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RESULTS

1 INTRODUCTION AND SUMMARY OF

ABSTRACT

In a recent paper, Erik Verlinde has developed the interesting possibility that space-
time and gravity may emerge from the entangled structure of an underlying micro-
scopic theory. In this picture, dark matter arises as a response to the standard model of
particle physics from the delocalized degrees of freedom that build up the dark energy
component of the Universe. Dark matter physics is then regulated by a characteris-
tic acceleration scale ag, identified with the radius of the (quasi)-de Sitter universe
we inhabit. For a point particle matter source, or outside an extended spherically
symmetric object, MOND’s empirical fitting formula is recovered. However, Verlinde’s
theory critically departs from MOND when considering the inner structure of galaxies,
differing by a factor of 2 at the centre of a regular massive body. For illustration, we
use the eight classical dwarf spheroidal satellites of the Milky Way. These objects are
perfect testbeds for the model given their approximate spherical symmetry, measured
kinematics, and identified missing mass. We show that, without the assumption of a
maximal deformation, Verlinde’s theory can fit the velocity dispersion profile in dwarf
spheroidals with no further need of an extra dark particle component. If a maximal
deformation is considered, the theory leads to mass-to-light ratios that are marginally
larger than expected from stellar population and formation history studies. We also
compare our results with the recent phenomenological interpolating MOND function
of McGaugh et al, and find a departure that, for these galaxies, is consistent with the
scatter in current observations.

Key words: galaxies: dwarf, kinematics and dynamics — cosmology: theory, dark
matter — gravitation

the existence of a DM particle could be a consequence of a
poor understanding of gravity at the relevant scales.
Following this line of thought, Mordehai Milgrom, in

arXiv

The dark matter (DM) problem remains one of the big puz-
zles in modern cosmology (Bertone et al. 2005; Profumo
2016). It is commonly accepted that this component consists
of a new particle, not included in the standard model sector,
which is expected to interact so weakly with the visible mat-
ter that, at present, it has not been detected in accelerators
nor through direct or indirect astrophysical probes [see how-
ever Vitale et al. (2009), Bernabei et al. (2015), and Parsons
et al. (2016) for positive claimed signals]. It is noteworthy
that all solid evidence pointing to the existence of this mys-
terious component comes from observations involving the
gravitational interaction in some way or another. Therefore,
one may also consider that the mass discrepancy suggesting
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a series of seminal papers published in the Astrophysical
Journal in 1983 (Milgrom 1983a,b,c), proposed the origi-
nal idea that the missing mass problem in galaxies could
be resolved by a modification of Newton’s law in the ex-
tremely weak field regime. In practice, this modified Newto-
nian dynamics (MOND) can be implemented in many differ-
ent ways (Famaey & McGaugh 2012). In this paper we use a
non-conventional parametrization in terms of a phenomeno-
logical interpolating function ¢, which relates the effective or
observed gravitational field, g, to the standard Newtonian
expression gg = GMp/r?, in the following way:

g=C((gB/am)gn - (1)

The function Mp(r) denotes the mass distribution in the ob-
ject, and the subscript B in the different quantities stresses
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Figure 1. Correlation between the baryonic acceleration, g, and
the actually observed one, g, for different models. Blue line: em-
pirical correlation as reported in McGaugh et al. (2016). Green
line: the prediction of Verlinde’s theory outside a spherically
symmetric massive object. At intermediate acceleration scales
(g ~ g ~ aypr) Verlinde’s model is marginally consistent with
respect to the 20% observational uncertainty of the McGaugh in-
terpolating function, while both converge to the same limiting
behaviour for large and small accelerations. Red lines: correlation
for the classical eight dSph satellites of the Milky Way within the
Verlinde’s framework. We adopted a Plummer profile for the dis-
tribution of baryons in these objects, and an acceleration parame-
ter of ag = 5.4x 10710 m/sz, consistent with current cosmological
observations [see Eq. (7) and the data of Table 1]. Note that the
correlation between the two accelerations g and gp depends, in
general, on how baryons are distributed inside the configuration;
a detailed description of this is shown in Figure 2. For reference,
we add the corresponding correlation for the extreme MONDian
(Milgrom’s formula) and Newtonian regimes.

that they only contain baryons (in the cosmological accep-
tance of the word). Notice that there is a single free param-
eter in the model, a characteristic acceleration scale, aas,
which should be determined empirically. In our parametriza-
tion the interpolating function ¢ depends only on yy =
gB/am. To reproduce Solar system observations we need
that (ym > 1) = 1, thus g = gp in regions with large
gravitational fields (when compared to the scale aar). If we
further assume that ((ym < 1) = 1//ym, the gravita-
tional interaction will change from the usual ¢ = gp in the
Earth’s laboratories, to the famous Milgrom’s fitting formula
g = y/armgp. This last expression holds in the extremely
weak field regime, where g < ans.

It has been extensively argued in the literature that this
simple modification of the gravitational interaction can re-
produce the flattening of galactic rotational curves, as well
as the baryonic Tully-Fisher relation in spiral galaxies, with-
out postulating the existence of any new exotic matter com-
ponent [see Famaey & McGaugh (2012) for a recent review
in the topic]. Apart from the conditions in the weak and

strong field regimes described above, the function ¢(yar) was
not fully characterized in the original theory. However, in a
recent study using more than 2500 data points in 153 ro-
tationally supported galaxies of different morphologies and
gas fractions, McGaugh et al. (2016) found a correlation be-
tween the observed and baryonic accelerations that can be
interpreted in terms of the following interpolating MOND
formula

CMcGangh (Ynm) = T oxp(—var) (2)
with the characteristic acceleration given by ay = 1.20 &+
0.26 x 10719 m/s? [see also Lelli et al. (2017) for more details
on the analysis]. This function (mcGaugh (Yar) naturally sat-
isfies the two limiting conditions stated above for the cases
of large (ya > 1) and low (ym < 1) accelerations.

Even if Milgrom’s MOND provides a satisfactory phe-
nomenological description of the galactic kinematics, it ex-
hibits tensions when trying to describe objects at differ-
ent scales. For instance, galaxy observations suggest that
av ~ 1.2 x 107%m/s* (Begeman et al. 1991), consistent
with the value reported in McGaugh et al. (2016), whereas
observations in galaxy clusters point to a value that dif-
fers by a factor of 3 or 4 (Sanders 2003; Pointecouteau &
Silk 2005). Moreover, strong lensing in big galaxies point
to an even larger discrepancy factor (Famaey & McGaugh
2012). These tensions may just signal that one should look
at Milgrom’s fitting formula as an effective description in
the appropriate regime, expecting that the underlying mod-
ified theory of gravity will explain DM beyond the validity
of MOND.

