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A B S T R A C T 

We use the neutral atomic hydrogen (H I ) observations of the edge-on galaxy UGCA 250, taken as part of the MeerKAT H I 

Observations of Nearby Galactic Objects-Observing Southern Emitters (MHONGOOSE) surv e y to inv estigate the amount, 
morphology, and kinematics of extraplanar gas. The combination of high column density sensitivity and high spatial resolution 

of the surv e y o v er a large field of view is ideal for studying the underlying physics go v erning the e xtraplanar gas. These data 
reveal nine additional detections within the field of view along with UGCA 250, with eight of them being within ∼200 km s −1 

of the galaxy’s systemic velocity. The galaxy seems to have a tail-like feature e xtending a way from it in the southern direction 

up to ∼41 kpc (in projection). We also detect a cloud at anomalous velocities, but we did not find any optical counterpart. We 
construct a detailed tilted ring model for this edge-on galaxy to gain a deeper understanding of the vertical structure of its neutral 
hydrogen. The model that best matches the data features a thick disc with a scale height of ∼3 ±1 kpc and an H I mass of about 
15 per cent of the total H I mass. This extraplanar gas is detected for the first time in UGCA 250. Our analysis fa v ours a mixed 

origin for the extraplanar gas in UGCA 250, likely arising from a combination of internal stellar feedback and external tidal 
interactions. 
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 I N T RO D U C T I O N  

t is becoming increasingly clear that gas accretion is necessary to
ustain the observed levels of star formation rates in disc galaxies.
as accretion on to galaxies can occur via different mechanisms, such

s wet mergers with gas-rich satellites (Rubin et al. 2012 ) or gradual
ooling of gas accreted on to the galactic halo from the cosmic
eb (van de Voort et al. 2011 ; Wetzel & Nagai 2015 ; Cornuault

t al. 2018 ; Ho, Martin & Turner 2019 ; Iza et al. 2022 ), possibly
riggered by hydrodynamical interactions with the galactic fountain
e.g. Fraternali et al. 2002 ; Melioli et al. 2008 , 2009 ; Marinacci et al.
010 ; Fraternali 2017 ). The halo of a galaxy will form its connection
ith the intergalactic medium and one must focus on the disc–halo

nterface region to understand the gas exchange processes between
he disc and the circumgalactic medium (CGM). 

Deep H I observations of several nearby spiral galaxies have shown
he presence of cold extraplanar gas (EPG) in a gaseous layer
hat surrounds the star forming disc up to a height of some kpc
 E-mail: kurapati@astron.nl 
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e.g. Sancisi et al. 2008 ; Hess et al. 2009 ; Lucero et al. 2015 ).
his layer typically has a mass of 10–30 per cent of the mass
f the H I in the disc (e.g. Oosterloo, Fraternali & Sancisi 2007 ;
arasco et al. 2019 ). Observations of nearby spiral galaxies with

ifferent inclination angles provide information on the structure and
inematics of neutral EPG in disc galaxies (see Boomsma et al. 2008
or face-on galaxies; Fraternali et al. 2001 ; Hess et al. 2009 ; Marasco
t al. 2019 for intermediate inclination galaxies; and Oosterloo et al.
007 ; Rand & Benjamin 2008 ; Zschaechner et al. 2011 for edge-on
alaxies). 

F or e xample, the Westerbork Synthesis Radio Telescope obser-
ations of the edge-on galaxy NGC 891 revealed a slowly rotating
also known as lagging) H I halo, which extends vertically out to
4 kpc from the thin H I disc and, in one quadrant up to 22 kpc,
ith filamentary structures far from the disc (Swaters, Sancisi &
an der Hulst 1997 ; Oosterloo et al. 2007 ). In the face-on galaxy
GC 6946, vertical motions are observed across the star forming
isc and are in clear connection with EPG (Boomsma et al. 2008 ).
n some galaxies, non-circular motions have also been detected. The
PG of NGC 2403, UGCA 105, NGC 4559 have a coherent radial

nfall motion towards the centre of the galaxy (Fraternali et al. 2002 ;
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Table 1. General properties of UGCA 250. 

α, δ (J2000) 11 h 53 m 24 . 1 s , −28 ◦33 
′ 
11 . 4 

′′ 

V sys (km s −1 ) 1705 a 

PA ( ◦) 256 a 

i ( ◦) 82 a 

d (Mpc) 20.4 b 

log( M ∗/M �) 9.80 c 

SFR (M �/yr) 0.54 c 

D 25 (kpc) 21.6 c 

D H I (kpc) 69.0 a 

a From this work (at H I column density ∼1 . 2 × 10 19 cm 

−2 ). 
b Distance is taken from Kourkchi et al. ( 2022 ). 
c From Leroy et al. ( 2019 ); α, δ (J2000): Coordinates; V sys : Heliocentric 
systemic velocity; PA: Position angle; i : Inclination angle; d : Distance; 
log( M ∗/M �): Stellar mass; SFR: Star formation rate; D 25 : Optical diameter; 
D H I : H I diameter. 
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arbieri et al. 2005 ; Schmidt et al. 2014 ; Vargas et al. 2017 ). Trends
f EPG, such as the presence and magnitude of any decrease in
otation speed with height are useful in tracing their origin. 

Various mechanisms have been proposed to explain the origin of 
PG. One is an internal mechanism in which a large part of this halo
as is brought up from the disc by galactic fountains (e.g. Shapiro
 Field 1976 ; Bregman 1980 ). In this model, supernova explosions

xpel the hot gas to large distances from the disc into the halo. In the
alo the gas cools down and condenses before returning to the disc.
he other is an external mechanism in which a galaxy accretes gas

rom the CGM (Binney 2005 ; Kaufmann et al. 2006 ). Additionally,
 ‘mixed’ scenario has been proposed where the EPG is formed by
he interplay between the galactic fountain and the hot CGM. The 
nteractions between these two components produce a mixture with 
ow cooling time-scales and slow rotational speed, which explains 
he observed EPG kinematics and provides a potential source of 
ristine gas accretion on to the galaxy (Fraternali & Binney 2008 ;
arasco, Fraternali & Binney 2012 ; Li et al. 2023 ). A powerful
ethod to determine the origin of EPG is to study their kinematics.

n particular, edge on galaxies provide a great opportunity to measure 
he vertical distribution of the interstellar medium. 

