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Abstract

We present resolved H I synthesis maps from the Very Large Array of three interacting dwarf systems: the NGC
3664 dwarf pair, the NGC 3264 dwarf pair, and the UGC 4638 dwarf triplet. All three dwarf systems are captured
at various stages of interaction and span a range of environments. We detect clear hallmarks of tidal interactions
through the presence of H I bridges and diffuse H I extensions that surround the dwarfs. We overlay the H I data on
Pan-STARRS r-band images and find further evidence of tidal interactions through coincident distorted H I and
tidal stellar features in NGC 3264 and UGC 4638, and an unwound spiral arm pointing toward its smaller
companion in NGC 3264. In UGC 4638, both the gas and diffuse stars are extended to similar radii east of the
primary, which could indicate that the smaller dwarf in the system has already completed one pass through the
primary. We additionally find that our three systems, and those from the Local Volume TiNy Titans survey, are not
H I deficient and thus the interaction has not resulted in a loss of gas from the systems. A comparison with
noninteracting dwarf galaxies shows that the interactions have a significant impact on the kinematics of the
systems. Our new resolved H I kinematics, combined with detailed stellar and H I morphologies, provide crucial
constraints for future dynamical modeling of hierarchical mergers and the baryon cycle at the low-mass scale.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Galaxy mergers (608); Interstellar atomic gas (833)

1. Introduction

Dwarf galaxies are prevalent at all epochs in the universe
(Karachentsev et al. 2004) and mergers between dwarfs are
expected to occur more frequently than for massive galaxies in
a given volume (Fakhouri et al. 2010; Deason et al. 2014).
Recently, a wealth of studies have investigated the mutual
interactions between dwarfs and how such interactions affect
the baryon cycle of dwarf galaxies. Through observational
work, we now know that dwarf interactions lead to a significant
enhancement in star formation (SF) rates if the dwarfs in the
pairs are separated by <50 kpc (Stierwalt et al. 2015), and that
this SF is widespread and clumpy (Privon et al. 2017). We
additionally know that dwarfs with high SF rates are more
likely to host tidal features, indicating a recent merger, and that
dwarfs with surrounding tidal features are systematically bluer
(Kado-Fong et al. 2020). Theoretical work confirms the picture
that mergers and flybys can enhance SF in dwarf−dwarf galaxy
encounters (e,g. Martin et al. 2021), as well as interactions of
any standard Hubble type galaxy (e.g., Di Matteo et al. 2007).

The neutral gas content in dwarfs has also been studied
extensively in several large-scale H I mapping surveys, such as
in Hunter et al. (2012; LITTLE THINGS), Begum et al. (2008;
FIGGS), and Swaters et al. (2002). Bradford et al. (2015)

showed that nonpaired dwarfs retain their gas in the field
( fgas> 0.39), despite the dwarfs’ ongoing SF and shallow
potential wells. Stierwalt et al. (2015) additionally showed that
if interacting dwarfs reside far from a massive galaxy they have
similar atomic gas fractions to their nonpaired counterparts. As
such, dwarf interactions and SF alone do not seem to remove a
large fraction of gas in dwarfs. Instead, large-scale environ-
mental effects such as ram pressure or tidal stripping from a
nearby massive galaxy appear to be ultimately what removes
gas from dwarfs. In particular, Stierwalt et al. (2015) found that
dwarf pairs <200 kpc from a massive galaxy (M* > 1010 Me)
have systematically lower gas fractions when compared to
dwarf pair counterparts that are farther than 200 kpc from any
massive galaxy. This is supported by findings by Geha et al.
(2012), who showed that only dwarfs within 1.5 Mpc of a
massive galaxy are quenched of their SF.
We have further insight into the nature of dwarf mergers

from the nearby Magellanic System (MS), which serves as the
template for ongoing dwarf−dwarf interactions. A bridge of
gas connects the two galaxies, and a leading and trailing
gaseous stream span >100° of sky. Together, these features
constitute an extended H I distribution that represents the
ongoing interaction. The origin of the extended gaseous
features, however, has remained ambiguous since their
discovery (Mathewson et al. 1974; Putman et al. 1998), which
is tied to the difficulty in modeling the dynamics of the 3-body
Large Magellanic Cloud (LMC), Small Magellanic Cloud
(SMC), and Milky Way (MW) system. Many models have
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invoked tidal or ram pressure forces from the MW halo to
create the gaseous features (e.g., Gardiner & Noguchi 1996;
Mastropietro et al. 2005; Connors et al. 2006; Diaz &
Bekki 2011), while others create the gas streams largely
through the interaction of the Magellanic Clouds (MCs)
themselves in a first infall scenario (e.g., Besla et al.
2010, 2012; Pardy et al. 2018), and by additionally including
a hot corona (Lucchini et al. 2020).

LMC−SMC pairs, as well as dwarf pairs and dwarf groups,
are rare at z= 0, both in the field and near MW type hosts, both
observationally and theoretically (Boylan-Kolchin et al. 2011;
González et al. 2013; Stierwalt et al. 2017; Besla et al. 2018).
However, 10% of dwarfs are cosmologically expected to have
undergone a 1:10 mass ratio merger since z= 1 (Deason et al.
2014). Since the interaction timescale of dwarfs can be long
(6–10 Gyr; Besla et al. 2012; Pearson et al. 2018), it is likely
that such interactions are not cosmologically negligible to the
baryon cycle of low-mass galaxies. Given the significant
amount of gas removed from the MCs (For et al. 2014; Fox
et al. 2014; D’Onghia & Fox 2016), establishing the physical
mechanism responsible for removing the large amount of mass
is critical for our understanding of the baryon cycle of low-
mass galaxies and the role of minor mergers in feeding the
circumgalactic medium (CGM) of galaxies like the MW.

