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Abstract

Five-hundred-meter Aperture Spherical Telescope observations have recently identified a compact HI cloud
(hereafter Cloud-9) in the vicinity of the spiral galaxy M94. This identification has been confirmed independently
by Very Large Array and Green Bank Telescope observations. Cloud-9 has the same recession velocity as M94,
and is therefore at a similar distance (~4.4 Mpc) It is compact (~1’ radlus or ~1.4 kpc), dynamically cold
(Wso = 12km s~ "), nonrotating, and fairly massive, with an H1 mass of ~10° M. Here we present deep Hubble
Space Telescope/Advanced Camera for Surveys imaging designed to search for a lummous stellar counterpart.
We visually rule out the presence of any dwarf galaxy with stellar mass exceedlng 10*° M.... A more robust color—
magnitude diagram-based analysis conservatively rules out a 10*M. stellar counterpart with 99.51r 8> 3%
confidence. The nondetection of a luminous component reinforces the interpretation that this system is a
reionization-limited HT cloud (RELHIC); i.e., a starless dark matter halo filled with hydrostatic gas in thermal
equilibrium with the cosmic ultraviolet background. Our results make Cloud-9 the leading RELHIC candidate of
any known compact H 1 cloud. This provides strong support for a cornerstone prediction of the Lambda cold dark
matter model, namely the existence of gas-filled starless dark matter halos on subgalactic mass scales, and
constrains the present-day threshold halo mass for galaxy formation.

Unified Astronomy Thesaurus concepts: Galaxies (573); Hubble Space Telescope (761); Cosmology (343)
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1. Introduction

A fundamental prediction of the Lambda cold dark matter
(ACDM) model is the formation of dark matter halos over a
vast range of scales, with a mass function that rises steeply
toward low masses (W. H. Press & P. Schechter 1974;
A. Jenkins et al. 2001). The abundance of halos far exceeds
that of known galaxies, implying that not all halos are able to
host luminous galaxies. This has been interpreted to mean that
galaxies only form in halos that exceed a ‘“critical” mass,
M. ;(z), a result supported by numerical simulations and
theoretical modeling (e.g., G. R. Blumenthal et al. 1984;
M. Hoeft et al. 2006; T. Okamoto & C. S. Frenk 2009;
T. Sawala et al. 2016a; A. Benitez-Llambay & C. Frenk 2020,
and references therein). After reionization, this threshold is set
by the balance between gravity, gas cooling, and photoheating
by the cosmic ultraviolet background (UVB). At the present
epoch, M.y =~ 10°"M_ (e.g., A. Benitez-Llambay &
C. Frenk 2020; O. Nebrin et al. 2023).

Halos below M, do not retain much photoheated gas and,
unless they were able to form stars before reionization, remain
starless. By contrast, halos above M. are massive enough to
overcome thermal pressure, enabling galaxy formation. Halos
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just below M, occupy an intermediate regime: they are not
massive enough to form stars today, but are massive enough to
retain some of their gas. Of these, the most massive retain
enough baryons in their central regions for hydrogen
recombination to occur. These massive, HI-rich, starless
systems were termed reionization-limited HI clouds
(RELHICs) by A. Benitez-Llambay et al. (2017).

Cosmological hydrodynamical simulations suggest that,
despite lacking stars, RELHICs should host compact, nearly
spherical cores of neutral hydrogen (A. Fattahi et al. 2016;
T. Sawala et al. 2016b; A. Benitez-Llambay et al. 2017). The
gas is in hydrostatic equilibrium with the dark matter and in
thermal equilibrium with the UVB. These properties make
RELHIC:s detectable through their narrow 21 cm emission line,
with characteristic velocity widths of Wsq < 20km s ~!. These
simulations also indicate that RELHICs are susceptible to ram
pressure stripping, and, therefore, are unlikely to be found very
close to a massive galaxy.

