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A B S T R A C T 

Recent 21 cm line observations of the ultradiffuse galaxy AGC 114905 indicate a rotating disc largely supported against gravity 

by orbital motion, as usual. Remarkably, this study has revealed that the form and amplitude of the H I rotation curve are 
completely accounted for by the observed distribution of baryonic matter, stars, and neutral gas, implying that no dark halo is 
required. It is surprising to find a dark matter (DM)-free galaxy for a number of reasons, one being that a bare Newtonian disc 
having low velocity dispersion would be expected to be unstable to both axisymmetric and non-axisymmetric perturbations that 
would change the structure of the disc on a dynamical time-scale, as has been known for decades. We present N -body simulations 
of the DM-free model, and one having a low-density DM halo, that confirm this expectation: the disc is chronically unstable to 

just such instabilities. Since it is unlikely that a galaxy that is observed to have a near-regular velocity pattern would be unstable, 
our finding calls into question the suggestion that the galaxy may lack, or have little, DM. We also show that if the inclination of 
this near face-on system has been substantially o v erestimated, the consequent increased amplitude of the rotation curve would 

accommodate a halo massive enough for the galaxy to be stable. 

K ey words: galaxies: e volution – galaxies: kinematics and dynamics – galaxies: spiral – galaxies: structure. 
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 I N T RO D U C T I O N  

ltradiffuse galaxies (UDGs), which may comprise a distinct class of
arge galaxies having very low surface brightness (Impey, Bothun &

alin 1988 ; Conselice 2018 ), have recently attracted considerable
ttention. These objects are found in various environments ranging
rom large galaxy clusters to voids and may be gas rich or gas free –
acts that may indicate various formation and evolution mechanisms.
inematic studies of at least one gas-free system have implied very

ow dynamical mass, consistent with the observed stellar mass, and
t has been suggested that these systems may be entirely free of dark
atter (DM; van Dokkum et al. 2019 ). 
More recently, 21 cm line studies of neutral hydrogen in several

as-rich UDGs have revealed similar atypical properties (Mancera
i ̃ na et al. 2019 ): it appears that several do not lie on the well-
stablished baryonic Tully–Fisher relation (BTFR; McGaugh 2012 ),
n the sense that they are too slowly rotating for their observed
aryonic mass. One particular galaxy, AGC 114905, is of compa-
able size to the Milky Way but has a rotational velocity a factor
0 times lower. This object has been studied in detail via 21 cm
ine observations by Mancera Pi ̃ na et al. ( 2022 , hereafter MP22 ).
hey fitted a differentially rotating inclined disc to the observed data
ube, deriving a rotation curve that is apparently consistent with the
ttraction of the observed distribution of stars and gas only . Basically ,
he detected baryonic matter, mostly gas that has no uncertainty in
he stellar mass-to-light ratio, gives rise to a rotation curve that very
losely matches that fitted to their data. 
 E-mail: sell w ood@as.arizona.edu 
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Disc galaxies that do not appear to be embedded in a DM halo
ould be remarkable for two principal reasons. First, the modern
ambda cold dark matter ( � CDM) theory of galaxy formation

re vie wed by Somerville & Dav ́e 2015 ) supposes that galaxies
orm in pre-existing DM concentrations (but see also Moreno et al.
022 ). Secondly, rotationally supported galaxies lacking DM haloes
nd a central b ulge ha ve long been known (Hohl 1971 ; Miller,
rendergast & Quirk 1971 ) to be globally unstable to the formation of
 bar, which provided one of the original moti v ations for DM haloes
Ostriker & Peebles 1973 ). The history of these issues is discussed in
etail by Sanders ( 2010 ). Note that a DM-free galaxy would also be
learly inconsistent with the MOND paradigm (Milgrom 1983 ) that
equires e very relati vely isolated galaxy to have an apparent ‘halo’.
hese considerations account for the intense interest in UDGs. 
One concern with the study by MP22 is that their estimated

nclination of the disc plane is i ∼ 32 ◦, which they based on the
pparent ellipticity of the outer neutral hydrogen disc. An accurate
stimate of i is difficult to determine when the galaxy is close
o face on, causing most practitioners of rotation curve fitting to
xclude such cases; for example, McGaugh ( 2012 ) limits his study
o galaxies having i > 45 ◦. This issue was addressed by Read et al.
 2016b ), who applied the usual observational techniques to simulated
alaxies, and concluded that dwarf galaxies with i � 40 ◦ may have
arge inclination errors. The dwarf galaxy IC 1613 is a case in point;
ake & Skillman ( 1989 ) estimated i � 39 ◦ and concluded that the
alaxy was both deficient in DM and inconsistent with MOND.
ead et al. ( 2016b ) showed IC 1613 to be an outlier from the BTFR,
nd suggested that the inclination had been o v erestimated; indeed,
man et al. ( 2016 ) argued, from an indirect interpretation of the

