
The dark halo/galaxy mass ratio - ellipticity
relation in spheroids in the light of MOND

Pierfrancesco Di Cintio1,2,3,4,∗
1CNR-ISC, 2INAF-OAA, 3INFN-Firenze, 4Universitá di Firenze

∗pierfrancesco.dicintio@cnr.it

05/06/2023 - MOND@40 - St. Andrews

June 5, 2023
Pierfrancesco Di Cintio M/L vs ε relation



Context

Deur (2014,2020) and Winters et al. (2022) claimed having found
an empirical linear relation between mass-to-light ratio and
ellipticity (ε = 1− c/a) in elliptical galaxies

M/Lεapp=0.3 ≈ (14.1± 5.4)ε,

where εapp = 1−
√

(1− ε)2 sin2 θ + cos2 θ. The equation above
can be rewritten in terms of total mass (in units of baryon mass) vs
ellipticity as

4Mtot/M∗ ≈ (14.1± 5.4)ε
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The sample

A sample of 237 elliptical galaxies from independent surveys that
includes

Medium sized galaxies 1010M� < M < 5× 1011M�

Undistrubed galaxies (Both criteria are relaxed for distant
galaxies)

and rejects
Compact ellipticals (cE, cD, D, BrCIG)
Active galaxies (AGN, NELG, Sy, BLLAC, LINER)
Peculiar galaxies
High σ galaxies at large z to exclude S0
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The methods

M/L is evaluated from
Virial theorem
Stellar dynamical models
X-ray emission
Planetary nebulae and globular cluster dynamics
Gas disk dynamics
Lensing
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Examples

From Deur MNRAS (2014)
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Examples

From Deur MNRAS (2014)
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Examples

From Winters, Deur & Zheng MNRAS (2023)
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Astrophysical implications in ΛCDM and MOND

More dark matter → larger departure from spherical symmetry
Apparent contradiction with standard galaxy formation
scenario
More massive halos are less spherical?
In MOND, larger spheroids should depart more from spherical
symmetry
So far, no evidence of M/L or M/M∗ vs ε in N−body
simulations (i.e. never looked at)
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Simulations and results: Initial conditions

N−body simulations performed in Newtonian and MOND gravity
using NMoDY, (Nipoti, Ciotti & Londrillo 2007)

Isolated cold (−2K0/W0 . 0.5) collapse in spherical (live or
frozen) halos
Clumpy collapse (virialized or non virialized clumps) in
spherical halo
Merging of virialized galaxies in parent halo
Unstable multi component Osipkov-Merritt models (Radial
orbit instability)
Cold spherical and Clumpy MOND collapses
Unstable single component Osipkov-Merritt models in MOND
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Simulations and results: Spherical cold collapses
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Simulations and results: Live and frozen halo
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Simulations and results: virial velocity dispersion
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Simulations and results: virial velocity dispersion
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Simulations and results: ENS

For MOND simulations we recover the phantom DM density of the
circularized equivalent Newtonian system as

ρDM = (4πG )−1∇ · (gM − gN)

where the Newtonian force field gN has been evaluated and
averaged on the radial coordinate. Integrating ρDM one gets the
DM mass of the ENS. (Check also Federico Re’s poster)
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Simulations and results: ENS
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Simulations and results: anisotropy index

ξ = 2K 2
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Simulations and results: anisotropy index
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Radial orbit instability

1 Collisionless equilibrium systems with a significant fraction of
the kinetic energy stored in low angular momentum orbits are
violently unstable. The amount of radial orbits is quantified by
introducing the Fridman-Polyachenko-Shukhman parameter

ξ = 2Kr/Kt , (1)

as function of the radial and tangential components of the
(initial) kinetic energy Tr and Tt

2 For approximately ξ > 1.5 Newtonian systems appear to be
unstable, leading to triaxial end-states.
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Radial orbit instability

1 Analytical stability results exist for the isotropic case. It is also
known that phase-space distribution functions with
df (E)/dE ≤ 0 correspond to stable systems (Antonov
theorem)

2 ROI is triggered by particles with orbital frequencies close to
satisfying the condition ΩP ≡ 2Ων − Ωr ' 0, where Ων is the
azimuthal frequency, Ωr the radial frequency and ΩP the
precession frequency

3 Once a small non-spherical density perturbation is formed in a
system dominated by low ΩP orbits, it will grow more and
more, as more and more particles tend to accumulate to it.
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Radial orbit instability in MOND

MOND systems are more stable than single component
Newtonian systems with the same initial density profile and
same ξ.
MOND systems are less stable than their equivalent
Newtonian counterparts (Same phase-space distribution for
stars + Dark Matter halo).