Because their gas is pressure-supported, RELHICs offer a
unique window into the underlying dark matter distribution,
bypassing the complexities of galaxy formation that often
prevent robust inferences on the nature of dark matter (see,
e.g., J. S. Bullock & M. Boylan-Kolchin 2017 for a review).
Detecting RELHICs would be a breakthrough, providing clear
evidence for bound, collapsed dark matter halos on subgalactic
scales, and offering constraints on the nature of dark matter in
a previously unexplored regime.

A few RELHIC candidates have recently been identified
with the Five-hundred-meter Aperture Spherical Telescope
(FAST), which is well suited for surveying large areas of the
northern sky in HI. An example is FAST J0139+4328


https://orcid.org/0000-0002-5259-2314
https://orcid.org/0000-0001-8261-2796
https://orcid.org/0000-0002-1691-8217
https://orcid.org/0000-0003-0724-4115
https://orcid.org/0000-0003-3862-5076
https://orcid.org/0000-0003-2676-8344
http://astrothesaurus.org/uat/573
http://astrothesaurus.org/uat/761
http://astrothesaurus.org/uat/343
https://doi.org/10.3847/2041-8213/ae1584
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ae1584&domain=pdf&date_stamp=2025-11-10
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 993:L55 (7pp), 2025 November 10

Figure 1. Digitized Sky Survey image covering a 10’ x 10’ region around
Cloud-9. The VLA H 1 contours (A. Benitez-Llambay et al. 2024) are shown
in red, and the footprint of our HST/ACS observations is shown in blue.

(J.-L. Xu et al. 2023), which has no detected luminous
counterpart yet contains an HI mass of ~8.3 x 10’ M.
However, the double-peaked shape of its HI profile indicates
that the gas is rotationally supported, suggesting that the gas
has collapsed into a disk, and that J0139+4328 may actually
contain a faint galaxy. Indeed, the current upper limit on the
stellar mass of any luminous counterpart is only ~7 x 10° M.
This limit should be improved by deeper imaging before it can
be claimed that JO139+4328 is actually “dark.”

Other notable candidates include some of the ALFALFA
ultracompact high-velocity clouds (HVCs) cataloged by
E. A. K. Adams et al. (2013). However, most of the candidate
clouds are likely associated with the Milky Way disk, and,
therefore, not RELHICs, which could not survive the ram
pressure stripping due to Galactic gas. In addition, those
clouds not associated with the Milky Way are either too
extended, too irregular, or exhibit line widths too broad to be
consistent with RELHICs (A. Benitez-Llambay et al. 2017).
The scarcity of robust candidates is perhaps unsurprising: the
relatively shallow depth of ALFALFA limits sensitivity to the
low fluxes predicted for RELHICs, while the large beam of the
Arecibo radio telescope prevents them from being spatially
resolved.

Among all candidate detections to date, one stands out as a
particularly compelling: Cloud-9, recently identified in the
vicinity of M94 with FAST by R. Zhou et al. (2023). Unlike
previous dark HI cloud candidates, Cloud-9 exhibits properties
consistent with RELHICs: its recessional velocity (304 km s h
is positive and similar to that of M94; its 21 cm line profile has a
width of W5y < 20km s !, and its total HI flux is consistent
with that expected for a RELHIC at the M94 distance
(A. Benitez-Llambay & J. F. Navarro 2023; R. Zhou et al.
2023; A. Benitez-Llambay et al. 2024; A. Karunakaran
& K. Spekkens 2024). The small angular separation from M94
(~70kpc in projection) and comparable recessional velocity
suggest a physical association, providing a lower limit on their
relative distance.

Higher-resolution Very Large Array (VLA) observations
(see Figure 1) further support the idea that Cloud-9 is at M94’s
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distance: the column density isocontours—which appeared
round in FAST data—appear slightly distorted in the VLA
image, possibly indicating ram pressure interactions with the
gaseous halo of M94 (A. Benitez-Llambay et al. 2024).