tellar velocity dispersion, for i � 20 ◦. Furthermore, the paper by
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. The data points with error bars show the circular speed in 
AGC 114905 measured by MP22 for an adopted inclination of 32 ◦. The 
dashed curve to R � 10 kpc shows the circular speed in the no-DM model 
proposed by MP22 that is the sum, in quadrature, of the dotted curves, which 
are the contributions of the two disc components. The solid curve is the 
circular speed measured directly from the attraction of the particles in our 
simulation; see the text for more details. Note that the separate calculated 
rotation curves assume that the surface density of the gas was tapered to zero 
near R = 15 kpc for the dashed curve and more gently and farther in for the 
solid curve. The solid and dashed curves are in good agreement inside R ∼
8 kpc, but the solid curv e e xceeds that e xpected from the e xtended gas disc 
for 8 kpc ≤ R ≤ 10 kpc. 
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anik et al. ( 2022 ) appeared while we were waiting for the referee
o report on this paper, and those authors argue that the inclination
f AGC 114905 may be as low as ∼12 ◦ in order that it be consistent
ith the BTFR and with MOND. 
Since a fully self-gravitating disc galaxy is expected to be globally 

nstable, we have constructed N -body realizations of the models of
GC 114905 fitted by MP22 to their data and evolved them to

xamine their stability. Full details of the models and our methods 
re given in the following section. 

Implicit in the study presented here are the assumptions that the 
alaxy is undisturbed, in a long-lived state, and that the observed 
otation pattern reflects centrifugal balance. Although the disc has not 
ad many dynamical times to settle (the orbit period at the disc edge,
 = 10 kpc, is ∼2.6 Gyr), the apparent regularity of the observed
elocity field gives some credence to these assumptions but, were 
hey not to hold, there is little that can be deduced from stability
onsiderations. 

 T E C H N I QU E  

.1 No-DM model 

ur first simulation is of a model without DM, whose properties are
iven in section 4.1 of Mancera Pi ̃ na et al. ( 2022 ). These authors
resent neutral hydrogen observations of the galaxy from which they 
erive a deprojected circular speed that rises gently from zero at the
entre to ∼23 km s −1 at R = 10 kpc. 

MP22 fit the projected star light distribution as a round exponential 
isc and, adopting M / L = 0.47 in the r band, give the surface mass
ensity as 

 stars ( R ) = 

M d 

2 πR 

2 
d 

exp ( −R /R d ) . (1) 

ere, R d = 1.79 kpc is the disc scale length and M d = (1.3 ± 0.3) ×
0 8 M � is the mass of the notional infinite disc, the uncertainty
eflecting that in the M / L . We taper the stellar disc surface density to
ero o v er the range 3.5 R d ≤ R ≤ 4 R d . There are no data (at the time of
his writing) to indicate the stellar velocity dispersion in this galaxy, 
o we adopt Q stars � 1 . 5 (Toomre 1964 ). The Jeans equations in the
picyclic approximation (Binney & Tremaine 2008 ) are inadequate 
o construct a reasonable equilibrium for the star particles because the 
adial velocity dispersion is � 7 km s −1 near the disc centre, which
s comparable to the observed circular speed. We therefore derive 
 2D distribution function (DF) for the disc using the procedure 
escribed by Shu ( 1969 ). As the vertical density profile of the disc is
lso unknown, we adopt a Gaussian profile with a scale 0.1 R d , and
se the 1D Jeans equation to set up the appropriate vertical velocity
ispersion, which results in a slightly flattened velocity ellipsoid at 
ll radii. 

