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We have investigated whether the Scalar-Tensor-Vector Gravity (STVG) theory may explain the
kinematic of stars in dwarf spheroidal galaxies. STVG modifies general relativity by adding extra scalar
and vector fields with the main aim of replacing dark matter in astrophysical self-gravitating systems. The
weak-field limit of STVG brings a Yukawa-like modification to the Newtonian gravitational potential. The
modification is modulated by two parameters, α and μ, that represent a redefinition of the gravitational
coupling constant and the mass of the additional vector fields, respectively. Thus, adopting the modified
gravitational potential arising in the weak-field limit of STVG, we have solved the spherical Jeans equation
to predict the line-of-sight velocity dispersion profiles of eight dwarf spheroidal galaxies orbiting around
the Milky Way. The predicted profiles are then compared to the data using a Monte Carlo Markov chain
algorithm. Our results pointed out some tensions on the α parameter within the dataset, while comparison
with previous analysis shows the effectiveness of STVG in replacing dark matter with extra massive fields.
Further improvements will require more sophisticated modeling of the line-of-sight velocity dispersion
which will be possible as soon as high-precision astrometric data in dwarf spheroidals will become
available.
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I. INTRODUCTION

Nowadays, the Λ Cold Dark Matter (ΛCDM) model is
well established as the concordance cosmological model.
It provides an effective theoretical framework whose six
parameters are known with unprecedented accuracy [1–3].
Although the framework is well consolidated some ten-
sions with observations remain [4,5], including, for in-
stance, the well-known Hubble constant tension [6–8].
Another important puzzling issue of the concordance
cosmological model is related to the fundamental nature
of CDM and its astrophysical predictions. Indeed, on the
scale of galaxies, the CDM predicts a steep mass density
profile in the core of each virialized dark matter halo which,
however, disagrees with the observations of dwarf and low
surface brightness galaxies that show a cored mass density
profile. This discrepancy is known as the cusp/core
problem, and it is one of the well-known small-scale
problems of the CDM paradigm (for comprehensive
reviews see, e.g., [9–14]) which are still unsolved. One
way to resolve those small-scale challenges within the
CDM framework relies on invoking baryonic feedback, but
their efficiency is still debated [12,14]. Indeed, baryonic
feedback is expected to be important down to stellar masses

of the order of∼107.2M⊙. However, a recent study used tidal
stability arguments of ultradiffuse dwarf galaxies in the
Fornax Cluster to show that the cusp/core problem extends
down to M� ∼ 106M⊙ [15], and seems to favor modified
Newtonian dynamics (MOND) over the ΛCDM model.
Hence, another possibility relies on modifying the

underlying gravitational theory [12]. Several modified
theories of gravity have been proposed and used to account
for the dark matter content of the Universe. For instance,
MOND successfully explains the kinematics of stars in
galaxies [16–21] while it faces several challenges on
cosmological scales (for a comprehensive review on
MOND we refer to [22,23]). fðRÞ gravity can explain
the dynamics of galaxies and clusters of galaxies without
resorting to dark matter [24–30], although it is unclear
whether it can solve the small-scale problems of the CDM
model [12]. Recently, the degenerate higher-order scalar
tensor and the refracted gravity models have been success-
fully tested in ultra-diffuse galaxies [31,32] and in elliptical
galaxies [33,34], respectively. Finally, tests of the screening
mechanisms have been carried out showing the capability
of screened modified theories of gravity of explaining the
dynamics of galaxies in galaxy clusters [35,36] consistently
with Solar System ephemerides.
Among these theories, the Scalar-Tensor-Vector Gravity

