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ABSTRACT

Context. In recent years, a new generation of large-scale imaging surveys have probed wide field regions for the first time around
some nearby galaxies in an unprecedentedly low surface-brightness regime (~28.0—29.0 mag arcsec2). This provides the chance to
discover very faint dwarf satellites by means of systematic visual inspection of these public deep images.

Aims. In this paper, we report the first results of a systematic survey of faint dwarf spheroidal galaxies in the vicinity of the bright
late-type spiral galaxy NGC 253 by means of a visual inspection of the images taken by the Dark Energy Survey.

Methods. We performed a new NGC 253 satellite search using co-added image cutouts reprocessed in the DESI Legacy image surveys.
We used GALFIT software to investigate the photometric and structural properties of three dwarf galaxies.

Results. We report the discovery of three new dwarf galaxies in the vicinity of the brightest member of the Sculptor filament, the late-
type spiral NGC 253, located at a distance of 3.7 Mpc towards Anti-Virgo. We name them Do II, Do III, and Do IV. Assuming they are
companions of NGC 253, their total absolute V-magnitudes fall in the —7 to —9 mag range, which is typical for dwarf satellites in the
local Universe. The central surface brightness tends to be extremely low for all three discovered dwarfs and falls roughly in the range
of 25-26 mag arcsec™? in g-band. Using known data on distances and velocities of galaxies, we estimate the total virial mass of the
NGC 253 group to be 8 x 10'! M, which gives a virial radius of Ry = 186 kpc and a turn-around radius of 706 kpc. We also discuss
the possible existence of a spatially flattened and velocity-correlated satellite system around NGC 253. This large-scale structure is
orientated almost edge-on to the line of sight. The possible plane of satellites is only 31 kpc thick with a minor-to-major axis ratio
of 0.14. Four out of five galaxies with measured velocities follow a common velocity trend similar to those observed in the planes of
satellites around the Andromeda and Centaurus A galaxies. However, the small number of galaxies with known velocities prevents us
from reaching a definitive conclusion about the formation scenario of the structure and its possible relation to the surrounding cosmic

web.

Key words. galaxies: dwarf — galaxies: groups: individual: NGC 253 — galaxies: photometry

1. Introduction

Dwarf galaxies are rich laboratories for studying stellar popula-
tions (Tolstoy 2000; Grebel 2005), galaxy formation scenarios,
cosmological models, and gravitational theories (Kroupa et al.
2018). Observations of dwarf galaxies in the Local Group (LG)
have presented the standard A-Cold-Dark-Matter (ACDM) cos-
mological model with a number of challenges (see e.g., Bullock
& Boylan-Kolchin 2017, for a review). Moreover, some recent
observational studies indicate that the challenges to ACDM
appear not to be limited to the LG. Chiboucas et al. (2013)
and Miiller et al. (2018a) found discs of satellites around M 81
and the Centaurus A galaxy similar to those rotating around the
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Milky Way (Pawlowski & Kroupa 2013) and M 31 (Ibata et al.
2013); Smercina et al. (2018) and Bennet et al. (2019) reported
a missing satellites problem in the M 94 and M 101 groups; and
Javanmardi & Kroupa (2020) found an unexpected correlation
between the number of satellites and the bulge-to-total baryonic
mass ratio extending beyond the LG. These findings require fur-
ther deep surveys of faint dwarf galaxies around as many mas-
sive galaxies in the local volume as possible.

ACDM simulations predict that subhalos around more mas-
sive host halos, such as that expected to surround the Milky Way,
are mostly randomly isotropically distributed and have largely
uncorrelated relative velocities. While some anisotropy in dis-
tribution and some coherence in motion is expected —induced
by the preferential accretion of subhalos along cosmic filaments
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and in small groups (Libeskind et al. 2011; Pawlowski et al.
2012; Shao et al. 2018)— an overall close-to-isotropic distribu-
tion of satellite systems is a robust prediction of the underlying
model. This is because the positions and motions of satellites
on scales of hundreds of kiloparsecs are not strongly affected by
the intricacies of baryonic physics, or the minutiae of how these
are implemented in cosmological simulations. Testing this pre-
diction for the phase-space distribution of satellite galaxies has
revealed a serious challenge to ACDM in the LG: the observed
satellite galaxy systems of the Milky Way (Pawlowski & Kroupa
2013) and M 31 (Ibata et al. 2013) display flattened distributions,
whose kinematics indicate a preference of satellites to co-orbit
along these structures. Recent proper motion data indicate that a
substantial fraction of the Milky Way satellites (Fritz et al. 2018;
Lietal. 2021), as well as at least two of the on-plane satellites of
M 31 (Sohn et al. 2020), indeed orbit along these planes of satel-
lite galaxies. Simulated systems with similar degrees of coher-
ence are exceedingly rare in cosmological simulations (Ibata
et al. 2014); for a review, see Pawlowski (2018).

Some similar satellite alignments have been identified out-
side the LG. The most prominent to date is a flattened
distribution of satellites with a close to edge-on orientation, iden-
tified around Centaurus A by Tully et al. (2015). To this, Miiller
et al. (2018a) added evidence for line-of-sight velocity kine-
matics being consistent with a rotating satellite plane, a finding
recently confirmed when additional spectroscopic velocity mea-
surements brought the number of kinematically correlated satel-
lites to 21 out of 28 (Miiller et al. 2021). Some additional hints at
similar structures exist around other host galaxies such as M §1
(Chiboucas et al. 2013), as well as in a statistical analysis of
satellite galaxy pairs (Ibata et al. 2014). Nevertheless, the cosmo-
logical challenge posted by the planes of satellite galaxies rests
so far on only a small number of studied systems. For a better
and statistically more reliable understanding, we need to aim for
a more complete census of satellites around other nearby hosts.
Systems in the vicinity of the LG are accessible for follow-up
measurements of photometric distances and line-of-sight veloc-
ities of their members. This allows us to understand their three-
dimensional structure and kinematics. Assembling a more com-
plete picture of nearby satellite galaxy systems is thus fundamen-
tal in our effort to confirm some proposed formation scenarios
for the observed alignments from an observational perspective,
an urgently needed addition to complement the (so far) mostly
simulation-driven debate.

