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ABSTRACT

We present the neutral atomic hydrogen (H i) distribution, kinematics, mass modelling, and gravitational stability of the dwarf irregular galaxies
ESO444–G084 and [KKS2000]23 using high spatial, spectral, and column density sensitivity data from the MeerKAT H i observations of nearby
galactic objects: Observing Southern Emitters (MHONGOOSE) survey obtained with MeerKAT. ESO444–G084 exhibits centrally concentrated
H i emission, while [KKS2000]23 has irregularly distributed high-density pockets. The total H i fluxes measured down to column density thresholds
of 1019 cm−2 and 1018 cm−2 are nearly the same, suggesting that the increase in the H i diameter at lower column densities is primarily due to the
larger beam size, and that no significant additional emission is detected. The total H i masses are (1.1 ± 0.1) × 108 M� for ESO444–G084 and
(6.1 ± 0.3) × 108 M� for [KKS2000]23. We derived rotation curves using 3D kinematic modelling tools Python fully automated TiRiFiC (PyFAT)
and tilted ring fitting code (TiRiFiC), which allow us to fully capture the gas kinematics. Both galaxies exhibit disk-like rotation, with ESO444–
G084 showing a kinematic warp beyond ∼1.8 kpc. Its relatively fast-rising rotation curve suggests a more centrally concentrated dark matter
distribution, whereas [KKS2000]23’s more gradual rise indicates a more extended mass distribution. Mass modelling with an isothermal halo and
stellar mass-to-light ratio (M/L)∗3.4 µm = 0.20 for ESO444–G084 and 0.18 for [KKS2000]23 yields physically consistent results. We further analyse
disk stability using spatially resolved maps of the Toomre Q parameter and Σgas/Σcrit, linking these with recent star formation traced by hydrogen-
alpha (Hα) and far-ultraviolet (FUV) emission. ESO444–G084 supports localised star formation despite global stability, while [KKS2000]23 is
gravitationally unstable yet lacks strong Hα emission, suggesting that turbulence, gas depletion, or past feedback suppresses star formation. The
absence of detectable inflows or outflows implies that internal processes regulate star formation. This study highlights the interplay between H i
morphology, kinematics, dark matter distribution, and disk stability, demonstrating how internal mechanisms shape dwarf galaxy evolution.
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1. Introduction

Dwarf galaxies, despite their small size, serve as key laborato-
ries for studying galaxy formation and evolution. Their relatively
simple structures make them valuable testbeds for investigat-
ing star formation, feedback, and the interplay between baryons
and dark matter (Carignan & Freeman 1988; Hunter et al. 2012).
Their extended neutral atomic hydrogen (H i) reservoirs allow
for detailed kinematic studies beyond the stellar disk, provid-
ing a unique opportunity to probe their gravitational potential
(de Blok et al. 2001b, 2008).

An essential approach to studying the structure and dynamics
of galaxies is through rotation curves (RCs), which trace the cir-
cular motion of gas or stars as a function of galactocentric radius.
These curves provide fundamental insights into the mass distri-
bution, highlighting the contributions of both baryonic and dark
matter components in galaxies (Bosma 1978; Carignan & Purton
1998). The shape of a galaxy’s rotation curve, whether steeply
rising, flat, or declining, reveals how baryonic matter and dark
matter interact. By examining these curves, one can accurately
determine a galaxy’s gravitational potential and overall dynami-
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cal behaviour, leading to a deeper understanding of its mass dis-
tribution (de Blok et al. 2001b).

Among the different methods for studying galaxy kinemat-
ics, neutral hydrogen observations provide a reliable approach
for deriving rotation curves and probing the distribution of
dark matter. Although optical tracers, such as Balmer lines
from ionized hydrogen (Hα), are crucial for constraining
the inner regions of rotation curves due to their high spa-
tial resolution, they are limited to the optical disk, leaving
the dark matter-dominated outskirts unexplored (de Blok et al.
2001b; Blais-Ouellette et al. 2004). On the other hand, the H i
disk in galaxies extends much further into the outer regions,
often well beyond the optical disk (Carignan & Freeman 1985;
Koribalski et al. 2020). In these outer regions, where dark mat-
ter dominates the gravitational potential (Carignan & Freeman
1988), H i observations provide a direct means of studying the
structure and kinematics of the dark matter halo.

Although rotation curves are a fundamental tool for prob-
ing mass distributions, accurately determining their shape
remains challenging. Beam smearing, non-circular motions, and
projection effects can distort observed velocity fields, intro-
ducing systematic uncertainties in mass modelling (Oh et al.
2008; Read et al. 2016b). Recent studies (Oman et al. 2015;
Downing & Oman 2023) have demonstrated that Λ Cold Dark
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Matter (ΛCDM) based hydrodynamical simulations yield con-
sistent circular velocity profiles for low mass galaxies, yet they
do not capture the diversity seen in observed dwarf galaxy rota-
tion curve shapes. In many cases, observed inner rotation speeds
are lower than predicted, a discrepancy attributed either to vari-
ous dynamical effects such as mergers, inflows, outflows, warps,
and halo asymmetries or to systematic biases that affect the
inferred kinematics.

Traditional 2D tilted ring models (Begeman 1989) have been
widely used to study galaxy kinematics, but they often fail to
fully correct for distortions, leading to rotation curve shapes that
do not accurately reflect the true underlying circular velocities
(de Blok et al. 2008; Swaters et al. 2003). To overcome these
limitations, advanced 3D kinematic modelling techniques such
as the tilted ring fitting code (TiRiFiC; Józsa et al. 2007) and
3D-based analysis of rotating bbjects from line observations
(3D Barolo; Di Teodoro & Fraternali 2015) have been developed.
These methods utilize the complete data cube-including detailed
line profiles and intensity distributions to correct for beam
smearing. They also incorporate extra parametric components to
explicitly model non-circular motions, including radial flows and
warps. Although these techniques still assume a locally axisym-
metric disk, they represent a significant improvement over 2D
approaches in constraining the kinematics of galaxies.

Understanding the kinematics of dwarf galaxies is also criti-
cal for assessing their gravitational stability and star formation
processes. The stability of a galaxy’s disk is often character-
ized using the Toomre Q parameter, which measures the sus-
ceptibility of the gas to collapse and form stars (Toomre 1964).
Dwarf galaxies typically exhibit low gas surface densities, mak-
ing them marginally stable or even gravitationally unstable in
certain regions (Elmegreen & Hunter 2015). Since H i serves as
both a tracer of galaxy kinematics and a reservoir for future
star formation, linking disk stability analyses with rotation curve
modelling provides a more complete picture of how gas dynam-
ics, gravitational instabilities, and dark matter influence the evo-
lution of dwarf galaxies (Elson et al. 2012; Ghosh & Jog 2018).

The MeerKAT H i observations of nearby galactic objects:
Observing Southern Emitters (MHONGOOSE) survey
(de Blok et al. 2024), one of the MeerKAT Large Survey
Projects, provides an unprecedented opportunity to study the
kinematics and mass distribution of dwarf galaxies. Build-
ing upon previous surveys such as The H i Nearby Galaxy
Survey (THINGS; Walter et al. 2008), Local Irregulars That
Trace Luminosity Extremes, The H i Nearby Galaxy Survey
(LITTLE-THINGS; Hunter et al. 2012), and Local Volume
H i Survey (LVHIS; Koribalski et al. 2018), MHONGOOSE
offers significantly improved velocity resolution, making it
ideal for capturing fine-scale kinematic structures and resolving
asymmetries at sub-kiloparsec scales. Furthermore, its high
sensitivity to low-column-density gas (NHI < 1019 cm−2), allows
the detection of extended H i structures well beyond the optical
disk. Preliminary results from the MHONGOOSE survey have
already demonstrated the power of high-sensitivity H i obser-
vations in detecting extended gas distributions and resolving
kinematic asymmetries at sub-kiloparsec scales (Veronese et al.
2025; Healy et al. 2024; de Blok et al. 2020). These advances
are crucial for distinguishing between different dark matter
halo profiles and probing the outer regions of dwarf galaxies,
where dark matter dominates even more significantly, making
its intrinsic properties more apparent.

This study focuses on ESO444–G084 and [KKS2000]23,
two gas-rich, isolated dwarf galaxies with well-resolved H i
kinematics and extended gas distributions, making them ideal

candidates for detailed mass modelling. Their isolation mini-
mizes environmental effects, enabling a clearer analysis of inter-
nal kinematics, disk stability, and dark matter distribution. By
examining their H i morphology, kinematics, rotation curves,
and mass models, we investigate how gas dynamics shape their
evolution and influence star formation. The structure of this
paper is as follows: Section 2 describes the sample selection;
Section 3 details the observations and data reduction process;
Section 4 presents the H imorphology and distribution; Section 5
discusses kinematics and rotation curve derivation; Section 6
explores mass modelling; Section 7 details the gravitational
instability and star formation and Sections 8 and 9 provide dis-
cussion and conclusions, respectively.

