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Dark matter is currently one of the main mysteries of the 
Universe. There is much strong indirect evidence that supports 
its existence, but there is yet no sign of a direct detection1–3. 
Moreover, at the scale of galaxies, there is tension between 
the theoretically expected dark matter distribution and its 
indirectly observed distribution4–7. Therefore, phenomena 
associated with dark matter have a chance of serving as a win-
dow towards new physics. The radial acceleration relation8,9 
confirms that a non-trivial acceleration scale a0 can be found 
from the internal dynamics of several galaxies. The existence 
of such a scale is not obvious as far as the standard cosmo-
logical model is concerned10,11, and it has been interpreted as 
a possible sign of modified gravity12,13. Here, we consider 193 
high-quality disk galaxies and, using Bayesian inference, show 
that the probability of existence of a fundamental acceleration 
is essentially 0: the null hypothesis is rejected at more than 
10σ. We conclude that a0 is of emergent nature. In particular, 
the modified Newtonian dynamics theory14–17—a well-known 
alternative to dark matter based on the existence of a funda-
mental acceleration scale—or any other theory that behaves 
like it at galactic scales, is ruled out as a fundamental theory 
for galaxies at more than 10σ.

The modified Newtonian dynamics (MOND) theory was devel-
oped based on the following correction of the Newtonian accelera-
tion in the context of disk galaxies14–16:
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where aN is the Newtonian acceleration, a is the expected physical 
acceleration and μ(x) is the interpolating function. This function is 
such that for large accelerations ( ≫a a0) one would find Newtonian 
gravity (a =  aN), while for small ones one would find a2 ∝  aN. The 
radial acceleration relation (RAR) is a sharp correlation between 
the observed acceleration along the galactic radius a(R) (mainly 
found from the redshift of atomic or ionized hydrogen) and the 
Newtonian acceleration of baryonic matter aN(R) (found from the 
mass profiles that are derived from the observed surface bright-
ness of the different galaxy components). The RAR suggests an 
observationally motivated interpolating function, which we call the 
RAR-inspired interpolating function. Two interpolating functions 
that are largely used, and with some phenomenological success, are 
the standard and simple interpolating functions18–20 (see Methods 
for their expressions). For any of the interpolating functions, the 
standard procedure to measure a0 from galaxy rotation curves is as 

follows16,19: first, one performs fits on several galaxies considering a0 
as a free parameter, then one estimates the true a0 value by taking 
the median (an estimator more robust than the mean). Proceeding 
in this way, one will always find a best a0 value for each interpo-
lating function, but the existence of a fundamental universal a0 is 
not tested; it is assumed from the beginning. MOND correctly pre-
dicts the existence of certain features that are not so clear within 
the standard model, such as the baryonic Tully–Fisher relation21,22. 
However, it is commonly criticized at larger-than-galactic scales, 
where its predictions fail to hold23, or some form of additional mat-
ter seems to be necessary24,25. Hence, from the MOND perspective, 
there is hope that a more complete theory, which becomes similar to 
MOND at galactic scales, may have better results at all scales13,26–28. 
Nonetheless, considering the Milky Way galaxy with a large class 
of viable baryonic models, it was shown that the inferred a0 in the 
Milky Way is incompatible with the one inferred from external gal-
axies at more than29 5σ. This alone is an interesting result, but it has 
relevant limitations since this conclusion does not hold for the sim-
ple interpolating function and depends on the analysis of a single 
galaxy (a special galaxy, but one nonetheless). There are other works 
that criticize MOND by presenting data that suggest a non-constant 
a0 value, but these criticisms were not based on the Bayesian analy-
sis of a large sample of galaxies30 (see also references therein).

Here, we test whether galaxy data are consistent with a fundamen-
tal acceleration scale. If they are not, the RAR is an emergent phe-
nomenon that appears when diverse galaxies are stacked together8, 
or as an average result from the analysis of individual galaxies9. In 
this case, MOND, as any other theory that behaves like it at galactic 
scales, is inconsistent with the data. To this end, we consider 193 
disk galaxies from the Spitzer Photometry and Accurate Rotation 
Curves (SPARC)31 and The HI Nearby Galaxy Survey (THINGS)32,33 
databases, and use full Bayesian inference.