(STVG) theory, sometimes referred to as modified gravity*ivan.demartino@usal.es
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(MOG), extends general relativity (GR) by adding extra
scalar and vector fields [37]. The main aim is to provide an
alternative description of dark matter phenomenology.
Indeed, massive vector fields are coupled to matter and
exert a repulsive gravitational force on test particles which
do not move along geodesics anymore. Then, the gravita-
tional force is reduced with respect to the Newtonian one on
small astrophysical scales, i.e. galactic and sub-galactic
ones. In fact, the weak-field limit of STVG theory shows a
Yukawa correction to the Newtonian potential that is
modulated by two parameters: α which represents the
strength of the gravitational force, and μ which represents
the inverse of the characteristic Yukawa length [38,39].
STVG has been widely tested in different astrophysical
scenarios. Recently, the orbital motion of the S2 star around
the supermassive black hole at the center of the Milky Way
has been used to set an upper limit on the value of the
strength parameter: α ≤ 0.410 at 99.7% confidence level
[40,41] which agrees with the prediction of the STVG for a
gravitational mass source of ∼106M⊙. The STVG’s param-
eters α and μ have also been bounded using galactic
kinematics. For instance, the rotation curves extracted
from the HI Nearby Galaxy Survey catalog of galaxies
were used to constrain α ¼ 8.89� 0.34 and μ ¼ 0.042�
0.004 kpc−1 as averaged values of the whole sample [38].
Furthermore, STVG has been satisfactorily tested with
N-body simulations to study the global stability of a self-
gravitating disc [42,43], and it has been used to success-
fully fit multi-wavelengths observations of galaxy clusters,
and the direct detection of gravitational waves [39,44–46].
On the other hand, analyses based on the dynamics of stars
in dwarf spheroidal (dSph) and low surface brightness
ultradiffuse galaxies have pointed out some inconsisten-
cies. First, despite the fact that the masses and luminosities
of the dSph galaxies were comparable to each other, no
shared values of α and μwere found within the dataset [47].
Nevertheless, the lack of a proper statistical analysis and the
use of simplified theoretical modeling may be the source of
such an issue. Other inconsistencies arise in (i) low surface
brightness ultradiffuse galaxies [48] where the dynamics of
stars cannot be easily explained within STVG; (ii) dwarf
galaxies where STVG needs values of the observed stellar
mass-to-light ratio higher than the one predicted by the
stellar population synthesis models [49] to correctly predict
the rotation curves [50]; and (iii) the velocity dispersion
profile of the ultradiffuse galaxy Dragonfly 44 ruled out
STVG at 5.5σ confidence [51]; and, finally, due to the lack
of a fundamental acceleration scale, STVG cannot match
the observed radial acceleration relation, making rotation
curve of Milky Way is in strong tension with it [52].
Here, we use the internal dynamics of dSphs to constrain

the parameters α and μ. We resolve the Jeans equation
under the assumption of spherical symmetry (Sec. III) to
predict the velocity dispersion profiles and fit the theoreti-
cal prediction to the data employing a Monte Carlo Markov

chain (MCMC) algorithm (Secs. IVand V). Afterwards, we
provide an interpretation of our results comparing them
with those obtained in spiral galaxies [38], in dSphs [47], in
ultradiffuse galaxies [48] and in galaxy clusters [46].
Finally, in Sec. VI, we give our conclusion and future
perspectives.

II. A BRIEF INTRODUCTION TO THE
WEAK-FIELD LIMIT OF STVG

Here we will give a brief summary of the main steps
leading to the weak-field approximation of the STVG
[37–39,53]. Let us start with the action which can be
decomposed as the sum of four terms: S ¼ SEH þ Sϕ þ
Ss þ Sm; here, SEH is the Einstein-Hilbert action of GRwith
a cosmological constant, Sϕ expresses the contribution of
the massive vector field ϕρ, Ss is the contribution of the
scalar fields G and μ and, finally, Sm encodes the matter
field. In more detail one has

SG ¼ 1

16π

Z
1

G
ðR − 2ΛÞ ffiffiffiffiffiffi

−g
p

d4x; ð1Þ

Sϕ ¼ −
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4π

Z
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ffiffiffiffiffiffi
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p
d4x; ð2Þ
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BρτBρτ −
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ρÞ; ð4Þ

Bρτ ¼ ∂ρϕτ − ∂τϕρ; ð5Þ
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G2
þ∇ρμ∇τμ

μ2
: ð6Þ

Here, ϕρ is the vector field whose mass μ is a scalar field
and the gravitational constant G is upgraded to a scalar
field. Finally, ω is the dimensionless coupling constant and
Vϕ, VG, and Vμ are the self-interaction potentials for the
vector and scalar fields, respectively. Since the matter is
coupled to the massive vector field, a fifth force arises and
does not allow particles to follow geodesics. Indeed, the
equation of motion for a test particle in STVG is [37,38]

m

�
d2xν

ds2
þ Γν

ρτ
dxρ

ds
dxτ

ds

�
¼ λωBν

ζ

dxζ

ds
; ð7Þ

where s is the affine parameter along the trajectory, and λ is
a coupling constant related to the mass of the particle:
λ ¼ κm. By taking the spatial divergence of Eq. (7) one
obtains [38]
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∇ · g −
1

