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ABSTRACT

We present new deep, wide-field imaging data from the Large Binocular Telescope (LBT) in g and r bands from the Smallest Scale
of Hierarchy Survey (SSH) that reveal previously undetected tidal features and stellar streams in the outskirts of six dwarf irregular
galaxies (NGC 5238, UGC 6456, UGC 6541, UGC 7605, UGC 8638, and UGC 8760) with stellar masses in the range 1.2 X 10" M, to
1.4 x 108 My, The six dwarfs are located 1-2 Mpc away from large galaxies, which implies that the observed distortions are unlikely
to be due to tidal effects from a nearby, massive companion. At the distances of ~3—4 Mpc at which the dwarfs lie, the identified tidal
features are all resolved into individual stars in the LBT images and appear to consist of a population older than 1-2 Gyr. This excludes
the possibility that they result from irregular and asymmetric star formation episodes that are common in gas-rich dwarf galaxies. The
most plausible explanation is that we witness the hierarchical merging assembly of these dwarfs with their satellite populations. This
scenario is also supported by the peculiar morphology and disturbed velocity field of their HI component. From the SSH sample, we
estimate that a fraction of ~13% of the late-type dwarfs show signs of merging with satellites. This is in agreement with other recent
independent studies and theoretical predictions within the ACDM cosmological framework.

Key words. galaxies: dwarf — galaxies: evolution — galaxies: interactions — galaxies: irregular — galaxies: stellar content

1. Introduction

The lambda cold dark matter (ACDM) cosmological scenario
has proven remarkably successful at explaining the origin and
evolution of large-scale structures in the Universe (White &
Rees 1978; Planck Collaboration XIII 2016). However, when
zooming-in to the dwarf galaxy regime, the comparison between
predictions and observations becomes less extensive and some-
what challenging (Bullock & Boylan-Kolchin 2017). In particu-
lar, the self-similarity of the ACDM predicts that even low-mass
host halos should have substructures down to the resolution limit
of the simulations (Wetzel et al. 2016; Dooley et al. 2017; Besla
et al. 2018; Jahn et al. 2019; Wang et al. 2020). This means that
present-day dwarf galaxies should be surrounded by satellites
and stellar streams (Diemand et al. 2008). This circumstance has
not been sufficiently verified until recently.

The Magellanic Clouds (MC) are a most unique example
in this context. A number of new satellites were found around
them by deep imaging surveys (e.g., Drlica-Wagner et al. 2015;

* Corresponding author; esacchi@aip.de

Martin et al. 2015; Nidever et al. 2017; Koposov et al. 2018;
Torrealba et al. 2018; Cerny et al. 2023), providing a great oppor-
tunity to test ACDM models. A deeper insight into the satellite
population around nearby dwarfs is still needed to place stronger
constraints on cosmological models at small scales and under-
stand how interaction and accretion events impact the evolution
of dwarf galaxies, affect their morphology and kinematics, and
possibly provide a viable mechanism to trigger the inflow of gas
and the onset of starbursts (Bekki 2008; Stierwalt et al. 2015;
Carlin et al. 2016; Kado-Fong et al. 2020).

By definition, satellites of dwarfs (or their disrupted relics)
should be very faint and have a low surface brightness. This
makes them very hard to detect. Consequently, direct observa-
tional evidence for merging events in dwarfs beyond the Local
Group is limited to a few examples, such as the Magellanic irreg-
ular NGC 4449 (Martinez-Delgado et al. 2012), the extremely
metal-poor DDO 68 (Annibali et al. 2016), or the sample of inter-
acting dwarfs by Paudel et al. (2018), all systems with relatively
high stellar masses (M, ~ 108-10° Mg). Moreover, the Local
Group is quite an evolved system, and dwarfs in younger, less
evolved groups should be studied as well.
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Fig. 1. LBT images of the six galaxies in the SSH survey exhibiting clear

tidal features in their external regions. The grayscale maps highlight the

low surface brightness emission, and the g, r color-combined maps are used to emphasize the morphology of the central starburst regions. The

horizontal black bar is 1 kpc long, adopting the distances listed in Table 1

To make improvements in this direction, we carried out
a systematic search of the traces of merger events around
dwarf galaxies. The Smallest Scale of Hierarchy Survey (SSH;
Annibali et al. 2020) was specifically designed to determine
the frequency and properties of interaction and merging events
around a large sample of dwarf galaxies by exploiting the high
sensitivity and large field of view (~23" x 23’) of the Large
Binocular Camera (LBC) on the Large Binocular Telescope
(LBT). We acquired deep g and r images for 45 late-type dwarfs
at distances between ~1 and ~10 Mpc with the aim of revealing
the presence of faint tidal features around them down to a surface
brightness of y, ~ 31 mag/arcsec® (where r is in the SDSS sys-
tem, thus AB mag, as in the remainder of the paper). For the
nearest galaxies in the sample, within a distance of ~5 Mpc,
this can be efficiently accomplished by selecting individual stars
in the color-magnitude diagrams (CMDs) that are associated
with the dwarf galaxy or with a potential satellite, and by then
exploring their spatial distribution.