Furthermore, there is an intriguing relation in this phe-
nomenological model, where the characteristic acceleration
scale used to explain the rotational curves in galaxies is of
the same order of today’s Hubble constant value (Milgrom
1999). The link between dark energy (DE) and DM may be
a hint for an emergent phenomenon of the underlying bricks
of spacetime. Motivated by these arguments, Erik Verlinde
has recently proposed that the emergent laws of gravity may
contain an additional dark gravitational term that could re-
place DM in galaxy observations (Verlinde 2017). From this
perspective, what we usually identify as DM may just be
the inescapable consequence of only having standard model
particles in astrophysical objects.

The main result of this work is summarized in Figure 1,
where we show how the emergent gravity theory proposed
by Verlinde (2017) departs from the successful phenomeno-
logical MOND prescription, and in particular from the re-
cently proposed interpolating function of McGaugh et al.
(2016). Bear in mind that the interpolating function of Mc-
Gaugh el al is only one of the multiple possibilities to con-
nect the MONDian and the usual Newtonian regimes in the
region where the gravitational field is of the order of ans.
The main plot relates the observed or effective gravitational
field g, to the standard Newtonian one gg, inferred from the
baryonic (stellar and gas) mass distribution. The blue line
in Figure 1 denotes the fit to the observational data of Mc-
Gaugh et al based on the interpolating function in Eq. (2),
whereas the green one shows the prediction of Verlinde’s
model for the exterior of a spherically symmetric galaxy.
Both descriptions agree at large and small accelerations, i.e.
in the Newtonian and extreme MOND regimes, as expected.
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However, in the intermediate region they differ up to 30%,
though this difference is still consistent with the observa-
tional uncertainties of the empirical relation of Eq. (2).

When it comes to the interior of galaxies, MOND-like
theories (and then also the empirical relationship of Mc-
Gaugh et al) do not change their behaviour, staying along
their corresponding lines of Figure 1. However, for Verlinde’s
model the observed acceleration depends on gradients of
the baryonic distribution of matter, increasing the observed
gravitational field g with respect the extreme MONDian
regime. In red lines, one can appreciate the prediction of Ver-
linde’s emergent gravity model for the classical eight dwarf
spheroidal (dSph) galaxies of the Milky Way (enumerated
in Table 1), resulting in a 100% deviation from MOND well
inside the galaxies. Note that this deviation of Verlinde’s
model with respect to the predictions of MOND is consis-
tent with current astrophysical observations, as has been
identified in e.g. Lelli et al. (2017). Details of our results,
and more about their implications, are discussed along the
present work.

The paper is organized as follows. In Section 2, we out-
line the general picture developed in Verlinde (2017). This
section includes some of the technical details of Verlinde’s
work, which we expect to be short but comprehensive for
non-experts in the subject. Among other things, we stress
the motivation for an effective description of DM based on
the theory of linear elasticity, highlighting the relevance of
the maximal deformation assumption that was considered
in the original work. In Section 3, we compare Verlinde’s
model with the successful phenomenological MOND descrip-
tion, and then argue in Section 4 that, leaving the maximal
deformation assumption aside, Velinde’s proposal can fit the
velocity dispersions of the eight classical dSph satellites of
the Milky Way with no further need of an extra dark particle
component. We finally present in Section 5 a brief discussion
on our findings.

2 VERLINDE’S EMERGENT GRAVITY
PROPOSAL

Classical General Relativity is a well-developed theory in
Physics. However, we still lack consensus for its full quan-
tum description, where a few candidates, such as string the-
ory, have been put forward. Moreover, emergent phenomena,
where collective behaviours arise from simple entities, occur
in physical and other natural sciences all the time. The ap-
pearance of thermodynamics and hydrodynamics from mi-
croscopic states are probably two of the most notorious
cases. There are many other well-known examples that illus-
trates this situation, such as the Van der Waals force emerg-
ing from non-relativistic quantum electrodynamics (Salam
2016), or the laws of classical mechanics from quantum the-
ories when applied to large enough systems.

Some theoreticians argue that there are two different
categories of emergent phenomena (Chalmers 2006): the
weak and the strong one. In the former, it is the complexity
of the system that makes it unfeasible to predict the collec-
tive behaviour, such as it happens with non-linear dynamics
or classical phase transitions. In contrast, in the latter cate-
gory, we find collective outcomes which in principle are not
derived by the laws of their constituencies, even with a full
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knowledge of them. It is in this case where one may won-
der if the laws of gravity, and perhaps even the structure
of spacetime itself, unfold somehow as a collective result of
microscopic degrees of freedom.

This is no longer a new idea. Early work dates back
to more than 50 years, with the proposals of Wheeler (De-
Witt & DeWitt 1964), Finkelstein (1969), and Sakharov
(1968). However, in the last decade the topic has become
more popular due to the particular connections between con-
cepts such as gravitational entropy, entanglement, and the
gauge/gravity duality. This last duality, in simple words,
states that a field theory without gravity is equivalent to
a higher dimensional theory containing gravity, support-
ing the idea of the gravitational field as an emergent con-
cept. We refer the reader to the review papers by Sindoni
(2012), Seiberg (2006), Carlip (2014), Ashtekar & Petkov
(2014), and references within, where different approaches,
challenges, and problems of emergent gravity are described
in some detail.

Among the vast constructions of emergent gravity,
which usually break Lorentz invariance at the microscopic
level (Sindoni 2012; Weinberg & Witten 1980), there is one
exception started by the work of Ted Jacobson (Jacobson
1995). In that work, he showed how Einstein equations can
be recovered from the black hole entropy and the standard
concepts of heat, entropy, and temperature. Given that ther-
modynamics reflects the collective behaviour of microstates,
this particular perspective of gravity as an entropic force
further supports the idea of an emergent spacetime. This
early work was then further explored and generalized by
Thanu Padmanabhan [see Padmanabhan (2010), and refer-
ences therein] and Erik Verlinde (Verlinde 2011), highlight-
ing the deep connection between General Relativity and
entropy. A key argument in this relationship is the “area
law” scaling of entropy, as opposed to the usual volume scal-
ing (Callen 1960). At the microscopic level, it is well under-
stood that local interactions with a gapped Hamiltonian lead
to an area law for the entanglement entropy (Eisert et al.
2010), connecting ideas in black hole physics (hence gravity),
information theory, and quantum many body physics.

