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insights on galaxy formation in extreme conditions.

. Introduction

There is still no consensus within the scientific commu-
ity on what "almost-dark" galaxies are. One working defini-
OCxion is to classify as such those galaxies not detected by tradi-
Ctional sky surveys, such as the Sloan Digital Sky Survey (SDSS,
\Oyork et al. 2000). In practical terms, an almost-dark galaxy is

. “one whose central surface brightness in the r-band is fainter than

26 mag arcsec™2. Well-known examples of this type of galaxy

 ™include Nube (Montes et al. 2024) and RCP 32 (Roman et al.
021).

= Almost-dark galaxies found in deeper surveys than the

SDSS, such as Stripe 82 (e.g. Fliri & Trujillo 2016) and DECaLS

(Dey et al. 2019), have effective radii similar to those of ultra-

diffuse galaxies (UDGs), with r. > 1kpc (van Dokkum et al.

2015), but are significantly fainter by a factor of more than

10. Current galaxy simulations cannot reproduce galaxies with
this combination of characteristics (see e.g. Sales et al. 2022 and
Rey et al. 2025). This raises many unanswered questions on the
formation, abundance, and environments where those galaxies
stay.

Star counting techniques allow the detection of very low
surface brightness galaxies in the Local Group, but their ef-
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ABSTRACT

Analogues of extreme Local Group galaxies with very low surface brightness and large effective radii must exist elsewhere, still hidden
due to current detection limits. We report the serendipitous discovery of a low-mass almost-dark galaxy TTT J1237327+143535 in the
Virgo Cluster, observed using the Two-meter Twin Telescope at the Teide Observatory. TTT J1237327+143535 has a central surface
brightness of 27.9 +0.2 mag arcsec™2 in the g’-band, an effective radius of 0.9+ 0.1 kpc, and a total stellar mass of (2.2+0.4)x 10® M.
Its effective radius and absolute magnitude are similar to those of galaxies And XXI and And XXIII. The discovery of this extremely
low surface brightness, extended, low-mass galaxy suggests the existence of a significant population of almost-dark galaxies in the
Virgo Cluster. An in-depth analysis of the Next Generation Virgo Cluster survey, as well as upcoming Rubin Data Releases and the
10-year Rubin Legacy Survey of Space and Time are expected to reveal large samples of this extreme galaxy population, which offers
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fective radii are in general significantly smaller (r. < 1kpc,
McConnachie 2012). Galaxies of this type should certainly also
exist outside the Local Group. However, their small apparent
extensions and low surface brightness would make them in-
distinguishable from the background of high-redshift galaxies.
Nonetheless, there are some galaxies in the Local Group such
as And XXI and And XXIII that having low surface bright-
ness their effective radius is around 1 kpc. In this article,
we report the discovery of one of these almost-dark galaxies
(TTT J1237327+143535) in the Virgo Cluster. While it is not
the first galaxy with very low surface brightness found in this
cluster, TTT J1237327+143535 is one of the most extreme ones
to date, compared to other galaxies reported in Mihos et al. 2015,
2017, Ferrarese et al. (2020) and Lim et al. (2020).

2. Discovery imaging

The almost-dark galaxy TTT J1237327+143535 was dis-
covered while constructing a control field for the galaxy Ma-
lin 1 with TTT3 (the first 2-m telescope of the TTT facility),
a Ritchey-Chrétien 2-m telescope located at Teide Observatory,
using g’-, -, and #-band standard Sloan filters, manufactured
by Baader Planetarium. For the g’- and r’-band observations, the
instrument used was FERVOR-M with the sensor BSI sCMOS
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IMX455 (Alarcon et al. 2023), with a FOV of 10.2” x 6.8 and a
pixel scale of 0.194” pix~! (3 x 3 binning). For the i’-band, the
instrument used was COLORS with the sensor BSI e2v CCD42-
40 BEX2-DD, a FOV of 7.85’ x 7.85’ and a pixel scale of 0.23".