In this paper, we present the most striking examples of tidal
and accretion features we identified in six dwarfs (NGC 5238,
UGC 6456, UGC 6541, UGC 7605, UGC 8638, and UGC 8760)
out of the entire SSH sample. These galaxies, with stellar masses
between ~107 and 103 My, represent some of the smallest sys-
tems observed so far. They bear signs of merging events with
one or more smaller companions.

2. Tidal features in dwarf galaxies

Fig. 1 shows portions of the LBT images centered on the six
galaxies with tidal features, whose properties are summarized
in Table 1. In the plot, grayscale tones are used to highlight the
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. (North is up, and east is to the left.)

low surface brightness emission of the galaxies, while g, r color-
combined images illustrate the morphology of the central star-
forming regions.

The detected tidal features appear as low surface brightness
asymmetrical structures protruding from the main body of the
galaxies and extending up to ~2-3 kpc away from the cen-
ter. They are reminiscent of shells (UGC 7605), giant plumes
(UGC 6541, NGC 5238 south, UGC 8638, and UGC 6456) and
umbrella-like features (NGC 5238 north and UGC 8760), simi-
lar to those described in Martinez-Delgado et al. (2010) in their
classification of the most common signatures of satellite mergers
that occurred in real and simulated (large) galaxies.

The substructures in UGC 6456, UGC 6541, and UGC 8638
appear to be aligned with the galaxy major axis, protruding
from the two opposite sides of the main body. This resembles
the disk-like substructures observed by Bellazzini et al. (2011)
in UGC 4879, but in contrast to that case, here there is always
a significant asymmetry in shape, extension, and/or surface
density between the substructures at the opposite sides of the
same galaxy. In UGC 8760, a clump of stars is detected to the
northeast that appears to be connected to the main galaxy by
a sort of bridge, while a less prominent overdensity is visible
in the southern part of the galaxy. A similar morphology is
revealed in NGC 5238, with an umbrella feature to the north
that is connected to the main galaxy by a bridge, and a more
sparse overdensity of stars to the south. In UGC 7605, the
shell-like feature seems to encircle the southern part of galaxy,
outlining what appears as a sort of fan. These types of low sur-
face brightness substructures are commonly interpreted as the
result of a merging event with a smaller satellite that becomes
tidally disrupted while still in orbit around the main galaxy
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Table 1. Main properties of the analyzed galaxies.

Galaxy Other name  Classification ! b Distance Mp Av M. M
[deg]  [deg] [Mpc] [mag] [mag] [10"Mo]  [107 Mo]
NGC 5238 UGC 8565 SAB(s)dm 10741 6419 451+0.14 -143 0.027 14+6 29+0.7
UGC 6456 VII Zw 403 BCD 127.84 3733 430+0.10 -13.7 0.102 6.8+2.0 45+0.5
UGC 6541 Mrk 178 Im 15190 63.28 3.89+064 -13.6 0.052 1.20+035 1.1+03
UGC 7605 Im 151.00 80.14 443+057 -13.5 0.040 132+0.73 21+02
UGC 8638 Im 2327 7899 427+034 -131 0.036 3.72+0.53 19+02
UGC 8760 DDO 183 Im 7779 7345 324+034 -131 0.045 4.69+1.10 2.1+03

Notes. Distances, B-magnitudes, and extinctions are taken from Annibali et al. (2020). The references for stellar and gas masses are Cignoni et al.
(2019) for NGC 5238, McQuinn et al. (2010) and Lelli et al. (2014) for UGC 6456, Berg et al. (2012) and Zheng et al. (2024) for UGC 6541,

UGC 7605, and UGC 8638, Weisz et al. (2011) for UGC 8760.
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Fig. 2. r vs g — r CMDs from our new SSH data of the six galaxies analyzed here (see labels). As an example, we overplot the PARSEC isochrones
of different ages (as labeled) on UGC 6541, shifted to a distance of 3.89 Mpc and corrected for a foreground extinction Ay = 0.052; the isochrone
metallicity of Z = 0.001 is consistent with the H II region oxygen abundance of 12 + log(O/H) = 7.82 (Berg et al. 2012).

(Bullock & Johnston 2005; Johnston et al. 2008;
Martinez-Delgado et al. 2010; Zhang et al. 2020; Vera-Casanova
et al. 2022; Pascale et al. 2024).

