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It was recently proposed that the effects usually attributed to particle dark matter on galaxy scales
are due to the displacement of dark energy by baryonic matter, a paradigm known as emergent
gravity. This formalism leads to predictions similar to Modified Newtonian Dynamics (MOND)
in spherical symmetry, but not quite identical. In particular, it leads to a well defined transition
between the Newtonian and the modified gravitational regimes, a transition depending on both
the Newtonian acceleration and its first derivative with respect to radius. Under the hypothesis of
the applicability of this transition to aspherical systems, we investigate whether it can reproduce
observed galaxy rotation curves. We conclude that the formula leads to marginally acceptable fits
with strikingly low best-fit distances, low stellar mass-to-light ratios, and a low Hubble constant. In
particular, some unobserved wiggles are produced in rotation curves because of the dependence of
the transition on the derivative of the Newtonian acceleration, leading, even in the most favorable
case, to systematically less good fits than MOND. Then, applying the predicted transition from
emergent gravity in a regime where it should a priori be applicable, i.e. in spherical symmetry and
outside of the bulk of matter, we show that the predictions for the secular advances of Solar System
planets’ perihelia are discrepant with the data by seven orders of magnitude, ruling out the present

emergent gravity weak-field formula with high confidence.

I. INTRODUCTION

There is overwhelming evidence that astrophysical and
cosmological observations on scales of dwarf galaxies and
above cannot be explained, in the framework of gen-
eral relativity, in terms of known elementary particles
[[-3]. In the standard cosmological model, the prob-
lem is solved by postulating the existence of a new mat-
ter component, dubbed dark matter, which is made of
new, yet undiscovered particles, possibly connected with
extensions of the Standard Model of particle physics
proposed for completely independent reasons, such as
WIMPs (weakly interacting massive particles), axions,
and sterile neutrinos [4-8].

Despite a large theoretical and experimental effort,
however, there is no conclusive evidence for the existence
of any of those dark matter candidates. Furthermore,
our current models of galaxy formation in the standard
cosmological model appear to struggle to reproduce ob-
servations [e.g. 9]. This might be due to hard-to-model
feedback processes linked to the physics of baryons in

galaxies [e.g. 10, 11], or to the fact that the properties
of dark matter particles, and especially their interactions
with themselves [12] (see also [13] and references therein)

or with baryons [e.g. 14], might be different from those
currently assumed in standard cosmology.
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As long appreciated [15], an alternative solution to ex-
plain cosmological observations is to introduce a suitable
modification of the laws of gravity [e.g. 16, 17]. The case
for such an effective modification of gravity is best sum-
marized by the fact that observed galaxy rotation curve
shapes are diverse at a given maximum velocity scale
[18], where they are expected to be uniform, and uni-
form at a given baryonic surface density scale [19, 20],
where they are expected to be diverse. The latter means
that exponential disks of the same baryonic mass have
similar rotation curves only if the radius is renormalized
by the disk scale-length [21]. Such a behaviour, which
appears a priori unnatural in the standard context, has
long been predicted by Modified Newtonian Dynamics
[MOND, 16], which posits that

g=v (“"Aj) o, 1)

where g and gy are the effective and Newtonian gravi-
tational accelerations respectively, gy = |gn| and v is a
transition function verifying

{ v(z) =1 for x>1 @)

v(z) >z~ 2 for z<1 "’

This relation involves an acceleration scale aps ~ ¢2/L ~
1071%ms~2 where L is the Hubble scale!, also roughly

1 We adopt here notations consistent with those used in the emer-
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corresponding to the curvature radius corresponding to
the z = 0 dark energy content of the Universe. Note
that, outside of spherical symmetry, this formula can-
not be correct and classical MOND theories rather mod-
ify the Poisson equation, following the stationary action
principle for a modified Lagrangian of gravitation involv-
ing this acceleration constant [19], which allows us to
make detailed simulations outside of spherical symmetry
[e.g., 22, 23]. Nevertheless, for galaxy rotation curves fits,
the difference between the pristine formula from Eq. (1)
and the actual modification of gravity prediction is small
enough [24], so that Eq. (1) is commonly used to predict
galaxy rotation curve shapes.

