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ABSTRACT

H i line observations of nearby galaxies often reveal the presence of extraplanar and/or kinematically anomalous gas

that deviates from the general circular flow. In this work, we study the dependence of kinematically anomalous H i gas

in galaxies taken from the Simba cosmological simulation on galaxy properties such as H i mass fraction, specific star

formation rate, and local environmental density. To identify kinematically anomalous gas, we use a simple yet effective

decomposition method to separate it from regularly-rotating gas in the galactic disk; this method is well-suited for

application to observational datasets but has been validated here using the simulation. We find that at fixed atomic

gas mass fraction, the anomalous gas fraction increases with the specific star formation rate. We also find that the

anomalous gas fraction does not have a significant dependence on a galaxy’s environment. Our decomposition method

has the potential to yield useful insights from future H i surveys.
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1 INTRODUCTION

Neutral atomic hydrogen (H i) represents a key phase in the
“baryon cycle” of accretion, star formation, and outflow in
galaxies, in part because it represents a large fraction of a
typical galaxy’s interstellar medium (ISM) by mass, and in
part because it is more easily observable than many other
ISM (and circumgalactic medium, CGM) phases. A galaxy’s
H i content reflects its recent history of accretion from the
intergalactic medium (IGM) and indirectly supplies its main
fuel for star formation; it is therefore critically linked to its
overall evolution (e.g., Kannappan et al. 2013). While H i is
most frequently found in rotationally dominated gas disks
(Bosma 1981; Meurer et al. 2018), these can extend well be-
yond galaxies’ stellar disks and exhibit significant irregular-
ities (asymmetries, warps, tails, etc.) in their outer reaches.
With new surveys now actively observing H i in large samples
of galaxies spanning different combinations of area and depth
(e.g., Blyth et al. 2016), it is important to find reliable meth-
ods of extracting information from galaxies’ H i distributions
and kinematics, and using this information (in conjunction
with observations at other wavelengths) to shed light on the
processes governing mass assembly and draw connections to
the other important drivers of galaxy evolution. In particu-
lar, isolating and characterizing the neutral atomic gas that
is not confined to a galaxy’s disk holds a great deal of promise
as a means of understanding its evolutionary trajectory.

? E-mail: nandrianiana@gmail.com (NR)

Swaters et al. (1997) and Fraternali et al. (2001a) find that
a fraction of H i in some galaxies is situated in a thick layer
that can extend vertically out to a few kpc above the mid-
plane of the galactic disk. This gas has a typical scale height
of 1 − 3 kpc and typically lags the main H i disk in terms
of rotation speed (Oosterloo et al. 2007; Schaap et al. 2000;
Zschaechner et al. 2011; Marasco et al. 2019; Fraternali et al.
2001b, 2005). Such extraplanar gas (EPG) has also been ob-
served in some galaxies to exhibit non-circular motion (Bar-
bieri et al. 2005; Fraternali et al. 2002; Marasco et al. 2019),
and in some systems to be in the inner part of the disk (Fra-
ternali et al. 2002; Boomsma et al. 2008). Oosterloo et al.
(2007) and Marasco et al. (2019) find that EPG is most
frequently found and most prominent in late-type galaxies,
where it comprises 10 to 30% of the gas in the disk. Marasco
et al. (2019) highlight and discuss the properties of EPG in
disk galaxies, and find that it decreases in rotation velocity
at a rate of approximately 10 km s−1 kpc−1 above the mid-
plane. They also measure an inflow velocity of approximately
20− 30 km s−1 towards the inner disk. Studies of ionized EPG
have also been conducted in various galaxies, including the
Milky Way (Haffner et al. 2009). It has been shown that just
like the EPG observed in H i, ionized EPG also exhibits lag-
ging rotation (Kamphuis et al. 2007) and non-circular motion
(Fraternali et al. 2004). Rossa & Dettmar (2003) and Miller
& Veilleux (2003) find that ionized EPG is most prevalent in
late-type galaxies. We note that the properties of such“classi-
cal”EPG may not apply to other gas reservoirs in the vicinity
of galaxies — e.g., material that is inflowing from the CGM
or being accreted through minor mergers — whose kinemat-
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2 N. Randriamiarinarivo et al.