The observations were conducted between April and June
of 2025. The exposure times for the g’-, -, and i’-band were
6.5, 7.8, and 5 hours, respectively. The full-width half maximum
for point-like sources on the stacked images is 1.3”, 1.1”, and
1.5”, and the typical sky brightness during the observations was
21.7, 20.85, and 20.3 mag arcsec™2 for g’-, r'-, and i’-band, re-
spectively. The surface brightness limits achieved in the final im-
ages are 30.3, 29.6, and 29.2 mag arcsec ™ (in areas equivalent to
10” x 10" at a 30 level) for the respective bands. The 5o~ point
source limits are at 26.2,25.4, and 24.8 mag for g’-, r’-, and 7’-
band in apertures with radii of 1.5”. To preserve the faint signal
present in the data, we used a low-surface-brightness-compliant
pipeline. A thorough explanation of the observational and reduc-
tion strategy is in Junais et al. (2025).

Figure 1 shows a colour image combining the g’-, r’-, and 7’-
band images of the almost-dark galaxy TTT J1237327+143535
(centre box and zoom-in), together with the UDG neigh-
bour SMDG J1237307+143906 (upper box) reported in the
SMUDGes survey (Zaritsky et al. 2023). Giving their positions
in the sky (at a projected distance of 0.77 Mpc to M87) and
their extension, we assume that both the almost-dark galaxy and
the UDG neighbour are associated with the Virgo Cluster, at
D = 16.17 Mpc, with statistical error of +0.25 Mpc and system-
atical error of £0.47 Mpc (Anand et al. 2025).

3. Physical properties

We derive the physical properties of the almost-
dark galaxy TTT J1237327+143535 and its neighbour
SMDG J1237307+143906 by first running the source detection
algorithm MTO2 (Hashem Faezi et al. 2024) to detect and mask
all the other sources in a region of 5’ X 5" around the galaxy.
We then use Photutils (Bradley et al. 2026) to find the galaxy
centre by fitting isophotes on the masked image, and GALFIT
(Peng et al. 2010) to fit the galaxy with a Sérsic model and
derive the Sérsic index, effective radius, ellipticity, and position
angle.

TTT J1237327+143535 has a rather flat radial surface
brightness profile with Sérsic index n = 0.54 + 0.03 while the
neighbour has a slightly steeper profile with n = 0.75 + 0.01.
The two galaxies have a similar effective radius of around 12",
which corresponds to 1 kpc at the distance of the Virgo Cluster.
Other properties of these objects are listed in Tab A. 1.

We follow Schlegel et al. (1998) and Schlafly & Finkbeiner
(2011) to apply an extinction correction for each band.
TTT J1237327+143535 (Fig A.3, top panel, squares) has an
extremely faint central surface brightness of 27.9 mag arcsec >
and 26.9 mag arcsec™2 in g’- (blue) and »’-band (orange), re-
spectively. SMDG J1237307+143906 (circles), in compari-
son, has a central surface brightness of 25.4 mag arcsec™> and
24.8 mag arcsec™” in g’- and r’-bands, two magnitudes brighter
than its almost-dark neighbour. The almost-dark galaxy has a
median extinction-corrected colour of (g’ —r")o = 0.6+0.1 within
re. The UDG neighbour is also similarly red, with (g" — ")y =
0.58 +0.04.

From these colours, we derive a colour-mass-to-light ratio
for the g’-band of log,,(M, /L) = m x (g' — r")o + b, assuming
a Kroupa initial mass function (Kroupa 2001) and values of m =
2.029 and b = —0.984 from Roediger & Courteau (2015). Fol-
lowing Bakos et al. (2008), the stellar mass density profile is ob-
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tained as log;( Z,(r) = log (M /L) —0.4[py (r) —mgy o] +8.629,
where the absolute magnitude of the Sun is mgy o = 5.11 mag. To
avoid the effect of the noisy outskirts of TTT J1237327+143535,
we integrate the surface mass density up to its effective radius,
then multiply by two to obtain the total stellar mass.

