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ABSTRACT

We present resolved H I observations of six dwarf galaxies drawn from a sample of baryon-dominated dwarf galaxy (BDDG)
candidates previously identified using global H 1 spectra from ALFALFA and optical inclinations from SDSS, both of which
suffer from systematic uncertainties in irregular dwarf galaxies. Using uGMRT interferometric observations, we obtain
high-resolution H 1 cubes that enable more reliable determination of their geometry, circular velocity, and dynamical mass.
We find that optical axial ratios systematically underestimate true disc thickness, inflating inclinations and underestimat-
ing rotation velocities in earlier work. Our H 1-derived axial ratios and kinematic position angles yield larger inclination
corrections and hence larger dynamical masses. Four of these galaxies, UGC 6438, UGC 7983, AGC 191707, and AGC
733302, appear dark-matter deficient. The latter three of these four exhibit baryon enhancement efficiency factor (ratio
of baryonic mass accumulated by a halo to the maximum expected value for its halo mass) exceeding 50 per cent, with
AGC 191707 appearing formally superefficient. Only UGC 9500 and AGC 220901 are consistent with being dark-matter
dominated. Two of these high-efficiency galaxies lie in relatively isolated environments, showing no clear signatures of
tidal disturbance or stripping, making their dark matter deficiency difficult to reconcile with standard ACDM expectations
for low-mass halos. Our results underscore the importance of resolved H1 kinematics in confirming genuine BDDGs
and suggest that more such systems may exist. Identifying a larger sample is essential for assessing their implications for
baryon-halo coupling and structure formation within the ACDM paradigm.

Key words: techniques: interferometric — galaxies: dwarf — galaxies: kinematics and dynamics - dark matter — radio lines:
galaxies —ISM: atoms.

1 INTRODUCTION

Lambda-cold dark matter (ACDM) model, the current standard
model of cosmology, gives stringent estimates about the distribu-
tion of matter-energy density in the composition of the Universe.
Our best measurements from cosmic microwave background data
put the matter density at ~ 31 per cent of the total matter-energy
density of the Universe. The visible baryonic matter makes up
~ 5 per cent of the total matter-energy density, so the fraction
of baryons in total matter, i.e. foar = Qpar/2m ~ 0.17 (Planck
Collaboration 2016). Out of these, a small portion is trapped in-
side the potential wells of dark matter halos as galaxies (see e.g.
P. Madau & M. Dickinson 2014), which implies that these halos
are inefficient at accumulating baryons over cosmic time. The
ability of halos to acquire baryons from their surroundings may
be thought of as baryon enhancement factor or baryon enhance-
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ment efficiency, and it directly connects the dark matter content
of the Universe to the observed number density of galaxies (see
e.g. T. Sawala et al. 2015).

One can then understand baryon enhancement efficiency as
the ratio of baryons accumulated by a halo, My,,, from its sur-
roundings to the theoretically expected maximum for its given
halo mass (see e.g. S. D. M. White et al. 1993). This expected
maximum baryonic mass within the halo’s virial radius can be
given by foar X Mago, Where My is the mass within the galaxy’s
virial radius (the radius within which the average density is 200
times the critical density of the Universe, p.i; see e.g. K. A. Oman
et al. 2016, and references therein; although they use the term
‘galaxy formation efficiency’ for this quantity). Thus, the baryon
enhancement efficiency factor is theoretically defined as

Mbar

fff = T a5
¢ Soar X Moo

¢

Earlier observations have estimated that f.; peaks to values ~
18 per cent in galaxies with stellar mass M, ~ 3x 10'° M, (see
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e.g. P. S. Behroozi, R. H. Wechsler & C. Conroy 2013). fer de-
creases on both sides of the mass scale and effectively reaches
zero for a halo mass below ~ 10° My, and above ~ 1013 Mg, (see
e.g. T. Sawala et al. 2016).

This implies that there should be a lower limit on the dark
matter halo mass for a galaxy with known baryonic mass, given
a fe. The lower the efficiency, the higher the dark matter halo
mass. Typically, at the lower end of the galaxy mass function
(number density of galaxies as a function of their mass), i.e. for
low-mass galaxies, the baryon enhancement efficiency is found to
be poor. This efficiency can also be quantified by a mass-to-light
ratio, i.e. the ratio of the total mass (DM+baryonic) of a galaxy
to its luminosity (which comes only from baryons). The mass-to-
light ratio in low-mass galaxies (M, ~ 10°~° My,) is found to be
between 10 and 1000 (J. D. Simon & M. Geha 2007; N. C. Amorisco
& N. W. Evans 2011), indicating a significant dominance of dark
matter over baryons. This is supported by numerical simulations
as well (see e.g. T. Sawala et al. 2015), where they show only a
small fraction of low-mass (< 10°° M) dark matter halos are
able to efficiently accrete enough baryonic mass to host visible
or luminous galaxies, leading to a high mass-to-light ratio overall
at this mass range.

Contrary to this theoretical and numerical understanding, Q.
Guo et al. (2020) have found several galaxies from the Arecibo
Legacy Fast Arecibo L-band Feed Array (ALFALFA) «.40 data
(M. P. Haynes et al. 2018), with considerably lower dark matter
content than expected. From a sample of 324 galaxies in the AL-
FALFA survey, they identified 19 galaxies having baryonic mass
comparable to or more than dark matter mass; such that,

Mdynamic(r < Tm) _ (Mpar + Mpwm) <2
Myar(r < 1a1) Mbyar -
MDM

< 1= Mpm =< Mpa-. (2)
bar

Here Maynamic(* < rur) is the dynamic mass of the system deter-

mined using rotational width and assuming spherically symmet-

ric rotation curve in the region up to ry;, which is the H1 radius,

defined by the distance from the centre where the H1 surface

density (Zgy) falls down to 1 Mg, pc2.

Here we strongly emphasize the fact that all the measurements
of the dynamical mass are at ry; and not up to virial radius Ry;;.
To estimate the total dynamical mass at virial radius one would
need to assume some dark matter radial density profile (as done
by Q. Guo et al. 2020, for example, which suggested high baryon
fractions up to Ryi;) and carry out the analysis. However, the shape
and structure of the dark matter halo itself may create large un-
certainties especially for the galaxies in our sample. (See Section
5 for relevant discussion). Since we cannot perform a complete
mass modelling due to lack of enough independent beams across
the major axes of these galaxies, we constrain ourselves to mea-
suring the dynamical mass only up to ry;; as the criterion used by
Q. Guo et al. (2020) for quantifying baryon-dominance in these
galaxies is also based on masses within ry;. In local Universe,
the general trend seems to indicate dark matter dominance even
within the r < r. region in dwarf galaxies (see e.g. L. E. Strigari
et al. 2008; M. Walker 2013; T. C. Scott et al. 2021). For all the
galaxies in our sample, ry; extends far beyond optical half-light
radius r.. However, there have been a few recent studies where
dwarf galaxies with a much stronger baryon dominance were
reported (see e.g. S.-H. Oh et al. 2015; P. Dokkum et al. 2018, 2019;
P. E. Mancera Pina et al. 2020) based on analysis of H1 gas disks.
Therefore the 19 baryon-dominated dwarf galaxies (BDDGs) re-
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ported by Q. Guo et al. (2020) seem worth investigating further to
understand the wider picture.

Out of these 19 BDDGs, 14 galaxies are found to be isolated
field galaxies, without any group or cluster association, as they
are located at distances farther than three times the virial radii
of any surrounding groups/clusters. Their results suggest that
these galaxies either accreted more baryons than expected or
have had their dark matter stripped away due to some interac-
tion. However, given that these galaxies are located in isolated
environments, both of these possibilities seem difficult, posing
a significant challenge in understanding the galaxy formation
process and baryon enhancement efficiency under ACDM.

Q. Guo et al. (2020) used H1 and optical observations to esti-
mate the baryonic and dark matter mass in these galaxies. They
used global H1 spectra from Arecibo single-dish observation to
calculate the spectral width, w,. This spectral width is a measure
of the total mass of the galaxy, after applying a correction for
the inclination. They obtained the inclination from the optical
observation of Sloan Digital Sky Survey (SDSS; K. N. Abazajian
et al. 2009). The use of single-dish spectra as a measure of the
actual circular velocity of the galaxy and the adoption of optical
inclination as the inclination of the H1 disk pose significant lim-
itations in the estimation of the dynamical mass. For example,
single-dish spectra often get contaminated by stray radiation due
to their large beam. Further, single-dish observation does not
provide a resolved map of the galaxy. The optical inclination of
a galaxy may not match that of the H1 disk (see e.g. P. Biswas
et al. 2023; T. Yasin et al. 2023). These shortcomings can signif-
icantly influence the estimation of the dynamical mass in these
galaxies.