Here, we use the ‘full depth’ H I 21 cm observations of the
early edge-on galaxy UGCA 250 (J1153 −28), taken as part of the
eerKAT H I Observations of Nearby Galactic Objects-Observing 

outhern Emitters (MHONGOOSE) surv e y (de Blok et al. 2024 )
o study the detailed spatial and kinematical distribution of the gas, 
ith a focus on the faint outer edges. UGCA 250 is a nearby galaxy

t a distance of 20.4 Mpc (Kourkchi et al. 2022 ). The galaxy has
n optical diameter ( d 25 ) of 21.6 kpc, stellar mass log( M ∗/ M �) =
.80, and star formation rate of 0.54 M � yr −1 , which places it on the
tar formation main sequence for spiral galaxies. Table 1 lists the 
asic parameters of UGCA 250. The MHONGOOSE surv e y is an
ltra-deep H I surv e y that uses the MeerKAT radio interferometer
o observe the H I in 30 nearby galaxies. The combination of high
olumn density sensitivity and high spatial resolution o v er a large
eld of view is ideal for studying the underlying physics go v erning

he EPG as well as the disc–halo connection. 
This paper is organized as follows. In Section 2 , we describe

he observations and data reduction techniques. In Section 3 , we 
resents the results, including the detection of companion galaxies, 
 I morphology of UGCA 250, and tilted ring models. In Section 4 ,
e discuss the various models used to understand the origin of the
PG. Finally, in Section 5 , we summarize our key findings. 
 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

he MeerKAT observations of UGCA 250 were taken as part of
he MHONGOOSE surv e y in 10 tracks each lasting 5.5 h, resulting
n a total on source time of 50 h. Each track consists of 10 min
f observing time on one of the primary calibrators, J0408 −6545
r J1939 −6342, and the secondary calibrator, J1154 −3505, was 
bserv ed ev ery 50 min for 2 min. We used the narrow-band mode of
eerKAT which has 32 768 channels of 3.265 kHz each, giving a to-

al bandwidth of 107 MHz. This corresponds to a rest frame velocity
esolution of 0.7 km s −1 at 1420 MHz. All data were subsequently
inned to 1.4 km s −1 for the reduction process. 
We use the Containerised Automated Radio Astronomy Cali- 

ration ( CARACAL ) 1 pipeline (J ́ozsa et al. 2020 ) to carry out the
tandard calibration and data reduction processes. CARACAL is based 
n STIMELA , a radio interferometry scripting framework based 
n container technologies and PYTHON (Makhathini 2018 ), which 
ses many publicly available radio interferometry software packages 
uch as CASA , CUBICAL , and WSCLEAN , etc. The pipeline flags
he calibrators for radio frequenc y interference, deriv es and applies
he cross-calibration solutions, and splits off the target. Further, we 
se the self-calibration of the continuum to impro v e the quality of
he calibration. After applying the self-calibration, we subtract the 
ontinuum from the measurement set. 

The H I cubes were then imaged at various resolutions using
SCLEAN as part of the CARACAL . We make six H I cubes that

ange in resolution from 6 to 90 arcsec using different combinations
f robust weighting ( r ) and Gaussian tapering ( t ), leading to varying
 I column density sensitivity ranging from N H I ∼6 . 0 × 10 19 cm 

−2 

o 5 . 7 × 10 17 cm 

−2 at 3 σ o v er 16 km s −1 . F or most of the analysis,
e use r15t00 configuration, where r = 1 . 5 and t = 0. This yields
 resolution of 34.3 arcsec × 25.6 arcsec ( ∼3 kpc at the distance
f UGCA 250), and achieves a 3 σ column density sensitivity of
pproximately 2 . 7 × 10 18 cm 

−2 o v er 16 km s −1 , which offers an
ptimal balance between column density sensitivity and spatial 
esolution. A more detailed description of the data reduction and 
ata quality assessment is presented in Blok et al. ( 2024 ). 
We use SoFiA-2 (Westmeier et al. 2021 ) to search for sources and

o generate the moment maps of the detections, which are standard
aps produced for all the MHONGOOSE observations. We smooth 

he cube spatially and spectrally with the ‘smooth and clip’ algorithm
f SoFiA-2 . We apply a threshold of 4 σ using two spatial Gaussian
moothing kernels: no smoothing, one times the beam; in addition 
o three spectral boxcar smoothing kernels: no smoothing, 12 km s −1 

nd 35 km s −1 . We then create moment maps of detections from
he masked data cubes and we correct the moment-0 maps for the
rimary beam attenuation of MeerKAT (see Blok et al. 2024 ; Healy
t al. 2024 , for more details). 

In this paper, we use deep optical observations made us- 
ng OMEGACAM on the VLT Surv e y Telescope (VST) for
GCA 250 from dedicated proprietary observations (ID: 110.25AJ, 
I: Maccagni; ID: 112.266Y, PI: Marasco) of the MHONGOOSE 

alaxies (hereafter MHONGOOSE–VST). These observations reach 
 limiting surface brightness of μg = 28 . 5 mag/arcsec 2 , μr = 27 . 3
ag/arcsec 2 in the g and r bands respectively, for a point source at 5 σ
 v er a circular area with FWHM ∼ 1 arcsec. To create the RGB image
hown in Fig. 1 , we combine the g and r bands from MHONGOOSE-
ST with publicly available i-band observations from the VST 

arly-type Galaxy Surv e y (VEGAS; Spa v one et al. 2017 ; Iodice
MNRAS 538, 1272–1287 (2025) 

https://github.com/caracal-pipeline/caracal
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M

Figure 1. Composite optical image UGCA 250. The RGB colour is provided 
by a combination of g, r , and i-band VST data. At brighter magnitudes, the 
galaxy exhibits a thin, elongated structure typical of an edge-on galaxy. At 
fainter magnitudes, it shows a vertical extension and appears asymmetric, 
with an extension towards the southwest. 
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t al. 2021 ). Although VEGAS primarily targets elliptical galaxies,
GCA 250 was observed because it lies approximately 30 arcmin

way from the elliptical galaxy NGC 3923 (Kourkchi & Tully 2017 ).
t brighter magnitudes, the optical morphology resembles an edge-
n galaxy, characterized by a thin, elongated structure. Ho we ver, at
ainter magnitudes, it exhibits a vertical extension and the galaxy
ppears asymmetric with a with a noticeable discontinuity towards
he southwestern side. This discontinuity is more likely a feature
onnected to the main disc rather than a separate dwarf galaxy. As will
e discussed in Section 3.1 , H I observations do not reveal emission
t a distinct velocity at that location, a signature expected if a separate
warf were present. Since the MHONGOOSE-VST observations do
ot fully co v er the surrounding dwarf galaxies, we instead use the
EGAS g-band image in Fig. 2 , which provides a more complete
iew of the environment around UGCA 250, including all nearby
warfs. 