Detailed analysis of Cloud-9 indicates that, at the assumed
distance of M94, the system requires a substantial amount of
gravitational mass beyond its HI content to remain in
hydrostatic equilibrium (A. Benitez-Llambay & J. F. Navarro
2023; A. Benitez-Llambay et al. 2024). Interpreting this
additional mass as cold dark matter yields a tight constraint
on the total halo mass of ~5 x 10° M, remarkably close to
M., at the present day. Moreover, a comparison with mock
RELHIC models shows that Cloud-9’s properties are broadly
consistent with a ACDM RELHIC, with a total neutral
hydrogen mass of My; ~ 10°M. (A. Benitez-Llambay &
J. F. Navarro 2023). Together, these results make Cloud-9 the
firmest RELHIC candidate known to date.

A key challenge to interpreting Cloud-9 as a RELHIC lies in
the loose upper limit on its stellar content available at present.
Its HI mass and radial distribution closely resemble those of
Leo T, a dwarf galaxy in the outskirts of the Milky Way
(M. J. Irwin et al. 2007; A. Benitez-Llambay et al. 2024).
Notably, Leo T’s stellar mass (~10° M) is comparable to the
current upper limit for a luminous counterpart to Cloud-9,
based on imaging from the DESI Legacy Survey (R. Zhou
et al. 2023). This makes it difficult to exclude the presence of a
Leo T-like stellar counterpart. Confirming the RELHIC nature
of Cloud-9 therefore requires deeper observations capable of
significantly lowering this upper limit.

In this Letter, we present deep Hubble Space Telescope
(HST) Advanced Camera for Surveys (ACS) imaging of
Cloud-9, obtained to search explicitly for a stellar counterpart.
In Section 2 we describe the HST observations and data
reduction. In Section 3 we place limits on the stellar mass of a
stellar counterpart to Cloud-9. We discuss our results in
Section 4 and use Section 5 to provide a brief summary.

2. HST Observations and Reductions

We obtained observations with the HST/ACS Wide-Field
Channel (WFC) as part of program GO-17712 in Cycle
32 (A. Benitez-Llambay et al. 2024). The observations were
taken in four visits of two orbits each between 2025 February
17 and 19, and were designed to target a depth of 4 mag below
the tip of the red giant branch (TRGB) at the distance of M94
(dvos = 4.41 Mpc; G. S. Anand et al. 2021).

The nominal position of Cloud-9 (based on the VLA HI
maximum) was placed at the center of the WFC1 chip (see
Figure 1). Each visit employed a small, 5 pixel dither to allow
rejection of cosmic rays and other detector artifacts. A loss of
guide stars occurred near the end of the final F§14W exposure
during the first visit, truncating that frame, but otherwise the
dataset was unaffected. In total, the observations comprise
9036 s in the F606W filter (“wide-V”), and 8749.4s in the
F814W filter (approximately / band).

Because our data were obtained in four separate visits, we
first aligned all underlying exposures using the charge-
transfer-corrected FLC files. For the F606W images, we
applied the tweakreg procedure from the DrizzlePac
software suite (R. J. Avila et al. 2015) to align the individual
exposures, and then combined them into a deep “drizzled”
image with AstroDrizzle (also within the DrizzlePac
package). We repeated this process independently for the
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Figure 2. Top left: the spatial distribution of sources fulfilling our quality criteria. The green dashed circle indicates the effective radius (8.4 or 180 pc projected) of a
Leo T analog at the distance of M94, and is centered at the location of Cloud-9. Top right: CMD of the field. The three sources within the green circle in the top left
panel are shown in green. We also show an RGB isochrone for an old, metal-poor stellar population (10 Gyr, [Fe/H] = —2.0 dex) drawn from MIST, and placed at
the distance of M94. The green crosses on the right-hand side indicate typical photometric uncertainties for various F814W magnitudes at the color of the RGB
isochrone. Bottom left: photometric completeness distributions for both of our filters, as determined by the artificial star experiments. Bottom right: difference
between input and output magnitudes from the artificial star experiments for the primary CMD filter (F814W).

F814W data. We then mutually aligned the two drizzled
images, and used tweakback to back-propagate this
improved alignment to the original FLC files. Using these
adjusted FLC exposures, we again created drizzled images of
the fields in the separate filters, ensuring consistent alignment
across the full dataset.