The limitations can affect the mass estimation primarily in
two ways. First, single-dish spectra can overestimate the HI flux
coming from a galaxy, overestimating its baryonic component.
Secondly, the spectral width can be altered due to the distortion of
the spectra, leading to an error in estimating the dynamical mass.
Additionally, one needs to assign an H1 radius corresponding to
the measured circular velocity to calculate the dynamical mass.
As the single-dish observation does not provide a resolved H1
map, Q. Guo et al. (2020) used the mass-size relation from J.
Wang et al. (2016) to estimate H1 radius of each galaxy. An error
in estimating this radius can lead to a wrong estimation of the
dynamical mass. For example, the scatter in the J. Wang et al.
(2016, their fig. 1) is about 0.5 dex. With this scatter, the estimated
H1radius from this scaling relation can change by a factor of two.
Moreover, the assumption that these BDDGs will follow the same
relation may itself be false.

Another factor worth noting is that Q. Guo et al. (2020) used op-
tical inclination as measured using SDSS r-band data to estimate
the circular velocities from the spectral widths. It should be noted
here that the inclination (i) is one of the most sensitive parame-
ters in the calculation of dynamical mass from the H spectral
width (Mgyn m) This implies that a small variation in
inclination can translate into a substantial change in the dynam-
ical mass. Further, observationally, it is found that the kinematic
inclination of the H1 disk can deviate considerably from that of
the optical disk, especially for dwarf galaxies (see e.g. S.-H. Oh et
al. 2015). In these cases, estimation of circular velocity from the
global spectra is not straightforward and could be erroneous. At
an inclination of 30° a £ 5° difference in inclination, for example,
can change the dynamic mass by up to 20 per cent.

Resolved interferometric observations of the H 1 disks in these
galaxies can overcome these limitations. For example, total in-
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Table1. Sample galaxy properties — Columns 1, 2, 3: name and position of the galaxy in equatorial co-ordinates, Column
4: distance from observer in Mpc, Column 5: receding velocity as measured in a barycentric frame, Column 6: integrated
H1 flux in Jy x km s~! (position, distance, velocity and H1 flux are based on measurements by the ALFALFA group;
M. P. Haynes et al. 2018), Column 7: r-band magnitude from SDSS, taken directly from Q. Guo et al. (2020), Column 8:
optical 3 obtained in r-band by Q. Guo et al. (2020), and Column 9: the ratio of distance from the nearest group/cluster

(distgr) to the virial radius (Ryjrgr) of that group/cluster.

Galaxyname ~ RA(J2000)  Dec.(J2000)  Dist  Viary Sint M, b ;‘f:%;
(hh:mm:ss) ©" (Mpe) (kms™!) (Jy xkms™!) (mag)
UGC 6438 11P25m5385 +09d59m14s.9 20.4 1156 3.87 —17.75 0.524 2.707
UGC 7983 12h49m4750 +03450m3283 16.6 694 6.71 —15.21 0.600 1.885
UGC 9500 14P45m2185 +07451m46%0 27.6 1690 9.02 —17.56 0.444 4.761
AGC 191707 09"37m4756 +27433m5787 251 1595 2.94 —16.31 0.570 5.408
AGC 220901 12h39m5g8s6 +13d46m50?0 17.0 1005 4.23 —14.07 0.486 0.38
AGC 733302 14P 573083 +264939m5358 23.0 1280 3.75 —16.47 0.515 5.913

tensity HT images obtained through interferometric observation
can provide the accurate gas mass of the galaxy. Further, the line-
of-sight velocity of the disk can be estimated directly from the
resolved velocity map (moment one map). This velocity can then
be corrected for inclination by using the inclination of the HI
disk, which can be directly determined using the total intensity
map (moment zero map). Aiming for this, we observed six galax-
ies from the sample of 19 galaxies of Q. Guo et al. (2020) using
the upgraded Giant Metrewave Radio Telescope (uUGMRT) and
imaged their H1 disks to investigate if the dark matter content
in these galaxies is lower than what is expected in a ACDM Uni-
verse. In the following sections, we describe the chosen sample of
galaxies and their properties, the observation strategies and the
subsequent data reduction and imaging, our results and detailed
analysis to determine the dynamic mass, and finally conclude
with the relevant discussion about our results in the broader
picture of galaxy structure formation.

2 SAMPLE

The primary sample of Q. Guo et al. (2020) came from the galax-
ies detected in the 40 per cent ALFALFA survey, «.40 (M. P.
Haynes et al. 2018). They identified field dwarf galaxies from this
«.40 catalogue, having r-band magnitude M; >—18, and position
matches with the Seventh Data Release of the Sloan Digital Sky
Survey (SDSS DR7; K. N. Abazajian et al. 2009) PhotoPrimary
optical catalogue. Further, for genuine detections, an SNR >10
criterion was used on the Arecibo HI spectra of the selected
galaxies. These galaxies were further filtered by inspecting their
H 1 spectra, and optical, UV images for any suspicious signature.
They also imposed a condition on the r-band (SDSS-DR7) axial
ratio, 0.3 > b/a > 0.6 for minimizing the inclination discrepan-
cies between the optical and the H1 disks. These criteria resulted
in a total of 324 galaxies in their parent sample, for which they
investigated the dark matter to baryon ratio. Out of these, they
found 19 galaxies, having much higher baryonic fraction than
expected, as per the criterion given in equation (2), terming them
as BDDGs. Our pilot sample of six galaxies was selected out of
these 19 galaxies for uGMRT observation. We carefully selected
these galaxies, so as to have a significant H1 flux (up to 1 Mg pc—2
surface density) detectable by uGMRT in a reasonable observing
time. In Table 1 we list our pilot sample galaxies and their basic
properties. Columns 1, 2, and 3 show the names of the galax-
ies along with their J2000 coordinates, respectively. Column 4
presents the distance to the galaxies, and Column 5 presents the

recession velocity in the barycentric frame of reference. Column
6 represents the integrated H 1 flux as obtained from Arecibo ob-
servations. Columns 7 and 8 present the r-band magnitude (from
SDSS-DR7) and the optical (r-band) axial ratio (b/a) of the sample
galaxies, respectively. The last column (Column 9) presents the
ratio of the distance of the galaxy from the centre of the nearest
group or cluster to the virial radius of that group or cluster. If this
ratio > 3, then the galaxy is an isolated or field dwarf galaxy.

3 OBSERVATIONS AND DATA ANALYSIS

Our six target galaxies were observed as part of the 39th cycle
of uGMRT under the proposal code 39_064. Total observing time
was ~ 14 h per target, resulting in ~ 9—11 h of on-source time
(excluding overheads and time on calibrators). We used both the
GMRT Software Backend (GSB) and GMRT Wideband Backend
(GWB) for the observations (simultaneous data acquisition was
available during this cycle). The GSB was configured to have a
4.17 MHz bandwidth with 512 spectral channels. This results
in a spectral resolution of ~ 8.1 KHz (velocity resolution of ~
1.7 km s71). We chose GSB primarily for detecting H1 emission
from our sample galaxies. A narrow bandwidth with high spectral
resolution is suitable for obtaining the velocity map and estimat-
ing the dynamical mass.

For each observing run, standard flux calibrators (3C48, 3C147,
or 3C286) available on the uGMRT sky were observed for 10-15
min at the beginning and at the end of the observation. The phase
calibrators were observed every 45 min between the target scans.
For each target galaxy, a phase calibrator was chosen carefully
from the VLA calibrator list' having an angular distance < 10°,

All the data were reduced using Common Astronomy Software
Applications ( casa ; CASA Team et al. 2022) following standard
flagging and calibration steps. Dead antennas were flagged from
the data at the beginning of the analysis. Flux calibration was
done using a primary calibrator, whereas solutions for the phase
were obtained using phase calibrators. The same primary calibra-
tors were used to perform the bandpass calibration. The flagged
and calibrated source data were split into a separate file that does
not contain calibrator data. The total observing time for each
target was divided into multiple observing sessions (days). The
basic data analysis for each session was performed independently
before combining (concatenating) the UV data together. This

Thttps://www.vla.nrao.edu/astro/calib/manual/csource.html
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combined UV cube is then used for spectral imaging. We used
the tclean task in cAsa for spectral imaging. To recover the
faint diffuse emission from our target galaxies, we imaged them
with UV tapering of ~ 5—10 kilo lambda with natural weighting.
This results in a spatial resolution of ~30-50 arcsec. The Doppler
correction for the rotation of the Earth was applied on-the-fly
during imaging using barycentric frame correction. We achieve
an RMS of ~ 1—1.5 mJy per channel in final spectral cubes.