None of these features is detected in existing SDSS images.
They lack sufficient depth and only reveal the star-forming cen-
tral regions, while available HST images of the six dwarfs cover
relatively small areas around the galaxy centers. HST images
therefore lack the spatial coverage necessary to capture the tidal
features we see in the distant outskirts.

2.1. Color-magnitude diagrams

The galaxies lie relatively close, at distances of ~3.2—4.5 Mpc.
Individual stars are therefore resolved in our LBT images down
to the brightest portion of the red giant branch (RGB; see the
CMDs in Fig. 2). Photometric catalogs were obtained by per-
forming point spread function (PSF) fitting photometry with
PSFEX (Bertin 2013) on the stacked SSH ¢ and r images, as
described in detail in Annibali et al. (2020). The final catalogs
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Fig. 3. One of the selection parameters we used on the photometric cat-
alog of UGC 8638, showing the PSF-fitting minus aperture magnitudes
vs PSF magnitudes in g (top panel) and r (bottom panel). The red line
shows the median of the distribution, and the green lines show the +20
levels that were used to select the sources.

contain calibrated astrometry and g, photometry', plus several
structural and quality parameters for all the detected sources.
We applied various selection cuts to remove spurious detections
and contaminants, using the available output parameters pro-
vided by PSFEX. In particular, we only retained sources with
the following parameters:

— flag = 0 in both bands, that is, best-measured individual
sources;

— g~ Gap, I — I'ap (i.., PSF-fitting minus aperture magnitudes)
within 20 of the locus of the point sources (see Figure 3 for
the example of UGC 8638; for some of the galaxies with
fewer statistics, we used 30 instead);

— half-light radius (7 in both g and r) within 30 of the mean
value for point sources.

The last two selection criteria were aimed at removing back-
ground galaxies from our catalogs because they are the main
source of contamination in the magnitude range we considered
(see Bellazzini et al. 2011 and references therein). These final
cleaned catalogs were then used for our selection of stellar counts
in the six dwarfs, as described in the following.

In Fig. 2 we show the CMDs derived for portions of the LBT
images enclosing the main body of the six galaxies, together
with PARSEC isochrones (Bressan et al. 2012) from 10 Myr
to 10 Gyr, overlapped as an example on top of UGC 654l,
and properly shifted according to the galaxy distance and fore-
ground extinction (see Table 1); the isochrone metallicity of
Z = 0.001 is consistent with the H II region oxygen abundance
of 12 + log(O/H) = 7.82 (Berg et al. 2012). All the CMDs are
quite similar because all galaxies have a similar distance and
are of a similar morphological type. The younger isochrones are

' In the photometric system of the Sloan Digital Sky Survey (Fukugita
et al. 1996).

AG65, page 4 of 11

bluer than the bulk of the observed stars because the contribu-
tion of young stars to the blue side of the CMDs is marginal
at most. This is due to the circumstance that at distances of
~3.3-4.3 Mpc, the innermost galactic regions are unresolved in
our LBT images because of stellar crowding. The younger pop-
ulation, which is prominent but largely confined to the most
crowded regions, is therefore poorly represented in our cata-
logs. The handful of stars that is brighter than r =~ 23.0 or
redder than g — r ~ 1.5 are mostly foreground stars of our own
Galaxy or red compact background galaxies. Instead, the wedge-
shaped distribution of sources with g — r < 0.8, centered at
g —r < 0.5, is dominated by completely unresolved background
galaxies belonging to the blue sequence (see Bellazzini et al.
2011 for a discussion and references, in particular, their Fig. 5).
On the other hand, stars fainter than r =~ 24.0 and redder than
g — r = 0.8 are mostly genuine RGB stars of the SSH galaxies,
with some asymptotic giant branch (AGB) stars beyond the evi-
dent discontinuity in the luminosity function that marks the RGB
tip (between r ~ 24.0 and r ~ 25.0, depending on the specific
galaxy). The isochrones are redder than the actual RGB stars
because the old population is likely more metal poor than the
HII regions in which the metallicity was derived.

The top panel of Fig. 4 shows the polygonal region we
adopted to select RGB stars (in NGC 5238, but similar regions
were defined for the other galaxies), which were used to trace
the spatial distribution of the population older than ~1-2 Gyr
in the main body and outskirts of the galaxies. To verify that
stars selected in this way are indeed bona fide RGBs, we cross-
matched our SSH catalogs with HST photometry that is publicly
available for all these galaxies. An example of the outcome of
these experiments is displayed in Fig. 4, where the CMDs of
the stars in common between our catalog of NGC 5238 and that
based on HST data from the LEGUS survey (Calzetti et al. 2015)
are comparedz. In the LEGUS CMD, the stars that we selected
as RGBs based on the SSH CMD are plotted in red and are
fully confirmed as genuine RGB stars. All the available HST
observations sample the central regions of these galaxies, and
therefore, the overlap with the SSH sample typically occurs in
the innermost corona that is resolved in the SSH images. The
photometric errors for the displayed CMDs are therefore the
largest, while both the photometric accuracy and the complete-
ness are expected to improve in the outermost galaxy regions,
where merger signatures are detected.