 RESULTS  

he source finding yields the H I emission associated with a total of
0 galaxies (including UGCA 250), within the field of view of ∼1.5 ◦

hich corresponds to a projected radius of ∼535 kpc at the distance of
he galaxy. Within this field of view also lies the elliptical galaxy NGC
923, positioned 30 arcmin (or approximately 200 kpc in projection)
rom UGCA 250 and sharing a similar redshift ( V sys ∼ 1739 km s −1 ).
espite its proximity, no H I emission was detected in NGC 3923. The
-sigma H I mass upper limit for this non-detection is 10 6 . 4 M �, after
orrecting for the primary beam attenuation, assuming a velocity
idth of 250 km s −1 and the same distance as that of UGC 250.
he H I properties of the detected galaxies are given in Table 2 .
ll the detected galaxies, except 6dFJ1151533-281047 are within
00 km s −1 of the systemic velocity of UGCA 250. The left panel of
ig. 2 shows the H I contours of UGCA 250 and its satellite galaxies
 v erlaid on the VEGAS g -band optical image (The moment 0 and
oment 1 maps of individual satellite galaxies are shown in Figs A3
NRAS 538, 1272–1287 (2025) 
nd A4 ). The satellite galaxy IDs that are labelled are based on
able 2 . 
The H I contours are displayed at different resolutions: 26.7 arcsec
18.8 arcsec ( r10t00 ) in purple, 34.3 arcsec × 25.6 arcsec

 r15t00 ) in cyan, 65.3 arcsec × 63.8 arcsec ( r05t60 ) in magenta,
nd 93.8 arcsec × 91.7 arcsec ( r10t90 ) in blue. The lower res-
lution contours (magenta and blue) reveal both intra-group gas
nd gas around specific satellites such as ESO440–G023 (ID 1),
MFGC09308 (ID 2), LEDA737259 (ID 3), and MKT115222-
80126 (ID 8), and 6dFJ1151533-281047 (ID 10). 
We calculate the integrated flux of each detection using the
oFiA-2 output. Further, we calculate their H I masses using the
tandard formula, M H I = 2 . 356 × 10 5 D 

2 S int M �, where D is the
istance in Mpc, S int is the integrated flux density in Jy km s −1 

Roberts 1962 ). Six of the nine satellite galaxies (marked with ∗
n Table 2 ) were detected in the 5.5-h single–track observations
Blok et al. 2024 ). Full-depth observ ations re vealed three additional
alaxies: 2MFGC 09308, MKT115222-280126, and MKT115551-
82149, with H I masses log( M H I / M �) � 6.60, consistent with the
xpected sensitivity limits of single–track and full-depth observa-
ions. MKT115551-282149, with log( M H I / M �) � 6.10, was detected
t a distance of 20 Mpc, demonstrating the remarkable sensitivity of
he full-depth MHONGOOSE observations. Similarly, a low-mass,
as-rich, low-surface brightness galaxy in the Dorado Group was
etected at 17.7 Mpc (Maccagni et al. 2024 ). These results highlight
he enhanced capabilities of full-depth observations in detecting low-

ass galaxies at larger distances. 

.1 H I morphology of UGCA 250 

he right panel of Fig. 2 displays a zoomed-in view of UGCA 250 at
 resolution of 26.7 arcsec × 18.8 arcsec ( r10t00 ), which clearly
hows the extent of gas at different column densities. Additionally,
e sho w lo w-resolution contours in cyan, magenta, and blue, corre-

ponding to 34.3 arcsec × 25.6 arcsec, 65.3 arcsec × 63.8 arcsec,
nd 93.8 arcsec × 91.7 arcsec respectively, in the outer regions.
he red contour corresponds to a H I column density of 1.0 ×
0 20 cm 

−2 . Even at this column density, a noticeable position angle
arp in the West direction is apparent. As we transition to lower H I

olumn densities, the disc does not expand significantly in the radial
irection, but it does grow substantially in the vertical direction. The
arp becomes more prominent at these lower column densities, and

he H I distribution of UGCA 250 appears asymmetric, and slightly
opsided, with the disc column densities dropping more rapidly
owards the northeast and southeast compared to the northwest and
outhwest. The thickening observed in the H I disc is also apparent
n the optical stellar disc (see Fig. 1 ). 

The galaxy has a diameter of ∼69 kpc at the projected H I column
ensity sensitivity of ∼3.3 ×10 18 cm 

−2 . The prominent feature of
his gas disc is that there is a tail like feature (henceforth filament)
 xtending a way from it in the southern direction up to ∼34 kpc
in projection). The blob below this is at a projected distance of
41.5 kpc from the centre of galaxy, and has a H I mass, log( M H I )
6.34. The H I mass of filament along with the blob is, log( M H I ) ∼

.01. 
The moment maps derived at a slightly coarser resolution of

4.3 arcsec × 25.6 arcsec ( r15t00 , r = 1.5 and t = 0) are shown
n Fig. 3 . The left, middle, and right panels show the moment 0,
oment 1, and moment 2 maps, respectively. The middle panel

hows the intensity weighted velocity field, which is rather complex.
he inner disc is regularly rotating and the iso-velocity contours
eem to turn o v er at lower H I column densities. There is a cloud-like
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Figure 2. The H I integrated intensity contours are o v erlaid on the VST optical g-band image. (a) Moment 0 map of UGCA 250 and its nine satellite galaxies. The 
contours are shown from data at various resolutions: 26.7 arcsec × 18.8 arcsec ( r10t00 ) in purple with levels of 1.2 ×10 19 cm 

−2 × 2 n , n = 0,1,2,3..; 34.3 arcsec 
× 25.6 arcsec ( r15t00 ) in cyan at 3.0 ×10 18 cm 

−2 ; 65.3 arcsec × 63.8 arcsec ( r05t60 ) in magenta at 1.0 ×10 18 cm 

−2 ; and 93.8 arcsec × 91.7 arcsec ( r10t90 ) 
in blue at 6.2 ×10 17 cm 

−2 . (b) Moment-0 map of the galaxy UGCA 250 with the same H I contours, where the thick red contour corresponds to 1.0 ×10 20 cm 

−2 . 
Note that the H I column density values have not been corrected for the primary beam attenuation. The ellipses in the bottom left corner represent the beams 
at each resolution. The zoomed-in moment 0 and moment 1 maps of individual satellite galaxies are shown in Figs A3 and A4 in the Appendix. (c) The red, 
orange, and yello w sho w the H I integrated intensity from three different resolution data cubes: 14.4 arcsec × 9.8 arcsec, 26.7 arcsec × 18.8 arcsec, and 65.3 
arcsec × 63.8 arcsec. These H I maps are o v erlaid on a composite optical RGB image of UGCA 250 in the background. The creation of this image followed the 
technique outlined in English ( 2017 ). 