MP22 fit the observed gas surface density, corrected for helium 

ontent, with a function of the form 

 gas ( R) = � 0 , gas exp ( −R/R 1 )(1 + R/R 2 ) 
α, (2) 

here the central surface density of the gas � 0 , gas = 3 . 2 M � pc −2 ,
 1 = 1.11 kpc, R 2 = 16.5 kpc, and α = 18.04. The gas disc extends

o R ∼ 10 kpc, and has a total mass of (1.29 ± 0.19) × 10 9 M �;
t is therefore both more e xtensiv e and 10 times more massive than
he stellar disc. MP22 point out that the attraction of the two disc
omponents gives rise to a rotation curve, the dashed line in Fig. 1 ,
hat is in reasonable agreement with the observed velocities. MP22 

easure the velocity dispersion of the gas component to be close to
5 km s −1 at most radii and ∼8 km s −1 at their innermost point. We
dopt an approximately isotropic velocity dispersion of 5 km s −1 at
ll radii. 

In most of our simulations, we model the gas disc as a collection
f collisionless N -body particles, but we have tried the SPH option
n GADGET-2 in one case (see Section 3.1 ). 

Once again, we select ‘gas’ particles from a 2D DF created by
hu’s procedure in order to build an equilibrium disc model, although

n this case the outer edge of the disc presented an extra difficulty.
he function (equation 2 ) fitted to the disc surface density peaks
ear R ∼ 3 kpc and declines gently to beyond R = 10 kpc with
o outer truncation. As is well known (Toomre 1963 ; Casertano
983 ), introducing a sharp truncation to a disc creates a blip in the
entral attraction, causing the circular speed to rise steeply to the
runcation radius and to decline more quickly than the Keplerian rate
ust beyond. MP22 report that the observed circular speed stays flat
 v er the last few measured points, as shown in Fig. 1 , revealing no
inematic signature that the gas disc has an edge, even though their
ig. 1 hints that the H I disc ends quite sharply near R ∼ 10 kpc. We
ere told (Fraternali, pri v ate communication) that this apparent edge

s probably an artefact introduced by a mask in their data reduction
rocedure, and the gas disc may extend smoothly to larger radii. 
Since there are no kinematic data for R � 10 kpc, we prefer

o truncate the gas disc, even though it creates a feature in the
entral attraction that is not observed. Ho we ver, it is numerically
nconvenient to find a DF and to select particles in a potential that
auses a blip in the rotation curve near the disc edge. We therefore
apered the surface density of the gas disc o v er the radial range
0.7 kpc < R < 14.3 kpc in order to moderate the effect of truncation,
lthough a broader and more gentle bump in the circular speed curve
emains, as shown by the solid curve in Fig. 1 . In order to a v oid
umerical problems, we computed the DF and selected particles in a
otential derived from a gas disc having the taper shifted to a larger
adius, which made it easier to assign orbital velocities to the gas
MNRAS 514, 4008–4017 (2022) 
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Figure 2. The solid lines in each panel are measured from the start of the 
no-DM matter simulation. The top panel shows the tapered surface densities 
of star particles (red) and gas particles (green), while the dotted lines are 
the untapered functions (equations 1 and 2 ). The middle panel shows the 
radial velocity dispersion of the particles, while the bottom gives the stability 
parameter, Q , for each component. 

p  

w
R  

w  

t  

f  

o  

i  

t
 

F  

m  

t  

v  

u

Table 1. Default numerical parameters. 

Grid points in ( r , φ, z) 175 × 256 × 125 
Grid scaling R d = 5 grid units 
Vertical spacing δz = 0.04 R d 

Active sectoral harmonics 0 ≤ m ≤ 8 
Softening length R d /20 
Number of ‘star’ particles 10 6 

Number of ‘gas’ particles 10 7 

Time-step ( R 

3 
d /GM) 1 / 2 / 80 = 1 . 24 Myr 
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articles, although the actual surface density of the selected particles
as tapered as noted abo v e. The attraction in the outer disc (8 kpc ≤
 ≤ 10 kpc) is stronger in the simulation (solid curve) than assumed
hen selecting particles from this DF (dashed curve), which causes

he gas particles to have a somewhat lower orbital speed than needed
or centrifugal balance. The disc inside 8 kpc, which contains most
f the mass, is in proper equilibrium, and we do not expect the mild
mbalance in the outer part, which causes a slight initial contraction,
o affect the o v erall stability. 

The tapered surface density profiles are shown in the top panel of
ig. 2 , and the other two panels present properties of this model
easured from the particles at the start of the simulation. Note

hat Q gas in the bottom panel, which is determined by the measured
elocity dispersion, surface density, and rotation curve, is less than
nity o v er a broad radial range. 
NRAS 514, 4008–4017 (2022) 
.2 Numerical methods 

he particles in our simulations mo v e in a 3D volume that is spanned
y a cylindrical polar mesh. The self-gravitational attractions are
alculated at grid points and interpolated to the position of each
article. A full description of our numerical procedures is given in
he online manual (Sell w ood 2014 ) for the GALAXY code and the
ource is available for download. Table 1 gives the values of the
umerical parameters adopted for the simulations presented in this
aper. 