2. The galaxy sample

The MHONGOOSE sample consists of 30 nearby star-forming
main sequence galaxies, providing a representative set for study-
ing typical star formation processes (de Blok et al. 2024). The
sample covers a broad range of stellar and H i masses (∼106–
1011 M�) and includes both disk galaxies and dwarf systems.
The galaxies are situated at distances of 3–23 Mpc, spanning
a range of inclination angles from nearly face-on to edge-on,
offering a diverse selection for kinematic and structural anal-
ysis. The survey achieves a 3σ column density sensitivities
down to ∼1017 cm−2 at 90′′ resolution and ∼1019 cm−2 at 7′′
resolution, with a velocity resolution of 1.4 km s−1. This study
focuses on two MHONGOOSE dwarf galaxies, ESO444–G084
and [KKS2000]23, which were the first dwarfs in the MHON-
GOOSE sample to be observed with the full 50-hour integra-
tion time. Additionally, these galaxies were prioritized due to
their well-resolved H i kinematics, extended gas distributions,
and their importance for detailed mass modelling. A compre-
hensive overview of the MHONGOOSE sample selection and
survey methodology is provided in de Blok et al. (2024).

In addition to the MeerKAT H i observations, this study
makes use of publicly available, multi-wavelength ancillary data
to provide a more comprehensive view of the galaxy prop-
erties. Far-ultraviolet (FUV) images were obtained from the
Galaxy Evolution Explorer (GALEX) data release (Martin et al.
2005) and optical images were taken from the Dark Energy
Camera Legacy Survey (DECaLS) survey (Dey et al. 2019).
Mid-infrared data from the Wide-field Infrared Survey Explorer
(WISE) were provided through private communication. Hα
images for both galaxies were accessed via the NASA/IPAC
Extragalactic Database (NED)1, with ESO444–G084 data from
Dale et al. (2009) and from [KKS2000]23 Meurer et al. (2006).
These multi-wavelength datasets, all openly available online, are
used to trace star formation activity, stellar structure, and ionized
gas, complementing the high-resolution H i kinematics provided
by the MHONGOOSE survey.

2.1. ESO444–G084 (HIPASS J1337–28)

ESO444–G084 is a dwarf irregular (dIrr) galaxy located at a
distance of 4.6± 0.4 Mpc, based on the tip of the red giant
branch (TRGB) method (Karachentsev et al. 2002). It is one
of several dwarf companions surrounding the massive spiral
galaxy M 83. Classified as an Im galaxy (de Vaucouleurs et al.
1991), ESO444–G084 has a total B-band magnitude of 15.06
(Karachentsev et al. 2002). The galaxy’s H i distribution was
mapped by Côté et al. (2000) using the Australia Telescope

1 https://ned.ipac.caltech.edu/
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Table 1. Basic properties of ESO444–G084 and [KKS2000]23.

Parameter ESO444–G084 [KKS2000]23

Right ascension (J2000) 13:37:19.9a 11:06:12.0b

Declination (J2000) –28:02:42.0a –14:24:25.7b

Morphology Ic Id

Distance (Mpc) 4.6e 13.9 f

B magnitude 15.06e 15.80d

Vhel (km s−1) 586.7g 1035.9g

Total H i mass (M�) 1.0× 108g 5.5× 108g

H i effective
radius (at 1 M�pc−2) 4′.9 (this work) 4′.0 (this work)
Stellar mass (M�) 4.9× 106g 3.2× 107g

Notes. (a) Kaldare et al. (2003); (b) Whiting et al. (2007); (c)
de Vaucouleurs et al. (1991); (d) Huchtmeier et al. (2001); (e)
Karachentsev et al. (2002); (f) Tully et al. (2016); (g) de Blok et al.
(2024)

Compact Array (ATCA), revealing a symmetric extended H i
disk with significant warping in its velocity field. The heliocen-
tric velocity was measured at 588 km s−1. The H i flux density
was found to be 21.1± 3.2 Jy km s−1, which corresponds to an
H i mass of 1.1× 108 M� at the adopted distance of 4.6 Mpc
(Karachentsev et al. 2002). These results are consistent with
those of Koribalski et al. (2018), who studied ESO444–G084
as part of the Local Volume HI Survey (LVHIS). The rotation
curve derived by Côté et al. (2000) shows a maximum veloc-
ity of ∼60 km s−1 at a radius of 3.2 kpc, and a very high dark-
to-luminous mass ratio, with a dark matter fraction over 90%
within the last measured point. A summary of the key properties
of ESO444–G084 is provided in Table 1.

2.2. [KKS2000]23 (HIPASS J1106–14)

Located at a distance of 13.9 Mpc (Tully et al. 2016), the dwarf
galaxy [KKS2000]23 was first identified by Karachentsev et al.
(2000) in a search for low surface brightness (LSB) objects. A
chain of H ii regions in its northern region was later detected
through Hα imaging by Whiting et al. (2002). The first H i
spectrum was obtained by Huchtmeier et al. (2001) using the
Effelsberg 100-m Radio Telescope, measuring an H i flux den-
sity of 11.9 Jy km s−1 and a systemic velocity of 1041 km s−1.
These values were confirmed by Ryan-Weber et al. (2002) and
Koribalski et al. (2004), with an estimated H i mass of 7.1 ×
108 M�. Observations using the Green Bank Telescope (GBT)
by Sorgho et al. (2019) revealed an H i extent of 15.1 arcmin
and an H i flux of 11.1±0.4 Jy km s−1. Previous studies classified
[KKS2000]23 as having one of the lowest Hα-based star forma-
tion rates (SFRs) in its sample (Meurer et al. 2006). However,
it is not the most passive galaxy in the SINGG survey, empha-
sizing that Hα probes recent star formation on short timescales
(1–3 Myr), whereas FUV traces star formation over longer
periods (100 Myr). A summary of the key properties of
[KKS2000]23 is provided in Table 1.

3. MeerKAT observations and data reduction

The 21-cm H i observations were carried out using the MeerKAT
telescope (Jonas & MeerKAT Team 2016; Camilo et al. 2018) as
part of the MHONGOOSE survey (de Blok et al. 2024). Each
target was observed for a total integration time of 50 hours,

Table 2. Parameters of the MeerKAT observations and properties of the
highest and lowest resolution data cubes.

Number of antennas 58–64

Total integration (target) 50 h on source
Full width at half maximum of primary beam ∼1◦

Calibrated channel width 6.4 kHz (1.4 km s−1)
ESO444-G084

Robust = 0, taper = 0
Pixel (′′) 2
Beam (′′) 8.0 × 7.3
Noise per channel (mJy/beam) 0.22
3σ, 16 km s−1 Nhi (cm−2) 5.9 × 1019

Robust = 1, taper = 90
Pixel (′′) 30
Beam (′′) 95.2 × 91.3
Noise per channel (mJy/beam) 0.32
3σ, 16km s−1 Nhi (cm−2) 5.8 × 1017

[KKS2000]23
Robust = 0, taper = 0
Pixel (′′) 2
Beam (′′) 8.4 × 6.9
Noise per channel (mJy/beam) 0.22
3σ, 16 km s−1 Nhi (cm−2) 5.9 × 1019

Robust = 1, taper = 90
Pixel (′′) 30
Beam (′′) 94.1 × 91.2
Noise per channel (mJy/beam) 0.32
3σ, 16 km s−1 Nhi (cm−2) 5.8 × 1017

achieving a final spectral resolution of 1.4 km s−1 after aver-
aging over two channels. Data reduction was performed using
the CARACal pipeline, the detailed procedure for which is
described in de Blok et al. (2024).

For each galaxy, six data cubes were generated, covering spa-
tial resolutions from 7′′ to 90′′. The corresponding 3σ column
density sensitivity ranges from 5.9×1019 cm−2 to 5.8×1017 cm−2

over a velocity range of 16 km s−1. The observational param-
eters for ESO444–G084 and [KKS2000]23 are summarized in
Table 2.

4. H i morphology and distribution

The results in this section are highlighted in Figs. 1, 2, 3 and 4.
Fig. 1 presents the H i column density maps of ESO444–G084
and [KKS2000]23, derived from data cubes at different spatial
resolutions. The lowest H i contour at each resolution, corre-
sponding to S/N = 3, is shown. Contours are colour-coded and
overlaid on deep greyscale images composed of gri bands from
the Dark Energy Camera Legacy Survey (DECaLS; Dey et al.
2019)2. The H i contours expand smoothly with increasing sen-
sitivity. However, we find that the increase in H i diameter from
low (∼1019 cm−2) to high (∼1018 cm−2) column densities does
not significantly impact the total fluxes of the galaxies (see
Table 3). This suggests that the increase in H i diameter at lower
column densities is primarily due to the larger beam size, with
no indication of significant additional emission.

2 https://www.legacysurvey.org/decamls/
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Fig. 1. MeerKAT H i column density contours from different H i resolution cubes of ESO444–G084 (left) and [KKS2000]23 (right) are overlaid
on DECaLS greyscale images in the gri bands. Each contour level represents the H i column density at S/N = 3 for each spatial resolution. The
colour bar values indicate the average beam size corresponding to each spatial resolution. The ellipses in the lower-left corner of each map denote
the beam sizes at different resolutions, while the black horizontal line represents the scale in kpc.