We find that both galaxies have very low surface mass
densities. SMDG J1237307+143906 (Fig A.3, bottom panel,
circles) has the central mass surface density of 5Mgpc™>
which drops down to almost 0.1 Mg pc=2 at around two times
its effective radius (~ 2kpc). Its total stellar mass is about
10’ M. In the almost-dark galaxy (squares in Fig.A.3), even
at its centre the surface mass density is below 1Mgpc~2.
TTT J1237327+143535 has a central surface mass density of
0.8 M, pc~2, dropping to 0.1 M, pc=2 at the outskirts. It has a to-
tal stellar mass of 2 x 10° My, five times less massive than its
UDG neighbour.

4. Discussion

The distance to the almost-dark galaxy
TTT J1237327+143535 is unknown. There are two reasons to
support the assumption that it is associated with the Virgo Clus-
ter. Firstly, the sky separation between TTT J1237327+143535
and the giant elliptical galaxy M87 at the centre of the Virgo
Cluster is 2.74°, corresponding to 0.77Mpc at the Virgo
distance. Thus, it is located within the virial radius of the
Virgo Cluster (ryi; = 1.55Mpc, from Ferrarese et al. 2012).
Secondly, the fact that we do not resolve the stellar populations
of TTT J1237327+143535 is proof of its position beyond the
Local Group (within 3 Mpc, McConnachie 2012). On the other
hand, it is unlikely that TTT J1237327+143535 is further away
than the Virgo Cluster. In fact, if it were at about 30 Mpc, its
effective radius could be twice the current radius, and its total
stellar mass would be 3.5 times higher than the values measured
at the Virgo distance. Such an object with a central surface
brightness of 28 mag arcsec™> would be even harder to explain
with current simulations of galaxy formation and evolution.

We find no signal from the HI spectrum at the position of
TTT J1237327+143535 from the ALFALFA survey, yielding an
upper limit to the HI mass of 10’ Mg, at the Virgo Cluster dis-
tance (Giovanelli et al. 2007). Besides, there is also no Ha re-
ported at the same location when cross-matched with the VES-
TIGE survey (Boselli et al. 2018). A galaxy with such faint sur-
face brightness and relatively red colour may indeed be HI-poor
and have no recent star-forming activity.

TTT J1237327+143535 is a remarkable object with an ex-
tremely low density of baryonic matter, as reflected in its low
surface brightness and low stellar surface mass density. It is
clearly distinguished as the most extended galaxy among those
dwarfs and UDGs with similar absolute magnitude in the Lo-
cal Volume (left panel, Fig 2). It is about twice as large in ef-
fective radius as the other dwarfs with certain membership in
the Virgo Cluster (middle panel, Fig 2). Similar to other almost-
dark galaxies, Nube and RCP 32, they all have large effective
radii compared to galaxies of the same magnitudes. Besides,
its effective radius is comparable to the UDGs (as defined in
van Dokkum et al. 2015) and is 100 times fainter. Current state-
of-the-art simulations (e.g Rey et al. 2025) can reproduce galax-
ies at the same magnitude as TTT J1237327+143535 with half
or even one-third of its effective radius. Thus, a larger sample
of similarly faint and extended galaxies will provide an observa-
tional constraint on the physical mechanisms responsible for the
extensive radii of this population.
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Fig. 1: Colour image (combined g’, 7/, and ¢’ filters, using astscript-color-faint-gray (Infante-Sainz & Akhlaghi 2024)) of the almost-
dark galaxy TTT J1237327+143535 (centre and zoom-in, the cross marks the centre of the object and the dashed ellipse shows the
half-light radius) and the neighbour SMDG J1237307+143906 (top). The boxes mark the area of 40" x 40" (3 kpc X 3 kpc at the
Virgo Cluster distance) around these objects.
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Fig. 2: Left panel: the absolute magnitude in g—band and effective radius of the almost-dark galaxy TTT J1237327+143535
(marked as cyan star), compared to UDGs in the Coma Cluster (van Dokkum et al. 2015, diamonds), satellite (open circles) and field
(squares) dwarfs in Local Volume (D < 12 Mpc, Carlsten et al. 2021), and to the other two almost-dark galaxies Nube (cross) and
RCP 32 (black circle with errorbar). Middle panel: as Left panel, compared to other objects in the Virgo Cluster from the NGVS
survey: galaxies with certain membership within 0.3 Mpc from M87 (Ferrarese et al. 2020, pentagons), UDGs in (Junais et al.
2022, triangles), and in (Lim et al. 2020, squares). We also show comparison to the LSBs found with the Burrell Schmidt Deep
Virgo Survey (Mihos et al. 2015, 2017, blue crosses). Right panel: the absolute magnitude in the V—band — effective radius of
TTT J1237327+143535 (cyan star), compared to galaxies in the Local Group (D < 3 Mpc, McConnachie 2012, hexagons). The