We have verified that the results we obtain are insensitive to the
umbers of particles employed, whether the particles are confined to a
lane or mo v e in 3D, and also when evolved using the N -body option
f GADGET-2 (Springel 2005 ). We describe below (Section 3.1 ) the
ehaviour of a model in which we turned on SPH for the gas particles.

 RESULTS  

e evolved the model presented in Section 2.1 for 3 Gyr, and a
ew snapshots are shown in Fig. 3 . The evolution of the stellar
omponent is illustrated in the top row and the gas particles in the
ottom row. The more massive gas component, which initially had
 gas < 1 o v er a broad radial range (bottom panel of Fig. 2 ), and

hus was axisymmetrically unstable (Toomre 1964 ), formed a ring
t first which then fragmented. Note the stellar disc had Q stars > 1
verywhere but the attraction of the gas particles caused it to behave
n a similar manner. 

Although the initial model was in equilibrium, the rapid growth
f instabilities profoundly changed the structure of both discs, as
hown in Fig. 4 . Both discs expanded leaving a very low central
ensity (top panel) and, because angular momentum is conserved,
he orbital speeds of the particles decreased, while random motion
as greatly increased (bottom panel). We stopped the simulation
hen the rate of change of these properties was beginning to slow.
he middle panel shows a ‘rotation curve’ at the last moment that
iffers profoundly from that observed. 

.1 Gas physics 

e resimulated this model using GADGET-2 initially as N -body
articles, obtaining very similar results as with GALAXY . We then
ttempted to apply the SPH option of GADGET-2 for the gas compo-
ent. In this case, we adopted an isothermal equation of state for the
as with a sound speed of 5 km s −1 and no star formation or feedback.
e found that the gas disc began to fragment even more rapidly than
hen employed collisionless particles, and the gas clumps reached

uch a density that GADGET-2 stopped after just 0.24 Gyr. This well-
nown behaviour of dissipative gas with self-gravity may possibly be
nhibited by allowing star formation and feedback, but we considered
hat implementing this option would be a major digression that would
e most unlikely to alter the conclusion that the model is globally
nstable. 

art/stac1604_f2.eps
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Figure 3. The evolution of the star component, top row, and gas component, bottom row, in the model with no DM. The colour scale indicates the logarithm of 
the projected particle density, times are in Gyr and the box is 46.8 kpc on a side. 
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1 We prefer this definition for a turbulent, clumpy gas rather than Q ≡
c κ/( πG �) that applies to a smooth barotropic fluid having a sound speed 
c , but the difference is minor. 
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.2 Including a dark matter halo 

lthough the observed velocities in AGC 114905 could be accounted 
or without including a DM component, MP22 noted that some DM 

ontent should be e xpected. The y therefore presented two models 
hat included DM haloes having CORENFW (Read, Agertz & Collins 
016a ) density profiles. They restricted the allowed parameters of 
he halo to values in the cosmologically expected range in their Case
, but were unable to fit circular speeds as low as observed. So they
emo v ed the restriction on the concentration parameter and present a
odel, their Case 2, that has c = 0.3. Adding a halo of mass M 200 =

0 10 M � and this low concentration, while retaining the previously 
tted disc densities for the stars and gas, resulted in a rotation curve
ith higher amplitude, but perhaps consistent with their observed 
alues within the errors, as shown in Fig. 5 . MP22 acknowledge that
he low concentration of this halo is well below the range expected
or � CDM haloes. 

We have therefore created an N -body realization of the two- 
omponent disc in the rigid gravitational potential of their Case 2 
M halo component. The different gravitational field required us 

o rederi ve ne w DFs for both discs. We kept the properties of both
iscs as before, except that we thickened the gas layer in order that
he v ertical v elocity dispersion was v ery similar to the 5 km s −1 

ssigned to the radial component to make the velocity ellipsoid more 
early isotropic. (Epicyclic motions require the azimuthal dispersion 
o differ from the radial component.) Since the circular speeds are 
igher, the epicyclic frequency is also increased by the DM halo, 
lightly raising the initial Q gas , although it is still less than unity o v er
he range 2 kpc < R < 8 kpc. 