While recent observational and theoretical efforts have given
insight into the frequency of dwarf interactions and the
associated SF, we still have a limited understanding of the
distribution of gas surrounding dwarf pairs beyond the MS.
Pearson et al. (2016; hereafter P16) studied the gas distribu-
tions of 10 interacting dwarf pairs using resolved synthesis H I
maps (the Local Volume TiNy Titans). They found that the gas
distributions of dwarf pairs were systematically more extended
when compared to a control sample of nonpaired dwarf
irregulars with the same stellar extents (see P16, Figure 7).
Hence, data strongly suggest a scenario in which tidal
interactions serve to move gas to the outskirts of dwarf
galaxies. Interestingly, this gas remains bound to the dwarf
pairs unless the pairs are in the vicinity of a massive galaxy (see
also Pearson et al. 2018). If gas is tidally preprocessed and
extended due to dwarfs’ mutual interaction, this can affect the
efficiency at which gas is fed to more massive galaxies if the
dwarfs are subsequently accreted. This was demonstrated by
Marasco et al. (2016), who used the EAGLE cosmological
hydrodynamical simulations to show that dwarfs that had
previously undergone a dwarf−dwarf encounter are more
likely to be subject to efficient ram pressure stripping when in
the vicinity of a more massive host galaxy. These results
indicate that dwarf−dwarf interactions are an important part of
the baryon cycle of low-mass galaxies, which enables the
parking of gas at large distances. This extended gas can serve
as a gas supply channel to the dwarfs until accretion by a more
massive host prevents this gas from being reaccreted by the
dwarf pair. P16 had a sample of only 10 pairs and used archival
data that had varying sensitivity and resolution. Additional
sensitive, high-resolution observations are needed to confirm
the results and expand the parameter space of the types of
interactions.

In this paper, we expand the sample of confirmed low-mass
interacting galaxies that are mapped with high-resolution H I
data. We chose three systems that were candidate interacting
dwarf systems, and mapped them in detail with Very Large
Array (VLA) H I data. Our primary goals were to first confirm

the interaction and then to characterize dwarf interactions in a
range of environments.
The NGC 3664 and NGC 3264 dwarf pairs were selected

because they reside in an isolated environment and therefore
provide insight to the mutual interaction between dwarfs
irrespective of any nearby massive galaxy. These pairs have
different pair separations than the pairs in P16, and thus extend
their sample to include pairs at different stages of interaction.
The dwarf triplet UGC 4638 is located <200 kpc from a
massive MW type spiral, and we selected this target to study
the early stages of an interaction between a dwarf group and a
more massive host galaxy. These data are a rare example of an
H I map of an interacting dwarf triplet (see also Chengalur &
Pustilnik 2013). The high-resolution resolved H I data provide
unique insight into the baryon cycle and hierarchical structure
formation at the low-mass end (see an example of an optical
study of a dwarf group in Stierwalt et al. 2017).
While we know of >100 dwarf galaxy pairs in the local

universe (z< 0.02; e.g., Paudel et al. 2018), only tens of dwarf
pairs have high-resolution resolved H I maps (e.g., Pearson
et al. 2016). Adding three interacting dwarf systems to the
existing sample of interacting pairs with detailed H I maps is
therefore a significant increase. We search for evidence of a
mutual interaction through the presence of H I bridges, which
are hallmarks of interaction (e.g., Toomre & Toomre 1972;
Combes 1978; Hibbard & Mihos 1995). Additionally, we
combine the H I data with the released Pan-STARRS data
(Chambers et al. 2016) to reveal coincident tidal stellar and H I
features, and investigate the gas content and detailed
kinematics of the three systems. Our dwarf pairs thus contribute
to the emerging observational and cosmological findings of
how hierarchical interactions impact the baryon cycle of low-
mass galaxies.
This paper is structured as follows: in Section 2 we discuss

the observing, calibration, and imaging strategies for the H I
data. In Section 3, we present the final H I moment maps for the
three systems, as well as comment on the properties of these
maps. In Section 4, we compare the H I morphology and
kinematics of each system to a sample of isolated dwarf
galaxies and discuss the H I and optical properties of the UGC
4638 triplet. Lastly, in Section 5 we offer concluding remarks
as well as motivation for future work that utilizes these data.
In this work, we assume a standard flat FLRW cosmology

with H0= 70 km s−1 Mpc−1, ΩΛ= 0.7, and ΩM= 0.3.

2. Observations and Data

2.1. Targets

We observed the candidate interacting dwarf systems NGC
3664, NGC 3264, and UGC 4638 with the Karl G. Jansky VLA
in the VLA-C and VLA-D configurations, as part of VLA
project 17A-296. The VLA-C and VLA-D arrays have
maximum baseline lengths of approximately 0.3 km and 1.0
km, respectively, resulting in sensitivity to emission on
different angular scales. Additionally, NGC 3264, NGC
3664, and UGC 4638 are at different redshifts resulting in
the maximum angular sensitivity corresponding to different
spatial scales. Peak sensitivity for our targets for C and D array
are 0.9 and 3.0 kpc for NGC 3264, 1.3 and 4.4 kpc for NGC
3664, and 3.2 and 10.4 kpc for UGC 4638. As a result,
combining these two configurations allows us to resolve the H I
structure of the systems, while also detecting any extended H I

2
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morphological features. Due to scheduling, each target had a
different number of observations, array configurations, and
total target observation time, which affected the resolution and
column density sensitivity. We have the best column density
sensitivity for NGC 3664, allowing us to detect the most
diffuse emission in that system. These specifics of the
observations are recorded in Table 1.

The primary dwarf galaxies in our interacting systems span a
range in total V-band magnitude of −19.16 to −19.40,
comparable magnitudes to the LMC and M33 in the Local
Group that have V-band magnitudes of −18.3 and −19.4,
respectively.10 The interacting dwarf system NGC 3664 was
previously observed by Wilcots & Prescott (2004). Our
observations have almost twice the spatial resolution and
sensitivity. This increase in sensitivity allows us to further
explore the H I bridge first tentatively detected in Wilcots &
Prescott (2004). Similarly, NGC 3264 was previously observed
by Wilcots et al. (1996), but this time our new observations
offer a factor 3 greater spatial resolution and a factor of 2
greater sensitivity. This increased sensitivity allows us to
potentially detect more diffuse H I to trace an interaction. No
previous interferometric H I observations have been taken to
understand the gas in the UGC 4638 system, which allows us
to provide a first important look into the dynamics of a triple
dwarf interaction.

2.2. Data Reduction

We carried out the data reduction using the Common
Astronomy Software Application (CASA) with standard
calibration methods (McMullin et al. 2007). We did the
calibration in an iterative process where we calculated an initial
calibration, flagged radio frequency interference (RFI) from the
data, and then recalculated the calibration on the RFI-free data.
We then flagged the target fields by hand with the automated
flagging agent, RGLAG, which is an internal flagging agent to
CASA that flags out statistical outliers.