2.2. RGB star maps and comparison with HI

In the middle columns of Figures 5-10, we present the
background-subtracted RGB density maps derived for the six
dwarfs through the approach discussed in Section 2.1. We esti-
mated the background in an external portion of the total LBT
field far from the main galaxy, computing the density of sources
falling within our RGB selection polygon. To do this, we selected
aregion with the same area as the one centered on the galaxy, but
located at least 10 arcmin far away from it. We then selected can-
didate RGB stars in the CMDs of both fields and computed the
average surface density of the galaxy (uyq), that of the back-
ground (upig), and its sigma (opky). The RGB map was then
created in units of (tya — Hpkg)/ T big-

2 The full LEGUS CMD of the region (see, e.g., Cignoni et al. 2019)
spans a much wider range of magnitudes that is both brighter and fainter
than those measurable by LBT, as well as a prominent blue plume of
young stars.
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Fig. 4. CMD of NGC 5238 after the match of the SSH and LEGUS
catalogs. Top panel: r vs. g — r CMD (from SSH data); the red box
shows the selection we used to isolate RGB stars. Bottom panel: mgg 4w
vs. megosw — Mrgiaw CMD of the same matched stars as in the top panel,
but measured with HS T by LEGUS; the red points are the stars falling
into our RGB selection box.

Moreover, pixels below three times the standard deviation of
the background (o) were set to zero in order to mask den-
sity noise due to background contaminants. The hole in the
central regions of each density map is an artifact that is due
to the extreme crowding from star-forming regions, as already
mentioned above. The displayed surface density is in units of
T bkg-

gIn the same figures, the RGB maps are compared with por-
tions of our LBT images on the same scale (left columns), as well
as with HI emission contours (middle columns) and HI veloc-
ity fields (right columns) obtained with the Karl G. Jansky Very
Large Array (VLA) and with the Giant Metrewave Radio Tele-
scope (GMRT) in the context of different programs or public
surveys: the Local Irregulars That Trace Luminosity Extremes
in The H I Nearby Galaxy Survey (LITTLE THINGS; Hunter
et al. 2012) for UGC 6456 and UGC 6541; the VLA Survey of
ACS Nearby Galaxy Survey Treasury Galaxies (VLA-ANGST;

Ott et al. 2012) for UGC 8760; and the Faint Irregular Galax-
ies GMRT Survey (FIGGS; Begum et al. 2008) for UGC 7605.
The VLA data of UGC 8638 are taken from Hunter (2023),
while the VLA B configuration data of NGC 5238° are taken
from program VLA/23A-195 (PI: Cannon) and will appear in a
forthcoming publication (Cannon, Schisgal et al. in preparation).

Figures 5-10 show that most of the external tidal features
identified in the LBT images correspond to overdensities in
the RGB maps. This is very clear for UGC 6541, UGC 7605,
UGC 8638, and UGC 8760 (Figures 7—10), but less evident in
NGC 5238 (Fig. 5) and UGC 6456 (Fig. 6), whose maps are
more noisy and with less striking overdensities. However, the
substructures appear to be more extended in the RGB maps than
in the g (or r) images, which is a consequence of the fainter
surface brightness that is probed by individual star counts com-
pared to a mere inspection of the images. On the other hand,
none of the extended stellar features in the six dwarfs appears
to have a counterpart in HI (the only possible exception being
the southern plume in NGC 6456), although deeper HI observa-
tions could potentially reveal low-density gas emission at these
locations.

The RGB map in NGC 5238 (Fig. 5) traces an extended dis-
tribution of old stars out to a galactocentric distance of ~4 kpc.
The most prominent overdensity in the maps (more than ten
times the background standard deviation) corresponds to the
northern shell that is visible in the LBT image. As already dis-
cussed in Cannon et al. (2016), the HI disk of NGC 5238 is
asymmetric in the outer regions, and the morphological major
axis is elongated from northeast to southwest. The high col-
umn density HI gas displays a crescent-shaped morphology. The
galaxy also shows complex kinematics, with significant velocity
asymmetries throughout the disk and an S-shaped velocity pro-
file. The HI emission is very compact compared to the extended
distribution of RGB stars, and there is no clear evidence for
extended HI gas in the outer regions (also confirmed by new D-
configuration data currently under analysis by Cannon, Schisgal
et al., in prep.). We further note that within the northern shell,
at least three round extended sources appear to be good can-
didate star clusters (see the upper blue polygon in Fig. 5) that
may be associated with the tidal feature. This intriguing hypoth-
esis requires a more detailed analysis that we defer to a future
contribution.