Fig. 2. High-resolution maps of ESO444–G084. Top left: H i column density maps from the highest resolution cubes. Top right: GALEX FUV
images. Bottom left: velocity field models (pink contours) and observed (white contours) overlaid on velocity field maps (observed). Bottom right:
dispersion map models (pink contours) overlaid on the data. The velocity field and dispersion map models were derived from the kinematic
analysis described in Section 5. Contours for the velocity field are set at 526.7, 541.7, 556.7, 571.7, 586.7, 601.7, 616.7, 631.7, and 646.7 km s−1,
and contours for the velocity dispersion are set at 5, 7, 8, 10, and 12 km s−1. The ellipses in the lower right corner of each map represent the beam
sizes.
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Fig. 3. High-resolution maps of [KKS2000]23. Top left: H i column density maps from the highest resolution cubes. Top right: GALEX FUV
images. Bottom left: velocity field models (pink contours) and observed (white contours) overlaid on velocity field maps (observed). Bottom right:
dispersion map models (pink contours) overlaid on the data. The velocity field and dispersion map models were derived from the kinematic analysis
described in Section 5. Contours for the velocity field are set at 980.9, 994.7, 1008.4, 1022.2, 1035.9, 1049.7, 1063.4, 1077.2, and 1090.9 km s−1,
and contours for the velocity dispersion are set at 5, 7, 8, 10, and 12 km s−1. The ellipses in the lower right corner of each map represent the beam
sizes.
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Fig. 4. Integrated H i spectra of ESO444–G084 (left) and [KKS2000]23 (right) from MeerKAT (black solid line) and HIPASS (black dashed line,
Koribalski et al. 2004). The black arrow on each figure shows the kinematic systemic velocity of each galaxy derived in Section 5. The horizontal
dashed grey lines indicate the zero level. These profiles are derived from the high-resolution data.
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Table 3. Basic H i Properties of ESO444–G084 and [KKS2000]23 at different angular resolutions and column density sensitivities.

Galaxy Resolution (′′) NHI (S/N = 3) (cm−2) H i diameter (kpc) Flux (Jy km s−1)

ESO444–G084 8.0× 7.3 9.1× 1019 7.6 20.2
13.3× 10.1 3.1× 1019 7.8 21.2
25.7× 18.5 7.0× 1018 8.4 21.0
33.9× 26.1 3.8× 1018 9.5 21.2
66.0× 64.1 1.7× 1018 11.5 21.2
95.2× 91.3 7.6× 1017 12.2 21.5

[KKS2000] 23 8.4× 6.9 8.7× 1019 17.3 12.3
14.4× 9.3 2.9× 1019 18.5 12.3
26.2× 17.6 7.5× 1018 20.2 12.2
33.8× 24.5 4.3× 1018 21.8 12.3
64.7× 64.1 1.6× 1018 27.8 12.2
94.1× 91.1 1.2× 1018 30.7 12.3

Table 4. MeerKAT H i properties of ESO444–G084 and
[KKS2000]23.

Parameter ESO444–G084 [KKS2000]23

Total H i flux (Jy km s−1) 21.2± 0.2 12.3± 0.1
Total H i mass (M�) (1.1 ± 0.1) × 108 (6.1 ± 0.3) × 108

Profile width at 20% (km s−1) 76.3 ± 1.2 94.2 ± 0.9
Profile width at 50% (km s−1) 55.8 ± 2.1 79.7 ± 1.4

4.1. ESO444–G084

The highest-resolution H i column density map of ESO444–
G084, presented in Fig. 2, highlights a smooth gas distribu-
tion with high column density regions concentrated near the
centre of the galaxy. Distinct spiral arm structures are visi-
ble in the H i morphology. The far-ultraviolet (FUV) emission
from GALEX (Martin et al. 2005) as shown in Fig. 2 over-
laps with the high-density H i regions. Additionally, Fig. 2
includes velocity and velocity dispersion maps derived from
the kinematic analysis, which will be discussed further in
Section 5.

Using the highest-resolution maps, we quantified the H i
effective diameter by applying a surface density threshold of
1 M� pc−2, which is equivalent to a column density threshold
of 1.24 × 1020 cm−2. Along the major axis, the effective H i
diameter was measured as 6.5 kpc (4′.9). Following the method-
ology outlined in Chamba et al. (2024), we estimated the opti-
cal diameter of ESO444-G084 using the concept of a ’stellar
edge’, rather than relying on a fixed isophotal threshold such
as the traditional D25. This approach defines the outer limit of
the stellar disk based on features in the surface brightness and
colour profiles-specifically, a flattening or break in the light pro-
file and a significant change in the g − r colour, which may
indicate a transition in stellar populations or a truncation of
the stellar disk. We constructed smoothed g- and r-band sur-
face brightness profiles from DECaLS DR10 imaging, using
elliptical annuli aligned with the galaxy’s kinematic parame-
ters. A clear inflection point was identified near a semi-major
axis where the g − r colour profile shows a distinct redden-
ing and the surface brightness profiles begin to flatten. Based
on this, we adopt a stellar edge diameter of Dstellar = 0.94 kpc
for ESO444-G084. This yields an H i-to-optical size ratio
of ∼6.9.

The primary beam-corrected global H i profile of ESO444–
G084 is shown in Fig. 4. The profile shows a symmetric
shape. The total H i flux integrated from the profile is 21.2 ±
0.2 Jy km s−1, which is consistent with the single-dish value of
21.1±3.2 Jy km s−1 (Koribalski et al. 2004; de Blok et al. 2024).
At a distance of 4.6 Mpc, this flux corresponds to an H i mass of
(1.1 ± 0.1) × 108 M�. The profile widths at the 20% and 50%
flux levels, determined using the GIPSY task profglob, are
76.3±1.18 km s−1 and 55.8±2.1 km s−1, respectively. A summary
of the MeerKAT H i properties of ESO444–G084 is provided in
Table 4.

4.2. [KKS2000]23

Fig. 3 presents the highest-resolution H i column density map
of [KKS2000]23. The map reveals a more fragmented distribu-
tion with localized high-density regions scattered across the disk.
These regions align closely with the bright FUV emission in the
GALEX maps (Martin et al. 2005) shown in Fig. 2. The velocity
and dispersion maps included in Fig. 2 will be analysed in detail
in Section 5.

To characterize the H i distribution, we calculated the effec-
tive H i diameter from the highest-resolution maps by using the
method described above. The H i effective diameter was mea-
sured as 16.0 kpc (4′.0). Based on the method used to determine
the stellar edge of ESO444-G084, we estimated a stellar diam-
eter of 2.83 kpc for [KKS2000]23. This yields an H I-to-optical
size ratio of approximately 1.7.

The primary beam corrected global H i profile of
[KKS2000]23 is shown in Fig. 4. The profile displays a
notable asymmetry, with a higher H i mass on the approach-
ing side. The integrated flux derived from the H i profile is
12.3 ± 0.1 Jy km s−1, consistent with de Blok et al. (2024) , but
13% lower than the GBT value of 14.2 Jy km s−1 (Sardone et al.
2021). The discrepancy may result from the reported noise in
the GBT spectra, which made it challenging to determine if the
low column density gas was real emission or simply artefacts
from the observations. At a distance of 13.9 Mpc, the measured
flux corresponds to an H i mass of (6.1 ± 0.3) × 108 M�. The
velocity widths at the 20% and 50% flux levels, calculated using
the GIPSY task profglob, were measured as 94.2±0.92 km s−1

and 79.7 ± 1.4 km s−1, respectively. A summary of the
MeerKAT H i properties of [KKS2000]23 is provided in
Table 4.
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Table 5. Derived rotation velocities (Vrot) of ESO444–G084 and asym-
metric drift-corrected velocities (Vc) with associated errors (Verrors).

Radius (kpc) Vrot (km s−1) Vc (km s−1) Verrors (km s−1)

0.00 0.00 0.00 0.00
0.09 2.17 3.21 0.17
0.23 5.46 7.11 0.44
0.42 10.07 11.71 0.80
0.61 14.29 15.40 0.72
0.81 18.02 19.13 0.55
1.00 21.48 22.62 0.52
1.19 24.14 25.88 0.60
1.39 26.79 29.06 0.73
1.59 29.45 32.61 0.46
1.78 32.11 35.87 0.69
1.97 34.77 37.10 0.58
2.36 37.68 40.99 0.61
2.75 40.59 45.33 0.80
2.94 44.01 48.64 3.03
3.40 48.04 50.97 3.41
3.87 48.69 51.90 3.36

5. H i kinematics

To examine both the inner and outer kinematics of ESO444–
G084 and [KKS2000]23, we derived the rotation curves by fit-
ting tilted-ring models to the highest resolution (∼8′′) and mid-
resolution (∼23′′) 3D data cubes using PyFAT (Kamphuis 2024)
and TiRiFiC (Józsa et al. 2012).

PyFAT (Python fully automated TiRiFiC) is a Python wrap-
per for TiRiFiC that automates the fitting of tilted-ring mod-
els. The tilted-ring model is a widely used method for mod-
elling the kinematics of disk galaxies by dividing the gas disk
into concentric rings, each characterized by parameters such as
rotation velocity, inclination, and position angle. PyFAT initially
assumes a flat-disk model, meaning that the inclination and posi-
tion angle remain constant across all rings, representing a uni-
formly rotating disk with no significant warps or distortions.
This simplification works well for symmetric disks but may not
fully capture more complex kinematic structures and may fail for
galaxies with complicated kinematics. To run PyFAT, the only
required input is the 3D data cube, from which the code automat-
ically extracts initial kinematic parameters and iteratively fits a
tilted-ring model across the disk. In the case of [KKS2000]23,
PyFAT produced a reasonable kinematic model, successfully
capturing the overall velocity structure of the galaxy. However,
PyFAT generates a single axisymmetric rotation curve that aver-
ages the approaching and receding sides of the disk. In this study,
our aim is to analyse the shapes of the rotation curves for the
approaching and receding sides separately, leading to an addi-
tional modelling step using TiRiFiC.

