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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 u, > 24 mag arcsec ™2 and large effective (half-light) radii
R. = 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 (R, ~ 800
pc—S5 kpe, effective surface brightnesses = 25-28 mag arcsec ™2 and stellar masses ~ 1 x 107 Mg —
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5 x 103 My, 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-II 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 halos (M, ~ 10’-10° M), and
yet are unusually extended (effective 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 suffer 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 field 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 “puffed-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 affect 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 efforts targeted
their H I and continuum emission to probe gas content and star formation activity. Papastergis et al.
(2017) used the Effelsberg 100 m telescope to search for HI in four isolated UDGs, detecting one
(SdI-2) with My ~ 2.4 x 108 Mg, while setting upper limits of (1.3-2.4) x 108 M, for the others.
Scott et al. (2021) presented resolved H I observations of two blue, gas-rich (isolated) UDGs using
the GMRT, confirming that such systems exist outside clusters but differ 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 significant matches above background
levels, indicating that cluster UDGs are largely radio quiet. More recently, the SMUDGes H I survey
(Karunakaran et al., 2024) reported detections for 110 out of 378 UDG candidates, predominantly in
isolated environments, again confirming that gas-rich UDGs are primarily field systems while cluster
UDGs are strongly quenched. This motivates deep, targeted radio continuum and H I observations
of UDGs using current and upcoming facilities. Pathfinder and precursor arrays (upgraded GMRT,
MeerKAT, LOFAR), with their exceptional sensitivity and wide-field 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 first statistically significant
constraints on the non-thermal emission, magnetic fields, 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””. UDG positions from from Yagi et al. (2016) are marked by the “o” sign. The gray-
scale image is displayed in logarithmic scales to emphasize the extended, low-surface brightness diffuse
radio emission, and the names of key sources are labeled. The rms noise is relatively uniform between 21
uJy beam™! and 31 uJy beam~!, 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 pathfinder and precursor facilities have achieved remarkable sensitivity to diffuse cluster
emission, direct radio detections of individual UDGs remain rare. The UDG sample is drawn from
the catalog of Yagi et al. (2016), who identified 854 such systems in the Coma cluster (z = 0.02316)
through a systematic search of deep R-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-defined 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 pathfinder
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 final images have a Rms noise level of 21.1-36.6 uJy beam~! and
12.8-42.4 uJy beam™! at the angular resolutions of ~6.1” and ~3.7” in the 250-500 MHz and
550-850 MHz bands, respectively. After matching the two images at an angular resolution of
~6.5", we extracted a region of 50” x 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”. Eight circles correspond to the eight pointings in the 550—-850 MHz band of upgraded
GMRT. UDG positions are marked by the “o” sign.

Surprisingly, no individual UDG was detected in either band above the 30~ (= 3 X 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 flux density
but is highly sensitive to outliers, such as bright sources or noisy images within the stack, which
can bias the result. Although such effects can be mitigated by excluding sources above certain flux
density or rms thresholds within the extracted region, the result remains sensitive to the specific
cutoff 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 flux density for faint noise-dominated samples.

To investigate the ensemble radio properties of these ultra diffuse galaxies, we performed mean
and median stacking analyses in both bands, which offers 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 flux density upper limit of ~2.3 pJy for mean-stacking and ~1.7 ulJy
median-stacking. Whereas in band 4, the stacked image yielded an average flux density upper limit
of ~1.6 pJy for mean-stacking and ~1.5 pJy median-stacking. Figure 2 shows resulting image
at band-3 (= 50” x 50”") of constructing a mean (left panel) and a median (right panel) stack of
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Figure 2: Result of constructing a mean (left panel) and a median (right panel) stack of the 675 and 736,
respectively source positions in the UDG catalog. The image displays a 50" x 50" color-scale image (pixel
size = 0.8”"). The flux densities from the stacked images are consistent with the expected noise reduction
(~ N~'/2), where N is the number of images in the stack, confirming that the results are dominated by
Gaussian noise rather than faint unresolved sources.

the 675 and 736, respectively source positions in the UDG catalog. The resulting band-4 stacked
images are (again non-detection and are therefore) not shown. The flux densities measured from the

~1/2 where N is the number

stacked images are consistent with the expected noise reduction (= N
of images in the stack), confirming that the results are dominated by Gaussian noise rather than
faint unresolved sources. We have also analyzed LOFAR LoI'SS DR2 data (Shimwell et al., 2022)
of the Coma cluster, but the prominent diffuse emission from the Coma radio halo limits our ability

to reach deeper sensitivities through stacking.