Table 2. H I properties of satellite galaxies. 

ID Galaxy ID RA Dec V sys W 20 W 50 Flux H I mass 
(h m s) ( ◦′ ′′ ) (km s −1 ) (km s −1 ) (km s −1 ) (Jy km s −1 ) log( M H I /M �) 

1 ESO 440-G 023 ∗ 11 52 33.1 −29 07 19.1 1866 114 .4 92 .3 0 .31 7.49 
2 2MFGC 09308 11 51 39.3 −28 45 17.5 1887 71 .6 46 .8 0 .04 6.60 
3 LEDA 737259 ∗ 11 54 14.8 −28 48 19.8 1761 42 .7 27 .5 0 .62 7.79 
4 ESO 440-G 014 ∗ 11 50 03.9 −28 40 18.2 1857 68 .9 44 .1 0 .10 6.98 
5 LEDA 746393 ∗ 11 53 10.4 −28 03 30.4 1828 95 .1 71 .6 0 .09 6.96 
6 UGCA 250 ∗ 11 53 24.3 −28 33 08.9 1694 268 .7 285 .3 72 .0 9.85 
7 ESO 440-G 030 ∗ 11 55 25.9 −28 44 10.2 1801 115 .8 91 .0 0 .78 7.89 
8 MKT115222-280126 11 52 22.1 −28 01 26.2 1636 42 .7 28 .9 0 .02 6.30 
9 MKT115551-282149 11 55 51.4 −28 21 49.3 1595 68 .9 45 .5 0 .01 6.10 
10 6dFJ1151533-281047 ∗ 11 51 53.3 −28 10 50.2 1422 78 .5 50 .9 0 .08 6.89 

Cloud at anomalous velocities (C) 11 53 20.5 −28 35 47.0 1605 – – 0 .065 6.81 
Blob below filament (B) 11 53 38.4 −28 39 43.0 1640 – – 0 .02 6.34 
Entire filament (with blob) 11 53 31.3 −28 37 34.0 1617 – – 0 .10 7.01 

∗Galaxies that were previously detected in ‘single track’ (5.5 h) shallow data (Blok et al. 2024 ); ID: Identifier; Optical ID: Optical 
identification; RA: Right ascension; Dec: Declination; V sys : Systemic velocity in km s −1 ; W 20 and W 50 : H I line width at 20 per cent 
peak and line width at 50 per cent peak in km s −1 ; Flux: Integrated flux in Jy km s −1 ; H I mass: H I mass in solar masses (M �). 
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eature in the velocity field in the south of the galaxy which is at
nomalous velocities. The visual inspection of the cube has revealed 
 cloud of gas coinciding with the main emission of the galaxy, but
t a slightly different velocity, i.e at ∼1605 km s −1 in comparison
o the systemic velocity ∼1694 km s −1 . This can be seen in the
hannel maps presented in Fig. 4 in the channels with velocities 
rom 1587 km s −1 to 1621 km s −1 . 

The right panel shows the second moment map, indicative of 
elocity dispersion for symmetrical, single Gaussian profiles. We can 
ee two very high velocity dispersion regions with values higher than 
0 km s −1 . The high values near the cloud in the southern direction
re not caused by intrinsically broader H I profiles, but rather due to the
loud being at a different velocity compared to the galaxy’s rotation. 
e separate this cloud and show its moment maps in Fig. 5 . The

elocity field of the cloud shows a possible hint of rotation, but the
elocity width is less than 15 km s −1 . Despite its H I mass, log( M H I /
 �) ∼ 6.80, we did not find any optical counterpart for this cloud.
sing the cloud size of 57 arcsec × 48 arcsec and assuming a stellar
ass-to-light ratio of 1, we estimate a 5 σ upper limit for the stellar
ass to be log( M ∗/M �) ∼ 6.1. There is also high velocity dispersion

n the northeast of UGCA 250. In the centre, an x-shaped region with
igh dispersion values is observed (see right panel of Fig. 3 ), likely
ue to beam smearing associated with the rise of rotation curve and
he inclination of this nearly edge-on galaxy (e.g. Voigtl ̈ander et al.
013 ). 
The features such as asymmetries, filament, cloud, and high 

elocity dispersion are also noticeable in the position–velocity 
PV) diagrams along both the major and minor axes, shown in
he Appendix (Figs A1 and A2 ). Hereafter, we refer to the major
xis pv diagram as the lv diagram and the minor axis pv diagram
s the bv diagram. The bv diagrams, taken at 30 arcsec intervals
long the minor axis, highlight features such as the cloud and the
MNRAS 538, 1272–1287 (2025) 
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Figure 3. Moment maps of UGCA 250 at a resolution of 34.3 arcsec × 25.6 arcsec. Left panel: the H I intensity map (moment 0). Middle panel: velocity field 
(moment 1), The iso v elocity contours are spaced at 15 km s −1 and the systemic velocity is indicated by a red line. The colour scheme used in this panel is 
developed by English et al. ( 2024 ). Right panel: observed line width/dispersion map of the galaxy, UGCA 250. 
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lament extending from the disc. The lv diagrams along the major
xis indicate that the galaxy is more extended on the receding half,
mphasizing an asymmetry that becomes more pronounced at higher
ertical distances above the galactic plane. 

.2 H I kinematics 

o investigate the morphology and kinematics of the H I in this
alaxy, we construct model data cubes and compare them to the
bservations. We use the Tilted Ring Fitting Code ( TIRIFIC ) software
J ́ozsa et al. 2007 ) for modelling. This software uses a tilted ring ap-
roach, representing a galaxy as concentric rings each characterized
y specific kinematic and orientation parameters (Rogstad, Lockhart
 Wright 1974 ). These parameters, including central position,