We further use SoFiA2 (T. Westmeier et al. 2021) to produce
moment maps from these spectral cubes. SoFiA2 uses a source
finding algorithm that can generate masks and moment maps
from a data cube using a smoothing and clipping technique. We
used an s+c threshold of 5.0 MAD to generate masks in our
spectral cubes (see T. Westmeier et al. 2021, for more details).
Using this mask, SoFiA2 produces different moment maps, pro-
viding total intensity (Mom-0), velocity field (Mom-1), and ve-
locity dispersion (Mom-2). These maps, along with the spectral
cube, are used to extract dynamical information about our target
galaxies.

4 RESULTS

4.1 Gas mass

We use the mask generated by SoFiA2 to demarcate the regions
of emission in the spectral cube. This mask identifies the emitting
regions in each channel, as different amounts of gas appear at
different line-of-sight velocities. We then sum the total emission
channel by channel to obtain the global H1 spectrum of the
galaxy. In Fig. 1, we plot the global spectra of our sample galaxies
(solid black line).

For comparison, we also plot the single-dish H1 spectra from
the ALFALFA survey (M. P. Haynes et al. 2018) on top of our re-
covered spectra (dashed blue lines in each panel in Fig. 1). As can
be seen, our spectra are roughly consistent with those from single-
dish observations; however, we do observe discrepancies in some
cases. For example, in the spectrum of UGC 6438, the single-
dish baseline lies significantly above zero, shifting the single-dish
spectrum toward higher flux values. Similar behaviour is seen for
AGC 191707 and AGC 733302. In all these systems, the baselines
of the single-dish observations are elevated, leading to an appar-
ently higher flux. In contrast, our interferometric observations do
not show such baseline offsets.

We integrate the global H I spectra to obtain the total integrated
flux for our target galaxies. In Table 2 (second column), we list
these integrated fluxes, and the corresponding HI masses are
provided in the fourth column of the same table. To convert the
integrated H 1 flux into H 1 mass, we use the standard relation (M.
S. Roberts 1962):

2
Mt _ )36 % 105 x (i) /LAdV, (3)
Mg Mpc vJykms

where D is the distance to the galaxy and F, is the detected flux
density as a function of velocity (channel). The total gas mass
was estimated by considering the contribution from helium, i.e.
Mgss = 1.33 x My

4.2 Stellar mass

A significant fraction of the baryonic mass in galaxies is con-
tributed by their stellar component; therefore, estimating the stel-
lar mass of our sample galaxies is essential for determining their
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total baryonic content. We obtain the stellar masses from Q. Guo
et al. (2020), who derived them using SDSS DR7 optical images
in the gand r bands. Following Bell’s prescription (E. F. Bell et al.
2003), the stellar mass was calculated using the relation

logm(M*/Lr) =a;,+ bx X (g_ }"), (4)

where M, is the stellar mass, L, is the r-band luminosity (derived
from the r-band magnitude), and (g — r) is the colour. A Kroupa
initial mass function was assumed (T. K. Starkenburg et al. 2019),
for which a, = —0.306 — 0.15 = —0.456 and b, = 1.097. The re-
sulting stellar masses for our sample galaxies are listed in the first
column of Table 2. We take into account the 0.1 dex method error
as prescribed by (E. F. Bell et al. 2003).

It can be noted that these values for a, and b, in the
colour—M.,, /L, relation from E. F. Bell et al. (2003) are not heavily
affected by dust extinction (see e.g. H.-X. Zhang, T. H. Puzia &
D. R. Weisz 2017; T. H. Jarrett et al. 2023). We also examined
WISE data?; and especially the W1—W?2 colours, which suggest
that there is negligible extinction due to intrinsic dust content
(based on analysis by T. H. Jarrett et al. 2013). This is expected
as gas in dwarf galaxies is usually dust-deficient owing to low
heavy-element abundances (see e.g. D. E. Welty, R. Xue & T. Wong
2012; S.-H. Oh et al. 2015, and the references therein). There
is also a possibility that due to their lower surface brightness
the stellar mass may be underestimated due to detection limits.
However this effect is more prominent only at lower mass scales
(< 10° Mg; see e.g. C. Wheeler et al. 2025, and the references
therein), leaving stellar mass estimates above this value, where
all the galaxies in current sample lie, not affected by more than
20 per cent. Additionally some of the galaxies from our sample
have been studied in more recent works with different methods
(N. Hoyer et al. 2021; X. Lin et al. 2023; Y. Guo et al. 2024; S.
Subramanian, C. Mondal & V. Kalari 2024), and their estimates
of stellar mass do not differ significantly from our estimates.
Given this, we assume a conservative error of 0.1 dex to account
for the uncertainties in estimation of the stellar masses in our
galaxies.

4.3 Baryonic mass

The total baryonic mass is taken as the sum of the stellar and
gas components (last column of Table 2). As our target systems
are low-mass dwarf galaxies, they are not expected to host a sig-
nificant reservoir of molecular gas due to their low metallicities,
weak dust content, and inefficient H, formation (e.g. A. Schruba
et al. 2012; D. Cormier et al. 2014; L. K. Hunt et al. 2020). We
therefore neglect the contribution from molecular gas when com-
puting the total baryonic mass.

4.4 ry; and axial ratio

The size of a galaxy is a crucial parameter when estimating its
dynamical mass from the velocity width of the observed H I spec-
trum. In this analysis, we use the HI velocity width as a proxy
for the dynamical mass. In such calculations, the radius at which
the velocity width is assigned is critical, since the same rotational
velocity at a larger radius implies a higher dynamical mass. Ow-
ing to the lack of resolved HI observations, Q. Guo et al. (2020)

2https://irsa.ipac.caltech.edu/applications/wise
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Figure 1. Global H1 spectra of our target galaxies. Black solid lines indicate the flux values obtained after summing over the masks in each channel.
The red dashed lines in each panel indicate a Gaussian fit to the spectrum. The wy, width for each spectrum is shown by the green vertical dashed lines,
whereas the shaded region shows the full spectral width obtained from the channel maps. The blue dashed lines represent the spectra obtained from

ALFALFA. See the text for more details.

Table 2. Stellar and H 1 masses of the galaxies: Columns 2, 3,4, 5, 6, and 7 give the total integrated flux Sy; from the spectra, stellar mass taken from Q.
Guo et al. (2020), H 1 mass calculated from equation (3) with values in brackets corresponding to those given by Q. Guo et al. (2020), the total baryonic
mass with necessary corrections, and ratios of stellar and H 1 masses with baryonic masses, respectively.

Galaxy name SHr M, M Mpar M./ Mpar Mu1/Mpar
(Jy x kms™1) (10°Mp) (103Mp) (10°Mp)
(Q. Guo et al. 2020) Ours (Q. Guo et al. 2020) (1.33 x Our My;) + M,
UGC 6438 2.17 £ 0.02 8.93 +2.31 2.13 +0.02 (3.80) 11.77 £2.31 0.76 £+ 0.25 0.18 £ 0.04
UGC 7983 5.63 +0.10 0.50 +0.13 3.66 £ 0.07 (4.37) 5.37 £ 0.16 0.09 + 0.02 0.68 £+ 0.02
UGC 9500 6.83 + 0.22 4.65 £ 1.20 12.27 £ 0.40 (16.22) 20.96 £ 1.31 0.22 + 0.06 0.59 £ 0.04
AGC 191707 1.59 +0.04 1.87 +0.49 2.36 4 0.06 (4.37) 5.01 +0.49 0.37 £ 0.10 0.47 £ 0.05
AGC 220901 3.55+0.11 0.08 + 0.02 2.42 £ 0.08 (2.88) 3.30 £ 0.10 0.02 +0.01 0.73 £ 0.03
AGC 733302 2.60 + 0.10 1.89 4+ 0.49 3.24 £+ 0.13 (4.68) 6.20 + 0.52 0.30 + 0.08 0.52 £+ 0.05

employed the H 1 mass-size relation (e.g. J. Wang et al. 2016):

log(ry;) = (0.506 £ 0.003) log(Mpy;) — (3.293 & 0.009) — log(2),
(3)

where ry; is in kpc and My, is in Mg; to infer the H1 extent of
their galaxies, and hence the radius associated with the observed
H1 velocity width. However, the HI mass-size relation exhibits
substantial intrinsic scatter, and can easily introduce uncertain-
ties that change the inferred radius by a factor of two, leading to
dynamical mass estimates that are incorrect by up to a factor of
two as well. Resolved H1 maps are therefore essential for accu-

rately determining the true H 1 extent of our sample galaxies and
for deriving reliable dynamical masses.