For ESO444–G084, PyFAT did not converge to a satisfac-
tory solution, likely due to its complex velocity field, which
caused the initial flat-disk assumption to produce a poor fit,
a result that was also reported in Kamphuis et al. (2015). To
refine the model, we used TiRiFiC in standalone mode. We
began with the simplest possible configuration, assuming con-
stant inclination and position angle across all rings. After visu-
ally inspecting the model and comparing it with the observa-
tions, we performed multiple iterations, introducing variations
in key parameters by either fixing or allowing radial changes in
position angle and inclination, while also incorporating radial

motions where needed. The best-fit model was obtained with a
position angle and inclination that remained fixed in the central
regions but varied at larger radii. At each stage, we evaluated the
fit by comparing the model channel maps, moment maps, and
position-velocity diagrams with the data, and it was accepted
when it reproduced the large-scale H imorphology and kinemat-
ics without introducing systematic mismatches. The gas disk was
modelled using two distinct components fitted separately, with
the exception of the velocity dispersion, which was treated as
a single component to ensure a well-constrained model. Inter-
polation was applied to maintain smooth transitions between
adjacent rings, minimizing artificial fluctuations in the rotation
curves.

5.1. Pressure gradient correction

Due to the gravitational interaction of gas on circular orbits,
the stability of a galaxy against gravitational collapse is main-
tained by both rotation and pressure gradients. As a result, the
observed rotation velocities are typically lower than the true cir-
cular velocities associated with the gravitational potential. To
accurately trace the mass distribution of galaxies, we apply a
pressure gradient correction3 to the derived rotation velocities
following Meurer et al. (1996),

V2
c = V2

rot + σ2
D, (1)

where σD represents the asymmetric drift, given by

σ2
D = −Rb2

[
∂ ln Σg

∂R
+ 2

∂ ln b
∂R

−
∂ ln hz

∂R

]
. (2)

Here, Vc is the circular velocity, Vrot is the rotational velocity,
Σg is the H i surface density including helium, R is the radius,
and b is the velocity dispersion. The velocity dispersion values
are derived from PyFAT and TiRiFiC. The asymmetric drift is
computed under the assumption that the scale height gradient
is negligible, i.e. ∂ ln hz

∂R = 0. Fig. 5 shows the corrected circu-
lar velocities, and Tables 5 and 6 present the asymmetric drift-
corrected rotation curves for ESO444–G084 and [KKS2000]23,
respectively.

5.2. Kinematic results

The highest-resolution cubes provides a reliable determination
of the H i rotation curve out to ∼2.8 kpc for ESO444–G084,
whereas the mid-resolution cubes allowed for an extended mea-
surement out to ∼3.8 kpc, capturing additional kinematic infor-
mation. For [KKS2000]23, the highest-resolution data con-
strained the rotation curve to ∼7.8 kpc, whereas the lowest-
resolution cubes enabled its extension to ∼10.2 kpc, offering a
more comprehensive view of the galaxy’s outer dynamics. The
findings in this section are presented in Figs. 2, 3, 6, 7, 8, 9, 10
and 11.

5.2.1. ESO444–G084

The bottom-left panel of Fig. 2 presents the observed and
model velocity fields of ESO444–G084. The central region does
not exhibit strictly parallel and symmetric isovelocity contours.
These contours also lack the significant S-shaped or X-shaped
distortions that are typically associated with bar-like structures

3 Often referred to as an asymmetric drift correction in analogy with
the mathematically similar concept from collisionless dynamics.
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Fig. 5. Observed rotation curves (grey) and asymmetric drift-corrected rotation curves (black) for ESO444–G084 (left) and [KKS2000]23 (right).

Table 6. Derived rotation velocities (Vrot) of [KKS2000]2 and asym-
metric drift-corrected velocities (Vc) with associated errors (Verrors).

Radius (kpc) Vrot (km s−1) Vc (km s−1) Verrors (km s−1)

0.00 0.00 0.00 0.00
0.11 4.76 5.72 0.01
0.71 10.60 11.69 0.38
1.31 16.05 18.04 0.70
1.91 21.11 22.62 0.70
2.51 25.77 26.29 0.54
3.11 30.04 30.19 0.39
3.71 33.91 34.45 0.51
4.31 37.40 38.47 0.72
4.91 40.48 42.07 0.48
5.51 43.18 45.25 0.74
6.11 45.48 47.39 0.73
6.71 47.38 50.80 0.85
7.31 48.90 53.28 0.88
8.43 52.87 55.43 3.00
9.57 54.87 58.30 2.85
10.71 56.51 61.42 2.24

(e.g. Athanassoula & Bureau 1999). To explore the possibility
of a bar, we incorporated a bar component into the kinematic
modelling using the method prescribed in4; however, the results
did not provide strong evidence for a significant bar. This sug-
gests that ESO444–G084 is unlikely to host a prominent bar,
and the observed central kinematics may instead be influenced
by mild radial motions or weak non-circular gas flows. In the
outer disk, a change in the position angle of the velocity gradient
is apparent, suggesting the presence of a kinematic warp.

From the highest-resolution model, the dynamical centre was
determined at α, δ (J2000) = 13h37m19.8s,−28◦02m46.4s, con-
sistent with the optical centre (Table 1). The derived systemic
velocity of 586.0 ± 2.1 km s−1 closely matches the 586.7 km s−1

reported by de Blok et al. (2024). Using the profiles in Fig. 6, we
adopted an average inclination of 49.0±1.2◦ and a position angle
of 90.0 ± 2.4◦.

The rotation curve exhibits a gradual rise in the inner region
(R < 2 kpc) rather than the steep, abrupt increase expected
for an NFW-like halo. This shape is characteristic of a sys-

4 https://github.com/PeterKamphuis/pk_common_functions

tem dominated by rotational motion. The radial velocity profile
in Fig. 6 reveals significant non-circular motions in the inner
regions, reaching up to ∼20 km s−1. These deviations are pos-
sibly linked to weak inflows or minor warps. Beyond ∼3 kpc,
these radial motions gradually diminish, marking a transition to
a more rotation-dominated outer disk.

The channel maps in Fig. 8 and the PV diagrams in Fig. 10
show good agreement between the observed data and the kine-
matic model across the disk. This agreement suggests that the
model effectively captures the large-scale kinematics of the
galaxy, with only minor deviations in localized regions. The
summary of the kinematic results is shown in Table 7.

5.2.2. [KKS2000]23

The bottom-left panel of Fig. 3 shows the velocity field of
[KKS2000]23, which exhibits smooth, well-ordered isovelocity
contours, suggesting a coherent rotation pattern. The transition
from blue-shifted to red-shifted velocities follows a clear gradient,
indicative of a regularly rotating disk. There are no obvious kine-
matic twists, strong distortions, or significant asymmetries that
would suggest major disturbances from external interactions.

Using the highest-resolution model, we derived a
systemic velocity of 1038.0 ± 0.3 km s−1, close to the
value of 1035.9 km s−1 reported by de Blok et al. (2024).
The dynamical centre, determined at α, δ (J2000) =
11h06m11.8s,−14◦24m10.5s. We find a slight offset between the
optical and kinematic centres of KKS2000-23. As shown in
Fig. 7, the position angle and inclination remain relatively stable
across the disk, with an average inclination of 62.0 ± 1.0◦ and a
position angle of 224.0 ± 2.0◦.

[KKS2000]23 exhibits a more gradual rise in its rotation
curve, continuing to increase in the outer regions, suggest-
ing a more extended and diffuse dark matter distribution. The
radial velocity residuals for [KKS2000]23 remain below approx-
imately 6 km s−1 across most of the disk. The channel maps in
Fig. 9 and PV diagrams in Fig. 11 show good agreement between
the model and observed data. The summary of the kinematic
results is shown in Table 7.

6. Mass modelling

Under the assumption of axisymmetry and dynamical equi-
librium, the circular velocity reflects the total gravitational
potential of a galaxy, which includes contributions from gas,
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Fig. 6. Best-fit kinematic parameters of ESO444–G084 derived from the H i data cube using TiRiFiC. The panels display inclination angle,
position angle, H i surface density, radial velocity, and rotation velocity. The blue and red lines correspond to the approaching and receding sides,
respectively. The dashed line represents high resolution, while the dotted line represents mid-resolution. The black arrows represent the 90th
percentile stellar radius obtained from the WISE 3.4 µm band surface brightness profile.

stars, and dark matter. To determine the dark matter distribu-
tion in ESO444–G084 and [KKS2000]23, we decompose the
observed circular velocities into separate dynamical components
using:

Vc =

√
V2

gas + V2
disk + V2

halo, (3)

where Vc is the circular velocity, Vgas represents the velocity con-
tribution from the gas mass distribution, Vdisk corresponds to the
stellar disk, and Vhalo represents the velocity associated with the
dark matter halo density distribution. The contributions from gas
and stars are computed using the methods described below.

