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Ultra-diffuse galaxies (UDGs), defined by their extremely low surface brightness
(g-band u > 24 mag arcsec™2) and large effective radii (3—10 arcsec), remain one
of the most puzzling galaxy populations in the nearby Universe (van Dokkum
et al., 2015). Predominantly found in dense environments, UDGs in the Coma
cluster show a preferential alignment of their major axes toward the cluster centre,
suggesting strong environmental influence on their formation and evolution. Using
high-sensitivity, low-frequency radio data from the upgraded Giant Metrewave
Radio Telescope (GMRT), a pathfinder instrument we examined all 854 UDGs
cataloged in Coma cluster (Yagi et al., 2016). Despite the unprecedented depth
of these observations, no individual detections were made. A median stacking
analysis in the upgraded GMRT band-3 achieved a 5 X rms upper limit ~1.5 uJy,
providing the most stringent constraint yet on the average (mean) radio emission
from UDGs, corresponding to star-formation rates <1073 Mg yr~!' for Coma-
cluster-like systems and <10~! Mg, yr~! at z ~ 0.05.

Looking ahead, the Square Kilometre Array (SKA) will transform the study of
such faint galaxies. While the early AA* configuration will deliver sensitivities
comparable to the upgraded GMRT, the AA4 design baseline will achieve sub-uJy
rRMs levels at matched frequencies (v ~ 200 MHz-1.4 GHz), enabling detections
of UDGs with star formation rates as low as 10741072 My, yr~! within Virgo
and Coma distances. Such capabilities will allow robust discrimination between
quenched, dark-matter-dominated systems and those sustaining weak residual star
formation or low-luminosity nuclear activity.

Clearly, the forthcoming sensitivity of SKA-Mid and SKA-Low will be decisive
in determining whether UDGs extend the faint tail of the active galaxy or star-
formation luminosity function, or instead constitute a distinct radio-silent class.
Even if the future looks dark for UDGs, in the sense that their radio emission may
remain extremely challenging to detect, there is still good hope that upcoming
facilities will possibly reveal their true nature.
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1 Introduction

Ultra-diffuse galaxies (UDGs) are an extreme population of low-surface-brightness systems, es-
pecially abundant in rich galaxy clusters. van Dokkum et al. (2015) defined them as galaxies
with central g-band surface brightness ug > 24 mag arcsec™? and large effective (half-light) radii
R4 = 1.5 kpc (see Van Nest et al., 2022, for an in-depth discussion on UDG definition). Thousands
of UDGs have now been identified across a wide range of environments, e.g., Abell 2744: Janssens
etal. (2019), Coma cluster: Yagietal. (2016), Zaritsky et al. (2019, 2021), Globular Cluster system:
Gannon et al. (2024), Pisces-Perseus super-cluster: Martinez-Delgado et al. (2016), Perseus cluster:
Gannon et al. (2022), Stripe 82: Barbosa et al. (2020), UGC 6594 group: Gannon et al. (2021),
Virgo cluster: Mihos et al. (2015), etc. Observed cluster UDGs span a substantial luminosity range,
an absolute magnitude of about —12 to —16 (Koda et al., 2015), although the completeness at the
faint end of their luminosity function remains uncertain. Recent studies suggest that more than
7% of all galaxies may be ultra-diffuse (Li et al., 2023). Understanding how these galaxies form
and evolve has therefore become a challenge in galaxy formation research, with UDGs emerging as
valuable laboratories for studying both galaxy formation and cluster evolution.

A wide variety of theories have been proposed to explain the formation of UDGs, generally invoking
either (i) external processes such as tidal heating, ram-pressure stripping, environmental quenching,
or galaxy mergers (Carleton et al., 2019; Sales et al., 2020; Jones et al., 2021; van Dokkum et al.,
2022, etc.), or (ii) internal mechanisms such as high dark-matter halo spin, stellar feedback, or passive
stellar evolution (Di Cintio et al., 2017; Benavides et al., 2023; Fielder et al., 2024, etc.). In many
cases, a combination of both internal and external factors possibly contributes to their formation
(see also Martin et al., 2019; Gannon et al., 2024, and references therein), and different formation
mechanisms are expected to leave distinct signatures in the stellar populations and dark matter halos
of UDGs. For instance, UDGs formed through episodic stellar feedback should exhibit extended
star formation histories, low metallicities, and dwarf-galaxy-like halos with correspondingly low
velocity dispersions and few globular clusters (Zheng et al., 2024). In contrast, UDGs that formed
early and quenched rapidly are expected to host old, metal-poor stellar populations and reside
in more massive halos, with higher velocity dispersions and richer globular-cluster-like systems
(Gannon et al., 2024).