2
∇2h00 ¼ −ωκ∇2ϕ0: ð8Þ

To solve the above equation, we need an expression for
the ∇2ϕ0 term. By varying the action with respect to the
vector field one obtains the following field equation for
the massive vector field [37]:

∇ρBρτ − μ2ϕτ ¼ −
4πJτ

ω
; ð9Þ

where

Jτ ¼ −
1ffiffiffiffiffiffi−gp δSm

δϕτ ; ð10Þ

and it encodes the coupling to the matter field. Linearizing
Eq. (9) with respect to a Minkowski background space-
time, one gets [38]

∇2ϕ0 − μ2ϕ0 ¼ −
4πJ0

ω
: ð11Þ

Under the assumption that the density of the massive
vector field is smaller than the density of the matter field, μ
and G turn out to be constant. Hence, Eqs. (8) and (11)
provide the modified Poisson equation that can be solved to
obtain the modified gravitational potential [38]:

ΦðrÞ ¼ −GNð1þ αÞ
Z

ρðr0Þ
jr − r0j d

3r0

þ GNα

Z
ρðr0Þ
jr − r0j e

−μjr−r0jd3r0: ð12Þ

Here α ¼ G∞−GN
GN

≥ 0, GN and G∞ are the Newtonian
gravitational constant and effective gravitational constant
at infinity, respectively. Let us note that the first term in
Eq. (12) is the usual attractive term of Newtonian gravity
whose gravitational constant (or, alternatively, gravitational
mass) is enhanced by a factor (1þ α), while the second
term provides a repulsive fifth force enhanced by a factor α
but also modulated by the Yukawa term e−μjr−r0j. The
astrophysical effects of dark matter could be then ascribable
to such a repulsive term.
Particularizing the modified gravitational potential in

Eq. (12) to the case of a spherically symmetric matter
distribution, one can easily obtain the radial acceleration

aðrÞ ¼ −
dΦ
dr

¼ −
4πGNα

μr2

�
1þ α

α
I1ðrÞ − ð1þ μrÞe−μrI2ðrÞ

− ½sinh ðμrÞ − μr cosh ðμrÞ�I3ðrÞ
�
; ð13Þ

where

I1ðrÞ ¼
Z

r

0

r02ρðr0Þdr0; ð14Þ

I2ðrÞ ¼
Z

r

0

r0ρðr0Þ sinh ðμr0Þdr0; ð15Þ

I3ðrÞ ¼
Z

R

r
r0ρðr0Þe−μr0dr0: ð16Þ

Here, R determines the physical size of the system. We
remark that, since STVG aims to replace dark matter with
the scalar and vector fields, the mass density ρðrÞ appearing
in the previous equations coincides with the stellar mass
density profile ρ�ðrÞ that we will introduce in the following
section.

III. JEANS ANALYSIS

The gravitational potential well fully determines the
stellar kinematics of a self-gravitating system in dynamical
equilibrium and supported by the velocity dispersion. Let
us reduce ourselves to the case of a spherically symmetric
dwarf galaxy to shape the kinematics of the stars through
the spherical Jeans equation [54–57]

d½ρ�ðrÞσ2rðrÞ�
dr

þ 2β
ρ�ðrÞσ2rðrÞ

r
¼ −ρ�ðrÞ

dΦðrÞ
dr

: ð17Þ

Here dΦðrÞ
dr is the modified gravitational acceleration in

Eq. (13), σrðrÞ is the radial component of the velocity
dispersion, ρ�ðrÞ is the mass density profile of the tracing
stellar population and, finally, β is the velocity anisotropy
parameter that, hereby, will be considered to be a constant.
In such a case, Eq. (17) has the following solution [54]:

ρ�ðrÞσrðrÞ ¼ r−2β
Z

∞

r

dΦðxÞ
dx

ρ�ðxÞx2βdx: ð18Þ

Nevertheless, it is worth noting that σrðrÞmust be projected
along the line of sight in order to be fitted to the data. The
projected velocity dispersion, σ2los is then [56]