Ultra-deep imaging in wide sky areas with amateur tele-
scopes (Javanmardi et al. 2016; Romanowsky et al. 2016;
Karachentsev et al. 2020) can also help us to complete the census
of these hitherto unknown low-surface-brightness (LSB) galax-
ies. In the last one and half decades, discoveries of dwarf satel-
lites in the LG have been made using stellar density maps of
resolved stars, counted in selected areas of the colour-magnitude
diagrams (CMDs) from large-scale surveys such as the Sloan
Digital Sky Survey (SDSS) (e.g., Willman et al. 2005; Zucker
et al. 2006), Pan-STARRs (e.g., Laevens et al. 2015), the Dark
Energy Survey (DES) (Dark Energy Survey Collaboration 2016;
Bechtol et al. 2015) and, more recently, the DECam Local Vol-
ume Exploration Survey (DELVE) (Drlica-Wagner et al. 2021;
Mau et al. 2020), the Hyper Suprime-Cam Subaru Strategic Pro-
gram (HSC-SSP) (Homma et al. 2019), and the DESI Imaging
Legacy surveys (Martinez-Delgado et al. 2021a).

In the case of the Milky Way, these diffuse systems are usu-
ally found as over-densities of old stellar populations in certain
regions of the sky. Contamination by foreground stars and back-
ground galaxies makes this task challenging for diffuse systems.
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However, modern surveys are now routinely finding dwarf galax-
ies within the virial radius of the Milky Way (~300 kpc) (see the
recent review by Simon 2019, and references therein). The larger
distance of the Andromeda galaxy makes it prohibitive to resolve
its stellar halo stars fainter than the red clump or horizontal
branch level (e.g., PAndAS photometry: Dey et al. 2019). There-
fore, the M 31 satellite population can only be traced by observa-
tions of the less numerous, bright red giant branch (RGB) stars.
This means that hunting for dwarf galaxies in Andromeda is cer-
tainly biased because of the insufficient number of stellar tracers
for dwarf galaxies with absolute magnitude fainter than about
—6 mag, which are barely resolved into stars with ground-based
telescopes. In recent years, new-generation large-scale imag-
ing surveys (e.g., the DESI imaging Legacy surveys: Dey et al.
2019) have covered for the first time wide field regions around
nearby galaxies in an unprecedentedly low surface-brightness
regime (~28.0—28.5 mag arcsec™2). This opens up the possibility
to detect hitherto diffuse dwarf satellites by means of systematic
searches based on visual inspection of these public images (e.g.,
Martinez-Delgado et al. 2021a) or on automatic detection algo-
rithms (e.g., Greco et al. 2018; Tanoglidis et al. 2021; Miiller &
Schnider 2021; Prole et al. 2021; Haigh et al. 2021).

NGC 253 is one of the closest spirals behind M 31 and is thus
a natural place to search for LSB dwarf galaxies that could pro-
vide new insights into the presence of satellite planes around
nearby galaxies outside the LG. At a distance of ~3.7 Mpc,
this galaxy in the Sculptor group has been explored for satel-
lite galaxies in the past (Cote et al. 1997; Karachentseva &
Karachentsev 1998, 2000; Jerjen et al. 1998, 2000; Sand et al.
2014; Toloba et al. 2016). In this paper, we present the dis-
covery of three LSB dwarf galaxies near NGC 253 found by
visual inspection of the DES imaging data. Using an updated
census of low-mass systems around this galaxy, we address for
the first time the issue of the existence of a spatially flattened and
velocity-correlated dwarf galaxy system around NGC 253.

2. Searching strategy and data analysis
2.1. Searching strategy

The dwarf galaxy candidates reported in this paper were found
by the amateur astronomer Giuseppe Donatiello by visual
inspection of the Dark Energy Camera (DECam: Flaugher et al.
2015) images of the Scuptor group of galaxies available from
the DESI Legacy Imaging Surveys (Dey et al. 2019). A total
number of 13 candidates were detected in a total explored area
of 15 x 10°. For this paper, we focus on only three candidates
with clear evidence of being partially resolved into stars in the
vicinity of NGC 253, as shown in Fig. 1 (left panel). The typi-
cal angular resolution of these data (estimated from the seeing
of the images) is ~0.9”. We name them Donatiello II (Do II),
Donatiello III (Do I1I), and Donatiello IV (Do IV), and their posi-
tion coordinates are given in Table 1. These galaxies were not
detected in the automatic search of diffuse stellar systems in the
DES data undertaken by Tanoglidis et al. (2021).

2.2. Image cutout data

The DESI Legacy Imaging Surveys compile optical data in
three optical bands (g, r, and z) coupled with all-sky infrared
imaging from the Wide-field Infrared Survey Explorer (WISE)
(Wright et al. 2010; Meisner et al. 2019) and obtained by three
different imaging projects on three different telescopes: The
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Fig. 1. Left panel: position of the three dwarf galaxies (solid red circles) reported in this study with respect to the spiral NGC 253. The red circular
line corresponds to the area explored by the PISCes survey (Toloba et al. 2016) extending up to ~150 kpc from the centre of NGC 253. The total
field of view of this image is 450" x 480’. Right panel: full colour version of the image cutouts obtained with LEGACYPIPE for Do II, Do III, and
Do IV. North is up and east is left. The field of view of all these image cutouts is 3.3" x 3.3".