We note that scaling the band-3 (central frequency = 400 MHz) limits assuming a spectral index
of @ = —0.7 yields a limit of ~1.1 uJy at band-4 (central frequency = 700 MHz), which is about
a factor of 1.4 higher than the current best estimates (~1.5 uJy) derived from the stacked images.
Thus, our median-stacked image at band-3 is the deepest among all data-sets, providing the most
stringent observational limits on the average radio emission from UDGs. Consequently, we adopt
this stack for all subsequent analyses. The combination of broader bandwidth, better sensitivity, and
a larger number of contributing sources makes the band-3 result particularly robust for constraining
faint, diffuse synchrotron emission in these ultra-diffuse systems.

Upper limit on the star-formation rate Most of the non-thermal radio emission from galaxies
arises from electrons that have diffused away from their acceleration sites in supernova remnants
into quiescent regions void of current star formation, and using Murphy et al. (Eq. 17, 2011), we
determine star formation rate (SFR),

L (1.4 GHz)a
SER (Mg yr~!) = 004Gt and
oY ) T 57x 102 WHZ- "

L, (WHz™") = 4xD7 (1) (Sy (uiy) X 107%);
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where Dy is the luminosity distance (= 3.086 x 10** m), and we assume @ = —0.7. These imply

that the mean SFR of UDGs in Coma cluster is ~ 4.8 x 107 Mg yr~!, well below 107> Mg yr~!,
consistent with their quiescent optical colors and lack of individual radio counterparts. Together,
these findings support that UDGs in rich clusters are strongly quenched systems, possibly shaped by
the dense intra-cluster medium and environmental stripping processes. At present, these constitute
the best observational limits on our understanding of UDGs. This motivates deep, targeted radio
continuum and H T observations, especially with the SKA, to constrain their cold-gas reservoirs,
star-formation and active galactic nuclei activity, and to probe how cluster environments shape and
regulate the formation and survival mechanisms of these extremely diffuse galaxies.

3 Predictions for SKA AA* and AA4

We note that the AA4 (design baseline) configuration forms the reference (Bourke et al., 2015;
Braun, 2015). Specifically, the SKA-Mid array comprises 197 dishes, 133 15-m SKA dishes and 64
13.5-m MeerKAT dishes (with baselines out to 150 km), while the SKA-Low array consists of 512
low-frequency aperture array stations of 256 antennas each (with a maximum baseline of around
75 km). On the other hand, AA* is a reduced-scale, interim deployment by the SKA Observatory
(Braun et al., 2024, and talk by Shari Breen, Head of Science Operations, 2025 October 20, “Meeting
with the SKAO and Book Chapters”). Despite its smaller collecting area and correspondingly lower
sensitivity compared to AA4, AA* will support the full range of observing modes, e.g., up to 16
subarrays, commensal operations, and a wide frequency coverage from 50 MHz to 15.4 GHz. In this
configuration, SKA-Mid includes 144 dishes (with a maximum baseline of 36 km), and SKA-Low
consists of 307 stations (with a maximum baseline of 74 km).

Expected rms sensitivities Thus, the interim AA* configuration and later the baseline AA4
configuration of the SKA Observatory represent a significant step forward in addressing these
questions. With continuum sensitivities at 1.4 GHz and 200 MHz exceeding those of the upgraded
GMRT’s band-3 (and band-4), AA4 and AA* will be capable of probing average flux densities of
order 0.18 pJy and 0.21 wJy, and 0.60 pJy and 0.78 uJy in long (= 100 hr) integrations for SKA-Mid
and SKA-Low respectively, which is roughly an order of magnitude deeper than current stacking
limits (~1.5 pJy). At these levels, it will be possible to distinguish between thermal star-formation-
driven emission and weak non-thermal synchrotron signatures from embedded active galaxy, even
in the faintest cluster UDGs. Moreover, the combination of wide field-of-view, excellent (u, v)-
coverage, and arcsecond-scale resolution will enable both statistical studies of large UDG samples
and the separation of UDG emission from surrounding diffuse cluster radio halo emission.