We performed point-spread function (PSF) photometry with
the DOLPHOT stellar photometry package (A. E. Dolphin
2000a; A. Dolphin 2016), adopting the reduction parameters
recommended by the PHAT program (B. F. Williams et al.
2014, 2023) for ACS/WFC imaging. These parameters have
been extensively validated across a wide range of extragalactic
fields. The F814W drizzled image served as the undistorted
reference frame, while the PSF photometry was carried out on
the individual FLC images to avoid issues introduced by
resampling of the PSF in the drizzled images. All magnitudes
are reported in the Vega photometric system.

The base photometric output was culled using quality cuts—
we tested several iterations from the literature (B. F. Williams
et al. 2014; G. S. Anand et al. 2021; J. T. Warfield et al. 2023;
C. E. Murray et al. 2024), and found that the following

relatively strict cuts provided the most effective rejection of
artifacts, such as spurious sources found in the diffraction
spikes of bright foreground stars: Crowd < 0.5 (both filters),
|Sharp| < 0.1 (both filters), Type < 1, S/N > 5 (both filters),
and Flag <2 (both filters). The final catalog contains 667
sources.

To assess photometric bias, completeness, and measurement
uncertainties, we conducted artificial star experiments with
DOLPHOT. We injected and recovered approximately 500,000
artificial stars one at a time using the same reduction setup.
The same quality cuts were applied to the resulting artificial
star catalog. The bottom panels of Figure 2 show our
photometric completeness distributions in both filters, as well
as the differences between input and output magnitudes for
artificial stars in our primary filter (F814W).

The color—magnitude diagram (CMD) of the full ACS
field, together with the spatial distribution of detected
sources, is shown in Figure 2. This CMD closely resembles
those derived from other “background” fields, such as the
Hubble eXtreme Deep Field (I. S. Jang & M. G. Lee 2017).
In the top left panel, a green dashed circle marks the location
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ACS/WFC1

Figure 3. Top: a color composite of our ACS/WFC1 imaging (~202" x 100”). The green circle (r = 8.4) marks the VLA H I maximum column density, with a
radius corresponding to the effective radius of a Leo T analog at the distance of M94. Bottom: simulated dwarf galaxies spanning a range of stellar masses, generated
under the same observing conditions and shown at the same physical scale as the ACS data. A Leo T analog (M, = 10° M) would be readily detected, but no stellar

counterpart is visible down to at least M, ~ 10*°M..

of the VLA HI maximum, with a radius of 8.4, corresp-
onding to the effective radius of Leo T (180 pc) at the
distance of M94. In the top right panel, green symbols
highlight the (only) three sources that fall within this region,
alongside a 10 Gyr, metal-poor ([Fe/H] = —2.0) red giant
branch (RGB) isochrone at this distance, drawn from MIST
(J. Choi et al. 2016; A. Dotter 2016). The green crosses on
the right indicate the observed photometric uncertainties for
stars spanning a range of magnitudes at the color of the
isochrone.

3. Searching for a Stellar Counterpart
3.1. Visually Ruling Out a Leo T Analog

With our deep ACS imaging and photometry in hand, we
examined the field for a stellar counterpart to Cloud-9. Using
the ArtPop software package (J. P. Greco & S. Danieli 2022),
we generated simulated images of dwarf galaxies at the distance
of M94 under our ACS/WFC observing conditions, including
the telescope parameters, filter set, exposure times, photometric
zero-points, and PSFs.

Following the stellar mass—size relation for nearby dwarf
satellites of Milky Way analogs (including M94) from
S. G. Carlsten et al. (2021), we adopted as a starting point a
Leo T analog with M, = 10°M., and size r.y = 180pc
(M. J. Irwin et al. 2007; D. R. Weisz et al. 2012), and decreased
the stellar mass by factors of ~3 down to M, = 10° M,

(with rep = 57 pc). We assumed an old, metal-poor stellar
population of age 10 Gyr and [Fe/H] = —2.0, noting that the
precise metallicity has little impact on the results. We also note
that the adoption of an old stellar population is the most
conservative, as a stellar counterpart with any fraction of its
stars at a young or intermediate age would produce even more
numerous and bright stars that would be visible in our HST
observations.