To estimate the HTI sizes of our sample galaxies, we use the
HT1 total-intensity (moment-0) maps produced from the spec-
tral cubes using the SoFiA2 masks. Along with the total-
intensity maps, we also generate the velocity field (moment-1)
and velocity-dispersion (moment-2) maps. In Fig. 2, we present
the moment-0 maps for our sample galaxies (middle panels). We
adopt an iso-surface-density level of 1 Mg pc=2 (Ny; = 1.25 x
10%° atoms cm~2) to define the H1radius. This threshold is widely
used in the literature as a standard measure of the H1 extent (e.g.
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Figure 2. Combined images of sample galaxies. Left column: DECam r-band images with radio contours (starting from Zy; = 1 Mg pc~2, with linear
spacing up to the maximum emission) overplotted. The red dashed ellipse shows the H 1 disk predicted by Q. Guo et al. (2020) using mass-size relation
for radius and optical axial ratio from SDSS r-band, while the yellow dashed ellipse is our fit for to Ng;= 1 Mg pc~?2 surface density. Middle column:
moment-0 (intensity) map of the galaxy with the same ellipse fit. Right column: moment-1 (velocity) map of the galaxy’s H1 disk with the same ellipse
fit along with major axis derived from moment-0 map shown in magenta over moment-1 map.

A. H. Broeils & M.-H. Rhee 1997; R. A. Swaters et al. 2002; J. Wang
et al. 2013, 2016).

To measure the HI radius for each system, we fit the 1
Mg, pc2 isophotal contour with an ellipse, assuming that a cir-
cular isophote in the galaxy plane appears as an ellipse when
projected onto the sky. The major-axis length of the fitted el-
lipse is taken as the HI diameter of the galaxy. The contours
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and corresponding fits are shown in Fig. 2 by the solid red and
dashed yellow lines, respectively. As seen from the figure, the
fitted ellipses capture the isophotal shapes well, indicating that
the inferred H 1 radii are reliable.

In Table 3, we list the H1 radii derived from the resolved maps.
For comparison, we also include (in parentheses) the radii esti-
mated by Q. Guo et al. (2020). As shown in the table, the H 1 radii
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Table 3. Galaxy geometry: Column 2 gives radii of the H1disk up to 1 Mg pc~2 boundary,
taken from the major axes of the ellipse fitted in Fig. 2. Values in parentheses denote the
same as given by Q. Guo et al. (2020) using the scaling relation. Column 3 gives the axial
ratio g, the ratio of minor to major axis length as adapted from the fitting shown in Fig. 2,
with values in parentheses giving the same ratio as used by Q. Guo et al. (2020) obtained

using optical images.

b
a
Ours (Q. Guo et al. 2020)

Galaxy name I'Hr
Ours (Q. Guo et al. 2020)
(kpc)

UGC 6438 4.961.2 (5.59)
UGC 7983 5.27+1.0 (6.0)
UGC 9500 11.85+1.8 (11.6)
AGC 191707 7.49+1.6 (6.0)
AGC 220901 5.07+1.1 (4.86)
AGC 733302 7.46+1.5 (6.21)

0.8145 (0.524)
0.8 (0.6)
0.98 (0.444)
0.48 (0.57)
0.817 (0.486)
0.831 (0.515)

derived from the resolved maps differ slightly from those inferred
via the mass-size relation.

It is worth noting here that UGC 7983 is a possible member of
the Virgo Cluster (S. Kim et al. 2014), located near the NGC 4636
group, and shows clear signs of tidal disturbance, likely caused by
interactions with NGC 4586 (I. D. Karachentsev, D. I. Makarov &
E. I Kaisina 2013; X. Lin et al. 2023). To obtain a reliable estimate
of its HT size, we visually blanked the disturbed region of the
moment-0 map and fitted an ellipse to the isophotal contour of 1
Mg, pc~2. The moment-0 map shown in Fig. 2 corresponds to the
blanked version used for the size estimation, while Fig. 3 presents
the full, unblanked moment-0 map for comparison where the
contour levels plotted clearly indicate the shape more in line with
that described by Fig. 2.

In the left panels of Fig. 2, we compare the H1 discs of our
sample galaxies with their optical discs by overlaying the H1con-
tours (solid white lines; starting from Zy; = 1 Mg pc~2, with lin-
ear spacing up to the maximum emission) on the optical r-band
DECam images. The 1 My, pc2 (outermost) contours are fitted
with ellipses shown as dashed yellow lines, while the dashed red
lines represent the H 1 disks estimated by Q. Guo et al. (2020) with
size determined by scaling relation, and inclination determined
using axial ratios b/a given in parentheses in the third column
of Table 3. It should be noted that Q. Guo et al. (2020) assumed
the geometric parameters of the H1 discs, such as the axial ratios
and position angle, to be identical to those of the optical discs.
However, numerous studies have shown that HI discs can have
geometric parameters that differ significantly from their optical
counterparts (e.g. A. Bosma 1981; K. G. Begeman 1987; R. A.
Swaters et al. 2002; J. Wang et al. 2013; F. Lelli, S. S. McGaugh
& J. M. Schombert 2016). This behaviour is also evident in our
sample: the yellow dashed and red dashed ellipses often show
clear mismatches, indicating substantial differences between the
inclinations and position angles derived from optical and H1data
sets.

Because these geometric parameters play a crucial role in de-
termining the circular velocity and, consequently, the dynamical
mass, such discrepancies must be treated carefully. To investigate
this further, the rightmost column of Fig. 2 presents the H 1 veloc-
ity fields (moment-1 maps) of our sample galaxies. The magenta
dashed lines mark the major axes derived from our isophotal
fits to the H1I total-intensity maps. As seen in the figure, the
H1-derived major axes (magenta) align well with the kinematic
axes of the galaxies, while the optical major axes are consider-
ably misaligned in several systems. However, for AGC 733302,

the kinematic axis shows a notable offset from the major axis
inferred from the H1 intensity contours, likely due to the patchy
and irregular nature of the H I emission, typical of dwarf irregular
galaxies, which can distort isophotal shapes.

Nevertheless, we emphasize that our dynamical analysis is
more sensitive to the ellipticity (and thus the inclination) of the
H1 contours than to their position angles. Changes in ellipticity
directly affect the inferred inclination, which in turn modifies the
deprojected velocity width and hence the estimated dynamical
mass.

4.5 Rotational velocity

To estimate the dynamical mass of a galaxy from H I observations,
one must dynamically model the H1disc. A widely used approach
is the tilted-ring method, in which the H1disc is represented as a
set of concentric rings, each characterized by its own geometric
parameters (inclination, position angle, centre) and kinematic
parameters (systemic velocity, rotational velocity, etc.). These pa-
rameters are then optimized to reproduce the observables. Tra-
ditionally, such modelling was performed using the 2D velocity
field. However, more recently, full 3D modelling, where the entire
spectral cube is fitted, is preferred, as it yields more robust kine-
matic parameters (e.g. E. M. Di Teodoro & F. Fraternali 2015; P.
Kamphuis et al. 2015; S.-H. Oh et al. 2018). Ideally, a tilted-ring
analysis using the full HI cube provides the most reliable rota-
tion curve and thus the dynamical mass at the outermost fitted
radius.

In practice, however, such modelling requires high-quality
data, i.e. good sensitivity and a sufficiently large number of in-
dependent beams across the major axis to constrain the ring pa-
rameters reliably. For example, 3°Barolo requires at least ~3
beams across the semimajor axis to obtain stable fits, while FAT
(Fully Automated TiRiFiC) requires > 8 beams across the major
axis. Although our sample galaxies are expected to have large
enough H1 discs when the size is calculated from the mass-size
relation, in practice, we recovered only a few beams across due
to their low surface brightness. Reducing the beam size results in
resolving out the diffuse emission and a shrinking H 1 disc. With
the optimal resolution, all our attempts at tilted-ring modelling
failed to converge satisfactorily.