σ2losðRpÞ ¼
2

Σ�ðRpÞ
Z

∞

Rp

�
1 − β

R2
p

r2

�
σ2rðrÞρ�ðrÞ
ðr2 − R2

pÞ1=2
rdr; ð19Þ

where Rp is the galactic radius projected onto the sky and,
finally, Σ�ðRpÞ is the stellar surface mass density. The latter
is set to the Plummer profile and can be derived by the
three-dimensional mass density profile

ρ�ðrÞ ¼
M�
LV

3LV

4πr31=2

�
1þ r2

r21=2

�−5
2

; ð20Þ
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once the previous equation is projected, hence resulting in

Σ�ðRpÞ ¼
M�
LV

LV

πr21=2

�
1þ R2

p

r21=2

�−2
: ð21Þ

The Plummer profile is fully determined once the
luminosity in the V band (LV), the stellar mass-to-light
ratio (M�=LV), and the half-light radius (r1=2) are measured
or estimated from observations [58].

IV. DATA AND DATA ANALYSIS

In our analysis, we will predict the theoretical velocity
dispersion profile projected along the line of sight by
solving Eq. (19) and fit it to the measured line-of-sight
velocity dispersion profiles of the eight dSphs, namely
Carina, Fornax, Sculptor, Sextans, Draco, Leo I, Leo II, and
Ursa Minor, reported in Table I. As a product of this
procedure, for each galaxy, we will estimate the best-fit
values of the STVG’s parameters α and μ, the velocity
anisotropy parameter β, and the stellar mass-to-light ratio
M�=LV , and their corresponding uncertainties using an
MCMC analysis.
In more detail, the kinematic datasets of the follow-

ing dSphs: Carina, Fornax, Sculptor, and Sextans; were
obtained with the Michigan/MIKE Fiber Spectrograph
[58,61,65,73,74]. On the other hand, the kinematic datasets
of Draco, Leo I, Leo II, and Ursa Minor were obtained
with the Hectochelle fiber spectrograph at the MMT [67].
Additionally, for each galaxy, the values of the luminosity
in the V band, the stellar mass-to-light ratio, and the half-
light radius are taken from [59–73] and listed in Table I.
Finally, following [30], the physical size of the systemR is
set for each galaxy as the radius where the mass density

profile is decreased by 99% with respect to the central
density.
Generally speaking, the total mass-to-light ratio of a

dSph depends on the mass of the dark matter halo. However
in STVG dark matter is absent, therefore the mass-to-light
ratio needed to fit the kinematic datasets is expected to be
the stellar mass-to-light ratio whose estimation is based on
stellar population synthesis models [49]. Following [30],
we still adopt M�=L as a free parameter but we will vary it
according to the averaged values ofM�=L shown in Table I.

A. Methodology

Our modeling procedure predicts the projected velocity
dispersion profile σlos;thðrÞ in STVG, and uses the projected
velocity dispersion profile datasets σlos;obsðrÞ measured by
[58] with their observational uncertainties [Δσlos;obsðriÞ] to
provide an estimation of the best-fit values and their
corresponding uncertainties for a set of four free param-
eters: θ ¼ fα; μ; β;M�=LVg. The four-dimensional param-
eter space is explored by employing the MCMC algorithm
EMCEE [75]. We set a uniform prior distribution on
logα∈½−3;3�, μ∈ð0;10�×ð10−2 kpc−1Þ, and β∈ ½−100;1Þ.
Finally, for each dSph, we set a Gaussian prior on the stellar
mass-to-light ratio M�=LV with mean value and dispersion
set according to Table I [those values are taken from
Column (13) of Table 1 in [30]]. Finally, the posterior
probability distribution is given by the following likelihood
function:

−2 logLðθjdataÞ ∝
X
i

�
σlos;thðθ; Rp;iÞ − σlos;obsðRp;iÞ

Δσlos;obsðRp;iÞ
�
2

;

ð22Þ
and we run 12 chains that we consider have converged
when the length of each chain is 100 times longer than the

TABLE I. Observational properties of the eight dSphs analyzed in this work. Columns (2) and (3): distance of the
dSph from the observer and distance of the pericenter of the dSph orbit around the Milky Way from the Milky Way
center of mass; Column (4): total V-band luminosity; Column (5): half-light radius; Column (6): the stellar mass-to-
light ratio estimated by [30] using stellar population synthesis models in [49]; and Column (6): references from
which data were extracted.