Motivated by these arguments, Verlinde (2017) has
again extended this thermodynamical picture to explain the
dark sector, containing the DM and DE components of our
Universe. In the new proposal, he sketches without rigorous
proofs how the (quasi)-de Sitter (dS) spacetime in which
we presently live (the DE dominated phase) can be ob-
tained from a system of microstates, which are coherently
excited above the true vacuum. The ground state or true
vacuum corresponds to an anti-de Sitter (AdS) spacetime,
which emerges from the fully entangled microstates. This
particular construction may be better understood within the
framework of the gauge/gravity correspondence, in terms
of a particular representation of the microstates called the
Multiscale Entanglement Renormalisation Ansatz (MERA)
tensor network (Vidal, G. 2008).

A tensor network uses sites and connections to mathe-
matically reduce the problem of finding the (vacuum) state
in a system of many quantum particles. Using a coarse grain-
ing algorithm one can systematically reduce the number of
degrees of freedom at each level. Then, after repeating it
iteratively, one obtains a network. This mathematical de-
scription of many body physics has turned out to be very
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effective in studying condensed matter systems, and has the
interesting property of developing an effective metric along
the network in many circumstances, see for example Orus
(2014). In the case of the gauge/gravity duality, out of the
possible tensor network descriptions, the particular choice of
MERA develops an effective metric which results in a pure
AdS when the continuum limit is taken (Nozaki et al. 2012).

An important result is how the area law is obtained
along this construction. The microstates are fully locally en-
tangled, so that one can push the relevant information of the
tensor network to the boundary of AdS. The relevant degrees
of freedom to describe the full network are then those which
live in the boundary of a lower dimensional space, which
correspond precisely to the field theory in the duality (Ryu
& Takayanagi 2006). Therefore, one does expect that the
microstates (perhaps of this MERA tensor network) are the
building blocks behind the AdS ground state.

From the AdS ground state, Verlinde argues that one
could obtain a dS space (a vacuum spacetime with the DE
component only), as an excitation with very particular prop-
erties. One may expect a thermalized state due to the fact
that dS has a horizon, and hence a Bekenstein’s temperature
associated to it. In order to achieve this homogeneous, very
low energetic excited state, one may argue for long range cor-
relations among the microstates, and hence not an area law
but a volume scaling entropy. This volume scaling entropy
precisely matches the area law at the cosmological horizon,
implying the entropy of DE within a spherical region of ra-
dius r is
r A(r)

SpE = Tan ®)

Here L is the Hubble scale, related to the Hubble constant
by Ho = ¢/L, and A(r) is the area enclosing the spheri-
cal region. It was then conjectured by Verlinde (2017) that
the DE entropy should be equally distributed among all the
states, so that the excitations are delocalized and with a very
slow dynamics, inhibiting all possible observation of DE in
the lab. One may think that these non-local excitations that
construct dS spacetime produce a very stiff structure, but
on the contrary, the slow dynamics of these states makes it
resemble more of an elastic medium. Given this resemblance,
Verlinde really departs from the theory of elasticity to get
predictions, since at the moment, there is no clear under-
standing of the real microstates describing the system.

The idea of gravity being thought in terms of elastic-
ity dates back to the work of Sakharov (1968), and more
recently the possibility of describing dS in terms of an elas-
tic medium was also worked out by Padmanabhan (2004),
where he even argues how to obtain the value of the observed
cosmological constant from this description. However, the
real novelty in Verlinde’s work is the study of how this dS
scheme is affected by the intrusion of a baryonic mass Mp.
On one hand, the cosmological horizon shrinks by the pres-
ence of the mass, reducing the entropy associated to the DE,
as one can easily get convinced from the Schwarszchild-de-
Sitter solution if the mass is placed near the origin at r =0
in the static patch of dS. On the other hand, this mass will
carry a volume-scaling entropy given by |Sa| = (2rMr)/h,
as it can be shown by the effect of the gravitational poten-
tial produced due to the mass in the geodesic distance. If we
then compare this mass entropy to the entropy lost by the

medium by the presence of the mass, we get

e(r) = 8rG

ao

where X = Mp/A(r) is the surface density, and we have in-
troduced the characteristic acceleration ao of the DE, given
by ao = cHp. If € > 1, more entropy is removed by the
mass and the response to it is governed by the usual laws
of Einstein’s theory without dark fluids. If the opposite is
true, € < 1, then we are in the low surface density regime
and there is a remnant of the DE entropy in the volume
occupied by the mass, which behaves as an incompressible
elastic medium and will affect the gravitational laws associ-
ated with the baryonic mass, mimicking a DM component.

It turns out that e corresponds to the largest principal
strain of the elastic medium, namely (e;; — €xrdij)n; = eng,
where €;; is the strain tensor and n; is the maximal strain
(unitary) direction. Therefore, the response of the medium
to the mass inclusion can be fully understood in terms of the
stress and the strain of the elastic theory. The linear theory
of elasticity considered by Verlinde (2017) is such that no
pressure waves are present and the displacement is produced
by a scalar quantity only, namely, the stress tensor o;; obeys
0ij = ag(ei; —errdij)/(8mG). This corresponds to a theory of
gravity with a central force, described by a scalar potential
® in terms of the elastic medium displacement u;, and given
by o = aouin;g.

In order to obtain the main result of Verlinde (2017),
Eq. (4) can be thought of in a different way. If we are in
the dark sector regime, € < 1, the observed surface density
produced by baryons is given by ¥p = aoe/87G. From the
elastic energy due to the inclusion of a mass Mp, Verlinde
arrives to the key equation

2
(8”G2D> <-2v, (%m) , (5)
ao 3 ao

where the equality is only achieved when the largest prin-
cipal strain e takes its maximal value (so the perpendicular
strains are all equal), and the medium response is negligi-
ble well outside the mass. In other words, observations may
only put a lower bound on the parameter ag, since a larger
value can be accommodated by having a smaller elongation
(or compression) of the elastic medium due to the baryonic
mass inclusion.

