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A B S T R A C T 

We quantify departur es fr om hydr odynamical and centrifug al equilibrium in the g as discs of low-mass ( 10 

10 . 75 < 

M 200c / M � < 10 

11 ) galaxies from the COLIBRE cosmological hydrodynamical simulations. We evaluate the full Eulerian 

acceleration balance in the mid-plane and show that disequilibrium is widespread: equilibrium-based circular velocity 

estimat es typically hav e errors of ≥ 10 per cent ( ≈ 75 per cent of mid-plane gas by mass). Disequilibrium is strongest and 

the largest associated errors occur in the inner few kiloparsecs that are crucial for constraining the dark matter density 

pr ofile. Corr ecting the circular velocity to account for pr essur e and convective terms does not reliably improve its recovery 

in strongly perturbed systems where time-dependent forces dominate the residual acceleration budget. Stellar feedback, 
self-gravitating gas clumps, and active galactic nucleus energy injection account for most strong local perturbations, and 

large-scale gravitational asymmetries act as a scaffold for disequilibrium. We classify gas discs into coherent, perturbed, 
and slow/erratic rotators and show that this classification correlates with galaxy properties like mass, morphology, and 

tracers of recent feedback. A majority of galaxies in our sample would be unsuitable for standard rotation curve analysis. 
Much of the observed diversity in the shapes of dwarf g alaxy r otation curv es may st em fr om non-equilibrium g as motions 
rather than diversity in mass profiles – resolving the discrepancy is then first and foremost a problem in gas dynamics. 

Key words: methods: numerical – galaxies: dwarf – galaxies: ISM – galaxies: kinematics and dynamics – dark matter. 
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 INTRODUCTION  

espite the remarkable successes of the standard model of cos- 
ology ( �CDM; dark energy, �, and cold dark matter, CDM) 

n r epr oducing cosmic micr owave back gr ound anisotr opies (e.g .
lanck Collaboration XIII 2016 ), the clustering signal in large- 
cale structur e (e.g . D . J . Eisenstein et al. 2005 ), and gravitational
ensing observations (e.g. C. Heymans et al. 2013 ), significant 
hallenges remain on galactic scales – particularly for low-mass 
alaxies. 

Dwarf g alaxies – br oadly defined as syst ems with st ellar
asses M � < 10 9 M � – fall in a crucial regime for testing both

alaxy formation physics and the nature of dark matter. As the
ost dark-matt er-dominat ed galaxies known, they (pot entially) 

ffer clean laboratories for studying gravitational dynamics, and 
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hus dark matter, in low baryon-fraction environments (see e.g. 
. V. Sales, A. Wetzel & A. Fattahi 2022 ). At the same time,

heir shallow potential wells render them highly susceptible 
o feedback pr ocesses, intr oducing comple x baryonic effects 
hat complicate both simulations and observations (e.g. baryon- 
nduced cor e cr eation, BIC C; A. Pontzen & F. Gov ernat o 2012 ;
. Benítez-Llambay et al. 2019 ). 
A long-standing issue in this context is the cusp–core prob- 

em: the discrepancy between the steep inner density profiles 
 ρ ∝ r −1 ) predicted by dark-matter-only N -body simulations (J. F.
 avarr o, C. S. Frenk & S. D. M. White 1997 ) and the flatter profiles

nferr ed fr om observed g alaxy r otation curv es, once bary onic con-
ributions are accounted for (R. A. Flores & J. R. Primack 1994 ;
 . Moor e 1994 ; W. J. G. de Blok 2010 ). This is typically evaluated
y fitting a power law to the inferred dark matter density in the

nnermost r esolved r egion, and comparing its slope t o simulat ed
aloes at similar radii (e.g. W. J. G. de Blok et al. 2001 ; W. J. G. de
lok & A. Bosma 2002 ; R. A. Swaters et al. 2003 ; S.-H. Oh et al.
 This is an Open Access article distributed under the terms of the 
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011a ; V. H. Robles et al. 2017 ). A mismat ch suggests t ension with
CDM predictions. 
R ecent adv ances hav e shift ed the focus from inner slopes to
ore global discrepancies. Cosmological parameters are now

ightly constrained on large scales (e.g. Planck Collaboration XIII
016 ), and dark matter halo scaling relations – such as the de-
endence of halo structural properties on cosmology – are well
stablished (e.g. C. A. Correa et al. 2015 ; A. D. Ludlow et al. 2016 ;
. Diemer & M. Joyce 2019 ). This enables robust predictions of 
alo circular velocity profiles once a single parameter (e.g. the
aximum circular velocity, V max ) is known. 
Following this logic, K. A. Oman et al. ( 2015 ) reformulated the

usp–cor e pr oblem in terms of an inner mass deficit: a shortfall
n the circular velocity at a fixed inner radius (e.g. 2 kpc, see
lso I. M. E. Sant os-Sant os et al. 2020 , for a later, more flexible
efinition) relative to that expected from the dark matter halo
lone. Some g alaxies e xhibit r otation velocities far below this
aseline, even when sharing the same V max as systems without
uch deficits. The phenomenon spans a wide range of galaxy
asses, from dwarfs to large discs, and varies substantially at

x ed g alaxy pr operties (e.g . the baryonic surface mass density
bar , or the baryonic mass contribution in the inner regions

bar = (V bar , fid /V fid ) 2 ). 
In e xtr eme cases, the inferr ed deficits e x ceed the t otal bary onic
ass, challenging the hypothesis that they arise fr om BIC C (K.
. Oman et al. 2015 ). While such processes – driven by bursty

eedback and gravitational coupling (J. F. N avarr o, V. R. Eke & C.
. Frenk 1996 ; S. Mashchenko, J. Wadsley & H. M. P. Couchman
008 ; F. Gov ernat o et al. 2012 ; A. Pontzen & F. Gov ernat o 2012 ) –
an flatten central density profiles, simulations cannot reproduce
he most e xtr eme cor es inferr ed fr om observations and indicate
hat these baryonic processes are limited to a narrow range of halo

asses (A. Di Cintio et al. 2014 ; T. K. Chan et al. 2015 ). Moreover,
ot all state -of-the -art simulations pr edict cor es: cosmological
ydrodynamical simulations like EAGLE (M. Schaller et al. 2015 ;
. Schaye et al. 2015 , see also A. Benítez-Llambay et al. 2019 ) and
llustris (M. Vog elsberg er et al. 2014 ; K. T. E. Chua et al. 2019 )
 epr oduce key galaxy statistics without featuring them. 

In addition to a solution based on modifications due to bary-
nic feedback, alt ernativ e explanations fall int o tw o main cat e-
ories, as outlined by K. A. Oman et al. ( 2015 ): (i) dark matter is
ot cold and collisionless; or (ii) mass distributions are incorrectly

nferr ed fr om observations. 
Departur es fr om the central assumption of the CDM frame-

ork – that dark matter behaves as a cold collisionless fluid – can
lt er the int ernal kinematics of dwarf galaxies. Self-int eracting
ark matter (SIDM) models have been proposed (D. N. Spergel &
. J. Steinhardt 2000 ), in which scattering interactions among DM
articles ar e intr oduced. For interaction cr oss-sections per unit
ass of order σ/m = 1 cm 

2 g −1 , such interactions can thermalize
he central regions of DM haloes, producing the constant-density
ores observed in dwarfs while retaining the large-scale successes
f CDM (see e.g. M. Rocha et al. 2013 ; O . D . Elbert et al. 2015 ;
. Ren et al. 2019 ). SIDM has also been in vok ed to explain the
road diversity of dwarf galaxy rotation curv es; how ev er, addi-
ional effects due to galaxy formation physics complicate this
ictur e: intr oducing baryon–DM coupling and fine-tuning seems

nevitable (P. Creasey et al. 2017 ; M. Kaplinghat, T. Ren & H.-B.
u 2020 ; J. D. Burger et al. 2022 ; C. A. Correa et al. 2025 ). 
Concerns about residual systematics in kinematic modelling

nd observational mass inference have also been a long-standing
opic of discussion in the field. Emission line-widths can be
NRAS 547, 1–27 (2026) 
ffected by ‘beam smearing’ (see R. A. Swaters et al. 2009 , and
 efer ences ther ein), or centring, alignment, and seeing in the case
f H α slit spectroscopy (R. A. Swaters et al. 2003 ; K. Spekkens, R.
iovanelli & M. P. Haynes 2005 ). Mass models can be affected by

mbiguities in the mass-to-light ratios of galaxies, or the rotation
elocity-inclination degeneracy ( V rot − i ). These effects can lead
o biased inferences of the underlying dark matter distribution,
reating the illusion of a core in intrinsically cuspy haloes (e.g.
. C. van den Bosch & R. A. Swaters 2001 ; A. A. Dutton et al.
005 ). How ev er, analyses based on high-resolution 21-cm radio
bserv ations of dw arf g alaxies – particularly fr om the THINGS (F.
alter et al. 2008 ) and LITTLE THINGS (D. A. Hunter et al. 2012 )

urveys, and the SPARC compilation (F. Lelli, S. S. McGaugh & J.
. Schombert 2016 ) – continue to indicate the presence of some

entral cor es, wher e concerns ar ound many of these systematics
r e gr eatly alleviated. The mass-to-light ratios for galaxies in the
HINGS and LITTLE THINGS surv eys w ere estimat ed using em-
irical relations based on stellar optical colours (E. F. Bell & R. S.
e Jong 2001 ; G. Bruzual & S. Charlot 2003 ), which have been
xt ensiv ely validat ed thr ough independent methods (see e.g . S.-
. Oh et al. 2011b ). In the SPARC compilation, stellar masses are

erived from near-infrared luminosities at 3.6 μm – a wavelength
idely considered one of the most reliable tracers of stellar mass

E. F. Bell & R. S. de Jong 2001 ), as the corresponding mass-to-
ight ratio depends only weakly on age and metallicity across a
road range of star formation histories. 

Nevertheless, the possibility that the observed cores are merely
rt efacts of syst ematic uncertainties in observation or modelling
as not been conclusively ruled out. Dark matter haloes have

ong been predicted to be triaxial in shape, as indicated by some
f the earliest CDM simulations (M. Davis et al. 1985 ; C. S.
renk et al. 1988 ). Such triaxiality gives rise to an aspherical
ravitational potential, with the strongest deviations from spher-
cal symmetry occurring in the central regions (E. Hayashi, J. F.
 avarr o & V. Springel 2007 ). A disc galaxy embedded within such
 halo – typically aligned with the plane defined by the halo’s
nt ermediat e and major axes (E. Hayashi & J. F. N avarr o 2006 )

thus experiences a non-axisymmetric potential. This induces
on-circular motions in the disc, as gas orbits become elongated,
roducing primarily bisymmetric ( m = 2 harmonic) variations

n azimuthal velocity as a function of projection angle (e.g. A.
arasco et al. 2018 ; K. A. Oman et al. 2019 ). Even mild aspheric-

ty in the potential can generate appr eciable non-cir cular motions
e.g. E. Hayashi & J. F. Navarro 2006 ). Although harmonic de-
ompositions of observed dwarf galaxy velocity fields generally
ndicate small non-circular motion amplitudes (C. Trachternach
t al. 2008 ), these are likely underestimated in standard model
tting pr ocedur es (L. Chemin et al. 2020 ). In many cases, ve-

ocity variations arising fr om non-cir cular motions ar e absorbed
y degenerate model parameters (e.g. F. A. Roper et al. 2023 ),
otentially leading to substantial errors in rotation curve mea-
urements, that is, significant discrepancies between the inferred
nd true rotational velocities at a given radius. 

Despite the promising efforts to resolve the diversity of rota-
ion curve shapes tension in studies targeting the effects of non-
ircular motions (A. Marasco et al. 2018 ; K. A. Oman et al. 2019 ; F.
. Roper et al. 2023 ) and/or pr essur e gradients (e.g . O. Valenzuela

t al. 2007 ; L. Chemin et al. 2016 ; J. I. Read et al. 2016 ; P. E.
ancera Piña et al. 2025 ), they have yet to provide conclusive

vidence that the tension has been fully resolved (I. M. E. Santos-
antos et al. 2020 ; see also L. V. Sales et al. 2022 for a recent
 eview). This r ealization has motivated a closer examination of 
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he hierarchy of assumptions required to reduce the complex 
ynamics of gaseous discs to a one-dimensional rotation curve, 

.e. an azimuthally averaged rotational velocity profile, V rot (r) –
s a tracer of the underlying gravitational potential. 

At the heart of this reduction lies a critical physical assump-
ion: that the gas is in a quasi-st eady stat e, or equivalently, that the
ystem’s time-scale of intrinsic velocity evolution are long com- 
ared to dynamical time-scales – or, in general, ∂ t v is negligible 
ompared to other terms. This (quasi-)equilibrium condition is 
n vok ed – either explicitly or implicitly – when equating the ob-
erved rotation velocity of the gas to the circular velocity induced 

y the gravitational potential. Mathematically, this equivalence 
ollows fr om E uler’s equation for fluid motion. Hence, any cor-
 ection that r elies solely on time-independent terms, such as ac-
ounting for thermal or turbulent pr essur e gradients (e.g. asym-
etric drift) or non-centrifugal conv ectiv e motions (e.g. higher- 

r der harmonics), r emains inher ently limited by neglecting the
ime-dependent evolution of the velocity field. 

Recent simulation studies have shown that gas in dwarf galax- 
es often violates these equilibrium assumptions, owing to a range 
f perturbative pr ocesses. Bursty feedback, accr etion flows, mis- 
ligned angular momentum, and environmental interactions can 

ener ate w arps, asymmetries, and large- scale non- circular mo -
ions (e.g. K. El-Badry et al. 2018 ; E. R. Downing & K. A. Oman
023 ; E. D. Jahn et al. 2023 ; M. P. Rey et al. 2024 ; I. S. Sands et al.
024 ). These effects challenge the validity of conventional 3D or
D velocity-field modelling pipelines, even when sophisticated 

orrections to the rotation curve are applied, as such methods 
mplicitly assume st eady-stat e dynamics. 

Following this motivation, we present a novel, fully local, 
ulerian analysis of mid-plane gas dynamics in a large sample 
f dwarf g alaxies drawn fr om the high-resolution COLIBRE 

osmological hydrodynamical simulations (E. Chaikin et al. 2025 ; 
. Schaye et al. 2025 ). C OLIBRE dir ectly and self-consistently

odels the multiphase int erst ellar medium (ISM), including dust 
rains coupled to the chemical network. It r epr oduces key galaxy
tatistics at z = 0 , such as the observed stellar mass function,
izes, star formation rates, H i and H 2 masses, gas and stellar
etallicities, and dust abundances (J. Schaye et al. 2025 ). These

uccesses, and in particular the self-consistent treatment of the 
old and dense phases of the ISM and the supersampling of dark
atter particles (hence enhanced resolution of the gravitational 

otential, mitigating spurious baryon–DM energy transfer A. 
. Ludlow et al. 2019 , 2021 , 2023 ), make COLIBRE particularly
 ell suit ed t o identifying where st eady-stat e assumptions break
own, and to tracing the physical origins of such departures from
quilibrium. 

In this w ork, w e quantify when and where traditional dy-
amical modelling assumptions fail by directly computing grav- 

tational, pr essur e-gradient, and conv ectiv e accelerations in the
imulation mid-plane. Our framework also provides objective 
iagnostics for identifying dynamically perturbed systems and 

solating the physical processes responsible for deviations from 

quilibrium. 
In the sections that follow, we describe the simulation set- 

p and analysis methodology (Section 2 ); present results on 

ynamical diagnostics and the accuracy of mass modelling 
cross our sample (Section 3 ); identify the primary astrophys- 
cal processes driving these systems out of dynamical equi- 
ibrium (Section 4); and inv estigat e some broad differences 
etween perturbed and unperturbed systems (Section 5 ). We 
onclude by discussing the implications of our findings for 
nterpr eting g alaxy r otation curv es and t esting dark matt er mod-
ls (Section 6 ). 

