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A B S T R A C T 

It is routinely assumed that galaxy rotation curves are equal to their circular velocity curves (modulo some corrections) such 

that they are good dynamical mass tracers. We take a visualization-driven approach to exploring the limits of the validity of 
this assumption for a sample of 33 low-mass galaxies (60 < v max / km s −1 < 120 ) from the APOSTLE suite of cosmological 
hydrodynamical simulations. Only three of these have rotation curves nearly equal to their circular velocity curves at z = 0, the 
rest are undergoing a wide variety of dynamical perturbations. We use our visualizations to guide an assessment of how many 

galaxies are likely to be strongly perturbed by processes in several categories: mergers/interactions (affecting 6/33 galaxies), bulk 

radial gas inflows (19/33), vertical gas outflows (15/33), distortions driven by a non-spherical DM halo (17/33), warps (8/33), 
and winds due to motion through the intergalactic medium (5/33). Most galaxies fall into more than one of these categories; 
only 5/33 are not in any of them. The sum of these effects leads to an underestimation of the low-velocity slope of the baryonic 
Tully–Fisher relation ( α ∼ 3.1 instead of α ∼ 3.9, where M bar ∝ v α) that is difficult to a v oid, and could plausibly be the source 
of a significant portion of the observed diversity in low-mass galaxy rotation curve shapes. 

Key w ords: galaxies: dw arf – galaxies: kinematics and dynamics – dark matter. 
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 I N T RO D U C T I O N  

ince the disco v ery of flat rotation curves in galaxies (Rubin, Ford &
honnard 1980 ; Bosma 1981 ) leading to the widespread acceptance
f dark matter (DM) theories, rotation curv es hav e been used to
tudy DM. Low-mass galaxies, with maximum circular velocities
 120 km s −1 , are particularly well suited for such analysis because

heir high DM mass fractions reduce the relative gravitational
nfluence of baryons, so that their circular velocity almost directly
races their DM content. The baryonic Tully–Fisher relation (BTFR;

cGaugh et al. 2000 ) provides a concise summary of this trend:
he baryonic (gas plus stellar) mass of galaxies is observed to be
roportional to about the fourth power of their maximum rotation
elocities, M bar ∝ v 4 max (but see Ponomare v a et al. 2018 ), but a
onstant baryon-to-DM mass ratio would instead imply a shallower
lope close to M bar ∝ v 3 max (e.g. Sales et al. 2017 ). The slope and
catter of the BTFR for the lowest mass galaxies ( M bar � 10 9 M �),
o we ver, remain challenging to constrain (see Bradford, Geha & van
en Bosch 2016 ; Papastergis, Adams & van der Hulst 2016 ; Sorce &
uo 2016 ; Verbeke et al. 2017 ; Ponomare v a et al. 2018 ; Lelli et al.
019 ; Mancera Pi ̃ na et al. 2019 ; Ball et al. 2022 ; McQuinn et al.
022 ; see also Lelli 2022 , for a re vie w), and leaves the connection
etween the luminous components of galaxies and the DM haloes in
hich they form at the low-mass edge of galaxy formation uncertain

Trujillo-Gomez et al. 2011 ; Desmond 2012 ; Papastergis et al. 2015 ;
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Studies of dwarf galaxies hav e rev ealed sev eral potential problems
n near-field cosmology (see Bullock & Boylan-Kolchin 2017 ; Sales,

etzel & Fattahi 2022 , for re vie ws). One such problem that remains
nresolved is the ‘cusp-core’ problem (Flores & Primack 1994 ;
oore 1994 ; de Blok 2010 ); the inner slopes of low-mass galaxy

otation curves are often slowly rising compared to the mass profile
mplied by the steep central density ‘cusps’ predicted by N -body
imulations (Navarro, Frenk & White 1996b ). 

There have been many proposed resolutions of the cusp-core
roblem within the � CDM framework. One such proposal is that
as flows driven by supernova feedback couple gravitationally to the
M and redistribute it, producing and maintaining a central density

core’ (see e.g. Navarro, Eke & Frenk 1996a ; Read & Gilmore 2005 ;
ontzen & Go v ernato 2012 ; see also Pontzen & Go v ernato 2014 ,
or a re vie w). The ‘bursty’ star formation histories arising in some
alaxy formation simulations produce cores in a limited mass range
e.g. Di Cintio et al. 2014 ; Chan et al. 2015 ; Tollet et al. 2016 ; Jahn
t al. 2021 ), and the conditions necessary for core formation via
his mechanism are now well understood (Ben ́ıtez-Llambay et al.
019 ; Bose et al. 2019 ). Ho we ver, whether such ef fects can fully
eproduce the diverse rotation curves observed for dwarf galaxies
emains unclear (e.g. Oman et al. 2015 ; Santos-Santos et al. 2020 ;
oper et al. 2023 ). 
Another proposed scenario involves allowing cold DM particles to

catter from each other, leading to heat transfer to the inner regions of
M haloes and redistributing the DM to produce a core (Spergel &
© 2023 The Author(s) 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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teinhardt 2000 ). Such ‘self-interacting dark matter’ (SIDM) models 
nherit the large scale successes of the standard � CDM model, and
re able to produce a range of rotation curve shapes by including
he gravitational influence of baryons, which can re-form a cusp (see 
ulin & Yu 2018 , for a recent re vie w). This sho ws promise (e.g. Ren
t al. 2019 ; Kaplinghat, Ren & Yu 2020 ) ho we ver, again, concerns
hether SIDM can account for the full observed diversity remain 

Creasey et al. 2017 ; Santos-Santos et al. 2020 ). 
More prosaically, the problem could be that the circular velocity 

urves of low-mass galaxies are not accurately measured by the 
ethods used to extract them from observations. The inclination 

ngle (possibly varying with radius), non-circular motions, poten- 
ially anisotropic velocity dispersion, and geometrically thick and/or 
ared nature of gas discs are just some of the challenging issues

hat models in principle need to account for to accurately measure a
otation curve. Strong degeneracies between parameters describing 
he geometry and kinematics of a gas disc further complicate matters. 
ttempts to model realistic galaxies with known rotation curves have 

evealed that the errors due to these issues can be quite severe (Read
t al. 2016 ; Oman et al. 2019 ; Roper et al. 2023 ), although Frosst et al.
 2022 ) argue that such effects may still fall well short of explaining
he observed diversity in rotation curve shapes. There is, ho we ver, an
ven more worrying possibility: that the rotation curves of low-mass 
alaxies may in some cases not faithfully trace their circular velocity 
urves. 1 In this case even a perfectly accurate measurement of the 
otation curv e giv es no meaningful information about the total matter
istribution within a galaxy. 
It is clear that some low-mass galaxies are not in dynamical 

quilibrium, and thus that their rotation curves are not reliable tracers 
f their circular velocity curves (and consequently of their DM 

ontent). Obvious perturbations, such as mergers or star formation- 
riven ‘superbubbles’, are easily identified, however, low-mass 
alaxies’ shallow gravitational potential wells make them especially 
usceptible to additional perturbations which may not be so obvious. 
ow often these more subtle physical processes may cause departures 

rom equilibrium in these objects remains almost unexplored in the 
iterature (see Hayashi & Navarro 2006 on the effect of a triaxial DM
alo; Valenzuela et al. 2007 on the influence of lopsided gas discs;
ead et al. 2016 on the influence of the star formation cycle; Verbeke
t al. 2017 , section 4.1 for a brief exploration of the topic). 

In this work, we make an initial assessment of the relative impor-
ance of different types of perturbations using a sample of galaxies 
ith maximum circular velocities 60 < v max / km s −1 < 120 from the
POSTLE suite of cosmological hydrodynamical simulations. We 

reate visualizations of the galaxies and compute their rotation and 
ircular velocity curves at a range of times over the past ∼ 4 Gyr . We
se these to investigate the kind of perturbations that affect low-mass
alaxies, their frequencies, their effects on the galaxies’ rotation 
urves, and what conditions are necessary for galaxies to actually 
otate at their circular speeds. 

We begin in Section 2 with a brief description of the APOSTLE
imulations and our methods for calculating rotation curves and 
roducing visualizations. In Section 3 , we present our main results:
e describe the perturbations affecting galaxies in our sample, 

nd investigate their influence on key galaxy scaling relations. 
e summarize our conclusions and discuss their implications and 

pplicability to real galaxies in Section 4 . 
 Throughout this work, we use ‘circular velocity curve’ to refer to the speed of 
 particle on a circular orbit computed for a given density field, and ‘rotation 
urve’ to refer to the orbital speed of gas. 

6  

f  

2

 M E T H O D S  

.1 The APOSTLE simulations 

he APOSTLE 

2 simulations (Fattahi et al. 2016 ; Sawala et al.
016 ) are a suite of zoom-in cosmological hydrodynamical galaxy 
ormation simulations. The suite is made up of 12 regions selected
o resemble the Local Group of galaxies in terms of the masses,
eparation, and kinematics of a pair of galaxies analogous to the

ilky Way and Andromeda, and a lack of other massive galaxies
ithin a few me gaparsecs. A re gion about 2 − 3 Mpc in radius around

ach pair was simulated at multiple resolution le vels (lo west ‘L3’ to
ighest ‘L1’) with the ‘Reference’ calibration (Crain et al. 2015 )
f the EAGLE galaxy formation model (Schaye et al. 2015 ). The
odel is implemented using a smoothed-particle hydrodynamics 

ramework in the pressure-entropy formulation (Hopkins 2013 ) and 
ncludes prescriptions for radiative cooling (Wiersma, Schaye & 

mith 2009a ), star formation (Schaye 2004 ; Schaye & Dalla Vecchia
008 ), stellar and chemical enrichment (Wiersma et al. 2009b ),
hermal-mode stellar feedback (Dalla Vecchia & Schaye 2012 ), and 
osmic reionization (Haardt & Madau 2001 ; Wiersma et al. 2009b ).
he feedback from supermassive black hole accretion implemented 

n the EAGLE model has a negligible effect on the galaxies in the
POSTLE simulations (Sawala et al. 2016 ). The simulations assume 

he WMAP-7 cosmological parameters (Komatsu et al. 2011 ). 
Galaxies are identified in the simulations following a two-step 

rocess. First, particles are linked together by a friends-of-friends 
FoF) algorithm (Davis et al. 1985 ). Each FoF group is independently
nalysed using the SUBFIND halo finding algorithm (Springel et al. 
001 ; Dolag et al. 2009 ) which identifies gravitationally bound
ubstructures. The subhalo with the minimum gravitational potential 
n each FoF group is labelled the ‘central’ galaxy of the group, while
thers are labelled ‘satellites’. We label galaxies from the APOSTLE 

imulations following the same convention as Oman et al. ( 2019 ):
or example, AP-L1-V6-5-0 refers to APOSTLE resolution level L1, 
e gion (volume) V6, F oF group 5, subhalo 0 (the ‘central’ subhalo).

e al w ays refer to the identifier of the galaxy in the last snapshot; its
rogenitor(s) may have different identifiers. We track the progenitors 
f galaxies in our sample back through time using the merger tree
lgorithm of Helly et al. ( 2003 ). When a galaxy has more than
ne progenitor at a previous time, we follow the progenitor that
ontributed the most particles to the descendant. 