After we completed the calibration, we set the weights for
each data set to be integration based in order to properly
combine the data for imaging. We then frequency averaged to
achieve a spectral resolution of 62.5 kHz, which corresponds to
a channel width of 13 km s−1 at z= 0. Next, we imaged the
data with a robust weighting of 0.5 in order to create a cube of
optimal sensitivity and resolution. Finally, we identified the
emission-free channels and used them to fit a first-order

polynomial using the CASA task IMCONTSUB to produce a
continuum free cube. The properties of the three cubes are
summarized in Table 1.

2.3. Final Moment Maps

In order to best define the region containing H I emission, we
performed a thorough inspection of emission persistence across
different spatial and spectral smoothing combinations. We
identified the H I emission in cubes of different resolutions, and
determined a final mask for the detection by comparing the
different resolution cubes and extrapolating them to the full
resolution cube. We created the final H I maps by using the
cube of optimal resolution for the H I emission and integrating
over all pixels within the mask with values greater than ±2σ.
This strategy for moment map creation is implemented to
ensure that the lowest contour is real emission and remains as
clean as possible from RFI. We calculate H I masses by adding
the flux in a region that is two pixels more extended than the
lowest column density contour in the final moment map in
every channel for which emission is present. This method of
mass calculation is sensitive to the mass contribution for even
the lowest level emission, allowing for the most accurate mass
measurement.
The dwarf systems’ luminosity distances were set by the H I

systemic velocity of the dwarf systems. We estimated H I mass
errors by taking the flux of regions in random locations of
identical size to the one used for the mass calculation and find

Table 1
Summary of the Data

Target Field Array Configurationsa,b Time on Target rmsc Column Density Sensitivityd Synthesized Beame

(hr) (μJy beam−1) (×1019 atoms cm−2) (″)

NGC 3664 C + D 4.00 315 0.78 36.0 × 33.0
NGC 3264 C 2.75 300 1.13 31.0 × 25.0
UGC 4638 C + D 3.50 300 2.84 20.0 × 15.5

Notes.
a These observations were made during VLA semester 2017A, spanning from 2017 February 10 to 2017 August 28.
b Each observation had the identical correlator setup with a total bandwidth of 4MHz with 256 15.625 kHz channels.
c Per 62.5 kHz emission-free channel.
d Per 62.5 kHz emission-free channel, at the 2σ level.
e After imaging with robust weighting of 0.5 and smoothing for optimal sensitivity.

Table 2
Summary of System Properties

System Distancea
Pair

Separationb
Distance to

Hostc

Primary Dwarf
V-Band

Magnituded

(Mpc) (kpc) (kpc) (mag)

NGC 3664 19.7 35 >1500 −19.40 ± 0.41
NGC 3264 13.4 12 ≈800 −19.34 ± 0.59
UGC 4638 47.8 <15 180 −19.16 ± 0.64

Notes.
a The dwarf systems’ luminosity distances are set by the systemic velocity of
the dwarf systems as measured from the H I spectrum.
b Projected physical separation between the dwarfs in the system calculated at
their reported distance.
c More massive host galaxy defined as a galaxy with M* > 1010Me.
d The absolute magnitude of the primary galaxy, defined as the most massive
dwarf galaxy in the system, as reported by the NASA/IPAC Extragalactic
Database (NED) when queried with the system ID.

10 The absolute magnitude of the primary galaxy, defined as the most massive
dwarf galaxy in the system, as reported by the NASA/IPAC Extragalactic
Database (NED) when queried with the system ID.
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the standard deviation of the distribution of these empty field
masses.

3. Results

In this section, we present the final moment maps and Pan-
STARRS optical images for each of the interacting systems, as
well as a qualitative description of their H I emission. We
summarize the properties of our targets in Tables 2 and 3.

3.1. The NGC 3664 System

In the top row of Figure 1, we present the H I morphology
(left) as well as the H I kinematic information (right) for NGC
3664 overlaid on a Pan-STARRS r-band image. The NGC
3664 system consists of two dwarf galaxies separated by
roughly 38 kpc in projection, and is isolated (>1.5 Mpc) from
any galaxy with a stellar mass of more than M* > 1010 Me.
Our H I map (Figure 1, left) shows that the barred Magellanic-
type spiral and the small irregular companion (see blue arrows)
are connected by a low column density H I bridge (see purple
contours). Wilcots & Prescott (2004) previously presented H I
observations of the NGC 3664 system, and their data were
highly suggestive of a relationship between the two galaxies,
but the H I column density was not sensitive enough to connect
the objects.

The connecting bridge between the two dwarf galaxies
confirms they are interacting. H I bridges are a common
consequence of galactic tidal interactions (e.g., Hibbard &
Mihos 1995; Privon et al. 2013). We note that the NGC 3664
bridge has a relatively low column density, ≈2× 1019 atoms
cm−2, compared to the interacting dwarf pairs in P16, in which
all bridges have column densities greater than 8× 1019 atoms
cm−2. However, any bridges that do exist at the low level of
NGC 3664ʼs bridge would not have been detected in the P16
sample due to the poorer sensitivity. The H I bridge is likely too
diffuse for SF to occur, as in the case of the Magellanic Bridge,
and in fact in Figure 2 (top), we see no evidence of UV
emission at the location of the H I bridge. The UV emission in
both the primary and secondary galaxy closely follows the
optical emission in the Pan-STARRS images. This indicates
that while there is SF in the optical extent of the galaxies, there
is no detectable SF in the diffuse H I bridge connecting the
systems. This is consistent with the fact that the separation
between these two galaxies is at least twice that of the

Magellanic Clouds. The lack of a tidal stellar bridge feature is
likely due to the fact that H I is typically more extended are
than stars in dwarfs (e.g., Swaters et al. 2002) and therefore
gets affected tidally first.
The total H I mass within the H I bridge, defined as all gas

between decl. 3°16′–3°17′, which is a projected length of
5.7 kpc, is MH I≈ 3× 107 Me, with a peak H I column density
of 4× 1019 atoms cm−2. For comparison, the total H I mass
within the region shown in the upper left panel of Figure 1 is
MH I= 1.65± 0.08× 109 Me (see Table 3). Thus, the bridge
H I mass only contributes a few percent to the total H I mass of
the system. The total H I mass within the primary (NGC
3664A), which is the most massive galaxy in NGC 3664,
defined as all of the H I in the region at a decl. >3°16′, is
MH I= 1.54× 109 Me.
The H I distribution and the kinematics around NGC 3664A

offer further evidence of the interaction between these two
dwarfs: the H I is significantly more elongated along the
velocity major axis than the minor axis (Figure 1, top). This is
unusual as the kinematic major axis is not aligned with the
optical major axis. However, the optical morphology is
disturbed to the southeast, which is in the direction of the H I
kinematic axis. The kinematic major axis is not pointing toward
the companion galaxy, which lies due south. This could be a
consequence of the specific orbital properties of the encounter
or due to an offset between the orbital plane and the inclination
of the smaller dwarf (see e.g., Pearson et al. 2018).
The Pan-STARRS r-band image illustrates that the NGC

3664 system could be an example of a generic collision
scenario leading to an one-armed, off-centered, barred galaxy
(Athanassoula 1996; Berentzen et al. 2003; Bekki 2009; Besla
et al. 2012, 2016; Pardy et al. 2016). Additionally, the primary,
more massive galaxy, NGC 3664A, does not show evidence for
differential rotation (Figure 1, top right, and Figure 6, left
panel). The velocity gradient across the kinematic major axis is
increasing, rather than reaching a peak on either side of the
galaxy and then flattening out.