6.1. Stellar component

We use the WISE5, (Wright et al. 2010) 3.4-micron surface
brightness profiles to calculate the stellar mass distribution. At
this wavelength, the light is less affected by dust, allowing us
to probe the older stellar disk population and obtain a more
accurate estimate of the stellar mass. These profiles were pro-
vided by Prof. Tom Jarrett (priv. comm.). Following the method
outlined in Oh et al. (2015), the stellar surface brightness pro-
files in mag arcsec−2 were converted to luminosity densities in

5 https://wise2.ipac.caltech.edu/docs/release/allsky/
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Fig. 7. Best-fit kinematic parameters of [KKS2000]23 derived from the H i data cube using PyFAT and TiRiFiC. The panels display inclination
angle, position angle, H i surface density, radial velocity, and rotation velocity. The blue and red lines correspond to the approaching and receding
sides, respectively. The dashed line represents high resolution, while the dotted line represents mid-resolution. The black arrows represent the 90th
percentile stellar radius obtained from the WISE 3.4 µm band surface brightness profile.

L� pc−2 and then to mass densities using the equation

Σ [M� pc−2] = (M/L)∗3.4 µm × 10−0.4(µ3.4 µm−C3.4 µm), (4)

where (M/L)∗3.4 µm is the stellar mass-to-light ratio in the 3.4-
micron band, µ3.4 µm is the surface brightness in mag arcsec−2,
and C3.4 µm is a conversion constant that relates mag arcsec−2 to
L� pc−2. The conversion constant is calculated as

C3.4 = M�,3.4 µm + 21.56, (5)

where M�,3.4 µm = 3.24 represents the absolute magnitude of the
Sun in the 3.4-micron band. The GIPSY task ROTMOD was then

used to convert the stellar surface density profile into a rota-
tion curve. ROTMOD assumes that the stellar component forms an
infinitely thin, axisymmetric disk and numerically solves Pois-
son’s equation to calculate the gravitational potential generated
by the stellar mass distribution. The task then derives the cir-
cular velocity at each radius by computing the radial derivative
of this potential, thereby translating the observed stellar den-
sity into the corresponding circular velocity needed to support
the disk. To estimate the mass-to-light ratio, we employed two
approaches: 1) WISE-based estimation: the mass-to-light ratio
using the WISE surface brightness and the empirical relation
from Cluver et al. (2014), given by the following equation
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Fig. 8. Individual channel maps of ESO444-G084 from the MeerKAT high-resolution cube. Blue contours represent the channel maps from the 3D
modelling, while the red contours show the observed data. Contour levels denote values of (3, 6, 9, 12) ×σ. Black crosses represent the kinematic
centre of the observed data.

log(M/L)∗3.4 µm = −1.93(W3.4 µm −W4.6 µm) − 0.04, (6)

where W3.4 µm − W4.6 µm = 0.36 for [KKS2000]23 and 0.32 for
ESO444–G084. 2) Adopted literature value: As an alternative
approach, we adopted a fixed mass-to-light ratio of (M/L)∗3.6 µm =

0.5, a commonly used value reported in the literature (Lelli et al.
2016).

6.2. Gas component

The contribution of the gaseous disk to the rotation curve was
determined using the H i surface brightness profiles shown in
Fig. 6 and Fig. 7. The H i surface densities were derived from
the 3D kinematic modelling described in Section 5. To account
for the presence of helium, the surface densities were scaled
by a factor of 1.4. This correction factor is widely adopted
in galaxy mass modelling (e.g. Leroy et al. 2008; Walter et al.
2008; de Blok et al. 2008; Begum et al. 2008; Oh et al. 2015).
The corresponding gas rotation velocities were then computed
using the ROTMOD task in GIPSY. Here, we ignore molecu-
lar gas and include only H i and helium in the gas compo-
nent. This approach is justified given that dwarf galaxies such
as ESO444-G084 and [KKS2000]23 typically have very low
molecular gas content, with CO detections often weak or absent
(e.g. Schruba et al. 2012). Several previous mass modelling stud-
ies of dwarf and low-mass galaxies also exclude molecular gas
for this reason (e.g. de Blok et al. 2008; Oh et al. 2015).

6.3. Dark matter halo

Over the past three decades, numerous dark matter halo mod-
els have been developed, reflecting advances in galaxy dynam-
ics and cosmological simulations. High-resolution simulations

incorporating baryonic processes such as supernova feedback,
gas outflows, and star formation suggest that these mechanisms
can reshape central dark matter distributions, potentially trans-
forming cuspy halos into core-like structures (Read & Gilmore
2005; Pontzen & Governato 2012).

Alternative dark matter models have also gained attention in
recent years. Self-interacting dark matter (SIDM) suggests non-
negligible interactions between dark matter particles, naturally
leading to core-like density profiles (Spergel & Steinhardt 2000;
Rocha et al. 2013). Fuzzy dark matter (FDM), composed of
ultra-light axions, predicts wave-like effects that suppress small-
scale structure formation and produce cored profiles (Hu et al.
2000; Niemeyer 2020). These models provide testable predic-
tions that extend beyond the standard ΛCDM framework.

Given the increasing evidence for core-like dark matter
distributions, particularly in low-mass galaxies, the pseudo-
isothermal (ISO) model remains a useful benchmark for
describing observed rotation curves. The ISO model pro-
vides a simple representation of galaxies with constant-density
cores (Begeman et al. 1991). This model has been widely
used in mass modelling studies due to its ability to match
the observed kinematics of dwarf galaxies and low surface
brightness (LSB) galaxies, where cuspy profiles often fail
(Flores & Primack 1994; Oh et al. 2011). Moreover, the ISO
profile serves as a limiting case when testing alternative
halo models, allowing for direct comparisons between core-
forming mechanisms driven by baryonic feedback or self-
interacting dark matter. In this study, we adopt the pseudo-
isothermal model as an observationally motivated profile to
describe the dark matter distribution in ESO444–G084 and
[KKS2000]23.

The density profile of the isothermal halo model with a
constant-density core is given by
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Fig. 9. Individual channel maps of [KKS2000]23 from the MeerKAT high-resolution cube. Blue contours represent the channel maps from the 3D
modelling, while the red contours show the observed data. Contour levels denote values of (3, 6, 9, 12) ×σ. Black crosses represent the kinematic
centre of the observed data.

ρiso(r) =
ρ0

1 + (r/rc)2 , (7)

where ρ0 is the core density and rc is the core radius of the halo.
The corresponding circular velocity is given by

Viso(r) =

√
4πρ0r2

c

[
1 −

rc

r
tan−1

(
r
rc

)]
. (8)

The total dark matter mass enclosed within a given radius r can
be computed by integrating the density profile. For the pseudo-
isothermal halo, the enclosed mass is given by

Mhalo(r) = 4πρ0r3
c

[
r
rc
− tan−1

(
r
rc

)]
. (9)

The fitted parameters ρ0 and rc are obtained from the rotation
curve decomposition using the best-fit ISO model, and r rep-
resents the maximum radius reached by the observed rotation
curve.

6.4. Constructing the mass models and results

The dark matter halo was modelled within ROTMAS using the ISO
halo profile. This profile is characterized by two free parameters:
the core radius (rC) and the central density (ρ0). The fitting pro-
cedure involved keeping the baryonic contributions fixed accord-
ing to the assumed stellar mass-to-light ratio (M/L)∗ while
adjusting the dark matter distribution to match the observed rota-
tion curve. Uncertainties in the observed rotation curve were
propagated through the fitting process, and the quality of the fits
was assessed using the reduced chi-square statistic (χ2

red). The
results in this section are shown in Figs. 12 and 13.

6.4.1. ESO444–G084

The mass modelling results for ESO444–G084 are summarized
in Fig. 12 and Table 8. The best-fit dark matter halo param-
eters were derived for two different (M/L)∗ assumptions. For
(M/L)∗3.4 µm = 0.2, the halo is characterized by a core radius
of 3.48 ± 0.57 kpc and a central density of (16.05 ± 1.45) ×
10−3 M� pc−3. The enclosed dark matter mass within the last
measured point of the rotation curve (3.8 kpc) is (2.23 ± 0.17) ×
109 M�. Increasing the mass-to-light ratio to (M/L)∗3.6 µm =

0.5 results in a larger core radius of 5.84 ± 2.64 kpc and a
lower central density of (11.47 ± 1.46) × 10−3 M� pc−3. While
both models yield core radii within the expected range of ∼1–
6 kpc (de Blok et al. 2001a; Oh et al. 2015), the central densi-
ties are higher than the typical ∼(2−6) × 10−3 M� pc−3 found in
dwarf galaxies (Oh et al. 2015). It is worth noting that in the
(M/L)∗3.6 µm model the derived core radius is similar to or even
larger than the outermost data point, indicating that the avail-
able observations do not strongly constrain the inner mass pro-
file. Consequently, the core size estimate should be regarded
as a lower limit rather than a definitive measurement. The
(M/L)∗3.4 µm model provides a better fit to the observed rota-
tion curve (χ2

red = 2.6) compared to the (M/L)∗3.6 µm model
(χ2

red = 4.3).