Table 1. GALFIT results for Do II, Do IIT and Do IV.

Doll Dolll DolIV

RA (J2000) 0047 07.15 010924.55 0047 02.95
Dec (J2000) —-2357209 -272049.6 -214051.6
n 0.62+0.12 0.56 £0.03 0.85+0.12
bl/a 0.61 +£0.04 0.59+0.01 0.60 +0.03
PA (deg) -89.1+52 -104+16  +24.0+3.7
Reg (arcsec)  5.51+0.37 8.46+0.17 10.21 £0.65
V (mag) 20.85+0.20 18.75+0.09 19.99+0.15
My (mag) -7.04+020 -9.13+0.09 -7.89+0.15
Resr (pc) 99+7 152+3 183+12

Notes. The GALFIT results for the coordinate of the centre of the galaxy,
the Sersic index (n), axis ratio (b/a), position angle (PA), and effective
radius (R.¢). The V-band magnitude is estimated adopting the transfor-
mation equation provided by Jester et al. (2005). The physical parame-
ters are calculated by adopting a distance modulus of 27.84 + 0.02 mag
(Jacobs et al. 2009) for NGC 253.

DECam Legacy Survey (DECaLS), the Beijing-Arizona Sky
Survey (BASS), and the Mayall z-band Legacy Survey (MzLS;
Zou et al. 2019; Dey et al. 2019). The DESI Legacy Imaging
Survey data releases also include re-reduced public DECam data
from the DES (Abbott et al. 2018).

Image cutouts centred on each satellite candidate were sub-
sequently obtained by coadding images of these systems taken
by the DES (Dark Energy Survey Collaboration 2016) using the
DECam. These data were reprocessed using the LEGACYPIPE
software of the DESI Legacy imaging surveys (see e.g., Fig. 2 in
Martinez-Delgado et al. 2021b). Briefly, each image is astromet-
rically calibrated to Gaia-DR2 and photometrically calibrated
to the Pan-STARRS PS1 survey, and then resampled to a com-
mon pixel grid and summed with inverse-variance weighting.
Figure 1 (right panel) shows the resulting coadded image cutouts
of the three dwarf galaxies, which include approximately eight
exposures in each of g, r, and z-bands. We calculated the nominal
depths of the images in the NGC253 region following the
approach by Romadn et al. (2020). The calculated surface bright-
ness limits are u =29.3, 29.0, and 27.7 mag arcsec™2 for the g, 7,
and z bands respectively measured as 30~ in 10 X 10 arcsec boxes.

2.3. Photometry and structural properties

We use GALFIT software (Peng et al. 2002) to determine the pho-
tometry and structural properties of dwarf galaxies following a
similar approach to that described in Javanmardi et al. (2016).
First, the images of the g, r, and z-bands are combined to increase
the signal-to-noise ratio and to perform the first GALFIT mod-
elling. The centre of the galaxy, as well as the Sersic index, axis
ratio, position angle, and effective radius are obtained from the
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combined images and the results are listed in Table 1. In a sub-
sequent step, to stabilise the fitting procedure, these parameters
are kept fixed to their best values while fitting the individual
band images for measuring the magnitude and surface bright-
ness which are listed in Table 2. Figure 2 shows the results of
GALFIT modelling in r-band. The modelling for g and z-bands
yields similar visual results, which are therefore not shown here.

Careful inspection of the residual images (which is the result
of subtracting the GALFIT model from the data) led to the discov-
ery of a number of unresolved sources that could belong to the
dwarf galaxies. Among these unresolved sources, we mark those
that pass the conditions r > 24.0 and 0.4 < g — r < 1.2 by red
circles.

Using the mry values and adopting the transformation equa-
tion provided by Jester et al. (2005)' V = g—0.59x(g—r)—0.01,
we obtain the V-band magnitudes. These results are also listed
in Table 1. Table 2 shows that the surface brightness of these
three stellar system is lower than 25 mag arcsec™> and thus can-
not be detected in the previous photographic and CCD images
from large-scale surveys like the POSS-II or PanSTARRSs.

3. Discussion
3.1. Distances

The DESI Legacy survey images are not deep enough to build
up a colour—-magnitude diagram of resolved stellar populations
in these dwarf galaxies. Thus, it is not possible to determine their
distances from the brightness of the tip of the RGB. Given their
close angular distance to NGC 253, we assume that the discov-
ered galaxies are at the same distance as NGC 253, following a
similar approach to that used in other recent wide-field surveys
of dwarf satellite systems in the local volume (Javanmardi et al.
2016; Carlsten et al. 2020). This is also supported by the degree
of resolution of the stars displayed for these new objects when
compared with the images of some confirmed dwarf companions
of NGC 253 obtained in the same survey (see Fig. 3). In addi-
tion, our hypothesis is consistent with the results from a standard
approach used to establish membership based on the comparison
of morphological and photometric properties with those from
known dwarf galaxies (see e.g., Miiller et al. 2018b). In Table 1
we list the effective radius (in pc) and absolute magnitude, My
(in mag), by assuming a distance modulus of 27.84 + 0.02 mag
(Jacobs et al. 2009) for NGC 253. Figure 4 shows the distribu-
tion of these three dwarf galaxies in the R. versus L, y. ver-
sus R., and . versus My planes. The known dwarf galaxies of
the Milky Way and Andromeda (McConnachie 2012) are also
shown for comparison. As can be seen, the three candidates can
be characterised by similar properties to those of the LG dwarf
galaxies, supporting our assumption that they could be located at
a similar distance to that of NGC 253. However, with the present
ground-based data, we cannot completely reject that some of
these new dwarfs may be background galaxies projected onto
the sky region of the Sculptor group.