The evolution of this model is presented in Fig. 6 . Since this
imulation evolved more slowly and less violently, we ran it for
onger. The evolution was also changed in other respects: an almost 
xisymmetric instability was again the first to develop, but non- 
xisymmetric features were already prominent by t = 1 Gyr. The 
rder of rotational symmetry of these features decreased o v er time
nd both the stellar and gas particles developed a bar by t ∼ 3 Gyr
hat persisted to the end. 

Fig. 7 compares the initial and final properties of this model. 
he discs did not spread by quite as much (top panel) and their
entral densities rose rather than declined, unlike in first simulation, 
ausing a profound change to the rotation curve (middle panel). 
he level of random motion was also greatly increased by the end
f the simulation (bottom panel). Once again, we consider these 
hanges to be e xtensiv e enough to indicate that the initial model was
nacceptable as a long-lived state. 
We treated the DM halo in this simulation as a rigid component.

revious work (Athanassoula 2002 ; Sellwood 2016 ) has shown that
ealizing the halo with mobile particles causes the disc to be more
nstable. 

 S E A R C H I N G  F O R  A  STABLE  M O D E L  

he gas and stars in the galaxy AGC 114905 manifest some density
ariations, but it is very unlikely that MP22 observed it at a moment
ust before the discs disrupted due to instabilities. Therefore, we have
ttempted to find a different stable, or slowly evolving model that
atches their data. Ho we ver, the stubborn fact is that the gas disc

s alone massive enough to account for most of the inferred circular
peed, and has Q < 1 o v er a broad radial range. These properties
nevitably imply instability. 

Note Q ≡ σ R κ/(3.36 G �) (Toomre 1964 ), with κ being the usual
pic yclic frequenc y (Binne y & Tremaine 2008 ). 1 Thus, Q could be
igher if either σ R has been underestimated, or the circular speed has
een underestimated, implying a higher value for κ , or the surface
ensity of the gas has been o v erestimated, or an y combination of
hese factors. 

MP22 report an H I mass, without correction for helium, of M H I =
9.7 ± 1.4) × 10 8 M �, which is lower than M H I ≈ 1.3 × 10 9 M �
mplied by the ALF ALF A flux; the difference can probably be
scribed to missing short baselines in the interferometric data. Thus, 
hese data would seem to preclude the idea that the tolerance in the
 I mass may be consistent with a significantly lower surface density

or the gas. 
MNRAS 514, 4008–4017 (2022) 
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Figure 4. The initial (solid curves) and final (dashed curves) of the az- 
imuthally averaged surface density (top panel) and radial velocity dispersion 
(bottom panel) in the model shown in Fig. 3 . The colours are red for stars 
and green for gas, as in Fig. 2 . The middle panel gives the initial and final 
rotation curves. 
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Figure 5. The initial rotation curve of the ‘Case 2’ model having the low- 
concentration DM halo. The data points have been reproduced and the lines 
are the same as in Fig. 1 , except that the dot–dashed line gives the contribution 
of the halo to the new total circular speed, marked by the dashed and solid 
curves. 
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Although the stellar disc mass M ∗ = (1.3 ± 0.3) × 10 8 M � is less
recisely known, its mass is merely ∼10 per cent of the mass of the
as disc and correspondingly less important to stability. We found
hat the evolution of a DM-free simulation was little affected by a
 σ reduction in the mass of the stellar disc. 
These considerations suggested two distinct strategies find stable,

ong-lived models. 

.1 Changing the disc inclination 

ne factor that could change the stability is a reduction to the
dopted inclination of the disc, which may have been o v erestimated,
s discussed in Section 1 . If it were in fact lower than the ∼32 ◦

referred by MP22 the rotation curve amplitude would be higher,
hich would in turn allow a more massive halo, as MP22 note in

heir section 5.4. We have therefore tried a series of simulations to
NRAS 514, 4008–4017 (2022) 
nd the maximum inclination at which the stellar and gas discs,
aving the properties described in Section 2 earlier, would be stable,
r slowly evolving. 
We do not need to construct a halo model to make these tests, since

e can add to the radial forces from the particles the central attraction
f whatever rigid mass is needed to account for the difference
etween the rotation curve that arises from the baryonic matter,
hich we already know, and the scaled up rotation curve. The radial
ensity profile of this implied halo has a uniform core inside ∼100 pc
nd the density declines as r −α o v er the range 2 kpc < r < 8 kpc, with
∼ 0.9. This is quite different from the profile expected in � CDM