Inspired by the success of the MOND formalism on
galaxy scales, a framework in which a similar relation
naturally emerges was recently proposed [25]. The core
idea dates back to the realization by Milgrom [20] that
a redefinition of inertia as being proportional to the vac-
uum temperature seen by an accelerated observer could
naturally lead to the MOND relation, since such an ob-
server in a de Sitter universe sees a non-linear combina-
tion of the Unruh vacuum radiation and of the Gibbons-
Hawking radiation due to the cosmological horizon. A
slightly more fundamental (albeit currently not really
full-fledged, see [27]) approach was then proposed by Ver-
linde [25], in which gravity emerges from the entangle-
ment entropy of the vacuum. In this picture, de Sit-
ter space corresponds to a set of metastable quantum
states carrying the entropy associated with the cosmo-
logical horizon, and the positive dark energy is caused
by the slow thermalization of the emergent spacetime.
In the presence of baryonic matter, this dark energy is
slightly “displaced” which leads to an effective modifi-
cation of gravity in the low acceleration regime, below
~ c?/L. In this regime, the apparent dark matter mass
Mp appears as directly related to the baryonic one. In
spherical symmetry, this formalism leads to predictions
that are essentially similar to those of MOND, but not
quite identical. In particular, it predicts a well-defined
transition between the classical and the low-acceleration
modified gravitational regimes, a transition depending on
both the Newtonian acceleration and its first derivative
with respect to radius. This formalism has already been
successfully confronted with galaxy-galaxy lensing data
[28], distance luminosity and baryon acoustic oscillations
[29] and dwarf spheroidal galaxies [30], and has encoun-
tered some problems in galaxy clusters [31], akin to those
of MOND at these scales [32, 33].

Here, we set out to estimate the generic consequences
of emergent gravity for the predictions of galaxy rotation
curve shapes, with the caveat that the formalism might
not be fully applicable per se outside of spherical symme-
try, and we also quantify criticisms already made at the
qualitative level [27] regarding its predictions in the So-

gent gravity framework. In the MOND context, the acceleration
constant is rather usually denoted as ag.

lar System, where the predictive formula from emergent
gravity should be fully applicable.

II. THE MOND AND EMERGENT GRAVITY
TRANSITIONS

In MOND, neither the exact value of the accelera-
tion constant nor the shape of the transition function
are hardwired into the paradigm. Hence there is a little
bit of freedom in choosing those to best reproduce galaxy
rotation curves. In Hees et al. [34], we combined galaxy
rotation curves and Solar System data to put constraints
on the transition function v, and showed that one class
of functions allowed us to fit rotation curves while es-
caping Solar System constraints?. One function which is
representative of this family is

and has been shown to reproduce galaxy rotation curves
well, especially when including the contribution of the
external field effect [34].

In emergent gravity, the apparent dark matter mass
Mp is directly related to the baryonic mass Mp (see

Eq. (7.40) from [25]) through
/T GL?HdF = Mgp(r)ayr, (4)
0 7

with aj; a constant acceleration scale in principle accu-
rately defined as ay; = ¢?/6L = cHp/6. Within this
theory, the total gravitational acceleration can be writ-
ten in a MOND-like form using the following transition

function
3 alr
) =144+ =, 5
veg(x,z’,r) + x+x2 (5)

which depends explicitly on the radius r and on the radial
derivative z’ of the Newtonian gravitational acceleration.
In the following sections, we will quantify the observa-
tional consequences of this transition function in galaxies
and the Solar System. Omne aspect of emergent gravity
which is not completely clear is whether it would lead
to an external field effect similar to that of MOND. In
the next section, we will show the predictions for galaxy
rotation curves with and without such an effect.

III. ROTATION CURVE FITS

In this section, we produce traditional fits to rotation
curves [34, 36—10] using the emergent gravity paradigm

2 Note that the empirically successful transition in Equation (4) of
[35] is excluded by Solar System constraints in modified gravity
versions of MOND, as it corresponds to 21 in Tab. 2 of [34].



described by the transition function from Eq. (5). We
have to assume here that, as is the case in MOND, the
predictions outside of spherical symmetry do not deviate
too much from the spherically symmetric solution. Three
different scenarios are then considered: (i) a scenario
where the value of the acceleration scale ap; = ¢Hy/6
is fixed by using existing local measurements of the Hub-
ble constant [41] ; (ii) a scenario where the acceleration
scale aps is left free ; and (iii) a scenario where the ex-
ternal field effect is also considered. In order to com-
pare our results with results obtained with the MOND
phenomenology, we also produce a fit using the MOND
transition function from Eq. (3).