A straightforward way to assess the existence of a fundamen-
tal a0 is to perform a full Bayesian analysis and obtain the poste-
rior probability distribution of a0 for each galaxy in the sample. 
One can then test whether the various posteriors are compatible 
with each other. Bayesian inference has the great advantage that 
parameters are never fixed to some central or best-fit values, and 
the posterior on a0 is obtained by marginalizing over the other 
parameters. As such, we do not bias the result in any way: any 
possible degeneracy—expected or unexpected, and linear or not—
will be correctly taken into account. Further details of the analy-
sis (including a recap of Bayesian inference) can be found in the 
Supplementary Information.

To obtain the (unmarginalized) posterior on a0, stellar mass-to-
light ratios γ⋆d and γ⋆b (for the disk and the bulge, respectively) and 

Absence of a fundamental acceleration scale  
in galaxies
Davi C. Rodrigues! !1,2*, Valerio Marra! !1,2*, Antonino del Popolo3,4,5 and Zahra Davari6

NATURE ASTRONOMY | VOL 2 | AUGUST 2018 | 668–672 | www.nature.com/natureastronomy668



Um grande obrigado ao Ioav! (&Miguel!)

UFRJHeidelberg

UFES
... & ...

                                                                                   

Ordem Proponente Bolsista - BJT Insitutição Executora
BJT - Nível A

1 ROBERTO DE CAMPOS GIORDANO JULIO JOSE LADO GARRIDO UNIVERSIDADE FEDERAL DE SÃO CARLOS
2 PAULO AMERICO MAIA NETO VALERIO MARRA UNIVERSIDADE FEDERAL DO RIO DE JANEIRO
3 MARILENE HENNING VAINSTEIN LUCELIA SANTI UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
4 ROBERTO AVELINO CECILIO FABIO GUIMARAES GONCALVES UNIVERSIDADE FEDERAL DO ESPÍRITO SANTO
5 MARIZE MALTA TEIXEIRA PEDRO GERMANO MORAES CARDOSO LEAL UNIVERSIDADE FEDERAL DO RIO DE JANEIRO
6 ADRIANA SANTAROSA VIVACQUA WOUTER CAARLS UNIVERSIDADE FEDERAL DO RIO DE JANEIRO
7 PAULO SERGIO SOARES GUIMARAES PIERRE LOUIS DE ASSIS UNIVERSIDADE FEDERAL DE MINAS GERAIS
8 MANUEL MÁXIMO BASTOS MALHEIRO DE OLIVEIRA MHER AGHASYAN INSTITUTO TECNOLÓGICO DE AERONÁUTICA
9 ALEXANDRE DIEHL GUSTAVO GIL DA SILVEIRA UNIVERSIDADE FEDERAL DE PELOTAS

10 MARCELO DE MACEDO BRIGIDO CHRISTIAN HOFFMANN UNIVERSIDADE DE BRASÍLIA
11 MANUEL MÁXIMO BASTOS MALHEIRO DE OLIVEIRA FRANCISCO ALEXANDRE ANDRADE DE SOUZA INSTITUTO TECNOLÓGICO DE AERONÁUTICA
12 ELIAS FERNANDES DE SOUSA JINDO KEIJI UNIVERSIDADE ESTADUAL DO NORTE FLUMINENSE DARCY RIBEIRO
13 DAVID MANUEL LELINHO DA MOTTA MARQUES EDDIE FRANCISCO GOMEZ BARRANTES UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
14 MANUEL MÁXIMO BASTOS MALHEIRO DE OLIVEIRA GUILHERME JEAN PEREIRA DE ABREU INSTITUTO TECNOLÓGICO DE AERONÁUTICA
15 LUIS GONZAGA SALES VASCONCELOS MICHELA MULAS UNIVERSIDADE FEDERAL DE CAMPINA GRANDE
16 GILSON ANTONIO GIRALDI ABUZER YAKARYILMAZ LABORATÓRIO NACIONAL DE COMPUTAÇÃO CIÊNTÍFICA
17 RICARDO BERNARDO PRADA DAVID POZO CAMARA PONTIFÍCIA UNIVERSIDADE CATÓLICA DO RIO DE JANEIRO
18 JADER DOS SANTOS CRUZ LILIANE MARTINS DOS SANTOS UNIVERSIDADE FEDERAL DE MINAS GERAIS
19 MARCUS VINICIUS CIANCIARUSO CLAUDIA LILIANA BALLESTEROS MEJIA UNIVERSIDADE FEDERAL DE GOIÁS