In UGC 6456 (Fig. 6), the extended southern and northern
stellar plumes identified in the LBT images correspond to peaks
in the RGB counts, although here, the maps are quite noisy, also
due to a significant incompleteness and contamination from fore-
ground stars. The HI contours and velocity field clearly show a
highly distorted gas, in particular, on the southern side, where the
RGB density map exhibits a corresponding plume of stars. On
the other hand, the northern stellar feature appears to be devoid
of HI gas. Because of its peculiar HI properties, UGC 6456 was
already suggested to have undergone a possible interaction event,
although no obvious HI or stellar companion was ever detected
(Ashley et al. 2017).

For UGC 6541 (Fig. 7), the least massive galaxy presented
here, RGB stars trace the two tidal features oriented along its
major axis very effectively. They appear to be significantly more
extended in the RGB maps than in the LBT images, the one
to the southeast reaching out to ~3.5 kpc from the galaxy cen-
ter. The HI gas extends toward the less prominent stellar plume
to the northwest of the galaxy, and it is absent in the denser

3 VLA configuration C data of NGC 5238 were presented in Cannon
et al. (2016).

AG65, page 5 of 11
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Fig. 5. Left panel: central part of the g-band LBT image of NGC 5238, covering a field of view of ~ 4.9’ x 7.5, or ~ 6.0 x 9.2 kpc? (using the
distance in Table 1). The peculiar structures with low surface brightness are highlighted by the blue polygons. Middle panel: map of RGB stars in
the same area, background-subtracted and with pixels below 30 of the background set to zero. The HI iso-density contours are superimposed in
black and correspond to a column density of [2.5, 5, 10, ad 20] x10% atoms/cm?>. The horizontal black bar is 1 kpc long, adopting the distances in
Table 1. Right panel: HI velocity field. The beam size is also shown in the bottom right corner. North is up, and east is to the left. The HI data are
from the VLA program 23A-195 (Cannon, Schisgal et al., in prep.). All three panels are exactly on the same scale.

Fig. 6. Same as Figure 5 for UGC 6456. The field of view here is ~4.5 x 7.1’, or ~5.6 x 8.9 kpc?, and the HI contours correspond to [0.1, 0.5, 1,
5.2, 10, and 20] x10% atoms/cm?. The HI data are taken from the VLA program LITTLE THINGS (Hunter et al. 2012).

one to the southeast. The HI velocity field suggests complex
large-scale dynamics. The modest velocity gradient (~10 km/s)
within the inner disk is cospatial with the high surface bright-
ness stellar component, although the central isovelocity contour
(~250 km/s) is curved and not aligned with either the opti-
cal major or the optical minor axes. The projected velocity

A65, page 6 of 11

gradient turns over (to higher velocities) in both the northern and
the southern portions of the disk. Furthermore, a gas component
at lower velocity (~230 km/s) is present on the northwest side of
the disk (cospatial with but larger than the low surface bright-
ness stellar extension in the same direction). Taken together, the
complex HI kinematics suggest that UGC 6451 is involved in an



Sacchi, E., et al.: A&A, 691, A65 (2024)

Fig. 7. Same as Figures 5 and 6 for UGC 6541. The field of view here is ~ 4.9’ x 4.9’, or ~ 5.5 x 5.5 kpc?, and the HI contours correspond to
[0.1,0.5, 1,5, and 10] x10?° atoms/cm?. The HI data are taken from the VLA program LITTLE THINGS (Hunter et al. 2012).

Fig. 8. Same as Figures 5-7 for UGC 7605. The field of view here is ~4.1’ x 5.8’, or ~5.3 x 7.4 kpc?, and the HI contours correspond to
[0.1, 0.5, 1, 2, 3, and 4] x10?° atoms/cm?. The gas emission in the central and right panels has a different resolution, with a 43” x 38" beam
for the HI contours and a higher-resolution 16” x 12" beam for the velocity field. The HI data are taken from the GMRT program FIGGS (Begum
et al. 2008).

Fig. 9. Same as Figures 5-8 for UGC 8638. The field of view here is ~8.3' x 4.9’, or ~10.3 x 6.1 kpc?, and the HI contours correspond to
[0.1,0.2, 1, 2, 5, 10, and 20] x10%° atoms/cm?. The HI data are taken from the VLA (Hunter 2023).

AG65, page 7 of 11
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Fig. 10. Same as Figures 5-9 for UGC 8760. The field of view here is ~5.3" X 5.3", or ~4.9 X 5.0 kpcz, and the HI contours correspond to [1, 5, 10,
and 15] x10%° atoms/cm?. The HI data are taken from the VLA program ANGST (Ott et al. 2012).

ongoing merger event in which the neutral gas has not yet settled,
as previously suggested by Ashley et al. (2017).