In the case of a maximal value for the largest principal
strain, and further assuming spherical symmetry, we have
that ¥p = —®p/(4nGr) = Mp(r)/A(r), where Mp(r) =
Jo ¥(y)A(y)dy, and v(r) is the mass density function of
baryons. Then, the previous key formula of Eq. (5) reduces
to our starting point for the analysis in this paper, namely

Ep(r)st, (4)

aor? d
6G dr
As stated earlier, the parameter ag = cHy is a characteristic
acceleration scale in the theory related to the radius of the
Universe. However, the previous result holds while assuming
matter is a small perturbation over a dS background, which
is not entirely true in the present Universe. Since Verlinde’s
proposal does not provide a cosmological evolution of fields,
one cannot extract the value of ao from a time-dependent
Hubble parameter. However, if one assumes DE is a cosmo-
logical constant and the cosmic evolution resembles roughly
that of General Relativity, in the distant future the Hubble

Mp(r) = (rMp(r)) . (6)
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Figure 2. Detailed behaviour of the effective gravitational ac-
celeration, g, as a function of the baryonic component, gg,
within Verlinde’s theoretical framework. This relation depends
on whether we are exploring an inner or an outer galactic region,
as shown by the same baryonic acceleration at two different radii,
rext and 7int. We use a Plummer density profile to model the stel-
lar mass distribution, and the structural parameters of Table 1
for the Fornax galaxy (see the red lines in Figure 1 for the other
classical dSph’s). The characteristic radius that separates the in-
ner and outer regions is close to the half-light radius, but they
do not coincide exactly. The maximum difference with respect
to the external profile is of 100%, and it is independent of the
galaxy’s details, as long as it is regular at the origin. This inner
region behaviour is expected in general, since the acceleration in
Verlinde’s theory depends on the derivatives of the baryonic mass
profile; see the text for a detailed explanation.

parameter would remain practically constant while the mat-
ter structures would really be small perturbations around a
dS background, justifying the static derivation of Verlinde’s
formula. Under this assumption, we decide to use today’s
DE density as the parameter ag in the model. Therefore, the
value of Hy is not just the value of the Hubble parameter
today, which has other contributions apart from the DE. Us-
ing the analysis of current cosmological observations by Ade
et al. (2016)," we obtain ap = 5.4140.06x 1079 m/s°. Based
on this observational value, we fix our theoretical input of
the dS acceleration scale to be

ao = 5.4 x 107" m/s*. (7)

Note that the error contribution of this approximation is
negligible when compared to other systematics. Further-
more, given the arbitrariness in the original proposal to re-
strict ap to a precise value, we also perform a secondary test
on the data without fixing the value of a¢ in Section 4.

1 'We use the cosmological parameters as reported in Ade et al.
(2016), obtained from an analysis of the TT, TE, EE, and LowP
datasets, together with their 68% confidence limits as errors.
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3 VERLINDE’S EMERGENT GRAVITY
VERSUS MOND

Baryons and the DM phenomena are highly correlated in
this new gravitational picture, and this is a prediction that
must be contrasted against observations. For a point par-
ticle, or outside and extended spherically symmetric ob-
ject, the mass in baryons remains constant. From Eq. (6),
Mg (r) = const. translates to M3 (r) = apMpr?/6G. In the
extremely weak field regime, when gp < ap, we recover
Milgrom’s original fitting formula ¢g(r) = \/amgs(r), where
g = GMg/r?. Note that the characteristic scale aps is
now related in an obvious way to cosmological quantities,
am = ao/6, and that the value of ap in Eq. (7) remains com-
patible with previous estimations by Begeman et al. (1991)
and McGaugh et al. (2016) using galactic observations. This
seems to suggest that one can explain the kinematics of spi-
ral galaxies as well as MOND can do. However, that is not
entirely true at this level, since the derivation of Eq. (6)
was based on spherical symmetry, which is not fulfilled by
baryons in those objects. Furthermore, Milgrom’s fitting for-
mula is only recovered in the exterior of a massive object, but
the new fitting formula differs inside matter distributions, as
we discuss in detail in what follows. We should then test the
viability of this new expression using astrophysical observa-
tions which are in agreement with the hypothesis behind the
deriviation of Eq. (6).

One may wonder how Verlinde’s model differs from
MOND for spherical objects. At this point it is interesting to
stress that, for the emergent gravity model outlined in Sec-
tion 2, it is still possible to relate the baryonic acceleration,
gB, to the actual observed one, g, through an interpolating
function of the form

3y + ry’
(Verlinde (4, 9') = 1+ \ % . (8)

Contrary to what happens in the case of MOND, see Eq. (1)
for reference, this function depends not only on y = gg/ao
(i.e. yu = gB/am = 6y), but also on its radial derivative,
y' = dy/dr. This derivative dependence of the interpolating
function is expected to hold away from spherical symme-
try, as one may appreciate from the general expression in
Eq. (5), and it represents the stronger deviation from the
MOND paradigm. This effect has already been pointed out
by Verlinde (2017), where he argues that the slope of a den-
sity profile can explain the orders of magnitude in cluster
observations, or even how weak lensing systems could be af-
fected. See also the work in Liu & Prokopec (2017), Brouwer
et al. (2017), and Iorio (2017). In this paper we explore the
inner part of galaxies in more detail, and in particular for
those which are almost spherical in symmetry.

Outside an extended spherically symmetric massive ob-
ject we have that 7y’ = —2y, hence an effective MOND-like
regime with ¢9%%,40(¥) = 1 + 1/4/6y naturally emerges as
a particular limit of Verlinde’s theory. Note that once we
identify yas = 6y, the two limiting cases match the New-
tonian, (Yiiinae(y > 1) = 1, and the extreme MONDian,

Vertinde (¥ < 1) = 1//yar, regimes in the exterior region.

While still considering the exterior of a massive object,
one may wonder how the interpolating function in Eq. (2)
compares to the Verlinde’s model away from the extreme
MOND regime. In Figure 1 we show the correlation between
the two acceleration profiles g and gp, using the same scales
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as in Figure 3 of McGaugh et al. (2016). The blue line shows
the result of the analysis carried out by McGaugh et al, a fit
provided by 2693 data points in 153 rotationally supported
objects of the SPARC database. The green line corresponds
to the MOND-like regime that emerges outside the exterior
of a spherically symmetric massive object in Verlinde’s the-
ory. Note that the relative error of Verlinde’s model with
respect to the McGaugh’s prediction is never larger than
30%, marginally accepted by the observations (McGaugh
et al. 2016), and both descriptions coincide in the Newto-
nian and the extreme MOND limits, as previously stated.

On the contrary, for the interior region of the object,
the 7 dependence in the interpolating function implies all
relevant expressions cannot be independent of the density
profile. In other words, the relation between g and gg de-
pends, in general, on the Newtonian potential profile, that
is, on how baryons are distributed in the configuration. It
is important to stress that this feature makes it possible to
distinguish, at least in principle, Verlinde’s emergent grav-
ity from MOND when using peculiar velocities in the inner
galactic regions.