gray dashed lines show the corresponding effective surface brightness at each magnitude — size. Error bars of the measurement for
TTT J1237327+143535 are small and not visible in the plot.

TTT J1237327+143535 occupies a position on the effec- the deepest existing surveys of the Virgo Cluster (middle panel,
tive radius—magnitude space that remains genuinely rare even in
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Fig.2). The Next Generation Virgo Cluster Survey (NGVS) —
one of the most comprehensive LSB surveys of Virgo to date,
covering 104 degrees square — UDGs catalog (Lim et al. 2020)
reveals only three objects (NGVSUDG-22, NGVSUDG-A06,
NGVSUDG-A12) with comparable properties, all at the ex-
treme faint end of their sample and are marked as those close to
the NGVS detection and completeness limit (50% complete at
M, = -9.6). TTT J1237327+143535, discovered independently,
naturally complements and reinforces the NGVS UDGs sample
by confirming that objects in this extreme parameter space ex-
ist. Finding a galaxy with those extreme properties by chance,
in an observation independent of the NGVS survey, reinforces
the idea that there is a population of extended, low-mass, low-
surface-brightness objects in the Virgo Cluster. It is worth em-
phasizing how difficult it is to find an object with these character-
istics. Although the NGVS deep imaging covers the location of
TTT J1237327+143535, the galaxy is not included in the NGVS
catalog.

We do not expect any globular cluster (GC) associated with
TTT J1237327+143535. The point-source limit of our data cor-
responds to M, ~ —5mag at the Virgo distance, which is 2 mag
fainter than the peak of GCLF ( M, ~ —7.2 mag, as in Lim et al.
2020). However, due to the limitations of ground-based imag-
ing in separating GCs from contaminants, and to avoid the as-
sumption of the universal GCLF, especially for low-mass, low
surface brightness galaxies such as TTT J1237327+143535,
space-based follow-up with u#-band coverage (the most effective
wavelength range for discriminating GC candidates from stars,
Munoz et al. 2014) would enable a robust characterisation of the
GC system of this almost-dark galaxy.

Compared to dwarf galaxies in the Local Group from
McConnachie (2012), TTT J1237327+143535 has a similar ab-
solute magnitude and effective radius as the faint and low-mass
end of that sample (right panel, Fig 2)'. The closest Local
Group analogous to our almost-dark galaxy are the And XXI and
And XXIII satellites of Andromeda. Finding by chance an ana-
log to the satellites And XXI and And XXIII in the Virgo Cluster
suggests the existence of a significant population of extremely
faint and low-mass galaxies beyond the Local Group. This pop-
ulation remains undetected due to the current survey surface
brightness limits. Dedicated search in optical surveys such as
the LBT Imaging of Galactic Halos and Tidal Structures sur-
vey (Trujillo et al. 2021 and Zaritsky et al. 2024), the NGVS sur-
vey (Ferrarese et al. 2012), Euclid (Euclid Collaboration et al.
2025), Vera Rubin Legacy Survey of Space and Time (LSST)
(Ivezi¢ et al. 2019) and Roman Space Telescope (Montes et al.
2023) will certainly reveal more about this very faint population.