3.2. The NGC 3264 System

In the middle row of Figure 1, we present the H I
morphology (left), as well as the H I kinematic information
(right) for the NGC 3264 system overlaid on Pan-STARRS r-
band data. This system is an example of a more massive dwarf

Table 3
Neutral Hydrogen Properties

System Central Velocitya W20
a VLA H I Massb Single-dish H I Massc Mass Ratio of Membersd

(km s−1) (km s−1) (×109 Me) (×109 Me)

NGC 3664 1376 159 1.65 ± 0.08 1.74 ± 0.01e 4:1
NGC 3264 935 146 0.47 ± 0.04 0.63 ± 0.01f 90:1
UGC 4638 3315 121 2.64 ± 0.15 L 4:2:1
UGC 4640g 3312 337 5.90 ± 0.57 19 ± 0.01h L

Notes.
a Velocity measurements are taken from our VLA data and have an error of 13 km s−1.
b The combined VLA H I mass for the system measured over the entire region with emission (see Figure 1).
c Single-dish instruments do not have the required resolution to disentangle the masses of UGC 4638 and UGC 4640.
d An approximate mass ratio found by comparing the ratio of the H I mass within the optical component of each member galaxy.
e The flux used in this calculation is from the ALFALFA survey (Haynes et al. 2011).
f The flux used in this calculation is from the entry for NGC 3264 in HyperLEDA (Makarov et al. 2014).
g This is the MW type spiral galaxy that is a likely host galaxy to the UGC 4638 dwarf triplet system.
h The combined single-dish H I mass for UGC 4640 and UGC 4638. Note that we cannot derive a single-dish mass for the triplet alone.
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galaxy accreting a smaller dwarf companion (see blue arrows),
with an approximate mass ratio of 90:1 (see Table 3). The
projected separation between the two dwarfs is only ≈12 kpc
and the system is relatively isolated, approximately 800 kpc
from the nearest massive galaxy.

We measure a total H I mass for the entire NGC 3264 system
of 0.47± 0.04× 109 Me (see Table 3) across the region
showed in Figure 1. The single-dish H I measurement found
from Makarov et al. (2014) for this system is higher at
0.63± 0.01× 109 Me indicating there is additional diffuse gas

Figure 1. The neutral hydrogen morphology (left) and kinematics (right) for the NGC 3664 (top), NGC 3264 (middle), and UGC 4638 (bottom) dwarf systems,
overlaid on Pan-STARRS r-band images (Chambers et al. 2016). The magenta lines correspond to column densities of, at top, 0.13, 0.40, 1.20, 3.60, 10.8, and
15.00 × 1020 atoms cm−2; in the middle, 0.35, 1.3, 2.5, 5.0, 10.0, and 11.9 × 1020 atoms cm−2; and at bottom, 1.5, 3, 4.5, 6, 7.5, 9, 10.5, and 12 × 1020 atoms cm−2.
The black contour in all plots corresponds to a column density of 7 × 1019 atoms cm−2. The blue arrows point to the location of the dwarf members in each system.
All images are oriented with north pointing up and east pointing left, and the beams are the hatched ellipses appearing in the southwest corners.
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that is not recovered here. The most striking feature of this
system is the elongation along the east side of the kinematic
minor axis (at R.A.≈ 10h32m28s). This may be an induced
tidal feature as a result of a specific orbital configuration of the
smaller secondary dwarf around the larger primary dwarf.
In Wilcots et al. (1996), the authors showed the same H I

extension along the north–south direction, but due to resolution
limits, they were unable to resolve the smaller companion
within the dwarf system. Our observations have the resolution
and sensitivity to show a clear secondary peak in H I emission
coincident with the smaller companion in the r-band Pan-
STARRS image. Our observations show that these galaxies are
connected by the lowest column density contour with a smooth
velocity gradient (Figure 1, middle right). This is clearly an
interacting system with an H I mass ratio of 90:1. In the high-
resolution Pan-STARRS images, we see that the northern spiral
arm of the primary galaxy, NGC 3264, appears to be at a
different pitch angle than that of the arm in the south, which is
an indication of a spiral galaxy being unwound (Bellhouse
et al. 2021). Additionally, we see this feature more pronounced
in the GALEX image (Figure 2 middle) with the UV emission
even more extended than the optical emission in this unwinding
arm. The fact that there is more UV emission than optical
emission in this unwinding arm indicates that the stellar
population is younger, and that it is the location of active SF.
This galaxy unwinding in the direction of the smaller
interacting companion is consistent with a tidal interaction
between the two dwarfs (e.g., Toomre & Toomre 1972). The
recent SF in this unwinding arm is an indication that the tidal
interaction between the two galaxies is responsible for the
conversion of the H I envelope connecting the systems into new
stars.