ystemic velocity, inclination angle with respect to line of sight,
osition angle of the receding major axis, rotational v elocity, v elocity
ispersion, vertical thickness, and surface brightness distribution can
ither be fixed or varied with radius. All the modelling described
elow uses the cubes at resolution of 34.3 arcsec × 25.6 arcsec
 r15t00 , r = 1.5 and t = 0). The approaching and receding halves
f UGCA 250 are modelled separately since the galaxy clearly shows
symmetries. We first use Fully Automated TIRIFIC ( FAT ) software
Kamphuis et al. 2015 ), which is a wrapper around TIRIFIC , to
erive the initial guess model, i.e. the initial de-projected H I surface
rightness profile and the de-projected rotation curve of the thin
isc. Then, we use these parameters as an initial guess for the data
ube using TIRIFIC software. An initial estimate for the systemic
elocity, centre, position angle, and inclination angle were obtained
rom the FAT run. These matched well with the rough estimates
f kinematic centre and systemic velocity found using the zeroth
nd first moment maps. The radial variation of position angle and
nclination angle were then derived while the galaxy centre and
ystemic velocity were fixed at the values found above. The position
ngle (PA) seems to show some radial variation; we find that the
alue of PA changes only in the outer regions of the receding half
nd stays constant in the approaching half, as can also be seen in
he channel maps of the galaxy in Fig. 4 in the velocities ranging
rom 1805 to 1838 km s −1 . The radial variation of PA was adjusted
ased on channel maps and the total H I map. We show the PA and
nclination angle as a function of radius in the middle and bottom
anels of Fig. 6 . The radial variation of inclinations suggests the H I
NRAS 538, 1272–1287 (2025) 
isc to be warped along the line of sight, as seen in the moment 0
ap. All of these parameters were later refined both by comparing

bserved and modelled PV diagrams, channel maps, and zeroth-
oment maps. The rotation curve was adjusted based on the major-

xis PV diagrams tracing emission along the edge with the highest
elocities. Fig. 7 shows a PV diagram along the major axis with
he derived rotation curve (projected) overlaid on it. The parameters,
ystemic velocity (1705 km s −1 ), kinematic centre (11 h 53 m 24.4 s ,
28 ◦ 33 

′ 
9.5 

′′ 
) and the run of the position angle and inclination

ngle, column density profile, and rotation curve are kept constant
hroughout all of the models for the entire process. This model,
hich includes the PA and inclination angle warp component fits

he thin disc well, is considered the base model for the galaxy. In
he following section, we will include additional components to our
odel in order to reproduce the H I emission from the EPG. 

.3 Models 

n order to understand if the anomalous gas has truly anomalous
inematics or if it is produced by projection effects due to inclination
ngle or thickness of the disc, etc., we de velop se veral models. We
tart with the simplest possible model and then add various features
e.g. a warp or flare) one at a time to understand the subtle distinctions
etween various features. We visually compare the resulting model
ith data, i.e. we examine the bv PV diagrams (i.e. along the
inor axis) as well as channel maps of models and data to fine

une parameters in models. We consider several models, including a
imple one-component which is a single disc with a vertical sech 2 

rofile, a flare where the scale height varies as a function of radius,
nd two components with a thin disc and a thick corotating disc.
inally, we consider a more sophisticated model of a thin disc and
 thick disc with different kinematics and we explore the effect of
adial motions (i.e. inflows or outflows). All models include a PA and
nclination angle warp component. We hav e v erified that all models
hat do not include a warp fail at reproducing several of the basic
eatures observed in the data, and will not be considered here. 

The selected channel maps shown in Fig. 4 and the bv diagrams
hown in Fig. A1 display a number of distinct features sensitive to
arious model parameters, which were used to distinguish between
ifferent models. In the bv diagrams, we can clearly see the
nomalous cloud and the filament features of the galaxy. This cloud
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Figure 4. Selected channel maps of UGCA 250 at the resolution of 
34.3 arcsec × 25.6 arcsec ( r15t00 , r = 1.5 and t = 0). The heliocentric 
velocity in km s −1 is indicated on top-left of each panel. Contours begin at 
3 σ and increase by factors of 2. The presence of cloud and filament is evident 
in the channels at velocities ranging from 1587 to 1637 km s −1 . 

a  

a  

S
w  

n
m
c

Figure 5. Left: the H I intensity map (moment 0) and velocity field (moment 
1) of the cloud. The plotted H I contours are 3.3 ×10 18 cm 
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2, 3,... Right: the velocity field of the cloud. 

Figure 6. Top: de-projected rotation velocity, middle: position angle, bottom: 
inclination angle as a function of radius. 
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nd tidal tail features were not included in the model fitting, as they
re distinct features not described by the thin or thick disc models.
ome of the prominent features that were considered while modelling 
ere the spacing and orientation of the contours. Because of the high
umber of degrees of freedom, the parameters of the best-fitting 
odel from TIRIFIC tend to have strong discontinuities, with abrupt 

hanges in fitted values across the parameter space. Furthermore, 
IRIFIC employs χ2 minimization, which inherently gives higher 
eight to regions with high signal-to-noise ratios. Ho we ver, it is
orth noting that these regions are not necessarily the most suited

o distinguish between models. Therefore, while TIRIFIC ’s automated 
tting capabilities were used when appropriate, manual intervention 
ecomes necessary to guide the fitting process ef fecti vely (e.g.
osterloo et al. 2007 ; Zschaechner et al. 2012 ; Kamphuis et al.
013 ). 
To determine whether the observed thickness of the H I disc can

e attributed to a warp in the thin disc, we initially consider a simple
odel consisting of a single thin disc warped approximately 15 ◦

long the line of sight, which is our base model. Figs 8 and 9 show
he bv diagrams and channel maps of both the observed data and the
 arious models, respecti v ely. The observ ed data is presented in the
eftmost column, while the second column shows the model of a thin
MNRAS 538, 1272–1287 (2025) 
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Figure 7. Position velocity diagram at the resolution of 34.3 arcsec ×
25.6 arcsec ( r15t00 , r = 1.5 and t = 0) along the major axis of UGCA 250 
(PA = 256 ◦, V sys = 1705 km s −1 ). Contours begin at 3 σ and increase by 
factors of 2. The black circles represent the projected rotation velocities. 
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isc with a scale height ∼200 pc, comparable to that observed in the
ilky Way and other similar edge-on galaxies. The morphology of

he channel maps and bv diagrams, particularly near the systemic
elocity, in this model is markedly different from the observed data,
mphasizing that the model fails to accurately reproduce the observed
eatures. In addition, we find that no amount of disc warping or
isc thickness alone could reproduce the data adequately. We also
ested increasing the velocity dispersion, which tended to thicken the
mission from the channel maps in the vertical direction, but this
hange did not consistently match the morphologies observed in the
hannel maps. 