5. Conclusions

In this letter, we report the discovery of the almost-
dark galaxy TTT J1237327+143535 in the Virgo cluster. This
galaxy has an extremely low central surface brightness, of
28 mag arcsec™” in the g’-band, an effective radius of 1kpc,
and a total stellar mass of 2 X 10%Mg. These properties make
TTT J1237327+143535 remarkable in comparison to dwarfs
and UDGs beyond the Local Group and in the Virgo Cluster.
The galaxy is similar to the two satellite galaxies And XXI and
And XXIII in the Local Group.

’

! V-band magnitude is converted from g’, ' via V = g -
0.5784(g" — ') — 0.0038, following https://classic.sdss.org/
dr4/algorithms/sdssUBVRITransform.php#Lupton2005.
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The serendipitous discovery of TTT J1237327+143535 sug-
gests that there are more objects with similar properties at dis-
tances beyond the Local Group. Upcoming surveys with wide-
area coverage and similar depth will potentially detect many
more almost-dark galaxies. Finding more galaxies of this type
can help answer how galaxies form and evolve under extreme
physical conditions.
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Appendix A: GALFIT and surface brightness profile
We use GALFIT to fit g’-band images and find the effective radius, position angle, ellipticity, and Sérsic index of the almost-dark

galaxy TTT J1237327+143535 (Fig A.1) and its neighbour SMDG J1237307+143906 (Fig A.2). Because the g’-band is deeper than
the 7’-band, we report g’-band values; r’-band values are consistent within error bars. Properties are summarized in TabA.1.
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Fig. A.2: The UDG neighbour SMDG J1237307+143906 in g’-band (left), model in GALFIT (center), and the residual (right)
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Fig. A.3: Top panel: Surface brightness profiles in g’-band (blue) and r’-band (orange) of the almost-dark galaxy
TTT J1237327+143535 (squares), compared to its UDG neighbour SMDG J1237307+143906 (circles). The surface brightness
profiles are corrected of Galactic extinction. Bottom panel: Surface mass density profiles of the almost-dark galaxy (squares) and
its UDG neighbour (circles).
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Table A.1: Properties of the almost-dark galaxy TTT J1237327+143535 and its neighbour SMDG J1237307+143906

TTT J1237327+143535 SMDG J1237307+143906  SMDG J1237307+143906
RA [°] 189.3861 189.3779 189.3779
DEC [°] 14.5932 14.6517 14.6517
re [”] 11.9£0.5 122+0.1 12.99*32
re [kpc] 0.93 +0.04 0.96 + 0.01 -
n 0.54 + 0.03 0.75 +0.01 0.85+017
bla 0.81 +0.03 0.74 +0.01 0.76 + 0.04
PA [°] 26.2+£6.5 53.1+0.9 43.5+5.77
Ho,g [mag arcsec™] 27.88 +0.15 25.36 + 0.02 2531709
Ho,- [mag arcsec™] 26.93 +0.11 24.80 +0.03 24.70j§f§§
<,ug>e [mag arcsec™2] 28.14 £ 0.11 26.08 +0.02 -
{Ur). [mag arcsec 2] 27.52 +0.11 25.44 +0.02 -
(g -7 0.60 +0.10 0.58 +0.04 -
g [mag] 21.07 +0.04 19.06 + 0.01 18.91+095
r [mag] 20.43 £ 0.04 18.40 £ 0.01 18.30:8):%
M, [Mo] (2.16 + 0.38) x 10° (1.02 + 0.10) x 107 -

Notes. @ The effective radius r., Sérsic index n, axis ratio b/a, position angle PA, and total magnitude in both bands are from the fit results using
GALFIT. The central and mean effective surface brightness values are corrected for Galactic extinction. ® Results by Zaritsky et al. (2023) using
data from DECaLS, show consistency with our measurements of SMDG J1237307+143906. Y Median Galactic extinction correct (g’ — 7)o colour
within r, of the galaxies and bootstrap errors.
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