ics can be completely decoupled from those of the gas in the
disk. Numerical simulation is a very powerful tool for under-
standing the physics of gas in galaxies and how it interacts
with the ambient medium. Marinacci et al. (2011) study the
interaction between cold clouds ejected from a galactic disk
and the corona of the disk by using two-dimensional hydro-
dynamical simulations of cloud-corona interactions, in work
later extended by Armillotta et al. (2016). In this work, we
use the Simba suite of cosmological galaxy formation simu-
lations (Davé et al. 2019a), which is the descendent of the
MUFASA simulation (Davé et al. 2016), together with a new
method of decomposing the H i content of galaxies into kine-
matically regular and anomalous components. Our main goal
in developing this method is to provide a tool that can be
identically applied to both simulations and observations of
galaxies. To validate it, we here analyze the properties of the
Simba particles in a way that cannot be done for observa-
tions. The layout of this paper is as follows. In Section 2, we
present the samples of Simba galaxies we use in our study (by
design, these are rotation-supported disks at z = 0). Section
3 describes our new method of decomposing a galaxy’s emis-
sion into kinematically regular and anomalous components,
including its validation using a particle-based analysis of the
simulation and a discussion of the effects of inclination.

2 SIMULATED GALAXIES

Simba uses the Gizmo multi-simulation code (Hopkins 2015)
in its Meshless Finite-Mass (MFM) mode, with multiple co-
moving volumes, and extends from redshift z = 249 to z = 0.
The reference Simba simulation includes 10243 gas and 10243

dark matter particles (with particle masses 1.82 × 107 M�
and 9.6 × 107 M�, respectively) in a comoving volume of
1003 h−3 Mpc−3. In this paper, however, we use an alternative
simulation that is higher in mass resolution by a factor of
8, containing 5123 gas and 5123 dark matter particles in a
253 h−3 Mpc−3 comoving volume. We use the CAESAR pack-
age 1 to crossmatch galaxies to their haloes, and to extract
important properties of the galaxies such as star formation
rates (SFRs), stellar masses, and H i masses.

In this work, our mock data cubes are generated directly
from the particles in the simulated galaxies. We select galax-
ies at z = 0 with stellar mass M? > 108 M� to avoid dwarf
galaxies. For each gas particle, we compute its H i content by
following Popping et al. (2009), who define H i fraction fHI as

fH I =
2C + 1 −

√
(2C + 1)2 − 4C2

2C
(1)

with

C =
nβ(T )
ΓHI

(2)

where n, T , and ΓH I are the hydrogen density, gas temper-
ature, and H i photoionization rate, respectively. β(T ) is the
recombination rate coefficient, which follows an analytic ex-
pression described by Verner & Ferland (1996) as

β(T ) = a
[ √

T/T0(1 +
√

T/T0)1−b(1 +
√

T/T0)1+b
]−1

(3)

For H i, a = 7.982× 10−11 cm3 s−1, b = 0.7480, T0 = 3.148 K, and

1 https://caesar.readthedocs.io/en/latest/

a = 7.036× 105 K. For ΓH I, we follow Popping et al. (2009) in
using the photoionization background of Haardt & Madau
(2001), i.e., ΓH I = 10−13 s−1 at z = 0.