3.3. The UGC 4638 System

In the bottom row of Figure 1, we present the first maps of
the total H I morphology (left), as well as the H I kinematic
information (right) for UGC 4638: a system of three dwarfs
(see blue arrows) interacting near the more massive MW type
spiral galaxy, UGC 4640. The H I contours are overlaid on a
Pan-STARRS r-band image. The extent of the H I envelope for
the three interacting dwarfs is 40 kpc in projection, and the
three dwarfs reside 180 kpc in projection from the more
massive UGC 4640 spiral galaxy. The total H I mass of the
triplet, measured over the region shown in Figure 1, is
2.64± 0.15× 109 Me (see Table 3).
In Figure 3, we show a zoomed in greyscale r-band image

for UGC 4638, as well as the Pan-STARRS composite optical
image. There are some faint extended optical features between
the two smaller mass members (in the north) that are likely
results of an interaction. In Figure 2 (bottom), we see that the
UV emission is distributed through all areas where we see
optical emission, indicating that the entire system is undergoing
current SF. The diffuse UV emission is also coincident with the
diffuse H I emission, suggesting that young stars are being
formed in the diffuse H I enveloping the systems. This indicates
that the interaction is causing SF outside of the main bodies of
the constituent dwarf galaxies.
The diffuse starlight and H I in the southeast extending from

the primary dwarf appears similar to the extended H I and
stars from the primary dwarf in the NGC 4490/85 pair

Figure 2. Ultraviolet images for (top) NGC 3664, (middle) NGC 3264, and
(bottom) UGC 4638 2 58. The images are taken from the Galaxy Evolution
Explorer (GALEX) Allsky Imaging Survey (AIS; Bianchi et al. 2014). In each
image, the transfer function is the native color map produced by the GALEX
AIS team, as output by the Aladin Sky Atlas (Bonnarel et al. 2000; Boch &
Fernique 2014).
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(see Pearson et al. 2018, Figure 1). Through dynamical
modeling, Pearson et al. (2018) found that the smaller dwarf,
NGC 4485, had passed through the disk of NGC 4490 and
induced a one-armed spiral, which we view edge-on. We might
be seeing a similar scenario for the triplet system, which is
supported by the presence of the H I bridge. Another scenario
could be that the coincident extension of the H I and the diffuse
starlight east of the primary in the triplet indicates a late-stage
interaction. In an early-stage interaction, only the H I would be
disturbed, because the stars are typically less extended than the
gas (Swaters et al. 2002) and have a stronger anchoring force.
In a later-stage interaction, however, the stars could have had
time to be pulled out by the tidal forces, or have had time to
form in the gas stripped from the dwarf system. However,
dynamical models are necessary to make any definitive
conclusions about the dynamical state of the triplet system.

Our original VLA pointing was centered in between the UGC
4638 system and the massive galaxy UGC 4640, allowing for
both galaxies to reside within the primary beam of the VLA
pointing and accurate mapping and mass measurements to be
made. In Figure 4, we again show the H I distribution for the
UGC 4638 triple (south) but also for the nearby massive galaxy
UGC 4640 (north). The total H I mass of UGC 4640 is
5.9± 0.57× 109 Me (see Table 3). The triplet’s systemic
velocity is less than 10 km s−1 offset from the UGC 4640
galaxy’s systemic velocity (see Table 3), and it is located only
180 kpc away in projection. These two facts imply that the UGC
4638 dwarf triplet is likely dynamically associated with the
larger spiral, similar to the MW and Magellanic Clouds (see also
Paudel & Sengupta 2017; Paudel et al. 2018, 2020). Note,
however, that UGC 4638 resides three times farther from UGC
4640 than the MCs reside from the MW.

We took follow-up observations for the UGC 4638 triplet
and UGC 4640 spiral system using the Greenbank Telescope
(GBT). We mapped a 45′× 45′ region around the system and

calibrated and imaged the data using standard packages in
GBTIDL. No diffuse H I could be explicitly disentangled from
the gas from the two bright H I sources due to the large beam of
the GBT. This caused the sources to be coincident within the
same lowest column density contour. We are able to calculate a
total H I mass for the UGC 4638/4640 system of 1.9× 1010

Me from the GBT data. This is approximately double the sum
of the H I masses measured from the VLA data. This result
suggests that a large proportion of the total neutral gas of the
UGC 4638/40 system resides outside of the H I envelopes
detected by the VLA.

4. Discussion

Here, we discuss several of the science implications that can
be extracted from our detailed maps of the gas distribution for
the three interacting dwarf systems. In Section 4.1, we
investigate the total measured H I masses of our individual
dwarf systems and compare the values to what we would expect
given the dwarfs’ optical extents. In this analysis, we include a
comparison to the P16 dwarf pair sample. In Section 4.2, we
analyze the detailed kinematic maps of the NGC 3664 and the
NGC 3264 systems and compare their velocity profiles to
expectations from empirical relations. We investigate the
kinematics and potential interaction of the UGC 4638 triplet
with its more massive host, UGC 4640, in Section 4.3.

4.1. Investigating the Total to Expected H I Content of the
Dwarf Systems

The gas content of interacting dwarf galaxies should be
dynamically affected by the interaction. To investigate whether
this is true for the dwarfs presented in this work, we compare
the H I content versus diameter relationship of our dwarf
systems to what is expected for isolated dwarfs. To determine
what the expected H I mass is for isolated dwarf galaxies, we

Figure 3. Left: a zoom-in on the Pan-STARRS r-band image of the UGC 4638 dwarf triplet. The gray scale is logarithmic, and the window has a physical size of
28.3 × 23.8 kpc. We clearly see extended diffuse starlight coming off of the primary galaxy (lower left corner), which is similar to the diffuse extended starlight from
the NGC 4490 dwarf in Pearson et al. (2018). We also see clumpy star formation north of the primary, as well as diffuse starlight extending from the two smaller
dwarfs in the central west and northwest (upper right) part of the image. Right: same as left, but showing a Pan-STARRS i-, r-, and g-band composite image of the
UGC 4638 triplet, with the color scale from red to blue corresponding to the intensity of the bands i, r, and g, in that order, with the transfer function weighted more
toward the g band such that fine color distinctions can be made. This image reveals that the diffuse stellar extensions follow the overall color distribution of the
galaxies and are therefore likely associated with the triplet. The thin, dense stellar feature between the three dwarfs is redder and appears to have a central bulge. It is
therefore likely a background galaxy.
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use the empirical relationship from Swaters et al. (2002):

B Alog M log D 110 H I 10= + ´( ) ( ) ( )

where D is a dwarf’s H I diameter, taken to a column density of
1 Me pc−2, and MH I is the total expected H I mass based on
this diameter. The fit to the sample of 73 isolated dwarf
galaxies with H I masses in the range 107.5−10.0 Me in Swaters
et al. (2002) gives values of A= 1.43 and B= 7.25 for the free
parameters in Equation (1). The masses for the isolated dwarf
galaxies in Swaters et al. (2002) are derived using single-dish
measurements and are therefore representative of the total H I

mass in the system.
For each dwarf in our three dwarf systems, we measure the

H I diameter out to 1 Me pc−2 using our interferometric maps.
We then compute the expected H I mass for each dwarf galaxy
using Equation (1). Subsequently, for each particular dwarf
system, we combine the expected H I mass from each dwarf
galaxy into a total expected H I mass for the entire system.
Thus, for NGC 3664 and NGC 3264, we combine the expected
H I mass for the two dwarfs in each system, and for UGC 4638,
we combine the expected H I mass for the three dwarfs. To
compare our results to the findings in P16, we additionally used
the H I extent, at a column density of 1.04 Me pc−2 radius,
from their Table A2, and followed the procedure above to
obtain the expected H I mass for the 10 dwarf systems in the
their sample.11