 METHODS  

.1 COLIBRE simulations 

he C OLIBRE (C OLd ISM and Better REsolution) simulation 

uite 1 consists of cosmological hydrodynamical runs performed 

ith the public swift code (M. Schaller et al. 2024 ), version
025.04, extended with a bespoke subgrid physics implemen- 
ation. The simulations adopt the flat �CDM cosmology from 

he ‘DES Y3 + All Ext.’ data set (T. M. C. Abbott et al. 2022 ),
onsistent with the fiducial FLAMINGO simulations (J. Schaye 
t al. 2023 ), with parameters: h = 0 . 681 , 	m 

= 0 . 306 , 	b =
 . 0486 , 	� = 0 . 6939 , n s = 0 . 967 , σ8 = 0 . 807 , A s = 2 . 099 × 10 −9 ,
nd 

∑ 

m νc 2 ≈ 0 . 06 eV . 
COLIBRE uses the sphenix hydrodynamics scheme (J. Borrow 

t al. 2022 ), a smoothed particle hydrodynamics (SPH) formu- 
ation optimized for galaxy formation. This method employs a 
ensity–energy approach with artificial viscosity and conduction 

erms, using a quartic spline kernel with smoothing length η = 

 . 2348 , corresponding to approximately 65 weighted neighbours. 
Key subgrid physics modules in COLIBRE enhance the realism 

f the int erst ellar and cir cumg alactic media, allowing g as to cool
 o t emperatures as low as ∼10 K. Radiative cooling, heating, and
pecies abundances (atoms, ions, and molecules) are computed 

sing hybrid - chimes (A. J . Richings, J . Schaye & B. D . Op-
enheimer 2014a , b ; S. Ploeckinger et al. 2025 ), which ev olv es
he non-equilibrium abundances of electrons and nine hydrogen 

nd helium species on the fly, and treats an additional 147 metal
pecies using quasi-equilibrium chemistry. Dust physics is mod- 
lled self-consistently for three grain species and two size bins, 
oupled to the chemistry and cooling network (J. W. Trayford et
l. 2026 ). Star formation follows a Schmidt law based on gravita-
ional instability, without imposing an effective ISM equation of 
tate (F. S. J. Nobels et al. 2024 ). 

Stellar mass-loss includes metal injection from asymptotic gi- 
nt branch stars, core-collapse supernovae (C CSN e), and Type 
a supernovae (SNIa) with updated yields and a calibrated 

NIa dela y -time distribution (Correa et al., in pr eparation). Pr e-
upernova feedback from massive stars – including stellar winds, 
adiation pr essur e, and H ii r egion photoionization – is e xplicitly

odelled (A. Benítez-Llambay et al. 2026 ). CCSN and SNIa feed-
ack follow a stochastic thermal scheme (C. Dalla Vecchia & J.
chay e 2012 ), supplement ed by a low er energy kinetic mode that
nhances turbulence in the case of CCSN (E. Chaikin et al. 2023 ).
he simulations analysed here employ the fiducial purely ther- 
al active galactic nucleus (AGN) feedback model (C. M. Booth &

. Schay e 2009 ), updat ed t o improv e feedback sampling for low-
ass black holes. We have explicitly checked that similar runs 

sing the hybrid AGN model of F. Huško et al. ( 2026 ), which
racks black hole spin and combines thermally driven winds with 

inetic jet feedback, yield results consistent with the thermal 
GN model in all parts of our analysis. 
MNRAS 547, 1–27 (2026) 
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COLIBRE employs four times more dark matter than bary-
nic particles, improving sampling of the gravitational poten-
ial and suppressing spurious CDM–baryon energy transfer (A.
. Ludlow et al. 2019 , 2021 , 2023 ). The absence of an imposed

SM equation of state allows gas structure to develop on sub-
iloparsec scales, yielding a higher effective resolution than in
revious simulations with comparable baryonic particle masses.
ogether, these features enable a fully multiphase ISM and im-
roved modelling of the gravitational potential, r epr esenting a
ajor r esolution impr ov ement ov er earlier galaxy formation sim-

lations (see E. Chaikin et al. 2025 ; J. Schaye et al. 2025 for full
odel and calibration details, respectively). 
Haloes and galaxies are identified through a three-step process:

i) a friends -of-friends (FoF) alg orithm applied to dark matter
articles with a linking length of 0.2 times the mean interparti-
le spacing; (ii) the h ydrodynamics-optimized hbt -herons sub-
alo finder (V. J . F or ouhar Mor eno et al. 2025 ), a descendant of 
bt + (J. Han et al. 2018 ), which identifies bound structures and

onstructs merger trees; and (iii) the soap tool (R. McGibbon
t al. 2025 ), which computes galaxy and halo properties within
xed and overdensity-based apertures, adopting M 200c and R 200c 
s the halo mass and radius definitions. 2 Throughout the anal-
sis, w e refer t o individual galaxies via their hbt-herons track
D, which uniquely links each z = 0 halo to its main progenitor
cross simulation snapshots and thus provides a stable and phys-
cally meaningful identifier for each system. 

For this w ork, w e use a COLIBRE run with a comoving box
ize of 25 cMpc at m5 r esolution, corr esponding t o bary onic
nd dark matter particle masses of ≈ 2 × 10 5 M � and ≈ 3 ×
0 5 M �, respectively. The Plummer-equiv alent gr avitational soft-
ning length is 0 . 35 kpc (physical) for z < 1 . 57 . 

.2 Gas discs of dwarf galaxies: sample and definitions 

e analyse central haloes, defined as those with no more mas-
ive structure identified within their FoF group, with 10 . 75 ≤
og 10 (M 200c / M �) ≤ 11 at z = 0 . This selection yields 122 galax-
es. Their corresponding stellar masses, M � ∼ 10 8 –10 9 M � (with
nly a few slight e x ceptions), place them in the regime of bright
warf galaxies while ensuring sufficient particle resolution ( >
0 5 total particles per system, and typically � 10 3 stellar or gas
articles). N o pr e-selection is applied based on g as content, mor-
hology, or dynamical stat e t o av oid biasing correlations with the
dis)equilibrium state of the gas. 

Our sample spans diverse morphologies and gas fractions, with
eutral hydrogen (H i ) masses ranging from 10 7 to 10 9 M � and H i

ractions f H i = M H i /M � between (roughly) 0.1 and 10. This diver-
ity is essential for testing the robustness of dynamical modelling
ssumptions across different galaxy types. 

.2.1 Disc extent 

he radial extent of each gas disc is defined using the cumula-
ive H i mass profile. 3 , M H i (< r) . We identify the radius R ext , H i 
NRAS 547, 1–27 (2026) 

 The subscript 200c indicates a quantity evaluated within a spherical 
perture with a mean enclosed density of 200 times the critical density 
or closure, ρc = 3 H 

2 / 8 πG . 
 While not unique to COLIBRE, this approach is greatly facilitated by 
he self-consistent treatment of H i fractions directly within the simula- 
ion outputs, avoiding the need for post-processing schemes commonly 
 equir ed in other simulations (see e.g. the discussion in section 3.3 of K. 
. Oman et al. 2019 ). 

v

A  

v  

k
 

s  

e

t which this profile flattens, i.e. where the logarithmic slope
atisfies 

d log 10 [ M H i (< r) / M �] 
d r 

= λ, 

ith λ = 0 . 01 dex kpc −1 chosen empirically to ensur e r obustness
cross the sample. For a rotationally supported disc this is usually
imilar to the radius enclosing 90 per cent of the H i mass in a
 alaxy ( R 90 , H i , see e.g . E. R. Downing & K. A. Oman 2023 ; I. S.
ands et al. 2024 ); but unlike an enclosed mass threshold, it is a
or e r eliable tracer of the outer edge of a g alaxy’s g as in disturbed

r irregular morphologies. 

.2.2 Warped disc frame 

o accommodate warped gas morphologies, we construct a co-
rdinat e syst em locally aligned with the radially varying angular
omentum v ect or of the gas: 

ˆ 
 gas (r) = 

∑ 

i m i x i × v i ∣∣∑ 

i m i x i × v i 
∣∣ , 

here the sums run over gas particles in a spherical shell at
adius r. Here, m i is the mass of particle i , x i is its position v ect or
elativ e t o the coordinat e origin, and v i is its peculiar velocity
 ect or in the global frame. The profiles are evaluated in radial bins
f fixed width 
r = 0 . 2 kpc , which are identical to those used for
he cumulative H i mass profiles described abov e. Int erpolating
ˆ 
 gas (r) as a continuous function of r – in this work achieved via a
r oken thir d-or der polynomial, ‘cubic spline’ – yields a smoothly
arying local z-axis that defines the warped disc mid-plane. 

The coordinate origin is fixed at the potential minimum as
dentified by hbt-herons . The velocity centroid v cen is computed
s the mass-w eight ed av erage v elocity of dark matter particles
ithin a sphere of radius r vel cen = 2 r conv , where r conv is the con-

ergence radius following C. Power et al. ( 2003 ). This choice
nsures the frame is centred on a physically meaningful dynam-
cally stable origin and velocity frame, minimizing artificial har-

onic modes (e.g. spurious m = 1 modes) in the potential and
elocity fields caused by miscentring. 

Sampling coordinates in this warped frame are 

{ x } local = 

{
(r i , φ j , 0) 

}
local , 

here the local spherical coordinates are radius r i and azimuthal
ngle φ j – we note that setting θlocal = 0 for all sampling points is
quivalent to mid-plane sampling, and that in this special case the
pherical and cylindrical ( r, φ) sets coincide. Specifically, r i ranges
rom 0 . 1 kpc to R ext , H i in steps of 
r = 0 . 2 kpc , and φ j spans 0 ◦
o 358 ◦ in 
φ = 2 ◦ increments. The azimuthal direction φlocal is
efined such that the local tangential velocity satisfies 〈 v φ〉 φ (r i ) ≥
 . We use the symbol 〈 A 〉 φ to denote the azimuthal average of any
uantity A . 

.3 Dynamics of gas discs: fluid models and circular 
elocity reconstruction 

s introduced in Section 1 , this work aims to critically assess the
alidity of commonly adopted assumptions when modelling the
inematics of galactic gas discs. 
The evolution of the velocity field in a collisional inviscid fluid

ystem – such as galactic gas – is governed by Euler’s acceleration
quation: 

∂ v 
∂ t 

+ ( v · ∇ ) v + 

∇ P eff 

ρ
= −∇ �, (1) 
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here v is the fluid velocity, ρ the density, � the gravitational po- 
ential, and P eff the effective pr essur e. The latter includes contri-
utions from both the thermal pr essur e, P th = (γ − 1) uρ, where
 is the internal energy per unit mass and γ the ratio of spe-
ific heats, and the turbulent pr essur e at the resolution limit,
 turb = ρσ 2 

v / 3 = ρσ 2 
v, 1D , where σv is the w eight ed v elocity disper-

ion inside the SPH kernel. Equation ( 1 ) can be viewed as a Jeans-
quation analogue for gaseous systems, relating observable gas 
inematics to the underlying gravitational potential generated by 
aryonic and dark matter, and is always a statement of local force
alance, r eg ar dless of whether the system is in equilibrium. 

In observational analyses, the partial time-derivative term ∂ t v 
s often neglected under the assumption of quasi-steady dynam- 
cs. This omission is not justified by observational limitations (i.e. 
he fact that g alaxies ar e observed at a single epoch, rendering the
erm unmeasurable) but rather by the implicit physical assertion 

hat the system’s time-scales of intrinsic velocity evolution are 
ong compared to dynamical time-scales. When this assumption 

reaks down, the equilibrium approximation fails, and ∂ t v be- 
omes physically significant. Measuring its contribution there- 
or e pr ovides a dir ect pr obe of the degr ee of disequilibrium in
he gas, and quantifies the limitations inherent in st eady-stat e
inematic and mass modelling pipelines. 
Under the st eady-stat e limit ( ∂ t v ≈ 0 ), the radial component of 

quation ( 1 ) defines what we refer to as the ‘equilibrium model’ 4 :

[ ( v · ∇ ) v ] r + 

1 
ρ

∂ P eff 

∂ r 
= −∂ �

∂ r 
≡ g r . (2) 

Further simplifications arise by assuming an idealized axisym- 
etric disc with negligible radial and vertical motions, and where 

he pr essur e gradient is either small or corrected separately (e.g.
ia ‘asymmetric drift corrections’; see O. Valenzuela et al. 2007 , 
ppendix A, for a helpful discussion of this technique and related 

erminology). Under these conditions, the radial convective term 

educes to the centrifugal acceleration, yielding the familiar rela- 
ion 

 φ = 

√ 

r 
∣∣∣∣∂ �∂ r 

∣∣∣∣ ≡ v c , (3) 

here v φ is the local azimuthal (rotational) velocity and v c the
orresponding local circular velocity. 5 

The evaluation of equations ( 1 )–( 3 ) r equir es a change of for-
alism for the hydrodynamics: in a particle-based (Lagrangian) 
 In this framework, any residual difference between the left- and 
ight-hand sides of equation ( 2 ) directly quantifies the neglected time- 
ependent term in equation ( 1 ): 

 t v r = −
{

[ ( v · ∇ ) v ] r + 

1 
ρ

∂ P eff 
∂ r 

− g r 
}

, 

hich r epr esents the local r adial acceler ation of the fluid at fixed spatial 
oor dinates, and thus pr ovides a physically meaningful measur e of depar- 
ur es fr om equilibrium. 
 The commonly used e xpr ession v c (r) = 

√ 

GM(< r) /r only holds under 
pherical symmetry. In general, the fundamental dynamical variable is 
he r adial gr avitational acceler ation g r (r, φ) , which is well defined for any 
ot ential, ev en in syst ems that do not admit closed circular orbits. The 

circular velocity’ used throughout this work therefore refers to the local 
orce-defined quantity v c (r, φ) ≡ √ 

r | g r (r, φ) | , r epr esenting the centrifu- 
 al speed r equir ed to balance the instantaneous radial gravitational force 
n the disc mid-plane, and can vary as a function of φ. 

e

∂
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 epr esentation, the intrinsic acceleration ∂ t v and the convec- 
ive acceleration ( v · ∇ ) v are coupled within the total (material) 
erivative d v / d t. In the following section (Section 2.4 ), we de-
cribe the SPH-based continuous-field reconstruction developed 

 o evaluat e all t erms in equation ( 1 ) independently in Eulerian
ashion, while ensuring full consistency with the simulation’s 
y drodynamics conv entions. 

.4 SPH-based continuous field sampling 

ydrodynamical quantities and their derivatives at warped disc 
rid points are computed using a post-processing scheme consis- 
ent with the sphenix SPH formalism, using the same smoothing 
ernel and neighbour criteria as in the COLIBRE simulation (see 
ection 2.1 ). Formally, our pr ocedur e inv olv es the following: 

(i) Smoothing length estimation: At each sampling point x , we 
olve for the smoothing length h ( x ) via the implicit SPH number
ensity equation 

 ( x ) = 

∑ 

i 

W ( x − x i , h ( x )) = 

(
η

h ( x ) 

)3 

, 

sing Newt on–Raphson it eration t o relativ e t olerance 10 −4 . Here,
 is the smoothing kernel, η is a dimensionless kernel parameter 
xing the w eight ed neighbour number (defined in Section 2.1 ),
nd the sum goes over all the particle neighbours of the point, i ,
ith position v ect ors x i . 
(ii) Density at sampling points and interpolation: The density 

t an arbitrary sampling point x is computed via the traditional 
PH equation, 

( x ) = 

∑ 

i 

m i W ( x − x i , h ( x )) , 

here m i is the mass of the neighbour particle i and h ( x ) is the
moothing length evaluated at x . Scalar , vector , and tensor fields
re then int erpolat ed at sampling points x via 

 

a ( x ) = 

∑ 

i m i A 

a 
i W ( x − x i , h ( x )) 

ρ( x ) 
, 

here A 

a 
i is the field value of particle i . The notation A 

a indicates
ny component of an n -dimensional field. 

(iii) First-order deriv ative oper ator and evaluation: The inter- 
olation scheme described above allows a self-consistent first- 
rder derivative operator for any n -dimensional field A . This op-
rator is given by 

 b A 

a ( x ) = 

∑ 

i m i (A 

a 
i − A 

a ( x )) ∂ b W ( x − x i , h ( x )) 
ρ( x ) 

, 

here ∂ b denotes the partial derivative of a quantity with respect 
o the b component of the sampling position vector, i.e. ∂ / ∂ x b . 