In this work, we focus on a sample drawn exclusively from the
ighest resolution (L1) simulations in the suite. Only regions V1, 
4, V6, V10, and V11 have been simulated at this resolution. At
1 resolution, the gas (DM) particle mass is typically 7 . 4 × 10 3 M �

3 . 6 × 10 4 M �), and the maximum gravitational softening length is
134 pc . According to the criterion of Power et al. ( 2003 ), the

ircular v elocity curv es of low-mass galaxies at this resolution level
re numerically converged to better than 10 per cent at radii � 700 pc .

We focus on recent times, between 8 . 9 and 13 . 76 Gyr ( z = 0). In
his period there are 17 full simulation outputs (every ∼ 0 . 3 Gyr ), or
snapshots’, and 147 partial outputs (every 34 Myr ), or ‘snipshots’,
here some detail – such as abundances of individual elements – is 
mitted. 
Our sample of galaxies is the same as that used by Oman et al.

 2019 ). The galaxies are selected to have maximum circular velocities 
0 < v max / km s −1 < 120, to be centrals (not satellites), and to be
ound in FoF groups which do not include any contaminating low-
MNRAS 522, 3318–3336 (2023) 
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Figure 1. The rotation curves of the galaxy AP-L1-V6-5-0 at times between 
8 . 88 and 13 . 76 Gyr . The circular v elocity curv e increases gradually o v er time 
within the purple band. The extracted rotation curves are much more variable 
and are plotted with coloured curves, with yellow for earlier and red for later 
times. The largest fluctuation in the rotation curves coincides with the time 
of a merger with a gas-rich companion. 
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esolution particles from outside the nominal zoom-in regions of the
imulations. There are 33 such galaxies, with four found in simulation
egion V1, 5 in V4, 11 in V6, 10 in V10, and 3 in V11. All are at
eparated from the nearest of the pair of galaxies analogous to the

ilky Way and M 31 by at least 450 kpc , and up to 3 4 Mpc . 

.2 Circular velocity and rotation cur v es 

e calculated the total circular velocity curves of galaxies in our
ample as v circ = 

√ 

( GM ( < r )) /r , where G is the gravitational
onstant and M ( < r ) is the mass enclosed within radius r of the
ocation of the particle with the minimum gravitational potential,
ncluding all particle types (DM, gas, stars, and black holes). The
pherically symmetric approximation is reasonable for our sample
f galaxies, which are invariably DM-dominated both globally
nd locally at all radii. Furthermore, as will be seen below, the
ctual rotation curves preferentially underestimate the (spherically
veraged) circular velocity curves, so the reduction in v circ by a
ew per cent (Binney & Tremaine 2008 , section 2.6.1b) due to this
pproximation tends to slightly underestimate differences between
he two. 4 

Before calculating rotation curves, we set the velocity zero point
f each galaxy to the mean velocity of its 100 innermost ‘atomic’
as particles. We define atomic gas particles as those with H I mass
ractions of greater than 0.5. The H I mass fractions are calculated
s detailed in Oman et al. ( 2019 ) – in brief, these assume the
mpirical prescription of Rahmati et al. ( 2013 ) to compute the neutral
ractions of particles, and the relation given in Blitz & Rosolowsky
 2006 ) to partition atomic from molecular gas. We then calculate
he angular momentum vector of the atomic gas disc by summing
he angular momenta of the innermost 50 per cent of atomic gas
articles (or 125 000, whichever is fewer). We rotate the coordinate
rame so that the angular momentum vector points in the z-direction,
lacing the disc in the x –y plane. We measure the median azimuthal
elocity of atomic gas particles gravitationally bound to the galaxy
ithin cylindrical annuli of 0 . 5 kpc width. This bin width offers a
ood compromise between limiting noise in the measurement and
esolving the structure in the rotation curves. We measure the rotation
urves out to the edge of the atomic gas disc R disc , which we define
s the radius enclosing 90 per cent of the H I mass. 

The rotation curves are not corrected for a possible radial pressure
radient in the gas disc (often incorrectly termed an ‘asymmetric
rift correction’, see e.g. Valenzuela et al. 2007 , appendix A). Such
orrections for our sample of galaxies (at z = 0) were computed by
man et al. ( 2019 ) and are invariably small ( � 10 per cent), except for
uring mergers. We have checked that the corrections are not larger
ven at the earliest times that we consider in our analysis. Since we
ocus below on links between visible (Section 2.3 ) gas kinematic
eatures and rotation curve features, we omit further discussion of
ressure-support corrections for simplicity, but note that we do not
xpect that accounting for these would qualitatively change any of
NRAS 522, 3318–3336 (2023) 

 The ‘zoom-in’ region has an irregular shape and can extend beyond the 
ominal radius of 2 − 3 Mpc . The condition that no low-resolution particles 
re present in the FoF group ensures that the galaxies in our sample are 
ufficiently far from the boundary of the ‘zoom-in’ region to a v oid any 
purious numerical effects. 
 In the central ∼ 1 kpc , the circular v elocity curv es are also underestimated 
ue to the limited resolution of the simulations, but that effect actually 
odifies (rather than misestimates) the gravitational potential, and the rotation 

urve should be expected to agree with the gravitational potential actually 
ealized in the simulations. 
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ur conclusions as deviations of our galaxies’ rotation curves from
heir circular velocity curves are well in excess of 10 per cent in most
ases (see Section 3.1 ). 

This process was repeated for the 17 snapshots between 8 . 88 and
3 . 76 Gyr to produce a set of circular velocity and rotation curves
 v er time, for each of the 33 galaxies in our sample. Fig. 1 shows
he resulting curves at each snapshot for the galaxy AP-L1-V6-5-0,
s an illustrative example. 

.3 Images and videos 

e use the PY-SPHVIEWER (Benitez-Llambay 2015 ) toolkit to create
ideos of galaxies in our sample o v er time to explore the kinds
f perturbations that affect them and their effects on their rotation
urves. 

In PY-SPHVIEWER , the ‘observer’ is referred to as the ‘camera’.
he parameters specifying the camera position and orientation are

anchored’ at the times corresponding to snapshots. The camera is
ointed at the centre of the galaxy of interest (defined as the location
f the particle with the minimum gravitational potential), and placed
t a distance such that an image with a 90 ◦ field of view extends to
bout twice the radius of the atomic gas disc. We track both a ‘face-
n’ view camera offset from the centre along the angular momentum
ector of the disc (see Section 2.2 ), and an ‘edge-on’ view camera
ffset along an arbitrarily chosen orthogonal axis. Each galaxy is
isualized at 383 times evenly spaced between 8.88 and 13 . 76 Gyr .
ince the time when a visualization is to be created does not in
eneral correspond to the time of a snapshot or snipshot, particle
ositions are linearly interpolated between the two simulation outputs
losest to the desired time. The parameters describing the camera
osition and orientation are also linearly interpolated to the desired
ime. The close spacing of the snipshots in time means that a
igher order interpolation scheme is not necessary . Finally , the
ormalization of the colour scale of the images is linearly interpolated
etween the maximum pixel values in the first and last image (and
ikewise for the minima) in each series to prevent ‘flickering’ and
 v er/undersaturation of the images. To focus attention on the object
f interest, the contributions of simulation particles more than 50 kpc

art/stad868_f1.eps
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Figure 2. Selected frames from the face-on video of the galaxy AP-L1-V6-5-0, showing a gas-rich merger which strongly disrupts the gas disc and the 
rotation curve around t ≈ 10 . 5 ± 0 . 5 Gyr (shown in Fig. 1 ). The partially stripped, but still gas-rich, secondary halo has a second approach, once again 
disturbing the galaxy, around t ≈ 11 . 7 ± 0 . 1 Gyr . The first two images show the DM density only (grey-scale) and gas density only (purple-orange colour 
map), respectively, for the same time as shown in the third panel. The further images are composites of DM density and gas density. This figure is animated 
in the online journal: a video will play before the figure is displayed. It shows the evolution of the galaxy o v er ∼ 4 Gyr with side-by-side face-on (left) and 
edge-on (right) views of the galaxy showing the DM and gas density composite visualization. The same video is available in the supplementary materials as 
AP-L1-V6-5-0-composite-edge-and-face.mp4 (see Appendix A ). 
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rom the centre of the object of interest are exponentially suppressed
ith a scale length of 50 kpc , such that an ything be yond ∼ 300 kpc

s essentially invisible. 
We use this procedure to create videos visualizing the galaxy face- 

n and edge-on for DM and gas particle types, and assemble these in
 variety of combinations (e.g. face-on and edge-on with composite 
M plus gas images; face-on showing DM and gas particles side 
y side, edge-on showing DM and gas particles side by side) to
reate an information-rich set of videos for each galaxy. We also 
roduce a set of figures for each galaxy showing its circular velocity
nd rotation curve at the time of each snapshot side-by-side with an
mage of the galaxy at the same time. Further details are given in the
ppendix A . Fig. 2 shows the DM-plus-gas composite face-on view 

ideo (available online, otherwise a few example frames are shown 
nstead) for the galaxy AP-L1-V6-5-0 (the same galaxy as in Fig. 1 ),
howing a gas-rich merger. 

 RESULTS  

e examined the videos and rotation curves for each galaxy in detail.
e noted the characteristics of each galaxy, the types of perturbations 

isibly affecting each, and their effects on the galaxy and its rotation
urv e o v er time. We allo wed the qualitati ve impressions formed
uring this process to guide the creation of a quantitative summary 
f the different types of perturbations affecting the galaxies. Our 
houghts regarding the advantages of this approach are summarized 
n Section 4.2 . 