Observational studies have shown a transition in the overall properties of field and cluster UDGs,
with UDGs in the field tending to be bluer, more irregular, and gas-rich, with some ongoing star
formation, while those in clusters are mostly red, spheroidal, and quenched (e.g. van der Burg et al.,
2016; Roman and Trujillo, 2017a,b). Although most field UDGs are gas-rich and star-forming, a
population of isolated quenched systems has also been reported, which may originate as backsplash
galaxies that were previously satellites of groups or clusters, as suggested by simulations (Benavides
et al., 2021). Large optical surveys and dedicated catalogs (e.g., Yagi et al., 2016) have revealed
that clusters such as Coma host hundreds of UDGs, far exceeding field expectations, and that their
structural properties (e.g. axis ratios, sizes) are remarkably coherent, suggesting that environmental
effects play a significant role in shaping them (Motiwala et al., 2025). Notably, (i) many UDGs
appear as barely resolved diffuse systems along the line of sight to the Coma cluster (R4 ~ 800
pc—S5 kpe, effective surface brightnesses = 25-28 mag arcsec ™2 and stellar masses ~ 1 x 107 Mg —
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5 108 M , Koda et al., 2015), and (ii) deep stacked Subaru images show little evidence of strong
tidal disturbances in their outskirts, implying either substantial dark-matter dominance or survival
mechanisms that shield them from rapid disruption (Yagi et al., 2016).

Results from cosmological simulations, e.g., Millennium-Il and Phoenix: Rong et al. (2017),
RomulusC: Tremmel et al. (2020), TNG50: Benavides et al. (2023), EAGLE: Zheng et al. (2025),
NIHAO: Motiwala et al. (2025), etc., present a picture in which UDGs are not a wholly separate
galaxy class, but rather the extreme tail of the dwarf galaxy population emerging under particular
conditions. Many simulated UDGs occupy dwarf-galaxy-like mass halgs (M ’ 10° M ), and

yet are unusually extended (e ective radii | 2 3 kpc) because of high halo spin, early quenching, or
tidal/heating processes. In simulations focusing on clusters of galaxies (van Dokkum et al., 2022),
UDG analogues often fall into massive halos early and su er strong environmental processing, e.g.,
ram-pressure stripping, tidal mass loss and adiabatic expansion, leading to low surface brightness
and gas-poor states (Tremmel et al., 2020). Alternatively, in eld environments, simulations show
a subset of born UDGs whose gas spins and feedback-driven expansions yield large radii without
heavy stripping. Across environments the result is that UDGs tend to have large sizes for their stellar
mass, older stellar populations, and a continuous rather than discrete distribution with respect to
normal dwarf galaxies (Benavides et al., 2023). Thus, understanding UDGs in clusters is important
because their origin, whether they are pued-up dwarfs, failed milky-way-like galaxies, or a
mix of both, which contains key information about galaxy formation at low surface brightness and
the environmental processes that quench star formation. Their abundance scales with the mass of
their host halo, makes them valuable tracers of dark-matter-dominated regions and environmental
processes during the formation and growth of galaxy clusters that a ect their member galaxies.

Although optical surveys have established large samples of UDGs across a range of environments,
only a few attempts have been made to detect them at radio wavelengths. Early e orts targeted
their H1 and continuum emission to probe gas content and star formation activity. Papastergis et al.
(2017) used the E elsberg 100 m telescope to search for H1 in four isolated UDGs, detecting one
(Sdl 2) with My, 2¢4 10 8M , while setting upper limits of 11+3 2¢4° 1M for the others.

Scott et al. (2021) presented resolved H | observations of two blue, gas-rich (isolated) UDGs using
the GMRT, con rming that such systems exist outside clusters but di er from the quiescent, red
UDGs found in dense environments. In contrast, Struble (2018) searched for radio counterparts to
UDGs in the Coma cluster using VLA data and found no signi cant matches above background
levels, indicating that cluster UDGs are largely radio quiet. More recently, the SMUDGes H | survey
(Karunakaran et al., 2024) reported detections for 110 out of 378 UDG candidates, predominantly in
isolated environments, again con rming that gas-rich UDGs are primarily eld systems while cluster
UDGs are strongly quenched. This motivates deep, targeted radio continuum and H | observations
of UDGs using current and upcoming facilities. Path nder and precursor arrays (upgraded GMRT,
MeerKAT, LOFAR), with their exceptional sensitivity and wide- eld imaging capabilities, are
ideally suited to bridge the gap between deep optical surveys and the unprecedented resolution and
sensitivity that the SKA will deliver. Such observations will enable the rst statistically signi cant
constraints on the non-thermal emission, magnetic elds, and cold-gas reservoirs of UDGs across
a range of environments.
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Figure 1: Mosaic image of three pointings in the upgraded GMRT band-3 (250- 500 MHz) at an angular
resolution of 6.5°C¢ UDG positions from from Yagi et al. (2016) are marked by the  sign. The gray-
scale image is displayed in logarithmic scales to emphasize the extended, low-surface brightness di use
radio emission, and the names of key sources are labeled. The rms noise is relatively uniform between 21
*Jy beam! and 31 “Jy beant , apart from small regions near bright sources, e.g., Coma A where the
rms noise increases. Eight circles correspond to the eight pointings in the 550 850 MHz band of upgraded
GMRT. Note the starry-pattern artifact centered on Coma A, limiting the dynamic range.