3.2. The NGC 253 group of galaxies

The amateur astronomer Giuseppe Donatiello discovered three
new dwarf galaxies in the vicinity of the bright late-type spiral
NGC253. This galaxy is the brightest member of the Sculptor
filament (Jerjen et al. 1998; Karachentsev et al. 2003) located

! https://www.sdss.org/dri2/algorithms/
sdssubvritransform
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in the Local Supercluster plane almost in the Anti-Virgo direc-
tion. The distribution of galaxies over the sky in the Sculptor
filament is shown in the Fig. 5. This region has been inten-
sively studied in a number of HT surveys (see e.g., Bouchard
et al. 2005; Westmeier et al. 2017; Koribalski et al. 2018).
The systematic searches for dwarf galaxies (Cote et al. 1997,
Karachentseva & Karachentsev 1998, 2000; Jerjen et al. 1998,
2000; Sand et al. 2014) revealed a population of galaxies of
very low luminosity down to My =~ —10mag. High-precision
distances using the tip of the red giant branch (TRGB) were
measured by Karachentsev et al. (2003, 2006, 2021), Cannon
et al. (2003), Mouhcine et al. (2005), Davidge (2006), Mould &
Sakai (2008), Jacobs et al. (2009), Dalcanton et al. (2009), Da
Costa et al. (2009), Radburn-Smith et al. (2011), Lianou & Cole
(2013), Sand et al. (2014), and Toloba et al. (2016).

The ‘tidal index’ (Karachentsev & Makarov 1999;
Karachentsev et al. 2013) gives us a good proxy of group
membership; it characterises the degree of the tidal impact from
the main disturber (MD) Tl oclog(Lyp/Rmp) + C, where Lyp
is the luminosity of the most influential neighbor and Ryp is
its spatial separation from the galaxy under consideration. The
constant C is chosen so that TI = 0 at the ‘zero-velocity surface’
of the main disturber. Thus, TI > 0 indicates that the galaxy is
physically bound to its main disturber, while TT < 0 means that
the object belongs to the field. We summarise the information
available for the galaxies in the vicinity of NGC253 in the
Table 3. Morphological type, absolute magnitude, and ‘tidal
index’ are given according to the current state of the Local
Volume database® (Kaisina et al. 2012). Newly found galaxies
are marked in bold. The hierarchy in the group is indicated by
the galaxy name and the galaxies are sorted according to the
‘tidal index’ with respect to their main disturber. Data sources on
velocities and distances are indicated as footnotes in the table. It
should be noted that the velocity of NGC 253, V}, = 261 km s,
obtained in the deep Parkes HT survey (Westmeier et al. 2017)
differs significantly from other measurements. For instance, the
HIPASS Bright Galaxy Catalog (Koribalski et al. 2004) gives
a systemic velocity V, = 243 + 2kms~!. Lucero et al. (2015)
measure the velocity of the kinematical centre of the galaxy of
Vi = 238 +4km s~ ! using HI radio-interferometric observations
with the Karoo Array Telescope. However, to avoid possible
systematic errors, we decided to use the value from the deep
Parkes H1 survey (Westmeier et al. 2017), because most velocity
measurements around NGC 253 were taken from this survey.
We note that the choice of one or another velocity of NGC 253
has almost no effect on the estimate of the total mass of the
group.

Most galaxies in the Sculptor filament have precise TRGB
distances, which allows us to map the 3D distribution of mat-
ter in this region. The projections of the spatial distribution
of galaxies on the plane of the Local Supercluster and on the
perpendicular plane are shown in the Fig. 6. There are cur-
rently 12 confirmed members in the group around NGC 253.
Taking into account three new probable members and Sculp-
tor SR, for which there are no velocity or distance measure-
ments, the total population consist of 16 galaxies. Nine of these
have known radial velocities, allowing the radial velocity disper-
sion in the NGC 253 group to be estimated to 43kms~'. Most
galaxies lie at a projection distance of less than 5.5° or about
350kpc from NGC 253. In projection, Dol is the third near-
est satellite of NGC 253. NGC 247 has high negative peculiar

2 https://www.sao.ru/lv/lvgdb/
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Table 2. Photometric results for Do II, Do III and Do IV.

Do Il Do1ll DolV

g r z g r 2 9 r <
mg 21.01 £0.15 20.75 £ 0.15 20.51 £0.15 19.13 +£0.07 18.50 + 0.05 18.26 + 0.05 20.37 +£0.12 19.74 + 0.10 19.53 +0.12

Hog 25.66 +0.15 2540 £0.15 25.16 £0.15 24.76 £ 0.07 24.13 +£0.05 23.89 £0.05 25.97 £0.12 25.34 £0.10 25.13 +0.12
Heg 26.66 +0.15 26.40 £0.15 26.16 £0.15 25.64 £ 0.07 25.00 + 0.05 24.77 +0.05 27.47 £0.12 26.84 £ 0.10 26.64 +0.12

Notes. First three rows: the GALFIT results for the integrated magnitude, mg, the central surface brightness g, and the surface brightness at
effective radius g g both in mag arcsec™ for g, r, and z-bands.