In MOND, the interior and the exterior regions describe
the same acceleration profile, see the blue line in Figure 1.
However, the radial derivative dependence of the interpo-
lating function in Verlinde’s model gets the interior profile
of g to depart drastically from the outer region. Although
one must select a particular baryonic configuration model
to describe in more detail the differences between the exte-
rior and interior regions, some general features can still be
drawn for the case of a regular self-gravitating object. In
order to appreciate this, note that the baryonic mass scales
as Mp(r) ~ r® in the innermost region of a regular mass
configuration, hence y scales as ry’ = y close to the centre
of these objects. By introducing this expression in Eq. (8)
we obtain that the baryonic, gp, and the observed, g, gravi-
tational accelerations can be related through the expression
G inde(y > 1) = 1/4/yn/4. This corresponds to an ef-
fective MOND parameter that has been renormalized by a
factor of 4 with respect to its value outside the configuration,
explaining the 100% departure from the MONDian regime
in Figure 1.

In order to see how these two generic regimes, the close
to the centre and the exterior one, connect in the interme-
diate region of the mass configuration, one needs to pro-
pose a concrete profile for the baryonic distribution. One of
particular interest is the Plummer density profile (Plummer
1911), since it has been extensively used in the literature
to describe (nearly) spherically symmetric stellar structures
such as globular clusters, galactic bulges, or dwarf spheroidal
galaxies (see for instance Chapters 4 and 7 in Binney &
Tremaine (2008) for details on the profile and its applica-
tions). Current observations seem to indicate that globular
clusters or galactic bulges are almost DM free (Heggie &
Hut 1996; Ibata et al. 2013; Portail et al. 2017), while dwarf
spheroidals (dSph’s) are expected to be dominated by the
dark component, as discussed in Walker (2013), hence our
interest in dSph’s as a probe of Verlinde’s model.

The Plummer mass density profile is given by

o) = ST:L 1
A [+ (r/rnae) ]2/

where T, = M, /L is the stellar mass-to-light ratio, M, and

9)

L are the stellar mass and luminosity of the object, respec-
tively, and rnhai¢ is the half-light radius, i.e. that radius en-
closing half of the total luminosity. We will give more details
about this profile and the dSph’s in the following section,
but for the moment, we just consider it as an example to
explain the behaviour of the acceleration in the inner and
outer regions, and its relation to the baryonic acceleration
for an extended stellar configuration. The result is illustrated
in Figure 2, for the particular case of one dSph: Fornax.
A turning point is precisely the expected behaviour for a
g versus gp diagram, where an up-then-down density pro-
file always leads to a forward-then-backwards acceleration
function. Verlinde’s model is different to MOND since the
radial derivative in (6) moves the turning point away from
the outer region behaviour. The discrepancy of Verlinde’s
emergent gravity with respect to MOND in the interior field
rises to 100%, always to regions of larger g, well inside the
galaxy, as it was previously anticipated when discussing the
renormalized effective MOND parameter that emerges close
to the central region of a regular object. The red lines in
Figure 1 show the prediction for the eight classical dSph
satellites of the Milky Way using the Plummer profile with
the parameters reported in Table 1. Note that this behaviour
away from the extreme MONDian regime is consistent with
the scatter of the dSph’s away from the interpolating func-
tion of Eq. (2), as has been shown in the recent observational
study of Lelli et al. (2017).

4 MILKY WAY’S DWARF SPHEROIDALS IN
THE EMERGENT GRAVITY PICTURE

Given the current degree of development of the theory, and
until we can generalize the expression in Eq. (6) to configu-
rations with less symmetry, nearby dSph galaxies are prob-
ably one of the most promising objects to test Verlinde’s
new proposal. These galaxies are the smallest and least lu-
minous in the Local Group, and given their proximity to us
they are relatively well understood. Stellar population stud-
ies point to a negligible gas contribution and stellar mass-
to-light ratios (using the Sun as our reference unit) in the
range 1 < T, < 3 (Bell & de Jong 2001). However, there is
evidence that they may require an absolute (not only stel-
lar) mass-to-light ratio as large as T ~ 10 — 10? in order
to explain their internal kinematics (Walker 2013). The key
point is that these systems reach the regime where, if we as-
sume there is no DM component, standard Newtonian the-
ory completely fails and we expect the heart of Verlinde’s
proposal to be revealed.

The Plummer density profile of Eq. (9) provides a good
description of the baryonic distribution in the eight clas-
sical dSph satellites of the Milky Way, with the possible
exceptions of Fornax and Leo. These two galaxies are not
perfectly fitted by the Plummer profile in the outer regions,
presumably because they have not been affected by tidal
disruptions (Penarrubia et al. 2009). Nevertheless, we use
the Plummer profile for all the galaxies in the sample in or-
der to compare with other analysis in the literature. We can
read their structural parameters from Tables 4 and 5 of Mc-
Connachie (2012), which, for convenience, we also show in
our Table 1.

The internal coherent rotation in these dSph’s is negli-
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Test 1 (ap = ag,theory) Test 2 (ap unspecified)
Object Ly Thalf (Tl0s) T L B 9/ 9w ag T . B
(Lv,0) (pe) (kms™1) (Mg Ly'o) (ms™?) (Mg Ly'o)
Fornax 2.0 x 107 710 + 77 11.7 £ 0.9 0.32 —0.15 0.15 1.5 x 10~ 10 1.26 —0.15
Sculptor 2.3 x 106 283 + 45 9.2+ 1.1 1.58 -1 0.06 7.5 x 10710 1.35 —0.98
Carina 3.8 x 10° 250 =+ 39 6.6 + 1.2 2.23 —0.97 0.07 9.5 x 10710 1.4 —0.96
Draco 2.9 x 10° 221 4+ 19 9.1+ 1.2 13.08 < -1.5 0.04 2.7 x 1079 3.2 < —0.57
Leo I 5.5 x 108 251 + 27 9.2+ 1.4 8.69 -1 0.004 2.2 x 1079 2.63 —1.08
Leo IT 7.4 x 10° 176 + 42 6.6 + 0.7 2.38 0.13 0.01 1.0 x 1077 1.48 0.12
Sextans 4.4 x 10° 695 + 44 7.941.3 2.09 —0.21 0.63 9.5 x 10710 1.22 —0.21
Ursa Minor 2.9 x 10° 181 + 27 9.5+ 1.2 11.31 -1.8 0.03 2.6 x 1079 3.0 —1.83

Table 1. Luminosity in the V-band Ly, half-light radius 7y,,)¢, and mean velocities (o1os), for the different Milky Way’s dSph galaxies, as
reported in McConnachie (2012). Test 1: Median values of the marginalized posterior distribution for the stellar mass-to-light ratio Y.,
and orbital anisotropy 8, taking the acceleration scale fixed to the theoretical value in Eq. (7). Test 2: Median values of the marginalized
posterior distribution for the acceleration scale ag, stellar mass-to-light ratio T, and orbital anisotropy 3. The theoretical value of ag
is consistent at 20 level for all galaxies. Moreover, there is a strong degeneracy between ag and Y., which may drive Y. to a lower,
observationally accepted value at the cost of increasing ag, which is consistent with not knowing the actual deformation profile of the
elastic background medium. Note that the values of 8 in both tests are consistent, pointing to no degeneracy with the other parameters.