Gr avitational acceler ation is computed as 

 ( x ) ≡ −∇ �( x ) = 

∑ 

j 

Gm j ( x j − x ) (√ 

| x j − x | 2 + ε2 
soft 

)3 , 

.e. via direct N-body summation over all particles within R 200c 
both baryonic and dark, inde x ed by j), employing a softened
ewt onian pot ential consist ent with the C OLIBRE r edshift-
ependent softening length, εsoft , and the adopted gravitational 
onstant, G . Since we focus our analysis on the scale of the disc
 ≈ 0 . 2 R 200c ) this truncation of the particle distribution when eval-
ating g ( x ) is an acceptable appr o ximation. 
MNRAS 547, 1–27 (2026) 
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All calculations are performed in the global coordinate frame
nd project ed int o the w arped local fr ame only at the final step,
nsuring that radial, azimuthal, and vertical components of fields
nd their derivatives remain physically meaningful. For illus-
rative purposes, Appendix A presents a r epr esentative e xample
r om a g alaxy in our sample, illustr ating the w arped disc fr ame
onstruction alongside the output of our SPH-based continuous
eld sampling pr ocedur e. These visualizations pr ovide conte xt

or the numerical pr ocedur es outlined here and in Section 2.2 . 
This continuous-field reconstruction extends particle-based

nalyses into smooth spatially resolved descriptions of the gas
ynamics. Technically, it corresponds to a Shepard (D. Shepard
968 ) SPH-gather scheme employing the same kernel definitions
nd neighbour criteria as the simulation itself, thereby ensuring
onsistency with its hydrodynamical framework. An important
dvantage of this scheme is that each sampling point attains an
ffective spatial resolution determined self-consistently by the
ocal fluid density. This guarantees that reconstructed quantities
ary smoothly across the disc, mitigating the shot noise typical
f scatt er-type int erpolations, where individual particle contri-
utions dominate the local estimate. The Shepard normalization
urther enforces that the effective kernel sum satisfies 

∑ 

i ˜ W = 1 ,
liminating one of the main sources of bias in standard SPH inter-
olation – deviations from unity kernel normalization, which can
therwise lead to systematic underestimation or overestimation
f field amplitudes in sparsely sampled regions. 

A caveat of standard Shepard formalisms is that they are not
trictly conservative in mass or momentum (S. Reinhardt et al.
019 ). How ev er, since the sampling points are not int erpret ed
s finit e-v olume fluid cells, but as infinitesimal tracers defining
 continuous warped mid-plane, the lack of strict conservation
oses no conceptual inconsistency for the subsequent equilib-
ium analysis. Our reconstruction does not attempt to r epr oduce
he exact numerical forces used during the simulation’s time inte-
r ation, but r ather t o recov er the instantaneous continuous field
tructure implied by the discrete SPH representation. 

When evaluating the hydrodynamical equations ( 1 )–( 2 ), we
dopt several deliberate departur es fr om the native SPH formu-
ation used during the simulation. In particular, we e x clude (i)
rtificial viscosity terms, which are numerical constructs intro-
uced for entropy dissipation and shock capturing (J. Borrow
t al. 2022 ), and (ii) the contribution from the large-scale gravi-
ational field of the full simulation box. Our focus is instead on
he physical force balance of the gas under the assumption of an
nviscid collisional fluid. 

Artificial viscosity in SPH serves a necessary numerical role
ut introduces several well-known side effects: (i) spurious shear
tresses, (ii) unphysical angular-momentum transport, and (iii)
amping of turbulent motions at the resolution scale. In our re-
onstruction, the latter effect is at least partially accounted for by
he inclusion of the turbulent pr essur e term, P turb = ρσ 2 

v, 1D , which
aptures the local subgrid velocity dispersion and its contribu-
ion to pr essur e support. Consequently, neglecting the explicit
rtificial-viscosity term does not significantly bias the inferred
uasi-static balance of forces, since its dominant dynamical im-
act – turbulent damping – is r epr esented implicitly thr ough P turb .
F r aming the reconstruction in this way ensures that the recov-

red fields address the fundamental equilibrium problem central
 o rotation-curv e analyses: whether pr essur e gradients and con-
 ectiv e accelerations balance the internal gravitational potential,
nd wher e astr ophysical pr ocesses such as feedback or accr etion
rive measurable departures from this balance. 
NRAS 547, 1–27 (2026) 
.5 Feedback tracing and filtering 

ince stellar and AGN feedback are primary candidates for driv-
ng disequilibrium in the ISM, we construct a filtering scheme
o identify regions of the disc that have been recently affected by
hese processes. This enables a direct spatial and temporal asso-
iation between localized feedback sites and the gas dynamics in
hose sites. 

For each warped mid-plane sampling point, we select gas and
tellar particles within a spherical distance r ≤ 1 kpc . This scale
ncompasses the local environment dynamically sensitive to re-
ent feedback while minimizing contamination from unrelated
tructures. A subsequent temporal filter retains only: 

(i) gas particles flagged as having experienced feedback from
n AGN or from a supernova (CCSN/SNIa) within a lookback
ime t lb ≤ t cutoff ; and 

(ii) young stars with age τ� ≤ t cutoff . 

We test multiple cutoff times (e.g. t cutoff = 10 , 20, 50, and
00 Myr) to verify that the inferred spatial correlations and dis-
quilibrium metrics are robust to this selection. 

Feedback strength is quantified via energy-equivalent proxies: 

(i) Thermal feedback: for purely thermal energy injection (e.g.
CSN or SNIa events), the deposited energy is taken as propor-

ional to the local temperatur e incr ease, 
E ∝ k B 
T , wher e k B is
oltzmann’s constant. 
(ii) Kinetic feedback: for momentum-driven injection, we

ompute 
E = 

1 
2 m (
v ) 2 , where m is the particle mass and 
v

he velocity kick imparted at the last feedback event. 
(iii) AGN feedback: the simulation directly records the thermal

r kinetic energy received per event, and this quantity is adopted
ithout further conversion. 
(iv) Generic stellar feedback: additional stellar processes such

s winds, radiation pr essur e, and ionizing radiation are traced
ia the mass of young stars formed. We have checked that the
patial distribution of active H ii regions (tracked in the COLIBRE
odel) closely follows that of recently formed stars, justifying this

r o xy. 

Feedback pr o xies ar e accumulated acr oss the warped disc
nd, where indicated, normalized by the corresponding local
isc area to yield surface energy-density measures of feedback

mpact. This filtering pr ocedur e isolates r egions wher e the g as
as been recently perturbed by feedback and thus provides a
hysically motivated framework for linking energetic injection
o local deviations from force equilibrium. The motivation for,
imitations of, and implications of this analysis are discussed in
etail in Section 4.2 . 

 D I S EQ U I L I B R I U M  I N  DWARF  GAL A X I E S  

n rotation curve studies, it is standard practice to assume that the
zimuthal velocity of gas directly traces the local gravitational po-
ential. While this assumption is often motivated by the apparent
 otational support, r egularity of emission lines, and morpholog -
cal coherence of gas discs, such observational signatures alone
stablish neither dynamical equilibrium, nor pur ely cir cular mo-
ion. 

As outlined in Section 1 , a range of effects can influence mass
nfer ences fr om g as kinematics. Some stem fr om pr ojection and
bservational artefacts – such as beam smearing, miscentring,
r inclination uncertainties, while others arise from modelling
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Figure 1. Comparison of different fluid dynamical models in recovering the true circular velocity profile for a representative dwarf galaxy. Each panel 
shows radial profiles of reconstructed circular velocity along a fixed azimuthal direction ( φ′ = 0 , 90 , 180 , 270 ◦). The black solid line shows the true v c 
from the gravitational potential; lines that are coloured and non-solid show reconstructions from different models (legend). More physically complete 
models do not always outperform the naïve v φ = v c assumption. 
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egeneracies, particularly those between geometric assumptions 
nd non-circular motions. Yet, almost all inference methods 
dopt, either explicitly or implicitly, the premise that the gas is in
ydrodynamical equilibrium. This assumption is seldom tested 

n a rigorous, spatially resolved manner in either observations or 
imulations. 

.1 Local performance of fluid models 

 central aim of this work is t o t est fluid models in a local phys-
cally self-consistent way. We evaluate whether the steady-state 
uler equation (equation 2 ) is satisfied in simulated gas discs, and
ow well different models recover the true gravitational potential. 
Fig. 1 presents a case study of one simulated galaxy ( hbt-

erons track ID = 14514 , stellar mass M � ≈ 2 . 80 × 10 8 M �),
howing r econstructed cir cular velocity pr ofiles along four az- 
muthal slices. The black solid line is the true circular velocity 
rom the potential (i.e. the local force-defined speed v c (r, φ) =
 

r | g r (r, φ) | ); br oken colour ed curves corr espond to differ ent
odels as indicated in the legend. Two main points stand out. 
First, all reconstructions exhibit significant azimuthal variabil- 

ty at fixed radius, indicating strong model-dependent sensitiv- 
ty to local dynamics and asymmetries. Such non-axisymmetric 
tructur es ar e w ell document ed in empirical gas discs’ hy drody-
amical fields (e.g. harmonic decomposition of moment maps 
evealing spir al pat terns and/or n-symmetric velocity fields; see 
. H. M. Schoenmakers, M. F r anx & P. T. de Zeeuw 1997 ; C. Tra-
hternach et al. 2008 ; J. A. Sellwood & R. Z. Sánchez 2010 ). How-
ver, the behaviours observed here underscore a deeper implica- 
ion: azimuthal averaging, which is commonly used in rotation 

urve analyses (both observational and theoretical), can obscure 
ritical localized discrepancies. These deviations are physical sig- 
atures of disequilibrium physics, driven by ongoing astrophysi- 
al processes (as we will discuss in Section 4). 

Secondly, and perhaps more strikingly, the ‘Equilibrium 

odel’ (dark green/dotted) – despite being the most comprehen- 
ive physical model – is frequently outperformed by the sim- 
listic v φ = v c assumption (orange/dashed); see, for example, the 

ncreased absolute deviation of the equilibrium reconstruction 

rom the true circular velocity in the φ′ = 180 ◦ slice. The simpler
Pr essur e support model’ (brown/dash–dotted), which attempts a 
orrection to v φ under the assumption that hydrostatic pressure 
radients are the dominant non-equilibrium effect, fares similarly 
in this galaxy this assumption is justified across most of the disc,
lthough this does not hold for all galaxies. This count erintuitiv e
utcome echoes the findings of I. S. Sands et al. ( 2024 ) who
MNRAS 547, 1–27 (2026) 
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M

Figure 2. Radial distributions of the ε(r, φ) and δ(r, φ) parameters (equation 4) weighted by gas mass across the full galaxy sample, respectively, 
W( ε( r, φ) , r) and W( δ( r, φ) , r) . Each panel displays both the joint and marginal distributions of the respective par ameter. Left panel : stacked 2D histogr am 

of ε v ersus galact ocentric radius, r, where the colour scale indicates the joint w eight ed density, W(ε, r) / �W , summed acr oss all g alaxies. The vertical 
subpanel to the right shows the normalized marginal (1D) distribution, W(ε) / �W . Right panel : same as left panel, but for the δ parameter. The cyan 
dash–dotted lines in the main panel and black dash–dotted lines in the side panel denote the parameter range associated with ≤ 10 per cent error in 
circular velocity inference based on the corresponding dynamical model. In the main subpanel, the white solid and white dashed lines show the median 
and central 50 per cent envelopes of the respective conditional distributions, W(ε| r) and W(δ| r) . 
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tudied disequilibrium in gas discs from the FIRE-3 simulation
uite (P. F. Hopkins et al. 2023 ). They argue that the poor per-
ormance of the equilibrium model can be traced to the unbal-
nced nature of Eulerian terms. Specifically, radial components
f the conv ectiv e derivativ e, ( v · ∇ ) v , often arise from the same
on-equilibrium processes that generate time variations in the
elocity field, ∂ t v . This coupling undermines the validity of equi-
ibrium reconstructions. That we find similar trends in COLIBRE
 einfor ces a key point: adding correction terms for non-circular

otions or pr essur e support does not guarantee more accurate
ass inferences. The limiting factor is whether the gas is actually

n hydrodynamical equilibrium. 
In summary, the standard equality v φ = v c breaks down in a

ystematic and physically meaningful wa y. E ven in the most com-
lete time-independent fluid models, disequilibrium produces
r equent significant err ors in cir cular v elocity estimat es. This
hallenges the foundational assumptions of rotation curve anal-
sis and suggests that purely analytic corrections are limited by
nobservable time-dependent processes. 

.2 Population- wide r adial trends in disequilibrium 

hysics 

o test whether the r esults fr om the g alaxy shown in the previous
ection ar e r epr esentative of the br oader dwarf g alaxy population,
 e ext end our analysis t o the full simulation sample. We intro-
uce two diagnostic parameters that quantify deviations from h y -
rodynamical equilibrium and centrifugal balance, respectively.
hese metrics also correspond to the fractional error in inferred
ircular velocity when adopting either the full equilibrium model
equation 2 ) or the naïve assumption that the rotational velocity
xactly traces the mass distribution (equation 3 ). 
NRAS 547, 1–27 (2026) 
The choice to e xpr ess both discrepancies in fractional terms
rises from the large variety of galaxies in the sample, which span
 wide range of circular velocity profiles (i.e. rising at different
ates and up to slightly different V max ). Hence, we define 

 ≡
( 

[( v · ∇ ) v ] r + 

1 
ρ

∂ P eff 
∂ r 

g r 

) 

− 1 = −∂ t v r 
g r 

. (4a) 

≡ v φ
v c 

− 1 . (4b) 

hile δ has a familiar physical interpretation – indicating the
xt ent t o which rotation supports a g as par cel ag ainst gravity –
 is bett er int erpret ed as a diagnostic of net radial imbalance. It
ompares the total time-independent accelerations experienced
y a gas parcel to the local gravitational acceleration. As such,
 � = 0 implies that the local fluid is undersupported ( ε < 0 ) or
v ersupport ed ( ε > 0 ), and w ould dev elop a net radial inflow or
utflow if ev olv ed in an Eulerian framew ork (assuming an initial
 r ≈ 0 ). 

Fig. 2 shows the radial distribution of both diagnostic parame-
ers across the galaxy sample. The left panel corresponds to the

ass-w eight ed density of ε( r, φ) , i.e. W( ε, r) / �W , while the
ight panel shows the same for δ(r, φ) . In each case, the main
ubpanel presents a stacked 2D histogram of parameter values
s a function of galactocentric radius, with colour indicating the
oint distribution normalized by the total counts. Each galaxy
ere contributes 180 evenly spaced azimuthal measurements per
adial bin up to the radius marking the extent of its gaseous disc –
 ext , H i , as defined in Section 2.2 , enabling robust population-level
tatistics. The vertical subpanels display the normalized 1D distri-
ution of the corresponding parameter. The cyan (main panels)
nd black (side panels) dash–dotted lines indicate the range of 
ar ameter v alues associated with ≤ 10 per cent error in circular
elocity inference under the relevant fluid model (i.e. | ε| � 0 . 2 ,
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 δ| ≤ 0 . 1 ). In the main subpanel, the white solid and white dashed
ines indicate the median and central 50 th percentile of the re-
pective conditional distributions, W(ε| r) and W(δ| r) . Several re-
ults emerge. 

First, both the ε and δ exhibit broad distributions at all radii,
emonstrating that disequilibrium is a pervasive feature of dwarf 
 alaxy g as discs. Crucially, this is not a subtle effect – typical
eviations of the order of 10 per cent from radial force balance
nd centrifugal support are common, with a substantial fraction 

f measurements showing even larger discrepancies. This is more 
learly seen in the marginalized 1D distributions shown in the 
ide panels, where the parameter ranges corresponding to ≤ 10 
er cent circular velocity inference error approximately coincide 
ith the full width at half-maximum of the distribution func- 

ions. This ov erlap indicat es that a significant portion of the gas
isc lies outside the regime where circular v elocity estimat es are
ccurat e t o bett er than 10 per cent. 

As evident in the main panels, the vast majority of the samples
ontributing to these broad distributions originate from the 
nner disc regions ( r � 5 kpc). This finding runs counter to
xpectations based on dynamical time-scales, which predict 
ore rapid relaxation in the central regions; inst ead, w e find

lear evidence for persistent perturbations. This is particularly 
elevant for core–cusp studies, since this radial range provides 
he strong est leverag e for constraining dark matter density 
rofiles. This is not the only hint that the centres of dwarf 
 alaxies ar e continuously perturbed out of equilibrium. In fact, 
 recent investigation of radial trends in the radial acceleration 

caling relation (S. S. McGaugh, F. Lelli & J. M. Schombert 2016 )
sing the SPARC sample (F. Lelli et al. 2016 ) shows that the inner
egions – defined as r < 2 R d , where R d is the stellar disc scale
adius – are much less tight (in t erms of intrinsic scatt er) than
he outer disc (see fig. S1 in T. Ren et al. 2019 ). This trend can be
nt erpret ed as empirical evidence that inner r egions of g alaxies
re indeed the most dynamically disturbed. 