We then add a substantial flare to the warped disc model (or base
odel), denoted as ‘Flare + W’ in the figures, by increasing the scale

eight with radius, which allows for a better fit to the bv diagrams and
hannel maps. The scale height increases from 0.2 kpc in the inner
egions to 5 kpc in the outer regions. This modified model shows
n impro v ement compared to the previous thin disc + warp model.
he emission on the systemic sides of the bv diagrams and the

hickening in the channel maps are now more accurately reproduced.
he impro v ements due to the flare are most evident on the systemic
elocity sides of the bv diagrams. Ho we ver, shape, spacing, and
rientation of the outer contours near the systemic side still show
ifferences compared to the observed data. 
We further explore a two-component model, consisting of a thin

isc and a thick disc/halo, denoted as ‘Halo + W’ in the figures.
 I haloes have been observed in several galaxies, with NGC 891
eing among the most notable (Oosterloo et al. 2007 ). For the thin
isc, we assume a scale height of 0.2 kpc with a vertical sech 2 profile.
he deprojected surface density profile of the thick disc is taken to
e a scaled version of the thin disc profile. We test different scale
eights for the thick disc. The morphology of bv diagrams depends
n the scale-height of the thick disc and varying the scale heights
etween 2 and 4 kpc give broadly similar results, so we use a scale
eight of ∼3 kpc for the thick disc. This is similar for NGC 3198 as
resented in Gentile et al. ( 2013 ). This model significantly impro v es
he reproduction of the thickening in the minor axis direction evident
NRAS 538, 1272–1287 (2025) 
n the channel maps at systemic velocities. It also aligns well with the
bserved data, particularly the spacing and orientation of the outer
ontours near the systemic velocity side in bv diagrams. 

Ho we ver, the channel maps at the receding side velocities still
o not match well with this model, which assumes that the halo is
orotating with the thin disc, i.e. there is no lag. To address this, we
ntroduced a lag that varies with radial distance from the centre, now
abelled as ‘Halo + WL’ in the figures. This lag causes the observed
elocity of the gas to be shifted in the direction of the systemic
elocity, with this shift increasing with height. While the bv diagrams
f the no lag and lag models look very similar, we were mainly able
o distinguish these models using the channel maps. The fine-tuned
odel shows a much better match in the channel maps at terminal side

elocities, especially on the receding side (see last row of Fig. 9 ). The
ag in these central regions is about 20 km s −1 kpc −1 starting at radius,
 ∼ 4.6 kpc, remaining constant out to R ∼ 6.6 kpc, then decreasing

o zero at R ∼ 20 kpc in the outer regions on the approaching side.
onversely, on the receding side, the lag is about 20 km s −1 kpc −1 

tarting at R ∼ 2.6 kpc, remaining constant out to R ∼ 8.6 kpc, then
ecreasing to zero at R ∼ 16.5 kpc in the outer regions. 
Additionally, while models with uniform lag throughout were

onsidered, the fine-tuned model with radial variation pro v ed to
rovide a better description of the data. Finally, we explored a
odel incorporating radial motions of the anomalous gas in the

uter regions, indicated as ‘Halo + WLO’ in the figures. This model
s similar to the fine-tuned model, but it includes a radial motion
utward from the galaxy at 10 km s −1 in the outer regions. This
djustment accurately reproduces the direction of the outermost
ontour in the receding half of the bv diagrams, demonstrating
ts ef fecti veness in modelling specific features of the galaxy. To
etermine the orientation of the disc, we used the optical image,
hich shows distinct dust lanes offset to the North; this offset

ndicates that the northern rim of the galaxy is the near side. This is
rucial, as the interpretation of radial motions, whether characterized
s outflows or inflows, relies on accurately identifying the near and
ar sides (Marasco et al. 2019 ). 

 DI SCUSSI ON  

he key question of this work concerns the origin of the extraplanar
nd anomalous gas in UGCA 250. Specifically, the EPG has been
roposed to originate either from processes within the galactic disc,
uch as superbubbles generated by supernovae and stellar winds,
r from external mechanisms, including interaction with nearby
ompanions or the accretion of primordial gas from the cosmic
eb (Fraternali & Binney 2006 ; S ́anchez Almeida et al. 2014 ;
arasco et al. 2019 ). Understanding the origin of this extraplanar

nd anomalous gas is crucial for unraveling the processes go v erning
he dynamics and evolution of galaxies. 

Our detailed modelling of UGCA 250 suggests that approximately
5 ± 5 per cent of the galaxy’s H I content is distributed within a
iffuse halo with a scale height of 3 ± 1 kpc. This result is consistent
ith Marasco et al. ( 2019 ), which shows that extraplanar H I is nearly
biquitous in star forming disc galaxies, typically making up about
bout 5–25 per cent of the total H I mass, with a mean value of
4 per cent, and a typical thickness of a few kpc. A noticeable
arp is also evident, not only seen in the zeroth-moment map, but

s also captured in our e xtensiv e modelling. The fine-tuned model,
hich incorporates a radially varying lag – approximately 20 km s −1 

n the central regions that tapers to zero at R ∼ 20 kpc – appears
o best fit the data. We found no substantial evidence supporting
he accretion of primordial gas, as there are no clear kinematical
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Figure 8. Minor axis position–velocity (PV) diagrams of UGCA 250 and models. Slice locations are shown in the left panel of Fig. 3 . Contours begin at 3 σ
and increase by factors of 2. All the models include a warp across the line of sight. From the left: the data at 34.3 arcsec × 25.6 arcsec resolution (Data); one 
component model made of a thin disc (scale height ∼ 200 pc) with a warp (Warp); a flare with a warp (Flare + W); two component model made of a thin disc 
and a corotating halo (scale height ∼ 3 kpc) with a warp (Halo + W); a two component model made of a thin disc and a lagging halo and warp (Halo + WL); 
two component model with a warp, lagging halo, and a radial motion outwards in the outer regions of galaxy (Halo + WLO). The rightmost column displays the 
moment 2 map, with the line in each panel indicating the slice location corresponding to the bv diagram in the respective row. 

s  

d
s
b
a
t
m
c
A
r  

o  

t

d  

n  

r
f
i

o  

T  

e  

i  

m  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/538/2/1272/8058911 by :: user on 07 April 2025
ignatures of inflowing gas in our data. Howev er, giv en the comple x
ynamics arising from tidal interactions and the presence of nine 
atellite galaxies, detecting such signatures, even if they exist, would 
e challenging. The most definitive way to identify primordial gas 
ccretion is through metallicity measurements, as they can reveal 
he low metallicities, characteristic of such gas. Unfortunately, these 

easurements are not available for this study, limiting our ability to 
onclusively determine the presence or absence of primordial gas. 
dditionally, there is some evidence of radial motions in the outer 

egions of the receding side, with an outward direction. Models using
utflows only in the central re gions, howev er, could not reproduce
he data accurately, particularly the outermost contour in the bv 
iagrams (as seen in Fig. 8 ). This indicates these outflows might
ot result from star formation. Instead, they could be linked to
adial motions triggered by potential tidal interactions, which is 
urther corroborated by the detection of nine satellite galaxies and 
ntra-group gas. 