2 First results from upgraded GMRT

Although path nder and precursor facilities have achieved remarkable sensitivity to di use cluster
emission, direct radio detections of individual UDGs remain rare. The UDG sample is drawn from
the catalog of Yagi et al. (2016), who identi ed 854 such systems in the Coma cluster (z =0.02316)
through a systematic search of deep '-band Suprime-Cam/Subaru imaging. Their study provides a
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comprehensive and homogeneous compilation of UDGs in a dense cluster environment, forming a
well-de ned sample for statistical investigations. We use this optically selected catalog as the basis
for a radio study, aiming to examine the presence and properties of faint radio emission from these
galaxies and to explore their contribution to the low-luminosity end of the radio population.

We therefore analyzed the Coma cluster UDGs using archival low-frequency radio continuum
observations obtained with the upgraded Giant Metrewave Radio Telescope (GMRT), a path nder
instrument. The UDGs lie within the area covered by the deep upgraded GMRT survey of the
Coma cluster (Lal et al., 2022). We use observations in both band 3 (250 500 MHz) and band 4
(550 850 MHz), which together provide high-sensitivity, arcsecond-scale resolution across the
cluster environment. These nal images have a rms noise level of 21.1 36.6 *Jy beand

12.8 42.4 "Jy beam! at the angular resolutions of 6%%and 3.7°0in the 250 500 MHz and

550 850 MHz bands, respectively. After matching the two images at an angular resolution of
6.5 90 we extracted a region of 89 50 ®°from these band-3 and band-4 images centered on the
UDG position as given by the Subaru survey for each UDG in our sample. We retained 736 and
582 UDGs suitable for stacking in band 3 and band 4, respectively. Figure 1 shows the mosaic
image of three pointings in the upgraded GMRT band-3 (250 500 MHz) at an angular resolution
of 6.5 9 Eight circles correspond to the eight pointings in the 550 850 MHz band of upgraded
GMRT. UDG positions are marked by the  sign.

Surprisingly, no individual UDG was detected in either band above the 3f (=3 rms) threshold
within the sensitivity limits of the images. Thus, we explored two complementary methods for
stacking radio images, mean and median stacking, each with distinct advantages and limitations
(White et al., 2007). Mean stacking provides an easily interpretable measure of average ux density
but is highly sensitive to outliers, such as bright sources or noisy images within the stack, which
can bias the result. Although such e ects can be mitigated by excluding sources above certain ux
density or rms thresholds within the extracted region, the result remains sensitive to the speci c
cuto criteria. Median stacking, on the other hand, is considerably more resilient to outliers and
non-Gaussian noise distributions (e.g., Gott et al. 2001), allowing all images to be included without
arbitrary truncation. However, at low signal-to-noise ratios, interpreting the median becomes
less straightforward because the recovered value can be shifted toward the local mean, with the
magnitude of the shift depending on the noise level. Thus, while the median provides stability
against contamination, it can underestimate the true ux density for faint noise-dominated samples.

To investigate the ensemble radio properties of these ultra di use galaxies, we performed mean
and median stacking analyses in both bands, which o ers a valuable cross-check, ensuring a more
reliable characterization of the statistical radio properties. In band 3, we stacked 675 regions with no
outliers for mean-stacking and all 736 images for median-stacking, whereas in band-4, we stacked
533 regions with no outliers for mean-stacking and all 582 images for median-stacking. We did not
detect any signal at the locations of the UDGs in any of the stacked images. In band-3, the stacked
image yielded an average ux density upper limit of 2.3 "Jy for mean-stacking and 1.7 "Jy
median-stacking. Whereas in band 4, the stacked image yielded an average ux density upper limit
of 1.6 "Jy for mean-stacking and 1.5 "Jy median-stacking. Figure 2 shows resulting image

at band-3 (= 58° 50 %9 of constructing a mean (left panel) and a median (right panel) stack of
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