L A
X L o 5 iy R
R T : : % ST o
x 2 . . L .
. i
¥ P Q@ x
. - B Q. 23
et T LI
o il % : & R i %
% - G A g -
. e S
- e
* " ¥ ¥ " .
! ’ 5 | "
- ‘ x -® ‘
e = e s
& ; =%
-
" l‘ :‘
MEREMT i e
R £
‘ = W
=3 P Poi
= 4
-
i 3 %
¥ 3 *
Ve '4 £ Xe
e -
,0- ..-HQ :
» -
x
L .-
. : - i *
S

Fig. 2. From left to right: dwarf galaxies in r-band, the GALFIT models, and the residual images after subtracting the model. The image scales
and min max are the same for all the panels. The same procedure is done for modelling the g and z-band images. We mark the position of a few
partially resolved sources in the galaxies that are visible in the residual images with red circles.

velocity of —86kms~' with respect to NGC 253. Moreover, from NGC 253, is one of the peripheral members of the core of
DolIV together with ESO 540-032 form a subgroup around the group. Galaxies NGC 7793 with its companions PGC 704814
NGC 247. Dolll, lying at a projected distance of about 340kpc and ESO 349-031 are located near the border of the system.
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\

LVJ0055-2310

Scl-MM-Dw1

Fig. 3. Comparison of the degree of resolution of the stars of Do II in the DES images with the data from the same survey for two confirmed
satellites of NGC 253 situated at similar distances (see Table 3): LVJ005-2310 and Scl-MM-Dw 1. The field of view of these image cutouts are

4’ x 4’. North is up and east is left.

These galaxies are just falling into the group centre and there-
fore cannot be used for the virial mass estimation. Other galax-
ies beyond 1 Mpc from NGC 253 participate in a general Hubble
expansion, which allowed Karachentsev et al. (2003) to deter-
mine the zero-velocity radius of the group to be 0.7 Mpc.

The starburst galaxy NGC 253 dominates the group. Its
absolute magnitude is 2.6 mag less (in other words, 11 times
brighter) than that of the second-brightest galaxy NGC 247.
This allows us to use the virial theorem and the projected
mass estimator in the simplest form of the test particles
around a massive body (Bahcall & Tremaine 1981). Using
the first five satellites of NGC253 with known velocities
(LV J0055-2310 + NGC 247 + ESO 540-032 + DDO 6 +
KDG 2), we estimate the virial mass of the group to be M =
6.4 % 10'" My, The projected mass estimator, assuming isotropic
orbits distribution (¢?) = 1, gives a similar value of My, =
7.1 x 10'' M. As noted above, these values are almost inde-
pendent of the adopted velocity of NGC 253. In the case of a
heliocentric radial velocity of V, = 243 + 2 (Koribalski et al.
2004), the corresponding values are M,; = 6.2 x 10'! and
My, = 6.8 x 10! M. Taking into account the fact that KDG 2,
lying at a distance of more than 460 kpc, is most likely located
outside the virial radius and excluding it from the analysis, for
the four remaining satellites we obtain My; = 7.3 X 10'! and
Mpm = 8.8 x 10" M. Therefore, adopting a total mass for the
NGC 253 group of about 8x 10'! M, one can estimate the radius
of the virialized region of Ryyp = 186 kpc, which corresponds
to a sphere whose density is 200 times greater than the critical
one. According to an exact analytical solution (Baushev 2019),
the corresponding radius of the zero-velocity surface is 706 kpc.
This value is in excellent agreement with the direct measurement
of the zero-velocity radius of 0.7 Mpc by Karachentsev et al.
(2003).

3.3. A plane of satellite galaxies?

The presence of spatially flattened and velocity-correlated satel-
lite galaxy systems around the Milky Way, M 31, and Centau-
rus A motivates the question: Is there evidence for a similar
alignment among the satellites of NGC 253?

Figure 7 shows the on-sky distribution of the galaxies listed
in Table 3, with the galaxies colour-coded by their line-of-sight
velocity component relative to the NGC 253 velocity. It is appar-
ent from this figure that most of the known objects in the vicinity
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of NGC 253 align in an extremely narrow structure to the north.
Of the 11 galaxies potentially within 600 kpc of NGC 253 (indi-
cated by yellow boxes), only DoIIl and Sculptor SR are signif-
icantly offset from this orientation. Neither of these two have
measured distances, and so they could well be foreground or
background objects outside of the system.

This asymmetric distribution of galaxies with respect to
the NGC 253 cannot be explained simply by the observational
biases. The group is located near the south Galactic pole, where
the Galactic extinction is insignificant. A simple count of galax-
ies in a 30-degree cone around NGC 253 using the HyperLeda
database (Makarov et al. 2014) shows that the redshift data are
97% complete down to By = 15.5 and 86% complete down
to Br = 16.6mag. Therefore, we believe that we know the
velocities of all possible satellites in the group with Mp <
—12.3mag. Table 3 confirms this estimate. The only satellites
without redshift measurements are dSph galaxies fainter than
Mp = —11 mag. The hunt for more faint galaxies of extremely
low surface brightness without gas is an extremely difficult task,
and our knowledge of the faint end of the galaxy luminosity
function is highly incomplete below Mp ~ —11 mag. However,
the brighter galaxies also show a similar spatial distribution that
appears to reflect the real structure of the group.

Of the 11 galaxies possibly within 600 kpc of NGC 253, 8
are in the north and only 3 are in the south, and the asymmetry
increases to 6 in the north and only 1 in the south if the 4 galax-
ies without distance measurements are excluded. The distribu-
tion of known galaxies around NGC 253 is therefore strongly
lopsided. While the asymmetry appears to be quite extreme in
this case, lopsided distributions of galaxies around a host appear
to be rather common: they have been found for the distribution
of satellite galaxies around M 31 (Conn et al. 2013), in statisti-
cal samples of both paired (Libeskind et al. 2016) and isolated
galaxies (Brainerd & Samuels 2020), and even in cosmological
simulations (Pawlowski et al. 2017; Wang et al. 2021).