.1 Quality of the rotation cur v e as a circular velocity tracer 

n Fig. 3 , we show the rotation curves at the times of the last three
napshots (13.10, 13.43, and 13 . 76 Gyr ) of each galaxy, as well as
heir circular velocity curves at the time of the last snapshot. The
ircular velocity curve (purple line) at the times of the two preceding
napshots is invariably very similar to that at the time of the last
napshot, so we omit them from the figure. Some rotation curves
ccurately trace the circular velocity curve, while others do not. Like-
ise, some galaxies have rotation curves that are highly variable o v er

he ∼ 660 Myr spanned by the three snapshots, while others are quite
table. Guided by our visual impression of the curves in Fig. 3 , we de-
ised a summary statistic Q that captures these features. It is defined: 

 = 

1 

7 

(
4 q 0 + 2 q 0 , 1 + q 1 , 2 

)
, (1) 

here 

 0 = P 0 . 75 

(∣∣∣∣ v rot, 0 ( R i ) 

v circ , 0 ( R i ) 
− 1 

∣∣∣∣
)

(2) 

 0 , 1 = P 0 . 75 

(∣∣∣∣v rot, 0 ( R i ) 

v rot , 1 ( R i ) 
− 1 

∣∣∣∣
)

(3) 

 1 , 2 = P 0 . 75 

(∣∣∣∣v rot, 1 ( R i ) 

v rot , 2 ( R i ) 
− 1 

∣∣∣∣
)

. (4) 

 circ, 0 is the circular v elocity curv e at the time of the last snapshot,
 rot, 0 , v rot, 1 , and v rot, 2 are the rotation curves at times of the last,
econd-last and third-last snapshots, respectively, R i are the radii 
here the curves are sampled, and P 0.75 ( ·) denotes the 75th percentile.
he radii R i are evenly spaced every 500 pc out to the radius enclosing
0 per cent of the H I mass of the galaxy – since this varies with time,
airs of curves are compared using sampling points common to the
air. Conceptually, q 0 measures how well the rotation curve traces 
he circular velocity curve (at the time of the final snapshot), while
 0, 1 and q 1, 2 measure the time variability of the rotation curve. In all
ases, smaller values indicate better agreement. The 75th percentile 
s used to enforce that ‘agreement’ between two curves must extend
 v er most of the curves ( 3 4 of their extent) to obtain a correspondingly
mall value. The three q values are combined as a weighted sum to
ive Q , with slightly more weight placed on the agreement between
he rotation curve and circular velocity curve than its time variability.
ur particular definition of Q involves se veral subjecti ve choices,
ut we have checked that the qualitative conclusions that we reach
re not unduly influenced by these. F or e xample, using q 0 in place
MNRAS 522, 3318–3336 (2023) 
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M

Figure 3. Rotation curves for all galaxies for the last three simulation snapshots (13.10, 13.43, and 13 . 76 Gyr , shown with dotted, dashed, and solid lines, 
respectively) coloured by class – class 1 (green, Q < 0.125); class 2 olive, 0.125 ≤ Q < 0.175); class 3 (orange, 0.175 ≤ Q < 0.225); class 4 (red, Q ≥ 0.225). 
Q is a measure of how well the rotation curve traces the circular v elocity curv e o v er time (see Section 3 ). The purple curves show the z = 0 circular velocity 
curve of each galaxy. The radial extent of each panel is equal to the corresponding galaxy’s R disc . 
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f Q (i.e. neglecting the time variability of the rotation curves), or
sing pairs of snapshots spaced by ∼ 1 Gyr instead of ∼ 300 Myr ,
ead to only small quantitati ve dif ferences that do not change our
nterpretation of our analysis. We acknowledge that Q is not a
erfect measure – for example galaxy AP-L1-V10-5-0 ( Q = 0.37)
as a rotation curve that agrees closely with its circular velocity
urv e o v er about 70 per cent of its e xtent, but has large deviations
n the remaining 30 per cent such that it is perhaps unduly penalized
y our choice to use the 75th percentile – but it nevertheless seems
o successfully broadly sort our sample of galaxies by the degree of
greement between their circular velocity and rotation curves. 

The panels of Fig. 3 are arranged in order of increasing Q . It
s visually clear that the rotation curves of galaxies with higher
NRAS 522, 3318–3336 (2023) 
 do not trace the circular velocity curve as closely as those of
alaxies with lower Q , and are likewise more time variable. We
ivide galaxies into four classes based on the Q statistic. Of the 33
alaxies in our sample, 3 are labelled ‘class 1’ (‘excellent’ agreement
etween circular velocity and rotation curves; Q < 0.125), 9 ‘class 2’
‘good’ agreement; 0.125 ≤ Q < 0.175), 7 ‘class 3’ (‘fair’ agreement;
.175 ≤ Q < 0.225), and 14 ‘class 4’ (‘poor’ agreement; Q ≥
.225). The residuals between the rotation curves and their circular
 elocity curv es at z = 0 as a function of radius are shown in Fig. 4 ,
rouped and coloured by class. Consistent with the definition of
he Q parameter, the amplitude of the residuals increases with Q .
he rotation curves of class 1 and 2 galaxies underestimate their
ircular v elocity curv es within the central ∼ 1 kpc , while class 3 and 4

art/stad868_f3.eps
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Figure 4. Residuals between the rotation curves and circular velocity curves 
as a function of radius normalized by R disc , the radius enclosing 90 per cent 
of the H I mass, for each galaxy at z = 0, coloured by class as in Fig. 3 . 
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alaxies have rotation curves that systematically underestimate their 
ircular velocity curves across the full radial extent of their discs,
ut especially near their centres. The magnitude and radial variation 
f the residuals, especially in the central regions, is in most cases
ignificantly larger than the statistical uncertainties usually assigned 
o the rotation curves of observed galaxies with similar rotation 
peeds (e.g. the more massive galaxies in the LITTLE THINGS 

ample, see Oh et al. 2015 or Iorio et al. 2017 ). These are usually of
bout 5 − 10 km s −1 , or 10–15 per cent, corresponding to about the
dge of the green band in Fig. 4 . It is also larger than the expected
mplitude of pressure-support corrections (Section 2.2 ), with the 
xception of the lowest Q (class 1) galaxies – accounting for pressure
upport would therefore not qualitatively change our results. The Q 

alues of galaxies are tabulated in Table 1 , with rows ordered by
ncreasing Q . The same table also provides a concise summary of
 arious ef fects that can (and often do) perturb the rotation curves of
he galaxies. We discuss each in turn in Section 3.2 , but first give a
rief qualitative overview. 
The o v erall impression that emerges immediately on visual in-

pection of the videos of the galaxies in our sample is one of
ich variety, both in galaxy properties and in the perturbations 
hat they are undergoing. While selected with a simple criterion: 
0 < v max / km s −1 < 120, there are large galaxies with gas discs
xtending nearly 30 kpc in radius, but also tiny galaxies which barely 
esemble discs (radii as small as 2 kpc ). Some galaxies have obvious,
trong gas outflows, while others are rapidly accreting new gas. 
here are several instances of galaxies losing the majority of their 
as and then accreting a new disc that is highly inclined relative to the
revious disc, resulting in a strongly warped disc. Some galaxies are 
ery elongated and/or have frequent lopsided (harmonic of order m = 

) perturbations, while others have a long-term stable, circular disc. 
ergers and interactions with companions are common, with a range 

f impact parameters. In many cases the gas merges quickly, while the
econdary DM halo completes several orbits before fully merging, 
isibly disturbing the gas kinematics at each pericentric passage. A 

ew complicated triple mergers are also present in the sample. Other 
ommon disruptions include non-merging interactions with gas-rich 
r gas-less haloes (for our selection in v max , we do not find any star-
ess or ‘dark’ galaxies that significantly perturb the gas kinematics). 
n some cases a wind from motion through the intergalactic medium
IGM) seems to cause strong m = 1 deformations of the disc. 

.2 Mechanisms perturbing the rotation cur v e 

.2.1 Merg er s and close companions 

lose interactions and mergers with gas-rich companions cause the 
ost obvious disturbances to rotation curves. Gas-less (but not 

ecessarily dark) companions cause less disruption, but can still 
isibly disturb the gas kinematics. In most cases the effect of a gas-
ess companion on the rotation curve is minimal, and even in the
ost extreme cases the rotation curve is usually still a reasonably

ood tracer of the circular velocity curve, if no other perturbation
s ongoing. Similar statements apply to the gas-less remnant of 
n initially gas-rich companion as it returns on subsequent orbital 
assages. We list two examples of interactions with companions (and 
ll other types of perturbations discussed in subsections below) and 
here they can be most clearly seen in our collection of visualizations

n Table 2 . 
Using the merger trees (Section 2.1 ), we identify all companion

alaxies that merged into each galaxy in our sample and their
rogenitors. In addition, we track the progenitors and descendants 
f all companion galaxies, defined as those found in the same FoF
roup as the galaxy at any time (but that did not later merge). For
ach companion and merged object, we find its maximum DM mass
t any time and compare it to the maximum DM mass of the galaxy
f interest, discarding any with a mass ratio less than 1:20. We
ound that interaction with smaller mass ratios caused little visible 
isturbance to the gas discs, and no noticeable perturbation to their
otation curves. We define the time of the first pericentric passage of
n interaction as the time of the earliest simulation snapshot when
oth galaxies are found in the same FoF group and the sign of
he radial velocity difference between the companion and host is 
ositive. 
In Table 1 , we list the times of first pericentric passages for

ll such interactions, excluding those before 8 Gyr . There are 25
nteractions in total, occurring in 15 galaxies. All of the tabulated
ompanions/mergers are initially gas rich – their peak (o v er time)
as-to-stellar mass ratios are ≥1.7. We also note that all compan-
ons and mergers with mass ratios greater than 1:20 had stars –
erturbations due to ‘dark’ galaxies are unimportant for the galaxies 
n our sample. The collision of two gas discs in a 1:20 or greater
erger invariably strongly and globally disturbs the gas morphology 

nd kinematics, making any other possible perturbations moot. We 
herefore flag ongoing interactions (which may persist long after the 
rst pericentric passage), defined as those where the closest approach 
f the companion occurs during the last three simulation snapshots 
 ∼ 650 Myr ) and is closer than 25 kpc . These are marked ‡ in Table 1
nd shown with open symbols in later figures. 

It is clear from Table 1 that galaxies with an ongoing interaction
ith a gas-rich companion have rotation curves that are poor tracers
f the circular velocity (classes 3 and 4, with one exception in class
 where the mass ratio was close to 1:20 to begin with and the
ompanion has been heavily stripped by the end of the simulation).
o we ver, galaxies may recover quickly (in a little more than a
ynamical time) from earlier interactions, depending on the mass 
atio, impact parameter, and the relative inclinations of the gas discs.
 or e xample, galaxy AP-L1-V11-3-0 (class 1) finished merging with
MNRAS 522, 3318–3336 (2023) 
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Table 1. Summary of perturbations affecting the gas kinematics in our sample of galaxies. The rows are in order of increasing Q parameter (column 3, 
Section 3.1 ) quantifying how closely the rotation curve traces the circular velocity curve; higher Q indicates poorer agreement. The range in Q is separated into 
four classes (column 1) from class 1, ‘excellent agreement’, to class 4, ‘poor agreement’. The remaining columns provide quantitative estimates of the strength 
of various perturbations with entries corresponding to a nominal ‘strong perturbation’ regime shown in bold. 