BJT - Nível B
20 REGINA CELIA MONTEIRO DE PAULA MARTA SOFIA PEIXE CAREPO UNIVERSIDADE FEDERAL DO CEARÁ
21 MANUEL MÁXIMO BASTOS MALHEIRO DE OLIVEIRA VOLHA VETOKHINA INSTITUTO TECNOLÓGICO DE AERONÁUTICA
22 CARLA MAXIMO PRADO WEBER BERINGUI FEITOSA UNIVERSIDADE FEDERAL DE SÃO PAULO
23 FERNANDO DINI ANDREOTE MICHELE DE CASSIA PEREIRA E SILVA UNIVERSIDADE DE SÃO PAULO
24 ELOISA DE OLIVEIRA SIMOES SALIBA SILVIA MARGARIDA DE CARVALHO SOARES UNIVERSIDADE FEDERAL DE MINAS GERAIS
25 LUIZ BEZERRA DE CARVALHO JUNIOR FABRICIO OLIVEIRA SOUTO UNIVERSIDADE FEDERAL DE PERNAMBUCO
26 JOSE DE ARAUJO NOGUEIRA NETO ANA RITA GONCALVES NEVES LOPES SALGUEIRO UNIVERSIDADE FEDERAL DO CEARÁ
27 RICARDO BERNARDO PRADA IGNACIO HERNANDO GIL PONTIFÍCIA UNIVERSIDADE CATÓLICA DO RIO DE JANEIRO
28 LEDA RITA DANTONINO FARONI JADER RODRIGUEZ CORTINA UNIVERSIDADE FEDERAL DE VIÇOSA
29 MARIA TERESA BUSTAMANTE TEIXEIRA MARIANNA DE CAMARGO CANCELA UNIVERSIDADE FEDERAL DE JUIZ DE FORA
30 CLAUDIO MASUMI MAEKAWA GASTAO SILVES FERREIRA FREDERICO UNIVERSIDADE FEDERAL DO RIO GRANDE
31 OSVALDO JOSE MOREIRA DO NASCIMENTO LIANA CATARINA LIMA PORTUGAL UNIVERSIDADE FEDERAL FLUMINENSE
32 EDELBERTO SANTOS DIAS BONAVENTURE OMONDI AMAN ODUOR CENTRO DE PESQUISAS RENÉ RACHOU/FIOCRUZ
33 SANDRO LUIZ BONATTO GRAZIELA DOTTA PONTIFÍCIA UNIVERSIDADE CATÓLICA DO RIO GRANDE DO SUL
34 JOSE MARIA CAMPOS DOS SANTOS RAYMOND GHANDOUR UNIVERSIDADE ESTADUAL DE CAMPINAS
35 FABIO DAVID ALVES AARAO REIS CRISTIAN GIOVANNY BERNAL UNIVERSIDADE FEDERAL FLUMINENSE
36 FRANCISCO CARLOS FELIX LANA CINTIA MAURA JORGE SOARES UNIVERSIDADE FEDERAL DE MINAS GERAIS

Chamada de Projetos nº 70/2013 - 3º Cronograma - Atração de Jovens Talentos



Present-day observations support the Cold 
Dark Matter paradigm.

However, still no direct/indirect detection.
Will there be?

Natural to look for alternatives.