In addition to the mass threshold noted above, we select
galaxies that are not bulge-dominated using the κrot parame-
ter, which is the fraction of kinetic energy invested in ordered
rotation and is defined as

κrot ≡
Krot

K
(4)

where

Krot ≡
∑

i

1
2

mi

(
jsi

Ri

)2

(5)

the sum is over all the particles in a galaxy, js is the specific
angular momentum of a single particle, and K is the total
kinetic energy of all particles in a galaxy. κrot < 0.5 indicates
a spheroid-dominated galaxy, while κrot > 0.7 refers to disk-
dominated galaxy, and intermediate values of κrot mark galax-
ies that have comparable dispersion and rotational velocity
(Sales et al. 2012). In this study, we choose κrot > 0.6 to ensure
that our sample includes “disky” galaxies with a range of in-
termediate types, in order to match a more realistic observed
sample. In order to simulate an observation with a facility like
MeerKAT, we construct cubes with 5 km s−1 velocity channels
and a spatial resolution of 10 arcsec. We smooth the cubes
spatially and spectrally by effective convolution with a Gaus-
sian kernel, to resolutions of full width half power 30 arcsec
and 15 km s−1, respectively. For our reference orientation, we
assign each galaxy to have inclination angle θ = 60◦. For this
study, we also separate our selected sample into star-forming
galaxies and quenched galaxies by applying the specific star
formation rate cut-off log(sSFR)[Gyr−1] > −1.8 + 0.3 z (Davé
et al. 2019b). In Fig. 1, we present the distributions of atomic
gas fraction and specific star formation rate for the 303 galax-
ies in our sample, in the left and right panels respectively.

3 METHODS

3.1 A cube-based approach to identifying anomalous gas

For our sample of simulated galaxies, we aim to decompose
H i data cubes into contributions from regularly-rotating H i
and kinematically anomalous H i. Given an H i data cube, a
position-velocity (P-V) slice extracted along the major axis
of the galaxy allows for the regularly-rotating H i component
to be easily identified (the P-V slices have a spatial width of 1
pixel = 10 arcsec). In Fig. 2, we present the P-V diagram for
a galaxy from the simulation at redshift z = 0 that has a total
H i mass of approximately 9.5×109 M�. The regularly-rotating
H i component is clearly visible as the very bright S-shaped
emission in the P-V slice. The kinematically anomalous com-
ponent (some parts of which are circled in Fig. 2) is revealed
as the fainter emission that is vertically offset from the regu-
lar component.

The first panel of Fig. 2 shows the P-V diagram of the full
H i data cube for this galaxy. To separate the emission from
the regularly-rotating gas and the kinematically anomalous
gas in our galaxies, we use H i profiles extracted at individ-
ual spatial pixels. The central panel of Fig. 3 shows the total
intensity map for a simulated H i data cube. At the spatial po-
sitions indicated by the numbers 0–7, we have extracted the
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Kinematically anomalous HI gas 3

Fig. 1. Distribution of H i gas mass fraction (left) and specific star formation rate (right). Orange and blue curves represent star-forming

and quenched galaxies, respectively.

Fig. 2. Position-velocity (P-V) plots of a galaxy from the simulation. The x and y axis values are subtracted by the position of the centre
of mass of the galaxy and its systemic velocity, respectively. The left panel shows the P-V diagram for the full cube containing all of the

galaxy’s H i emission. The black circles indicate some of the most conspicuous examples of kinematically anomalous material, which is

the sort of gas that our decomposition method has been designed to identify and extract. The middle panel shows the gas that comes
from the main disk of the galaxy; the right panel shows the anomalous gas that has been extracted from the original cube. Values at the

bottom indicate the total H i mass present in the respective P-V slices. The vertical and horizontal red dashed lines represent the position

and velocity of the centre of mass the galaxy.

line profiles along the spectral axis of the cube. These pro-
files are shown in the surrounding panels. Our decomposition
method aims to separate the dominant component from the
other components.