We use the same rotation curve data as in [34], for
27 dwarf and low surface brightness galaxies thoroughly
described in Swaters et al. [12]. Our fit includes one
global parameter, the acceleration scale a,;, and two lo-
cal galactic parameters: the individual R-band stellar
mass-to-light (M/L) ratio T, and a relative rescaling of
the distance to the different galaxies d, (the indices g
refer to a particular galaxy and indicate that the pa-
rameters are local parameters) within the errors of the
estimated distance. In addition, the third scenario in-
cludes an additional external Newtonian field gy, for
each galaxy.

The predicted rotation velocity V' at radius R; is given
by

V(Ridy:an, Yy dy) = \/ Ridgg(Rizanr. ). (6)

where T, is the stellar M/L ratio, d; = D4/Dgy ¢ where
D, is the distance used here and Dy ¢ the distance given
in Tab. 1 of [42]. The norm of the gravitational field
g is determined by Eq. (1) with the transition function
from Eq. (5), and the Newtonian gravitational field can
be expressed in terms of the Newtonian velocities as

Vzdbl V*21
gn(Ri, Tg) = Ig% + 71y R’ (7)

where Vg, and V,; are the contribution of the gas and of
the stellar disk (at radius R;) to the rotation curves calcu-
lated in the Newtonian framework without dark matter.
In what precedes, we have used the fact that the Newto-
nian observed velocities due to the gas and to the stellar
disk are rescaled as oc v/d with a distance rescaling. Sim-
ilarly, the measured radial distances R; are rescaled pro-
portionally to d. The transition function from Eq. (5)
requires an estimation of the derivative of gy trivially
given by
gy (Ri, Ty) T QVgaSi g/asi +27, ViiVii )
R; R; R;
(8)
Note that the quantity R;g)y appearing in the expression
of the transition function from Eq. (5) is independent of
the rescaling factor d.
The procedure to analyze the data is identical to the
ones presented in details in [34]. In a first step, a least-
square fit of the global acceleration scale aj; and of the

g;V(Ri’ Tg) = -

local T, and d, parameters is performed using a subset
of 19 galaxies. The galaxies not considered in this step
have been identified to experience an hypothetical exter-
nal field effect that may bias the estimation of aps (see the
discussion in [34]). In a second step, using the optimal
value of ap; previously obtained, we perform a Bayesian
inference for the parameters Y, and d, (the parameter
JNeg is included in the third scenario). During the anal-
ysis, we always impose the scaling of the distance to be
between 0.7 and 1.3 and the stellar M/L ratios to have
values included between 0.3 and 5 (in units of (M/L)g).
Furthermore, we also use a Gaussian prior (characterized
by a mean of 1 and a standard deviation of 0.1) on the
parameters d.

A. Using a fixed value of the Hubble constant

In emergent gravity, the acceleration scale ay; is di-
rectly related to the Hubble constant through aps =
cHy/6. In this section, we fix the value of the accelera-
tion scale by using the estimation Hy = 73.24 km/s/Mpc
obtained from local galaxy distance scales in [11], which
corresponds to ap; = 1.2 x 1071 m/s?. The optimal
values and the 68% confidence intervals for the local pa-
rameters T, and d, are presented in Tab. I. For the ma-
jority of the galaxies, the distance scale factor is lower
than unity, indicating that within the emergent gravity
paradigm, all galaxies should be much closer than their
current observational estimate. The reduced chi-square
for the fit including the 27 galaxies is equal to 7.1, i.e.
unacceptably high. The red, dashed curves in Fig. 1 show
the optimal rotation curves obtained for each galaxy. It
is interesting to note that emergent gravity produces too
large wiggles in some galaxy rotation curves: UGC7524,
UGC8490, UGC 11707 are the most striking cases. This
feature is due to the contribution arising from the deriva-
tive of the Newtonian gravitational acceleration in the
transition function from Eq. (5). When wiggles exist in
the Newtonian rotation curves, the derivative term tends
to artificially amplify those in the predicted emergent
gravity rotation curves. The conclusion from this fit is
that using a value of aj; coming from local measurements
of the Hubble constant is incompatible with observations
of galactic rotation curves. Therefore, in the following
section, we will relax this assumption.