It is intriguing that of the five galaxies with line-of-sight
velocities, all of which align along the flattened structure to the
north of NGC 253, four are blueshifted and only one is redshifted
relative to NGC 253. This is highly consistent with an interpreta-
tion as a mostly rotating satellite plane like those seen in M 31
and Centaurus A. In fact, a fraction of 80% correlated veloci-
ties is very similar to the fractions of correlated velocities repor-
ted for M 31 (13 out of 15, or 86%) by Ibata et al. (2013), and
for Centaurus A (21 out of 28, or 75%) by Miiller et al. (2021).
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Fig. 4. Comparison of the photometric and structural parameters of the
three dwarf galaxies reported in this study with those for the Milky Way
and M 31 companions.

However, due to the small number of objects, the degree of corre-
lation for the NGC 253 system is not significant. Finding a veloc-
ity coherence of at least four out of five happens in 37.5% of
all cases. A larger number of galaxies with measured velocities
will therefore be required for a statistically meaningful analy-
sis, demonstrating an urgent need for spectroscopic follow-up of
candidate dwarf galaxies in this region.

To study the 3D distribution of the known satellites of
NGC 253, we employ the common tensor-of-inertia (Tol) fit-
ting method (see e.g., Pawlowski et al. 2015). We account for
the uncertainties in the distance measurements by generating
1000 realisations of the observed system, drawing galaxy dis-
tances from normal distributions that are centred on their most
likely value and have errors of a 1o~ in width, as compiled in
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Fig. 5. Distribution of galaxies around NGC 253 in a 40° x 40° field in
the supergalactic coordinates. The members of the NGC 253 group are
shown by filled coloured circles. The background (reddish) and fore-
ground (bluish) galaxies are marked with open circles. The redshift is
colour-coded according to the key in the top left corner. Newly discov-
ered objects are shown by magenta polygons.

Table 3. We consider all galaxies within 600 kpc, excluding the
four candidates without measured distances (Do Il, III, IV and
Sculptor SR). The results of our plane fits are compiled in Fig. 8.
As expected from the flattened on-sky distribution, we find an
extremely narrow spatial alignment: the root-mean-square (rms)
height from the best-fit plane is only A,y = 31 + Skpc, and
the minor-to-major axis ratio is ¢/a = 0.14 + 0.03. These
values are comparable to those of the satellite planes around
the Milky Way (Amms = 20 to 30kpc, c/a = 0.2) and M 31
(Ams < 14.1kpc, c/a = 0.1). The normal direction to the best-
fit plane is shown in Fig. 9. It points to supergalactic coordi-
nates (Isg, bsg) = (12°,-73°), and varies by only 4° around this
direction. The plane has an inclination of i = 85°, and is thus
seen very close to edge-on — as is the case for the M 31 and
Centaurus A satellite structures. The good alignment with the
supergalactic plane could be related to the preference of flattened
satellite galaxy structures in the Local Universe to align with the
direction of greatest collapse of their surrounding larger-scale
structure (Libeskind et al. 2019). This could also explain the
preference to see these structures edge-on (as both the Milky
Way and the nearby hosts lie in a common sheet-like struc-
ture). Indeed, as shown in Fig. 9, the plane normal is closely
aligned with the e;-direction to within (16.6 + 5.4)°, where e,
is the eigenvectors of the tidal tensor at the position of NGC 253
which corresponds to the axis along which material in the cosmic
web is compressed fastest. NGC 253 therefore further confirms
the finding by Libeskind et al. (2018) that some flattened dwarf
galaxy structures in the Local Universe preferentially align with
the e;-direction at their respective positions, and thus appear to
be related to the larger-scale cosmic web.

To assess the significance of the found flattening compared to
completely random, uncorrelated distributions, we repeated the
plane-fitting on randomised systems. These are drawn from an
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Fig. 7. On-sky distribution of the galaxies listed in Table 3 in equato-
rial coordinates relative to the position of NGC 253 (black cross). The
galaxies are colour-coded according to their line-of-sight velocity com-
ponent relative to the NGC 253 velocity. Galaxies without velocity mea-
surements are plotted in black. Galaxies (potentially) within 600 kpc of
NGC 253 are marked with yellow boxes. The dashed black line indi-
cates the on-sky orientation of the flattening of these objects.

isotropic distribution centred on NGC 253, but follow the exact
same radial distances from the host as our observed realisations
(grey histograms in the Fig. 8). The isotropic distributions typ-
ically result in much wider plane fits, and the flattenings mea-
sured for the observed system are off by 20 for both the absolute
plane height and the relative axis ratios. Thus, while not highly
significant — which is expected given the small number of objects
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— it is still an intriguing alignment that warrants further study of
this system’s phase-space correlation, in particular via distance
measurements of other satellite galaxy candidates to assess their
association with NGC 253.

While a detailed comparison to cosmological expectations is
beyond the scope of the present work, we nevertheless illustrate
the expected flattening of satellite galaxy systems in ACDM by
comparing to systems in the Illustris TNG-100 hydrodynamical
cosmological simulation (Springel et al. 2018; Nelson et al.
2019). As analogues, we select host galaxies with virial masses
in the range of 0.6—1.0 x 10'2 M, which are required to be suf-
ficiently isolated by rejecting all hosts that have another galaxy
with a virial mass exceeding 0.5 x 10'> M, within 1.2 Mpc. The
galaxies within a volume of 600 kpc around each host are ranked
based on their brightness (if they contain stars), followed by a
ranking by mass (if they are dark). The flattening of the seven
top-ranked galaxies (excluding the host) is measured, and the
resulting distribution of absolute plane height, relative axis ratio,
and the offset of the best-fit plane from the that of host are plotted
in red in Fig. 8.