alaxy formation theory. 
Figs 8 and 9 present the results from two simulations in which we

llowed higher circular speeds through supposing the inclination to
av e been o v erestimated. Fig. 8 shows the effect of increasing the
ircular speed shown in Fig. 1 by a factor of 1.5, which implies an
nclination of i ∼ 20 ◦ instead of i ∼ 30 ◦ preferred by MP22 . Since
he contributions from the stellar and gaseous discs are unchanged,
nd the rotation curve is simply scaled up, the implied DM mass to
 ∼ 10 kpc is 1.23 times the combined masses of the two discs. As
ay be seen, this DM component weakens the instabilities in the two

iscs, although they continued to develop; a bar formed after 4 Gyr,
hich weakened by t ∼ 5 Gyr. 
The final properties of this model are shown in the left-hand panels

f Fig. 10 . The changes in density (top panel) and velocity dispersion
bottom panel) resemble those in Fig. 7 , and the changes occurred
 v er a similar time period. The middle panel reveals that the change
o the rotation curve is a little less significant than in Fig. 7 , probably
ecause of the substantial contribution from the rigid halo. 
We doubled the amplitude of the rotation curve for the simulation

hown in Fig. 9 , implying an inclination of the galaxy i ∼ 15 ◦ and a
M halo mass 2.9 times the combined mass of the two discs inside
 ∼ 10 kpc. In this case, neither disc evolved significantly as shown

n the right-hand panels of Fig. 10 and the rotation curve was little
hanged by the end. 

From these results, we learn that the apparently puzzling instability
f the Case 2 model for AGC 114905 proposed by MP22 , goes away
f the inclination of the galaxy to the line of sight is reduced from
heir adopted i ≈ 30 ◦ to ∼15 ◦. The higher circular speed in this
odel allows room for a DM mass ∼3 times the combined baryonic
ass of the stellar and gaseous discs, thereby slowing the evolution
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Figure 6. As for Fig. 3 , but for the model having a low-concentration DM halo. Note that the times of the snapshots also differ. 

Figure 7. Same as Fig. 4 but for the model shown in Fig. 6 . 
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nd removing the challenge presented by their model. If the true
nclination were in the range 10 ◦ � i � 12 ◦, this object would place
learly on the BTFR (McGaugh 2009 ). 

MP22 determine the inclination of the disc in AGC 114905 from
he apparent ellipticity of the gas disc, which they assume to be
ntrinsically round. Decreasing their fitted value of i = 32 ◦ therefore
mplies that the gas disc may be mildly non-axisymmetric . Indeed,
he map of the H I surface density (Mancera Pi ̃ na et al. 2022 , their
g. 1) shows some evidence of this; the axial ratio of the surface
ensity contours is not constant and appears to change position angle
ith radius. This is not consistent with an axisymmetric disc seen

n projection. Deeper H I observations of this, and of other gas-rich
DGs, may shed further light on this issue. 

.2 Stretching the data 

ather than pinning all the blame on an error in the estimated
nclination, Mancera Pi ̃ na & Fraternali (pri v ate communication), 
uggested that all the observational uncertainties may have conspired 
ogether to fa v our instability, and that a stable model could be
onsistent with the data, within the measured uncertainties. They 
herefore asked us to examine the stability of a model with a
ORENFW halo that was more massive than that in their Case 2
odel that we examined earlier (Figs 6 and 7 ). 
To construct their new model, which we refer to as Case 3, they first

educed the estimated distance to AGC 114905 from 76 to 66 Mpc,
 2 σ change, that reduced the masses, and sizes, of the discs. They
lso reduced the M / L of the stars by 1 σ . The new discs have the
ame functional forms as given in equations ( 1 ) and ( 2 ), but with
e vised v alues of the parameters: � 0 , stars = 6 . 3 M � pc −2 and R d =
.35 kpc for the stellar disc and � 0 , gas = 3 . 4 M � pc −2 and R 1 =
.00 kpc, R 2 = 14.82 kpc, with unchanged α = 18.04 for the gas
isc. The mass of the stellar disc is 10 8 M � and the gas mass inside
0 kpc is 1.04 × 10 9 M �. They also reduced the inclination by 2 σ
o 26 ◦, and included the most massive halo that would not cause the
ircular speed to exceed the observed values by more than twice the
easured uncertainty. The parameters of the CORENFW halo they 

dopt are M 200 = 10 10.45 M �, c 200 = 0.8, n = 0.05, and r c = 4.59 kpc.
They finally suggested that the velocity dispersion in the gas could

e raised within the tolerances of their measurements, although they 
oncede that the low signal-to-noise (S/N) ratio of their data makes
he dispersion, and especially its uncertainty, difficult to estimate. We 
MNRAS 514, 4008–4017 (2022) 
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Figure 8. As for Fig. 3 , but for a model in which we reduced the estimated inclination to 20 ◦. 