B. No prior on the acceleration scale

One can argue that the value of the Hubble constant
inferred from different data in the context of emergent
gravity may differ from its estimation assuming General
Relativity. Alternatively, some small tweaks in the emer-
gent gravity formalism could perhaps change the 1/6 fac-
tor in some smaller factor, while not changing the gen-
eral formula. This could for instance be a conceivable
consequence of moving from spherical symmetry to ax-
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FIG. 1. Results of the fit using the emergent gravity (vec) without any external field effect. The red, dashed curves correspond
to a fit using a fixed value for ays motivated from local measurements of Hy [11] while the continuous green curves are related
to a fit without any prior on the aas parameter. Since the optimal fits do not necessarily produce the same distance scale
factor, the radial scales may not be the same. On the top of the plots we mention the radial scale obtained with the prior
(corresponding to the dashed red lines), at the bottom of the plots we mention the radial scale obtained without any prior
(corresponding to the green solid lines).



isymmetry. If this would be the case, the value of ays
used in the previous section may bias the result. There-
fore, we produce a global fit more favorable to emergent
gravity, where the acceleration scale is left as a free pa-
rameter. First, we use the local estimate of the Hub-
ble constant and its uncertainties as a prior, and get a
best-fit value ap; = 8.6 x 10711 m/s? corresponding to
Hy = 6apr/c =52.9 km/s/Mpc and a reduced chi-square
of 5.1. Then, we let the parameter ap; as completely free
(no prior). The optimal acceleration scale is then given
by 6.9x 10711 m/s?, which corresponds to an Hubble con-
stant of Hy = 42.6 km/s/Mpec. This value is significantly
lower than the ones obtained from local measurements
[41] or from Planck observations [43].

The reduced chi-square for this fit with no prior on
aps is 4.4, showing an improvement with respect to the
fit presented in the previous section. The optimal val-
ues and the 68% confidence intervals for the local pa-
rameters T, and d, are presented in Tab. I. Globally,
these values are slightly higher than the corresponding
ones obtained in the previous section, which is coming
from a correlation with aps, but they are still much
lower than expected on average. The optimal rotation
curves are the green, solid curves displayed on Fig. 1.
Several curves are marginally improved with respect to
the fit produced using a prior on ay, like for instance
UGC4173, UGC4499, UGCH414, UGCH721, UGCT559,
or UGCT7577. The inconvenient wiggles are still present
(UGCT7524, UGC8490, UGC 11707).

C. Including an external field effect

Within the MOND paradigm, it is known that the ex-
ternal field in which the system is embedded impacts the
local gravitational dynamics [16]. This external field ef-
fect which appears even for a constant external field is
due to the non-linearity of the MOND theory and is a
consequence of a violation of the strong equivalence prin-
ciple. While not mentioned in [25], and not taken into
account in, e.g., [28], a similar effect may in principle
arise in emergent gravity. This would be the most fa-
vorable situation possible, as it should in principle allow
to significantly improve the fits, if combined with a low
value of ay;.

Decomposing the total gravitational field into an in-
ternal part g and an external field g. and using a similar
decomposition for the Newtonian gravitational accelera-
tion (gn + gne) allows us to generalize Eq. (1) taking
into account the external field contribution. As in [34],
we can use as first approximation the one-dimensional
version of Eq. (1), which becomes

gN + gne 9
g = VEG (e , A 7R> (9N + gne) 9)
apnr any

— VEG (g]veaoaR> 9Ne
an

where we assume the external gravitational field to be
constant over the system.

We produce a fit including a third local parameter for
each galaxy: the value of the external gravitational field
gne- The reduced chi-square for the fit is now 3.5. Includ-
ing the external field effect thus improves significantly the
quality of the fit. The optimal rotation curves obtained
for this fit are presented as the green solid line in Fig. 2.
As thoroughly discussed in [34], the external field effect
improves significantly the outer part of the fitted rotation
curves for several galaxies like e.g. UGC4173, UGC499,
UGCT7524, UGCT7559, UGCT7577, UGC12060 and F574-1.