We identify as regular emission all channels that have flux
densities within 20% of the peak flux density of a given line
profile. We find that value to be the optimal choice for in-
cluding all of the main peak emission of the galaxy. For
each of these channels, we further identify channels within
±30 km s−1 and include them as regular emission. We choose
±30 km s−1 as the optimal velocity window size based on ex-
periments in which we used different window sizes to try to
isolate the regular emission in the line profiles of the galax-
ies. Any channels that are not within 30 km s−1 of a channel
with peak flux at least 80% as high as the peak flux of the
entire line profile are taken to contain kinematically anoma-
lous emission. The red and black portions of the line profiles
shown in Fig. 3 represent the anomalous and regular kine-
matic components, respectively. For each of the profiles that

we show here, we indicate in the upper right of each panel
the amounts of anomalous and regular gas detected at the
given position. Fig. 4 shows the results of our decomposition
method applied to the galaxy from Fig. 3. From left to right,
the columns show H i total intensity maps, H i velocity fields,
H i velocity dispersion maps, distributions of H i velocity dis-
persion, and integrated spectral profiles, respectively. From
top to bottom, the rows show the above-mentioned maps for
the full H i data cube, the regularly-rotating H i component,
and the anomalous H i component. The total intensity maps
clearly show how the regularly-rotating H i component corre-
sponds to the dominant morphological features of the galaxy
(e.g., spiral arms), whereas the anomalous H i component is
much more uniformly distributed. The velocity fields show
both components to be rotating, yet the amplitude of rota-
tion is lower for the anomalous component. The H i velocity
dispersion results show how the two H i components contrast
with one another.

MNRAS 000, 1–11 (0000)



4 N. Randriamiarinarivo et al.

Fig. 3. H i moment 0 map of a galaxy from the simulation (center panel) alongside line profiles extracted at the positions numbered on

the H i map. The red lines in the profiles denote the emission from the galaxy’s anomalous gas, while the black lines represent regular
emission.

3.2 Validation using a particle-based analysis

The decomposition method we describe in the previous sub-
section can be applied to simulated or observed H i data
cubes. Given our direct access to full phase space informa-
tion (i.e., position and velocity vectors) for the particles mak-
ing up each Simba galaxy, we have also developed a second,
particle-based decomposition method that we can use to sep-
arate the kinematically anomalous material from the main,
regularly rotating disk, and thereby validate our cube-based
method. For each Simba galaxy, we use CAESAR and py-
GadgetReader (Thompson 2014) to extract the position and
velocity vectors of all the particles. For each set of particles
(gas, stellar, and dark matter), we calculate the circular ve-
locity of a test particle at radius R due to all of the mass
contained within a sphere of radius R. An idealised circu-
lar velocity curve of this nature is calculated for each mass
component. The various curves are then added in quadrature
to obtain the total circular velocity as a function of radius.
Figure 5 shows the circular velocity curves generated for an
example galaxy. To the total circular velocity curve, we fit
the model from Wojnar et al. (2018) that successfully fits
observed data from H i surveys like The HI Nearby Galaxy
Survey (THINGS) (de Blok et al. 2008; Walter et al. 2008):

v2(r) =
GM0

r

√R0

rc

r
r + rc

3α [
1 + b

(
1 +

r
R0

)]
(6)

where R0, rc, α, and b are free parameters.
Given the resulting model for the circular velocity as a

function of radius, we split the particles of a given galaxy
into spherical shells. In order to define the circular velocity
component for each particle, we decompose the total veloc-
ity into two components: along the direction of the axis of
rotation of the galaxy, and in the galactic plane. We then
split the latter velocity component into radial and tangential
components, where the radial unit vector is obtained from the
projection of the particle’s position vector onto the galactic
plane. We then define the tangential velocity component as
the particle’s circular velocity component. For each shell, we
identify all particles that have their angular momentum vec-
tors closely aligned to the total angular momentum vector of
the galaxy (i.e., the angle between the momentum vectors is
less than 45 deg) and have a velocity component tangential
to the spherical shell that is within 30 km s−1 of the expected
circular velocity (as predicted by the fitted rotation curve),
to be the regularly-rotating subsample within the spherical
shell, while the rest are taken to be kinematically anomalous.
By using the idealised circular velocity curve to kinematically
separate the particles on a shell-by-shell basis, we are able

MNRAS 000, 1–11 (0000)



Kinematically anomalous HI gas 5

Fig. 4. Dissection of H i in a galaxy from the simulation at z = 0. The first through third columns represent the moment 0, 1, and 2 maps,

respectively, and the fourth and fifth columns show the distributions of velocity dispersion and the H i profiles. The first row shows the

original simulated data cube, while the second and third rows show the regular and anomalous gas, respectively.