As expected, the ACDM satellite systems are more flat-
tened than systems drawn from isotropy (especially because the
considered volume exceeds the virial volume of the simulated
hosts). However, the observed distribution of galaxies around
NGC 253 remains on the more flattened tail of the distribu-
tion: only 10.1*72 and 12.5*%3% of the simulated systems are
more flattened than the observed system in c¢/a and Ay, respec-
tively (where the error bars are based on the standard deviations
obtained from the Monte-Carlo sampling of the observed dis-
tribution). The flattened distribution of the presently confirmed
galaxies in the vicinity of NGC 253 therefore does not rise to the
same degree of tension reported for the better-studied satellite
galaxy planes around the Milky Way, M 31, and Centaurus A.
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Table 3. Galaxies in the vicinity of NGC 253.

Name Type Vh Vi DrrgB Mp TI Onss R. Ryp
(kms™") (kms™") (Mpc) (mag) (deg) (kpe)

NGC 253 Sc 260.6 +5@ 294 370 +0.03 M -21.15

Doll dSph -6.6 3.2 1.3 86

LV J0055-2310 dIr 2496+ 5@ 288 3.62+0.18 @ -9.81 2.2 2.7 175 191
Sc-MM-Dwl  dSph 39440630 -954 18 1.1 71 251
NGC247 Sd 153.0+5@ 208 3.72+0.03® -18.56 1.6 4.5 293 294
DolV dSph -7.1 2.2 3.6 233

ESO 540-032 Ir 227.7+09® 285 3.63+0.05® —-1145 1.4 54 349 354
Do III dSph -8.3 1.4 53 343

DDO6 dIr 2953+ 5@ 347 344 +0.15®  -1245 1.3 43 277 373
Sculptor SR dTr -10.26 1.2 4.0 257

KDG?2 dTr 2235+27® 290 3.56+0.07 —11.49 1.0 72 463 478
Scl-MM-Dw2 dSph 3.12+032®  —11.03 0.7 0.8 53 582
Sc22 dSph 42940077 -1050 05 54 350 699
NGC 7793 Sd 2238+ 5@ 247 3.63+£0.14 —18.34 0.2 13.1 842 838
PGC 704814 Ir 270 + 89 © 299 3.66+0.18% —11.61 2.1 12.4 798 795
ESO 349-031 dIr 2203 +5@ 229 321 +0.06 —-11.87 0.2 12.6 802 901
DDO 226 dIr 362.1+5@ 413 492+029M —13.63 -03 3.2 1243
UGCA 442 Sm 266.7+5@ 299 437015 —1471 -03 15.5 1274
NGC 625 Sm 3949 + 5@ 324 4.02+007® -1650 -03 18.9 1307
NGC59 dEem 367.6+5@ 438 490+0.07® -1557 -04 8.3 1349
PGC 6430 Im 391.7+5@ 306 457013 —1568 -0.7 21.7 1778

Notes. The columns contain: (1) galaxy name; (2) morphological type; (3) Vi, — heliocentric velocity in km s~

! with its error; (4) Vg — radial

velocity with respect to the LG centroid (Karachentsev & Makarov 1996); (5) Drrgs — TRGB—distance in Mpc with a corresponding error; (6) Mp
— B-band absolute magnitude of the galaxy; (7) TI — ‘tidal index’ indicating the value of the tidal influence from the main disturber (Karachentsev
& Makarov 1999; Karachentsev et al. 2013); (8) ®Onps3 — projected separation from NGC 253 in degrees; (9) R, — projected distance to NGC 253

in kpc; (10) Rsp — spatial distance to NGC 253 in kpc.

References. @Westmeier et al. (2017), ®Bouchard et al. (2005), ©Colless et al. (2003), Jacobs et al. (2009), PKarachentsev et al. (2021),

®Sand et al. (2014), ®Toloba et al. (2016).

However, if only one additional satellite were confirmed
without changing the overall measured flattening of the system,
then the fractions reported above would already drop by about a
factor of two, that is, to 5.4*39 and 7.1*30% of simulated systems
being more flattened in c¢/a and Ay, respectively. This demon-
strates the requirement for a more complete census of galax-
ies around NGC 253 via distance measurements of the current
candidates, as well as a more complete sample of spectroscopic
velocity measurements, in order to clarify whether the system is
exceptional or rather typical compared to expectations derived
from cosmological simulations.

If we assume that the galaxies (including our new three
discoveries) for which no distance measurement exist are at
the distance of NGC 253, with a broad distance uncertainty
of +200kpc, our plane fits become less extreme. The broad
assumed distance uncertainties also introduce a lot of scatter in
the obtained best-fit parameters. While the best-fit orientation
changes only mildly, the plane width is then dominated by the
two spatial outliers Do III and Sculptor SR.

While one can interpret the spatial alignment as a poten-
tial plane of satellite galaxies, its extent of 600 kpc exceeds the
virial volume of NGC 253. This makes the structure more sim-
ilar to the larger-scale planes of dwarf galaxies discovered in
the LG, which have diameters of 1-2Mpc (Pawlowski et al.
2013). However, even the six galaxies (assuming those with-
out distance measurements share the same distance as NGC 253)
within 300kpc are roughly aligned in the same direction as
the objects on larger scales. Another interpretation of the larger

structure is that these galaxies trace a cosmic filament. Preferen-
tial accretion of dwarf galaxies along filaments was proposed as
a possible origin of flattened satellite galaxy structures (Lovell
et al. 2011; Libeskind et al. 2011). While the alignment of the
flattened galaxy distribution with the direction of fastest collapse
of the surrounding cosmic web can be seen as support of such
an interpretation, the observed distribution appears much more
narrow than a typical filament in cosmological simulations, and
the resulting satellite galaxy systems in simulations are typically
not highly anisotropic (Pawlowski et al. 2012; Shao et al. 2018).
However, as the effects of accretion along filaments on the for-
mation of satellite alignments have thus far mostly been studied
in cosmological simulations, NGC 253 promises to be a unique
observational test case of the filamentary accretion scenario: a
potential satellite plane in the making by the cosmic web.

