. Using this
figure, the stream track and width are measured by eye at
several locations along the lower and upper stream. The lo-
cations of the track measurements are depicted by the red
circles in the right panel of Figure 5.

In order to generate stream models, we use the mod-
ified Lagrange Cloud stripping (mLCS) technique of Gib-
bons, Belokurov, & Evans (2014). This technique allows for
the rapid generation of realistic streams which can then be
fit to the observations. For the potential, we use a potential
motivated by the results of Jardel et al. (2011). In particular,
we use an exponential disk with a mass of 6.9× 1010M�, a
scale radius of 1.9 kpc, and a scale height of 0.3 kpc, a Hern-
quist bulge (Hernquist 1990) with a mass of 1.91× 1011M�
and a scale radius of 9 kpc, and a cored logarithmic halo
with a circular velocity of 374 km/s and core radius of 4.7
kpc. This potential closely matches the enclosed mass mea-
surement of Jardel et al. (2011) beyond a radius of ∼ 20
kpc. We model the progenitor as a Plummer sphere (Plum-
mer 1911) with an initial mass of 108M� and a scale radius
of 500 pc. We note that these progenitor parameters were
chosen to match the observed stream width.

We parametrize our stream model in terms of the pro-
genitor’s present-day position and velocity relative to M104.
These Cartesian coordinates are aligned with our view of
M104, i.e., the +x direction points to the West, the +y di-
rection points to the North, and the +z direction points
towards the Sun with an origin at the center of M104. For
simplicity, we place the progenitor at y = 0 (i.e., close to the
plane of the disk), leaving five parameters for the progeni-
tor’s present day coordinates. Once the stream is generated
in these coordinates, we convert into mock observations (i.e.,
angles on the sky) by placing the center of our simulated
M104 at a distance of 9.8 Mpc (in agreement with Jardel et
al. 2011). Note that we also account for a disk inclination of
80◦ relative to the line of sight (in agreement with Jardel et
al. 2011) by inclining the disk in the simulation.

Given the progenitor’s present-day position, we rewind
the progenitor’s orbit for 4 Gyr and then disrupt the stream
along this orbit using the mLCS technique. We compute
the likelihood of each stream model by comparing it with
the observed track. This approach is motivated by fits to
streams in the Milky Way (e.g. Erkal et al. 2019). We do this
by computing the stream’s on-sky coordinates, and convert
these into polar coordinates centered on M104, (r, θ), where
r is the on-sky distance from M104 and θ is the polar an-
gle measured counter-clockwise from the West direction. For
each measurement of the observed stream, we use a Gaussian
likelihood of

logL = −
∑
i

(
log
√

2πσ2 +
(robsi − ri)2

2σ2

)
, (3)

where robsi is the observed radius of the stream track, ri is
the mean radius of the simulated stream within one degree
(measured in the on-sky polar coordinates, θ) of the ith track

MNRAS 000, 1–10 (2018)
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location, and σ is an additional nuisance parameter in our
model to account for the uncertainty of the stream track
locations. Thus our model has a total of six parameters.

In order to explore the likelihood surface, we use the
Markov Chain Monte Carlo (MCMC) approach as imple-
mented in emcee (Foreman-Mackey et al. 2013). We use
uniform priors on all of our parameters with the only re-
quirement being that σ > 0. Before starting the MCMC,
we find a set of parameters which roughly match the stream
by trial and error. We initialize the walkers close to these
values. For the MCMC, we use 100 walkers, 1000 steps, and
a burn-in of 500 steps. We stress that the goal of this fit-
ting procedure is only to show that there is a physically
motivated stream model consistent with the observations of
M104 stream. We do not claim that this is the only such
model and we note that without any observations of the
velocity, there are multiple, discrete solutions allowed. For
example, for any model, the velocities can be flipped which
will reverse the direction of the stream and give nearly the
same stream locations of the sky. We also note that all of the
parameters were constrained by the MCMC and there were
no unconstrained degeneracies (i.e., no parameters or com-
bination of parameters which the likelihood does not depend
on). We confirmed with a longer MCMC run (100 walkers,
10000 steps, 5000 step burn in) where we fit an orbit to the
observed stream.