Radial-orbit instability in MOND 3303

Figure 3. Final axial ratio (c/a)fin as a function of the Fridman–Polyachenko–Shukhman parameter ξ , for the same models as in Fig. 2. The arrows indicate
the range of ξ corresponding to stable models.

where T r and T t ≡ Tϑ + Tϕ are the radial and tangential com-
ponents of the kinetic energy tensor, respectively. Global isotropy
corresponds to a value of the Fridman–Polyachenko–Shukhman pa-
rameter ξ = 1. Indications exist that there is a critical value ξ s such
that only systems with ξ ≤ ξ s are stable and it is widely accepted
that ξ s ≈ 1.7 ± 0.25, relatively independent of the specific density
distribution.

A priori, we do not have reasons to expect that ξ can be used as
a stability indicator also in MOND. In any case, by definition, ξ s

measures how much radial anisotropy can be supported by a stable
system, so it is interesting to discuss the stability properties of our
MOND systems, purely baryonic Newtonian systems and ENSs in
terms of ξ . The values of ξ s for the families of models studied in
this work are reported in Table 1, and in Fig. 3 we show all the
models in the (c/a)fin–ξ plane to be compared with the analogous
Fig. 2.

For the purely baryonic Newtonian models, the interpretation of
these numbers is straightforward: we find ξ s ∼ 1.6–1.8, in agreement
with the standard criterion and with previous numerical studies (see
e.g. Nipoti et al. 2002). For the MOND models, we find 2.3 !
ξ s ! 2.6, with ξ s depending on both the stellar density profile
and the acceleration ratio κ . These values are substantially higher
than those found for the corresponding purely baryonic Newtonian
models, indicating that, for a given density distribution, MOND
systems can sustain more radial kinetic energy than Newtonian
systems without the DM. This is not in contrast with the findings
reported in the previous section, that is, MOND models have larger
ras than purely baryonic Newtonian models. In fact, for a fixed

density profile and ra value, a MOND model has higher ξ than a
purely baryonic Newtonian model, because more kinetic energy is
stored in the outer parts, where orbits are radially biased and the
gravitational field of MOND systems is stronger.4 Apparently, this
effect compensates for the larger values of admissible ra. Instead, the
ENSs are again found able to sustain systematically higher values
of ξ s than the corresponding families of MOND systems, and this
clearly indicates that MOND systems are more subject to radial-
orbit instability than Newtonian models with the DM and identical
total gravitational field.

In general, for both MOND systems and ENSs, we find a sub-
stantial spread in the values of ξ s, supporting the expectation that a
‘universal’ value of ξ s does not exist for these systems (for Newto-
nian models with the DM, extended versions of the stability criterion
have been proposed; Polyachenko 1987; Stiavelli & Sparke 1991).
The data in Table 1 suggest that in MOND systems, and even more
in the ENSs, ξ s increases (i.e. relatively more kinetic energy can
be stored in radial orbits) for decreasing κ . While for the ENSs
this trend can be explained because in the limit κ → 0 the stars
become just tracers, it is tempting to speculate that in MOND this
behaviour can be interpreted as a manifestation of the less-mixing
nature of MOND with respect to Newtonian gravity. This interpreta-
tion is supported by the well-established numerical finding that the
phase mixing (Ciotti et al. 2007) and violent relaxation (Nipoti et al.