MOND has been successful at describing 
the internal dynamics of galaxies.
(MOdified Newtonian Dynamics)

Dark Matter?

observed 
acceleration

LETTERS
https://doi.org/10.1038/s41550-018-0498-9

1Center for Astrophysics and Cosmology, CCE, Federal University of Espírito Santo, Vitória, Brazil. 2Department of Physics, CCE, Federal University of 
Espírito Santo, Vitória, Brazil. 3Dipartimento di Fisica e Astronomia, Università di Catania, Catania, Italy. 4Institute of Modern Physics, Chinese Academy  
of Sciences, Lanzhou, China. 5INFN Sezione di Catania, Catania, Italy. 6Department of Physics, Bu Ali Sina University, Hamedan, Iran.  
*e-mail: davi.rodrigues@cosmo-ufes.org; marra@cosmo-ufes.org

Dark matter is currently one of the main mysteries of the 
Universe. There is much strong indirect evidence that supports 
its existence, but there is yet no sign of a direct detection1–3. 
Moreover, at the scale of galaxies, there is tension between 
the theoretically expected dark matter distribution and its 
indirectly observed distribution4–7. Therefore, phenomena 
associated with dark matter have a chance of serving as a win-
dow towards new physics. The radial acceleration relation8,9 
confirms that a non-trivial acceleration scale a0 can be found 
from the internal dynamics of several galaxies. The existence 
of such a scale is not obvious as far as the standard cosmo-
logical model is concerned10,11, and it has been interpreted as 
a possible sign of modified gravity12,13. Here, we consider 193 
high-quality disk galaxies and, using Bayesian inference, show 
that the probability of existence of a fundamental acceleration 
is essentially 0: the null hypothesis is rejected at more than 
10σ. We conclude that a0 is of emergent nature. In particular, 
the modified Newtonian dynamics theory14–17—a well-known 
alternative to dark matter based on the existence of a funda-
mental acceleration scale—or any other theory that behaves 
like it at galactic scales, is ruled out as a fundamental theory 
for galaxies at more than 10σ.

The modified Newtonian dynamics (MOND) theory was devel-
oped based on the following correction of the Newtonian accelera-
tion in the context of disk galaxies14–16:
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where aN is the Newtonian acceleration, a is the expected physical 
acceleration and μ(x) is the interpolating function. This function is 
such that for large accelerations ( ≫a a0) one would find Newtonian 
gravity (a =  aN), while for small ones one would find a2 ∝  aN. The 
radial acceleration relation (RAR) is a sharp correlation between 
the observed acceleration along the galactic radius a(R) (mainly 
found from the redshift of atomic or ionized hydrogen) and the 
Newtonian acceleration of baryonic matter aN(R) (found from the 
mass profiles that are derived from the observed surface bright-
ness of the different galaxy components). The RAR suggests an 
observationally motivated interpolating function, which we call the 
RAR-inspired interpolating function. Two interpolating functions 
that are largely used, and with some phenomenological success, are 
the standard and simple interpolating functions18–20 (see Methods 
for their expressions). For any of the interpolating functions, the 
standard procedure to measure a0 from galaxy rotation curves is as 

follows16,19: first, one performs fits on several galaxies considering a0 
as a free parameter, then one estimates the true a0 value by taking 
the median (an estimator more robust than the mean). Proceeding 
in this way, one will always find a best a0 value for each interpo-
lating function, but the existence of a fundamental universal a0 is 
not tested; it is assumed from the beginning. MOND correctly pre-
dicts the existence of certain features that are not so clear within 
the standard model, such as the baryonic Tully–Fisher relation21,22. 
However, it is commonly criticized at larger-than-galactic scales, 
where its predictions fail to hold23, or some form of additional mat-
ter seems to be necessary24,25. Hence, from the MOND perspective, 
there is hope that a more complete theory, which becomes similar to 
MOND at galactic scales, may have better results at all scales13,26–28. 
Nonetheless, considering the Milky Way galaxy with a large class 
of viable baryonic models, it was shown that the inferred a0 in the 
Milky Way is incompatible with the one inferred from external gal-
axies at more than29 5σ. This alone is an interesting result, but it has 
relevant limitations since this conclusion does not hold for the sim-
ple interpolating function and depends on the analysis of a single 
galaxy (a special galaxy, but one nonetheless). There are other works 
that criticize MOND by presenting data that suggest a non-constant 
a0 value, but these criticisms were not based on the Bayesian analy-
sis of a large sample of galaxies30 (see also references therein).