First pericentre of merger Peak radial bulk Peak vertical bulk DM halo Warp angle IGM wind speed 
Class Galaxy ID Q or interaction (Gyr) flow ( kpc Gyr −1 ) flow ( kpc Gyr −1 ) b / a θwarp v wind ( km s −1 ) 

1 AP-L1-V11-3-0 0.04 8.4 − 3 .9 − 0 .1 0.99 8 ◦ 26 
1 AP-L1-V1-4-0 0.09 – − 3 .3 − 0 .0 0.99 8 ◦ 22 
1 AP-L1-V4-8-0 0.11 – − 3 .6 0 .4 0.96 9 ◦ 17 

2 AP-L1-V6-12-0 0.13 – − 6 .2 0 .2 0.98 6 ◦ 31 
2 AP-L1-V6-8-0 0.14 10.9 − 2 .7 1 .8 0.99 3 ◦ 82 
2 AP-L1-V1-8-0 0.14 – − 5 .0 0 .7 0.97 7 ◦ 15 
2 AP-L1-V6-5-0 0.15 10.6 − 5 .4 0 .1 0.99 8 ◦ 43 
2 AP-L1-V10-6-0 0.16 – − 7 .4 − 1 .6 0.91 44 ◦ 27 
2 AP-L1-V6-19-0 0.16 8.9 ‡ − 0 .9 0 .0 0.97 13 ◦ 19 
2 AP-L1-V11-6-0 0.17 – − 6 .1 1 .8 0.88 5 ◦ 32 
2 AP-L1-V10-14-0 0.17 8.9, 10.3 − 5 .2 1 .6 0.96 6 ◦ 64 
2 AP-L1-V4-10-0 0.17 – − 2 .0 1 .3 0.97 3 ◦ 25 

3 AP-L1-V4-6-0 0.18 – − 4 .0 1 .0 0.96 49 ◦ 45 
3 AP-L1-V11-5-0 0.18 9.8, 10.3 ‡ , 11.2 − 5 .0 3 .4 0.91 12 ◦ 66 
3 AP-L1-V1-7-0 0.18 – − 4 .6 1 .2 0.95 41 ◦ 23 
3 AP-L1-V4-14-0 0.18 – − 5 .9 0 .1 0.98 4 ◦ 30 
3 AP-L1-V6-7-0 0.20 8.9, 11.5, 12.8 ‡ − 12 .8 − 0 .2 0.87 51 ◦ 60 
3 AP-L1-V10-30-0 0.20 9.5 − 4 .3 0 .5 0.98 4 ◦ 26 
3 AP-L1-V6-16-0 0.22 10.3 − 4 .7 0 .7 0.96 17 ◦ 10 

4 AP-L1-V6-20-0 0.23 – − 10 .4 1 .3 0.84 14 ◦ 50 
4 AP-L1-V6-18-0 0.24 – − 8 .6 0 .2 0.90 9 ◦ 24 
4 AP-L1-V10-19-0 0.26 8.4, 8.9 − 6 .2 1 .9 0.93 5 ◦ 8 
4 AP-L1-V4-13-0 0.26 – − 3 .5 2 .0 0.87 14 ◦ 10 
4 AP-L1-V6-15-0 0.27 8.7, 11.5, 13.1 − 6 .6 0 .8 0.91 3 ◦ 8 
4 AP-L1-V10-22-0 0.29 – − 5 .8 0 .6 0.99 11 ◦ 6 
4 AP-L1-V6-6-0 0.30 10.3 ‡ , 12.1, 13.1 ‡ − 7 .1 5 .7 0.88 6 ◦ 26 
4 AP-L1-V10-16-0 0.33 – − 2 .0 − 0 .1 0.93 10 ◦ 46 
4 AP-L1-V10-20-0 0.34 11.2, 11.2, 11.2, 11.5, 12.1 − 5 .9 0 .9 0.92 38 ◦ 88 
4 AP-L1-V10-5-0 0.37 11.5 ‡ − 9 .8 1 .9 0.94 84 ◦ 33 
4 AP-L1-V1-6-0 0.40 13.4 ‡ − 7 .9 − 0 .2 0.90 19 ◦ 40 
4 AP-L1-V10-17-0 0.42 9.5 − 7 .4 2 .5 0.93 47 ◦ 31 
4 AP-L1-V6-11-0 0.48 13.4 − 4 .7 1 .1 0.91 22 ◦ 26 
4 AP-L1-V10-13-0 0.69 10.0 − 4 .6 4 .0 0.89 93 ◦ 26 

Note. Further details are given in the specified sections. Column (4): Time(s) since the big bang of the first pericentric passage of companions with DM mass 
ratio greater than 1:20. Currently strongly interacting companions are marked ‡ , and the entire entry is shown in bold (Section 3.2.1 ). (5): Peak (most ne gativ e) 
bulk cylindrical radial atomic gas inflow rate during the last ∼ 600 Myr , values < −5 kpc Gyr −1 in bold (Section 3.2.2 ). (6): Peak bulk vertical (sgn( z) v z ) atomic 
gas expansion rate during the last ∼ 600 Myr , values > 1 kpc Gyr −1 in bold (Section 3.2.2 ). (7): DM halo major-to-intermediate axis ratio b / a at z = 0 within 
an aperture with radius equal to twice the radius enclosing 90 per cent of the H I mass, values < 0.95 in bold (Section 3.2.3 ). (8): Angle between the angular 
momentum vectors of the inner and outer H I disc at z = 0, values > 30 ◦ in bold (Section 3.2.4 ). (9): Speed of the galaxy with respect to diffuse gas between 1 
and 2 times r 200 at z = 0, speeds > 50 km s −1 in bold (Section 3.2.5 ). 
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 massive ( M tot ∼ 3 . 3 × 10 10 M �, DM mass ratio ∼0.13) companion
round 12 . 5 Gyr (see entry in Table 2 for details), but since the
pproach was nearly in the plane of the gas disc, the disruption of the
isc was limited and the gas settled after the merger ended, such that
he rotation curves trace the circular velocity very well by 12 . 7 Gyr
nd thereafter. 

On the other hand, galaxy AP-L1-V6-15-0 (class 4) experienced
n oblique collision with a galaxy ( M tot ∼ 4 . 3 × 10 9 M �, DM mass
atio ∼0.15), dispersing nearly all of the primary g alaxy’s g as on
ts first approach ( ∼ 11 . 5 Gyr ), before the now partially stripped,
ut still gas-rich companion halo returns and the rest of the gas
erges ( ∼ 12 . 2 Gyr ). This dramatic event severely disrupts both the

as disc and DM halo, and the gas dynamics are entirely out of
quilibrium until ∼ 13 . 0 Gyr where the y be gin to settle. By z = 0 the
NRAS 522, 3318–3336 (2023) 

a

otation curve still underestimates the circular velocity overall and
as radially localized features (e.g. ‘wiggles’). 

.2.2 Bulk non-circular gas flows 

ulk non-circular gas flows (e.g. radial or vertical flows) directly
iolate the assumption of rotational support implied by the expecta-
ion that the rotation curve of a galaxy should agree with its circular
 elocity curv e. Bulk outflo ws in lo w-mass galaxies in APOSTLE
re driven predominantly by the injection of thermal energy by
upernovae and are preferentially ejected along the ‘path of least
esistance’: vertically from the disc (see Table 2 for an example).
ulk inflows within the disc, on the other hand, tend to be radial and
re usually associated with gas accretion (see example in Table 2 ). 
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Table 2. Examples of different types of perturbations discussed in Section 3.2 , visualization files where they can be viewed, and descriptions. We repeat the 
Q value for each galaxy here for ease of reference, but note that these are measured at t ∼ 13 . 7 Gyr ; some of the examples discussed here occur earlier in the 
simulations. 

Perturbation type Visualization file Description and comments 
Perturbation time 
( Q ) 

Merger/companion (Section 3.2.1 ) 
10.4–12 . 0 Gyr 
( Q = 0.04) 

AP-L1-V11-3-0-gas-edge-and-face.mp4 Merger with the gas disc of a companion. The 
companion arrives on a prograde orbit nearly in the 
plane of the disc around time 10.2 Gyr (this is 
actually the second passage, the first was around 
8 . 4 Gyr , at this time the gas discs interacted but did 
not collide); the disc survives and settles (by time 
∼ 12 . 7 Gyr ). 

Merger/companion (Section 3.2.1 ) 
11.2–12 . 0 Gyr 
( Q = 0.27) 

AP-L1-V6-15-0-gas-edge-and-face.mp4 Merger with the gas disc of a companion. The 
companion arrives on an oblique prograde orbit; the 
disc is almost completely destroyed and does not 
re-form until time ∼ 13 . 3 Gyr . 

Radial inflows (Section 3.2.2 ) 
13.0–13 . 5 Gyr 
( Q = 0.18) 

AP-L1-V4-14-0-gas-edge-and-face.mp4 Gas is visibly ejected from the disc, likely by a series 
of supernova explosions, around time 12 . 5 Gyr . This 
gas quickly begins to settle back on to the disc. While 
this is ongoing, the entire disc contracts radially. 

Vertical outflows (Section 3.2.2 ) 
13.0–13 . 5 Gyr 
( Q = 0.26) 

AP-L1-V4-13-0-gas-edge-and-face.mp4 Several prominent whisps of ejected gas are visible 
both abo v e and below the disc (in the right-hand 
panel of the video), launched o v er a period of a few 

hundred megayears. 
Elongated halo (Section 3.2.3 ) 
all times 
( Q = 0.17) 

AP-L1-V11-6-0-face-gas-and-dm.mp4 The DM halo is visibly elongated throughout, driving 
transient lopsided ( m = 1 harmonic) and bisymmetric 
( m = 2) deformations of the gas disc. For example, at 
time 13 . 0 Gyr , the disc is both elongated and 
lopsided. The position angle of the halo as seen in 
the visualization rotates o v er time. Initially (8 . 9 Gyr ) 
the major axis in projection runs from the lower left 
to upper right of the image, by 10 . 3 Gyr it is 
horizontal, etc. When the m = 2 mode of the gas disc 
is excited, its major axis is preferentially about 45 ◦
clockwise from the major axis of the halo (e.g. 
horizontal in the image at 8 . 9 Gyr ). 

Warped disc (Section 3.2.4 ) 
13.0–13 . 5 Gyr 
( Q = 0.18) 

AP-L1-V4-6-0-gas-edge-and-face.mp4 By 11 Gyr the gas disc is very small after being 
consumed by star formation and losing gas to 
supernova feedback. Between 12 and 13 Gyr a large 
amount of gas accretes on to the disc, misaligned 
with the existing disc. By 13 . 5 Gyr the edge-on 
planes of the inner and outer discs are clearly visible 
in the right-hand panel of the visualization. 