Nevertheless, for the sake of comparison, we also pro-
duce (red dashed line on Fig. 2) a similar fit with the
MOND transition function from Eq. (3). The reduced
chi-square for this MOND fit is 2.1, a traditionally ac-
ceptable value for rotation curves, due to somewhat un-
derestimated systematics in error bars. Fig. 2 clearly
shows that several fits with emergent gravity are signifi-
cantly worse than using the MOND transition function.
The main reason is the presence of wiggles in some fits
(e.g. UGCT524, UGC8490, UGC 11707) which deter sig-
nificantly the quality of the fit. These wiggles are due
to the presence of the derivative of the Newtonian grav-
itational acceleration in the emergent gravity transition
function from Eq. (5). The local optimal parameters (T,
dgy and the external gravitational field gneg) and their
corresponding 68% confidence interval are given in Tab. 1.
The emergent gravity produces fits with smaller stellar
mass-to-light ratios and systematically low distance scale
factors.

IV. SOLAR SYSTEM CONSTRAINTS

As shown in the previous section, emergent gravity
does not produce high-quality fits to galaxy rotation
curves, even in the most favorable case. Nevertheless,
this could be due to the fact that the formula derived
in spherical symmetry differs significantly from the one
that should be applied in an axisymmetric case. We
should thus also turn our attention to a regime in which
this formula is fully applicable. The Solar System is a
good test case since, as a first approximation, it is rea-
sonable to consider the Sun as a spherically symmetric
body. Moreover, because planets are outside of the bulk
of matter, the derivative term in the transition function
naturally cancels out, and Eq. (1) with the transition
function given by Eq. (5) leads to

GM \/aMGM
g= 7“2@ + r e ’ (10)

with r the distance to the Sun. Considering a two-body
problem, the additional acceleration due to emergent
gravity will produce (amongst others) a time evolution
of the argument of perihelion w given by the solution of

V1_e2
dﬂzm 1—e cosf7 (11)
dt nae

r
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TABLE I. Best-fit local parameters obtained for the different scenarios considered in this analysis: emergent gravity using a
fixed value for ans (see Sec. III A), emergent gravity with ay as a free parameter (see Sec. III B), emergent gravity with an
external field effect (see Sec. IIIC) and the MOND transition function from Eq. (3) and the external field effect. The values
reported are optimal values and 68 % Bayesian confidence intervals for the parameters. For gneg, only the values significantly
different from 0 are reported.