3.1 Expected star-formation rate

We assume (i) point-source emission, (ii) a spectral index, @ = —0.7, (iii) the adopted radio—SFR
calibration, and (iv) no significant loss of flux density due to resolved-out low-surface-brightness
emission. Clearly, realistic estimates should thus include spectral-index uncertainties, account for
effects to the SFR due to cosmic-ray, i.e., systems can under-produce synchrotron emission for
a given SFR due to cosmic-ray, and ability to image extended sources faithfully due to limited
(u, v)-coverage of radio interferometers.



Lal & Jeyasiona

Ultra-diffuse galaxies

"(00L—01 30 10308 B £q JOMO] JO) SPMITUTEW JO STOPIO ¢—7 £q JoMO[ o PINOM (66T T8 10 UOPUO)) ;-0 2 °0) ISIOU UOISNFUOD oY)
‘“A[reuonippy “Keire PrA-vIS o Jo (QAHS 10) 57/ ¥y ‘suoneoyroads pasordwir souay pue $857 /8%y pasordwir 0} anp oIe Is3Y) IASI[Aq dm (G [00) aA0qe
SIJLWIISI INO UBY} JYSIY H~ JO J0JOPY € B SALWNSI Y} YSNOYY[y “(SUI[aseq USISIP) YV pue (W) YV 10§ A[panoadsar < _weaq (7 $6°0 pue
(—weaq A(7 87" JO SANIANISUIS SSIOU [BULIAY) SIAIS ‘(W (G| JO SUI[Aseq WNWIXEU & YIIM) SAUSIP 6] PuB (WY 9¢ JO QUI[ISEQ WNWIXBUW B YIIM) SAYSIP |
03 S1y) SuI[edS 'SIOIBTNDTEI+AITATITSUSS/TZE06298F1/sobed/gydsa/sodeds/IIM/19u" ueISSeT1e edTaFeeys// sdi1y Je 9[qe[iear ‘| J[qe],
wolj ‘ZHN $8¢ = YIPIMpULq 9[qe[IeA’ dANRYD pue ‘K[ STy = IS Surwnsse ‘| _weaq A7 7°¢ = (ZHIN 0L9T—T188) PUBQ-"T U} UT SUOTJLAIISQO WNNUTIUOD
10§ AJIATIISUSS SSIOU [etIay) pa3oadxd oy ‘LY S[HeSIAl Y3 JO (WY § JO QUI[aseq WNWIXLW € YJIM) SIYSIP G SUIS SWIT) UOHLISAIUT SUO[ I § UB UT JBU) JOU IM |
" -weaq Af7 17T = 20 ‘9SI0U UOISNJUOd Y, *,#¥'¢ X ,,78°¢ = 9ZIS-Wedq PIZISIYIUAS ‘suonels /(¢ Suls()
" -weaq Ar1 ('

2,0 9SI0U UOISNJUOD YT, *,,£0°C X ,,68°€ = 9ZIS-WBAq PIZISIYIUAS ‘suone)s 71 ¢ Juisn
"MOT-V IS 9U} 10J 1UT *0YS " I01eTNDTeD-AITATITSUSS// 1 sd11y
18 J0)R[NoE) ANADISUSS VIS 9Y) YIm paje[nofed souwr amsodxd Juisn paurwiiolep (S [0d ur) ANADISUSS WNNURUOD PAYTIom 9AIS om mopg  ('S[o
-AQ] 9qoO[opIs weaq-A1p oS1e[ 03 onp sy Jood ur symser I AOUIs ‘a10y SunySrom [einjeu dsn jou op 9A\) SunySiom WIOJIUN pue Y)pImpueq wnn
-unuod 940¢ = J0joey uonoalod SunySem (] = spueq-qns Jo -ou) ZHN 00€ = YPIMpUBq WNNURUOd ‘ZHIN 007 = Aouonbaij [enuaed osn opp
KL 0LTT = A4AS $A18 | Y W 91T = 51/ %y
KL LLS'T = QAAS SAAIS | 3 ;W ' TSLT = S5L/%y
"PIA-VIS 9y} 10 uonenbs ornaworper oy Suisn pauTwIo)op
(G "[09 Uur) ANIATIISUSS WNNUTIUOD Pue ‘((IHS) AIISuap Xnpj Jua[eAnba-waisAs oA1S am morag *(ased asn paystjqnd se ‘[ 70z [ 12 Joleue,] OS[e 29S) SunysSrom
[eInjeu pue ‘z = suoneste[od Jo ‘ou ‘(pueq-T] punoie YIpimpueq d[qesn SNOAUBIULISUI PIA-VIS [801dA1) ZHIN 0L, = YIPIMpuBq WNNUNUOD dAT)RIUasa1dol
‘(ZHO t'1 =) ZHD 96¢'1 = Kousnbayy [enuad e (y70g “[e 10 uneig ‘g xipuaddy ur 9[qeL) 8180000~ TAL-OVS WY PIN-1VS 10} /¥y asn om