gible, and the stellar component is supported against gravity
by its random motion. Contrary to the case of spiral galax-
ies, the observable that can be used is not a rotation curve
but, rather, the line-of-sight velocity dispersion of its compo-
nents. In particular, in this work we use the data of Walker
et al. (2009, 2007) for the internal dynamics of the eight clas-
sical dSph satellites of the Milky Way. We assume, as usual,
that each galaxy is spherically symmetric and in dynamical
equilibrium. The stars trace the underlying gravitational po-
tential, in this case determined by the effective mass formula
M(r) = Mp(r) + Mp(r), with Mp(r) given in Eq. (6). We
also consider that this dynamical equilibrium approximates
well a static mass configuration, which together with the
spherical symmetry reflects Verlinde’s key assumptions.

An analysis of the velocity dispersion profiles shows that
the quantity that is best constrained in a dSph galaxy is the
enclosed mass at the half-light radius, 7 = rnar (Walker et al.
2007). To qualitatively compare MOND and Verlinde’s pro-
posal, we search for the scaling factor needed in the MOND’s
mass-to-light ratio to match Verlinde’s profile at the half-
light radius. If baryons follow a Plummer distribution, we
find that this scaling factor is T = 5/27 ., see Appendix A
for details. This simple result means that MOND may re-
quire a mass-to-light ratio more than two times larger than
Verlinde’s one for the same value of ag. It is important to
mention that the stellar mass-to-light ratios in these dSph’s
are unknown. A study by Kirby et al. (2013) based on stellar
formation histories (and independent from kinematics) finds
a mean value of T, = 1.03, while a mean of Y, = 1.6 was
previously found by Woo et al. (2008). In general, it seems
that stellar population studies point to values not much
larger than unity (Bell & de Jong 2001), which may sug-
gest Verlinde’s model is favoured along this line of thought,
given the larger values that seem to be preferred by MOND
according to a study carried out by Angus (2008). However,
a detailed analysis of Verlinde’s model should be performed
using each dSph’s data, which is the goal of the rest of this
section.

In order to do a more quantitative analysis of the Ver-
linde’s model and how well it describes dSph’s kinematics,
we perform a standard parametric Jeans analysis as was
done in (Walker et al. 2009, 2007). See the Section 4.8 in Bin-
ney & Tremaine (2008) for a comprehensive review on these
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techniques. The (observed) line-of-sight velocity dispersion
of the dSph’s, o7 ;(R), can be related to the (modelled) mass
profile, M (r), and stellar mass density, v(R), through

ﬁ > 7”/1/ 7q/ 7ﬁ/ 7q/ 28—-2
T [ A6

! 2 —28+1
/ dr (1 — ,BR—2> S ,

0 ) -k
where R is the projected radius, and ((r) represents the
orbital anisotropy. This anisotropy is not constrained ob-
servationally and, in general, could depend on the radius.
However, as it is customary in a first study, we assume it
to be a constant in this work. The stellar mass density pro-
file in Eq. (9) is recovered from the observed 2-dimensional
(projected along the line-of-sight) stellar density

L 1

I(R) i g (14 (R/rhat)?]? D

In order to fit the observational data we have three free
parameters per galaxy. One associated with the theory: the
acceleration scale ap; and two more related to the stellar
component: the stellar mass-to-light ratio Y. and the orbital
anisotropy (. Note that this differs from a standard DM par-
ticle analysis, where the mass-to-light ratio is uncorrelated
to the DM density profile, and the luminosity cancels out in
Eq. (10). To proceed further, we perform a Markov Chain
Monte Carlo (MCMC) analysis to explore the parameter
space and estimate the median values of the different quan-
tities (see Appendix B for details on the MCMC analysis).
Since the acceleration scale is a constant in the theory, one
should perform a joint analysis for the eight galaxies keeping
ap fixed. However, as we mentioned earlier, the parameter ag
may be thought as encoding the hidden information about
the elastic medium deformation if the principal strain does
not take its maximal value, as it was assumed when taken
the equality in Eq. (5) to deduce expression (6). Therefore,
we perform two different tests that, steep by steep, help us to
better understand the behaviour of the model when trying
to fit the internal kinematics of the eight classical dSph’s:

Test 1: Fix the value of the acceleration scale to the
prediction of the theory, ap = 5.4 x 107%m/s*  and look
for the most probable values of the orbital anisotropy £,
and stellar mass-to-light ratio Y., compatible with the data

01205 (R) =

(10)
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of each individual object. For this test we assume uniform
priors in the following range

-2 < In(YT.[Ye]) <5, (12a)
3< —I(1-8) <3. (12b)

The main purpose of this test is to establish if the theory, as
it reads in Eq. (6), needs to include any extra DM, assuming
the rest of Verlinde’s hypotheses are satisfied.

The results of this test are summarized in Table 1. Note
that there is some tension between the observationally al-
lowed range of values for the stellar mass-to-light ratios, ex-
pected to be of the order of 1, as previously argued, and
those in Draco, Y. = 13.08, Ursa Minor, T, = 11.31, and
Leo I, T. = 8.69. Furthermore, the value of the mass-to-
light ratio for Fornax is quite low as well, T. = 0.32. In
Figure 3 we show, for illustration, the posterior distribution
for Fornax and Sculptor of both parameters: the anisotropy
and the stellar mass-to-light ratio. Similar posterior distri-
butions appear for the other objects in the sample. Note
they are well constrained and show no degeneracies.

Test 2: Find the most probable values of the accelera-
tion scale ag, orbital anisotropy 3, and stellar mass-to-light
ratio Y., compatible with the data of each individual object.
In this case, we adopt uniform priors in the following range

—12 < log(ag[ms™?]) < -8, (13a)
—2<  In(T.[Ye]) <25, (13b)
3<  —In(1-p) <3. (13c)

The goal of this test is to explore if by relaxing the as-
sumption of a maximal deformation, the analysis drives the
stellar mass-to-light ratio to values in the range 1 < Y, < 3,
consistent with the current stellar population and formation
history studies of these objects. Remember that, according
to the inequality (5), a maximal deformation can be inter-
preted as the scaling of the acceleration ao to higher values
from its theoretical value.