4. Conclusions

In this study, we report the discovery of three dwarf spheroidal
galaxies, named Doll, Dolll, and DolV, in the vicinity of
the bright late-type spiral NGC 253 galaxy by means of visual
inspection of the images taken by the DES. For our analysis,
the images were processed using the LEGACYPIPE software from
the DESI Legacy imaging surveys. We used the GALFIT software
to derive their photometric and structural properties. The phys-
ical parameters for Do II, Do IIl, and Do IV were calculated by
adopting a distance modulus of 27.84 + 0.02 mag for NGC 253
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Fig. 8. Best-fit parameters for the Tol fits to the spatial distributions of galaxies within 600 kpc of NGC 253. Shown from left to right are: the
absolute rms plane height A, the relative minor-to-major axis ratio c¢/a, the inclination i of the best-fit plane with the line of sight to NGC 253,
and the perpendicular offset dngcass of the best-fit plane from the host galaxy NGC 253 (which was not included in the plane fit). Each panel
also gives the mean and standard deviations of the shown distributions. The realisations drawing from the observed galaxy distances (blue) are
much more flattened (by both measures) than the randomised samples (grey) drawn from isotropic distributions around the position of NGC 253
but following the same radial distances. Satellite systems drawn from the Illustris TNG 100 simulation (red) are more flattened than isotropic
distributions in both absolute plane height and axis ratio, but the observed system falls onto the more flattened tail of their distribution.

Plane normal vector in supergalactic coordinates

0 Normal vector count 213

Fig. 9. Density distribution of the direction of plane-normal vectors
(minor axis of 3D galaxy distribution) of the galaxies with measured
distances within 600 kpc around NGC 253, for 1000 realisations drawn
from the distance errors. Shown are supergalactic coordinates, indicat-
ing that the best-fit plane aligns closely with the Supergalactic plane.
The red symbols indicate the eigenvectors of the tidal tensor at the posi-
tion of NGC 253, which describe the principal directions of the sur-
rounding cosmic web. The best-fit plane is well aligned with e, the
axis along which material in the cosmic web is compressed fastest.

(Jacobs et al. 2009). The resulting total absolute magnitudes of
the dwarfs transformed to the V-band fall in the range from about
—7 to about —9 mag, which are typical for satellite dwarf galax-
ies in the Local Universe. The central surface brightness tends to
be extremely low for all the discovered dwarfs and falls roughly
in the range of 25—-26 mag arcsec™” in g-band.

So far, there are 12 confirmed members in the group around
NGC 253. Taking into account these three possible new members
and the Sculptor SR dwarf galaxy, the total population consists of
16 galaxies. The radial velocity dispersion in the NGC 253 group
estimated using the nine members with known radial velocities
is 43kms~'. Most galaxies lie at a projected distance of less
than 5.5° or about 350kpc from NGC253. Doll is the third
nearest satellite to NGC 253 in projection. The late spiral galaxy
NGC 247 has a highly negative, peculiar velocity of —86kms~!
with respect to NGC 253. Furthermore, Do IV together with the
dwarf irregular galaxy ESO 540-032 forms a subgroup around
NGC247. Dolll, lying at a distance of about 340kpc from
NGC 253, is one of the peripheral members of the core of the
group.

We used the virial theorem and the projected mass estima-
tor to determine the galaxy group mass. We estimated the total
mass of the NGC 253 group to be about 8 x 10'! M. Therefore,
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the respective estimated radius of the virialised region is Ry =
186 kpc, and the corresponding radius of the zero-velocity sur-
face is 706 kpc.

We also discuss the issue of the possible existence of a spa-
tially flattened and velocity-correlated satellite galaxy system
around NGC 253. It is apparent from our analysis that most of
the known objects in the vicinity of NGC253 are aligned in
an extremely narrow structure to the north side of the galaxy.
Of the 12 galaxies potentially within 600kpc from NGC 253,
only DolIl and Sculptor SR are significantly offset from this
orientation.

To study the three-dimensional distribution of the known
satellites of NGC253, we employed the common tensor-
of-inertia fitting method. As expected from a flattened on-sky
distribution, we find an extremely narrow spatial alignment:
the root-mean-square (rms) height from the best-fit plane is
only Ay, = 31 + Skpc, and the minor-to-major axis ratio is
c/a = 0.14 + 0.03. These values are comparable with those of
the satellite planes found around the Milky Way and M 31. While
one can interpret this alignment as a potential plane of satellite
galaxies, its extension of 600kpc exceeds the virial volume of
NGC 253. This makes the structure more similar to the larger-
scale planes of dwarf galaxies discovered in the LG, which have
diameters of 1-2 Mpc (Pawlowski et al. 2013).

The first results of our survey of dwarf galaxies around
NGC 253 and the recent discovery of a possible very faint satel-
lite of M 33 (Martinez-Delgado et al. 2021a) demonstrate the
suitability of DESI Legacy surveys imaging for discovering
diffuse satellites of nearby spiral galaxies by means of visual
inspection of the images. Because of the low surface bright-
ness of the three dwarf galaxies reported here, their association
with NGC 253 can only be confirmed with TRGB estimates in
CMDs from deeper HST data and ground-based 8 m telescopes,
or, alternatively, radial velocities obtained with state-of-the-art
spectroscopic instruments (e.g., Miiller et al. 2021).
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