IGM wind (Section 3.2.5 ) 
all times 
( Q = 0.09) 

AP-L1-V1-4-0-gas-edge-and-face.mp4 Throughout the visualization the diffuse gas 
surrounding the disc has a noticeable net flow from 

right to left in the image, in both the face-on and 
edge-on views. 
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5 An equi v alent interpretation is in terms of the total momentum of the H I 

gas: the radial inflow rate is determined from the total (cylindrical) radial 
momentum of selected particles divided by the total mass of selected particles, 
which could be termed a ‘specific linear momentum’ and has the dimensions 
of a speed. Similarly, the vertical outflow rate is the total specific momentum 

tow ards/aw ay from the disc mid-plane. 
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We quantify bulk non-circular gas flows as follows. We focus on 
he atomic gas disc by first selecting only ‘atomic’ gas particles, 
hich we recall that we define as those with H I mass fractions of
 0.5, and then selecting only those particles within a cylindrical 

perture with a radius equal to the radius enclosing 90 per cent
f the H I mass of the galaxy, and a half-height equal to the half-
eight enclosing 90 per cent of the H I mass. We calculate the
adial (in cylindrical coordinates) and vertical bulk flow rates of 
he selected particles as their mass-weighted average radial and 
 ertical v elocities. F or the v ertical flow rate, we use the speed towards
r away from the disc mid-plane (i.e. sgn( z) v z ). Calculating these
ow rates for a few consecutive simulation snapshots revealed that 

hey are highly time v ariable, moti v ating us to choose a summary
tatistic. The peak (most ne gativ e) radial inflow rates and peak
most positive) vertical outflow rates from the last 3 snapshots 
13.10, 13.43, and 13 . 76 Gyr ) are plotted in Fig. 5 against the Q
arameter defined in equation ( 1 ). To emphasize that these flow
ates capture a global contraction/expansion of the disc 5 rather than 
.g. the speed of gas selected to be ‘outflowing’ or ‘inflowing’,
e sho w v alues in units of kpc Gyr −1 (rather than e.g. km s −1 ).
e also note that ‘harmonic’ non-circular motions, such as a bar-

ike distortion of the gas orbits, are not captured in this measure-
MNRAS 522, 3318–3336 (2023) 
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Figure 5. Correlations of bulk gas flows with the degree to which the rotation 
curve traces the circular velocity curve, Q . Upper panel: The average radial 
v elocity (in c ylindrical coordinates) of ‘atomic’ gas particles in each galaxy 
in our sample is calculated at each of the last three snapshots (13.10, 13.43, 
and 13 . 76 Gyr ), and the minimum value (i.e. peak inflow rate) is plotted on 
the vertical axis. Lower panel: The av erage v ertical v elocity a way from the 
disc mid-plane (i.e. sgn( z) v z ) of ‘atomic’ gas particles in each galaxy in our 
sample is calculated at each of the last three snapshots, and the maximum 

value (i.e. peak outflow rate) is plotted on the vertical axis. Galaxies currently 
strongly interacting with a companion (marked ‡ in Table 1 ) are plotted with 
open symbols. Galaxies with stronger bulk flows have preferentially higher Q 

values. Galaxies with peak radial inflow rates stronger (more ne gativ e) than 
−5 kpc Gyr −1 and/or peak vertical outflow rates greater than 1 kpc Gyr −1 (red 
dashed lines; galaxies with flows stronger than either or both limits are shown 
with red markers) are not found in class 1 (green background), and only one 
galaxy without strong bulk flows is found in class 4 (red background), out 
of 14 galaxies in this class. In all panels, points are numbered in order of 
increasing Q , the same order in which galaxies appear in Table 1 . 
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Table 3. Statistical correlation coefficients for the distributions plotted in 
Figs 5 –8 . Interacting or merging galaxies (open symbols in the figures) are 
excluded from the calculations. The p -values reported are ‘one-sided’, i.e. they 
reflect the probability that the hypothesis that the data do not have a correlation 
of the given sign (negative for rows 1, 3, and 5; positive for rows 2 and 4) can 
be rejected. We caution that Pearson’s statistic is indicative only, since we do 
not expect the correlations to be necessarily linear, nor the variables involved 
to be Gaussian-distributed. The assumptions underlying Spearman’s statistic 
are satisfied. The correlations of peak bulk vertical outflow rate, DM halo b / a , 
and warp angle with Q are likely significant, while the other two quantities 
are consistent with being uncorrelated with Q . 

Pearson p -value Spearman p -value 

Peak bulk radial − 0 .11 0.3 − 0 .24 0.1 
inflow rate 
Peak bulk vertical 0 .61 4 × 10 −4 0 .4 0.01 
outflow rate 
DM halo b / a − 0 .49 4 × 10 −3 − 0 .55 2 × 10 −3 

Warp angle θwarp 0 .66 9 × 10 −5 0 .41 0.02 
IGM wind − 0 .014 0.5 − 0 .065 0.6 
speed v wind 
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ent because such distortions do not result in a net transport of
as. 

Fig. 5 shows that galaxies with stronger inflows and/or outflows
end to have rotation curves that are poorer tracers of their circular
 elocity curv es. We illustrate this by plotting galaxies with radial
nflow rates stronger (more ne gativ e) than −5 kpc Gyr −1 and/or
ertical outflow rates greater than 1 kpc Gyr −1 (approximately the
edian flow rates for galaxies in our sample) with red markers.
ntries in Table 1 exceeding these thresholds are also highlighted

n bold face. By this measure, most galaxies in our sample (26/33)
ave strong bulk flows in at least one of these two directions, but
o galaxies in our class 1 ( Q < 0.125) do. There is furthermore
 clear correlation between the vertical outflow rate and Q , albeit
ith large scatter (see Table 3 ). While the strongest (most ne gativ e)

adial inflow rates seem to occur in galaxies with higher Q , these two
uantities are not significantly correlated (see Table 3 ). 
The connection between bulk flows, in the vertical direction in

articular, was one of the first that we noticed in our initial visual
nalysis of our collection of videos: a lack of visible outflows from
 galaxy is a strong predictor that its rotation curve will be a good
NRAS 522, 3318–3336 (2023) 
racer of its circular velocity curve. Ho we ver, gi ven the diversity
f perturbations which can cause rotation curves to differ from the
ircular velocity curve, having weak bulk flows does not guarantee
his to be the case, as is evident from exceptions such as AP-L1-V10-
6-0. This galaxy has amongst the weakest bulk flows in our sample,
ut falls in class 4 ( Q ≥ 2.225). 

.2.3 Dark matter halo shape 

longated or triaxial DM haloes give rise to non-circular gas orbits,
ith gas often visibly sloshing around in the aspherical potential

see Table 2 for an example). In galaxies where this mechanism is
f fecti ve, the rotation curves are highly variable as strong, transient
opsided (harmonic of order m = 1) and bisymmetric ( m = 2)
odes are excited in the gas disc. Fig. 6 shows the anticorrelation

etween the intermediate-to-major axis ratio of the DM halo and the
 parameter defined in equation ( 1 ). We focus on the shape of the
alo in the region occupied by the disc by calculating axis ratios
sing DM particles in a spherical aperture with a radius equal to
wice the radius enclosing 90 per cent of the galaxy’s H I mass. The
quares of the axis lengths are proportional to the eigenvalues of the
educed inertia tensor: 

 ij = 

∑ 

n m n 
r n,i r n,j 

r 2 n ∑ 

n m n 

, (5) 

here r n and m n are the coordinate vector and mass of particle n ,
espectively. 

Ev en v ery small departures from b / a = 1 seem to be sufficient
o drive large changes in the rotation curves. The red dashed line in
ig. 6 marks b / a = 0.95 – no galaxies with b / a < 0.95 fall in our
lass 1 ( Q < 0.125), and all save one class 4 ( Q ≥ 0.225) galaxies
ave b / a < 0.95. We highlight the entries for galaxies with b / a < 0.95
n Table 1 – these make up 17 of the 33 galaxies in our sample. The
nticorrelation in the figure has considerable scatter, reflecting the
act that a galaxy with a spherical halo can be perturbed by some other
echanism, but an aspherical halo seems to be a strong predictor of

he rotation curve being a poor tracer of the circular velocity curve.
evertheless, the anticorrelation is very clear (see Table 3 ). 
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Figure 6. Anticorrelation between DM halo intermediate-to-major axis ratio 
b / a (measured from reduced inertia tensor of DM particles within a spherical 
aperture with radius equal to twice the radius enclosing 90 per cent of galaxy’s 
H I mass) and the degree to which the rotation curve traces the circular velocity 
curve, Q . An aspherical halo ( b / a � 0.95, marked by the dashed red line and in 
bold in Table 1 ) is a strong predictor of poor agreement between the rotation 
curve and the circular velocity curve, but a spherical halo does not guarantee 
close agreement. The coloured background marks the same intervals in Q as 
introduced in Fig. 3 . Points are numbered in order of increasing Q , the same 
order in which galaxies appear in Table 1 . 
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Figure 7. Correlation between warp angle θwarp (defined as the angle 
between the angular momentum vectors of the inner 30 per cent and the 
outer 60–90 per cent of the H I gas, by mass) and the degree to which the 
rotation curve traces the circular velocity curve, Q . A strong warp ( � 30 ◦, 
marked by the dashed red line and in bold in Table 1 ) is associated with a 
poor agreement between the rotation and circular velocity curves ( Q � 0.2). 
The coloured background marks the same intervals in Q as introduced in 
Fig. 3 . Points are numbered in order of increasing Q , the same order in which 
galaxies appear in Table 1 . 
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Although not shown in Fig. 6 , we also investigated trends in Q
s function of the minor-to-major axis ratio ( c / a ) and the triaxiality
arameter ( T ≡ a 2 −b 2 

a 2 −c 2 
). These show somewhat weaker trends than 

hat with b / a , suggesting that a prolate or triaxial halo shape (i.e. b / a
 1) has a stronger perturbative effect than an oblate shape ( b / a ∼

). This agrees with intuition: a light, rotationally supported disc has 
ossible stable configurations in the potential of an oblate halo, but 
s unstable in a prolate or triaxial potential. 

The mass of the gas disc also plays a role. A more massive disc
ay resist the perturbati ve ef fect of an aspherical halo, or even

sphericalize’ the halo if it is massive enough. We will return to
he importance of the gas disc mass in Section 3.3 . 

.2.4 Warped discs 

everal galaxies in our sample have visible warps in their gas discs;
ne example of a prominent warp is listed in Table 2 . We quantify the
trength of a warp by the angle θwarp between the angular momentum 

ectors of the inner and outer gas discs, which we define as the inner
0 per cent and outer 60–90 per cent of the H I gas by mass. We plot
warp against our Q parameter defined in equation ( 1 ) in Fig. 7 . Most
alaxies in our sample have warp angles of less than ∼20 ◦ and these
pan the entire range in Q , but a minority have large warp angles
aused by rapid accretion of gas with angular momentum strongly 
isaligned with the existing disc, or an interaction with a companion 
these galaxies have preferentially higher Q values (see Table 3 ) and

all in our classes 3 and 4 ( Q � 0.175). We flag galaxies with θwarp >

0 ◦ (dashed line in the figure) as strongly warped, and highlight their
ntries in Table 1 in bold face. There are eight such galaxies in our
ample. We note that the influence of a warp on the rotation curve
s somewhat exaggerated in our analysis because we have measured 
he rotation curves as the median azimuthal velocity of particles in 
 fixed plane aligned with the inner disc. The rotation speed in a
arped outer disc is therefore underestimated by about a factor of
os θwarp , which will be reflected in the measured Q value. 

.2.5 IGM wind 

n the visualizations of some of our galaxies, a ‘wind’ blowing against
he gas disc due to its motion through the IGM is clearly visible, and
ppears to deform the disc, often resulting in a lopsided disc displaced
downwind’. One example where this effect is especially clear is 
iven in Table 2 . The effect is visually similar to recent observations
f the isolated Wolf–Lundmark–Melotte (WLM) dwarf galaxy (Yang 
t al. 2022 ), which also show gas clouds trailing ‘downwind’ from
he galaxy’s proper motion, providing evidence for ram-pressure 
tripping by the IGM. We note, ho we ver, that the simulated galaxy
n question is in class 1 ( Q = 0.09) and has an IGM wind speed
t z = 0 (see below for details) close to the median in our sample
f galaxies. This highlights both the difficulty in quantifying the 
trength of the wind and its potentially quantitatively subtle effect 
n the kinematics of the gas disc, despite the perturbative effect of
he wind being visually very clear. As a consequence, our efforts to
uantify such perturbations have yielded less clear-cut results than 
or the other types of perturbations discussed abo v e, suggesting that
erturbation due to a wind may be more nuanced. The effect on the
otation curve likewise often seems to be fairly subtle. 