The top panel of Figure 3 shows our ACS/WFCI imaging,
centered on the VLA H 1 centroid. The bottom panel shows the
artificially observed dwarf galaxies, shown at the same
physical scale as the ACS data. It is clear that a Leo T analog
with M, ~ 10° M., would be readily visible if present. Such a
counterpart would produce dozens of resolved stars above our
magnitude limit (see the HST CMD in D. R. Weisz et al.
2012). In contrast, no comparable resolved structure is present
in the image, with nondetections extending down to
M, ~ 10>° M, or lower (though we caution that stochasticity
in the number of bright stars is significant at these low stellar
masses). While these simulations do not capture all the
intricate detector effects associated with ACS—such as
charge-transfer efficiency losses or bias striping—these effects
are largely corrected by the ACS pipeline. Importantly, the
simulations are intended primarily as a visual tool, illustrating
what a hypothetical stellar counterpart to Cloud-9 would look
like if present in our data. In the next subsection, we introduce
a more quantitative framework for our analysis.
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3.2. Stellar Population Simulations

Given the absence of a visible stellar counterpart to Cloud-9
in our HST imaging, we next quantify the limits on its
underlying stellar mass. A system with M, = 10° M., would be
unmistakable, but we also considered a possible M, = 10* M,
counterpart. While many star formation history codes (e.g.,
A. E. Dolphin 2002; B. A. Jacobs et al. 2011; L. N. Makarova
et al. 2023) can fit for a total stellar mass in their procedure,
they are not designed to determine upper limits for stellar mass
content in the apparent absence of stars. Instead, we used
ArtPop (J. P. Greco & S. Danieli 2022) to simulate stellar
(Vega) magnitudes for a given input stellar mass in our ACS
filters, incorporating the observational uncertainties and
completeness measured from our artificial star experiments.
We adopted the same stellar population parameters (10 Gyr
old population with Fe/H = —2.0 at the distance of M94) and
generated 10,000 CMD realizations to capture stochastic
variations at this relatively low stellar mass. To mimic the
conditions of our HST observations, we applied our full
observational selection functions—photometric bias, comple-
teness, and uncertainties—to each simulated CMD.

Turning to the observed CMD, we detect three nominal
sources within the 8'4 region centered on Cloud-9. To account
for the ~9” uncertainty in the position of the HI centroid, we
shift the center of our nominal region within this positional
uncertainty ~200,000 times, yielding a mean of 3.5 £ 1
sources associated with Cloud-9. However, because of the
large population of unresolved background galaxies (or
substructures within them), these sources may not be genuine
stars. To quantify the background source population, we use
the opposing (WFC2) chip. We place ~200,000 same-sized
regions across the chip, shifting their centers to cover the full
WEFC2 area (avoiding chip edges). This yields a mean of
3.7 £2 background sources per region. Since we observe
3.5+ 1 sources in the Cloud-9 region, this corresponds to an
overdensity of —0.2 +2.2 sources associated with Cloud-9,
consistent with no excess at the location of the VLA HI
maximum.

Figure 4 shows the number of stars recovered in 10,000
simulation iterations, performed separately for a range of input
stellar masses. For a population with M, = 10* M, a source
was recovered in 99.5% of cases, allowing us to rule out such a
population with that confidence level. To incorporate the
uncertainty in the derived overdensity (—0.2 + 2.2 sources) we
proceed as follows. On the high end, the maximum over-
density corresponds to 2.0 sources; in the same simulations,
8.7% of realizations yield two or fewer stars. On the low end, a
source population of —2.4 sources is nonphysical, and thus
excluded with 100% confidence. Taken together, this results in
a 99.5703% confidence limit against a M, = 10* M, stellar
counterpart. Finally, we stress that these limits remain
conservative: a genuine stellar counterpart would produce
additional resolved or semiresolved stars that fail our CMD-
selection criteria. No such population is observed, further
strengthening the case against a stellar counterpart to Cloud-9.