We show the best-fit model in the right panel of Figure
5. The stream progenitor is on an eccentric orbit with a peri-
center of ∼ 36 kpc, an apocenter of ∼ 65 kpc, and an orbital
period of ∼ 600 Myr. The orbit of this stream is inclined by
∼ 77◦ relative to the line of sight so the stream is seen close
to edge-on. We also note that while the stream model shown
here was integrated for 4 Gyr, if this integration is reduced
to 3 Gyr, the stream is still long enough to match the ob-
served stream extent. Thus, we have shown that the stream
features seen around M104 are consistent with a single dis-
ruption event. Future radial velocity measurements would
be helpful to confirm this picture and we note that since
the stream is close to edge-on, in parts of the stream the
predicted radial velocities relative to M104 are substantial
(∼ 400 km/s).

In Figure 5, we also denote the location of the massive
ultra-compact dwarf (UCD) reported by Hau et al. (2009)
with a blue circle. Interestingly, the dwarf’s location is close
to the leading arm of the stream. However, if this UCD is the
progenitor of the stream, there should be a (roughly) equally
long leading and trailing stream emanating from the dwarf.
Given that the dwarf sits on the edge of the best-fit model
stream, and thus that the dwarf would have an asymmetric
stream, we thus conclude that this compact object is likely
not connected to the stream.

5 DISCUSSION

In this paper, we present new deep images of the Sombrero
galaxy (M104) outskirts obtained with a 18-cm telescope,
with the aim of detecting tidal features from a possible major
merger recently proposed by Cohen et al. (2020). Our new
data allows us to trace the full path of the stream on both
sides of the disk of the galaxy, suggesting it is the remnant of
a tidally disrupted dwarf galaxy accreted in on a modestly

eccentric orbit roughly 3 Gyr ago. Unfortunately, the lack of
accurate broad-band photometry prevents us from measur-
ing its total luminosity or to gain any insights into its stellar
population. The path of the stream does not intersect with
any of the two halo fields recently targeted by the HST (Co-
hen et al. 2020) to probe the stellar metallicity gradient of
the M104 stellar halo. Thus, there is no contamination from
this stellar stream that could explain the strikingly metal-
rich population ([Z/H]∼-0.15) of this halo reported in that
study. Apart from this well-known, ‘great-circle’-type stellar
stream emerging outside the halo, our analysis does not show
any additional tidal feature embedded in its bright halo.

In this context it is important to know if this tidal fea-
ture was produced by the same processes that created the
M104’s unusual disk and halo structures, or if it was the
result of a more recent minor merger. According to recent
results by Cohen et al. (2020) the M104 system was a result
of a wet merger, i.e., the companion was a gas-rich disky
galaxy, taking place >3.5 Gyr ago (McNeil-Moylan et al.
2012; Eliche-Moral et al. 2018; Mancillas et al. 2019). In
this hypothesis the incoming galaxy brought to the result-
ing system enough gas and dust to rejuvenate the old ellip-
tical (the main progenitor), and to rebuild a gaseous/dusty
disk. After this merger two globular cluster populations, one
from each progenitor, were left in the halo, a bi-modal dis-
tribution that is observed in the M104 system (Tonini 2013).
This major merger scenario is also in a good agreement with
observations of the AGN activation process and the follow-
ing disk’s star formation quenching and final AGN activity
decline, that is, this final step, in where M104 currently is
(Catalán-Torrecilla et al. 2017; Sánchez et al. 2018). The ma-
jor merger scenario proposed here has also been considered
to explain properties of other massive galactic systems in the
local universe (e.g. McNeil-Moylan et al. 2012). For example,
this scenario can explain the short transit from early-type
to late-type-like system observed in galaxies showing exotic
morphology, like the NGC 3108 (see Hau et al. 2008). As-
suming this major merger scenario is correct, the resulting
system would show small stellar substructure in its inner
halo and disk region. Cosmological simulations and theoret-
ical models have shown that strong interactions speed up the
phase mixing that ends up diluting all transient structures
in galactic halos of kinematically hot elliptical galaxies, i.e.
tidal tails, stellar streams and shells (Feldmann et al. 2008;
Bellstedt et al. 2017). This picture is in a good agreement
with the lack of substructure we observed.