Fig. 5. Measured rotation curve for each particle type in an exam-

ple simulated galaxy, where the green, red, and blue dashed lines

represent the stellar, gas, and dark matter contributions to the
rotational velocity, respectively. The black dashed line is the total

rotational velocity, while the grey curve represents the best fit to
a theoretical profile.

to generate entire data cubes containing the kinematically-
regular and anomalous H i components of Simba galaxies.
In left and right panels of Figure 6, we show the position-

velocity diagram of a galaxy before and after we apply this
particle-based decomposition. The imperfect agreement be-
tween the rotation curve and the mock PV diagram is not
surprising, since not all particles in a galaxy will be exactly
in circular motion around its center of mass, and large scale
asymmetries in a galaxy’s gas distribution will not be cap-
tured in v(r).

In Figure 7, over the range 8.5 < log (M?/M�) < 10, the
median ratio of anomalous gas fluxes determined using the
cube-based and particle-based methods is close to unity. Be-
low log (M?/M�) = 8.5, the median ratio rises, possibly due to
numerical and/or spatial resolution issues; the same increase
also occurs at log (M?/M�) > 10.5. However, over two orders
of magnitude in stellar mass, the median ratio is less than a
factor of 2, showing that the decomposition method we have
devised for application to H i data cubes should yield results
that are reasonably consistent with those from a method that
is applied directly to simulation particle data. Our cube-based
method can therefore be reliably applied to observed H i data
cubes for galaxies with a wide range of stellar masses, in or-
der to recover reliable measures of their anomalous H i gas
fractions. An interesting (albeit computationally expensive)
area for future work is investigating whether there is an incli-
nation angle at which the particle-based and the cube-based
methods would have approximately the same estimates of the
anomalous fraction.

3.3 Inclination effects

At all spatial positions within a galaxy, the observed line-of-
sight component of the total rotational motion of the gas is
proportional to sin(i), where i is the inclination of the disk.

MNRAS 000, 1–11 (0000)



6 N. Randriamiarinarivo et al.

Fig. 6. Left: Position-velocity diagram for the galaxy shown in Figure 5. The red line is the expected rotation curve that comes from the

best-fit rotation curve plotted in Figure 5. The value on top is the total mass of H i gas present in this slice. Right: Position-velocity
diagram for the regularly rotating gas after removal of anomalous material using the particle-based decomposition method.

Fig. 7. Ratio of the particle-based anomalous gas fraction to the

cube-based (“observational”) anomalous gas fraction as a function

of stellar mass. The blue curve and cyan area represent the median
and interquartile range of this ratio; the black line marks a ratio

of unity.

The more inclined the galaxy, the broader the spectrum, be-
cause the line of sight intercepts gas at a wider range of
radii. The shapes of observed line profiles are therefore af-
fected by inclination, and therefore, the accuracy with which
our method can decompose the kinematic components of a
galaxy’s gas will be affected by inclination. In Fig. 8,

we show P-V slices for the same galaxy shown in Fig. 2,

but for versions of the H i data cube that have the disk of the
galaxy inclined at 30, 40, 50, 70, and 80 degrees (top to bot-
tom) relative to the line of sight. For reference, the P-V slice
shown in Fig. 2 is based on a version of the H i data cube that
has the disk inclined at 60◦. We can see that the more edge-
on a galaxy is, the larger the fraction of the total H i mass
our method identifies as anomalous. To further study the ef-
fect of inclination, we take ten large galaxies (M? > 109 M�)
from the simulation that are H i-rich and disk-dominated and
incline them at angles from 30◦ to 80◦ in steps of 10◦. In
Fig. 9, we show the recovered anomalous H i gas fractions
of the ten galaxies, numbered from 0 to 9 as indicated in
their respective moment 0 maps and H i profiles in Fig. 10,
vs. the “fiducial anomalous gas fraction” that we measure at
60◦ inclination angle. We can see a clear dependence of the
measured anomalous gas fraction on inclination angle, such
that the more inclined a galaxy is, the higher its anomalous
H i content is. In fact, we can see that above 70 degrees, the
anomalous gas fraction increases significantly. This analysis
indicates that our decomposition method produces reliable
results only for intermediate inclinations, and should not be
applied to highly inclined systems in observational datasets.
We also note that the quantitative inclination bias we mea-
sure here is connected to the specific parameter choices we
have made when implementing our method, in particular the
use of a ±30 km s−1 velocity offset. Different parameter choices
may ultimately lead to different ranges of inclination where
our method can be reliably used.