Here, we test whether galaxy data are consistent with a fundamen-
tal acceleration scale. If they are not, the RAR is an emergent phe-
nomenon that appears when diverse galaxies are stacked together8, 
or as an average result from the analysis of individual galaxies9. In 
this case, MOND, as any other theory that behaves like it at galactic 
scales, is inconsistent with the data. To this end, we consider 193 
disk galaxies from the Spitzer Photometry and Accurate Rotation 
Curves (SPARC)31 and The HI Nearby Galaxy Survey (THINGS)32,33 
databases, and use full Bayesian inference.

A straightforward way to assess the existence of a fundamen-
tal a0 is to perform a full Bayesian analysis and obtain the poste-
rior probability distribution of a0 for each galaxy in the sample. 
One can then test whether the various posteriors are compatible 
with each other. Bayesian inference has the great advantage that 
parameters are never fixed to some central or best-fit values, and 
the posterior on a0 is obtained by marginalizing over the other 
parameters. As such, we do not bias the result in any way: any 
possible degeneracy—expected or unexpected, and linear or not—
will be correctly taken into account. Further details of the analy-
sis (including a recap of Bayesian inference) can be found in the 
Supplementary Information.

To obtain the (unmarginalized) posterior on a0, stellar mass-to-
light ratios γ⋆d and γ⋆b (for the disk and the bulge, respectively) and 
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Dark matter is currently one of the main mysteries of the 
Universe. There is much strong indirect evidence that supports 
its existence, but there is yet no sign of a direct detection1–3. 
Moreover, at the scale of galaxies, there is tension between 
the theoretically expected dark matter distribution and its 
indirectly observed distribution4–7. Therefore, phenomena 
associated with dark matter have a chance of serving as a win-
dow towards new physics. The radial acceleration relation8,9 
confirms that a non-trivial acceleration scale a0 can be found 
from the internal dynamics of several galaxies. The existence 
of such a scale is not obvious as far as the standard cosmo-
logical model is concerned10,11, and it has been interpreted as 
a possible sign of modified gravity12,13. Here, we consider 193 
high-quality disk galaxies and, using Bayesian inference, show 
that the probability of existence of a fundamental acceleration 
is essentially 0: the null hypothesis is rejected at more than 
10σ. We conclude that a0 is of emergent nature. In particular, 
the modified Newtonian dynamics theory14–17—a well-known 
alternative to dark matter based on the existence of a funda-
mental acceleration scale—or any other theory that behaves 
like it at galactic scales, is ruled out as a fundamental theory 
for galaxies at more than 10σ.

The modified Newtonian dynamics (MOND) theory was devel-
oped based on the following correction of the Newtonian accelera-
tion in the context of disk galaxies14–16:

μ=
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

a
a

a a (1)N
0

where aN is the Newtonian acceleration, a is the expected physical 
acceleration and μ(x) is the interpolating function. This function is 
such that for large accelerations ( ≫a a0) one would find Newtonian 
gravity (a =  aN), while for small ones one would find a2 ∝  aN. The 
radial acceleration relation (RAR) is a sharp correlation between 
the observed acceleration along the galactic radius a(R) (mainly 
found from the redshift of atomic or ionized hydrogen) and the 
Newtonian acceleration of baryonic matter aN(R) (found from the 
mass profiles that are derived from the observed surface bright-
ness of the different galaxy components). The RAR suggests an 
observationally motivated interpolating function, which we call the 
RAR-inspired interpolating function. Two interpolating functions 
that are largely used, and with some phenomenological success, are 
the standard and simple interpolating functions18–20 (see Methods 
for their expressions). For any of the interpolating functions, the 
standard procedure to measure a0 from galaxy rotation curves is as 