In Figure 5 (left), on the x-axis we present the H I mass from
Equation (1) and show the relation with the observed single-
dish H I mass on the y-axis for the P16 sample, the NGC 3264
system, and the NGC 3664 system (see Table 3). For UGC
4638, we cannot derive a single-dish mass (see Table 3 for a
combined UGC 4638 and 4640 systems); thus for UGC 4638
we plot the VLA H I mass. We plot our three interacting dwarfs
systems as a square (NGC 3264), triangle (NGC 3664), and
diamond (UGC 4638), and we present the P16 sample as black
outlined circles. Each point corresponds to an entire system
(i.e., including the primary, secondary and, for UGC 4638, the
tertiary dwarf).

The shaded gray region in Figure 5 (left) shows 1σ, as
measured by calculating the residual rms about the fit, above
and below the case in which the expected H I mass from
Equation (1) is equivalent to the observed H I mass. The
observed combined H I masses for the 13 dwarf systems are all
within 2σ of the expected H I mass and do not appear deficient
in H I when compared to the Swaters et al. (2002) control
sample. This is consistent with findings of Stierwalt et al.
(2015), who showed that only dwarf pairs residing<200 kpc
from a massive host galaxy can be H I deficient when compared
to isolated, nonpaired dwarfs. While the UGC 4638 system and
two of the P16 pairs (see their Table 4) reside <200 kpc from a
massive galaxy, based on Figure 5 (left) these systems do not
yet appear to have lost a substantial fraction of their gas.
Interestingly, when the constituent galaxies for NGC 3264 and
NGC 3664 are considered individually, it is the smaller
companion galaxies that are more deficient in their H I
reservoir. In each case the secondary dwarf galaxies are
deficient in mass by approximately a factor of 3, while the
primary galaxies are only slightly deficient.

In Figure 5 (right), we show the relationship between
measured single-dish H I masses and interferometric H I masses
for the same systems (note that we omit UGC 4638 as we could

Figure 4. The H I morphology overlaid on a Pan-STARRS r-band image of the
UGC 4638 dwarf triplet (bottom) and the nearby UGC 4640 spiral galaxy (top).
The contours correspond to H I column density levels of 0.93, 1.85, 3.70, 5.55,
7.40, and 8.79 × 1020 atoms cm−2.

11 We are unable to use exactly 1 Me pc−2 but the difference in radius for this
slight difference in column density is negligible.
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not obtain a single-dish H I mass for this system). The
interferometric measurements for the P16 sample come from
their Table A2. We see that the single-dish values are generally
higher than the interferometric H I masses, which means that gas
resides in a diffuse envelope around the interacting system. If we
had instead used H I measurements from interferometers on the
y-axis of Figure 5 (left), the values from P16 and for our systems
presented here would be systematically lower. The fact that the
single-dish H I mass measurements capture this gas confirms the
findings of P16, who argued that gas is parked at large distances
through dwarf interactions, but that gas is not fully removed
unless the pairs are in the vicinity of a massive host. Using H I
measurements from interferometers can thus lead to an under-
estimate of the H I mass, as interferometers are not sensitive to
large-scale emission. Our VLA H I mass for NGC 3264 is
approximately 30% lower than the single-dish value reported in
Table 3. Our H I mass measurement for NGC 3664 is in
agreement with the single-dish measurement shown in Table 3,
with only a 5% discrepancy in mass. From our GBT
measurements, we know that the UGC 4638/40 system is more
massive than our VLA measurements imply, but it is not
possible to disentangle the triplet from the spiral. For UGC 4638
in Figure 5 (left) we plotted its y-axis observed mass from
interferometric data. On average, the interferometric measure-
ments for the P16 sample are 26% lower than the single-dish
measurements. From our GBT observations including UGC
4640, we know the true mass is likely higher. This suggests that
the point should be higher, making it among the most gas rich in
our sample and that in P16. This is perhaps a result of the unique
triple nature UGC 4638 system, or perhaps an indication of an
early-stage interaction with the massive galaxy UGC 4640.

4.2. The Peculiar Velocity Profiles of NGC 3664 and
NGC 3264

In Karachentsev et al. (2017), the authors use the kinematics,
luminosities, and gas masses of dwarf galaxies to make a suite
of different Tully–Fisher relationships. In this section, we

investigate how our sample of dwarf−dwarf systems compares
to the expected values in Karachentsev et al. (2017) and what
differences in the expected and measured values can imply
about the nature of the dwarf−dwarf systems.
In the primary galaxy in NGC 3664, henceforth NGC

3664A, we measured a total velocity width of W50= 66 km s−1

at 50% of its maximum flux from our VLA data. Assuming an
inclination angle12 of 57°.2, the total corrected velocity width is
Wi

50 = 78.5 km s−1. The total H I mass within just NGC
3664A, defined as all of the H I in the region at decl. >3°16′, is
1.54× 109 Me. Using the Karachentsev et al. (2017) relation
for the gaseous Tully–Fisher relationship for dwarfs, which
relates H I mass and Wi

50 (see Karachentsev et al. 2017 Figure 9
for the relationship and accompanying data), we find that NGC
3664A’s total H I content derived from its Wi

50 should be
1.16× 108 Me, which is an order of magnitude lower than the
observed mass. Equivalently, the system is rotating 100 km s−1

slower than we would expect given its amount of H I. There is
some ambiguity to this statement due to the uncertainty in
inclination for such a disturbed galaxy. However, even a broad
range in inclinations will result in the same conclusion. In
Section 4.1, we made the opposite conclusion: namely that the
NGC 3664 system had less H I than expected (see Figure 5).
This was based on the optical extents of the dwarfs in NGC
3664. The fact that the kinematic analysis above tells a different
story indicates that NGC 3664 is a perturbed system.
In the left panel of Figure 6, we show the position–velocity

diagram for NGC 3664A from our VLA data. The diagram
clearly illustrates that the rotation curve of the H I gas does not
flatten out, but instead keeps rising. This is in contrast to the
findings of Swaters et al. (2009), who showed that in isolated late-
type dwarf galaxies the flat part of the rotation curve was reached
past two scale lengths of the optical disk. Interestingly, the H I
component of NGC 3664A spans approximately four optical disk