4 RESULTS AND DISCUSSION

4.1 Relationship between anomalous gas and star formation

The properties of neutral hydrogen in galaxies play a very
important role in star formation, for which H i serves as
a major (albeit indirect) source of fuel. The location of
galaxies with respect to the star-forming main sequence
has been shown to be driven by gas fraction (Saintonge

MNRAS 000, 1–11 (0000)



Kinematically anomalous HI gas 7

Fig. 8. Position-velocity (P-V) plots of the galaxy shown in Fig. 2 at different inclination angles. Each row shows the P-V slice of the galaxy

inclined at 30◦, 40◦, 50◦, 70◦, and 80◦, respectively, from top to bottom. The first column comes from the full cube, while the second and
third P-V slices are for the extracted regular and anomalous emission. The value shown on the upper left of each panel in the first column

indicates the fraction of kinematically anomalous gas present in that slice. Values at the bottom indicate the total H i mass present in the

respective P-V slices.

MNRAS 000, 1–11 (0000)



8 N. Randriamiarinarivo et al.

Fig. 9. Anomalous gas fraction measured in ten simulated galaxies (numbered from 0 to 9) at different inclination angles, vs. the anomalous

gas fraction measured at 60◦ inclination angle. Each measurement of anomalous gas fraction is color coded differently for a different
inclination angle from 30◦ to 85◦. The black line represents the one-to-one ratio of the anomalous gas fraction at 60◦ inclination angle.

Fig. 10 presents the moment 0 maps and H i spectra of these galaxies.

et al. 2016; Namiki et al. 2021). However, the amount
and nature of the gas in galaxies that feeds star forma-
tion is still poorly constrained. For the galactic fountain
scenario, we would expect kinematically anomalous gas
located in the halos of galaxies to be closely linked to
the regions of highest star formation, such as spiral arms,
which have been found to enhance star formation rates
in disk galaxies (Yu et al. 2021). However, studies by
Fraternali et al. (2002) and Boomsma et al. (2005) of the
anomalous gas in nearby galaxies show it is not always
distributed like the observed spiral structures of the stellar
disks. Marasco et al. (2019) find only a weak correlation
between star formation rate and the amount of kinematically
anomalous gas in nearby galaxies. In this work, we use
our newly-developed method of decomposing a galaxy’s
total H i content into regularly rotating and kinematically
anomalous components to search for links between these gas
components and the star formation properties of the galaxies.

In order to investigate the significance of the kinematically
anomalous gas fraction, we show in Fig. 11 the dependence
of the specific star formation rate (sSFR ≡ SFR/M?) on the
atomic gas to stellar mass ratio (≡ MH I/M?), color-coded by
the anomalous gas mass fraction fanom (≡ MH I,anom/(MH I,anom +

MH I,regular)). We overlay as solid lines H i depletion times (τH I ≡

MH I/SFR, the inverse of star formation efficiency) of 1 Gyr,
10 Gyr, and 100 Gyr colored red, black, and blue respectively.