follows16,19: first, one performs fits on several galaxies considering a0 
as a free parameter, then one estimates the true a0 value by taking 
the median (an estimator more robust than the mean). Proceeding 
in this way, one will always find a best a0 value for each interpo-
lating function, but the existence of a fundamental universal a0 is 
not tested; it is assumed from the beginning. MOND correctly pre-
dicts the existence of certain features that are not so clear within 
the standard model, such as the baryonic Tully–Fisher relation21,22. 
However, it is commonly criticized at larger-than-galactic scales, 
where its predictions fail to hold23, or some form of additional mat-
ter seems to be necessary24,25. Hence, from the MOND perspective, 
there is hope that a more complete theory, which becomes similar to 
MOND at galactic scales, may have better results at all scales13,26–28. 
Nonetheless, considering the Milky Way galaxy with a large class 
of viable baryonic models, it was shown that the inferred a0 in the 
Milky Way is incompatible with the one inferred from external gal-
axies at more than29 5σ. This alone is an interesting result, but it has 
relevant limitations since this conclusion does not hold for the sim-
ple interpolating function and depends on the analysis of a single 
galaxy (a special galaxy, but one nonetheless). There are other works 
that criticize MOND by presenting data that suggest a non-constant 
a0 value, but these criticisms were not based on the Bayesian analy-
sis of a large sample of galaxies30 (see also references therein).

Here, we test whether galaxy data are consistent with a fundamen-
tal acceleration scale. If they are not, the RAR is an emergent phe-
nomenon that appears when diverse galaxies are stacked together8, 
or as an average result from the analysis of individual galaxies9. In 
this case, MOND, as any other theory that behaves like it at galactic 
scales, is inconsistent with the data. To this end, we consider 193 
disk galaxies from the Spitzer Photometry and Accurate Rotation 
Curves (SPARC)31 and The HI Nearby Galaxy Survey (THINGS)32,33 
databases, and use full Bayesian inference.

A straightforward way to assess the existence of a fundamen-
tal a0 is to perform a full Bayesian analysis and obtain the poste-
rior probability distribution of a0 for each galaxy in the sample. 
One can then test whether the various posteriors are compatible 
with each other. Bayesian inference has the great advantage that 
parameters are never fixed to some central or best-fit values, and 
the posterior on a0 is obtained by marginalizing over the other 
parameters. As such, we do not bias the result in any way: any 
possible degeneracy—expected or unexpected, and linear or not—
will be correctly taken into account. Further details of the analy-
sis (including a recap of Bayesian inference) can be found in the 
Supplementary Information.

To obtain the (unmarginalized) posterior on a0, stellar mass-to-
light ratios γ⋆d and γ⋆b (for the disk and the bulge, respectively) and 
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Dark matter is currently one of the main mysteries of the 
Universe. There is much strong indirect evidence that supports 
its existence, but there is yet no sign of a direct detection1–3. 
Moreover, at the scale of galaxies, there is tension between 
the theoretically expected dark matter distribution and its 
indirectly observed distribution4–7. Therefore, phenomena 
associated with dark matter have a chance of serving as a win-
dow towards new physics. The radial acceleration relation8,9 
confirms that a non-trivial acceleration scale a0 can be found 
from the internal dynamics of several galaxies. The existence 
of such a scale is not obvious as far as the standard cosmo-
logical model is concerned10,11, and it has been interpreted as 
a possible sign of modified gravity12,13. Here, we consider 193 
high-quality disk galaxies and, using Bayesian inference, show 
that the probability of existence of a fundamental acceleration 
is essentially 0: the null hypothesis is rejected at more than 
10σ. We conclude that a0 is of emergent nature. In particular, 
the modified Newtonian dynamics theory14–17—a well-known 
alternative to dark matter based on the existence of a funda-
mental acceleration scale—or any other theory that behaves 
like it at galactic scales, is ruled out as a fundamental theory 
for galaxies at more than 10σ.

The modified Newtonian dynamics (MOND) theory was devel-
oped based on the following correction of the Newtonian accelera-
tion in the context of disk galaxies14–16:
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where aN is the Newtonian acceleration, a is the expected physical 
acceleration and μ(x) is the interpolating function. This function is 
such that for large accelerations ( ≫a a0) one would find Newtonian 
gravity (a =  aN), while for small ones one would find a2 ∝  aN. The 
radial acceleration relation (RAR) is a sharp correlation between 
the observed acceleration along the galactic radius a(R) (mainly 
found from the redshift of atomic or ionized hydrogen) and the 
Newtonian acceleration of baryonic matter aN(R) (found from the 
mass profiles that are derived from the observed surface bright-
ness of the different galaxy components). The RAR suggests an 
observationally motivated interpolating function, which we call the 
RAR-inspired interpolating function. Two interpolating functions 
that are largely used, and with some phenomenological success, are 
the standard and simple interpolating functions18–20 (see Methods 
for their expressions). For any of the interpolating functions, the 
standard procedure to measure a0 from galaxy rotation curves is as 