Figure 9. As for Fig. 8 , but for the estimated inclination of 15 ◦. 
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ave therefore treated it as a free parameter and run three separate
odels with σ gas = 5, 8, and 11 km s −1 at all radii. Note that we

lso made corresponding changes to the thickness of the gas layer in
rder to keep a roughly isotropic distribution of the velocities for the
as in each case. 

We adopted a standard NFW halo with M 200 = 10 10.45 M � and
 200 = 0.8, and also kept the tapers of surface density the same in
isc scale lengths as before, so that our realizations of their Case 3
odel did not have exactly the rotation curve they proposed. Our
odel is shown in Fig. 11 , and compared with the measured circular

peeds, which have been adjusted for the revised inclination and
istance. The DM mass enclosed within 10 kpc is 1.40 × 10 9 M �,
hich exceeds the total baryonic mass, 1.14 × 10 9 M �, interior to

hat radius. 
Simulations of these three realizations revealed that the models

carcely evolved when σ gas = 8 or 11 km s −1 , but that with σ gas =
 km s −1 was unstable and evolved similarly to the ‘Case 2’ model
hown in Fig. 6 . The changes to the properties of the coolest of our
ase 3 models are reported in Fig. 12 ; the other two models scarcely
volved. 

It is interesting to note that the minimum value of Q gas ∼ 0.15 σ gas 

n these models, with σ gas in km s −1 . Thus, the minimum Q gas > 0.75,
NRAS 514, 4008–4017 (2022) 
.2, and 1.7 for the three values σ gas we have tried, and that only
he model with Q gas < 1 at some radii was unstable. Furthermore,
he models of Section 4.1 for which we reduced the inclination had
 gas > 1 everywhere only when i ∼ 15 ◦, which also happened to be

he only stable model. A possible inference from these results is that
lobal instability is triggered when Q gas < 1 somewhere in the disc. 
Of course, Q � 1 e verywhere is not a suf ficient condition for

tability – a significant halo mass is also required. In fact, increasing
he velocity dispersion in the gas component of the no-halo model in
ection 3 did not stabilize the disc; it formed a strong bar instead as
xpected from the earlier simulations by Hohl ( 1971 ) and Ostriker &
eebles ( 1973 ), and analysis by Kalnajs ( 1978 ). 

 C O N C L U S I O N S  

otationally supported galaxy discs have long been known to be
usceptible to various instabilities. The classic study by Toomre
 1964 ) determined the Q ≥ 1 criterion for axisymmetric stability,
hich has not needed significant subsequent revision. Although the
echanism for bar-forming instabilities (Hohl 1971 ; Kalnajs 1978 ;
anders 2010 ) is now understood (Toomre 1981 ; Binney & Tremaine
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Figure 10. Same as Fig. 4 , but for the models shown in Fig. 8 on the left and Fig. 9 on the right. 

Figure 11. The initial rotation curve of Case 3, the model described in 
Section 4.2 in which the parameters have been stretched. The lines are the 
same as for Case 2 in Fig. 5 , and the observed circular speeds with error bars 
have been changed from those above to reflect the revised inclination and 
distance. 
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008 ), no general stability criterion is known and there are galaxies,
uch as M33, whose global stability remains a puzzle (Sell w ood,
hen & Li 2019 ). 
At face value, the properties of AGC 114905 measured by 
P22 are extraordinary in two respects. Not only did they find

hat the attraction from the baryonic matter, stars, and gas could
lone account for the centrifugal balance of the disc, but their
easurements also seemed to require that Q � 1 o v er a significant

adial range. These properties suggest that both axisymmetric and 
ar-forming instabilities would be unavoidable, and our simulations 
ave confirmed that a disc model having these properties disrupts 
iolently on a dynamical time-scale. 
At the distance and inclination of the disc fa v oured by MP22 ,

he orbit period at their outermost measured point is ∼2.6 Gyr, or
20 per cent of the Hubble time, although it is shorter if the galaxy