00°S06 00°L81 crs 8S1¢C 096 [T61 001
00°010¢ 00'v79 00°LIT L8188 08'61¢ 96'¢9 8 pxVV
00°8S¢S 00911 91°¢ LT°ST §T6S G811 00T
00°0981 00°68¢ 0s01 LY'0S 0T’ L6l Y 6¢ 8 0 VYV MOT-VIAS
0¥'81 I8°¢ 010 050 050 010 001
0979 00°¢l €0 oL'T oL'1 €0 18 qxVV
06°CI L9°C LO0 Se0 SNV LO0 00T
(V[& 4% 716 §T0 0C'1 0C'1 ¥C0 18 7'l VYV PUN-VIS
1) (6) (8) (L) 9) () () (€) (@) (D
(3K O ,_0TX) (&rr) (1) (zHD)
(91€200=2) (9€¥000=2) | ZHO ¥'I
S00=2 BWO)D) 03IIA Kyisuap xng Woly own
OSIAS ‘AInbg Apsuap xnfy swd | uoneidoyu] Aouonbary Syuo) odooso[ay,

"SuONRINSYU0d ,VV PUB $VV VIS J0J SONIANISUIS 9)el UONBULIOJ-IB)S PUR S)UII] UOTIOIP OG JO SAIBUWINSI T, :€ 91Ny



Ultra-diffuse galaxies Lal & Jeyasiona

Table 3 summarises the 5o detection limits and corresponding SFR sensitivities for the SKA-
Mid and SKA-Low AA4 and AA* configurations for integration times of 8 hr and 100 hr. These
predictions indicate that the SKA will be capable of detecting extremely low levels of star formation,
on the order of ~107° Mg yr‘1 in UDGs within the Virgo cluster (z = 0.00436), and ~1073-
10~! Mg yr~! for UDGs at z ~ 0.05. With these sensitivities, both AA* and especially AA4 should
be able to detect the integrated synchrotron emission from UDGs at z ~ 0.05 and beyond. Instead,
if such galaxies are truly quenched, the resulting non-detections will yield stringent upper limits on
their radio emission, providing key constraints on feedback processes and quenching mechanisms
in dense environments. Even if the future looks dark for UDGs, there is still good hope that
upcoming facilities, SKA will reveal their true nature. Hence, AA4 observations are a must to test
whether UDGs are predominantly dark-matter—dominated, quiescent systems or whether residual
star formation and weak active galaxy still persist in cluster environments.

4 Discussion

Deep optical surveys of nearby clusters (e.g., Coma, Virgo: Yagi et al., 2016; Mihos et al., 2015)
find that UDGs occupy the faint, largest, most extended members of the dwarf galaxy population,
and that clusters host hundreds of UDGs, many more UDGs than would be predicted from the
field population, even after correcting for observational incompleteness and selection biases. When
UDG:s in cluster environments are included, they can steepen the measured faint-end of the cluster
galaxy luminosity function; note that the exact slope and normalization at absolute magnitude > —12
remain uncertain because most (spectroscopic) surveys are limited by a lack of understanding as
to the selection biases, e.g., surface-brightness completeness, effective (half-light) size cut, area
coverage, etc. Cosmological and zoom simulations predict that the faint end of the UDG abundance
is strongly sensitive to host-halo mass, infall time, and feedback history, and that the lowest-mass
systems are strongly affected by tidal effects. In short, the simulations imply that UDGs in clusters
are largely quenched, extended dwarfs that are formed via dwarf-environment interactions, while
field UDGs may remain gas-rich but diffuse and not centrally concentrated, i.e., low-surface-density.
Such theoretical frameworks help interpret the extremely faint radio and star-formation signatures
of UDGs as natural outcomes of their formation scenarios.