Galaxy D⊙ (kpc) Dp (kpc) logðLVÞ (L⊙) r1=2 (pc) M�=LV References

(1) (2) (3) (4) (5) (6) (7)

Carina 105� 6 60þ21
−16 5.57� 0.20 273� 45 3.4� 2.9 [30,59–62]

Draco 76� 5 28þ12
−7 5.45� 0.08 244� 9 11.1� 4.7 [30,61–65]

Fornax 147� 12 69þ26
−18 7.31� 0.12 792� 58 7.1� 6.0 [30,59–62]

Leo I 254þ19
−16 45þ80

−34 6.74� 0.12 298� 29 8.8� 5.6 [30,60–62,66,67]
Leo II 233� 15 45þ121

−30 5.87� 0.12 219� 52 0.4� 0.4 [30,60–62,68,69]
Sculptor 86� 6 50þ15

−10 6.36� 0.20 311� 46 3.6� 2.0 [30,60–62,70]
Sextans 86� 4 71þ11

−12 5.64� 0.20 748� 66 8.5� 3.3 [30,60–62,71]
Ursa Minor 76� 4 29þ8

−6 5.45� 0.20 398� 44 1.2� 1.3 [30,60–62,72,73]
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autocorrelation time and the latter changes by less than 1%
(for more details we refer to Sec. 3 of [76]).

V. RESULTS

We employed a MCMC algorithm to explore the
four-dimensional parameter space θ ¼ fα; μ; β;M�=Lg,
and to estimate the values of the parameters θ that
can fit the observational datasets of the line-of-sight
velocity dispersion profiles of the dSphs galaxies Carina,
Draco, Fornax, Leo I, Leo II, Sculptor, Sextans, and Ursa
Minor. The median and the 68% confidence intervals of
the posterior distribution of the parameters are reported
in Table II.
Figures 1 and 2 depict, as blue-shaded areas, the 68%,

95%, and 99% confidence regions with decreasing dark-
ness, respectively. On top of each column, we report the
one-dimensional posterior distribution of the correspond-
ing parameter and the median values of the posterior
distributions with their 68% confidence intervals. The red
shaded areas correspond to the best-fit values and the 1σ
uncertainties of the velocity anisotropy parameter
reported in Walker et al. [58], and the expected values
of M�=L listed in Table I. First, one can note that the
stellar mass-to-light ratios agree with the expected values
from the stellar population synthesis model. This is
somewhat expected as we set a Gaussian prior on
M�=L. Second, the anisotropy parameter β always
reproduces within the 68% confidence interval the value
estimated in the standard CDM model [61]. The only
exception appears in the dwarf galaxy Sculptor where the
agreement is reached only at the 95% confidence level. In
any case, these results point out that the kinematic
structure of dwarf galaxies predicted in STVG turns
out to be similar to the one expected in the CDM
paradigm, i.e. neither radial nor tangential biases are
encountered in STVG with respect to CDM. Finally,
Fig. 3 visually shows the effectiveness of the STVG in
correctly reproducing the observed line-of-sight velocity

dispersion profiles. For each dSph galaxy listed in
Table I, the orange circles with error bars show the
measured σlos;obsðRpÞ from [61], the blue solid lines
depict the line-of-sight velocity dispersion profiles
σlos;thðθ; RpÞ in STVG gravity predicted by adopting
the best-fit parameters θ¼ flogα;μ;β;M�=Lg listed in
Table II, and the blue-shaded areas show the correspond-
ing 68% confidence interval calculated through
Monte Carlo sampling of the one-dimensional posterior
distributions shown in Figs. 1 and 2.
Figure 4 illustrates the comparison of the STVG