Secondly, the equilibrium-based model (quantified by ε) does 
ot consistently outperform the naïve centrifugal model (quan- 

ified by δ). A cr oss the population, many regions – partic-
larly in the inner disc – fall outside the parameter space 
her e equilibrium-based corr ections yield mor e accurate cir- 

ular velocities than the azimuthal velocity, r einfor cing the 
iscussion in Section 3.1 . This is reflected in Fig. 2 , where
he mass-w eight ed peak of the ε distribution reaches a value

ax 
(
W(ε) / �W 

) ≈ 0 . 015 , compared to the peak of the δ distri-
ution max 

(
W(δ) / �W 

) ≈ 0 . 030 . 
Moreov er, the δ paramet er rev eals a population-wide tendency 

 o underestimat e the true circular velocity in the inner disc
 δ < 0 ), implying a systematic bias towards inferring smaller
nner velocities, hence ‘cor ed’ pr ofiles. As the white solid and
ashed lines indicate, this bias arises pr efer entially within r � 5
pc, where the median radial trend of δ departs from zero 
nd the conditional distributions become increasingly skewed 

owar ds neg ative values. Although the median fractional offsets 
 emain r elatively modest – of or der 10 per cent at r ≈ 2 kpc – the
rowing asymmetry of the distributions implies that a substantial 
raction of regions systematically underestimate the true circular 
elocity; crucially, this behaviour is mirr or ed, not mitig ated, 
hen adopting the equilibrium-based model. How ev er, the δ
istribution is broad in the inner kiloparsecs, with a minority of 
 egions e xhibiting the opposite tr end ( δ > 0 ). This bidir ectional
catter suggests that some of the observed diversity in dwarf 
 alaxy r otation curves could arise fr om disequilibrium physics
ather than intrinsic variations in the underlying dark matter 
istributions. In other words, the rotational structure in the 

nner r egions of g as discs is a biased and high-v ariance tr acer
f the underlying gravitational potential even before projection 

ffects, and the limited ability of kinematic models to accurately 
ecover azimuthal speeds, come into play. 

Together, these results point to a deeper limitation of analytic 
uid models in the context of mass inference for dwarf galaxies.
hile efforts to correct for non-circular motions or pr essur e sup-

ort – such as asymmetric drift prescriptions – have become in- 
reasingly sophisticated, our analysis suggests that these models 
re fundamentally constrained by the intrinsic disequilibrium of 
he gas. The inner kiloparsecs – the most critical regime for dark

at ter constr aints – are also the least likely to satisfy st eady-stat e
ssumptions. 

If gas kinematics in dwarf galaxies is not a reliable tracer of the
ravitational pot ential, mismat ches betw een observ ed rotation 

urves and �CDM predictions may r eflect the br eakdown of the
quilibrium assumption, not a failure of the cosmological model 
tself. This can reframe the long-standing core-cusp and diversity 
f rotation curves tensions into a mismatch between observed 

uantities and the theoretical constructs that they are used to 
nfer. 

 ORIGINS  OF  D I S EQ U I L I B R I U M  

ection 3 showed that hydrodynamical disequilibrium is a 
idespread and persistent feature of the gas discs in our low-
ass galaxy sample, spanning a diverse set of simulated systems. 

he amplitude and ubiquity of these deviations from st eady-stat e
ynamics hav e immediat e implications for dynamical mass in- 
erence. They challenge the robustness of classical rotation curve 
nalyses and offer a plausible route to explain the diversity of 
warf g alaxy r otation curves. 
This naturally prompts a central question: ‘If disequilibrium is 

o prevalent and has such strong implications, what causes it?’ 
mplicit in this is a methodological concern: are these departures 
enuine astrophysical phenomena, driven by internal feedback, 
ravitational instabilities, etc., or are they artefacts of numerical 
imitations or rare stochastic events? 

In this section we dissect the physical origins of disequilibrium
n our simulations, using spatially resolved diagnostics to connect 
ocal equilibrium violations with specific dynamical drivers. Our 
im is t o separat e plausible physical mechanisms from numerical
r incidental causes, while quantifying and characterizing their 
espective dynamical signatures. 

.1 Disequilibrium drivers 

e consider four broad classes of mechanisms that are expected 

o disrupt Eulerian steady-state velocity fields: (i) impulsive mo- 
entum and energy injection from stellar feedback; (ii) over- 

ense, self-gravitating clumps; (iii) energy injection from AGN 

ctivity; and (iv) disc-scale gravitational asymmetries. 
We stress that this taxonomy is not derived from prior studies of 

ydrodynamical disequilibrium per se, but rather from physical 
ntuition and analytic expectations about the stability of galactic 
iscs: any process capable of driving non-circular motions, inject- 

ng turbulence, or introducing rapidly evolving unrelaxed compo- 
ents should, in principle, generate measurable deviations from 

quilibrium. While the first three processes are often causally and 

emporally linked, e.g. feedback can seed clump formation, which 

n turn can trigger gas inflow, which then may feed the AGN, they
MNRAS 547, 1–27 (2026) 
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M

Figure 3. A visual summary of three different mechanisms inducing local disequilibrium in the ISM considered in this study, along with their associated 
tracers. The figure is organized in rows, each corresponding to one disequilibrium-driving mechanism: stellar feedback (top), self-gravitating gas clumps 
(middle), and A GN activity (bottom). F or the first tw o rows (st ellar feedback and clumps), the panels in the left and middle columns show the same 
r epr esentative g alaxy, as indicat ed by the annotat ed track IDs, whereas the bot tom row illustr at es a different syst em; the right column in each row always 
shows the corresponding sample-wide ε distribution. Left c olumn : 2D Cart esian maps of a representativ e deproject ed warped disc mid-plane (X 

′ , Y ′ ) , 
colour-coded by the associated tracer field – effective pr essur e for both stellar and AGN feedback, and the free-fall to orbital time ratio for self-gravitating 
clumps. The blue and cyan dots in the upper left panel indicate the positions of young stars (ages τ� ≤ 100 Myr ) and gas particles recently affected by 
C CSN e ( t lb ≤ 50 Myr ), respectively. The solid white contours enclose regions exceeding tracer thresholds, or satisfying proximity crit eria. Middle c olumn : 
the same maps, colour-coded by the disequilibrium parameter ε, with the same contours as in the left panels (now in lime) overlaid to highlight the 
spatial correlation between tracers and disequilibrium. Right column : normalized 1D distributions of ε, w eight ed by gas mass, computed across the full 
dwarf galaxy sample for each process (coloured), compared to the global distribution (grey). The vertical dashed lines indicate the quasi-equilibrium 

range defined by | ε| � 0 . 20 . The spatial alignment of tracer-selected regions with extreme ε values, together with their skewed and/or broadened ε 
distributions relative to the global one, supports their role as drivers of hydrodynamical disequilibrium. 
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re none the less localized in space and time, and can ther efor e be
dentified through spatial tr acer fields. By contr ast, gr avitational
symmetries are inherently non-local in their dynamical influ-
nce and are treated separately in Section 4.1.4 . We also stress
hat this is not a comprehensive list of all possible drivers, but a
election of the most important (as we will discuss in Section 4.2 ).
NRAS 547, 1–27 (2026) 
Fig . 3 pr ovides a compact summary of the spatial and statistical
ignatures of the first three mechanisms. Each row corresponds
o one driver and one r epr esentative g alaxy (unless otherwise
oted), with the first column showing a tracer-field map of a
 epr esentative warped and deprojected disc mid-plane, (X 

′ , Y 

′ ) ;
econd column the corresponding disequilibrium parameter ( ε)



Disequilibrium in dwarf galaxies 11 

m
d
t
m
T
b
l  

a
s  

c
t
f
t
n
i

4

S
p
a  

e  

F  

O
r  

s  

l
t
M  

d  

2  

e  

i
b
t  

W  

p  

l  

p  

t
(  

p  

m  

S
t
r  

5  

2  

t  

i
n  

d  

e  

c
i

e
m  

p
r  

s

C  

t  

o
 

h  

s
s  

o  

b
p
i
r

h
t
r  

f
c  

s  

a  

i  

I  

i  

f
m
t  

l  

s  

d  

A  

a
w

s  

a  

b
c  

t  

a
d

i
g  

p
t
i
s
e

4

L
t
–

6 Since ε measures the ratio of the neglected time-dependent acceleration 
to the radial gravitational force, ε = −∂ t v r /g r , values with | ε| > 1 imply 
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shorter than the dynamical time-scale set by gravity. In such regimes the 
dynamics cannot be treated as small perturbations about equilibrium, 
rather they signify strong departures from the assumptions underlying 
standard disc models. 
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ap; and the third column showing the gas -mass -w eight ed ε 

istribution for tracer-selected regions (coloured), compared to 
he global distribution (grey), both normalized by their total gas- 

ass-weight and computed across the full dwarf galaxy sample. 
he tracer definitions are rooted in theoretical expectations: feed- 
ack regions are identified by effective (both thermal and turbu- 

ent) overpr essur e near young stars and r ecent C CSN e, or ar ound
n active AGN; self-gravitating clumps are traced by regions with 

hort free-fall times relative to the local orbital period. In all three
ases, the white (or lime) contours delineate regions exceeding 
racer thresholds for overdense gas clumps, or proximity criteria 
or feedback. The visual and statistical correspondence between 

racer-selected zones and high- | ε| gas suggests that these mecha- 
isms imprint distinct separable signatures on the ISM kinemat- 

cs. We examine each in turn, beginning with stellar feedback. 

.1.1 Stellar feedback 

tellar feedback is a well-motivated source of ISM disequilibrium, 
articularly in shallow gravitational potentials where momentum 

nd energy injection from massive stars can rival the disc binding
nergy (e.g. A. Dekel & J. Silk 1986 ; G. Stinson et al. 2006 ; P.
. Hopkins, E. Quataert & N. Murray 2012 ; C.-G. Kim & E. C.
striker 2017 ). Energy deposition from SNe, stellar winds, and 

adiation pr essur e drives e xpanding shells, turbulence, and large-
cale pr essur e gradients, each of which can displace g as fr om
ocal force balance for time-scales exceeding the local dynamical 
ime (D. Martizzi, C.-A. Faucher-Giguère & E. Quataert 2015 ; 

. E. Orr et al. 2020 ). Observations support this picture: nearby
warfs often exhibit asymmetric H i profiles (e.g. F. Walter et al.
008 ; A. M. Stilp et al. 2013 ) and v ertically ext ended warm gas la y -
rs (R. Boomsma et al. 2008 ; C. Bacchini et al. 2020 ), with signif-
cant dispersive motions consistent with feedback-driven distur- 
ances. A striking observational example of extreme disruption is 
he supergiant H i shell, or ‘superbubble’, in IC2574 (E. Brinks, F.

alter & J. Kerp 2003 ), which also coincides with one of the most
r onounced appar ent dark matter cor es known in a dwarf g alaxy.
In our analysis, feedback-affected gas is defined as material 

ying within a projected radius of 1 kpc in the warped disc mid-
lane around either young stars (ages τ� � 100 Myr ) or gas par-
icles that have recently received kinetic injection from CCSNe 
 t lb ≤ 50 Myr ). Particle positions are first assigned to their nearest
oint on the deprojected disc surface, and the selection is then
ade using a two - dimensional circular mask of radius 1 kpc (see

ection 2.5 for details). This choice reflects both the geometry of 
he discs and the physical dispersion of feedback-driven mate- 
ial: although C CSN e impart an isotr opic target kick of v kick =
0 km s −1 in the rest frame of the star particle (E. Chaikin et al.
023 ; J. Schaye et al. 2025 ), the residual velocity of affected gas in
he rotating disc frame is typically smaller ( ∼ 20 km s −1 ), imply-
ng characteristic displacements of ∼ 1 kpc over ∼ 50 Myr (ig- 
oring other for ces). Furthermor e, H i -dominated dwarf g alaxy
iscs hav e expect ed v ertical scale heights of ∼ 1 kpc (A. Banerjee
t al. 2011 ), making this spatial cut a physically motivated and
onservative choice for identifying feedback-influenced regions 
n a population-wide analysis. 

We focus on kinetically kicked gas because thermally heated 

jecta leave the disc too rapidly to provide meaningful infor- 
ation: once heat ed, this mat erial rises rapidly out of the mid-

lane (typically to several kiloparsecs) and ceases to intersect the 
 egions wher e w e evaluat e ε. It ther efor e leaves no coher ent or
patially localizable imprint within the disc, whereas the kinetic 
 CSN e mode produces gas that remains dynamically coupled to
he disc for tens of megayears and can be robustly identified in
ur spatially resolved population-wide analysis. 

The top row of Fig. 3 shows, via a representative system ( hbt-
erons track ID = 59010 , stellar mass M � ≈ 1 . 00 × 10 8 M �,

tar formation rate SFR ≈ 0 . 013 M �yr −1 ), that stellar feedback- 
elect ed regions (whit e cont ours, left panel) coincide with zones
f enhanced effective pr essur e, often e x ceeding the disc median
y factors of several and frequently associated with coherent su- 
erbubble structures. The corresponding ε map (middle panel) 

ndicates that these regions host some of the strongest disequilib- 
ia in the disc, with | ε| commonly e x ceeding unity. 6 

Statistically (right panel), the stellar feedback-affected gas ex- 
ibits a strongly skewed ε distribution with a pronounced tail 

owards large negative values, indicating a time-dependent Eule- 
ian radially inward acceleration that offsets the e x cess outwar d
orce imparted by feedback. Physical intuition for this behaviour 
an be developed by first considering the rest frame of the young
tar launching the feedback. In this frame, a supernova injects an
ppr o ximately isotr opic impulse, pr oducing a transient incr ease
n the local radial velocity that decays as the blast wave evolves (L.
. Sedov 1946 ; G. Taylor 1950 ; J. von Neumann & A. H. Taub 1964 ),
.e. ∂ t v ′ r < 0 , where v ′ r is the radial component measured away
rom the star. When transformed to the galactocentric frame, one 

ight expect the inward- and outward-directed components of 
his symmetric impulse to contribute equally to ∂ t v r at a fixed
ocation in the disc. How ev er, the strong radial and vertical den-
ity gradients in galactic gas discs make it easier for feedback to
isplace gas outwards or out of the plane of the disc than inwards.
s a result, the Eulerian ∂ t v r in the galactocentric frame is system-

tically biased negative when averaged across galaxies and mass- 
 eight ed, despit e the underlying isotropy of the impulse. 
Moreov er, the st ellar feedback-select ed distribution exhibits a 

teep rise towards the peak starting at ε ∼ −1 , which aligns with
 secondary bump in the global (full sample, disc-wide) distri-
ution, suggesting that stellar feedback makes a large fractional 
ontribution to the mass of gas in strong disequilibrium. A quan-
itative breakdown of the (dis -)equilibrium budg et, tog ether with
 discussion of the limitations of our tracer-based method, is 
eferred to Section 4.2 . 
Elevated ε is not confined to stellar feedback-affected gas. Even 

n actively star-forming systems – such as the r epr esentative 
alaxy in the top row of Fig. 3 – substantial disequilibrium is
resent well outside the feedback contours, indicating the ac- 
ion of additional drivers. In the following subsections, we exam- 
ne the role of self-gravitating clumps, AGN activity, and large- 
cale gravitational asymmetries in seeding and sustaining non- 
quilibrium dynamics. 

.1.2 Overdense and self-gravitating gas clumps 

ocal gravitational collapse within discs provides a natural route 
 o hy drodynamical disequilibrium. Dense self-gravitating clumps 
often arising from gravitational instability in the cold ISM (e.g. 
MNRAS 547, 1–27 (2026) 
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Figure 4. Comparison of the gaseous disequilibrium structure for 
galaxies binned by their 10 Myr –averaged AGN accretion rate. The 
three curves show the self-normalized mass-w eight ed distribution of the 
disequilibrium parameter, ε, i.e. W I (ε) / �W I , for systems in the bottom 

(light gr ey), middle (gr ey), and top (dark gr ey) ter ciles of the accr etion- 
rate distribution. The vertical dashed lines mark | ε| = 0 . 2 , as in Fig. 3 . 
The systematic shift of the distributions – with higher accretion systems 
favouring slightly larger ε magnitudes – under identical geometric 
selection (a r = 2 kpc mask in the deprojected mid-plane) supports that 
AGN activity is an independent direct driver of part of the observed 
non-equilibrium behaviour. 
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. Noguchi 1999 ; A. Dekel, R. Sari & D. Ceverino 2009 ; R. Gen-
el et al. 2011 ; N. J. Goldbaum, M. R. Krumholz & J. C. Forbes
015 ) – develop internal dynamics that strongly deviate from the
ack gr ound shear flow. 

We identify these regions using a time-scale diagnostic: the ra-
io of the local free-fall time to the orbital time, t ff /t orb . When this
atio falls below ∼ 0 . 1 (a calibration value discussed in Section
.2 ), collapse proceeds much more rapidly than the local orbital
esponse time, signaling that gas self-gravity dominat es ov er the
mbient pot ential. This crit erion, by definition, isolates dense
nots and filaments whose dynamics are internally driven, rather
han passively tracing the global disc rotation. 