UDG abundance Thus, UDGs have emerged as a key population for probing the link between
galaxy formation and environment, particularly within groups and clusters where their number
found in a system tends to increase as the mass of the system’s dark-matter halo increases. Early
studies suggested that richer environments contain disproportionately more UDGs, hinting at a
possible environmental origin or enhanced survival in massive haloes. Recent work by Makda
et al. (2025), using a sample of 51 Hyper Suprime-Cam Subaru identified clusters spanning halo
masses from Magy =~ 0.9 x 10— 8.3 x 10'* My, finds that the abundance of UDGs follows a
relatively shallow scaling, Nupg o« M%,/8%9-28. This slope is noticeably flatter than the steeper
dependence (Nypg « Mébbliom) reported by van der Burg et al. (2017) based on GAMA groups
and clusters. Over the same mass range, the Makda et al. (2025) relation predicts an increase in
UDG counts by a factor of about 5 from low- to high-mass clusters, whereas the steeper van der

Burg et al. (2017) relation predicts nearly twice that rise (~11). In other words, the shallower slope
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may suggest that UDG formation or survival efficiency saturates toward massive haloes, possibly
reflecting enhanced disruption, tidal destruction, or completeness limitations at the faint end, and
the steeper slope suggest that dense cluster environments promote UDG survival or production
more effectively. These contrasting slopes therefore have significant implications for interpreting
the UDG population, determining whether they trace halo mass in proportion or instead represent
a population whose abundance plateaus in the most massive clusters.

Presently, it seems that UDGs represent an extension of the extremely faint, low-luminosity active
galactic nucleus population (Ho et al., 1997; Ulvestad and Ho, 2001, 2002; Lal et al., 2011) observed
in nearby galaxies. Therefore, similar to low-ionisation nuclear emission-line regions (LINERs)
and other weakly active nuclei Ulvestad and Ho (2001, 2002), UDGs could host accretion processes
operating at very low Eddington ratios (< 107°-1073 Lggq), where radiatively inefficient accretion
flows and weak or absent jets produce minimal radio output (Lal and Ho, 2010; Lal et al., 2011).
The absence of detectable radio emission from stacked UDG samples is consistent with the faint
end of the active galaxy luminosity function (Bontempi et al., 2012), since radio emission may
be suppressed by free—free absorption, where the absorber is typically ionised gas (n, = 107—
1073 cm™3, T = 10* K) in the inner narrow-line region or circumnuclear disk, or simply fall below
the sensitivity of current instruments. If some UDGs indeed host faint, compact, low-power active
galaxy (e.g., Baldi et al., 2019), their detection would provide valuable constraints on black-hole
occupation fractions and feedback efficiency in low-mass, diffuse systems.

Note that dust absorption is negligible in the radio band but can play a significant role in the infrared,
particularly for UDGs with low-level star formation (see also Magliocchetti et al., 2025). Translating
the inferred star-formation rate limits from our radio stacking (~1073-10"2 Mg, yr~!) into expected
infrared fluxes using the radio—infrared correlation suggests that such UDGs would emit at levels
of a few uly at 100-250 um. At the distances of Virgo (16.5 Mpc) and Coma (100 Mpc), this
corresponds to dust temperatures of roughly 15-25 K, assuming standard blackbody models, and
places them well below current Euclid (Euclid Collaboration et al., 2025) and Herschel (Pilbratt
et al., 2010) detection limits. For more distant systems (z ~ 0.05), the corresponding fluxes would
still be fainter (<1 uJy), implying that any dust present in these galaxies must be extremely cold
and of very low mass. Thus, even next-generation infrared surveys will struggle to detect the dust
emission from such systems unless their star formation is episodically enhanced.

4.1 Looking ahead

Clearly, UDGs occupy an extreme regime: large effective radii combined with low stellar densities
challenge standard models of galaxy formation and feedback. Some UDGs host unexpectedly
massive dark matter halos or rich globular cluster systems, indicating diverse formation scenarios.
Their low surface brightness and tenuous interstellar medium make them highly sensitive probes of
gas stripping, quenching, and star-formation efficiency in dense environments. Table 1 summarizes
the likely physical causes for the extremely weak or undetected radio emission observed in UDGs
and in galaxies at the faint end of the radio luminosity function, such as LINERs, H 11 region galaxies,
etc. The absence of significant synchrotron radiation in these systems may reflect intrinsically weak
magnetic fields and inefficient cosmic-ray acceleration, rapid electron energy losses, and free—free
absorption or synchrotron self-absorption. Environmental effects such as ram-pressure stripping
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Table 1: Summary of possible causes for extremely weak or undetected radio emission from galaxies at the
faint end of the luminosity function, including UDGs and low-luminosity active galaxies.