We also attempted the recipe suggested by P. E. Mancera Pifia
et al. (2020), designed specifically for faint dwarf galaxies. Their
method fixes several geometric parameters, such as the position
angle, centre, and systemic velocity, using position-velocity slices
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Figure 2. Continued
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Figure 3. UGC 7983 moment-0 map showing extended structure which was blanked out in Fig. 2 in order to determine ellipticity.

extracted with KPVSLICE from the KARMA package (R. Gooch
1996), followed by 3D fitting with 3’Barolo. This approach also
failed to produce a meaningful kinematic model for our galaxies
due to the patchy nature of diffuse gas.

We further attempted several 2D approaches with fewer free
parameters, such as DiskFit (J. A. Sellwood & K. Spekkens
2015), which fits a global disc model, and kinemetry (D. Kra-
jnovi¢ et al. 2006), but these methods also did not converge for our
sample. One possible reason is the intrinsic thickness of dwarf-
galaxy H I discs, which are known to be substantially thicker than
those of massive spirals (e.g. S. Roychowdhury et al. 2010). The
thick disc produces strong line-of-sight projection effects that mix
velocities from different heights, making it difficult to recover
circular rotation curves using 2D projections.

It is important to note, however, that full kinematic modelling
at all radii is only required to infer the radial distribution of the
dynamical mass. To estimate the total dynamical mass, one needs
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only the circular velocity at the outer edge of the H1 disc, rather
than a complete rotation curve. This can be derived directly from
the global H1 spectrum or by identifying the velocity range over
which H1 emission is detected in the channel maps.

To this end, we inspect the channel maps of each galaxy to de-
termine the velocity interval over which HI emission is present.
This velocity range represents the projected rotational width of
the disc. In Fig. A1, we show the channel maps of our sample
galaxies. Contours begin at 3¢ of the noise level. As can be seen,
the HI emission emerges in the lowest-velocity channels and
fades away in the highest-velocity channels. The yellow ellipses
mark the HI disc as determined from the ellipse-fitting proce-
dure. All detected emission lies within these ellipses, confirming
that the channel-map emission originates from the H1 disc. We
therefore define the projected velocity width of each galaxy as
the full velocity range over which HI emission is detected. This
width depends upon the sensitivity of the image, particularly to
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diffuse and low surface-brightness emission; however, we find
that the velocity width remains consistent for emission above
S =1Mg pc2

We mention these velocity ranges for each galaxy in the third
column of Table 4 and show them as grey shaded region lines in
Fig. 1. Asseen in the figure, the starting and ending velocity limits
encompass nearly the entire global spectrum, indicating that the
velocity width inferred from the channel maps is fully consistent
with that obtained from the integrated H 1 spectrum.

In several earlier studies, many authors have used the parame-
ter wy to estimate the projected velocity width of galaxies. Here,
Wy is defined as the velocity width measured at the 20 per cent
level of the peak flux of the global HI spectrum. For instance,
Q. Guo et al. (2020) adopted wy, as the velocity width for their
sample, as resolved H I spectral cubes were not available and the
global spectrum provided the only measurable proxy.

For our galaxies, we also compute the w,, values, which are
shown as green vertical dashed lines in Fig. 1. As is apparent,
Wy systematically traces a much smaller velocity range than the
full width in the channel maps. This naturally leads to an un-
derestimation of the rotational velocity and, therefore, an un-
derestimation of the dynamical mass, potentially giving the false
impression of baryon domination.

Furthermore, in several cases, the single-dish spectra exhibit
noticeable baseline offsets (e.g. UGC 6438, AGC 191707, AGC
733302). For such systems, the measured w,, can be artificially
overestimated, which would inflate the inferred dynamical mass.
Thus, both underestimation and overestimation are possible
when relying solely on global spectra, highlighting the necessity
of resolved H I observations with well-calibrated flux scales.

Our velocity-width measurements, derived directly from the
resolved channel maps, therefore provide a more reliable estimate
of the projected rotational width for our sample galaxies. These
measurements are listed in the fourth column of Table 4. For com-
parison, we also list the w,, values measured from our own global
H1spectra, which, as expected, are systematically lower than the
channel-map-derived widths. Additionally, we show the velocity
widths reported by Q. Guo et al. (2020) from Arecibo spectra
(values in parentheses). As can be seen, the velocity widths de-
rived from the resolved channel maps differ considerably from
those measured using global spectra, such as the w,, width. The
errors are given based on fainter emission seen in neighbouring
channels which does not show geometrical continuity with the
preceding channels, as this can originate from noise.

Next, to derive the dynamical mass of a galaxy, we must deter-
mine its circular velocity in the galaxy plane. This requires de-
projecting the observed velocity width. The deprojected velocity
width is obtained using
Corrected Viy, — Uncor.recFed Vi _ Uncorrected VHI’ ©)

sin(i) 1—(b/a)?
1-qo?

where the corrected Vi, is half of the full velocity width after
deprojection, and the uncorrected value is half of the velocity
width measured in the sky plane. Inclination is therefore a critical
parameter in this calculation. The inclination can be estimated
from the observed axial ratio of the galaxy using

sin(i) = /%b(/;)z’ @)
0

where b/a is the observed axial ratio, and gy is the intrinsic axial
ratio of the disc. We estimate b/a for our sample by fitting ellipses

used for total

velocity width as observed from the channel maps in Fig. A1; Column 4 gives total velocity width, Column 5 is simply the half-width of Column 4, and the last three columns give corrections based on

three different intrinsic axial ratios. Values in brackets; wherever they appear, correspond to the same quantity as measured by Q. Guo et al. (2020).

-1

Table 4. Velocity corrections: Column 2 gives velocity width at 20 per cent the maximum flux in our analysis as shown in Fig. 1; Column 3 gives the end-to-end spectral extent in km s

Vi (corrected)

Velocity width Vi (uncorrected)

Spectral extent

W20

(kms™1)

Galaxy name

H 1 properties of BDDGs 9

(kms™1)

(kms™1) (kms™1)

(kms™1)

qo=0.6

qo = 0.4

qo = 0.2

Ours (Q. Guo et al. 2020)

51.342.34
29.93+2.33

58.77+2.69
34.29+2.67
111.9248.06

62.8242.87 (46.22)
36.6642.86 (28.24)
119.6448.61 (21.37)
27.0841.0 (29.38)
45.5442.97 (25.44)
35.1441.59 (27.64)

37.2£1.7
22.45+1.75

74.4+3.4
44.9+3.5
48.6+3.5
48.5£1.8
53.6%3.5
39.9+1.8

1124.1-1198.5

52.77 (80.36)
39.28 (46.12)
30.58 (39.08)
38.28 (49.27)
38.04 (45.38)

UGC 6438

671.8-716.7
1663.9-1712.5

UGC 7983

97.69+7.04
37.18+2.43
28.69+1.29

25.33+0.94
42.61+2.78
32.87+1.48

24.3£1.75
24.25+0.9
26.8+1.75
19.954+0.9

975.3-1028.9
1261.5-1301.4

1574.6-1623.1

38.82 (48.36)

AGC 191707
AGC 220901
AGC 733302

UGC 9500
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Figure 4. AGC220901: Contours from a high-resolution radio image
overlaid on top of DECAM r-band image with outermost contour fitted
with an ellipse shown in dashed yellow line. The dashed red line indicates
geometry suggested by Q. Guo et al. (2020).

to the 1 Mg, pc=2 H1 iso-surface-density contours (see e.g. Fig.
2). The resulting b/a values are listed in the middle panels of
the figure. These b/a values are also listed in the third column
of Table 3. For comparison, we also list the b/a values of Q. Guo
etal. (2020) in the parentheses. As can be seen, Q. Guo et al. (2020)
systematically underestimated the b/a. They used optical r-band
image from SDSS DR7 to fit isophots and obtain b/a.

It should be noted that H 1 discs typically extend to much larger
radii than optical discs, often by factors of 2-4 in dwarf galaxies
(e.g. R. A. Swaters et al. 2002; D. A. Hunter et al. 2012). This
effect is especially pronounced in low-mass systems, where the
optical emission is confined to the central regions. Moreover,
because star formation in dwarf galaxies is highly patchy and
stochastic, the central optical light often fails to trace the true
shape of the underlying disc (e.g. D. A. Hunter, B. G. Elmegreen &
E. Anderson 2006; S. Roychowdhury et al. 2010). A clear example
from our sample is AGC 220901 (Fig. 2, fifth row). For this galaxy,
the b/a values derived from HT (0.817) and from optical imag-
ing (0.486) differ substantially. As seen in the figure, the optical
emission is limited to the central region and exhibits an elongated
structure that resembles a bar. In contrast, the H1 distribution
is considerably more extended and displays a roughly circular
morphology.