Figure 5. Left: the measured H I mass as a function of expected H I mass for the 10 systems in the P16 sample (black outlined circles), the Swaters et al. (2002) sample
(black outlined stars), and the three dwarf systems NGC 3264, the square, NGC 3664, the triangle, and UGC 4638, the diamond. For all systems except for UGC 4638,
the H I measurements are from single-dish telescopes. The expected value is derived through the H I mass to B-band optical radius relationship for dwarf galaxies in
Swaters et al. (2002), using Equation (1) and the values from Section 4. The gray shaded region illustrates the ±1σ error on the fit calculated from the 73 isolated
dwarf galaxies with H I masses in the range 107.5–10.0 Me in Swaters et al. (2002). Note that this figure only shows those galaxies with an observed H I mass greater
than 108.7 Me. The dwarf systems presented in this paper and the dwarf pairs from P16 do not appear significantly H I deficient when compared to the Swaters et al.
(2002) sample of isolated dwarfs. Right: the relationship between measured single-dish H I masses and interferometric H I masses for the same systems. The
interferometric measurements for the P16 sample come from their Table A2 and the single-dish measurements are compiled from the literature (Bottinelli et al. 1978;
Shostak & Allen 1980; Richter et al. 1994; Putman et al. 2003; Koribalski et al. 2004; Koopmann et al. 2008; Matthews & Uson 2008). The values for NGC 3264 and
NGC 3664 are those reported in Table 3. The single-dish masses are generally larger than the interferometric masses, which means there is significant extended gas in
these systems.

12 Measurement from the entry for NGC 3664 in Hyperleda (Makarov et al.
2014).
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scale lengths. Additionally, the H I velocity field for NGC 3664A
shows a very clear gradient across the galaxy, but it is not that of a
normally differentially rotating disk, characterized by the two
halves of the galaxy as split by the kinematic minor axis moving
at plus/minus the approximate same velocity. This fact is also in
contrast to the LMC, a similar galaxy in the optical, in which the
flat part of the rotation curve is reached (Kim et al. 1998).

NGC 3664A therefore presents two unique problems: (1) the
dwarf has too much H I when compared to the expected
relations from Karachentsev et al. (2017), and (2) the dwarf
does not flatten out kinematically as expected from Swaters
et al. (2009). One mechanism that could be causing these
kinematic oddities is an inclined warp, similar to that seen in
M33, though at a different viewing angle (Corbelli &
Schneider 1997). This is a hard effect to disentangle without
rigorous modeling, as the optical morphology of the galaxy
itself is quite complicated.

Another possible explanation is that the disturbed kinematics
could be due to peculiar motions of gas within the galaxy itself.
The Tully–Fisher relationship, used in the Karachentsev et al.
(2017) relation, may not be well calibrated for galaxies such as
NGC 3664A, because the Wi

50 might not truly represent the
kinematic spread within the galaxy. Sufficient amounts of gas
could have been moved to the outskirts, which could add to the
total mass but go unnoticed by a crude measure such as the
Wi

50. The fact that the rotation curve does not flatten out could
also be due to the fact that there are flows of gas within the
galaxy itself due to the ongoing interaction. This work thus
shows the importance of fully understanding the environment
of a galaxy and how the environment can challenge scaling
relation expectations.

For the NGC 3264 system (see Figure 6, middle), the
rotation curve of the approaching side of the primary dwarf
(left) appears to flatten out. The location of the secondary (see
white circle), makes it difficult to determine whether the
receding side also flattens out. Assuming an inclination of 90°
for the primary galaxy13, we calculate W 133.9i

50 = km s−1,

measured over the entire NGC 3264 system. This matches the
expected width given the Tully–fisher relationship in Kar-
achentsev et al. (2017 Figure 9) to within less than 0.5σ, and its
velocity map in Figure 1 looks typical for a differentially
rotating system. As a result of these more regular kinematics,
the dynamical state of NGC 3264 appears to be more relaxed
than that of NGC 3664. This could be due to a number of
reasons ranging from the dynamical stage in the system’s
evolution, or, more likely, the fact that the NGC 3664 and NGC
3264 systems differ both in mass ratios of the member dwarfs
and the total distance separating them. Additionally, NGC 3264
has more regular contours, as opposed to the more diffuse
irregular contours at the lowest level for UGC 4638 and NGC
3664. This further indicates that the dynamical state of NGC
3264 is more relaxed than for NGC 3664 and UGC 4638.

4.3. The Kinematics and Environment of the UGC 4638 Dwarf
Triplet

The UGC 4638 dwarf triplet is within 180 kpc (projected)
from the massive galaxy UGC4640. This projected distance is
likely to be within the virial radius of UGC464014, and this
together with the similar systemic velocities of the two suggest
they may be interacting. The systemic velocities for UGC 4638
and UGC 4640 are 3315± 153 km s−1 and 3312± 13 km s−1,
respectively. This indicates that the majority of the triplet’s
orbital motion around the more massive UGC 4640 is taking
place in the plane of the sky or that we are catching the triplet
close to its orbital apocenter. The H I enveloping the UGC 4638
system is compressed in the direction parallel to UGC 4640,
and with a normal gradient, if not slightly extended, in the
direction perpendicular to UGC 4640. This H I morphology
additionally supports the claim of a plane of the sky orbit, and
may be the result of tidal forces. Future dynamical modeling of
the H I data can be used to disentangle the mutual interactions
of the triplet and the massive galaxy. Such modeling can be
compared to the results in Besla et al. (2012) for the SMC/

Figure 6. Position−velocity slices taken along the H I morphological and kinematic major axis for (left) NGC 3664A, the barred Magellanic primary galaxy in the
NGC 3664 system, (middle) the entire NGC 3264 system, and (right) the entire UGC 4638 system. In all cases the contours are adjusted to best trace out the extended
emission. The position–velocity slices are taken over the position angles, where the position angle is, measured clockwise going north−south with 0° being north, 48°,
5°, and 62°, for NGC 3664A, the NGC 3264 system, and the UGC 4638 system, respectively. The velocity offset axis is centered at the systemic velocity for each
system. In each case, the position–velocity slices do not show the characteristic flattening out at a high offset from positional center. The white circle in the slice for
NGC 3264 (middle) is the approximate location of the secondary galaxy, and the gas outside of this circle is all from the primary dwarf. The dense concentration of
gas in the right panel represents the positions of the galaxies in the UGC 4638 system.