Possible cause

Physical explanation and implications

1. INTRINSICALLY
WEAK  SYNCHROTRON

EMISSION

2. DOMINANCE OF
THERMAL (FREE—FREE)
EMISSION WITH LOW
NORMALIZATION

3. ENERGY LOSSES

OF COSMIC-RAY ELEC-

TRONS
4. FREE-FREE AB-
SORPTION IN COMPACT

STAR-FORMING OR AC-
TIVE GALAXIES

5. Low ACCRETION-
RATE (RADIATIVELY
INEFFICIENT)  ACTIVE

GALAXIES

6. ENVIRONMEN-
TAL GAS STRIPPING AND
FEEDBACK

7. OBSERVATIONAL
SENSITIVITY LIMITS AND
SURFACE-BRIGHTNESS
DILUTION

8. INTERMITTENT /
EPISODIC OR STOCHAS-
TIC ACTIVITY CYCLES

Towards next-
generation (SKA)
observations

Low cosmic-ray electron densities or inefficient particle acceleration in weak
active galaxy jets and low star-formation environments lead to faint non-thermal
emission. In UDGs, both magnetic field strengths (B < 1-2 uG) and cosmic-
ray densities are likely sub-normal (Hardcastle et al., 2026).

In galaxies with extremely low star formation rates (< 1073-1072 Mg yr~1),
thermal radio emission can dominate but remains below current sensitivity
thresholds, yielding no measurable spectral signature (An et al., 2026).

Rapid inverse Compton losses against the cosmic microwave background (es-
pecially at higher redshift) and synchrotron cooling in weak magnetic fields
can suppress radio flux density at GHz frequencies. The effect is particularly
important for diffuse, low-B systems such as UDGs and LINER-like nuclei.

At low frequencies (<300 MHz), partially ionised gas (e.g., narrow-line region,
T ~ 10* K) can absorb synchrotron emission. Although dust absorption is
negligible in radio bands, compact ionised gas or circumnuclear material could
obscure low-level radio cores. Explains many LINER/H1u and radio-quiet
sources (Algera et al., 2026; An et al., 2026).

Many faint LINERs and transition-type nuclei, e.g., Hm galaxies, radio-quiet
sources host radiatively inefficient accretion flows (or advection dominated
accretion flows), which produce weak or no observable radio jets. Such mech-
anisms could explain the absence of radio emission in low-luminosity active
galaxies analogs among UDGs.

Cluster UDGs likely experienced strong ram-pressure stripping and tidal inter-
actions that removed cold gas reservoirs, halting both star formation and active
galactic nuclei fueling, thereby quenching radio emission.

For extended, low-surface-brightness galaxies, flux density may be spread over
large angular scales, falling below detection thresholds. Deep stacking (median
or mean) can recover integrated limits, but single detections remain challenging
even with current high-sensitivity instruments (Mazzolari et al., 2026).

Short-lived, recurrent radio episodes in low-luminosity active galaxies may
make detection probability small in snapshot surveys. SKA time-domain stud-
ies could test this hypothesis.

The SKA (AA4 configuration) will deliver uJy- to nJy-level sensitivities, en-
abling direct detections or stringent upper limits for UDGs and faint LINERs
outto z ~ 0.05. Combining SKA continuum and H I data will separate gas-rich,
star-forming UDGs from quenched, dark systems, constraining the interplay
between gas, feedback, and weak radio emission from the galaxy nucleus.

11



Ultra-diffuse galaxies Lal & Jeyasiona

further quench star formation and active galactic nuclei fueling. Dust plays little role at radio
wavelengths, but ionised gas absorption, the low surface brightness extended diffuse emission, and
transient low-power active galaxy activity may also limit detection at radio wavelengths. In some
cases, radiatively inefficient accretion or free—free absorption within compact ionised regions may
further suppress any possible radio emission. Hence, multi-wavelength studies, especially deep
radio continuum and H I observations are crucial for revealing residual star formation, cosmic-ray
activity, and gas content, providing complementary constraints to optical surveys.