We can also frame the question in terms of maximum stellar
mass consistent with our observations. By running simulations
across a wide range of stellar masses, we find that a population
with M, = 10>*M_, best matches the data at the nominal
center: after including observational biases, incompleteness,
and photometric errors, such a system yields on average one or
fewer RGB stars, consistent with our observations. We
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therefore adopt M, = 10*°M, as the baseline upper limit for
any stellar counterpart to Cloud-9.

Finally, we note that ram pressure interactions can in
principle induce a spatial offset between the stellar and
gaseous components of low-mass galaxies. However, the HI
morphology of Cloud-9 is relatively regular with only mild
asymmetry, suggesting that any such effect would be small. To
test this possibility directly, we searched for clusters of point
sources within a radius of 1 kpc (47") from the VLA HI
maximum, comparable to the extent of the compact HI core
(for reference, the top-to-bottom angular size of the WFCI1
chip shown in Figure 3 is ~100”). In this region we identified a
cluster of nine sources. However, given that the search covers
a large fraction of the WFC1 chip, such local maxima are
expected from the underlying background galaxy clustering. A
control search on the opposing WFC2 chip from its center
outward yields two nonoverlapping clusters of nine sources,
confirming that the WFCI1 cluster is not a statistically
significant overdensity.

4. Discussion

The absence of a faint stellar counterpart associated with
Cloud-9 is striking and reinforces its identification as a likely
RELHIC. While isolated ultrafaint dwarfs exist with stellar
masses comparable to, or below, the upper limit from our
analysis, none host such a substantial neutral hydrogen
reservoir. Adopting a total HI mass of My ~ 1.4 x 10° M.,
from Green Bank Telescope observations (A. Karunakaran &
K. Spekkens 2024), together with our stellar mass upper limit,
implies an HI-to-stellar mass ratio of My /M, = 443,
exceeding by orders of magnitude the ratios typical of dwarf
galaxies. For comparison, Leo T, KK 153 (J.-L. Xu et al.
2025), and Leo P (K. B. W. McQuinn et al. 2015) have similar
HI masses but stellar counterparts yielding My /M, < 4,
consistent with typical values for gas-rich dwarfs (see, e.g.,
F. Lelli 2022; 1. D. Karachentsev et al. 2024). Figure 5 places
Cloud-9 in this context, showing it relative to Leo P, Leo T,
KK 153, newly detected dwarfs with FAST (I. D. Karachentsev
et al. 2024), and the ALFALFA Sloan Digital Sky Survey
catalog (A. Durbala et al. 2020).
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Figure 5. H I-stellar mass relation for the ALFALFA Sloan Digital Sky Survey catalog (isocontours; A. Durbala et al. 2020). Newly identified dwarf galaxies in the
local volume detected with the FAST All Sky HI Survey (FASHI) are shown as green points (I. D. Karachentsev et al. 2024). For comparison, Leo T, KK 153, Leo
P, and Cloud-9 are also shown. The stellar mass upper limit for Cloud-9 (red star symbol) underscores its extreme gas richness relative to its possible stellar mass, if

interpreted as an ultrafaint galaxy.

One can consider alternative interpretations for Cloud-9.
One possibility is that it is a foreground HVC of the Milky
Way that happens to be projected close on the sky to M94.
This scenario is disfavored by Cloud-9’s recessional velocity,
which closely matches M94’s velocity, as well as the absence
of foreground HVCs with comparable velocities in this region
of the sky. The closest HVCs to M94 are complexes M, C, and
K (B. P. Wakker & H. van Woerden 1991; T. Westmeier
2018), but they all have negative velocities (v sg ~ —200 to
—100kms™"), whereas M94 and Cloud-9are located at
visr & +300kms~'. A second (related) possibility is that
Cloud-9 could be associated with the Magellanic Stream, at a
distance of ~50-100kpc. Such an explanation has been
proposed for other compact HI HVCs observed at high latitude
(J. T. van Loon et al. 2006). However, the stream lies on the
opposite side of the sky to M94, with its closest point (the
Leading Arm) around 70° away, rendering this explanation
unlikely for Cloud-9. A third possibility is that Cloud-9 is a
neutral gas cloud in pressure equilibrium with M94’s hot
circumgalactic medium. For a cloud at ~10* K, confinement
by ambient gas at ~10° K requires a density contrast of ~100.
Cloud-9’s mean density, ~2 x 1072 cm >, would then imply a
circumgalactic density of ~2 x 10 *cm™>, which is a
plausible value. Thus, static pressure confinement cannot be
excluded on simple pressure-balance grounds. However, such
an equilibrium configuration is unlikely to be long-lived:
Cloud-9’s perturbed HI morphology suggests ongoing ram
pressure interactions, and unless we are observing it at a very
particular moment, a purely non-self-gravitating, pressure-