In Figure 8, the RGB map of UGC 7605 highlights a concen-
tration of stars that correspond to the southern fan-like feature
detected in the LBT image. This is the most prominent over-
density identified in the RGB map of UGC 7605, reaching more
than 30 times the background standard deviation. The HI con-
tours derived from low-resolution data cubes (43" x 38" beam)
of the FIGGS data indicate an absence of gas at the location of
the southern feature here as well. The velocity field to the right,
displayed for a higher-resolution configuration (16" X 12" beam)
of the FIGGS data, appears to be very complex and is highly
distorted.

In UGC 8638 (Figure 9), the two stellar plumes that extend
to the northeast and southwest of its main central body are very
clearly visible both in the g-band image and in the RGB map.
Here, the western feature corresponds to an overdensity exceed-
ing 20 times the background standard deviation. Both features
appear to be more extended in the RGB map than in the images,
reaching out to ~4 kpc from the galaxy center. The HI emission
map and velocity field come from VLA data presented in Hunter
(2023). The gas is confined to the galaxy main body, and the
velocity field exhibits significant distortion.

We finally present the RGB map of UGC 8760 in
Figure 10. This dwarf irregular, the closest in our sample,
exhibits a prominent RGB overdensity northeast of its central
body, corresponding to the faint clump of stars that is visible in
the LBT image. The RGB map clearly shows that this clump of
stars is not detached from the galaxy, but rather represents the
densest part of an elongated, continuous distribution that departs
from the galaxy itself. Another smaller overdensity is visible to
the south, where an even fainter arc of stars appears at the edge
of the HI emission. The velocity field is quite regular, except
for a distortion on the northern side that is probably due to the
interaction with the smaller satellite that caused the northern
overdensity, in the area included in the blue polygon plotted in
the left panel (RA =~ 207.74, Dec =~ 38.05). The satellite is not
yet completely merged, but a clear bridge of stars connects it to
the main body of the galaxy, corresponding to the highest peak
in the RGB map.

We note that although the tidal features around the six dwarfs
are clearly detected and are in some cases even more clearly
visible directly in the LBT images, our RGB map analysis
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demonstrates that they consist of old stars (see also Appendix A):
This proves that (i) they are statistically significant in terms of
overdensities in star counts with respect to the background, and
(ii) they are not vagaries of recent star formation episodes, but
genuine results of the perturbation of the gravitational potential.

3. Discussion

The LBT images of the six dwarfs analyzed in this paper
unequivocally reveal asymmetric low surface density structures
emanating from the main body of the galaxies, with character-
istic scales of ~2-3 kpc or more, and shapes consistent with
those predicted by simulations for relics of merger events
(Bullock & Johnston 2005; Johnston et al. 2008;
Martinez-Delgado et al. 2010; Zhang et al. 2020; Vera-Casanova
et al. 2022, see also Pascale et al. 2024 for detailed hydrody-
namical N-body simulations of UGC 8760 and NGC 5238).
These substructures are largely dominated by RGB stars, whose
old ages (X2 Gyr) guarantee that they are not due to recent
off-center star formation episodes, but instead are due to genuine
perturbations of the gravitational potential. The analysis of the
RGB spatial distribution indeed reveals that these substructures
are even more extended than what is directly visible in the LBT
images.

For all our six galaxies, not only the RGB star distribution,
but also the gas morphology and kinematics hold the signature
of merging or interaction events. The HI intensity maps typi-
cally show an asymmetric and distorted morphology, and the HI
velocity fields are highly disturbed. For NGC 5238, UGC 6456,
and UGC 6541, these peculiar HI properties were already pointed
out and discussed by previous studies (Cannon et al. 2016;
Ashley et al. 2017), which proposed a merger event as a viable
explanation, but could not find any distinct companion that could
obviously be interacting with the dwarfs.

Since the gas has a relatively short-term memory of past
mergers, the high level of perturbation observed in HI provides
a stringent constraint on how recently the merger or interaction
event may have occurred. On a first approximation, the inter-
action likely occurred no longer than ~1 Gyr ago because on
longer timescales, orbital mixing and energy dissipation tend
to erase high signal distortions in the HI velocity field. Hydro-
dynamical N-body simulations for UGC 8760 and NGC 5238
(Pascale et al. 2024) showed that the low surface brightness
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substructures observed in these galaxies, as well as the gas prop-
erties, are well explained with recent (<1 Gyr ago) interactions
with smaller companions with a stellar mass a few 10° Mg, ~50
times less massive than the corresponding hosts. All six dwarfs
are located 1-2 Mpc away from large galaxies, and therefore,
we can safely exclude that the observed stellar tidal features and
HI peculiarities are due to the interaction with a nearby massive
companion.