s closer and/or the inclination has been o v erestimated. Such a long
ynamical time raises the possibility that the gas disc may not be
elaxed or in centrifugal balance, and calls into question the validity
f any mass modelling and conclusions from stability properties. 
o we v er, MP22 observ ed an ordered flow pattern in the gas, which
oes suggest that the galaxy is both in a settled dynamical state and
ot subject to violently disruptive instabilities. 
MNRAS 514, 4008–4017 (2022) 
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Figure 12. Same as Fig. 4 , but for Case 3 with σ gas = 5 km s −1 , showing 
that the model is unstable. Simulations having the same mass distribution, 
but σ gas ≥ 8 km s −1 were stable. 
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The standard method to stabilize a disc (Ostriker & Peebles 1973 )
s to embed it in a DM halo, and we have conducted simulations
o confirm that this galaxy is stabilized by a large fraction of DM.
he mechanism by which this works for both axisymmetric and
ar-forming instabilities is to raise the epic yclic frequenc y, causing
aterial in the disc to be more strongly tied to its home radius so

hat large-scale instabilities are thereby inhibited. Our simulations
eported in Section 4.2 found that not only did the DM mass fraction
av e to e xceed the baryonic mass, but that stability was not achieved
nless Q > 1 everywhere also, which required the velocity dispersion
f the gas to be significantly higher than that estimated by MP22 .
f the gas velocity dispersion were held at the observed value, we
ound in Section 4.1 that an even larger DM mass fraction, ∼3 times
he baryon mass, was needed for stability. 

Ho we ver, these solutions do not fit comfortably with the findings
f MP22 . They converted their observed orbital speeds in projection,
 sin i , where V is the speed in the plane, by adopting an inclination i
NRAS 514, 4008–4017 (2022) 
32 ◦ of the disc plane to the line of sight, which they estimated from
he projected shape of the gas disc. As re vie wed in Section 1 , it is
ifficult to estimate the true value of i when the disc is close to face on.
hus, we considered models having a significantly decreased value

or i , which increased the deprojected circular speed and allowed
ufficient DM to stabilize the disc. 

One can also imagine that the gas velocity dispersion, σ gas ,
as been underestimated. The authors of MP22 concede (pri v ate
ommunication) that it is hard to measure the gas velocity dispersion
n their low S/N data and the value could exceed the σ gas ∼ 5 km s −1 

he y gav e in their paper. Ho we ver, the outer discs of large galaxies,
e yond R 25 , hav e v elocity dispersions in the gas of 5–7 km s −1 

Kamphuis 1993 ; Tamburro et al. 2009 ). This consideration leads us
o prefer σ gas � 5 km s −1 in AGC 114905, and therefore a lower
alue for i ( ∼15 ◦) is needed for this galaxy to be stable. 

Our findings are consistent with almost all previous work on
isc stability, both analytical and simulations. But the apparently
nomalous bar stability of M33, alluded to abo v e, suggests that our
nderstanding of disc global stability may be incomplete. Ho we ver,
33 is a member of the Local Group and has a substantially warped

uter gas layer. While there is no obvious connection between these
acts and its anomalous stability, we note that neither of them pertain
o AGC 114905 and therefore our conclusions about the bar stability
f AGC 114905 may be reasonable. Furthermore, there is no reason
o question that axisymmetric Jeans stability requires Q ≥ 1, which
lone demands an inclination of AGC 114905 much lower than i ∼
2 ◦. 
One possible cause of an o v erestimated inclination could be that

he disc is, in fact, non-axisymmetric. The sample of UDGs from
hich MP22 chose AGC 114905 has low inclinations in general, and

he estimated inclination is very sensitive to mild oval distortions of
he disc. For low-inclination systems, an intrinsic non-axisymmetric
hape generally biases the estimated inclination to higher values (e.g.
i et al. 2018 , last panel of their fig. 3). 
All these objects are known to have low surface density and a gas

isc that is more massive and extensive than the stellar disc, although
P22 currently have sufficient information to determine the rotation

urve and the value of Q in AGC 114905 only. The stability of this
lass of galaxies would be more difficult to understand if other UDGs
n their sample also turned out to be apparently unstable. It is possible
hat such objects are intrinsically non-axisymmetric because of the
ort of instabilities considered here. On the other hand, it may be best
ot to attach much significance to models of discs having inclinations
ess than 40 ◦, as has been traditional in rotation curve studies. 
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