Clearly, UDGs bridge the gap between weak dwarf systems and powerful galaxies, trace the faint end
of the galaxy luminosity function, and provide stringent tests of both astrophysical and cosmological
models. By studying UDGs, we gain not only a more complete census of galaxies in clusters but
also a deeper understanding of the physical processes shaping the low-mass, low-density universe.
Their ubiquity, extreme properties, and sensitivity to environment make them indispensable to our
understanding of cosmic structure and evolution.

Future studies with the SKA, promise to uncover the faintest regimes of UDG activity The
cosmological simulations predict clear systematic trends in properties of UDGs. For example, (i)
UDG:s typically reside in dark-matter halos of 10'°~!! M, corresponding to high mass-to-light
ratios (up to ~ 10 within R,), and show quenched or weakly star-forming stellar populations by
z = 0. (ii) In high-resolution models, the star-formation rates rarely exceed 1073-10"2 Mg, yr~!,
consistent with a near-quiescent state, and feedback-limited radio flux densities (or infrared fluxes)
below current detection thresholds. (iii) The predicted gas fractions decline sharply with increasing
environmental density, while rotation-dominated kinematics are more common in field UDGs than
in cluster UDGs, which often exhibit inflated velocity dispersions and disturbed morphologies.
Moreover, simulated luminosity functions show a flattening of the faint-end slope (@ ~ —1.1 to
—1.3) in dense clusters compared to the field (o = —1.5), reflecting strong environmental quenching.
However, despite recent progress in observations using best, SKA pathfinder and precursor facilities,
several key questions, listed below, remain unresolved for UDGs and can be addressed with the
SKA, namely SKA continuum and H 1 observations. For example,

— do UDGs host low-luminosity active galactic nuclei or residual star formation? Deep, high-
resolution SKA continuum imaging can reveal weak synchrotron cores or diffuse disk emis-
sion that are currently below detection limits, testing whether UDGs are truly quiescent or
harbor faint, persistent activity. Thus, distinguish between thermal star-formation-driven
emission and weak non-thermal synchrotron signatures from embedded active galaxies, even
in the faintest UDGs.

— What is the radio—infrared—optical connection in diffuse systems? SKA’s sensitivity across
SKA-Low and SKA-Mid will allow combined spectral studies with Euclid and JWST, con-
straining dust content, magnetic field strength, and the efficiency of cosmic-ray heating in
low-surface-brightness extended diffuse galaxies.

— How does the cluster environment regulate gas stripping and quenching in UDGs? Obser-
vations and models agree that richer halos host proportionally more UDGs, but the nor-
malization and scaling exponent (Nypg o« M;OO) are still being refined (e.g., NUDGEs:
Nupg Mgdz)sio.zs; Makda et al., 2025). Thus, mapping the spatial correlation between
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UDGs and cluster radio halos or relics can test whether environmental processes such as
ram-pressure stripping or tidal interactions suppress the radio emission of UDGs.

— Is there a faint-end turnover in the active galactic nuclei luminosity function within clusters?
Current luminosity functions may underestimate very low surface-brightness UDGs. Clearly,
improved selection tends to increase the number counts of faint sources but uncertainties
remain, and different simulations predict different break locations and slopes in the lumi-
nosity function. By probing well below current flux density limits, the SKA will quantify
the contribution of UDGs and other low-mass systems to the extremely faint active galaxy
population, placing constraints on the fraction of galaxies that host a central supermassive
black hole in the low-mass regime.

— Can joint SKA continuum and HI spectral-line observations disentangle gas-rich, star-
forming UDGs from quenched, dark systems? Combining deep continuum maps with future
SKA HI data will directly link the presence (or absence) of cold gas reservoirs to ongoing
star formation and feedback, enabling a clear separation between genuinely dark, gas-poor
UDGs and those that retain fuel for intermittent star formation within cluster environments.

Together, these investigations will establish whether UDGs represent the low-luminosity, gas-
depleted end-state of galaxy evolution or a distinct class of dark-matter-dominated systems with
intermittent activity, which is an emerging view from state-of-the-art hydrodynamical simulations
(Di Cintio et al., 2017; Sales et al., 2020; Tremmel et al., 2020). Future deep observations with
SKA-Mid and SKA-Low will be crucial to distinguish between genuinely quiescent UDGs and
those hosting extremely weak active galactic nuclei activity.
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