To investigate this further, we imaged AGC 220901 at a higher
spatial resolution of 20 arcsec x 19 arcsec. The resulting image is
shown in Fig. 4. The high-resolution HI contours in the inner
region indeed trace the same elongated, star-forming structure
seen in the optical. However, beyond this central zone, the con-
tours recover the circular H1 disc visible in the lower-resolution
map. This clearly demonstrates that optical imaging alone can
bias the inferred axial ratio toward the geometry of the central,
star-forming component. In contrast, the H1disc traces the global
disc structure more reliably and is therefore better suited for de-
termining the inclination of the H1 disc (see also A. Begum et al.
2008; J. Ott et al. 2012). We note that Q. Guo et al. (2020) system-
atically underestimated b/a for all galaxies in our sample except
AGC 191707 (a highly inclined system). Their underestimated
axial ratios lead to overestimated inclinations, which in turn pro-
duce underestimated inclination-corrected velocity widths.
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To compute the inclination from b/a, one must assume an
intrinsic axial ratio go. Q. Guo et al. (2020) used axial ratios from
SDSS r-band images and adopted gy = 0.2, a typical value for
massive spiral galaxies (e.g. R. Giovanelli et al. 1994; R. B. Tully
et al. 1998). They also assumed that the inclination of the H1
disc is identical to that of the optical disc, an assumption known
to be problematic, as HI discs often exhibit different geometric
parameters than their stellar counterparts (e.g. K. G. Begeman
1987; R. A. Swaters et al. 2002; J. Wang et al. 2013).

Dwarf galaxies, in particular, are known to host significantly
thicker H 1discs than spirals. Several works (see e.g. S. Roychowd-
hury et al. 2010; M. C. Johnson et al. 2017; N. N. Patra 2020)
found intrinsic axial ratios as high as qo = 0.6 for dwarf H1 discs.
To account for this uncertainty, we compute inclinations and,
therefore, corrected velocity widths, using a range of intrinsic
axial ratios: go = 0.2,0.4,and 0.6, spanning the range expected for
these low mass dwarf galaxies. We emphasize that inclination isa
crucial quantity for estimating the true velocity width and hence
the dynamical mass. Changing the assumed g, from 0.2 to 0.6
can alter the inferred dynamical mass by up to a factor of ~ 1.5.
The inclination-corrected velocity widths for all three assumed
intrinsic axial ratios are reported in the last three columns of
Table 4.

For comparison, we also quote the inclination-corrected veloc-
ity widths obtained by Q. Guo et al. (2020; shown in parenthe-
ses). As can be seen, their values differ significantly from our
estimates. This discrepancy arises from two effects. First, their
velocity widths were measured from single-dish spectra, which
differ from the widths we obtain using resolved channel maps.
Second, the deprojection applied by Q. Guo et al. (2020) is based
on different axial ratios (b/a) derived from optical images and on
an assumed intrinsic axial ratio (go) of 0.2. Both of these choices
lead to inclination estimates that differ from those derived from
our resolved HI maps, and hence result in different corrected
velocity widths.

4.6 Dynamical mass

Using the deprojected velocity widths (Vy;) and the H 1 radii (ry;)
of our sample galaxies, we compute their dynamical masses en-
closed within ry; using

M, 1% 2
LI JHO) 023 x 10°. (8)
Mg kms—! kpc

Equation (8) comes from Mgyn (< ru;) = % with appropriate
unit conversions.

The resulting dynamical masses are listed in Table 5. As dis-
cussed earlier, we compute inclination-corrected velocity widths
using a range of intrinsic axial ratios, go = 0.2, 0.4, and 0.6,
in order to encompass the plausible geometric thickness of
dwarf H1 discs. We therefore report the corresponding dynami-
cal masses for all three assumed g, values. For our sample, the
dynamical masses span the range ~ 1.5 x 10° My to ~ 3.2 x
10" Mg. For comparison, we also list the dynamical masses
reported by Q. Guo et al. (2020) for the same galaxies. As can
be seen, in all cases Q. Guo et al. (2020) systematically under-
estimate the dynamical masses. This arises because their incli-
nations were overestimated, which in turn led to applying a
smaller inclination correction to the observed velocity widths
and therefore to lower inferred circular velocities and dynamical
masses.
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Table 5. Dynamical masses: Column 2 gives baryonic masses as taken from Table 2; the subsequent
three columns give dynamic masses calculated using equation (8) for the three different Vy; values given
in Table 4. The values in brackets in Column 3 are dynamic masses as given by Q. Guo et al. (2020).

Galaxy name Mpary Magyn
(10°Mp) (10°Mg)
qgo =04 go = 0.6
Ours (Q. Guo et al. 2020)
UGC 6438 1.18+0.23 4.50+1.50 (2.78) 3.94+1.31 3.00£1.00
UGC 7983 0.54+0.02 1.63+0.56 (1.11) 1.43£0.49 1.0940.38
UGC 9500 2.10+0.13 39.01+11.54 (1.24) 34.144+10.10 26.01+7.70
AGC 191707 0.50+0.05 1.26+0.36 (1.20) 1.11£0.32 -
AGC 220901 0.3340.01 2.42+0.84 (0.73) 2.124+0.74 1.61£0.56
AGC 733302 0.62+0.05 2.1240.62 (1.10) 1.8540.54 1.414+0.41
ranging from 2.02 to 2.55. We label the galaxies where the ratio
- Z;’z:zi OXZ\‘:,‘::W is not strictly less than two (with error bars taken into account)
O Guoetal. as dark matter deficient galaxies (since for BDDGs, this ratio is
® q=02 strictly < 2; see equation 2). Such significant baryonic content
Go =04 " is still exceptionally high when compared to other galaxies in
90=06 | imil les. The dashed line in Fig. 5 t
similar mass scales. The dashed cyan line in Fig. 5 represents
Galaxies Mayn/Mpary = 10 limit which is the lower limit for this ratio in
- O UGC6438 Vv AGC 191707 typical dwarf galaxies in the local Universe (see Section 1). Five
= 10°F o UGC7983 O AGC 220901 of total six galaxies lie below this limit. (See Section 5 for more
P A UGC9500 & AGC 733302 . .
3 discussion.)
E - For the remaining two galaxies, UGC 9500 and AGC 220901,
g the Mayn /Mpary ratios are 12.41£3.75 and 4.8841.70, respectively
§ ’,/" (18.61 and 7.33 for gy = 0.2). These values clearly rule out the
& /3’/ possibility that these systems are baryon dominated or dark mat-
i ter deficient. For other galaxies, if we adopt a thinner H1 disk
/—”' with go = 0.2 (as used by Q. Guo et al. 2020), the Mayn /Mpary ratio
- A increases, ranging from 2.52 to 3.83, putting them in the non-
ook | 5 1] Ves i baryon-dominated category. In the following section we discuss
e | the limitations and implications of our analysis and the surround-
,/"O ing context of galaxy formation and evolution.

00
Baryonic Mass [Mo ]

Figure 5. Mgy, as a function of My,ry: The red dashed line shows the
Mgyn/Mpary = 2 boundary, the open shapes correspond to the estimates
of this ratio by Q. Guo et al. (2020); which all fall below the dashed line,
putting the galaxies in BDDG regime. The filled shapes correspond to our
measurements which are colour-coded according to the values adapted
for qo: blue for gy = 0.2, orange for gy = 0.4, and green for gp = 0.2,
respectively.

4.7 Mgayn/Mpary ratios

Finally we compute the ratio of dynamical mass to baryonic mass
to assess whether these galaxies are baryon dominated. These
ratios, evaluated for each assumed value of g, are shown in Fig.
5. The figure shows the different estimates of the ratio Mgy /Mpary
according to our analysis (filled shapes with error bars in Fig. 5) as
well as the same as given by Q. Guo et al. (2020) in their analysis
(empty shapes in Fig. 5). For AGC 191707, the observed axial
ratio is 0.48, which is smaller than 0.6; therefore, an inclination
cannot be computed for g, = 0.6. For this galaxy, we estimate the
dynamical mass only for go = 0.2 and 0.4.