The middle row of Fig. 3 illustrates their spatial and dynamical
mprint. In the left panel, the clump tracer field delineates spa-
ially localized knots and filaments, frequently embedded within
piral arms or ring-like overdensities. The corresponding ε map
middle) reveals that these same sites are often among the most
 xtr eme disequilibrium regions, with ε commonly positive and
 x ceeding unity. The right panel quantifies this: the clump-tagged
istribution is markedly broader than the global disc-wide one,
ith a mild shift of the peak towards ε � 0 and extended wings

n both sides, reflecting a mix of accelerated collapse ( ε < 0 )
nd migration ( ε > 0 ). This contrasts with the distribution char-
cteristic of feedback zones, typically biased mor e str ongly on
he negative side (Section 4.1.1 ). In idealized scenarios, a clump
rives a locally symmetric, converging flow in its own rest frame,
uch that ∂ t v ′ r < 0 , where v ′ r is the radial component measured
way from the clump (e.g. M. V. Penston 1969 ). In the Eulerian
alactocentric frame, because the ambient gas density decreases
ith radius, flux from the denser inward side exceed those from

he outward side, biasing ∂ t v r towards the positive end. This
aturally produces the mild positive shift in the clump - selected
istribution. At the same time, many dense clumps either form
ithin, or ev olv e int o, r egions wher e young stars subsequently in-

ect feedback; sampling these mixed environments reintroduces
he strongly negative tail characteristic of feedback-driven gas.
he joint effect is a broad wing-dominated distribution with a
light offset towards ε > 0 , as seen in Fig. 3 . 

While some clumps form or reside within feedback-active en-
ironments, a substantial fraction lie in quiescent or outer disc
egions lacking obvious st ellar-driv en perturbations. This is ev-
dent in Fig. 3 : because the same r epr esentative g alaxy appears
n the first two rows, the stellar-feedback (top-row) and clump-
elected (middle-row) contours can be directly compared. Many
ver dense r egions fall w ell outside the feedback-affect ed zones,
et still e xhibit e xtr eme | ε| , demonstrating that clump - driven
ynamics generate strong disequilibria independently of stellar
eedback. Observational analogues – such as the massive clumps
n z ∼ 2 discs (e.g. D. M. Elmegreen et al. 2007 ; R. Genzel et al.
011 ), or in the nearby WLM dwarf galaxy (S. M. Albers et al.
019 ; C. Mondal, A. Subramaniam & K. George 2021 ) – likewise
how that such structures can persist without contemporaneous
eedback. We ther efor e tr eat self-gravitating clumps as a separate
ynamically distinct driver of local disequilibrium. 

.1.3 AGN feedback 

nergy and momentum injection from accreting massive black
oles provide a third physical channel capable of generating local
epartur es fr om hydr odynamical equilibrium. Although AGNs

n dwarf galaxies have historically been difficult to identify –
NRAS 547, 1–27 (2026) 
wing to weak emission signatures, uncertain bolometric correc-
ions, and confusion with stellar processes (e.g. A. E. Reines, J. E.
reene & M. Geha 2013 ; V. F. Baldassare et al. 2017 ) – both theory

nd observations now indicate that low-mass systems can indeed
ost active nuclei, and that even modest AGN episodes can im-
rint measurable disturbances on the surr ounding ISM (e.g . C.
. Manzano-King & G. Canalizo 2020 ; S. Koudmani et al. 2025 )

ffecting galaxy evolution (e.g. S. Koudmani, D. Sijacki & M. C.
mith 2022 ; E. Arjona-Gálvez, A. Di Cintio & R. J. J. Grand 2024 ).

To understand how AGN activity correlates with disequilib-
ium in the gas surrounding it, we examine the distribution of the
isequilibrium parameter within fixed central apertures for galax-

es binned by their 10 Myr–averaged AGN accretion rate (Fig. 4 ).
 cr oss the bottom, middle, and top terciles, the self-normalized
ass-w eight ed distributions of ε exhibit a clear monotonic shift:
 alaxies with mor e str ongly accr eting AGNs show a pr onounced
nhancement in the mass fraction of strongly non-equilibrium
as, with substantially broader high- | ε| tails. The middle tercile
lready has much less gas in the low- | ε| regime (especially for
 ε| � 0 . 5 ) than the bottom tercile, suggesting a threshold-like re-
ponse rather than a smooth continuum. The top tercile roughly
ollows the middle-tercile distribution. 

This behaviour motivates our working definition of AGN-
ffected regions: the central gas within a fixed r = 2 kpc aperture
or galaxies in the middle and top accretion rate terciles, while the
ott om t er cile pr ovides the appr opriat e passiv e comparison set
nder identical geometric selection. The inner-kiloparsec scale is
otivated by both the feedback implementation and expectations

or low-mass black holes: in the COLIBRE ‘Thermal’ AGN model
nergy is deposited only into the nearest SPH neighbours, produc-
ng a compact overpressurized region whose expansion is limited
y the relatively modest energetics of dwarf galaxy AGN. As a
 esult, the driven pr essur e perturbations ar e generally confined to
he central region of the disc, and the 2 kpc aperture comfortably
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ncompasses their expected extent in the mid-plane. As for the 
ther channels, discussion of the arbitrariness of these selection 

hoices is deferred to Section 4.2 . 
With this selection in place, we can characterize the spatial and 

ynamical impact of AGN activity using the r epr esentative e xam-
le in Fig. 3 . The tracer-field map (left) reveals a compact cen-
r ally concentr ated region of elev at ed effectiv e pr essur e – often
ubble-like in appearance, though generally less overpressurized 

han typical stellar feedback-driven bubbles. The corresponding 
 map (middle) indicates that these AGN-adjacent zones host 
trong disequilibria, with | ε| frequently exceeding unity. Statis- 
ically (right), AGN-selected gas displays slightly heavier high- 
 ε| tails than either stellar feedback- or clump - selected gas, and
 distinctly skewed distribution with a sharp rise towards the 
eak at negative values ( ε peak ≈ −0 . 6 ). This reflects the centrally
oncentrated and impulsive nature of AGN energy deposition. 

Two subtleties are worth noting. First, AGN-selected regions 
i.e. r ≤ 2 kpc ) can overlap with stellar-feedback-selected zones 
n systems experiencing central star formation, which partly ex- 
lains the qualitative similarity of their distributions and why 
he bott om t ercile by 10 Myr -av eraged AGN accretion rate still
ncludes a substantial amount of non-equilibrium gas. Secondly, 
tr ong AGN events ar e rar e in dwarfs, and thus they contribute
 smaller total fraction of the disequilibrium budget than stel- 
ar feedback (we e xplor e this further in Section 4.2 ). Neverthe-
ess, AGN-driven disturbances form a distinct and robust source 
f disequilbrium, and ther efor e merit tr eatment as an indepen-
ent driver. This claim is further r einfor ced by the r epr esenta-
iv e syst em shown in Fig. 3 ( hbt-herons track ID 14514; M � ≈
 . 8 × 10 8 M �; SFR = 0 . 00 M � yr −1 ), in which AGN activity is the
nly local source of perturbation that we identify: its disequilib- 
ium structure cannot be attributed to stellar processes or self- 
ravitating gas. 

.1.4 Gravitational asymmetries 

he three mechanisms discussed so far – stellar feedback, self- 
ravitating clumps, and AGN activity – oft en operat e within a 
roader structural context: large-scale gravitational asymmetries 

n the underlying potential. These asymmetries can arise from 

 variety of sources, including triaxial dark matter haloes (e.g. 
. Hayashi & J. F. N avarr o 2006 ), lopsided stellar mass distri-
utions (e.g. H.-W. Rix & D. Zaritsky 1995 ; D. Zaritsky et al.
013 ), perturbations from orbiting subhaloes (S. Kazantzidis et al. 
008 ), massive gas clumps, or more violent events such as minor
ergers (e.g. N. Peschken, E. L. Łokas & E. Athanassoula 2020 ).

n pr actice, gr avitational asymmetries are difficult to disentangle 
rom the other drivers because they can be both cause and conse-
uence: a clump may deepen the potential in an off-centre fash-

on, generating streaming motions and torques; a minor merger 
an simultaneously deposit fresh gas, trigger a starburst, feed the 
GN and distort the potential. 
To probe these asymmetries directly, we examine the non- 

xisymmetric component of the local circular velocity field, de- 
ned as 

 c, asymm 

(r, φ) ≡ v c (r, φ) − 〈 v c 〉 φ (r) . (5) 

e then compare these asymmetries to the dimensional equi- 
ibrium deviation parameter, ˜ ε , defined by re-writing the steady- 
tate Euler equation (equation 2 ), as the difference between the
rue local circular velocity and the velocity r econstructed fr om the
eft-hand side, i.e. 

˜  ≡
√ 

r 
∣∣∣∣ [ ( v · ∇ ) v ] r + 

1 
ρ

∂ P eff 

∂ r 

∣∣∣∣ − v c . (6) 

his quantity can be int erpret ed as the offset between the actual
nd equilibrium-predicted orbital speeds, e.g. the deviation be- 
ween the dotted dark green and solid black curves in Fig. 1 . 

Fig. 5 shows the conditional distribution of ˜ ε at fixed v c, asymm 

.
he colour scale indicates the fraction of mass in each ˜ ε bin
elativ e t o all gas at the same asymmetry amplitude. A solid
olour ed (light-r ed) line shows the mass-w eight ed median of ε̃ 
n each slice, with the shaded region marking the 50 th percentile
ange. 

The trend is clear: as | v c, asymm 

| increases from a few to roughly
0 km s −1 , the ˜ ε distribution systematically shifts away fr om zer o,
ith a slightly broadening scatter – as indicated by the ‘bend’ of 

he solid coloured (light-red) line and the widening shaded areas. 
arge positive ˜ ε values are common for | v c, asymm 

| � 5 km s −1 ,
ndicating oversupport relative to equilibrium. At low asymme- 
ry amplitudes ( � 5 km s −1 ), the distribution flatt ens, consist ent
ith a threshold below which the disc is largely unresponsive to

he perturbation – either because velocity dispersion e x ceeds the 
symmetry (i.e. a hot disc) or because other processes dominate 
he gas dynamics, effectively hiding or breaking any underlying 
orrelation. In fact, although not visible in the figure, in this
egime we find substantial low - weight scat ter, largely at tributable
o the mechanisms discussed in the previous subsections. Fur- 
hermor e, the incr easing scatter at high | v c, asymm 

| likely reflects
he combined influence of secondary processes such as triggered 

tar formation, inflows, or shock-driven turbulence. 
In this sense, gravitational asymmetries are not a sharply local- 

zed driver like feedback or clumps; rather, they are a persistent
ack gr ound field that both modulates and is modulated by other
r ocesses. They pr ovide a structural scaffold for disequilibrium, 
haping the global kinematic state of the disc while enabling local
erturbations to couple more effectively to the gas. 

.2 Accounting for the disequilibrium budget 

hroughout Section 4.1 , we have examined how three localized 

hysical mechanisms correlate with hydrodynamical disequilib- 
ium. We also emphasized the structural role of gravitational 
symmetries, which act as a persistent non-local driver modulat- 
ng these localized processes. We now turn to a more quantitative
uestion. How much of the total disequilibrium budget across our 
ample can be attributed to the specific mechanisms identified in 

ection 4.1 ? 
Fig. 6 addresses this by decomposing the global ε distribution

nto the contributions from the three drivers. In the top panel,
he coloured shaded distributions are stacked cumulatively, so 
hat the total vertical extent at any given ε shows the fraction
f gas mass linked to at least one driver (without double count-
ng). Hatched and colour-blended regions mark overlaps between 

w o driv ers, making their joint contribution immediately visible. 
or clarity, the two rarest overlaps (together � 1 per cent of the
otal mass) are omitted. The solid black and grey distributions
ndicat e, respectiv ely, the sum of the drivers (i.e. including the
mitt ed ov erlaps) and the global back gr ound. The bottom panel
 e-e xpr esses the same data as fractions of the global distribution
n each ε bin, making the relative importance of different drivers
n each regime much easier to read at a glance. 
MNRAS 547, 1–27 (2026) 
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M

Figur e 5. Corr elation between gravitational asymmetries and departur es fr om hydr odynamical equilibrium. The horizontal axis shows the non- 
axisymmetric component of the local circular velocity, v c, asymm 

, defined as the local deviation from the azimuthally averaged circular speed (equation 5 ). 
The vertical axis shows the ‘dimensional equilibrium deviation’ parameter, ̃  ε , which measures the offset (in km s −1 ) between the actual orbital speed and 
that predicted from the st eady-stat e Euler balance (equation 6 ). Colours give the mass fraction in each ̃  ε bin, normalized within each column (i.e. at fixed 
v c, asymm 

), so each vertical slice r epr esents a probability distribution. A solid and coloured (light-red) line indicates the mass-weighted median within 
each slice, with the shaded region showing the 50 th percentile range, highlighting the trend and scatter. A clear pattern emerg es: strong er gravitational 
asymmetries are associated with systematically larger equilibrium deviations, with increased scatter at high | v c, asymm 

| . 
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We stress that the coloured curves are not mutually exclusive: a
iven gas element may be tagged by multiple criteria. This makes
he overlap regions physically informative, as they highlight gas
here multiple mechanisms act in concert – for example, the stel-

ar/AGN feedback combination, which traces powerful central
utflows, and the stellar feedback/self-gravitating clumps over-
ap, which often marks dense star-forming regions undergoing
ctive disruption. 

Looking first at the top panel, most of the mass not tagged by
ny driver lies in the low- | ε| regime, particularly for | ε| < 0 . 5 .
n the bottom panel, this pattern becomes striking: the com-
ined three-driver contribution falls from a near-saturation of 

85 per cent for | ε| > 1 to only ≈ 30 per cent at ε ≈ 0 . This
ehaviour provides both a sanity check and strong evidence
hat our mechanisms are genuinely associated with disequilib-
ium. In an idealized scenario, one might expect a clean step
rom ∼ 100 per cent recovery for | ε| ∼ 1 to 0 per cent in quasi-
quilibrium, | ε| ∼ 0 . 1 . The persistence of a small contribution
ear ε = 0 and lacking some mass for | ε| > 0 . 2 is unsurprising:

he simple apertures that we use to select g as ar ound disequilib-
ium drivers cannot perfectly capture the irregular morphology
f the out- of- equilibrium gas. The contribution due to large- scale
ravitational asymmetries is also not shown because labelling gas
s affected by such asymmetries is ill defined. 

The bottom panel also reveals a mild asymmetry in driver
ominance. On the strongly negative side ( ε < −0 . 8 ), feedback
ominates the budget, accounting – with overlaps – for a steady
0–85 per cent contribution. This reflects the prevalence of ex-
anding SNe shells and wind-driven flows in regions with large
egativ e ∂ t v r . Int erestingly, the majority of the mass in this ex-

r emely neg ative r egime comes fr om the AGN/feedback overlap,
NRAS 547, 1–27 (2026) 
ndicating that when the central regions host both young stars
nd accreting supermassive black holes (SMBHs), they are
ery strongly out of equilibrium. While both AGNs and self-
ravitating clumps – when ignoring overlaps – are small con-
ribut ors t o the disequilibrium budget acr oss the entir e range,
ypically of order 1–5 per cent in t otal driv er-tagged mass, on
he positive end of the distribution (i.e. ε � 0 . 2 ), self-gravitating
lumps have an elevated contribution, explaining ≈ 25 per cent of 
he mass when overlaps are included, and a steady ≈ 10 per cent
ontribution individually. Overall, the impression is that stellar
eedback is the dominant perturbation mechanism driving dwarf 
alaxies out of st eady-stat e ev olution, as expect ed via analytic
nd energetic arguments. How ev er, the large ov erlaps in Fig. 6
nd, crucially, the local structure of disequilibrium in individual
alaxies (Section 4.1 ) signify that disequilibrium in dwarf galaxies
annot be r eg ar ded as a consequence of just stellar processes. 