6.4.2. [KKS2000]23

The derived dark matter halo parameters for [KKS2000]23
are shown in Fig. 13 and Table 8. For the WISE-derived
(M/L)∗3.4 µm = 0.18, the best-fit model yields a core radius
of 5.49 ± 0.60 kpc, and a central density of (4.29 ± 0.43) ×
10−3 M� pc−3. The enclosed dark matter mass within the last
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Fig. 10. Top: moment-0 map of ESO444-G084 from the MeerKAT high-resolution cube, displaying grey arrows that indicate the positions of
slices along which the position–velocity diagrams (bottom) were extracted. The arrows indicate the locations of the PV slices, with one aligned
along the kinematic major axis (A) to capture the bulk of rotational motion and another along the minor axis (B) to examine deviations from pure
rotation. Additional slices (C and D) were chosen to explore variations in the H i kinematics and overall disk structure. The red contours represent
the data, while the blue contours represent the model. The contour levels are set at (3, 6, 9, 15, 18)×σ.

measured point of the rotation curve (10.8 kpc) is (7.73 ±
0.74) × 109 M�. These values align well with previous stud-
ies reporting core radii of ∼1–6 kpc and central densities of
∼(2−6) × 10−3 M� pc−3 (de Blok et al. 2001a; Oh et al. 2015).
When adopting the higher (M/L)∗3.6 µm = 0.5, the model pro-
duces a slightly larger core radius (7.11 ± 0.86) kpc and a lower
central density (3.30 ± 0.30) × 10−3 M� pc−3.

7. Gravitational instabilities and star formation

Dwarf galaxies, characterized by their low densities, provide
an ideal environment for studying both local and global disk
instabilities (Leroy et al. 2008). The extended H i reservoirs in
ESO444–G084 and [KKS2000]23 allow us to examine whether
their gaseous disks are stable against gravitational collapse and
how the regions of high H i column density relate to active star
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Fig. 11. Top: moment-0 map of [KKS2000]23 from the MeerKAT high-resolution cube, displaying grey arrows that indicate the positions of slices
along which the position–velocity diagrams (bottom) were extracted. The arrows indicate the locations of the PV slices, with one aligned along the
kinematic major axis (A) to capture the bulk of rotational motion and another along the minor axis (B) to examine deviations from pure rotation.
Additional slices (C and D) were chosen to explore variations in the H i kinematics and overall disk structure. The red contours represent the data,
while the blue contours represent the model. The contour levels are set at (3, 6, 9, 15, 18)×σ.

formation. While other tracers, such as molecular gas and stellar
kinematics play a role in assessing the disk stability, H i provides
critical insight into the large-scale stability of the gas disk, par-
ticularly in environments where molecular gas is not detected.
By analysing the H i distribution and kinematics, we can assess
whether these galaxies host large-scale gravitational instabilities
and how efficiently their gas-rich regions are forming stars. The
stability of a rotating gas disk is defined using the Toomre-Q

parameter, which indicates whether the disk is susceptible to
gravitational collapse (Toomre 1964). It is given by

Qgas =
κσHI

πG(1.4Σgas)
, (10)

where σHI is the gas velocity dispersion, G is the gravitational
constant, and Σgas represents the gas surface density. The σHI
and ΣHI are derived using both PyFAT and TiRiFiC. The factor
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Fig. 12. Isothermal (ISO) mass modelling results for ESO444–G084. The decomposition for both galaxies was performed under two different
assumptions of the mass-to-light ratio, as indicated in each panel. The blue circles represent the derived rotation curve, while the magenta lines
show the fitted rotation curve. The green dashed lines indicate the dark matter contribution to the rotation velocities, while the red dot-dashed
and cyan dashed lines correspond to the rotational velocities of the gas and stellar components, respectively. The black arrows represent the 90th
percentile stellar radius obtained from the WISE 3.4 µm band surface brightness profile.

Table 7. Kinematic properties of ESO444–G084 and [KKS2000]23.

Parameter ESO444–G084 [KKS2000]23

Dynamical centre (J2000) 13h37m19.8s,−28◦02m46.4s 11h06m11.8s,−14◦24m10.5s

Systemic velocity (km s−1) 586.0 ± 2.1 1038.0 ± 0.3
Mean inclination (◦) 49.0 ± 1.2 62.0 ± 1.0
Mean position angle (◦) 90.0 ± 2.4 224.0 ± 2.0
Kinematic warp Present None detected

Table 8. Best-fit dark matter halo parameters for ESO444–G084 and [KKS2000]23.

Galaxy (M/L)∗ rc (kpc) ρ0 (10−3 M� pc−3) χ2
red Mhalo(< r) (109 M�)

ESO444–G084 0.2 3.48 ± 0.57 16.05 ± 1.45 2.6 2.23 ± 0.17
0.5 5.84 ± 2.64 11.47 ± 1.46 4.3 2.12 ± 0.45

[KKS2000]23 0.18 5.49 ± 0.60 4.29 ± 0.43 3.4 7.73 ± 0.74
0.5 7.11 ± 0.86 3.30 ± 0.30 3.06 7.91 ± 1.20

Notes: The core radius (rc) and central density (ρ0) are derived for different (M/L)∗ assumptions. The enclosed halo mass Mhalo(< r) is computed
within the last measured point of the rotation curve.

1.4 accounts for helium, and κ, the epicyclic frequency, describes
the differential rotation of the disk, defined as

κ =

√
2
[
V2

R2 +
V
R

dV
dR

]
. (11)

When Qgas < 1, the gas is gravitationally unstable and
susceptible to collapse, leading to star formation. However,
in galaxies with thicker disks, additional vertical support
means that gravitational collapse may require a slightly higher
threshold, with instability occurring at approximately 1.5Qgas
(Romeo & Falstad 2013).

The efficiency of star formation is strongly linked to the gas
density, with previous studies showing that galaxies with low
gas surface densities tend to exhibit reduced star formation rates
(Kennicutt 1989; Leroy et al. 2008; Hunter et al. 2021). One way

to assess whether a galaxy’s disk is able to sustain star formation
is by comparing the gas surface density to the critical threshold,
Σcrit, given by

Σcrit =
1.5κσHI

πG
, (12)

where κ is the epicyclic frequency, σHI is the velocity disper-
sion, and G is the gravitational constant. When the ratio Σgas/Σcrit
exceeds unity, the gas is expected to be unstable to gravitational
collapse, potentially triggering star formation. However, star for-
mation is not only determined by this condition. Additional
factors such as the presence of molecular gas, turbulence, and
feedback processes influence how efficiently gas converts into
stars. To explore the relationship between gas stability and star
formation, we examine the spatial distribution of H i column
densities alongside star formation tracers such as Hα and far-
ultraviolet (FUV) emission. Hα emission traces ionized gas from
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Fig. 13. Isothermal (ISO) mass modelling results for [KKS2000]23. The decomposition for both galaxies was performed under two different
assumptions of the mass-to-light ratio, as indicated in each figure. The blue circles represent the derived rotation curve, while the magenta lines
show the fitted rotation curve. The green dashed lines indicate the dark matter contribution to the rotation velocities, while the red dot-dashed
and cyan dashed lines correspond to the rotational velocities of the gas and stellar components, respectively. The black arrows represent the 90th
percentile stellar radius obtained from the WISE 3.4 µm band surface brightness profile.

recent star formation (1–3 Myr), while FUV emission captures
longer timescales (up to 100 Myr), providing insight into the sus-
tained star formation activity.

To derive the stability of the gas disk, we determined the
pixel-to-pixel Toomre-Q parameter and the Σgas/Σcrit ratio across
both galaxies. These quantities depend on the underlying rota-
tion curve, which we parametrized using a functional form
that describes how the rotational velocity varies with radius
(Leroy et al. 2008). We adopted the rotation curves derived from
the best-fit mass model using the pseudo-isothermal (ISO) halo
profile. The parameterization of the rotation curves is given by

Vrot = Vflat

[
1 − exp

(
−

r
lflat

)]
, (13)

where Vrot represents the rotation velocity at radius r. Vflat and
lflat are free parameters describing the velocity at which the rota-
tion curve flattens, and the scale length at which this velocity is
reached. The derived velocity maps were used to calculate the
epicyclic frequency κ, which, when combined with the gas sur-
face density maps and the mean velocity dispersion derived from
Section 5, allowed for the construction of spatially resolved Qgas
and Σgas/Σcrit maps.

We also calculated the associated uncertainty maps to evalu-
ate the reliability of these quantities. The uncertainty in Qgas is
propagated as

δQgas =

∣∣∣∣∣∣∂Qgas

∂κ
δκ +

∂Qgas

∂Σgas
δΣgas +

∂Q
∂σHI

δσHI

∣∣∣∣∣∣ . (14)

Similarly, the uncertainty in the stability ratio is calculated by

δ

(
Σgas

Σcrit

)
=

∣∣∣∣∣∣ 1
Σcrit

δΣgas +
Σgas

Σ2
crit

δΣcrit

∣∣∣∣∣∣ , (15)

with

δΣcrit =

∣∣∣∣∣∂Σcrit

∂κ
δκ +

∂Σcrit

∂σHI
δσHI

∣∣∣∣∣ . (16)

These uncertainties incorporate contributions from the rotation
curve, the velocity dispersionσHI, and the gas surface density Σgas.

7.1. Results

The results in this section are highlighted in Figs. 15, 16, and 17.