VEG VEG VEG VMOND
With fixed ans No prior on ar With ext. field effect With ext. field effect
Opt. ay [m/s?] 1.2 x1071° 6.9 x10~* 6.9 x10™'* 8.1 x10™'!
XZed 7.1 4.4 3.5 2.1
Ty dg Ty dg Ty dg log gneg Ty dg log gneg
(M/L)o (M/L)o (M/L)o (m/s*)|(M/L)o (m/s?)
UGCT731 1.7475:21 0.7075:80013.21+5°22 0.7015:5213.71 %92 0.881709% —11.8075-33| 5.079:99 1.0375:95 —11.807913
UGC3371 1.2479:96 0707091 12.107993 0.7079:92|2.3279-24 0.86+9-99 —12.2019-291 3.3+0-35 (0.997+0-99 _12 507270
UGC4173 0.305:92 0.7015:910.3015:08 0.7070:08 [1.0579:22 1.0073:95 —10.407059] 0.87053 0.997515 —11.2015:37
UG(C4325 1.46732L 0.7673:9411.707933 0.8879:95]1.7079-28 1.07+9:97 —11.8010-42| 3.7+0-48 1107097 —11.307925
UGC4499 0.3015:05 0.7015:0810.3070:02 0.7079:08[0.3010:52 1.027995 —11.7075 37| 0.375:95 1.0315:99 -
UGC5005 0.3015:99 0.70%5:9210.3019-0% 0.8179:9210.3079-20 0.917399 —13.2071-91] 0.9%5:12 1.01+5:92 —12.70+0-7¢
UGC5414 0.305:95 0.70%5:9810.3015:9% 0.7079:0810.3079:28 0.917312 —11.907972] 1.075:%8 0937595 —11.90F 153
UGC5721 0.6675-95 1.14%5:0210.82+5-0% 1.3019:9910.8279-55 1.3079:59 - 2.479-29 1.2310-07 -
UGC5750 0.3015:03 0.7015:0210.3070:07 0.7579:0210.3070:55 1.007997 —12.3070 45| 0.375:22 1.0215:93 -
UGC6446 0.5075-92 0.7075:5210.9679:%% 0.7075-0011.1915-95 0.7070:57 —13.0015:75 | 1.67037 0.9179:59 —12.2019-¢2
UGCT232 0.3015:05 0.8410:0510.3010:60 0.9619:9510.3010:55 1.007993 —13.007295| 0.8753% 1.0415:95 -
UGC7323 0.3075:02 0.7015:0810.3479:0% 0.7870:0210.5470:53 0.97795) —11.6079 75| 0.67515 1.01F5:03 -
UGCT399 1847058 1.30706913.16170 12 1.3070:95(3.1675-82 1.3015:9 -1 5.010:08 1.3019:09 -
UGCT7524 0.3019-91 0.70%9-9110.53+9-92 0.70%9-991.5279-21 0.887019 —11.20794L]| 1.97928 0917993 —11.70+9:47
UGCT7559 - 0.7015:00 - 0.7015:00 - 0.98%51% —11.40%5:2! - 0.96159% —12.507951
UGCT577 - 0.70+5:01 - 0.7015:02 - 1.00%5:99 —11.00*9-39 - 1.00*511 —12.0019-57
UGCT7603 0.305:93 0.73%5:9110.3015:9% 0.9173:5210.3079:08 0.9179:52 -1 047909 1171958 -
UGC8490 0.3975:02 1.11+5:0210.48+5:0% 1.3019:9910.4879-59 1.3079:59 -1 1.479-70 1301999 -
UGC9211 0.97+9:32 0.71+0:0511 17+0-T1 (9 85+0-0511 4970-66 (0.987+0-99 _12.707989] 3.079-35 1.007993 —12.70+9-99
UGC11707 0.33%70:03 0.7073:0510.8370:0% 0.7070-95 [1.5573:27 0.7075-05 —12.5073:2%1 3.970:2% 0.717319 —12.1075:99
UGC11861 0.97+9:93 0.70+9-9111.41+9-92 0.70%9-91 [1.7679:9S 0.7073:98 —12.007923| 2.57927 0.977995 —11.30%9:26
UGC12060 0.98+9:12 0.70+9-0111.69+9-1% 0.7079-92|2.6679-54 0.987319 —11.207922| 4.97%-97 1.00%9-99 —10.80+9-9¢
UGC12632 1.247012 0.707965 12.497097 0.7150:93(2.4775:43 0.7155:93 -1 5.010:2% 0.951097 —11.8070 3%
F568-V1 2431039 0.7510:93 19 701051 0.88+0:96 12 661044 0,947 92 - 5.075:99 1.0475:93 —12.10%943
F574-1 1.8173:9% 070735 12.50792L 070759 15.007599 0.9475-94 —10.3015:92] 5.015:99 0.9879:%% —11.10732!
F583-1 1157035 0.701005 11.6470 30 0.7570 02 1.847051 0.9670:9; —12.2019:31] 2.310:52 0.9710:09 -
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with a the semi-major axis, e the eccentricity, n = 2w /P
the mean motion (P the period) and f the true anomaly.
At first order, one finds the expression of the secular ad-
vance of perihelion produced by emergent gravity (see
also Eq. (64) from [44] for a similar calculation)

<d7w>: %1—62—m
dt a '

e2

(12)

The motion of planets around the Sun is inferred by
planetary ephemerides analyses from an impressive num-
ber of different observations: radioscience observations
of spacecraft that orbited around Mercury, Venus, Mars
and Saturn, flyby tracking of spacecraft close to Mer-
cury, Jupiter, Uranus and Neptune and optical observa-
tions of all planets [415-50]. Estimations of anomalous
supplementary advances of perihelia have been derived
with the INPOP (Intégrateur Numérique Planétaire de
I’Observatoire de Paris) ephemerides [418] and are given in
Tab. II. These values correspond to the interval in which
the differences of postfit residuals in the ephemerides
analysis are below 5 %. Similar results have also been
obtained by the Ephemerides of Planets and the Moon
(EPM) [50].

The secular advance of the argument of perihelion for
the different planets produced by emergent gravity is
seven orders of magnitude larger than what is currently
allowed by observations, an unacceptable discrepancy.
This is shown in Tab. II where the value of the advance
of perihelion due to emergent gravity using an accelera-
tion scale of apr=6.9 x10~ m/s? (determined from the
fit to galactic rotation curves in the most favorable case,
see previous section) is presented. Larger values of aj;
would lead to an even larger discrepancy. Let us note
that an hypothetical Galactic external field effect would
add a quadrupole term to the problem, which is a severe
constraint for MOND transition functions [34, 46, 51, 52],
but would not reduce the reported discrepancy for emer-
gent gravity. Such a difference, already mentioned in [27],
is unacceptable and such an effect would have undoubt-
edly been observed.