A k ey ca veat is the sensitivity of our results to the exact tag-
ing criteria. Our fiducial thresholds are physically motivated:
he stellar and AGN feedback mask sizes, maximum time since
nergy injection, and star particle age cap reflect typical SN bub-
le expansion time-scales and the duration of generic feedback
pisodes; the threshold for self-gravitating clumps are anchored
o clearly outlying values in their respective tr acer field. F rom
hese starting points, we iteratively tune the cuts: tightening a
ut such that it reduces the mass tagged but leaves the ε distri-
ution unchang ed sugg ests the cut is too strict, e x cluding r ele-
ant disequilibrium; loosening a cut such that abruptly increases
he mass fraction at low- | ε| indicates overinclusiveness, contam-
nating the sample with r ecover ed or ambient gas. The final se-
ections are therefore both physically grounded and empirically
alibrated. 
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Figure 6. Cumulative accounting of the disequilibrium budget in simulated dwarf galaxy discs. Top panel : gas -mass -w eight ed distributions of ε for the 
three physical drivers considered – AGN energy injection (y ellow), st ellar feedback (magenta), and self-gravitating clumps (purple) – plotted cumulatively 
on top of one another. The grey solid line shows the global distribution for the full sample. Overlaps between drivers are explicitly visualized: regions 
where AGN and stellar feedback coincide are hatched with ‘ \\ ’ lines; ov erlaps betw een st ellar feedback and self-gravitating clumps are hatched with ‘//’ 
lines. Colours in these overlaps follow a blending of the corresponding driver colours. For clarity, we omit the two remaining possible overlaps (AGN 

+ clumps, and all three drivers simultaneously) as they contribute � 1 per cent of the total mass- weight. Bot tom panel : fr actional contribution of each 
process to the global mass-weight in each ε bin (same colour and hatch coding as above). This panel quantifies how each mechanism dominates, shares 
with, or yields to others across the disequilibrium spectrum. The vertical dashed lines in both panels mark the quasi-equilibrium range, | ε| ≤ 0 . 20 . Inset : 
the Venn diagram provides a schematic r epr esentation of how gas parcels tagged by the different physical drivers are subsets of the global gas population, 
illustrating their partial overlap rather than implying distinct or self-normalized distributions. To recover the distribution associated with a given driver, 
one should consider only the coloured regions uniquely associated with that driver and its direct combinations, rather than the cumulative stacked profile. 
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In int egrat ed t erms, roughly 75 per cent of the t otal gas
ass in our sample lies outside the quasi-equilibrium range 

i.e. | ε| > 0 . 2 ). Of this ‘non-equilibrium’ component, the three
riv ers recov er ≈ 85 per cent for | ε| > 1 , but only ≈ 30 per cent

n the near-equilibrium regime ( | ε| ≤ 0 . 2 ) – a scale-dependent
ecovery fraction that matches the visual impression from Fig. 6 . 
he remaining untagged mass, particularly at 0 . 2 < | ε| < 1 ,
ost likely reflects transient processes and our omission in 

ig. 6 of the asymmetric potential as a driver (Section 4.1.4 ),
s well as mild turbulent, thermal, or gravitational fluctuations 
elow our selection thresholds. We quantify the sensitivity of 
hese recovery fractions to the adopted tagging apertures and 

hresholds in Appendix B , where we show that the qualitative 
rends and relative driver contributions are robust to factor-of-2 
ariations in the selection criteria. 

To conclude, the cumulativ e-ov erlap decomposition shows 
hat the disequilibrium budget is dominated by identifiable, phys- 
cally interpretable mechanisms, often acting in concert and mod- 
lated by large-scale gravitational asymmetries. The small un- 
ccounted fraction implies that any additional pr ocesses ar e ei- 
her subdominant, short-lived, or subtle. By linking distribution 

hape and overlap structure with physical interpr etation, Fig . 6 
ffers a framework for both simulation diagnostics and direct 
bservational comparison, particularly for radio interferometric 
nd IFU surveys, and gas kinematics studies in low-mass galaxies.
or eover, the physically gr ounded origins of disequilibrium in 

ur simulated sample r einfor ce the str ong implications that non-
quilibrium physics carries for rotation curve-based mass infer- 
nce. 

 C L A S S I F I C AT I O N  OF  D I S EQ U I L I B R I U M  

AL A X I E S  

etermining which galaxies yield rotation curves suitable for dy- 
amical mass modelling remains a long-standing problem. Com- 
on observational quality cuts – symmetric large-scale velocity 

radients, high or der ed-to-random motion ratios ( V rot /σ ), or thin,
xisymmetric disc morphologies – are widely employed (e.g. C. 
rachternach et al. 2008 ; S.-H. Oh et al. 2015 ; P. E. Mancera Piña
t al. 2025 ), yet none guarantees hydrodynamical equilibrium, 
or do they constitute a uniform, physically grounded standard 

cr oss envir onments. 
In low-mass systems, the prevalence of disequilibrium (Section 

), its disproportionate impact on the inner disc, and the inabil-
ty of more complete fluid models to outperform the naïve cen-
rifugal balance assumption (Section 3 ) motivate a classification 
MNRAS 547, 1–27 (2026) 
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M

Figure 7. Visual summary of dynamical state classification of simulated gaseous discs. Each column corresponds to one of the three k-means classes 
(Appendix C ), colour-coded consistently acr oss r ows: Class 1 (gr een), Class 2 (blue), and Class 3 (red). Top r ow : azimuthally av eraged rotational v elocity 
profiles, 〈 v φ〉 φ (r) , for all galaxies in each class. Middle row : corresponding azimuthally averaged circular v elocity profiles, 〈 v c 〉 φ (r) . Bottom r ow : fractional 
error between the model-dependent reconstructed circular velocity, v c, model (r, φ) , and the true circular velocity from the potential v c (r, φ) , shown as 
class-stacked medians with 50 th - percentile envelopes (both weighted) as a function of radius. The lines correspond to the centrifugal model (dark 
orange/dashed), the pr essur e-supported model (dark r ed/dash–dotted), and the equilibrium model (dark gr een/dotted), i.e. the same colour and line- 
style schemes as in Fig. 1 . Despite similar 〈 v c 〉 φ shapes across classes, the residuals with respect to 〈 v φ〉 φ reveal distinct dynamical states, which are then 
reflected in the structure of the fractional error distributions across different models, including the hydrodynamical equilibrium-based, reinforcing the 
link between centrifugal balance and hydrodynamical equilibrium. 
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cheme tied directly to the underlying dynamics. Our starting
oint is to identify, within the simulation, those systems whose
otation curves trace the circular velocity with minimal bias, i.e.
ystems close to centrifugal balance. 

.1 The centrifug al–hydr odynamical equilibrium link 

he condition of centrifugal balance (equation 3 ) directly follows
r om the hydr odynamical equilibrium condition (equation 2 ),
nder the assumptions of axisymmetry and negligible pr essur e
radients. The conv erse, how ev er, is not strictly true: a galaxy may
atisfy v φ ≈ v c despite the presence of significant non-circular
otions or pr essur e support. In practice, sustained departures

r om equilibrium ar e e xpect ed t o produce syst ematic residuals
etween the azimuthally averaged rotational velocity, 〈 v φ〉 φ , and
zimuthally averaged circular velocity, 〈 v c 〉 φ , which are then re-
ected in the radial behaviour of ε. The expectation that the
orphology and amplitude of these r esiduals pr ovide a useful

rst-order diagnostic of dynamical state is motivated by the quasi-
pherical nature of CDM haloes dominating the potentials of low-
ass systems; such geometry naturally biases the acceleration
NRAS 547, 1–27 (2026) 
eld towards centrifugal dominance through the approximate
onservation of angular momentum. 

We quantify this connection by characterizing each galaxy with
hree complementary residual-based metrics computed from
 v φ〉 φ and 〈 v c 〉 φ : a global int egrat ed deviation ( L 1 norm), a frac-
ional pointwise deviation in amplitude (NRMSE-Amplitude),
nd a fractional pointwise deviation in slope (NRMSE- Slope). Ap -
lying k-means clustering in this three-dimensional metric space
ields three statistically w ell-separat ed groups, int erpret ed as dy-
amical classes. For clarity, Appendix C presents two case-study
alaxies – a stable and a disturbed disc – showing the resulting
etrics, together with a visualization of the 3D parameter space

sed by our k-means clustering algorithm to identify the three
ynamical classes and further details. 
Fig. 7 provides a consolidated view of the dynamical classifica-

ion. The diversity of azimuthally averaged rotational velocities,
 v φ〉 φ , is striking (top row): Class 1 systems show clean mono-
onic rises with minimal scatter; Class 2 systems exhibit coher-
nt, wa ve-lik e modulations; and Class 3 systems rotate slowly,
rregularly, or both. In contrast, the circular velocity profiles 〈 v c 〉 φ
re comparatively uniform across classes, demonstrating that dif-
erences in the gravitational potential – whether mildly cored or
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uspy – are not the primary drivers of the observed rotational di-
 ersity. Inst ead, the variation originat es almost entir ely fr om g as
ynamics: non-cir cular motions, pr essur e for ces, and departur es
rom st eady-stat e flow. 

The bottom row makes this explicit by directly comparing the 
 econstructed cir cular velocity to the true value via the mass-
 eight ed fractional difference profiles for the three dynamical 
odels introduced in Section 3.1 : (i) the centrifugal model (or-

nge, dashed), 

 c, model (r, φ) = v φ (r, φ) ; (7) 

ii) the pr essur e-supported model (red, dash–dotted), 

 c, model (r, φ) = 

√ 

r 
∣∣∣∣ 1 
ρ

∂ P eff 

∂ r 
− v 2 φ/r 

∣∣∣∣(r, φ) ; (8) 

iii) the full hydrodynamical-equilibrium model (green, dotted), 

 c, model (r, φ) = 

√ 

r 
∣∣∣∣ 1 
ρ

∂ P eff 

∂ r 
+ [ ( v · ∇ ) v ] r 

∣∣∣∣(r, φ) . (9) 

or each class, the shaded regions denote the weighted 50 th -
ercentile interval, while the lines show the weighted median. 

.1.1 Class 1 – c oher ent r otators, 29 per c ent of the sample 
35/122) 

hese galaxies exhibit near-perfect alignment between 〈 v φ〉 φ and 

 v c 〉 φ , with median residuals ≈ 0 per cent across most radii and
nly mild ( ≈ −5 per cent) underrotation beyond r � 12 kpc. This
ias largely vanishes when pr essur e or adv ectiv e t erms are in-
luded. Inside ≈ 4 kpc – and especially within ≈ 2 kpc – all mod- 
ls show significantly broadened error distributions, with 50 th - 
ercentile ranges extending beyond the ±10 per cent threshold, 
hich might be critical to discuss local features (or bumps) in

he rotation curve and determine whether a halo is cuspy or
or ed (e.g . I. S. Sands et al. 2024 ). Even for dynamically coherent
iscs ther efor e the innermost kiloparsec r emains a somewhat
hallenging regime for reliable mass modelling. 

.1.2 Class 2 – perturbed rotators, 37 per cent of the sample 
46/122) 

hese systems display a baseline underrotation of ≈ −5 per cent 
t r � 4 kpc , steepening to ≈ −10 per cent at r ≈ 2 kpc and ≈
20 per cent at r ≈ 1 kpc , with considerable scatt er skew ed fur-

her negative. For this class, including pressure support or the full
quilibrium terms substantially improves the median recovery, 
ielding values near 0 per cent across most radii. How ev er, the
catter remains large – with 50 th - percentile widths exceeding 
10 per cent for r � 6 kpc for both corrected models, and for r �

0 kpc in the case of the equilibrium model. Thus, even though
he median can be corrected, the intrinsic variation remains quite 
arge for robust inference in the inner disc. 

.1.3 Class 3 – slow/erratic rotators, 34 per cent of the sample 
41/122) 

his class yields the most biased and dispersed estimates. The 
entrifugal model never enters the ±10 per cent accuracy band at 
ny radius, with median errors reaching ∼ −60 per cent. Pressure 
upport reduces the bias, especially within the inner 5 kpc , but
till leav es syst ematic offsets of ≈ −20 t o −30 per cent at larger
adii. The equilibrium model achieves the largest improvement, 
ut remains significantly biased at all radii and exhibits the widest
ispersion of any model (typically ±20 –30 per cent). For these
 alaxies, no estimator pr ovides a r eliable r econstruction of the
rue circular velocity. 

Taken together, these results clarify the dynamical meaning 
f the thr ee classes. Coher ent r otators lie close to both centrifu-
al and hydrodynamical equilibrium; perturbed rotators contain 

ubstantial but structur ed departur es that can be partially cor-
ected; and slow/erratic rotators are dominated by strong dise- 
uilibrium that no st eady-stat e model can adequat ely capture.
he close correspondence between the morphology of the 〈 v φ〉 φ–
 v c 〉 φ residuals and the radial structure of the model-dependent
ractional errors demonstrates that centrifugal balance provides a 
r actical, physically motiv ated pr o xy for hydr odynamical equilib-
ium. Crucially, only a minority of galaxies – less than one-third 

entrals in the halo mass range 10 . 75 ≤ log 10 (M 200c / M �) ≤ 11 . 00
reside in a regime where circular v elocity recov ery is unbi-

sed and tightly constrained. This underscores the importance 
f dynamical classification when interpreting rotation curves of 
ow-mass systems and motivates the use of coher ent r otators as
he subset best suited for robust dark-matter mass distribution 

nference. 

.2 Galaxy-wide correlations with dynamical class 

aving established the e xistence of thr ee distinct dynamical 
lasses, we now examine whether they correlate with broader 
 alactic pr operties. While many of the quantities consider ed her e
re not directly measurable observationally, they serve two pur- 
oses: (i) to identify the dominant physical processes driving disc- 
ide perturbations, and (ii) to guide the development of observa- 

ional pre-selection criteria for identifying systems dynamically 
uitable for rotation curve modelling and dark matter inference. 

Fig. 8 shows the distributions of selected global and disc-scale 
roperties for coherent rotators (Class 1, green), perturbed rota- 
ors (Class 2, blue), and slow rotators (Class 3, red). Each panel
resents a violin plot for one property, allowing visual compar- 

son of trends and scatter between classes. Our aim is to link a
alaxy’s perturbation state – quantified via residual kinematics 
to structural and feedback-r elated pr operties that may drive or

ustain dynamical disequilibrium. 
A clear trend is seen in total H i mass, i.e. M H i = M H i (r ≤

 ext , H i ) . Coher ent r otat ors hav e the highest median M H i ; this is
onsistent with the physical pictur e of mor e inertia yielding en-
anced resistance to perturbative forces, and the maintenance 
f well-or der ed discs. Perturbed rotators occupy an int ermediat e
egime with broader scatter, indicating that moderately gas-rich 

ystems can retain some rotational support despite disturbances. 
low rotators show systematically lower M H i , suggesting that re- 
uced H i content is strongly associated with disrupted kinemat- 

cs. This correlation is evident in our narrow halo -mass- selected
ample ( M 200c ) but may be obscured in V max, rot -selected sam-
les, wher e lower r otation speeds in disturbed systems bias them
ut of the selection, i.e. the observationally accessible V max, rot ≡
ax (〈 v φ〉 φ ) will be a biased estimate of V max ≡ max (〈 v c 〉 φ ) for

his specific class. Similar trends are seen in the NIHAO sim-
lations (A. A. Dutton, A. Obreja & A. V. Macciò 2019 ) and in

he FIRE/FIRE-3 simulations (K. El-Badry et al. 2018 ; I. S. Sands
t al. 2024 ), which find that lower mass H i -poor g alaxies ar e less
otationally supported and more strongly affected by non-circular 
MNRAS 547, 1–27 (2026) 
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M

Figure 8. Distributions of global galaxy and disc properties across the three classes: coherent rotators, perturbed rotators, and slow rotators. Each panel 
shows a violin plot with class on the y -axis and a given physical property on the x -axis. The yellow squares indicate the class median; black horizontal 
lines span the 68th percentile range. Top row, left to right: total neutral hydrogen mass ( M H i ), DM halo intermediate-to-major axis ratio ( b/a ), stellar 
distribution int ermediat e-t o-major axis ratio ( b/a ), and gas distribution minor-to-major axis r atio ( c/a ). Bot tom row, left to right: r elative str ength of 
kinetic feedback from CCSNe, AGN feedback, and generic stellar feedback from young stars (YS), as quantified in Section 2.5 and discussed in the text. 
The rightmost panel instead shows a pr o xy for r ecent star formation: the fraction of stellar mass formed within the last gig ayear r elativ e t o the t otal st ellar 
mass at z = 0 . Systematic trends across classes offer insight into how global physical conditions and feedback processes relate to gas disc perturbation 
states. 

m  

o  

m  

(
 

a  

t  

t  

w  

fi
 

a  

a  

A  

A  

s  

i  

a  

q  

o  

o  

(  

a  

d  

p  

a  

s  

p  

w  

2  

m  

w  

d  

a  

m  

r
 

t  

i  

t  

i  

t  

A  

m  

n  

c  

2  

e  

t  

t  

s  

v  

t
 

o  

b  

f  

b  

a  

(  

n  

a  

2  

c  

b  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/2/stag356/8494944 by U
niversity of D

urham
 user on 27 M

arch 2026
otions. As noted in A. A. Dutton et al. ( 2019 ), this is confirmed
bservationally from the skewness of linewidths in bins of H i
ass in both ALF ALF A (M. P. Haynes et al. 2018 ) and HIPASS

B. S. Koribalski et al. 2004 ) observations. 
We now examine the thickness and triaxiality of the gas, stellar,

nd dark matter components. To ensure that the shape parame-
ers of the distributions are both comparable across galaxies and
ied to the spatial region where the gas kinematics are classified,
e measure their principal axes within a spherical aperture de-
ned by the disc extent radius, R ext , H i . 
We quantify the gas disc thickness with the minor-to-major

xis ratio ( c/a ). Thin discs are notoriously difficult to capture
ccurately in cosmological hydrodynamical simulations (e.g. O.
gertz, R. Teyssier & B. Moore 2011 ; S. Tacchella et al. 2019 ;
. D. Ludlow et al. 2023 ; J. A. Benavides et al. 2025 ). COLIBRE

eems to fare better in this r eg ar d than past efforts: our sample
ncludes 39 / 122 galaxies with stellar discs thinner than c/a = 0 . 3 ,
nd seven galaxies with c/a ≤ 0 . 2 . This still falls short of the fre-
uency of (very) thin stellar discs in dwarf galaxies inferred from
bserved shape distributions, but is a substantial improvement
ver other models including TNG50, FIREbox, and R OMUL US25
J. A. Benavides et al. 2025 ). This is encouraging: thin gas discs are
 pr er equisit e t o the formation of thin st ellar discs, and the gas c/a
istributions for our three dynamical classes show a monotonic
r ogr ession that parallels the trend with total H i mass, indicating
 tight connection between gas disc morphology and dynamical
tat e. In v ertical hy dr ostatic equilibrium, gr eater turbulence im-
lies a thicker disc, and observationally V rot /σ correlates tightly
ith disc aspect ratio (see section 5.3.1 of P. E. Mancera Piña et al.