7.1.1. ESO444–G084

Fig. 15 shows that the H i disk of ESO444–G084 is stable against
global gravitational instability, suggesting that large-scale grav-
itational processes are not the primary drivers of disk dynam-
ics. The ratio Σgas/Σcrit approaches unity in some central regions
but remains below 1 across most of the disk. Fig. 16 presents
the associated uncertainty maps for both Qgas and Σgas/Σcrit.
Despite this stability, star formation is observed near the centre
of ESO444–G084, as traced by Hα and FUV emission (Fig. 17).
These tracers indicate ongoing and recent star formation and
coincide with regions of high H i column density. This suggests
that localized gas compression, rather than large-scale gravita-
tional instabilities, is responsible for triggering star formation in
this galaxy, indicating that while localized conditions may sup-
port star formation, large-scale gravitational effects are not the
dominant mechanism governing disk dynamics. According to
López-Sánchez et al. (2012), the SFR derived from FUV emis-
sion is 0.0093 ± 0.0011 M� yr−1, while the Hα-based SFR is
lower at 0.0022 ± 0.0002 M� yr−1. This discrepancy suggests
that recent star formation has declined relative to longer-term
activity, consistent with a scenario where localized gas compres-
sion, rather than sustained large-scale gravitational instabilities,
is responsible for triggering star formation in ESO444-G084.

7.1.2. [KKS2000]23

The analysis reveals that the H i disk of [KKS2000]23 shows
clear signatures of gravitational instability across several
regions. The spatial correlation between low values of Qgas < 1
and high Σgas/Σcrit > 1 in Fig. 15 suggests that these regions
are gravitationally unstable and likely to undergo star formation.
Fig. 16 presents the associated uncertainty maps for both Qgas
and Σgas/Σcrit.
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Fig. 14. Best-fit rotation velocities from the ISO mass model are shown in black, and the rotation curve derived using Equation (13) is shown in
red. The black arrows represent the 90th percentile stellar radius obtained from the WISE 3.4 µm band surface brightness profile.

Fig. 17 shows a strong spatial correlation between high H i
column densities and regions of recent star formation, as traced
by FUV and Hα emission. Although Hα emission is weaker in
this system, indicative of fewer ionized gas regions associated
with ongoing star formation, the FUV emission aligns well with
regions identified as gravitationally unstable. This suggests that
ongoing star formation in [KKS2000]23 is more extended and
likely sustained over longer timescales, as FUV traces star for-
mation over the past 100 Myr. A notable feature is the presence
of star formation in both the central disk and the outskirts. Its
occurrence in the outer regions, despite lower average H i gas
densities, suggests that localized enhancements in gas surface
density can trigger gravitational instabilities, leading to star for-
mation.

8. Discussion

8.1. H i Morphology and Distribution

The MHONGOOSE survey provides an unprecedented view
of dwarf galaxies, probing low column density H i down to
<1019 cm−2. Both ESO444–G084 and [KKS2000]23 exhibit
extended H i distributions that stretch well beyond their optical
radii.

ESO444–G084 exhibits a symmetric H i distribution in
its global profile with the highest H i emission at its cen-
tre, indicating that the system is dynamically settled, whereas
[KKS2000]23 shows significant asymmetries and clumpiness,
with high-density gas appearing in irregular locations. The
absence of nearby companions suggests that these irregularities
originate from internal processes rather than external interac-
tions, although the possibility of past tidal interactions or minor
mergers contributing to its kinematic distortions cannot be ruled
out (Koribalski et al. 2018). These results align with the idea
where most isolated dwarfs exhibit well-ordered HI distribution
unless significantly shaped by internal feedback (de Blok et al.
2020), which show that most isolated dwarfs exhibit well-
ordered H i distributions unless significantly shaped by internal
feedback. Similar trends have been observed in previous studies
(Begum et al. 2008; Hunter et al. 2011), where H i asymmetries
in dwarf galaxies have been linked to internal turbulence, local-
ized instabilities, and feedback from star formation.

A comparison with single-dish flux measurements is crucial
for determining whether interferometric observations recover
the total H i content. As highlighted in de Blok et al. (2024),

the MeerKAT fluxes for ESO444–G084 and [KKS2000]23 are
in good agreement with the GBT and HIPASS single-dish
measurements, within the expected calibration uncertainties
(Koribalski et al. 2004; Barnes et al. 2001). The overall agree-
ment between MeerKAT and single-dish measurements sup-
ports the reliability of MeerKAT interferometric observations in
recovering total H i flux for these two systems which are small
in angular size.

Interestingly, the H i fluxes measured at column densities of
1019 cm−2 remain consistent with those at 1018 cm−2, indicating
that the observed increase in the H i diameter at lower column
densities is primarily due to the increase in beam size rather
than the detection of significant additional gas. The contrast-
ing H i distributions of ESO444–G084 and [KKS2000]23 further
emphasize the diversity of gas-rich dwarf galaxies.

8.2. H i Kinematics

The kinematics of ESO444–G084 and [KKS2000]23 shed light
on the dynamical evolution of dwarf galaxies and the interplay
between internal and external processes. The kinematic warp in
ESO444–G084 indicates ongoing dynamical activity, which may
involve internal gas flows or past accretion events. Warps and
asymmetries in H i disks are common in low-mass galaxies and
often arise from interactions, internal feedback, or misaligned
gas accretion (Swaters et al. 2009).

[KKS2000]23 exhibits regular rotation with minimal per-
turbations, pointing to a settled kinematic structure. This sug-
gests a history of steady gas accretion and a sufficiently deep
potential well that helps mitigate major dynamical disturbances
(Bullock & Boylan-Kolchin 2017). Observational studies find
that galaxies with deeper potential wells tend to show smoother
rotation curves and fewer kinematic irregularities (Kereš et al.
2005).

ESO444–G084’s rotation curve exhibits a relatively fast
rise in the inner region, indicating a centrally concentrated
mass distribution and suggesting a dynamically evolved sys-
tem with a significant mass concentration. However, the rise is
not as steep as expected for an NFW-like halo. [KKS2000]23’s
more gradual rise in its rotation curve indicates a more diffuse
mass profile, which may reflect differences in its evolutionary
history.

Velocity fields confirm disk-like rotation in both galax-
ies but highlight notable variations. ESO444–G084 exhibits
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Fig. 15. MeerKAT high resolution maps of the Qgas parameter and Σgas/Σcrit for ESO444-G084 (top) and [KKS2000]23 (bottom). The black
contours present values of Q < 1 while the blue contours show Σgas/Σcrit > 1. Note: The colour scale for Q is limited to a maximum of Q = 2 for
visual clarity; values above this appear saturated in red. The arrow on the colour bar indicates this saturation. The apparent flattening in the outer
regions is a visual effect and does not imply that Q is physically constant.

a position angle shift beyond ∼1.8 kpc, consistent with a
kinematic warp. Subtle deviations in its isovelocity con-
tours suggest weak non-circular motions or small-scale
perturbations (Sánchez-Salcedo 2006; Khademi et al. 2021).
Meanwhile, [KKS2000]23’s isovelocity contours remain
largely undisturbed, reinforcing its rotation-dominated
nature.

Radial velocity profiles further illustrate these differences.
ESO444–G084’s moderate radial motions (∼15−20 km s−1)
indicate weak internal perturbations, while [KKS2000]23’s
weaker radial inflows (∼6 km s−1) align with a more quiescent
gas distribution (Walter et al. 2008; Hunter et al. 2012).

The absence of a strong bar in ESO444–G084 suggests
that bar-driven streaming motions are not a dominant feature
of its kinematics. However, mild perturbations in its isove-
locity contours could be linked to weak oval distortions or
residual radial flows. Some galaxies exhibit bar-like distor-
tions in gas kinematics without a prominent stellar bar, high-
lighting the need for further investigation (Pence & Blackman
1984; Athanassoula & Bureau 1999; Fragkoudi et al. 2017;
Marasco et al. 2018; Downing & Oman 2023).

8.3. Dark matter distribution

The mass modelling results provide valuable insights into the
cusp-core problem in dwarf galaxies, a long-standing issue
in galaxy formation theory (de Blok 2010; Oman et al. 2015;
Bullock & Boylan-Kolchin 2017; Sales et al. 2022). ESO444–
G084’s high central density and relatively compact halo structure
suggest a centrally concentrated dark matter distribution. How-
ever, its rotation curve does not rise steeply enough to be fully
consistent with a cuspy profile, instead aligning more closely
with a cored distribution. This suggests that, while some central
mass concentration is present, feedback processes or other mech-
anisms may have partially redistributed the inner dark matter.
The moderate core size indicates that if supernova-driven out-
flows have influenced the central mass distribution, their effect
has been limited. Our analysis does not show strong evidence for
extensive core expansion, though the precise impact of feedback
remains uncertain (Navarro et al. 1996; Read & Gilmore 2005;
Tollet et al. 2016). Some studies suggest that dwarf galaxies with
centrally concentrated but non-cuspy profiles may have under-
gone moderate levels of gas outflows, which could contribute to
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Fig. 16. Spatial distribution of uncertainties associated with the Toomre Qgas parameter (left panels) and the Σgas/Σcrit ratio (right panels) for
ESO444–G084 (top) and [KKS2000]23 (bottom).The beam size is shown in the bottom-right of each panel.

the formation of a core rather than a steep cusp (Gnedin & Zhao
2002). [KKS2000]23’s lower central density and larger core
radius suggest a cored dark matter profile, consistent with mod-
els in which repeated bursts of star formation and feedback
driven gas outflows displace dark matter from the central regions
(Governato et al. 2012; Pontzen & Governato 2012). Although
our analysis based on the ISO model offers only preliminary
support for this interpretation, future work testing models such
as DC14 (Di Cintio et al. 2014) or coreNFW (Read et al. 2016a)
will provide a more robust assessment.