It is well known that major mergers can also create
ring-like structures when the interacting galaxies collide with
a particular impact parameter (Freeman & de Vaucouleurs
1974). However, we reject the possibility that the observed
tidal structure is a collisional ring generated during the ma-
jor merger. This was because, (a) the homogeneity of its
stellar, gas, globular clusters, and planetary nebulae distri-
butions suggest that the galactic system is already relaxed
(Ford et al. 1996; Harris et al. 2010) and (b), because the ori-
entation, distance to the central galaxy, and thickness of the
stream are not compatible with a major merger origin (Wang
et al. 2012; Eliche-Moral et al. 2018; Martinez-Delgado et al.
2021).

In the light of our results and of the predictions from
theoretical models, we suggest that this stream is not a re-
sult of the processes that created the M104’s peculiar disk
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Figure 5. Comparison of the M104 stream with a stream model. Left panel shows the observed stream around M104. This image has been

rebinned to enhance the signal-to-noise of the stream. Right panel shows the best-fit stream model colored by the predicted peculiar

velocity. The red circles shows the observed stream track locations and the black points show the simulated stream. The blue circle shows
the location of the recently discovered ultra-compact dwarf. This best-fit model shows that it is possible to reproduce the observed tidal

features around M104 with a single disruption event.

structure and halo but an independent minor merger event.
A direct consequence of this hypothesis is that the formation
of the stream would set a lower limit for the time when the
M104 was assembled. According to Mancillas et al. (2019)
this happened between 3.5 and 3.0 Gyr ago, which is in good
agreement with our best-fit stream model in Section 4.

Our best-fit stream model in Section 4 can match the ex-
tent of the observed stream with a disruption time of 3 Gyr.
The stream’s location in the dense inner halo region also sug-
gests that the progenitor of this transient structure could
be a compact dwarf system that succeeded in penetrating
the outer halo and reached this dense region before being
stripped out (see e.g. Boylan-Kolchin & Ma 2007; Oogi &
Habe 2013). An interesting candidate is the UCD identified
by Hau et al. (2009) in HST/ACS imaging, and confirmed to
be associated with the Sombrero galaxy by its recession ve-
locity obtained from Keck spectra. However, the connection
between the detected stellar stream and the UCD cannot
be further explored without kinematical data of the stream,
something that is challenging, even with a 8-meter class tele-
scope due to its extremely low surface-brightness even at its
apocenter (µR = 27.35; see Sec. 3). One possibility to im-
prove our stream simulation is to identify the known globu-
lar clusters of M104 (Bridges et al. 2007) likely associated to
the stream with available radial velocities, following a simi-

lar approach to that used in the NGC 5907 stream by Alabi
et al. (2020). We will address this issue in a forthcoming
study of the M104 stream.

Finally, it is important to mention that the gas-rich ma-
jor merger scenario needs to be confirmed in future obser-
vations of M104’s luminosity and kinematic profiles. Many
previous studies have proposed that the differences in the
assembly history of S0 galaxies drive the characteristic lu-
minosity and kinematic profiles (Cox et al. 2006; Borlaff et
al. 2014; Tapia et al. 2014). Of special interest will be to
study the projected ellipticities, rotation parameter, kine-
matic misalignment, and spin parameter of the three differ-
entiated components of M104, i.e., the outer halo, the inner
halo, and the stellar disk (Cox et al. 2006). An accurate char-
acterization of its physical properties, and a detailed com-
parison of those with results from theoretical models and
simulations will help to better understand the origin of this
peculiar galactic system.
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Rodŕıguez–Gómez, V., et al. 2016, MNRAS, 458, 2371

Román, J., Trujillo, I., & Montes, M. 2020, A&A, 644, A42.

doi:10.1051/0004-6361/201936111

Sánchez, S. F., Avila-Reese, V., Hernandez-Toledo, H., et al. 2018,
Rev. Mex. Astron. Astrofis., 54, 217

Sanders, J. L., & Binney, J. 2013, MNRAS, 433, 1826

Schirmer, M. 2013, ApJS, 209, 21. doi:10.1088/0067-

0049/209/2/21

Slater, C. T., Harding, P., Mihos, J. C. 2009, PASP, 121, 1267

Tal, T., van Dokkumn, P. G., Jenica, N., & Bezanson, R. 2009,
AJ, 138, 1417

Tapia T., Eliche-Moral M. C., Querejeta M., Balcells M., César
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