confined cloud of this size would be disrupted within a few
tens of Myr (e.g., R. I. Klein et al. 1994).

These arguments lead us to favor the RELHIC or ultrafaint
dwarf interpretation over these alternatives. The nondetection
of a stellar counterpart, the extreme H I-to-stellar mass ratio,
and the consistency with the predicted mass threshold strongly
support the RELHIC interpretation. Therefore, we conclude
that our HST observations make Cloud-9 the most compelling
RELHIC candidate to date, and a rare case highlighting the
physics that govern the onset of galaxy formation.

5. Summary and Future Work
Our main conclusions may be summarized as follows:

1. Visual inspection of our deep HST/ACS imaging reveals
no obvious stellar counterpart within our HST/ACS
imaging. Using ArtPop to generate resolved galaxies
following the local stellar mass—size relation with
simulated HST observing conditions, we can visually
rule out a faint galaxy counterpart down to
M, ~ 10°° M.,

2. Quantitatively, 10,000 CMD realizations of faint sys-
tems, mimicking the HST observations and applying
identical selection cuts, indicate that a 10* M., stellar
counterpart can be ruled out at 99.5% confidence within
a projected radius of 180 pc centered on Cloud-9. This
radius matches the size of a Leo T-like (M, ~ 10° M)
galaxy at the distance of M94.
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3. A similar analysis using simulated CMDs yields an
average upper stellar mass limit of 10> M., in excellent
agreement with our visual comparison between the HST/
ACS imaging field and simulated observations.

4. Extending the search radius to account for a potential
offset of up to ~1 kpc between the VLA peak emission
and any stellar counterpart results in no statistically
significant detection above the background level, as
determined by analyzing sources on the opposing
(WFC2) chip.

We suggest that future work on Cloud-9 should focus on
three complementary fronts. First, deeper optical observations,
particularly with JWST, could further lower the upper limit on
its stellar mass. Second, numerical simulations should explore
whether the slightly perturbed morphology of Cloud-9 is
consistent with RELHICs experiencing ram pressure stripping.
Third, deep Ha imaging could probe the expected ringlike
emission in its outer regions (C. Sykes et al. 2019). Together
with existing radio data, these observations would enable joint
constraints on the intensity of the local UVB—which may be
influenced by Cloud-9’s proximity to M94—while also
providing an opportunity to map the dark matter distribution
beyond Cloud-9’s core.

In the ACDM framework, the existence of a critical halo
mass scale for galaxy formation naturally predicts galaxies
spanning orders of magnitude in stellar mass at roughly fixed
halo mass. This threshold marks a sharp transition at which
galaxy formation becomes increasingly inefficient (A. Benite-
z-Llambay & C. Frenk 2020), yielding outcomes that range
from halos entirely devoid of stars to those able to form faint
dwarfs, depending sensitively on their mass assembly
histories. Even if Cloud-9 were to host an undetected,
extremely faint stellar component, our HST observations,
together with FAST and VLA data, remain fully consistent
with these theoretical expectations. Cloud-9 thus appears to be
the first known system that clearly signals this predicted
transition, likely placing it among the rare RELHICs that
inhabit the boundary between failed and successful galaxy
formation. Regardless of its ultimate nature, Cloud-9 is unlike
any dark, gas-rich source detected to date.
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