4 Note that by construction a MOND model and its ENS, with an identical
value of ra, have the same value of ξ .
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3302 C. Nipoti, L. Ciotti and P. Londrillo

Figure 2. Final axial ratio (c/a)fin as a function of the initial anisotropy radius normalized to the half-mass radius for MOND systems (stars), purely baryonic
Newtonian systems (circles) and ENSs (squares) with different values of γ and κ . In each panel, the horizontal dashed line marks the fiducial threshold value
for stability, (c/a)fin = 0.99; the arrows indicate the range of ra/rhalf corresponding to stable models.

3.2.1 Minimum value for the stability of the anisotropy radius

For each family of models, we have a set of eight simulations, in
which the initial conditions differ only in the value of the normal-
ized anisotropy radius ra/rhalf . This is apparent in Fig. 2, where we
plot the final axial ratio (c/a)fin versus the initial value of ra/rhalf for
all the explored models of the 10 families. The stability properties
of the models can be inferred directly from Fig. 2: it is clear that
the value of ra at which instability appears is largest for MOND
models, smallest for the corresponding ENSs and intermediate for
purely baryonic Newtonian systems. Because of the very nature of
the radial-orbit instability (very slow growth rates for marginally
unstable systems), a precise determination of the value of the min-
imum anisotropy radius for stability, ras, is difficult. What can be
estimated robustly with N-body simulations is a fiducial value of ras

separating apparently unstable systems from bona fide stable sys-
tems. Adopting as a fiducial threshold for stability (c/a)fin = 0.99
(horizontal dashed line in each panel of Fig. 2), we estimate for
each family of models the minimum anisotropy radius for stability,
ras, which is reported (in units of rhalf ) in Table 1.

As expected, the differences in the stability limit between MOND
systems and ENSs are more evident in systems with lower values
of the acceleration ratio κ (or, from a Newtonian point of view, for
more DM dominated systems). For instance, if we consider γ =
0 models with κ = 0.01, which are representative of low-surface-
density systems with flat inner stellar density profiles (such as dwarf
spheroidal galaxies), we find ras/rhalf ∼ 1 for the MOND system and
ras/rhalf < 0.2 for the ENS; very similar results are obtained for the

more peaked Hernquist γ = 1 models. Unsurprisingly, Newtonian
models with the DM halo are less subject to the radial-orbit insta-
bility than the purely baryonic Newtonian models.

Thus, from this first analysis, we conclude that, when using ra/rhalf

as an indicator of the amount of admissible radial orbits, MOND
systems are more prone to radial-orbit instability than their associ-
ated ENSs, and also than corresponding purely baryonic Newtonian
models. However, as we will see in the next section, the comparison
between the MOND and the associated purely baryonic Newtonian
families is subtle: the fact that the latter typically admit smaller
ra/rhalf values does not imply that (globally) they can sustain more
radial kinetic energy.

3.2.2 Maximum value for the stability of the ξ parameter

Stability limitations expressed in terms of ra are particularly relevant
to observational works, as ra enters directly into the Jeans equations
that are routinely used to fit the velocity dispersion profiles of stel-
lar systems. However, from a deeper point of view, the value of ra

(loosely speaking, the radius outside which orbits are mainly radial)
is not a robust measure of the fraction of the kinetic energy that is
stored in radial orbits, which, at least in the Newtonian context, is
believed to be the main indicator of the tendency to develop radial-
orbit instability. More specifically, it has been argued (Polyachenko
& Shukhman 1981; Fridman & Polyachenko 1984) that a proper
criterion for stability for Newtonian self-gravitating systems can be
expressed in terms of the global anisotropy parameter ξ ≡ 2T r/T t,
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From Nipoti, Ciotti & Londrillo MNRAS (2011)
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Radial orbit instability in MOND
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(Preliminary) Conclusions

1 In Newton + DM a correlation between Mdark and ε appears
in simulated galaxies for some initial conditions.

2 In MOND the (spherical cow) halo of the ENS recreates a
similar relation

3 So far the observed linear trend is never reproduced by the
simulations

4 Initial anisotropy seems to play a role and (in both cases)
could be ascribed to of radial orbit instability

5 In the context of MOND implies a mass-anisotropy-flattening
relation
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