025 ). Her e, coher ent r otators ar e thin (median c/a ∼ 0 . 05 ) with
inimal scatter; perturbed r otators ar e thicker (median ∼ 0 . 15 )
ith a broader range; slow rotators are systematically thick (me-
ian ∼ 0 . 3 , none below ∼ 0 . 15 ). These results suggest that c/a is
NRAS 547, 1–27 (2026) 
 strong morphological indicator of disequilibrium in this halo-
ass regime, and that its diagnostic potential in rotation curve

eliability assessments should be considered of high fidelity. 
For stellar and dark matter shapes, the distributions overlap be-

ween classes but show a bias towards greater prolateness (lower
nt ermediat e-t o-major axis ratio b/a ) in perturbed and slow ro-
ators. This trend is consistent with findings from E. R. Down-
ng & K. A. Oman ( 2023 ), who identified similar correlations be-
ween halo shape and dynamical perturbations in high-resolution
POS TLE dwarf g alaxies. Theor etically, this connection is well
otivated: a galaxy embedded in a prolate halo often resides in a

on-axisymmetric potential, which naturally e x cites str ong non-
ircular motions in the gas kinematics (E. Hayashi & J. F. Navarro
006 ; E. Hayashi et al. 2007 ; A. Marasco et al. 2018 ; K. A. Oman
t al. 2019 ) – a behaviour our classification is explicitly sensitive
 o. Moreov er, when the gas disc is significantly misaligned with
he plane defined by the halo’s int ermediat e and major axes, no
table configuration can be sustained (see e.g. the supplementary
ideos in E. R. Downing & K. A. Oman 2023 ), further r einfor cing
he link between halo shape and kinematic disequilibrium. 

The bottom row of panels in Fig. 8 quantifies the recent bary-
nic feedback impact from three channels: CCSNe kinetic feed-
ack, AGN thermal feedback, and a pr o xy for generic stellar
eedback traced by the mass of young stars. We measure these
y selecting gas (or young stars for the latter) within a spherical
perture of R ext , H i and with the most recent event within 100 Myr
or age for y oung stars), int egr ating the relev ant energy pr o xy and
ormalizing by disc area. This choice ensures fair comparisons
cross discs of different sizes; full details are given in Section
.5 . All three feedback modes show systematic increases from
oherent to perturbed to slow rotators, with median values rising
y more than an order of magnitude in several cases, supporting
 picture in which recent, concentrated feedback stirs turbulence,
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hickens the disc, and drives sustained departures from h ydrody -
amical equilibrium. Our SN e pr o xy tracks only the kinetic chan-
el of core-collapse explosions; although this constitutes roughly 
0 per cent of the total SNe energy budget, the remaining thermal
omponent scales proportionally (when averaged over the rele- 
ant time-scales) owing to the numerical implementation of the 
eedback model. As a result, including the thermal contribution 

ould shift the absolute values but would not alter the relative 
r ends acr oss the dynamical classes. 

In particular, coherent rotators exhibit uniformly low levels of 
eedback impact, consistent with their dynamically stable thin 

iscs and quiescent gas kinematics. Perturbed rotators show mod- 
rate enhancement in all feedback measur es, r eflecting a plausi-
le scenario wher e r ecent or ongoing feedback contributes to the
ev elopment of wav e-like residuals and asymmetric distortions 

n the gas velocity field. Finally, slow rotators display the highest
verall feedback levels, especially for AGNs and generic stellar 
eedback channels, aligning with their strongly disrupted, thick- 
ned, and erratic gas discs. 

These tr ends ar e both intuitive and well aligned with exist-
ng literature. For instance, A. Pontzen & F. Gov ernat o ( 2012 )
emonstrated, albeit under different subgrid prescriptions, that 
epeated momentum injection from supernova explosions can 

ause localized gas parcels to migrate substantially within the 
ravitational potential. This process induces rapid orbital fluctu- 
tions and delays the re-establishment of equilibrium in the disc; 
oreover, it aligns nicely with what w e hav e shown and discussed

n Section 4.1.1 and Section 4.2 . 
Furthermore, while AGN feedback has often been regarded 

s energetically unimportant in low-mass g alaxies, r ecent work 

uggests that even modest AGN episodes can induce significant 
ynamical disturbances – see e.g. the analysis in S. Koudmani 
t al. ( 2025 ) and the detailed discussion in their sec. 4.2 . High-
esolution simulations show that int ermitt ent AGN outbursts can 

riv e cy cles of e xpansion and r e-accr etion in the central g as, gen-
rating potential fluctuations and delaying the re-establishment 
f equilibrium (e.g. D. Martizzi, R. Teyssier & B. Moore 2013 ; S.
eirani et al. 2017 ), i.e. a mechanism similar to what described

n A. Pontzen & F. Gov ernat o ( 2012 ) r eg ar ding supernova e x-
losions. 7 Observational evidence r einfor ces this pictur e: C. M.
anzano-King & G. Canalizo ( 2020 ) reported a strong association 

etween AGN activity and disturbed ionized-gas kinematics in 

warf galaxies, suggesting that AGNs may play a more substan- 
ial role in shaping disc structure and rotation-curve morphology 
han previously assumed. This interpretation accords with our 
 esults, wher e slow r otators e xhibit the highest AGN feedback
ignatures – with median energy pr o xies mor e than 1 de x above
hose of perturbed and coherent rotators – as well as with the
r oader tr ends discussed in Sections 4.1.3 and 4.2 . 

In summary, these correlations point to a coherent physical pic- 
ure in which halo shape, gas disc structure, and recent feedback 

ollectiv ely det ermine a galaxy’s dynamical state. This not only 
larifies the mechanisms that drive and sustain disequilibrium, 
ut also begins to suggest concrete physically motivated diag- 
 As noted by D. Martizzi et al. ( 2013 ), this mechanism is effective only 
hen the AGN-driven cycle of gas expansion and subsequent re-accretion 
ccurs on time-scales comparable to the local dynamical time. In Section 
.1.3 we indeed find | ∂ t v r | ∼ | g r | (i.e. | ε| ∼ 1 ) in regions adjacent to an 
ctive AGN, indicating that the relevant gas motions occur on precisely 
he time-scales r equir ed for this mechanism to operate efficiently. 

t  

n
s
u
i  

f  

p  

s

ostics for identifying systems whose rotation curves are likely 
nreliable for dynamical mass modelling in observations. 

 CONCLUSIONS  

e have used the currently available highest resolution largest 
o xsize C OLIBRE cosmological hydr odynamical simulations (i.e. 
 25 cMpc box at ∼ 10 5 M � particle resolution) to quantify depar- 
ur es fr om hydr odynamical and centrifug al equilibrium in the g as
iscs of dwarf galaxies, defined as systems with virial mass in the
ange 10 10 . 75 < M 200c / M � < 10 11 . B y evaluating the full E ulerian
cceleration balance locally in warped mid-plane frames, we have 
ssessed – for the first time on a large simulated sample – the
patial and radial prevalence of disequilibrium physics, and its 
mplications for rotation-curve-based mass inference. We carried 

ut our entire analysis for both the thermal and hybrid AGN
eedback models and found no substantial differences affecting 
ur conclusions; for clarity, we have presented only results from 

he fiducial thermal runs throughout. Our main conclusions are 
s follows: 

(i) Disequilibrium is ubiquitous. A cr oss our sample, both the 
ull equilibrium model (equation 2 ) and the naïve centrifugal 
alance assumption (equation 3 ) frequently fail t o recov er the
rue circular velocity, with typical fractional deviations of ≥
0 per cent. The inner few kiloparsecs, which provide the greatest
everage for dark matter profile constraints, are also the most 
trongly perturbed with fractional deviations typically much 

reater than 10 per cent. In particular, we find a population-wide
endency for the rotational velocity to systematically underesti- 

ate the true circular velocity in the inner disc, while a minority
f r egions e xhibit the opposite bias; this bidir ectional scatter can
aturally result in a wide diversity of inferred inner rotation- 
urve shapes, including both cored and centrally concentrated 

rofiles. 
(ii) Relat ed t o the first point, more complet e fluid models do

ot guarantee improved mass recovery. Even when including 
r essur e-gradient and conv ectiv e t erms, equilibrium-based re-
onstructions often perform worse than the simple assumption of 
 φ = v c . This reflects the fact that unobservable time-dependent
erms limit the validity of analytic corrections. Understanding the 
ynamical state of the system should have higher priority than 

ttempting corrections to the rotation curve. 
(iii) Three physical drivers account for most strong disequilib- 

ia. Stellar feedback, self-gravitating gas clumps, and AGN energy 
njection collectively explain ≈ 85 per cent of the gas mass in
 xtr eme disequilibrium ( | ε| > 1 ), often acting in concert. Large-
cale gravitational asymmetries provide a persistent structural 
ack gr ound that modulates and sustains these perturbations, and 

ight also explain some residual mass unaccounted for by these 
hr ee pr ocesses, especially in the 0 . 2 < | ε| < 1 regime (mild dis-
quilibrium). 

(iv) A physically grounded classification of rotation-curve re- 
iability is possible. Using residual-based metrics linking cen- 
rifug al and hydr odynamical equilibrium, we identify thr ee dy-
amical classes – coherent rotators, perturbed rotators, and 

low/erratic rotators, which differ primarily in gas dynamics, not 
nderlying potential shapes. Population trends at a class level 

n structural- and feedback-r elated pr operties r eveal that recent
eedback activity, gas vertical thickness, and total H i mass are
ow erful indicat ors of the galaxy’s dynamical stat e, albeit for a
ample ‘unrealistically’ selected in a narrow halo mass range. 
MNRAS 547, 1–27 (2026) 
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The quantitative fractions that we report – such as the ≈
5 per cent of gas mass in non-equilibrium ( | ε| > 0 . 2 ) and the ≈
0 per cent of systems at log 10 (M 200c / M �) = 10 . 75 –11 unsuitable
or rotation-curve analysis – should be interpreted as indicators
f prev alence r ather than universal numbers. Our 25 cMpc box
s the largest volume that simultaneously reaches the gas-mass
 esolution r equir ed to r esolve dwarf discs with � 10 3 g as par-
icles, enabling spatially resolved mid-plane kinematics. Larger
 olume low er resolution simulations w ould inevitably wash out
he disequilibrium features that we measure and inject numerical
oise, while higher resolution runs in even larger bo x es r emain
omputationally prohibitive. 

A second limitation is the numerical implementation of feed-
ack. While COLIBRE incorporates a self-consistent treatment of 
he cold and dense phases of the ISM, and an enhanced sampling
f the gravitational potential, mitigating spurious baryon–DM en-
rgy transfer, hence making it an ideal choice for analyses of gas
ynamics, our results will inevitably depend on the strength and
oupling of feedback, hence remain model-dependent. Our cross-
hecks with the hybrid AGN feedback dual versions confirm that
ur main results are robust to these numerical choices: despite
ifferent calibr ation v alues and injection schemes, the nature and
patial pattern of disequilibrium are qualitatively unchanged. Ul-
imat ely, v erifying the generality of our findings will r equir e sim-
larly resolved analyses in other simulation suites. Comparisons
ith recent FIRE-3 work using similar diagnostics (I. S. Sands

t al. 2024 ) further suggest that our qualitative conclusions are
ot simulation specific. Related evidence for systematic depar-

ur es fr om equilibrium and biased cir cular-velocity r ecovery has
lso been reported by E. D. Jahn et al. ( 2023 ) within idealized
imulations using the SMUGGLE model, indicating that these
ffects arise across a range of numerical implementations and
odelling strat egies, ev en outside fully cosmological cont exts.
ithin the EDGE simulation suite, M. P. Rey et al. ( 2024 ) found

hat inner circular velocities are recovered only in a rare subset
f quiescent dwarf galaxies that t emporarily host w ell-or der ed
 i discs. In particular, their results reinforce our conclusions

hat rotation-curve-based mass estimates critically depend on the
ynamical state of the gas, which they also found tightly linked to
orphology and star formation history, and that corrections for

r essur e gradients do not systematically improve recovery of the
nderlying gravitational potential. 
To summarize, once hydrodynamical equilibrium is broken,

he foundational assumption r equir ed t o int erpr et the r otation
urve as a circular velocity – or, equivalently, enclosed mass

tracer is itself invalid, irrespective of any detailed analytic
orrection. Given the prevalence of out- of- equilibrium gas ( ≈
5 per cent of the mid-plane gas mass out of equilibrium), the
isproportionate impact in the innermost regions of galaxies, and
he ≈ 70 per cent of systems at log 10 (M 200c / M �) = 10 . 75 –11 that
e find to be ill-suited for rotation-curve analysis (with this frac-

ion expected to rise at lower halo mass), it is unavoidable that at
east part of the observ ed div ersity in dwarf galaxy rotation curves
eflects mistaking non-equilibrium gas dynamics for variation in
ark matter structur e. This r eframes long -standing issues such
s the core–cusp and rotation-curve diversity problems primarily
s matters of tracer reliability, implying that st eady-stat e mass
odelling r equir es either stringent dynamical pre-selection or
ethods that explicitly incorporate time-dependent gas physics. 
Crucially, the near-symmetry of the ε distribution (Fig. 6 ) does

ot imply that disequilibrium effects cancel in the mean. The
bservationally inferr ed r otation curve will inevitably depend
NRAS 547, 1–27 (2026) 
ensitively on the detailed local structure of each individual
alaxy and on how its disequilibrium featur es pr oject on to the
ine of sight, so ensemble averages cannot be assumed to re-
over the true underlying mass – similar arguments apply for
he pr essur e-supported and pur ely centrifug al models shown in
he bottom row of Fig. 7 . Also note that, by construction of the
arped mid-plane geometry, we are evaluating the degree of dis-

quilibrium in the local plane of maximal rotation; upper and
ow er v ertical lay ers likely exhibit ev en stronger effects, enhanc-
ng these issues in thicker discs. This highlights the need to treat
isequilibrium not as a nuisance that cancels in the mean, but as
 first-order systematic shaping the kinematic signal itself. 

Quantifying precisely the contribution of disequilibrium to
otation-curv e div ersity r emains an open question. The ne xt step
s to confront our theoretical diagnostics and predictions directly
ith mock and r eal observations. B y generating synthetic radio

21 cm) and IFU emission-line data from our simulations (e.g.
espectively MARTINI and SimSpin , K. Harborne 2019 ; K. Oman
024 ), we will assess the extent to which the disequilibrium
rivers and classification criteria identified here can be r ecog -
ized in practice, and how they pr opag at e int o dark matt er infer-
nces. Such work will ultimately determine whether the disequi-
ibrium physics identified in simulations is a major contributor to
mall-scale tensions in �CDM, or a challenge peculiar to certain
alaxy formation models. 
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P P E N D I X  A:  S P H  F I E L D  SAMP L I NG  I N  A  

AR P E D  GAS  D I S C :  A  R E P R E S E N T  A  T I V E  

XAMPLE  

o complement the methodological description in Sections 2.2
nd 2.4 , here we show an example of how the warped disc mid-
lane and associated SPH-sampled fields are constructed and

nt erpret ed, for a representative galaxy in our sample. 
Fig. A1 shows the cumulative H i mass profile, M H i (< r) , and

he orientation of the gas angular momentum v ect or as a function
f radius for a r epr esentative g alaxy in our sample ( hbt-herons
rack ID = 14481 ). The disc extent radius, R ext , H i , is identified
rom the flattening of the mass profile, using the slope crite-
ion outlined in Section 2.2 , and is marked in both panels. The
ower panel illustrates the radial evolution of the gas angular

omentum direction in the global frame, revealing a modest but
oherent warp between the half mass radius, R half, H i , and the disc
xtent radius, R ext , H i , and a significantly stronger twist at radii
 < 5 kpc . 