parameters α and μ obtained in this analysis with
previous results obtained using (a) the line-of-sight
velocity dispersion profiles of the dSph galaxies by
Haghi and Amiri [47] and of the Antlia II ultra-diffuse
galaxy by De Martino [12], (b) the rotation curves of
spiral galaxies by Moffat and Rahvar [44], and finally,
(c) the measured profile of the temperature distortions
due to the Sunyaev Zel’dovich effect in the Coma
(A1656) cluster by De Martino [29]. First of all, the
comparison between our results shown in Table II and the
estimation of α and μ obtained by Haghi and Amiri [47]
on the same datasets points out a discrepancy in both
parameters ascribable to the different methodology. While
we leave the stellar mass-to-light ratio as a free param-
eter, Haghi and Amiri [47] fix it to a fiducial value when
estimating α and μ. On the other hand, when they leave
the stellar mass-to-light ratio free to vary they fix the
value of α and μ to those obtained by Moffat and Rahvar
with rotation curves of spiral galaxies [44], and obtain
higher values of M�=L that compensate the missing dark
matter halo but do not agree with the predictions of the
stellar population synthesis models [49]. Interestingly, in
our analysis, the value of the parameter α in the cases of
Carina, Draco, Leo I, and Sextans agrees within the
68% confidence interval with all the other estimations
found in the literature and shown in Fig. 4. Therefore, an
averaged estimation of the parameter α that would allow
STVG to explain the effects ascribable to dark matter on
different astrophysical scales would be ᾱ ¼ 8.60� 1.03.
This average value and the corresponding 68%, 95%, and
99% confidence intervals are reported in Fig. 4 as the
vertical turquoise line and strips (with different darkness
levels corresponding to the different confidence intervals).
However, in the case of Fornax, Leo II, Sculptor, and
Ursa Minor the estimation of the parameter α shows
more than 5σ tension with ᾱ. Finally, regarding the
parameter μ, we obtain values in each galaxy that are
compatible with each other, and they also agree with
the one obtained in the Coma (A1656) cluster by De
Martino [29]. These two datasets give averaged value
μ̄ ¼ 0.008� 0.003 kpc−1 (reported in Fig. 4 as the
vertical light green line and strips). However, the esti-
mated values of the parameter μ obtained by Moffat and
Rahvar fitting rotation curves of spiral galaxies [44] and

TABLE II. The table reports the median and the 68% confidence
intervals of the posterior distribution of the parameters θ ¼
fα; μ; β;M�=Lg for all the dSphs.

Galaxy log α μ (10−2 kpc−1) β M�=LV

(1) (2) (3) (4) (5)

Carina 1.1þ0.4
−0.3 0.08þ1.60

−0.07 −1.7þ0.7−1.2 2.8þ2.2
−1.8

Draco 0.9� 0.2 0.07þ1.60
−0.06 −14.1þ5.6

−4.1 8.1þ3.0
−2.9

Fornax 1.9þ0.4
−0.2 0.10þ1.93

−0.09 −0.26þ0.09
−0.10 5.5þ3.6

−3.1
Leo I 1.0þ0.3

−0.2 0.10þ2.22
−0.09 −2.8þ1.4−4.2 6.5þ3.5

−3.3
Leo II 1.5þ0.4

−0.3 0.10þ2.00
−0.09 −0.6þ0.7−2.1 0.5� 0.3

Sculptor 1.7þ0.3
−0.2 0.09þ1.52

−0.08 −1.4þ0.3−0.4 2.8þ1.4
−1.4

Sextans 1.0� 0.2 0.09þ1.91
−0.08 −0.2� 0.2 6.0� 2.2

Ursa Minor 2.0þ0.4
−0.2 0.10þ2.20

−0.09 −1.1þ0.5−0.7 1.2þ0.9
−0.7
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by De Martino [12] fitting the velocity dispersion profile
of the Antlia II ultradiffuse, give an averaged value μ̄¼
0.07�0.02 kpc−1 (depicted in Fig. 4 the as the vertical
gold line and strips) which is 5σ away from the previous
one. Nevertheless, this tension in the value of the Yukawa
scale length could be ascribable to the different dark

matter content required in the CDM model to describe
galaxy clusters and dwarf galaxies with respect to spiral
galaxies, and therefore figuring out a dependence of the
STVG parameters on the mass of the system as argued in
[44]. Nevertheless, it is worth remarking that no corre-
lation between STVG parameters α and μ and other

FIG. 1. MCMC posterior distributions of the parameters θ ¼ flog α; μ; β;M�=Lg for Carina Draco, Fornax, and Leo I. The blue-
shaded areas with decreasing darkness depict the 68%, 95%, and 99% confidence regions, respectively. On top of each column, we
report the median values of the posterior distributions with their 68% confidence intervals. The red shaded areas correspond to the best
fit values and the 1σ uncertainties of the velocity anisotropy parameter reported in Walker et al. [58], and the expected values of M�=L
listed in Table I.
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observable parameters such as LV , rh, and M�=L was
identified.