We expect the occurrence of a recent interaction event to
have left its signature also on the star formation history (SFH) of
the dwarfs. Hydrodynamical simulations predict that the merger
of a gas-rich dwarf with a smaller companion will cause bursts of
star formation at or just after, pericenter passages (Bekki 2008;
Starkenburg et al. 2016a,b). For NGC 5238, Cignoni et al. (2019)
derived a clear increase in the star formation activity around 20
Myr ago, while the SFH is more uncertain at earlier epochs. The
SFH of UGC 6456, as inferred from optical CMDs by McQuinn
et al. (2010), shows a very recent burst in the last 100 Myr and
three lower peaks over the last 1 Gyr. UGC 6541 is an actively
star-forming galaxy, with a prominent population of young Wolf-
Rayet stars (Kehrig et al. 2013) and evidence from a resolved
CMD analysis of vigorous star formation that occurred several
hundred million years ago (Schulte-Ladbeck et al. 2000). The
SFH of UGC 8760 derived by Weisz et al. (2011) exhibits a mod-
est peak of star formation activity about 2 Gyr ago, although the
errors are quite large. These SFHs provide a valuable ingredi-
ent to be combined with hydrodynamical N-body simulations in
order to reconstruct a coherent picture for the merging history of
dwarfs and its effect on their star formation activity.

It is very interesting to note that out of the 45 dwarfs in the
full SSH sample, the 6 galaxies presented here show the clearest
signs of recent interaction or merger events, that is, a fraction of
about F=13%*. We can compare this rate to what is found in the
literature. Kado-Fong et al. (2020) presented an empirical study
of unresolved galaxies using imaging from the Hyper Suprime-
Cam Subaru Strategic Program and spectra from the Galaxy and
Mass Assembly and Sloan Digital Sky Surveys campaigns. They
built a sample of 6875 isolated galaxies with log(M, /M) < 9.6
and used an automatic detection method to search for tidal fea-
tures. They identified 226 galaxies with detectable low surface
brightness debris (101 of which showed unambiguous signs of a
dwarf-dwarf merger after visual inspection), making the detec-
tion rate about F=3.3% (6.1% when considering only galaxies
at z < 0.05). F strongly grows as a function of the star formation
activity, that is, for galaxies with bluer colors and extremely high
Ha equivalent widths, reaching about 15% in starbursts.

Most recently, Lazar et al. (2024) analyzed a sample of 257
local dwarf galaxies in low-density environments, finding that
14, 27, and 19% of early-type, late-type, and featureless dwarfs,
respectively, exhibit evidence of interactions. The authors also
showed that morphological parameters could be used to sepa-
rate interacting from noninteracting dwarfs, in particular, when
taking into account the level of asymmetry. This is also evident
in the analysis by Paudel et al. (2018), who presented a catalog
of 177 interacting dwarf galaxies with stellar masses <10'°M,
and redshift <0.02. The authors clearly showed and classified
low surface brightness features around these galaxies, including
shells, stellar streams, loops, and antennae, likely resulting from
an interaction between dwarfs (more than 75% of the galaxies
reside in low-density environments).

4 This should be considered as a preliminary lower limit as there are a
couple of cases that requires additional investigation. In any case the
fraction of galaxies in the SSH sample showing clear signs of past
merging event should not exceed 20%.

On the theoretical side, Deason et al. (2014) used a suite of
cosmological zoom-in simulations of Milky Way- and M31-like
host halos to study major mergers (stellar mass ratio >= 0.1, i.e.,
a total mass ratio of about >0.3). They reported that the frac-
tion of mergers is ~3% for M, = 10°> My, ~5% for M, =
10°°% My, and 10% for M, > 10° M./More isolated galax-
ies with M, = 10"™° M, that are within z = 0.5 have F=8.9%
(within z = 1, F=18.4%). However, we note that these results
apply to major mergers with mass ratios higher than 0.1, whereas
the tidal features detected in the outskirts of our six dwarfs are
likely due to minor mergers, as also supported by the simulations
presented by Pascale et al. (2024) for UGC 8760 and NGC 5238,
where the satellites are 50 times less massive than their hosts.

Another interesting work by Martin et al. (2021) analyzed
1000 dwarf galaxies from the NEWHORIZON cosmological
simulation to investigate how mergers and flybys drive their mass
assembly and structural evolution. In only a small proportion of
the galaxies exhibiting disturbed morphologies were the distur-
bances driven by mergers. These features are instead primarily
the result of interactions that do not end in a merger (e.g., flybys).
In their sample, galaxies of all stellar masses spent a signifi-
cant amount of time (between 10 and 30%) in a morphologically
disturbed state, and the time that merger remnants take to relax
increases toward low redshift. Although this study is focused on
a redshift between 5 and 0.5, these results highlight the need for
a local sample to detect and study disturbed galaxies.