We estimate the speed of the IGM wind as follows. We first select
as particles in a spherical shell between one and two times the
irial 6 radius around the galaxy. In order to a v oid undue bias by
ther nearby galaxies, we further restrict our selection to include only
hose particles not gravitationally bound to any subhalo according to 
he halo finder. We take the median velocity in the rest frame of the
alaxy (the same frame used when measuring the rotation curves) of
MNRAS 522, 3318–3336 (2023) 
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Figure 8. IGM wind speed v wind , calculated as the median velocity of the 
gas particles between 1 and 2 times r 200 of the galaxy and not belonging 
to an y F oF group in a frame of reference where the gas disc is at rest (see 
Section 3.2.5 for details), plotted against the degree to which the rotation 
curve traces the circular velocity curve, Q (Section 3.1 ). No strong trend is 
visible. The dashed red line marks 50 km s −1 ; we consider galaxies abo v e this 
line to be the strongest outliers in v wind , and mark the corresponding values 
in bold in Table 1 . The coloured background marks the same intervals in Q as 
introduced in Fig. 3 . Points are numbered in order of increasing Q , the same 
order in which galaxies appear in Table 1 . 

t  

v  

t  

o
 

d  

t  

t  

h  

i  

T  

s  

o  

t
 

i  

s  

w  

t  

t  

i  

(  

o  

3

T  

i  

r  

0  

a  

t  

L  

L  

o  

t  

i  

s  

i  

c  

i  

o  

s  

s  

a  

o  

b
 

f  

A  

c  

p  

c  

i  

a  

m  

w  

t  

a  

D  

t

3

W  

a  

T  

(  

s  

w  

a  

b  

g  

S  

w  

t  

2  

3  

m  

n  

g  

(  

p  

m  

c
 

s  

g  

i  

t  

7 The SPARC compilation provides a ‘quality flag’ from 1 (best) to 3 (not 
suitable for mass modelling). Since in this work we are interested in galaxies 
spanning the full range in rotation curve quality, we include all SPARC 

galaxies in all figures where they are shown. 
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he remaining selected particles to be the IGM wind velocity. We have
erified that the conclusions that we reach are not v ery sensitiv e to
he precise radial range used (within a factor of about 3), or whether
r not bound particles are included. 
The speed of the wind v wind is plotted against the Q parameter

efined in equation ( 1 ) in Fig. 8 . Any correlation is less clear than
hose seen in Figs 5 –7 abo v e, but there is tentative evidence that
he galaxies with the highest IGM wind speeds in our sample have
igher Q values, or at least a v oid the lo west Q v alues, but there
s no statistically significant correlation between v wind and Q (see
 able 3 ). W e draw a boundary at 50 km s −1 (dashed line in the figure)
eparating the galaxies with the highest wind speeds (5 of the 33 in
ur sample) from the others, and highlight the entries corresponding
o the galaxies abo v e this threshold in Table 1 . 

In addition to the caveats listed above, we are cautious in our
nterpretation of perturbations due to the IGM wind because we
truggle to find a clear correspondence between the galaxies where
e identified what appeared to be a wind in our visualizations and

hose with a high wind speed (or other similar quantitative measures
hat we explored). Furthermore, our impression from our visual
nspection is that periods of strong IGM wind are often short-lived
the example in Table 2 is an exception to this), and any perturbation
f the rotation curve does not seem to persist after the wind subsides.

.2.6 Summary 

aking all of these various kinds of perturbations into account, it
s perhaps unsurprising that so few galaxies in our sample have a
otation curve that closely traces their circular velocity curve at z =
. Ho we ver, looking at Table 1 , there are also a few galaxies that have
 v oided an y ob vious recent disturbance and yet have rotation curves
hat are poor tracers of their circular velocity curves. The galaxy AP-
1-V10-30 presents an intriguing case. The visualizations (e.g. AP-
1-V10-30-gas-edge-and-face.mp4 ) do not reveal any
NRAS 522, 3318–3336 (2023) 
bvious perturbations in any of the categories discussed above at late
imes, except perhaps some vertical outflows from the disc. Inspect-
ng its entry in Table 1 , none of its properties exceed our (admittedly
omewhat arbitrary) thresholds for strong perturbations. And yet,
ts late-time rotation curve (Fig. 3 ) significantly underestimates the
ircular velocity curve in the central ∼ 2 kpc , and is time variable
n the outer regions of the disc. The presence of such an example in
ur sample of galaxies emphasizes that we have only scratched the
urface of a complex topic: it is clear that many types of perturbations
ignificantly influence the gas kinematics in low-mass galaxies, but
 more complete understanding of the pre v alence and importance
f each type will require further study, often on a g alaxy-by-g alaxy
asis. 
Ultimately, given the intrinsically limited information available

rom observations of real galaxies, a practical question to ask is:
re galaxies where the rotation curve is a good tracer of the

ircular velocity curve separated from others in terms of observable
roperties? In our exploration of our sample of galaxies, it became
lear very quickly that gas mass (e.g. at fixed stellar mass) plays an
mportant role. Once galaxies with ongoing interactions or mergers
re remo v ed from consideration, g alaxies with higher g as mass are
ore likely to have rotation curves that trace the circular velocity
ell, and vice versa (see further discussion in Section 3.3 ). This is

entatively consistent with the stabilizing effects of a massive disc
gainst some perturbations, including the influence of an aspherical
M halo (the type of perturbation with the clearest effect out of those

hat we investigated, save mergers), as mentioned earlier. 

.3 Trends with galaxy scaling relations 

e plot each pair-wise relation between gas mass, stellar mass,
nd v max at z = 0 in Fig. 9 (tabulated values are available in
 able B1 ). W e also plot the data from the SPARC compilation

Lelli, McGaugh & Schombert 2016a ) with small grey points. 7 The
imulated galaxies broadly follow observed trends in these relations;
e do not discuss the comparison further (see Oman et al. 2019 , for
 detailed comparison). Points for simulated galaxies are coloured
y their their class, from green (class 1) to red (class 4). We plot
alaxies with a recent merger or interaction with a companion (see
ection 3.2.1 ) with an open symbol. Considering the lower panels,
e highlight that all non-interacting galaxies with gas mass greater

han 1 . 5 × 10 9 M � (nine galaxies) are in class 1 or 2, while only
/17 non-interacting galaxies with lower gas masses are not in class
 or 4. We note that galaxies with recent/ongoing interactions or
ergers have preferentially higher gas masses (at fixed v max ) than

on-interacting galaxies – this is unsurprising, since all companion
 alaxies of g alaxies in our sample bring a lot of gas with them
see Section 3.2.1 ). There is no similarly clear separation between
oints of different colours in maximum circular velocity or stellar
ass, besides some weak trends coming from the fact that gas mass

orrelates with both of these parameters. 
It is tempting to attribute gas mass being more important than

tellar mass in this context to the galaxies in our sample having
as masses exceeding their stellar masses, such that the gravitational
nfluence of the stars on the gas kinematics is not dominant. Ho we ver,
he gas is typically more extended, so the stars can still dominate the
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Figure 9. Pair-wise relations between gas mass, stellar mass, and v max , with APOSTLE galaxies plotted as larger points and coloured by class (class 1 with 
Q < 0.125 as green, class 2 with 0.125 ≤ Q < 0.175 as olive, class 3 with 0.175 ≤ Q < 0.225 as orange, class 4 with Q ≥ 0.225 as red) and open points 
showing galaxies with a recent gas-rich merger. SPARC data from Lelli et al. ( 2016a ) are plotted with small grey points. The areas outside of our selection 
60 < v max / km s −1 < 120 are shaded in the right-hand panels. 
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ravitational potential near the centre, and can e x ert a strong non-
ravitational influence through supernova feedback. The strength 
f supernova feedback would be expected to correlate instead with 
ecent star formation, but we did not find any strong trend with recent
tar formation rate (not shown). 

Considering the lower right panel of Fig. 9 , we were surprised not
o find a stronger dependence on a combination of v max and M gas , as
ight be expected if the gas-to-total mass ratio was a primary driver

f Q . We note, ho we ver, that a larger sample of simulated galaxies
ould be very helpful in exploring these issues further. 
We next turn our attention to the possible biases introduced into ob-

ervational scaling relations involving rotation curve measurements 
y the types of perturbations discussed abo v e. We emphasize that we
nvestigate here only the ‘direct’ impact due to the difference between 
he rotation curve and the circular velocity curve – the rotation curves 
hat we consider are those that an observer with perfect knowledge of
he gas kinematics would measure: the median azimuthal velocity as 
 function of radius. With real observations, this direct impact is likely
o be compounded by additional errors induced by e.g. attempting 
o model a non-equilibrium system assuming equilibrium dynamics, 
ssuming circular orbits when the actual orbits are non-circular, etc. 
p
see e.g. Read et al. 2016 ; Oman et al. 2019 ; Sell w ood, Spekk ens &
ckel 2021 ; Roper et al. 2023 ). We consider the BTFR (McGaugh
t al. 2000 ), the j gas − M gas (e.g. Mancera Pi ̃ na et al. 2021 ), the
 I mass–size relation, and the V fid –V max relation (Santos-Santos 

t al. 2020 ) quantifying the shapes of rotation curves as illustrative
xamples. 

.3.1 The BTFR 

he upper panel of Fig. 10 shows the BTFR of the galaxies in our
ample, along with galaxies from the SPARC compilation (Lelli 
t al. 2016a ) and the BTFR of SPARC galaxies reported by Lelli,
cGaugh & Schombert ( 2016b ) to provide context. We do not

ndertake a comparison with the observed BTFR in this work, as this
as previously been addressed by Oman et al. ( 2016 ) and Sales et al.
 2017 ). In this panel, the horizontal axis shows v max , the maximum of
he circular velocity curve. This can be thought of as the ‘truth’ that
s obtained in the ideal case where the gas rotation curve follows the
ircular velocity curve and the measurement of the rotation curve is
ithout error. We also plot an indicative linear fit to the points in this
anel as a black solid line, excluding interacting/merging galaxies 
MNRAS 522, 3318–3336 (2023) 
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Figure 10. The BTFR. Upper panel: Baryonic mass against maximum 

circular velocity, v max . Point colours and open/filled symbols are as in Fig. 9 . 
The solid black line is a linear fit to the open symbols (see Section 3.3.1 for 
details). The BTFR fit from Lelli et al. ( 2016b ) is plotted with a thin solid 
grey line, and data from the SPARC compilation (Lelli et al. 2016a ) as small 
grey points. The areas outside of our selection 60 < v max / km s −1 < 120 are 
shaded in light grey. Centre panel: As upper panel, but with the measured 
maximum gas rotation velocity, v flat , on the horizontal axis (see Section 3.3.1 
for details of how v flat is measured). The points are joined to their respective 
locations in the upper panel by a horizontal line. The fit line from the upper 
panel is repeated, and a fit to the filled points in this panel is shown with a 
dashed black line. Lower panel: The ratio v flat / v max , plotted against v max . The 
maximum gas rotation velocity systematically underestimates the maximum 

circular velocity ( v flat / v max < 1), and the underestimations get systematically 
worse at lower v max ; this has the potential to bias both the normalization 
and the slope of the BTFR. In all panels, points are numbered in order of 
increasing Q , the same order in which galaxies appear in Table 1 . 
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8 We have constrained the fit to intersect that from the upper panel at v max = 

120 km s −1 , loosely moti v ated by the BTFR being best constrained around 
this maximum circular velocity. Without this constraint, the best-fitting line 
has a much shallower slope that we attribute to the sparse sampling at higher 
v flat . 
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open symbols) from the calculation. The fit minimizes the sum of
he squared offsets in M bar from the BTFR. The best-fitting slope
 M bar ∝ v αmax ) is α = 3.9. 