VI. DISCUSSION AND CONCLUSIONS

STVG modifies the Einstein-Hilbert action by adding
extra massive scalar and vector fields [37]. The main aim is
to describe the phenomenology of the astrophysical self-
gravitating systems without resorting to dark matter. It has
been successfully used in several astrophysical scenarios to

describe, for instance, the kinematics of stars in galaxies
[44,47,48,51], the mass profile and the Sunyaev-Zel’dovich
effect in galaxy clusters [39,46]. Although over the years
STVG has passed a multitude of probes, some inconsis-
tencies have also arisen. For instance, the analyses based on
fitting the line-of-sight velocity dispersion profile of dSph
galaxies and of low surface brightness ultradiffuse galaxies
do not provide common values of α and μ though the
masses and luminosities of the galaxies were comparable to
each other [47,48]. The reasons can be ascribable to an

FIG. 2. As in Fig. 1, but particularized for dwarf galaxies Leo II, Sculptor, Sextans, and Ursa Minor.
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inappropriate statistical analysis that does not consider all
parameters of the model free to vary, or to inappropriate
modeling. Indeed, it is well known that dwarf galaxies are
not spherically symmetric but data did not allow for more
complicated modeling that would involve the solution of
the axisymmetric Jeans equations. Another issue may also
be related to the assumption that the anisotropy parameter
is taken as a constant while it should depend on the radial
position of the star.
In this work, we investigated whether a more sophisti-

cated statistical analysis of dSph would point out the same
inconsistencies of [47]. Thus, we have predicted the line-
of-sight velocity dispersion profile dSph galaxies listed in
Table I and fit it to the data taken from [61] in order to
estimate the value of the two STVG parameters α and μ.
Our results turn out to be substantially different from the
previous ones that Haghi and Amiri [47] obtained using the
same dataset. However, our analysis does not fully elimi-
nate the inconsistencies within the dataset (as shown in the
left panel of Fig. 4). The values of α of the dwarf galaxies
Carina, Draco, Leo I, and Sextans agree with each other and
with other estimations coming from rotation curves of

spiral galaxies and from galaxy clusters [44,46]. The
average value for the sample including Carina, Draco,
Leo I, and Sextans, all spiral galaxies studied in [37] and
the Coma (A1656) galaxy cluster is ᾱ ¼ 8.60� 1.03.
Finally, the estimation of α in Fornax, Leo II, Sculptor
and Ursa Minor show a more than 5σ tension with ᾱ.
This shows an internal inconsistency in the dSph regime.

On the other hand, the parameter μ in each dwarf galaxy
turns out to agree with each other and with the estimation
coming from the Coma (A1656) cluster [46] (as shown in
the right panel of Fig. 4). These two datasets give an
averaged value μ̄ ¼ 0.008� 0.003 kpc−1 (shown as the
vertical light green line and strips in Fig. 4). Nevertheless,
our results also point out a strong tension with the
estimations coming from spiral galaxies. This might be
ascribable to different values of the stellar mass-to-light
ratio of those self-gravitating systems that would be less
dominated by dark matter with respect to dwarf galaxies
and galaxy clusters.
In conclusion, our analysis partially solved the incon-

sistencies highlighted in [47] by adopting a more sophis-
ticated statistical treatment. Nevertheless, some issues still

FIG. 3. The figure depicts the radial profiles of the line-of-sight velocity dispersions of the eight dSphs listed in Table I. The orange
circles with error bars show the measured σlos;obsðRpÞ from [61]. The blue solid lines show the profiles predicted in STVG by adopting
the best-fit parameters θ ¼ flog α; μ; β;M�=Lg listed in Table II; the blue-shaded areas show the corresponding 68% confidence
interval.
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remain in the estimation of the parameter α. One may
expect that the estimation of the STVG parameters might
vary on the different astrophysical samples as they could
depend on the gravitational mass of the object [44].
However, one does not expect STVG parameters to vary
within the same class of objects. Further improvements
may be obtained with high-precision measurements of the
proper motions of the stars belonging the dwarf galaxies
that could be available in the future [77–79]. These data
will allow us more sophisticated modeling of the line-of-
sight velocity dispersion profile where our simplifying
assumptions, i.e. spherical symmetry and β ¼ const, might
be dropped. Consequently, one would expect further
improvements in the accuracy of the STVG parameters
that could help to fully solve the remaining inconsistencies
appearing in dwarf galaxies.

Data are publicly available in [58,61,65,73,74].
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