As expected, log (sSFR) increases with log (MH I/M?) for star-
forming galaxies (star symbols), while quenched galaxies (cir-
cle symbols) by definition have low sSFR and are found
strictly at low MH I/M?. For the star-forming galaxies, fanom

clearly tends to increase with sSFR at fixed MH I/M?, while
also slightly decreasing with MH I/M? at fixed sSFR. The for-
mer trend can be explained if the kinematically anomalous
gas boosts, or is boosted by, star formation in the disk. The
latter trend also holds for the quenched galaxies (by defini-
tion, at lower fixed sSFR), suggesting that H i kinematics are
systematically more regular for galaxies where the H i mass
fraction is higher, independent of the level of star formation.
We can see also that τH I decreases for increasing fanom. This
result further constrains scenarios in which the anomalous gas
is either a cause or an effect of enhanced sSFR. If the anoma-
lous H i is, e.g., infalling “fountain” material that enhances
star formation, then it must do so in a way that accelerates
its own consumption (or at least, conversion into H2). As a
first step towards assessing causality here, we have investi-
gated the detailed histories of individual particles in a set of
20 galaxies, with five galaxies drawn at random from each of
four stellar mass bins: 8 ≤ log(M?/M�), 9 ≤ log(M?/M�) ≤ 10,
10 ≤ log(M?/M�) ≤ 11, and log(M?/M�) > 11. For all 20 galax-
ies, we applied our particle based method to separate the
kinematically anomalous from the regularly rotating parti-
cles. We then traced the detected z = 0 anomalous particles
back in time up to redshift z = 0.2, calculating the distance be-

MNRAS 000, 1–11 (0000)



Kinematically anomalous HI gas 9

Fig. 10. Plots of the H i moment 0 maps and profiles of the ten galaxies (numbered from 0 to 9) used to produce Fig. 9

tween each particle and the center of mass of its host galaxy
at a given redshift. In most cases, we find the anomalous
particles’ distances from their host galaxies’ centers decrease
monotonically with time, suggesting that the kinematically
anomalous particles are enhancing the star formation rate
rather than being driven into an anomalous state by star for-
mation feedback.

4.2 Relationship between anomalous gas and environment

We can also investigate the possible impact of a galaxy’s
environment on its anomalous H i gas content. Haynes
et al. (1984), Gavazzi et al. (2006), Boselli et al. (2009),
and Marasco et al. (2016) find that at z = 0, the H i
morphology of galaxies are generally perturbed by ram
pressure stripping, and that at fixed halo mass, the fraction
of satellites devoid of H i decreases as stellar mass increases
due to the greater depth of the potential well. Moura et al.
(2020) infer the loss of ionized gas in galaxies located in
compact groups due to their environment, although the
effect is small. However, a more recent study in Namiki
et al. (2021) finds that H i scaling relations are not driven by
the environmental density per se.

In the left panel of Fig. 12, we show the relation between
ρ3Mpc the total stellar mass density averaged over a sphere of
radius 1 Mpc (centered on each galaxy), and log(sSFR). Points
are again color-coded by the anomalous gas fraction. The
highest log(sSFR) are seen for dwarf galaxies, with log(ρ1Mpc)
decreasing as log(sSFR) increases. This result is consistent
with those seen in Popesso et al. (2011) and Matsuki et al.
(2017). Dwarfs have low stellar mass yet high SFR due to
the abundance of gas, and the mass density around dwarfs is
lower than the mass density around more massive galaxies,
since massive galaxies tend to lie in richer environments. How-
ever, the anomalous gas fraction log( fanom) essentially depends
on log(sSFR) for both the star-forming and the quenched
galaxies, as discussed above. To further show that environ-
mental density does not have much impact on log( fanom), we
display in the right panel of Fig. 12 a comparison of the dis-
tributions of log(ρ1Mpc) for the galaxies that have high and
low anomalous gas fractions (defined as above or below the
median value < fanom> = 26.47%). We see clearly that the
two distributions are not different from one another, with
a Kolmogorov-Smirnov (K-S) test giving a p-value of 0.89
> 0.01, indicating that the two distributions are statistically
identical. We therefore conclude that our measurement of the

MNRAS 000, 1–11 (0000)



10 N. Randriamiarinarivo et al.

Fig. 11. Dependance of specific star formation rate on H i gas fraction color-coded by the anomalous gas mass fraction. Star-forming
galaxies are represented by star symbols, while quenched galaxies are represented by dot symbols. The three lines indicate atomic gas

depletion times of 1, 10, and 100 Gyr (red, black, and blue respectively).