V. CONCLUSIONS

The emergent gravity developed by Verlinde [25] leads
to predictions similar to the MOND phenomenology, but
not quite identical. In this paper, we study its impacts
on galactic rotation curves and within the Solar System.
At galactic scales, the emergent gravity formula produces
fits to rotation curves that are less satisfactory than us-
ing MOND, a conclusion also reached in a similar anal-
ysis [53]. First of all, the Hubble constant that is de-
manded by the data is extremely low compared to that
inferred from the cosmic microwave background or other
measurements (42.6 km/s/Mpc, see Sec. IIIB). More-
over, the preferred distances are systematically low, and
the best-fit stellar mass-to-light ratios tend to be rather
low too. And even by letting all these parameters free,

TABLE II. Col. 2: estimation of the secular advance of the
argument of perihelion w for the different planets for the emer-
gent gravity (see Eq. (12) with apr=6.9 x10™'" m/s?. Col.
3: estimation of a secular advance of periastron from the IN-
POP planetary ephemerides (from [18]). Emergent gravity
predicts effects on the planetary motion that are seven orders
of magnitude too large compared to observations.

<%> from Eq. (12) <i—‘;’> from [48]

mas/cy mas/cy

Mercury -1.01 x107 0.4+0.6
Venus -0.82 x107 0.2+1.5
Earth -0.70 x107 —0.24+0.9
Mars -0.57 x10°  —0.04+0.15
Jupiter -0.31 x107 —41 + 42
Saturn -0.23 x107 0.15+0.65

and with the help of a putative external field effect, the
fits produce reduced chi-square significantly higher than
the MOND ones. This is due to the fact that emergent
gravity produces wiggles in the rotation curves that are
unobserved in the data. We caution that these conclu-
sions rely on the assumption that the transition between
the Newtonian and emergent gravity regimes derived in
spherical symmetry is roughly applicable to axisymmet-
ric systems. Nevertheless, since the problem is rooted in
the dependence on the radial derivative of the Newtonian
acceleration, we suspect this generic problem would not
go away in a more rigorous axisymmetric case. The gen-
eral lesson from this is that the MOND formula, whatever
its origin, tends to produce a quite reasonable description
of the observed data in rotationally-supported galaxies,
and that a force law deviating from it is not guaranteed
to be as successful, as illustrated here.

We then tested the predicted weak-field transition from
emergent gravity in a regime where it should a priori
be fully applicable, i.e. in the Solar System. There,
emergent gravity produces a deviation from Newtonian
gravity seven orders of magnitude larger than what is
allowed by current measurements. This rules out the
present emergent gravity weak-field formula with high
confidence, unless a screening-like mechanism can be
found to reduce strongly this deviation in the Solar Sys-
tem. One example of such a mechanism is actually pro-
posed in [54] where a scenario of a field-like dark mass
is suggested, with maximally anisotropic pressure. As
noticed in [54, 55], this leads to deviations much smaller
in the Solar System. Nevertheless, this scenario might
lead to a Catch-22 problem since the MOND-like be-
havior is completely suppressed (this can be noticed in
Eq. (14) from [54] where the logarithmic term respon-
sible for the MOND-like behavior disappears in the case
w’ = —1 which corresponds to a field-like dark mass) and
is therefore not viable either to explain galaxy rotation
curves.

The two problems addressed in this communication
may hypothetically be solved by altering the current pre-



dictions from emergent gravity. For instance, a mecha-
nism could be found to reduce the expected deviation
from General relativity in the Solar System. Neverthe-
less, the nature of the two problems which we uncov-
ered is very different: the discrepancy at galactic scales
is rooted in the dependence on the radial derivative of the
Newtonian acceleration, while this derivative has no im-

pact in the Solar System predictions. This fundamental
difference may be an obstacle for modifying the current
formalism in order to fit both types of observations. In
the absence of an alteration of the present formalism, we
conclude that the emergent gravity as developed in [25]
is not viable observationally.
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