This radial variation – in some cases significantly more pro-
ounced – in the orientation of the gaseous plane of rotation
otivates the construction of a warped radius-dependent local

rame. Crucially, our definition of R ext , H i – based on the point
here the cumulative mass profile flattens – ensures that the
umber of gas particles per radial bin (or shell) remains suffi-
iently high within the disc. This mitigates noise in the angular
omentum calculation, which could otherwise be dominated by
 few outlier particles in low-density outer shells, thus improving
he stability and accuracy of the local disc frame construction.
ev ertheless, an int erpolation of both the enclosed H i mass and

as angular momentum is preferable when evaluating slopes and
onstructing the geometry of the mid-plane. 

Fig. A2 provides a visual illustration of the warped disc frame
onstruction motivated by the angular momentum profiles in
ig. A1 ; the same representative galaxy is shown in both figures to
larify the transition from a r adially v arying angular momen-
um direction to a warped mid-plane. The left panel shows the
arped disc mid-plane and sampling points in the global coor-
inate frame ( X , Y , Z), with points coloured by the local gas
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Figure A1. Example of radial profiles for a r epr esentative halo in our sample. Top panel : enclosed H i mass, M H i (< r) , as a function of radius (solid light 
green line). Bottom panels : components of the normalized gas angular momentum v ect or in the global x, y , and z directions (left to right), as functions of 
radius. The solid light green line show the profiles computed directly from the simulation particles (see Section 2.2 ); solid light red lines show smoothed 
versions obtained via a cubic spline interpolation. The dash–dotted and solid vertical grey lines shown in both panels indicate the H i half-mass radius, 
R half , H i , and the gas disc extent, R ext , H i , respectively. 
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ensity, ρ. The right panel shows the same points deprojected 

nto the local warped disc frame ( X 

′ , Y 

′ ), where by construction
he mid-plane lies at Z 

′ = 0 . This highlights how the local co-
rdinate frame smoothly follows the r adial v ariation in the gas
ngular momentum direction, effectively ‘unwarping’ the disc 
orphology. 
Importantly, here it is also possible to grasp the utility of 

ur SPH-based continuous field sampling pr ocedur e: it enables 
valuation of hydrodynamical quantities, such as the gas vol- 
me density, directly on the warped disc mid-plane. This would 

ot be possible using only the raw gas particle data, which are
rregularly distributed and not confined to the warped plane. 
hus, our post-processing approach provides a physically mean- 

ngful high-resolution sampling of continuous fields aligned with 

he true gas disc geometry. Note that in strongly disturbed sys-
ems the ‘mid-plane’ may still be ill-defined, as large warps or
scillations in the angular momentum profile prevent the exis- 
ence of a singular stable configuration – indeed the entire ‘tilted 

ing’ appr o ximation may br eak down. In such cases, our method
till recovers the locally defined surface of maximum rotation, 
hich r epr esents the most meaningful r efer ence for kinematic

nalysis. 
MNRAS 547, 1–27 (2026) 
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Figure A2. Example of a warped disc mid-plane and the corresponding gas volume density field at the sampling points. Left panel : 3D visualization of 
the warped disc mid-plane in the global coordinate frame ( X , Y , Z), with sampling points coloured by the gas density, ρ, computed via the SPH-based 
continuous field sampling method described in Section 2.4 . Right panel : the same sampling points and gas density field, deprojected on to the local warped 
disc frame ( X 

′ , Y ′ ), where Z 

′ = 0 by construction. The same representative galaxy of Fig. A1 is shown here, clarifying the angular momentum-based 
frame construction. 
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P P E N D I X  B :  AC  C  OUNTING  FOR  

ISEQUILIBRIUM:  S E N S I T I V I T Y  TO  

H R E S H O L D  VARIATIONS  

s discussed in Section 4.2 , the quantitative contribution of in-
ividual physical drivers to the disequilibrium budget depends to
ome extent on the adopted criteria used to associate gas elements
s affected by stellar feedback, AGN activity, and self-gravitating
lumps. While our fiducial selections are physically motivated
nd empirically calibrated, it is important to assess the robustness
f the r esulting tr ends to r easonable variations in these somewhat
rbitrary choices. 

To this end, we repeat the full analysis using two alternative
ets of tagging criteria. In a permissive configuration, we loosen
he spatial apertures and selection thresholds such that the to-
al disc area associated with each driver is increased by approx-
mat ely a fact or of 2 relativ e t o the fiducial case. Conv ersely,
n a restrictive configuration, we tighten the criteria so that the
agged area is reduced by a comparable factor. In all cases, the
ame physical definitions are retained, and only the extent of the
agged regions is modified. 

Fig. B1 shows the resulting mass-w eight ed distributions of 
he disequilibrium parameter ε for each driver under the three
onfigurations, compared to the global distribution. As ex-
ected, loosening the cuts increases the overlap with the near-
quilibrium regime, while tightening them pr efer entially selects
as at larger | ε| . Importantly, how ev er, the ov erall shapes of 
he distributions are preserved to a good degree. Self-gravitating
lumps pr efer entially populat e the positiv e side of the distribu-
ion, while AGN feedback remains strongly associated with large
egative ε. 
NRAS 547, 1–27 (2026) 

a  
Stellar feedback exhibits the largest shape variation, particu-
arly in the transition from the fiducial to the permissive config-
ration: in the latter case, the distribution becomes increasingly
 eight ed t owar ds the near-equilibrium r egime, with a r educed

elative contribution at negative ε. This behaviour indicates that
v erly permissiv e spatial selections (e.g . cir cular masks of or der

2 . 5 kpc around young stellar particles or feedback-affected gas)
egin to include substantial amounts of ambient or recovering
as. This effect naturally drives the mild differences in recovery
ractions observed across configurations and directly motivates
he calibration pr ocedur e adopted for the fiducial cuts. 

The impact of these variations on the int egrat ed disequilibrium
udget is summarized in Fig. B2 , which shows the fractional
ontribution of each driver – including overlaps – to the total
as mass tagged by the union of the three mechanisms. As an-
icipat ed, the relativ e ranking of the driv ers is robust t o changes
n the tagging crit eria: st ellar feedback consistently dominates
he budget, while AGN feedback and self-gravitating clumps con-
ribute at a secondary but non-negligible level. The substantial
verlap fractions are likewise largely preserved across configura-
ions, r einfor cing the conclusion that disequilibrium is frequently
riven by multiple mechanisms acting simultaneously. 
The only clear systematic difference induced by varying the

hresholds is a redistribution of mass between the individual
tellar feedback and AGN feedback components and their mutual
verlap. This behaviour is expected, as the tagging criteria for
oth mechanisms ar e pur ely geometrical: incr easing the char-
cteristic r adii natur ally enlarges the r egion of intersection, r e-
ucing the fraction uniquely attributed to each driver (and vice
ersa for more restrictive cuts). By contrast, analogous trends
re much weaker for self-gravitating clumps. This reflects the
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Figure B1. Self-normalized mass-w eight ed distributions of the disequilibrium paramet er ε , W I (ε ) / �W I , for gas associated with each physical driver 
under different tagging criteria (summarized in Table B1 ). Each panel shows the distribution for one driver (stellar feedback, self-gravitating clumps, 
AGN feedback), comparing the fiducial selection (black) to permissive (orange) and restrictive (blue) variants. The grey shaded curve indicates the global 
gas distribution. The vertical dashed lines mark the quasi-equilibrium range, | ε| ≤ 0 . 2 . While the absolute normalization and degree of overlap with the 
low- | ε| regime vary with the tagging criteria, the qualitative association between each driver and characteristic disequilibrium regimes is robust. 

Figure B2. F r actional contribution of each physical driv er t o the t otal disequilibrium budget under fiducial, permissiv e, and restrictiv e tagging crit eria 
(see Table B1 ). The colour ed r egions indicate the contributions fr om stellar feedback, AGN feedback, and self-gravitating clumps, while hatched regions 
mark overlaps between drivers as indicated in the legend. Although the absolute fractions vary with the adopted cuts in different ε regimes, the hierarchy 
of drivers and of overlap regions remain stable across all configurations. 
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undamentally differ ent natur e of their selection: varying the 
hreshold in t ff /t orb does not simply expand or contract contiguous
egions, but can instead select spatially disconnected structures. 
s a result, changes in the overlap between clumps and the other
rivers are less str aightforw ard and do not scale monotonically 
ith the strictness of the cut (in fact, they are close to independent

f them). N otably, the differ ences discussed her e r emain limited
o the ≈ 5 –10 per cent level across configurations, indicating that
hey do not qualitatively affect the inferred disequilibrium bud- 
et. 

For completeness, and in r efer ence t o the int egrat ed percent-
ges discussed in the final par agr aphs of Section 4.2 , the re-
trictive and permissive configurations, respectively, account for 

20 and 50 per cent of the gas mass in the near-equilibrium
egime ( | ε| ≤ 0 . 2 ), and ≈ 70 and 90 per cent in the e xtr eme
isequilibrium regime ( | ε| ≥ 1 . 0 ). In the int ermediat e regime
 0 . 2 < | ε| < 1 . 0 ), they encompass ≈ 35 and 65 per cent of the
lobal gas mass. The systematic and differential response across 
 ε| regimes further motivates the fiducial configuration as a bal-
nced and optimized choice. 

Taken together, these tests demonstrate that while the abso- 
ute normalization of the tagged mass varies with the adopted 

hresholds, the qualitative association between physical drivers 
nd characteristic disequilibrium regimes – and their relative par- 
itioning – remains remarkably stable. This robustness lends con- 
dence to the fiducial tagging strategy and supports the broader 
onclusion that significant departur es fr om equilibrium in the 
isc arise from the combined action of stellar feedback, AGN 

ctivity , and gravitational instability , rather than from any single
MNRAS 547, 1–27 (2026) 
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Table B1. Summary of the tagging criteria used to associate gas with the different disequilibrium drivers in the fiducial analysis and in the permissive 
and restrictive variants explored in Appendix B . The permissive and restrictive configurations are constructed to roughly double or halve, respectively, 
the total disc area tagged by each mechanism relative to the fiducial case, while preserving the same physical definitions. 

Mechanism Parameter description Symbol [unit] Restrictive Fiducial Permissive 

Stellar feedback Maximum distance from YS or from CCSNe kicked gas R SF [kpc] ≈ 0 . 423 = 1 . 000 ≈ 2 . 450 
Self-gravitating clumps Free-fall to orbital time ratio t ff /t orb [dimensionless] ≈ 0 . 094 ≈ 0 . 111 ≈ 0 . 131 
AGN feedback Maximum distance from active SMBH R AGN [kpc] ≈ 1 . 414 = 2 . 000 ≈ 2 . 828 
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P P E N D I X  C :  C L A S S I F I C AT I O N  ALGORITHM  

s outlined in Section 5 , our goal is to classify galaxies based
n systematic deviations between the azimuthally averaged ro-
ational velocity profile, 〈 v φ〉 φ (r) , and the corresponding circular
elocity profile, 〈 v c 〉 φ (r) . These deviations are used as proxies for
ssessing the dynamical equilibrium state of each system. 

To quantify such deviations in a statistically meaningful and
omparativ e manner, w e comput e the following three metrics for
ach galaxy in our sample: 

(i) L 1 norm: a global absolute measur e of the discr epancy be-
ween the rotational and circular velocity profiles across the ra-
ial extent of the gas disc, 

 1 = 

∫ r= R ext , H i 

r= r 0 
|〈 v c 〉 φ (r) − 〈 v φ〉 φ (r) | d r, 

here r 0 is a small inner cut off t o e x clude unr esolved central
egions. 

(ii) Normalized Root Mean Square Error in Amplitude
NRMSE-Amplitude): a pointwise metric that emphasizes the
ractional error between the two profiles, 

RMSE − Amplitude = 

∑ 

i 

√ 

[ 〈 v φ〉 φ (r i ) − 〈 v c 〉 φ (r i )] 2 

〈 v c 〉 φ (r i ) 2 
, 

here the sum runs ov er discret e radial bins r i spanning the disc
rom r 0 to R ext , H i with 
r = 0 . 2 kpc spacing. 

(iii) Normalized Root Mean Square Error in Slope (NRMSE-
lope): a scale-invariant measure comparing the local logarithmic
lopes of the rotational and circular velocity profiles, 

RMSE − Slope = 

∑ 

i 

√ √ √ √ 

[
α〈 v φ 〉 φ (r i ) − α〈 v c 〉 φ (r i ) 

]2 

[
1 + α〈 v c 〉 φ (r i ) 

]2 , 

here 

A ( r i ) = 

d ln A ( r) 
d ln r 

∣∣∣∣
r= r i 

enotes the logarithmic derivative of the quantity A evaluated at
 i . The normalization by 1 + α〈 v c 〉 φ (r i ) ensures stability and pre-
ents spurious amplification in r egions wher e the slope becomes
NRAS 547, 1–27 (2026) 
mall or neg ative. Ag ain, the sum runs over discrete radial bins r i 
panning the disc from r 0 to R ext , H i with 
r = 0 . 2 kpc spacing. 

These metrics are designed to capture both amplitude and
hape mismat ches betw een the rotational and circular velocity
rofiles, and they serve as quantitative inputs for the final step
f our classification pipeline. Once all three parameters are com-
ut ed for ev ery galaxy in the sample, we apply a k-means cluster-

ng algorithm to the resulting feature space. This unsupervised
earning method partitions the data set into distinct clusters –
hich we interpret as dynamical classes – based on similarities in

he deviation metrics. The number of clusters is determined using
tandard internal validation criteria (i.e. the silhouette score), en-
uring that the resulting classification reflects genuine structure
n the data rather than arbitrary thresholds. These classes form
he basis of the perturbed/equilibrium taxonomy discussed in the

ain text. 
Fig. C1 provides both qualitative and quantitative insight into

ur classification methodology. The top panels contrast the kine-
atic behaviour of a stable disc ( hbt-herons track ID = 6611 )
ith that of a disturbed system ( hbt-herons track ID = 58791 ).

n the former, the rotational and circular velocity curves track
ach other almost exactly, indicative of a system close to centrifu-
al equilibrium. In the latt er, syst ematic deviations in both ampli-
ude and shape highlight significant dynamical disequilibrium.
he bottom panel shows the full distribution of galaxies in the
pace defined by our three residual-based metrics. 

The k-means algorithm successfully identifies w ell-separat ed
r oups corr esponding to dynamically distinct populations. These
roups, or clusters, serve as the basis for our perturbation clas-
ification framework. It is worth emphasizing that this scheme
s designed to formalize the visual impression of how rotation
urves depart from their expectation: the clustering provides a
 epr oducible way to carve an otherwise continuous distribution
f residual behaviours into classes that clarify the transition from
r der ed to disor der ed discs. In this context, limitations such
s sample size or the use of a comparatively simple clustering
ethod are not restrictive, since the purpose is organizational

ather than predictive – any reasonable algorithm that captures
he same large-scale structure in residual space would yield a
roadly equivalent taxonomy. 
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Figur e C1. Illustrative e xamples and clustering r esult fr om our dynamical classification alg orithm. Top panels : azimuthally averag ed rotational velocity 
(dark orange/dashed lines) and circular velocity (black/solid lines) profiles as a function of radius for two representative galaxies in the sample. Left : 
a dynamically w ell-behav ed syst em e xhibiting e x cellent agr eement betw een the tw o pr ofiles acr oss the entir e disc e xtent. Right : a str ongly perturbed 
system showing large and systematic residuals. The hbt-herons track IDs of these galaxies, and their associated values for the three classification 
metrics ( L 1 , NRMSE-Amplitude, and NRMSE-Slope) are indicated in the legends and annotat ed t ext. Bottom panel : distribution of the full sample in the 
three-dimensional metric space, colour-coded by cluster assignment as determined via the k-means clustering algorithm. The resulting groups define 
the dynamical classes discussed in Section 5 . 
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