Fig. 12. Left: Mean stellar mass density in a sphere of radius 1Mpc (log(ρ1Mpc)) vs. specific star formation rate, color-coded by the
anomalous gas fraction. Star-forming galaxies are represented by star symbols, while quenched galaxies are represented by dot symbols.

Right: Distribution of the environmental density for galaxies with high and low anomalous gas fractions, represented by the orange and

blue curves respectively.

anomalous gas fraction is not as strongly dependent on envi-
ronmental density as it is on star formation activity.

5 CONCLUSIONS

In this work, we use the Simba cosmological simulation to
study the fraction of kinematically anomalous H i in galaxies.
We have developed a method that can be applied directly to
a the H i data cube of a galaxy in order to reliably decompose

the total HI content into kinematically regular and anomalous
components. We show the new cube-based method yields re-
sults similar to a method applied directly to the particle data
from the simulation. We then discuss the dependence of the
anomalous gas fraction on galaxy properties such as atomic
hydrogen gas mass fraction, specific star formation rate, and
environmental density. We find a significant effect of galaxy
inclination on our measurement of the anomalous gas, which
excludes it as a useful diagnostic for systems with i ≥ 70◦. We
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find that anomalous gas fraction correlates well with specific
star formation rate. This result can be interpreted as a sign
that the anomalous H i present in the galaxy enhances star
formation, or that star formation pushes material out of the
galactic disk and boosts the anomalous gas fraction. However,
we do not see a significant change in the anomalous gas frac-
tion as a function of galaxy environment, which may mean
that kinematically anomalous H i is mostly independent of
the physical mechanisms that connect a host galaxy and its
environment. In the near future, we plan to explore the appli-
cation of our method to measure the anomalous gas fraction
of observed galaxies in upcoming H i surveys like LADUMA
(Blyth et al. 2016) and MIGHTEE (Taylor & Jarvis 2017).

ACKNOWLEDGMENTS

The authors thank the anonymous referee for feedback that
significantly improved the paper. NR thanks Marcin Glowacki
for his insight on the simulations, and appreciates useful and
helpful discussions with Amir Kazemi-Moridani, Anthony
Young, and Michael Wozniak. NR acknowledges the use of
computing facility of Inter-University Institute for Data In-
tensive Astronomy (IDIA) for this work. IDIA is a part-
nership of the University of Cape Town, the University of
the Western Cape, and the University of Pretoria. EE ac-
knowledges the support from the South African Radio As-
tronomy Observatory, which is a facility of the National Re-
search Foundation, an agency of the Departement of Sciences
and Technology. This work is based on the research project
supported wholly/in part by the National Research Founda-
tion of South Africa (grant number 115238). AJB acknowl-
edges support from the National Science Foundation via grant
AST-1814421. The authors thank Robert Thompson for de-
veloping Caesar, and yt team for the development and sup-
port of yt.

REFERENCES

Armillotta L., Fraternali F., Marinacci F., 2016, Monthly Notices

of the Royal Astronomical Society, 462, 4157
Barbieri C. V., Fraternali F., Oosterloo T., Bertin G., Boomsma

R., Sancisi R., 2005, A&A, 439, 947

Blyth S., et al., 2016, in MeerKAT Science: On the Pathway to the

SKA. p. 4
Boomsma R., Oosterloo T. A., Fraternali F., van der Hulst J. M.,

Sancisi R., 2005, A&A, 431, 65
Boomsma R., Oosterloo T. A., Fraternali F., van der Hulst J. M.,

Sancisi R., 2008, A&A, 490, 555

Boselli A., Boissier S., Cortese L., Gavazzi G., 2009, Astronomische
Nachrichten, 330, 904

Bosma A., 1981, AJ, 86, 1791
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