As can be seen from Fig. 5, for an assumed intrinsic axial ratio
of go = 0.6, four galaxies in our sample, i.e. UGC 6438, UGC
7983, AGC 191707, and AGC 733302, show significant baryonic
contribution in total dynamical mass, with Mgy, /Mpary values

5 DISCUSSION

It must be noted that the dark matter halos are assumed to have
spherical symmetry in this analysis. Without a complete 3D mod-
elling we cannot rule out the possibility of non-spherical halos.
An oblate or prolate halo can impact the rotational velocity of
the gas in galaxy plane significantly (see e.g. M. Das et al. 2020; A.
Kumar, M. Das & S. K. Kataria 2022). M. Das et al. (2023) showed
that for most gas-rich dwarf galaxies where baryonic mass is
dominated by the gas component (Mg,s/Mpary > 0.5), have oblate
halos at r,5, the radius at which optical surface brightness of the
galaxy drops to 25 mag arcsec 2. From Table 2, we can see that
only UGC 6438 is gas-poor galaxy while the remaining five dwarf
galaxies are all gas-rich in our sample. For our galaxies we did not
find r,s in existing literature. It should be noted, however, that an
oblate halo with the same halo mass will result in slower rotation
in the disk, thus lowering the total dynamical mass measured.
In which case, our results of the Mgy, /Mpary Will be their lowest
estimates and true values may be higher, making these galaxies
no longer dark matter deficient.

The baryonic fractions we measure have important implica-
tions for understanding baryon enhancement efficiency in the
broader cosmological context. In the ACDM framework, low-
mass dark matter haloes are expected to host a large population
of luminous dwarf galaxies (e.g. A. Klypin et al. 1999; B. Moore
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et al. 1999; J. S. Bullock & M. Boylan-Kolchin 2017; P. Cristofari
& J. P. Ostriker 2019). Yet, observational surveys consistently re-
port only a fraction of the predicted number (e.g. J. D. Simon
2019; A. Drlica-Wagner et al. 2020; S. G. Carlsten et al. 2021).
The widely discussed explanations suggest that many low-mass
haloes exhibit extremely low baryon enhancement efficiencies
and thus fail to accumulate sufficient baryons to be detected in
optical surveys or other mechanisms such as feedback from su-
pernovae drive out baryons, rendering such structures unable to
produce enough stars and thus, dark (see e.g. A. W. McConnachie
2012; M. C. Smith, D. Sijacki & S. Shen 2019, and the references
therein). On the other hand, when baryonic processes are taken
into account, they can reproduce the stellar mass function of
dwarf galaxies on the relevant scales, eventually ‘solving’ the
missing-satellite problem and the too-big-to-fail problem (see e.g.
S. Garrison-Kimmel et al. 2019; L. V. Sales, A. Wetzel & A. Fat-
tahi 2022, and the references therein) but they do not predict
any significant populations of dwarf galaxies where baryonic
masses dominate. Several studies, in fact, shift the problem to the
other extreme where they predict far less number of subhalos on
dwarf galaxy mass scales to host luminous galaxies. (For a more
thorough review we refer the reader to L. V. Sales et al. 2022,
and the references therein). Conversely, the dark-matter-deficient
galaxies in our sample, particularly UGC 6438, UGC 7983, AGC
191707, and AGC 733302, represent the opposite extreme, where
the efficiency of baryonic assembly appears unusually high rel-
ative to their dynamical mass. Notably, two of these systems -
AGC 191707 and AGC 733302 - reside in relatively normal field
environments, suggesting that neither environmental quenching
nor strong tidal interactions is responsible for their exceptionally
high baryonic fractions. These findings highlight the diversity of
baryon assembly histories in dwarf galaxies and underscore the
need to understand the physical mechanisms that enable some
haloes to accumulate and retain gas efficiently while others re-
main strongly baryon-poor.

To compare our galaxies with previously studied regular and
dwarf systems, we also examine their baryon enhancement effi-
ciencies as a function of dynamical mass as stated in Section 1. In
Fig. 6, we compare the enhancement efficiencies of our sample
with those of galaxies from other resolved H1I surveys, namely
THINGS (e.g. W. J. G. Blok et al. 2008; F. Walter et al. 2008) and
LITTLE THINGS (e.g. S.-H. Oh et al. 2011; D. A. Hunter et al.
2012; S.-H. Oh et al. 2015). For equation (1), a direct measure-
ment of My requires full dark matter halo modelling, which
is not feasible for our galaxies due to the limited number of
independent beams across their HI discs. Instead, we estimate
Moy for our galaxies using the scaling relation between halo
mass and maximum circular velocity from K. A. Oman et al.

(2016):

M v 3.115
20 _ 1,074 x 10° ( o 1) ) 9)
o) kms~

We adopt the mean inclination-corrected Vy; values from Ta-
ble 4 as proxies for Vi.x. The dashed line in Fig. 6 shows the
theoretically expected relation under ACDM as given by K. A.
Oman et al. (2016) based on simulations. As seen in the figure,
most galaxies from the THINGS and LITTLE THINGS samples lie
close to the theoretical efficiency curve. However, a few LITTLE
THINGS dwarf galaxies, such as DDO 50 and IC 1613, show
unusually high efficiencies. Three of our galaxies, AGC 191707,
AGC 733302, and UGC 7983, likewise exhibit exceptionally high
baryon enhancement efficiencies (= 50 per cent), while the typ-
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Figure 6. Baryon enhancement efficiency factor as a function of max-
imum rotational velocity. The red circles with error bars correspond to
the sample of BDDG in this work, the blue squares to galaxies from
LITTLE THINGS, and the pink squares correspond to THINGS galaxies.
The dashed black line represents the best fit to the sample of APOSTLE
simulations performed by K. A. Oman et al. (2016).

ical observed peak efficiency is around fer ~ 18 per cent (P. S.
Behroozi et al. 2013; K. A. Oman et al. 2016). Notably, AGC
191707 exceeds even the theoretical maximum (fer > 1), imply-
ing that it contains more baryonic mass than expected for a halo
of its inferred dynamical mass.

For DDO 50 and IC 1613, the literature attributes their high
efficiencies to weak stellar feedback and significant uncertainty
in inclination estimates (e.g. G. Iorio et al. 2017; K. B. W. Mc-
Quinn et al. 2022). In contrast, for our sources, AGC 191707,
AGC 733302, and UGC 7983, such factors are unlikely to ac-
count for the extreme values. These systems therefore pose a
meaningful challenge to our understanding of baryon assembly
in the ACDM framework, particularly at the low-mass end where
baryon accumulation and galaxy formation are expected to be
highly inefficient. For the remaining three galaxies in our sam-
ple, fe is consistent with values measured in other field dwarf
galaxies.

The presence of these galaxies in our sample with unusually
high baryon enhancement efficiencies has important implica-
tions for dwarf galaxy evolution and for the ACDM framework.
Cosmological simulations predict that low-mass halos should be
strongly inefficient at retaining baryons due to the combined
effects of stellar feedback, photoionization, and the shallow po-
tential wells of dwarf systems (see e.g. T. Okamoto 2008; F. Gov-
ernato et al. 2010, 2012; P. F. Hopkins 2014; R. S. Somerville &
R. Davé 2015; J. S. Bullock & M. Boylan-Kolchin 2017; A. Fitts
et al. 2017). In ACDM simulations, strong bursty outflows are
expected to remove a substantial fraction of the gas from dwarf
systems, driving their baryon fractions well below the cosmic
mean. The unusually high baryon enhancement efficiencies in-
ferred for AGC 191707, AGC 733302, and UGC 7983 therefore
suggest that these galaxies may reside in atypical halo configu-
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rations, possibly halos with above-average concentrations, which
are known to resist gas removal more effectively (see e.g. A. Di
Cintio et al. 2017; F. Jiang et al. 2019), or systems with unusually
quiet assembly histories that promote long-term baryon reten-
tion (see e.g. A. A. Dutton et al. 2016; T. Sawala et al. 2016;
A. Fitts et al. 2018). Regardless of the underlying mechanism,
the existence of such high-efficiency dwarf galaxies highlights
a growing tension at the low-mass end of the galaxy-halo con-
nection, where the observed diversity of baryon fractions appears
broader than predicted. Further resolved kinematic analysis and
deeper multi-wavelength data will be essential to determine
whether these systems represent statistical outliers or point to-
ward a systematic shortcoming in current models of dwarf galaxy
formation.