The results are again shown in Table 1, where the value
of Y. is set as the median of the posterior. In this case
the mass-to-light ratio is unbound from above, and the ex-
act position of the median value strongly depends on the
assumed priors for some of the galaxies, in particular for
Fornax. Note that relaxing the value of ag allows for smaller
stellar mass-to-light ratios, while the values of 5 in both tests
are consistent. As an example, we show in Figure 4 the pos-
terior distributions for Fornax and Sculpture of the three
parameters: the acceleration scale, the anisotropy and the
mass-to-light ratio. We observe that the theoretical value of
the acceleration scale used in Test 1, ap = 5.4 X 10710 m/s2
(blue line reference in the figure), is consistent at 20 level for
all galaxies. This result holds when a broader prior range in
T. is considered. Moreover, all galaxies show a strong anti-
correlation between the acceleration parameter and the stel-
lar mass-to-light ratio. This may drive Y. to lower values,
which are observationally preferred, by increasing the value
of ap from the theoretical one. As we mentioned before, this
is allowed by Verlinde’s model, since we do not know the real
deformation pattern of the elastic medium by the presence
of the dSph galaxies.? Moreover, there is no reason a priori

2 Note that the value preferred by the internal kinematics of the

to believe that the strain structure should be universal, so
each dSph may present a different effective value of ao.

In Figure 5, we show the empirical velocity dispersion
for the eight classical dSph’s (black points in the figure) to-
gether with 10 random realisations selected from the resul-
tant posterior distribution of Test 1 (blue lines), and Test 2
(red lines). Note that in both cases the model describes
equally well the data, but in Test 2 each line corresponds
to a different combination of mass-to-light ratio and accel-
eration parameter.

Finally, we would like to comment on the argument
made at the beginning of this section about the required
mass-to-light ratios for Verlinde’s and MOND models to fit
the data. The fact that MOND needs larger values of the
mass-to-light ratio was numerically verified by performing
the fits described above, for the same Plummer profile, but
with the effective mass formula determined by MOND’s pre-
scription, and with the same fixed value of ap as in Test 1.
One should notice that, in the literature, there is another
analysis for the dSph’s kinematics using MOND by Angus
(2008), where different assumptions were made. In particu-
lar, the author considered a King profile with an anisotropic
function which was not constant but a linear function in
the radial coordinate. While using a different density profile
may not change drastically our analysis, the non-constant
B function could hide deviations in the mass-to-light ratio
with respect to our findings. However, even after these dif-
ferent assumptions, Angus (2008) finds higher mass-to-light
ratios than us using Verlinde’s model, with only two cases
having Y. < 3. This result is in agreement with our expec-
tations, as we have extensively argued here. Finally, we do
not attempt to scrutinize the details of the Angus (2008)
study, since we believe a comparison of Verlinde’s model to
MOND should be carried out under the same assumptions,
as we have done here.

5 DISCUSSION

In this paper, we explore the consequences of a proposal
where spacetime emerges as a result of the entanglement
structure of an underlying microscopic theory. However,
apart from some sketches on how it may look like, there is
not such a concrete construction of the microscopic theory.
Driven by previous arguments such as those by Sakharov
(1968) or Jacobson (1995), Erik Verlinde has recently ar-
gued that within such a proposal, an effective description
can capture the key ingredients of the relevant microscopic
degrees of freedom that describe the DM phenomena (Ver-
linde 2017). This effective model is simply the theory of lin-
ear elasticity, where the DM component appears as a mem-
ory effect of the medium due to the presence of standard
model particles. At this level, one may even forget about
the microscopic derivation, and consider the elastic theory
as the concrete proposal behind DM.

eight classical dSph'’s is slightly closer to ag = 6.5 x 10710 m/sQ,
consistent with today’s Hubble parameter (including all matter
components). However, we believe that the value in (7), which
corresponds to the DE contribution only, is closer to the support-
ing arguments given by Verlinde about the microstates that build
up dS spacetime.
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Figure 3. Test 1: Posterior distribution function of the anisotropy and stellar mass-to-light ratio in Fornax (left) and Sculptor (right),
resulting from the fit to their velocity dispersion profile under Verlinde’s theory, assuming a constant ap = 5.4 x 10710 m/sz. Both
parameters are well constrained and show no degeneracy between them. The other galaxies show similar results.
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Figure 4. Test 2: Posterior distribution function of the anisotropy, stellar mass-to-light ratio, and acceleration scale in Fornax (left) and
Sculptor (right), resulting from the fit to their velocity dispersion profile under Verlinde’s theory. We consider the parameter ag to be
free. As in Test 1, 8 and T« show no correlation between them. However, there is a strong degeneracy between ag and T.. Median values
of the posteriors depend on the prior’s upper limits, which in this case are given by Eq. (13). For reference, the blue line represents the
theoretical value of the acceleration scale with ag = 5.4 x 1071%m/ s72. This value is consistent at the 20 level for all galaxies, almost
independently of the prior’s choice.

For spherically symmetric isolated massive objects, and Outside a mass, we can simply look at this theory as a par-
assuming an elastic-medium response of maximal deforma- ticular realization of MOND. We identify that in the exte-
tion, Verlinde identifies the expression in Eq. (6) as codify- rior limit the deviation of Verlinde’s theory with respect to
ing the correction to the baryonic mass profile Mg (r) for the recently proposed phenomenological interpolation func-

the observed gravitational field, M (r) = Mp(r) + Mp(r).
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Figure 5. Empirical velocity dispersion profiles for the eight classical dSph satellites of the Milky Way. Solid lines denote 10 random
combinations selected from the resulting posterior distribution in Test 1 (blue lines) and Test 2 (red lines) of Section 4, respectively.
Both models can fit the data equally well, but from Table 1, it is possible to identify that the fits obtained leaving ag as a free parameter
(Test 2) allows for smaller mass-to-light ratios, which are preferred from stellar population and formation history studies.

tion of McGaugh et al. (2016) is never larger than 30%, and
marginally accepted by their observations.

However, within the interior part of a massive object,
the gravitational field clearly departs from that of MOND.
The key difference is that Verlinde’s interpolating function
contains a radial derivative of the mass profile. Therefore,
only a very particular mass profile, if any, in Verlinde’s the-
ory will reduce to McGaugh’s interpolation formula. None

of the common density models used to describe galaxies in
a cosmological framework is expected to be such a special
case. In particular, for the case of a regular density profile
one finds up to a 100% relative difference in the interior of
dSph galaxies with respect to the external region, consistent
with current astrophysical observations (Lelli et al. 2017).

Physics is an experimental discipline, and only observa-
tions can decide if a model is correct or not. By following
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this line of thought, in this paper we just took the expression
in Eq. (6) for the spherically symmetric apparent mass dis-
tribution for granted, and show that this effective model can
describe the internal kinematics of the eight classical dSph
satellites of the Milky Way without postulating any kind of
dark component. In the analysis we found a degeneracy be-
tween the acceleration parameter, ag, and the mass-to-light
ratio, Y., which drives 1. to values larger than expected as
we approach the theoretical value of ap = cHp.