In the centre panel of Fig. 10 , the coloured points show a mea-
urement of the maximum rotation velocity of the gas, determined
rom the flat portion of the rotation curve following the approach of
NRAS 522, 3318–3336 (2023) 
oper et al. ( 2023 , appendix C; if the rotation curve is still rising
t the outermost point, the value at this point is used) – we label
his v flat . Briefly, v flat is measured by iteratively searching for the
elocity in the rotation curve that maximizes the number of other
elocities within an adaptive fractional difference from it. Each
oint is joined to its position in the upper panel by a solid line.
nsurprisingly, galaxies in our classes 3 and 4 mo v e further (on

verage) from their positions in the upper panel than those in our
lasses 1 & 2. Furthermore, nearly all points shift to the left, as
he rotation curves preferentially underestimate the circular velocity
urves. This is emphasized in the lower panel of the figure, where
he ratio v flat / v max is plotted against v max – here it is clear that the
nderestimations get systematically worse towards lower v max (or
ower M bar ). The v max and v flat values for each galaxy in our sample
re tabulated in Table B1 . 

The trends evident in the bottom panel of Fig. 10 mean that the
TFR is biased to a higher normalization (because v flat systematically
nderestimates v max ), and shallower slope (because the underestima-
ions get worse at lower v max ). The change in slope is illustrated in
he centre panel by the dashed line, which has a slope of α = 3.1.
his shows a linear fit to the filled points in this panel, similar 8 to the
olid line (repeated in the upper and centre panels). 

In the APOSTLE simulations, the BTFR has a steep cut-off around
 max = 50 km s −1 (see Oman et al. 2016 ; Sales et al. 2017 ). Replacing
 max with v flat seems to soften the cut-off, potentially enough for the
rend to become more reminiscent of the constant slope often claimed
n observational studies (e.g. McGaugh et al. 2000 ; Ponomare v a et al.
018 ; Lelli et al. 2019 ), although an analysis including galaxies at
ower v max would be needed to confirm this. 

If observed galaxies are subject to broadly similar perturbations
s those that we observe in our simulations, which seems likely,
hen the observed BTFR is probably biased in a similar sense. The

agnitude of the ef fect, ho we ver, depends on the details of each type
f perturbation and their relative frequencies, which the simulations
ay not capture in full detail. 
Interestingly, attempting to remo v e galaxies where the rotation

urve does not trace the circular velocity curve from a sample
o be used to measure the BTFR likely still results in a bias,
ecause those galaxies where the rotation curve is a good tracer
f the circular velocity curve are not an unbiased subsample: they
end to be the most gas-rich galaxies and to have higher M bar 

t fixed v max (see discussion of Fig. 9 ). There is observational
vidence for such a bias: Papastergis et al. ( 2016 ) found that using
 sample selected to be extremely gas-rich ( M gas / M � � 2.7) yields
 steeper slope for the BTFR M bar ∝ ( W /2) α as a function of H I

ine width W than studies with less extreme selections (e.g. Hall
t al. 2012 ; McGaugh 2012 ; Zaritsky et al. 2014 ). They find α =
.75 ± 0.11 (rather than α ∼ 3.3–3.4). Ball et al. ( 2022 ) similarly
nd that restricting their sample to gas-rich ( M HI / M � > 2) galaxies
ignificantly increases the slope of the BTFR, from about 3.3 to 3.9.
hey also find that dividing their galaxy into high- and low-baryonic
ass subsamples (at M bar = 10 10 M �) gives different slopes, of

.9 and 4.1, respecti vely. Ho we ver, Gogate et al. ( 2023 ) instead
nd no strong dependence on gas fraction. All of these studies
se spatially integrated spectral line widths for the velocity axis
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Figure 11. The gas specific angular momentum–mass ( j gas –M gas ) relation. 
Upper panel: Gas specific angular momentum j gas, circ (see equation 6 ) 
calculated assuming the gas is rotating at the circular velocity against the 
gas mass ( M gas = 1.4 M H I ) for our sample of simulated galaxies. The points 
are coloured and open/filled as in Fig. 9 . Galaxies whose j gas has not converged 
by the edge of the gas disc according to the criterion of Mancera Pi ̃ na et al. 
( 2021 , section 2.3) are shown with smaller markers. The measurements of 
Mancera Pi ̃ na et al. ( 2021 ) are shown with the small grey markers and error 
bars, including only those galaxies where the measurement has converged, 
and their fit to these points is shown with the thin grey line. Centre panel: 
As upper panel, but with j gas calculated using the actual rotation curve of the 
gas for the simulated galaxies. The observational measurements and fit are 
repeated from the upper panel. Lower panel: The ratio j gas / j gas, circ , plotted 
against the gas mass M gas . Only galaxies where both j gas and j gas, circ have 
converged are shown with larger points. In all panels, points are numbered in 
order of increasing Q , the same order in which galaxies appear in Table 1 . 
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f the BTFR. Searching for similar trends when spatially resolved 
otation curves are used instead is an interesting avenue for future 
tudies. 

.3.2 The gas specific angular momentum–mass ( j gas − M gas ) 
elation 

e loosely follow Mancera Pi ̃ na et al. ( 2021 , their equation 1) to
efine the specific angular momentum of the gas, j gas , in our galaxies.
e e v aluate it as 

 gas = 

∑ 

i M gas ,i v i R i ∑ 

i M gas ,i 
, (6) 

here we have discretized the disc into a series of radial bins (of
00 pc width, extending out to the radius enclosing 90 per cent of
he H I mass) labelled i with gas masses M gas, i , rotation speeds v i 
nd radii R i . We consider below both the case where v i is measured
rom the circular velocity curve (we label this j gas, circ ), and that
here it is measured from the gas rotation curv e ( j gas, rot ). F ollowing
ancera Pi ̃ na et al. ( 2021 ), we define M gas = 1.33 M H I . Each time

hat we make a measurement of j gas , we also determine whether
t is converged according to the criterion in Mancera Pi ̃ na et al.
 2021 , section 3.2). The j gas, circ and j gas, rot values for each galaxy in
ur sample are tabulated in Table B1 , along with their convergence
iagnostics. 
In the upper panel of Fig. 11 , we show the j gas, circ –M gas relation for

alaxies in our sample. For comparison, we also show the measure- 
ents of Mancera Pi ̃ na et al. ( 2021 ), including only those observed

alaxies where the j gas measurement is converged according to their 
riterion. In general, the simulated galaxies follow the observed 
elation remarkably well (see also Roper et al. 2023 , fig. 4), especially 
hen restricted to those where the j gas measurement converges 

larger coloured points) and that are not currently merging/interacting 
filled points) – although this reduces our sample of 33 galaxies to 
nly 7. 
In the second panel of Fig. 11 , we show the j gas, rot –M gas relation.

imilarly to Fig. 10 , we join the points to their positions in the upper
anel with line segments, but in most cases these are too small to
e visible, emphasizing that the j gas –M gas relation is less sensitive to
otation curves that fail to trace the circular velocity curve of their
alaxy than the BTFR. We again mark the galaxies where the j gas 

easurement converges with larger symbols – in this case, there 
re 9/33 (that are also not merging/interacting with companions). 
n the lower panel of the figure, we show the ratios j gas, rot / j gas, circ ,
hich shows that the specific angular momenta scatter by only about 
5 per cent between the two sets of measurements, with a bias towards
 gas, rot < j gas, circ that is more pronounced for galaxies with lower gas
asses (which are also those preferentially found in our classes 
 and 4, as shown in Fig. 9 ). We caution, ho we ver, that there are
nly four galaxies in our sample (which are not merging/interacting 
ith a companion) for which both the j gas, rot and j gas, circ are 

onverged. 
Even though the gas specific angular momentum–mass relation 

as less potential than the BTFR to be biased by the failure of
otation curves to trace the circular v elocity curv es of their galaxies,
 possible 15 per cent contribution to the scatter is hardly negligible
it represents about a third of the estimated intrinsic scatter of the

elation (0 . 15 dex or about 40 per cent, according to Mancera Pi ̃ na
t al. 2021 ). Conversely, the tightness of the j gas –M gas relation does
ot seem to have any strong implications regarding how closely 
otation curves correspond to circular velocity curves. 
.3.3 The H I mass–size relation 

he H I mass–size relation ( M H I –R H I ) relates the mass of an H I disc
nd its size, usually defined as the radius at which the H I surface
ensity drops below 1 M � pc 2 (e.g. Wang et al. 2016 ). We show this
elation for our sample of simulated galaxies in Fig. 12 (see also
man et al. 2019 , fig. 1). Essentially all galaxies in our sample lie on
 tight relation offset to slightly larger sizes (by ∼ 0 . 2 dex ) than the
MNRAS 522, 3318–3336 (2023) 
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M

Figure 12. The H I mass–size relation. The H I sizes R H I are defined as the 
radius where the surface density drops below 1 M � pc −2 ; we adopt the values 
tabulated in Oman et al. ( 2019 , table A1). We note that this definition differs 
from the radius R disc enclosing 90 per cent of the H I mass used elsewhere in 
this work. The points are coloured and open/filled as in Fig. 9 . The relation 
for galaxies in the SPARC compilation (Lelli et al. 2016a ) is also shown for 
comparison. Points are numbered in order of increasing Q , the same order in 
which galaxies appear in Table 1 . 
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Figure 13. Upper panel: The circular velocity measured at an inner, ‘fiducial 
radius’ r fid (see Section 3.3.4 ) is plotted against the maximum circular 
velocity, v max . Lower central densities correspond to lower v fid, circ at fixed 
v max . The relation for an NFW density profile (Santos-Santos et al. 2020 ) 
is shown with a grey solid line. Data from the compilation of Santos- 
Santos et al. ( 2020 ) are plotted with small grey points. Point colours and 
open/filled symbols are as in Fig. 9 . The areas outside of our selection 
60 < v max / km s −1 < 120 are shaded in light grey. Second panel: As upper 
panel, but the inner and outer rotation velocities v fid, rot and v flat are measured 
from the z = 0 rotation curve. Points are joined by a line to their positions in 
the upper panel. Third panel: Ratio of the outer rotation velocity measured 
from the rotation curve and that measured from the circular velocity curve 
v flat / v max , plotted against v max . Point colours and open/filled symbols as in 
upper panels. Lower panel: Ratio of the inner rotation velocity measured 
from the rotation curve and that measured from the circular velocity curve 
v fid, rot / v fid, circ , plotted against v max . Point colours and open/filled symbols 
as in upper panels. In all panels, points are numbered in order of increasing 
Q , the same order in which galaxies appear in Table 1 . 
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bserved relation. The only strong outlier (AP-L1-V10-20-0, well
elow the relation) actually has an H I surface density profile that is
at at just under 1 M � pc −2 out to about 7 − 8 kpc , so its departure
rom the relation is simply a consequence of the somewhat arbitrary
hoice of threshold surface density. 