Previous attempts to understand the origin of such systems
from a theoretical perspective have highlighted the role of en-
vironment and interactions, particularly the impact of tidal en-
counters and mergers that can efficiently strip away dark mat-
ter from low-mass galaxies. Several recent studies (see e.g. E.-
j- Shin et al. 2020; E. A. Tau & C. G. Scéccola 2021; J. Moreno
et al. 2022) have investigated this issue using numerical and
semi-analytic simulations within the ACDM framework. These
works demonstrate that even in standard ACDM cosmology,
dark-matter-deficient galaxies can arise naturally, especially as
a consequence of high-velocity encounters with massive neigh-
bours. However, such conditions are difficult to produce in iso-
lated environments. Their simulations suggest that roughly one-
third of massive central galaxies are expected to host at least one
such dark-matter-deficient satellite. Furthermore, hydrodynam-
ical simulations indicate that the fraction of such diffuse, dark-
matter-deficient galaxies should be higher at earlier cosmic times,
as early halo-halo encounters can remove a substantial fraction
of the dark matter, followed by a more gradual stripping of the
baryonic component. However, observationally confirming this
prediction across a statistically significant sample remains chal-
lenging, given the low surface brightness of such systems and the
sensitivity limits of current surveys.

A. Ivleva et al. (2024) further showed using high-resolution hy-
drodynamical simulations that mergers in cluster environments
can produce dark-matter-deficient dwarf galaxies within tidal
tails. Similar systems can also emerge via tidal stripping by mas-
sive neighbours or small groups (see e.g. R. A. Jackson et al.
2021, and references therein), consistent with earlier analyses.
In our sample, UGC 7983 shows signatures of possible ongoing
interaction (Fig. 3 and channel maps in Fig. A1), whereas AGC
220901, despite its proximity to the Virgo cluster, appears to have
retained sufficient dark matter to avoid falling into the baryon-
dominated regime. This suggests that, at least for our sample, the
environment plays a minimal role in determining whether low-
mass dwarf galaxies become baryon-dominated.

The studies by P. E. Mancera Pifia et al. (2019, 2020), which
attempt to address this issue in the context of isolated dwarf galax-
ies, suggest that some small, ultra-diffuse systems may simply
have experienced very low star-formation rates, resulting in weak
stellar feedback. Such weak feedback would be insufficient to
expel significant amounts of gas, allowing these galaxies to retain
alarger fraction of their baryonic mass than their counterparts. In
these cases, analysing the radio continuum emission associated
with recent star formation may provide additional insights. It is
therefore plausible that a complex interplay of feedback strength,
star-formation history, and environmental interactions is at work,
necessitating the comprehensive study of BDDGs.

H 1 properties of BDDGs 13

While a full dynamical reconstruction is challenging for indi-
vidual systems, it appears that some of the candidates identified
by Q. Guo et al. (2020) may indeed be BDDGs. Importantly, some
of these galaxies are ordinary field dwarf galaxies, not systems
residing in extreme environments where strong tidal interactions
or ram-pressure stripping are expected to dominate.

Moreover, for some of them, including AGC 191707 and
AGC 733302, there is no clear observational signature of the
mechanisms typically invoked to explain dark-matter-deficient
or baryon-dominated systems, such as strong tidal stripping, un-
usual merger histories, or exceptionally weak feedback. Their
inferred baryon fractions, therefore, remain difficult to reconcile
within the conventional ACDM framework.

These results thus pose a potentially significant tension: if
such BDDGs genuinely exist in the field, they would require
either atypical halo assembly histories or a revision of the stan-
dard assumptions regarding feedback and baryon retention in
low-mass halos. Identifying additional BDDGs and conducting
deeper, spatially resolved observations will therefore be essential
for determining whether these systems represent rare outliers or a
population that current galaxy-formation models have yet to fully
account for.

6 SUMMARY

We have presented resolved H1 observations of six dwarf galax-
ies drawn from the sample of BDDG candidates identified by
Q. Guo et al. (2020) in the ALFALFA survey where earlier re-
sults indicated Mpy(r < rm) < Mpa(r < rgp). Since esti-
mating the total dynamical mass enclosed within Ry, of these
systems is difficult and involves assumptions about the shape
and dark matter density profile that may not be available due to
lack of observational sensitivity, we determine whether they are
baryon-dominated or not based on equation (2). Their original
claim of unusually high baryonic fractions was based entirely
on single-dish H1 spectra and optical inclinations. Both of these
inputs suffer from systematic uncertainties, i.e. baseline offsets
in Arecibo spectra, lack of spatial resolution, uncertain H1 radii
inferred from the mass-size relation, and potentially biased opti-
cal inclinations driven by central light concentration or irregular
morphologies. Our uGMRT interferometric data overcome these
limitations by providing (i) accurate integrated H1 fluxes free of
baseline offsets, (ii) resolved HT discs from which we directly
measure the HI extent, (iii) kinematically motivated position
angles, and crucially, (iv) H1-based axial ratios to derive reliable
inclinations.

Using our resolved H1 spectral cubes and moment maps, we
re-evaluated the dynamical masses of all six galaxies. We find
that the H1 radii derived from the moment-0 maps differ from
the values inferred by Q. Guo et al. (2020) by up to ~20 per cent.
More importantly, the optical axial ratios reported in the ear-
lier work systematically underestimated the true thickness of
the galaxies, leading to artificially low inclinations and conse-
quently underestimated circular velocities. Our H1-derived ax-
ial ratios are significantly rounder for most of the sample, re-
sulting in larger inclination corrections and higher dynamical
masses.

‘We use the resolved H I channel maps to extract the full velocity
extent of our galaxies for calculating their dynamical mass. We
estimated the total baryonic mass by combining the gas mass
and the stellar mass. We find that four of the six systems (UGC
6438, UGC 7983, AGC 191707, AGC 733302) have baryon frac-
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tions close to or exceeding the ACDM-predicted peak efficiency
of ~18 per cent. In three of these galaxies, the inferred baryon
enhancement efficiency exceeds 50 per cent, with AGC 191707
appearing formally superefficient (>100 per cent), implying that
it has accumulated more baryons than allowed by the cosmic
baryon fraction when referenced to its inferred halo mass. Only
two systems (UGC 9500 and AGC 220901) are consistent with
being dark-matter dominated once our revised dynamical masses
are adopted.

The existence of such high-efficiency dwarf galaxies in isolated
environments remains difficult to reconcile with standard ACDM
expectations, which predict inefficient baryon retention in low-
mass halos. Unlike cluster or group satellites where tidal strip-
ping, high-velocity encounters, or ram-pressure effects can lower
dark-matter content, our sample galaxies reside in low-density
environments and show no clear morphological or kinematic sig-
natures of strong environmental effects. Weak-feedback scenar-
ios may explain parts of the trend, but cannot naturally produce
the highest efficiencies we find. The absence of coherent tidal
features, the lack of strong disturbances in their velocity fields,
and the normal HI morphology in most systems argue against
recent violent interactions capable of producing artificially low
dynamical masses.

Taken together, our results suggest that a non-negligible frac-
tion of dwarf galaxies may deviate significantly from the canon-
ical baryon-retention trends implied by ACDM. Either these
galaxies occupy unusually concentrated or otherwise atypical
dark-matter halos, or they follow evolutionary pathways that
allow them to accumulate or retain baryons at efficiencies far
above the median. Establishing which of these possibilities is
correct requires a larger statistical sample. Our pilot uGMRT
study demonstrates the importance of resolved HI kinemat-
ics in reliably identifying BDDGs. Expanding the sample of
confirmed systems is therefore imperative for understanding
whether such galaxies pose a genuine challenge to ACDM or
reveal new aspects of baryon-halo coupling in the low-mass
regime.
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APPENDIX A: CHANNEL MAPS

Here we present the channel maps for the six galaxies analysed
in this work. The velocity widths in Column 4 of Table 4 are
obtained by inspecting the emission signal from the H1 line at
least 30 or stronger within the galaxy’s H 1 radius (ryg,) marked by
the yellow dashed ellipses.
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Figure Al. Channel plots of the six galaxies with contour levels starting at 3o with increments in multiples of 1.414. The yellow dashed ellipse represents
the galaxy marked up to 1 M, pc~2 as described in Fig. 2. The channel with a red cross mark represents the channel corresponding to the velocity centre.
The values printed in black boldface in each channel subplot represent the corresponding barycentric velocity (in km s~1) corresponding to the H line
in that channel.
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Figure Al. Continued.
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