Despite e xtensiv e modelling, there remains a significant amount 
f H I that is spatially or kinematically distinct from the disc gas.
o isolate this emission, we blank the data where the model values
xceed 0 . 5 σ , where σ is the noise in the observed cube. This results
n a ‘residual’ data cube from which we can generate the moment
aps of the anomalous gas, i.e. the gas not described by either the

hin or thick disc models. These maps are presented in Fig. 10 . The
MNRAS 538, 1272–1287 (2025) 
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Figure 9. Channel map comparison of UGCA 250 observations with various models. The heliocentric velocities are shown on the top left of data frames. All 
channel maps are aligned such that their centres match, with a white dashed line drawn across the centre for all maps. From the left: the data at 34.3 arcsec 
× 25.6 arcsec resolution (Data); one component model made of a thin disc (scale height ∼ 200 pc) with a warp (Warp); a flare with a warp (Flare + W); two 
component model made of a thin disc and a corotating halo (scale height ∼ 3 kpc) with a warp (Halo + W); a two component model made of a thin disc and a 
lagging halo and warp (Halo + WL); two component model with a warp, lagging halo, and a radial motion outwards in the outer regions of galaxy (Halo + WLO). 
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otal H I mass of this anomalous gas is approximately 10 7 . 7 M �,
hich accounts for about 0.7 per cent of the total mass of the galaxy.
lthough this is a relatively small fraction and may not significantly

mpact the o v erall H I content, it could be tracing underlying ionized
as and is therefore rele v ant. We observe that the thin disc and most of
he thick disc are well modelled. Ho we ver, three prominent features
f the anomalous gas are identified: (i) The primary feature is a tail-
ike filament extending away from the disc in the southern direction
p to approximately 34 kpc (in projection). Below this filament is
 blob situated at a projected distance of about 41.5 kpc from the
entre of the galaxy, with an H I mass of log( M H I ) ∼ 6.34. The
ombined H I mass of the filament and this blob is log( M H I ) ∼ 7.01.
t is worth noting that satellite ID 3 (see Fig. 2 ) is located below
NRAS 538, 1272–1287 (2025) 
he filament and blob, at a distance of 65 kpc from the blob. (ii)
urther, a cloud-like feature in the velocity field south of the galaxy
xhibits anomalous velocities. Visual inspection of the cube reveals
 cloud of gas coinciding with the main emission of the galaxy but at
 different velocity, visible in the channel maps in Fig. 4 . No optical
ounterpart for this cloud has been detected. (iii) There is a region
ith high velocity dispersion located in the northeast of the galaxy,
n the approaching side. 
In Fig. 11 , the PV diagrams provide further insights into these

eatures. The top left panel shows a PV diagram through the filament
egion of the galaxy, while the top right panel depicts a PV diagram
hrough the filament and cloud regions. The bottom right panel
resents a PV diagram across the high-velocity dispersion region and
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Figure 10. Top: H I gas surface density of the anomalous gas that was not 
modelled. Bottom: the velocity field of the anomalous gas, the colour shows 
the velocity in km s −1 . 
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he cloud, and the bottom left panel shows a PV diagram across the
igh-velocity dispersion region and the filament. Each panel contains 
n inset indicating the path of the PV slice on the corresponding
oment maps. These PV diagrams through these anomalous features 

int at a history of close encounters or mergers, leading to tidal
isturbances that generated filament-like structures and cloud-like 
nomalies. The interconnected patterns across the cloud and filament 
egions support the hypothesis of a prior interaction. 

It is important to note that these various features including the 
lament, cloud, and high velocity dispersion region were not detected 
ith the 5.5-h track of MHONGOOSE observations (Blok et al. 
024 ), which have a 3 σ column density sensitivity of approximately 
 . 7 × 10 19 atoms per cm 

−2 . As illustrated in Fig. 2 , at this column
ensity sensitivity, the vertical distribution of the gas or thick disc is
lso less apparent. The full 55 h of MeerKAT data, ho we ver, re veal
hese features in significant detail, highlighting the advantages of its 
uperior column density sensitivity. This has led to the detection 
f nine satellite galaxies, with six identified in the single track 
bservations and three additional galaxies revealed in the full depth 
ata. Furthermore, at lower resolutions and column densities, intra- 
roup gas was also detected along with the satellites. Additionally, the 
hell elliptical galaxy NGC 3923, which is located about 30 arcmin 
or 200 kpc) from UGCA 250, falls within our observation’s field of
iew and has a redshift similar to UGCA 250’s. This galaxy is known
or its e xtensiv e system of stellar shells, the most of any shell galaxy,
hich are thought to be remnants of past galactic interactions (e.g.
 ́ılek et al. 2016 ; Spa v one et al. 2017 ). 
The zoomed-in moment 0 and moment 1 maps of the individual

atellite galaxies are shown in the Appendix Figs A3 and A4 . In these
aps, we observe H I emission offset from the stellar counterpart in

everal cases (e.g. IDs 1, 4, 5, and 7), along with evident asymmetries
nd disturbed morphologies that indicate interactions within these 
ystems. Further, all detected satellite galaxies lie within the 356 kpc
eld of view of MeerKAT, and, except for satellite ID 10, all are
ithin 200 km s −1 of the systemic velocity of UGCA 250, Hence,
GCA 250, NGC 3923, and all the detected satellites likely belong

o the same group, as all are contained within the group’s estimated
irial radius of 591 kpc and virial mass of 10 13 . 3 M � (Kourkchi &
ully 2017 ). This suggests that the larger environment of UGCA 250,

ncluding its satellites and NGC 3923, appears to be a dynamically
ctive system. The distinct anomalous gas features suggest tidal 
nteractions or a past event involving something passing close to 
GCA 250 as the likely source of this gas. This interpretation is

urther supported by the optical discontinuity observed in UGCA 

50 (see Fig. 1 ). The discontinuity is likely associated with the main
isc rather than a separate dwarf galaxy, as no H I emission at a
istinct velocity is detected at that location. Further, the observation 
f satellite galaxies and detection of intra-group gas indicate potential 
lose encounters or mergers that could create tidal disturbances 
anifesting as filaments and clouds with peculiar velocities. The 

utward radial motions in the outer receding regions further point to
hese interactions shaping the unique EPG kinematics and structure. 
 more detailed study of the distribution and interactions of the

atellite galaxies is beyond the scope of this paper. 
While environmental effects likely play a key role in shaping the