13 Measurement from the entry for NGC 3264 in Hyperleda (Makarov et al.
2014).

14 UGC4640 and the MW both have R-band absolute magnitudes of
approximately −21 mag. We therefore assume a MW virial radius of
approximately 200 kpc for this statement (Dehnen et al. 2006).

10

The Astronomical Journal, 163:49 (12pp), 2022 February Luber et al.



LMC/MW system, as well as for NGC 4490/85 in Pearson
et al. (2018). In Figure 6, we also show the position–velocity
diagram along the major axis of the H I morphological map for
the UGC 4638 triplet (right panel); however little information
can be taken from this diagram as the galaxies within the
system are too close to distinguish individual kinematic
features.

The H I morphology of UGC 4638 suggests that the system
is not being ram pressure stripped by the CGM of UGC 4640.
If UGC 4638 were orbiting UGC 4640 in the plane of the sky,
any effect due to ram pressure stripping would cause H I

irregularities in a one-sided extension emanating from the pair
(e.g., Chung et al. 2007). If UGC 4638 was moving directly
toward or away from us (at apocenter), we would see more gas
spurious in velocity as it were being stripped. The lack of ram
pressure stripping signatures may be due to the relatively large
separation between UGC 4638 and UGC 4640, as they are
currently separated by at least three times the separation of the
MC/MW system. If the triplet moves closer to UGC 4640, it
may be more easily ram pressure stripped by the CGM. In
Figure 1, we showed that the mutual tidal interactions between
the dwarfs in the triplet have moved H I to the outskirts of the
system. Thus, the future scenario of ram pressure stripping of
the triplet by the CGM of UGC 4640 is similar to the scenario
in the simulations in Marasco et al. (2016), where dwarf
systems are more easily ram pressure stripped after undergoing
a mutual tidal interaction prior to infall to a massive galaxy.

Another interesting feature of the UGC 4638/40 system is
that the H I mass measured by the GBT is approximately a
factor two higher than the mass found in the VLA data. This
discrepancy is not from calibration errors, since this effect
would be at most at the level of 5% and would not cause a
factor of two difference. It is also unlikely to be due to
additional dwarf galaxies within the GBT beam, as at this mass
difference they would have been above the detection threshold
of the VLA data. The H I mass difference indicates there is
likely a diffuse H I reservoir, which the VLA did not detect due
to the nature of interferometric response. This reservoir is likely
in extensions surrounding the UGC 4638 system, the UGC
4640 spiral, or both. A shared H I envelope could be evidence
of the beginning of an interaction between UGC 4638 and
UGC 4640. Future VLA-D array observations could help to
further elucidate the global profile of this system. Additionally,
observations with the Five hundred meter Aperture Spherical
Telescope could be very useful, as they will have the same
resolution as the VLA-D array and will also be able to detect
any extended emission that the VLA would miss.

To date, there have been very few dwarf systems that have
been observed with the level of kinematic and morphological
detail presented in this paper. As we obtain more observations
of dwarf triplets, they can be used to test theories about
hierarchical merging and give insight to the nature of
hierarchical merging within dwarf groups (e.g., Stierwalt
et al. 2017). The observations presented in this work are
essential for accurate modeling (e.g., Privon et al. 2013;
Pearson et al. 2018) as they contain resolved kinematic
information as well as coincident stellar and gaseous tidal
features. Future models can be used to understand the baryon
cycles in dwarf galaxy interactions as well as the dwarfs’
ultimate dynamical fate.

5. Conclusions

In this paper, we have presented new VLA-C and D array
observations of neutral hydrogen in three candidate dwarf
interactions: two pairs and one triple, as well as in the spiral
galaxy UGC 4640, which is a likely host to the dwarf triplet.
Our work presents the first resolved H I map of a dwarf triple to
date, and our observations have a higher sensitivity and
resolution than previous studies. This provides a deeper look
into the gas distribution and dynamics of dwarf systems and
extends the sample of resolved interacting dwarf galaxies
described in P16. Our results can be summarized as follows:

1. We detect H I bridges and envelopes connecting the
dwarf galaxies within the NGC 3264, NGC 3664, and
UGC 4638 systems. This provides clear evidence that the
individual dwarfs are tidally interacting and yields a
glimpse into a process that is cosmologically rare at
present day.

2. We overlay the H I morphologies on Pan-STARRS
images and detect diffuse starlight extended from each
of the dwarfs in the UGC 4638 triplet that follows the
overall color distribution of the galaxies. In the east of the
UGC 4638 triplet, this diffuse starlight is coincident with
extended H I. The fact that both the stars and gas have
been tidally extended to similar radii, despite the gas
typically being more extended in dwarfs, could indicate
that the smaller galaxy in the triplet has passed through
the primary. In the Pan-STARRS and GALEX data, we
additionally detect an unwinding spiral arm in NGC
3264. The GALEX UV images also show active SF
within the H I bridges of two of the three systems.

3. We compare the empirically expected H I mass to the
measured H I mass for our three systems as well as for
the P16 sample, and find that the single-dish H I mass
estimates for the dwarfs are comparable to those of
isolated dwarfs (Swaters et al. 2002). The three dwarf
systems and the P16 dwarf pairs are not H I deficient, but
a large fraction of the H I content resides in diffuse
envelopes. Thus, we find that dwarf interactions do not
unbind gas, but they park gas at a large distance, which is
consistent with Pearson et al. (2016, 2018).

4. We show that the expected results of standard scaling
relationships (i.e., Tully–Fisher and the H I size−mass
relationship) can differ from the measured values by an
order of magnitude for dwarf pairs versus isolated dwarfs.

5. The three dwarf systems all span a range of mass ratios
and degrees of isolation. Yet, their kinematics all differ
from what would be expected from noninteracting dwarf
irregular galaxies. The coincident H I and stellar
morphologies presented in this work, as well as the
detailed resolved kinematic maps, provide exciting
prospects for constraining future dynamical models of
these systems.

We conclude that, in order to fully understand interacting
dwarf systems, it is critical to have observations that: (1) are
sensitive to large-scale diffuse emission, (2) have the resolution
to identify individual features, and (3) have the sensitivity to
detect neutral gas down to the 1018–19 atoms cm−2 level. This
work highlights the importance of interferometric maps of
suitable resolution and sensitivity to understand the baryon
cycle in dwarf−dwarf interactions.
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