More recently, Deason et al. (2022) modeled the merger his-
tory of dwarf galaxies with My, ~ 10'© My (for both major
and minor mergers). Given the consistent uncertainties on the
stellar mass — halo mass ratio, our galaxies could fall in this
regime. Their model B, characterized by a lower mass threshold
for the ignition of star formation® within a ACDM framework,
predicts a fraction of dwarfs with disturbed morphologies due
to interaction with satellites of ~10%. This agrees with our
findings.

We can conclude that three independent observational stud-
ies targeting very different samples and using different methods
broadly agree that the fraction F of late-type isolated dwarfs
showing detectable signs of interaction or merging with satellites
is between ~10 and ~20%. This agrees well with the theoreti-
cal predictions within the ACDM framework by Deason et al.
(2014, 2022), and Martin et al. (2021). In this context, SSH pro-
vides the most local estimate of F. The nearby target galaxies
offer the opportunity of a detailed simultaneous study of the
morphology and the kinematics of the stars and the gas com-
ponents, as well as of the star formation history, as derived from
the CMD of resolved stars. This in turn allows a detailed hydro-
dynamical modeling of the merging events that led to the current
status of the systems, giving unmatched insight into the assem-
bly process of dwarf galaxies (Pascale et al. 2021, 2022). The
detectability fraction discussed here depends on the depth of our
observations. This means that new upcoming facilities such as
the Roman telescope are very valuable for this type of analysis.

4. Conclusions

We presented the six most convincing cases of tidal features
discovered in our SSH survey, which aims to study the pro-
cess of hierarchical merging at the smallest galactic scales (SSH,

5 Msy = 1073 My, with respect to My, = 10°3 M, adopted for the
other set of models they explore (model A); see Deason et al. (2022)
for definition and details.
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Annibali et al. 2020). The six galaxies are isolated dIrrs or BCDs
with stellar mass in the 10”7 My, < M, < 2 x 10® M, range.

The asymmetries and substructures we found in the distri-
bution of old (RGB) stars extend beyond the main body of the
target galaxies, out to a few kiloparsec from the galaxy centers,
and are similar to the tidal features observed and classified by
Martinez-Delgado et al. (2010) in giant spirals. When traced with
RGB star counts, all of them are found to have high statistical
significance, as overdensities above a background of unrelated
fore- or background sources. These features show the effect of
dynamical perturbations, and in these dwarfs that are distant
from large (massive) companions, they indicate an interaction
with former satellites, marking an important milestone toward a
deeper understanding of hierarchical merging phenomena at the
smallest galaxy scales.

From the identification of six galaxies with highly convinc-
ing merger or interaction features out of the entire sample of
45 dwarfs in SSH, we can set our merger detection fraction at
about F=13%. This agrees well with recent independent studies
and theoretical predictions (Deason et al. 2014, 2022; Kado-Fong
et al. 2020; Martin et al. 2021; Lazar et al. 2024). However, a few
less obvious other cases could be present in the remaining SSH
sample, and their stellar and gaseous properties are currently
under study. Our fraction therefore is a lower limit.

Data availability

The reduced images are available at the CDS via anony-
mous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra.fr/viz-bin/cat/]/
A+A/691/A65
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Appendix A: Stellar populations in the
substructures

As an additional check to our RGB selection, we compared the
CMDs of all stars contained in each polygon highlighted in Fig-
ures 5 to 10 with those of similar control fields of the same area,
but taken further away from the galaxies. Figure A.l shows an
example of these different CMDs in UGC 8638. The top row
contains the spatial map of the central portion of our image
and the CMDs of the stars (mainly RGBs) contained in the
two northeastern and southwestern boxes (the gray background
points are all the stars in this central field). The bottom row

shows the whole field (with an empty rectangle corresponding
to the central area where the galaxy is, shown in the top row);
the background gray points are the same as before, as a refer-
ence, while the red points show the stars contained in the two
control fields. The excess of RGB stars in the areas containing
the tidal features is striking, while in the control fields we find
mostly background blue sequence galaxies (Blanton & Mous-
takas 2009) and probably a few residual MW disk stars, once
more confirming that the over-densities shown in the RGB maps
are statistically significant.

Fig. A.1. Top row. Spatial distribution of the central portion of our image for UGC 8638 and CMDs of the stars contained in the two highlighted
regions (cyan boxes); the gray background points are all the stars in this central field. Bottom row. Map of the whole field (with an empty rectangle
corresponding to the central area in the top panel, where the galaxy is); the background gray points are the same as before, as a reference, while
the red points show the stars contained in the two control fields (cyan boxes).
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