If one considers Eq. (6) as a phenomenological model
to describe DM, and forgets about the elastic medium, the
derivation assumptions, or the microstates motivation, then
one could argue that Verlinde’s proposal has a mild tension
in the fittings. As shown in our Table 1, Test 1, marginally
unacceptable high values of the mass-to-light ratio show up
for some of the objects, such as Draco, Ursa Minor, and
Leo I. However, once we get back to the assumptions of the
elastic medium, we find that a maximal deformation was
considered. By relaxing this condition, which is encoded in
Eq. (5), the acceleration scale ag as free parameter can cap-
ture the information about the non-maximal deformation of
the elastic medium, which will translate on a larger value
for ap than the theoretical one, due to the inequality sign
of Eq. (5), and in agreement with our findings. One should
notice that the preferred value of ag for some objects is even
larger than today’s Hubble constant, suggesting that our
choice of taking only the DE contribution is not the cause of
this tension. Moreover, a value of ag slightly larger than our
theoretical value is also supported by the rotational curves
of larger galaxies, ap = 7.2 4 1.56 x 1071° m/s2 (McGaugh
et al. 2016; Begeman et al. 1991), although it is important
to bear in mind that a non-spherically symmetric fitting
formula in Verlinde’s proposal is still missing. Other astro-
physical and modelling systematics could be getting into
preferring a higher value of a¢ than cHp, but this is beyond
our present expectations; see (Gonzdlez-Morales et al. 2017)
for discussions on the subject.

In order to improve future analysis of the study pre-
sented here, it is important to stress the nature of all the
different assumptions made within this work. We consid-
ered that dSph galaxies can be described as isolated objects
with spherical symmetry. Of course these systems are not
really isolated, due to their proximity to the Milky Way. We
have compared the value of the exterior gravitational field
due to the Milky Way, gmw, to that of Verlinde’s model,
g, in the different objects. In order to estimate gmw one
would need the complete theory, but we can argue that
guw < (170 km/s)2/RMw7 where the upper bound repre-
sents the terminal velocity of objects orbiting the Milky
Way in the galactic plane at a distance Ryw to the centre
of the galaxy. In Table 1 we report the ratio gnmw/g, with
g ~ (CLOGT*LV)I/Q/Tha]f, and find that it is always (apart
from Sextans, which does not pose any other problem) neg-
ligible at the level of the precision obtained by our fittings.
On the other hand, these spheroidal systems are not really
spherical, but they are the highly DM-dominated objects for
which such an assumption is best justified, since the radial
averaged ellipticity for the eight galaxies is €4, = 0.05, with
a maximum of €mqe ~ 0.3 [except for Ursa Minor, which has
e = 0.56, as reported in McConnachie (2012)].

To conclude, we have shown how Verlinde’s emergent
gravity model and MOND predict very different relations in
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the g versus gp plane for spherically symmetric configura-
tions, which may help discriminate between both proposals.
In particular, we have studied in detail the inner configu-
ration of the dSph satellites of the Milky Way. However,
more precision in both, stellar kinematics and mass-to-light
ratios, are required in order to favour one model over the
other at the dSph’s scales, even though Verlinde’s proposal
points to mass-to-light ratios in those objects that are closer
to those expected from stellar population (Bell & de Jong
2001) and formation history (Kirby et al. 2013) studies. In
addition, more theoretical work is needed so that one can
consider non-spherically symmetric objects.
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APPENDIX A: APPARENT DM MASSES IN
VERLINDE’S AND MOND THEORIES

The mass distribution of baryons in a dSph can be read
from the standard formula Mg (r) = 4x [ v(r')r'?dr’, once
the stellar mass density profile v(r) is specified. For the case
of a Plummer profile (9) the apparent DM mass in Verlinde’s
theory, Mp(r) from Eq. (6), is given by

Nzb/? 44 2
Mo =gV A

where © = r/rnai, and

N = (Lrfar T2 [ (A2)

Notice that the first (second) term in A is observation-
ally (theoretically) defined. For comparison we also give the
corresponding apparent DM mass in the extreme MOND
regime, namely

Nya®/?

Mp(z) = JW ) (A3)
where this expression has also been obtained using a Plum-
mer profile. Here NV is equal to the expression in Eq. (A2)
but replacing ap — 6aas. From equations (Al) and (A3),
the difference between Verlinde’s theory and MOND appar-
ent DM masses is /(4 + z2)/(1 + 22), which gives a factor
of 2 at the origin, x = 0, and of /5/2 when evaluated at
the half-light radius, x = 1. Note that in both cases one
can get the same value for the apparent DM mass contained
at the half-light radius if the stellar mass-to-light ratio is
5/2 times greater in the case of MOND than in Verlinde’s
model. Therefore, it is natural to understand why Verlinde’s
emergent gravity proposal points to lower values of Y. than
MOND.

APPENDIX B: MCMC

Here we provide some details about the MCMC analysis
of Section 4, for which we used the EMCEE implementa-
tion of Foreman-Mackey et al. (2013). In Test 1, we set
the acceleration scale to its theoretical value in Eq. (7),
ap = 5.4 X 10710m/s2, and leave the mass-to-light ratio,
Y., and the anisotropy, [, as free parameters. In Test 2
we also promote the acceleration scale to a free parameter.
We adopted flat priors in both cases, as given in Egs. (12)
and (13), respectively.

We used 40 MCMC walkers in Test 1, and 60 in Test 2,
which correspond to 20 times the number of free parameters
in each case. Initially, each walker is randomly displaced
from the maximum likelihood point by a factor of 1072
The chains are set to complete 2,000 MCMC steps. We have
verified that the walkers quickly start to sample a larger
region of the parameter space, and converge to a restricted
area. We have analysed the time series of the chains to look
for convergence. Given the small number of free parameters
this is enough to see whether the chains have converged or
not. This was the case for all galaxies in Test 1. For Test 2, we
have noticed that convergence may be affected by the prior
range used, in combination with the fact that EMCEE was
returning large acceptance fractions. To solve this issue we
adjusted the EMCEE specifications to ensure an acceptance
fraction of approximately 0.4, and decided to use a narrower
prior for T, in Test 2 than in Test 1. This was important
in the case of Fornax, for which the combination of a large
acceptance fraction and prior effects could also lead to the
appearance of a bimodal distribution, when in reality it is
an unbounded distribution (lower limit in the acceleration,
upper limit in the mass-to-light ratio).
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