While ESO444–G084 exhibits a more centrally concentrated
dark matter halo, [KKS2000]23’s shallower density profile sug-
gests that its dark matter distribution may have been altered
over time, potentially through cumulative effects of stellar feed-
back (Read et al. 2019; Lazar et al. 2020). The observed dif-
ferences between these two galaxies further contribute to the
ongoing discussion on whether CDM adequately explains dwarf
galaxy mass profiles or if an alternative model, such as SIDM,
could provide additional insight into the observed variations
(Carlson et al. 1992; Tulin & Yu 2018).

Another key factor in mass modelling is the assumed stel-
lar mass-to-light ratio (M/L)∗. Lower (M/L)∗ values yield more
physically motivated halo parameters, particularly for ESO444–

G084, where best-fit models suggest a higher central den-
sity than expected for typical dwarfs (Martinsson et al. 2013;
Girelli et al. 2020). Meanwhile, for [KKS2000]23, the results
align with expectations from dwarf galaxy studies, reinforcing
the idea of a more diffuse dark matter halo shaped by feedback
processes (Dutton et al. 2019).

Although the maximum rotation velocities of ESO444-G084
and [KKS2000]23 are similar, the marked differences in their
core radii and inner mass distributions emphasize the diverse
impact of baryonic processes on dwarf galaxy halos. Studies
such as Oman et al. (2015) and Santos-Santos et al. (2020) fur-
ther suggest that variations in baryonic surface density, star for-
mation efficiency, and gas outflow dynamics are key to under-
standing this diversity.

8.4. Gravitational instabilities and star formation

The contrasting properties of ESO444–G084 and [KKS2000]23
illustrate that gravitational stability alone does not fully deter-
mine the star formation history of a galaxy. Whilst gravitational
instability is a key mechanism for triggering star formation,
additional factors such as turbulence, feedback, and gas deple-
tion must be considered (Hopkins et al. 2012). ESO444–G084
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Fig. 17. High-resolution MeerKAT H i column density maps (black contours), GALEX FUV (cyan contours), and Hα (crimson contours) of
ESO444–G084 (left) and [KKS2000]23 (right) overlaid on DECaLS optical maps. The H i column density contours are set at (2.0, 2.5, 4.0) ×
1021 cm−2 for ESO444–G084 and (1.0, 2.0, 2.5) × 1021 cm−2 for [KKS2000]23. Hα contours are drawn at intensity levels of (70, 90, 110) for
ESO444–G084 and (0.02, 0.04, 0.06) for [KKS2000]23. The GALEX FUV contours are plotted at (0.003, 0.005, 0.008, 0.01) for ESO444–G084
and (0.02, 0.04, 0.06) for [KKS2000]23. Hα and FUV contours are arbitrary units.

appears globally stable, yet localized perturbations continue to
sustain residual star formation, indicating that gravitational sta-
bility does not prevent all star formation, but regulates its extent
and efficiency. [KKS2000]23 remains gravitationally unstable,
yet ongoing star formation is weak, suggesting that turbulent
gas motions or past feedback processes may be suppressing
star formation despite instability. These findings reinforce well-
established results that dwarf galaxy evolution is shaped by
episodic bursts of star formation and quiescence, regulated by
gravitational collapse, gas depletion, and feedback-driven tur-
bulence (Elmegreen 2002; Hopkins et al. 2012; Romano et al.
2023).

The presence of Hα and FUV emission in ESO444–G084
suggests sustained star formation over the past ∼100 Myr.
The alignment of these tracers with high H i column den-
sity supports the idea that localized gas compression continues
to regulate star formation. Evidently, large-scale gravitational
collapse is not fuelling widespread star formation; however,
minor dynamical perturbations still allow localized cloud col-
lapse (Leroy et al. 2008; Kennicutt & Evans 2012). Meanwhile,
[KKS2000]23 exhibits gravitational instability but lacks strong
Hα emission, with only FUV predominantly detected across the
disk. This suggests that recent star formation has significantly
declined, possibly due to past gas depletion or turbulence dis-
rupting dense cloud formation, aligning with post-burst dwarf
galaxies where a previous episode consumed or dispersed avail-
able cold gas, leaving behind an unstable but currently quiescent
disk (Mac Low & Ferrara 1999; Kennicutt & Evans 2012).

These findings highlight the importance of interpreting star
formation across different timescales. Hα emission traces mas-
sive stars formed in the past 1–3 Myr, while FUV emission tracks
star formation up to 100 Myr. The detection of FUV with little
Hα in [KKS2000]23 suggests that recent star formation has sig-
nificantly declined, leaving a residual UV signature (Elmegreen
2002; Hopkins et al. 2012). In contrast, the continued presence
of both tracers in ESO444–G084 suggests ongoing star forma-
tion. These variations indicate that ESO444–G084 maintains

ongoing star formation, while [KKS2000]23 is experiencing a
phase of declining star formation, where previous activity left
the disk unstable but with little recent star formation. This aligns
with studies emphasizing the cyclical nature of star formation in
dwarfs, where gravitational instabilities trigger star formation,
followed by gas depletion and stabilization (Bigiel et al. 2008).

9. Conclusions

In this study, we utilized high-resolution MeerKAT H i observa-
tions to investigate the H i distribution, kinematics, mass mod-
elling, and disk stability of the dwarf galaxies ESO444–G084
and [KKS2000]23. Our analysis offers new insights into the
interplay between dark matter, baryonic processes, and star for-
mation in these systems. Below, we summarize our key findings:

H i morphology and distribution:
– ESO444–G084 exhibits a smooth and well-ordered H i

distribution, with high-column-density gas concentrated
centrally and distinct spiral arm structures not visible in
optical and UV images.

– [KKS2000]23 displays a clumpier and more irregular H i
distribution, with localized high-column-density regions
scattered throughout the disk, indicating a fragmented
gas structure.

– The H i fluxes measured at column densities of 1019 cm−2

are consistent with those at 1018 cm−2, suggesting that
the observed increase in H i diameter is primarily due to
beam size rather than additional gas detection.

– The total H i masses are (1.1± 0.1)× 108 M�
for ESO444–G084 and (6.1± 0.3)× 108 M� for
[KKS2000]23, indicating a significantly higher gas
content in the latter.

H i kinematics:
– Deviations in the velocity field of ESO444–G084 within

the inner ∼1.8 kpc suggest a weak kinematic warp, pos-
sibly influenced by internal gas flows or past accretion
events.

A372, page 20 of 22



Namumba, B., et al.: A&A, 699, A372 (2025)

– The isovelocity contours in ESO444–G084’s central
region deviate slightly from parallel, indicating weak
non-circular motions. The absence of characteristic
S-shaped or X-shaped distortions suggests these motions
are not bar-driven but may result from mild internal per-
turbations or gas flows.

– [KKS2000]23 exhibits regular rotation with minimal per-
turbations, indicating a stable kinematic structure.

– The derived rotation curves show a relatively fast rise in
ESO444–G084’s rotation velocity within the inner 2 kpc,
reaching ∼50 km s−1. [KKS2000]23’s rotation curve
rises more gradually, peaking at ∼60 km s−1 beyond
6 kpc.

Dark matter halo:
– The central dark matter density (ρ0) is significantly

higher for ESO444–G084 (ρ0 = 16.05 ± 1.45 ×
10−3 M� pc−3) at (M/L)∗3.4 µm = 0.2, compared to
[KKS2000]23 (ρ0 = 4.29 ± 0.43 × 10−3 M� pc−3),
reflecting a more concentrated dark matter halo in
ESO444–G084.

– The core radius (rC) is smaller for ESO444–G084 (rC =
3.48 ± 0.57 kpc), indicating a more compact dark mat-
ter distribution. [KKS2000]23 has a larger core radius
(rC = 5.49 ± 0.60 kpc), suggesting a less concentrated
mass distribution and the likely presence of a constant
density core.

Gravitational instabilities and star formation:
– [KKS2000]23 shows Q < 1 regions, indicating active

gravitational instabilities that may be triggering ongoing
star formation, whereas ESO444–G084 remains stable
(Q > 1), suggesting a different star formation mechanism
such as turbulence or stellar feedback.

– ESO444–G084 exhibits both Hα and FUV emission,
confirming ongoing star formation, while [KKS2000]23
is dominated by FUV emission, implying that its last
major star formation episode occurred over ∼10 Myr ago.

– Despite MeerKAT’s high sensitivity, no significant gas
inflows were detected in either galaxy, suggesting that
internal processes (e.g. turbulence, gravitational insta-
bilities) rather than external accretion regulate their star
formation.

In summary, our comprehensive analysis of ESO444–G084 and
[KKS2000]23 reveals distinct differences in their H i morphol-
ogy, kinematics, and dark matter distributions. These differences
underscore the varied evolutionary pathways of dwarf galaxies
and highlight the complex interplay between dark matter, gas
dynamics, and star formation processes.
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