Stevens et al. ( 2019 ) argued that the H I mass–size relation is an
ssentially inevitable consequence of the way that H I gas settles into
 disc and is converted to/from H 2 . Any departures of more than a
actor of ∼2 (in radius) from the observed relation should only occur
n simulations for quite extreme failures in modelling the interstellar
edium. Fig. 12 demonstrates that even the most kinematically

isturbed galaxies in our sample still lie on this relation, and therefore
hat a galaxy’s position in the M H I –R H I plane apparently carries no
nformation about the connection between its circular velocity curve
nd its rotation curve. 

.3.4 The v fid –v max relation 

antos-Santos et al. ( 2020 ) adapted a relation introduced by Oman
t al. ( 2015 ) that relates the maximum rotation speed (or circular
elocity) and the rotation speed (or circular velocity) at an inner
adius, v fid = v( r fid ). The radius r fid ≡ ( v max / 70 km s −1 ) 2 kpc is
efined to adapt to the scale of each galaxy. This quantifies the
hape of the rotation curve or circular velocity curve: a more slowly
ising curve (i.e. a rotation curve with a shallow inner slope) has a
ower v fid at a given v max than a more steeply rising curve. 

We plot this relation for our sample of simulated galaxies in the
pper panel of Fig. 13 , here using v fid, circ and v max measured from
heir circular velocity curves. We also plot measurements from the
ompilation of Santos-Santos et al. ( 2020 ) for context (see Oman
t al. 2019 ; Santos-Santos et al. 2020 ; Roper et al. 2023 , for further
iscussion of the comparison). 
In the second panel, we plot the locations of our sample of galaxies

n the same space, but measured from their z = 0 rotation curves ( v flat 

s measured as in Fig. 10 ). The values corresponding to each plotted
oint for all galaxies in our sample are tabulated in Table B1 . In
NRAS 522, 3318–3336 (2023) 
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ddition to the tendency for rotation curves to underestimate the 
aximum circular velocity as discussed abo v e, 29 of the 33 galaxies

n our sample have a significantly lower rotation velocity than circular 
elocity at r fid , with the effect being severe for most class 4 galaxies.
n some cases, the shape of the rotation curve is broadly preserved
displacements parallel to the solid grey line in the second panel), 
hile in others the rotation curve rises much more slowly (vertical 
isplacement downwards). Interestingly, the resulting scatter in the 
pace of v fid − v flat is not dissimilar from that observed for the
PARC galaxies, with even some similarly extreme outliers. We 
aution, ho we ver, that in practice rotation curve measurements do not
eco v er the median azimuthal velocity as a function of radius exactly
ut are subject to various systematic errors in modelling, especially 
n their central regions (Oman et al. 2019 ). The scatter in the lower
anel of Fig. 13 is therefore likely a lower bound on what would
e obtained were these simulated galaxies ‘observed’ and modelled 
nalogously to real galaxies – as is confirmed by Oman et al. ( 2019 )
or a subset of the galaxies in our sample. The discrepancy between
he rotation curves of low-mass galaxies and their circular velocity 
urves may be a significant contributor to the diversity in the shapes
f observed dwarf galaxy rotation curves highlighted by Oman et al. 
 2015 ). 

 C O N C L U S I O N S  

.1 Summary 

hat the cold gas in some observed galaxies is out of equilibrium
nd is therefore a poor dynamical mass tracer is well known. 
o we ver, just ho w rare it may be that an atomic gas rotation

urve can reasonably be interpreted as a circular velocity curve 
as not been previously been systematically explored. Our visu- 
lizations of the gas kinematics of low-mass APOSTLE galaxies 
60 < v max / km s −1 < 120) o v er the past ∼ 4 Gyr emphasize the wide
ariety of processes perturbing them. 

Only about a third (12/33) of the galaxies in our sample have
otation curves that we would describe as similar to their circular 
 elocity curv es, with e xamples of close matches being rarer still
3/33). These are found at preferentially higher gas masses ( M gas �
 . 5 × 10 9 M �). Based on our visual inspection of galaxies and their
ecent history, the most frequent types of perturbations include: 

(i) Mergers and interactions with gas-rich companion galaxies 
6/33). 

(ii) Bulk radial gas inflows, likely driven by accretion (19/33), and 
ertical gas outflows, likely driven by supernovae (15/33). 

(iii) Prolate or triaxial DM halo shapes (17/33). 
(iv) Warps (8/33). 
(v) Winds due to motion through the IGM (5/33). 

The fractions in parentheses indicate the fraction of galaxies in 
ur sample that exceed the thresholds for ‘strong perturbations’ 
f the given type outlined in Sections 3.2.1 –3.2.5 (entries in bold
ace in Table 1 ). Only 5/33 galaxies in our sample a v oid ‘strong’
erturbations in all of these categories at z = 0. 
Some of these types of perturbations (e.g. mergers) are readily 

dentified observationally, such that the galaxy in question can 
e excluded from samples for kinematic analysis, but others (e.g. 
GM wind, influence of triaxial DM halo) are much more subtle. 
urthermore, because susceptibility to perturbation correlates with 
alaxy properties such as total cold gas mass, omitting perturbed 
alaxies from analyses introduces biases. In particular, we find that 
his has probably led to an underestimate of the low-velocity slope 
f the BTFR, offering a straightforward explanation for the steeper 
lope for gas-rich galaxies found by Papastergis et al. ( 2016 ). 

Whether our findings based on the APOSTLE simulations are 
pplicable to observed galaxies depends on how faithfully the 
imulations capture the rele v ant physical processes. Of the main
ategories of perturbations that we see operating in the simulations, 
e would characterize only one (supernov a-dri ven outflo ws) as sen-

itively dependent on modelling choices in which there is significant 
mbiguity. Other processes like the merger rate or the shapes of
M haloes are natural consequences of structure formation in a 
 CDM cosmology, and depend on physics that is well understood

nd straightforward to implement in the models. There is only a single
alaxy in our sample that we have flagged as having strong vertical
utflows, but not any other strong perturbations at z = 0. Our main
onclusion that a majority of galaxies in the v max range of our sample
av e rotation curv es that differ significantly from their circular
 elocity curv es is therefore probably also applicable to real low-mass
alaxies, but confirming this in other cosmological hydrodynamical 
alaxy formation models would reinforce this. Galaxies with non- 
quilibrium gas kinematics are therefore likely one of the main 
rivers of the observed kinematic diversity (as highlighted by Oman 
t al. 2015 ) in dwarfs. 

.2 Reflections on visualization-dri v en analysis 

ur starting point for all of the analysis presented abo v e was
ur collection of galaxy evolution visualizations and their circular 
elocity and rotation curves at the corresponding times. This allowed 
s to build a strong intuition for the perturbations affecting the
alaxies in our sample. The visualizations highlight the diversity 
nd complexity of these low-mass galaxies in a way that cannot be
ully captured by integrated properties (such as those in Figs 5 –8 )
nd provided important context for our more quantitative analysis. 
e can identify several instances where we would probably have 

eached qualitati vely dif ferent conclusions if the visualizations were 
ot available to guide our intuition and analysis. 
The sheer wealth of information represented by the visualizations 

nd rotation curv es ev entually motivated our choice to focus our
nalysis on the current time ( z = 0). The gas discs of essentially
very galaxy in our sample have been subject to different perturbative
rocesses at different times. The time dimension of our data set
emains largely unexplored, offering an interesting avenue for future 
ork. 
The human eye is an exceptionally powerful tool for reducing com- 

lex visual information to simple patterns and trends. Visualization- 
riven analysis of cosmological hydrodynamical simulations has, in 
ur opinion, a largely untapped potential to advance our understand- 
ng of a wide variety of physical processes in galaxies. 
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upplementary data are available at MNRAS online. 

P-L1-V6-5-0-rotation-cur v es.pdf 
P-L1-V6-5-0-gas-edge-and-face.mp4 
P-L1-V6-5-0-face-gas-and-dm.mp4 
P-L1-V6-5-0-edge-gas-and-dm.mp4 
P-L1-V6-5-0-composite-edge-and-face.mp4 
owningOman2023 supplementary 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the 

orresponding author for the article. 

PPEN D IX  A :  G A L A X Y  VIDEOS,  C I R C U L A R  

ELOCITY,  A N D  ROTAT I O N  C U RV E S  

e include as supplementary material a collection of mp4 video 
les for each galaxy in our sample showing different views of

heir evolution o v er the past 4 Gyr ( { AP-ID } is substituted with
he identifier of each galaxy, such as AP-L1-V6-5-0 ): 

(i) { AP-ID } -composite-edge-and-face.mp4 Side-by- 
ide views of the galaxy seen face-on and edge-on, with a composite
mage of the projected DM density (grey scale) and gas density 
purple-yellow colour). 

(ii) { AP-ID } -gas-edge-and-face.mp4 Side-by-side 
iews of the galaxy seen face-on and edge-on, showing the projected 
as density. 
(iii) { AP-ID } -face-gas-and-dm.mp4 Side-by-side views 
f the galaxy seen face-on, in projected DM density (left) and gas
ensity (right). 
(iv) { AP-ID } -edge-gas-and-dm.mp4 Side-by-side views 

f the galaxy seen edge-on, in projected DM density (left) and gas
ensity (right). 
Details of the creation of these visualizations is given in Sec-

ion 2.3 . We note that in some cases the orientation of the camera is
rbitrary in the initial frames of the videos – this is due to the angular
omentum of the gas disc not being e v aluated until the first snapshot

8 . 94 Gyr ) after the start time (8 . 88 Gyr ). 
In addition, we include a file { AP-ID } -rotation-
urves.pdf with a page showing at the time of each simulation
napshot: 

(i) A plot showing the circular velocity curve (purple), and the 
edian azimuthal velocity of atomic gas (orange) particles at the 

abelled time of the snapshot, measured as described in Section 2.2 . 
(ii) The face-on (left) and edge-on (right) gas density images of 

he galaxy, i.e. matching those in { AP-ID } -gas-edge-and-
ace.mp4 . 

Examples for a single galaxy (AP-L1-V6-5-0) are available as 
upporting information. The complete collection of supplementary 
aterial is provided as DowningOman supplementary. 

PPENDI X  B:  I N T E G R AT E D  PROPERTIES  O F  

IMULATED  G A L A X I E S  

n Table B1 , we tabulate the integrated properties of galaxies from
ur simulations that are plotted in Figs 9 –13 , and related values. 
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