PG in UGCA 250, the contribution of stellar feedback must also be
onsidered. UGCA 250 is a regular star-forming galaxy on the main
equence, and to quantify the role of stellar feedback, we follow
he framework of Marasco et al. ( 2019 ), applying their equation 11
ith a mass-loading factor β = 7 to estimate the expected EPG mass

rom a galactic fountain flow model. This yields log( M EPG /M �) ∼
.6, about 0.4 dex lower than our observed value. This discrepancy
uggests that, while stellar feedback likely accounts for a significant 
ortion of the thick disc, tidal interactions are responsible for the
ore extended features, such as the filament and cloud. UGCA 250

hares several characteristics with NGC 2403, including rotational 
elocity, star formation rate, and EPG properties, where a galactic 
ountain model interacting with the hot CGM accounts for much of
he EPG (Li et al. 2023 ). Additionally, NGC 2403 is part of a group
f five galaxies (Kourkchi et al. 2022 ), with some of its extraplanar
 I attributed to remnant tidal interactions with a satellite (Veronese,
e Blok & W alter 2023 ). W e therefore propose a mixed origin for the
PG in UGCA 250, with the thick disc primarily shaped by stellar

eedback and the outer structures influenced by tidal interactions. 
his study highlights the complex interplay between internal galactic 
rocesses and external environmental factors shaping the anomalous 
aseous structures around UGCA 250. 

 C O N C L U S I O N S  

e use ultra-deep MHONGOOSE surv e y observations to investi- 
ate the EPG in UGCA 250. The surv e y’s combination of high
olumn density sensitivity and high spatial resolution – ranging 
rom 6.0 ×10 19 cm 

−2 at 6 arcsec to 5.7 ×10 17 cm 

−2 at 90 arcsec (3 σ
 v er 16 km s −1 ). This offers an ideal framework for examining the
hysics of EPG and the disc–halo connection. This has enabled the
etection of nine satellite galaxies, a distinctive filament extending 
MNRAS 538, 1272–1287 (2025) 
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M

Figure 11. Top left: PV diagram through the filament region of the galaxy. The inset in the top right corner shows the moment 1 map with a black dashed 
line indicating the PV slice path. Top right: PV diagram through the filament and cloud regions. The inset also displays the moment 1 map with the black 
dashed path. Bottom left: PV diagram across the high velocity dispersion region and filament. The inset shows the moment 2 map with the black dashed path. 
Bottom right: PV diagram across the high velocity dispersion region and the cloud. The inset again displays the moment 2 map with the same black dashed line. 
The horizontal colour bar represents H I column density for the PV diagrams, while the vertical colour bar represents either velocity (moment 1) or velocity 
dispersion (moment 2) in km s −1 . In the maps, C denotes the cloud at anomalous velocities, F indicates the filament, B refers to the blob below the filament, and 
H represents high velocity dispersion. 
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pproximately 41 kpc southward from the galaxy, and a cloud at
nomalous velocities. We have not detected any counterpart for this
loud in the VST deep optical image. 

We construct a detailed tilted ring model for this edge-on galaxy
o gain a deeper understanding of the vertical structure of its
eutral hydrogen. Through detailed modelling, we estimate that
pproximately 15 ± 5 per cent of the galaxy’s H I content resides in a
alo extending 3 ± 1 kpc abo v e the galactic plane. This halo exhibits
 lag that varies with radial distance from the centre, beginning
t 20 km s −1 within the central regions and tapering to zero at a
adial distance of 20 kpc. Additionally, we found evidence for radial
otions in the outward directions in the outer regions of the receding

alf of the galaxy. The outermost contours in the bv diagrams can
nly be reproduced by incorporating outflows in the outer regions.
ince there is little star formation occurring in these outer regions,

hese outflows are likely caused by tidal interactions rather than
tellar feedback. The combination of radial motions in the outer
egions, multiple satellite galaxies, and distinct features such as the
loud, filament, and high-velocity dispersion region suggests that
idal interactions are at least in part responsible for the formation
f anomalous gas in UGCA 250. Therefore, our analysis suggests a
NRAS 538, 1272–1287 (2025) 

e  
ixed origin for the EPG in UGCA 250, with contributions from both
nternal processes, such as stellar feedback, and external influences,
ncluding tidal interactions with satellite galaxies. 
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PPENDI X  A :  PV  D I AG R A M S  O F  U G C A 2 5 0  

n this appendix, we present the bv and lv diagrams of UGCA 250
see Figs A1 and A2 ). The b v diagrams, e xtracted along the minor
xis with slices at 30 arcsec intervals on both the approaching and
eceding halves, clearly display features such as the cloud and the
lament extending from the disc. For the lv diagrams along the major
xis, an inset is included that shows the slice across the moment 1
ap used to generate the lv diagram. In the lv diagrams along the
ajor axis, the galaxy appears more extended toward the northern, 

eceding half, further underscoring an asymmetry in its structure. 
urther, we show the moment 0 and moment 1 maps of individual
atellite galaxies in Figs A3 and A4 . 
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Figure A1. The bv diagrams of UGCA 250 at the resolution of 34.3 arcsec × 25.6 arcsec ( r15t00 , r = 1.5 and t = 0). The diagrams correspond to slices 
taken at offsets of 30, 60, 90, 120, 150, 180, 210, and 240 arcsec from the centre, separately for the approaching and receding halves of the galaxy. Contours 
begin at 3 σ and increase by factors of 2. The outermost contour of each map is the 3 σ contour at the resolution of 65.3 arcsec × 63.8 arcsec ( r05t60 , r = 0.5 
and t = 60 arcsec). 
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Figure A2. The top left panel shows a bv diagram of UGCA 250, while the other panels display lv diagrams. All panels are at the resolution of 34.3 arcsec ×
25.6 arcsec ( r15t00 , r = 1.5 and t = 0). Contours begin at 3 σ and increase by factors of 2. Each panel contains an inset indicating the path of the PV slice on 
the corresponding moment maps. 
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Figure A3. The H I intensity map (moment 0) and velocity field (moment 1) 
of satellite galaxies. The H I contours are at levels of 1.2 ×10 19 cm 

−2 × 2 n , n 
= 0, 1, 2, 3. 

Figure A4. The H I intensity map (moment 0) and velocity field (moment 1) 
of satellite galaxies. The H I contours are at levels of 1.2 ×10 19 cm 

−2 × 2 n , n 
= 0, 1, 2, 3. 
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