follows16,19: first, one performs fits on several galaxies considering a0 
as a free parameter, then one estimates the true a0 value by taking 
the median (an estimator more robust than the mean). Proceeding 
in this way, one will always find a best a0 value for each interpo-
lating function, but the existence of a fundamental universal a0 is 
not tested; it is assumed from the beginning. MOND correctly pre-
dicts the existence of certain features that are not so clear within 
the standard model, such as the baryonic Tully–Fisher relation21,22. 
However, it is commonly criticized at larger-than-galactic scales, 
where its predictions fail to hold23, or some form of additional mat-
ter seems to be necessary24,25. Hence, from the MOND perspective, 
there is hope that a more complete theory, which becomes similar to 
MOND at galactic scales, may have better results at all scales13,26–28. 
Nonetheless, considering the Milky Way galaxy with a large class 
of viable baryonic models, it was shown that the inferred a0 in the 
Milky Way is incompatible with the one inferred from external gal-
axies at more than29 5σ. This alone is an interesting result, but it has 
relevant limitations since this conclusion does not hold for the sim-
ple interpolating function and depends on the analysis of a single 
galaxy (a special galaxy, but one nonetheless). There are other works 
that criticize MOND by presenting data that suggest a non-constant 
a0 value, but these criticisms were not based on the Bayesian analy-
sis of a large sample of galaxies30 (see also references therein).

Here, we test whether galaxy data are consistent with a fundamen-
tal acceleration scale. If they are not, the RAR is an emergent phe-
nomenon that appears when diverse galaxies are stacked together8, 
or as an average result from the analysis of individual galaxies9. In 
this case, MOND, as any other theory that behaves like it at galactic 
scales, is inconsistent with the data. To this end, we consider 193 
disk galaxies from the Spitzer Photometry and Accurate Rotation 
Curves (SPARC)31 and The HI Nearby Galaxy Survey (THINGS)32,33 
databases, and use full Bayesian inference.

A straightforward way to assess the existence of a fundamen-
tal a0 is to perform a full Bayesian analysis and obtain the poste-
rior probability distribution of a0 for each galaxy in the sample. 
One can then test whether the various posteriors are compatible 
with each other. Bayesian inference has the great advantage that 
parameters are never fixed to some central or best-fit values, and 
the posterior on a0 is obtained by marginalizing over the other 
parameters. As such, we do not bias the result in any way: any 
possible degeneracy—expected or unexpected, and linear or not—
will be correctly taken into account. Further details of the analy-
sis (including a recap of Bayesian inference) can be found in the 
Supplementary Information.

To obtain the (unmarginalized) posterior on a0, stellar mass-to-
light ratios γ⋆d and γ⋆b (for the disk and the bulge, respectively) and 
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One can fit the data by:
1. adjusting the DM halo
2. adjusting the acc. scale a0



Acceleration scale?

MOND is successful at describing many galaxies. 

However, it could be just a phenomenological theory 

and one expects two possibilities:  

1. fundamental theory ➔ same a0 for every galaxy  

2. effective theory for DM ➔	case-by-case a0



The Radial Acceleration Relation

scatter in the relation must be smaller still once scatter due
to errors is accounted for.
There are two types of extrinsic scatter in the radial

acceleration relation: measurement uncertainties and
galaxy-to-galaxy variation in ϒ⋆. Measurement uncertain-
ties in gobs follow from the error in the rotation velocities,
disk inclinations, and galaxy distances. The mean contri-
bution of each is given in Table I. Intrinsic scatter about the
mean mass-to-light ratio is anticipated to be 0.11 dex at
3.6 μm [24]. This propagates to a net residual of 0.06 dex in
gbar after accounting for the variable slope of the relation.
The total expected scatter is 0.12 dex (Table I), leaving little
room for intrinsic scatter.
Astronomical data often suffer from unrecognized sys-

tematics. In the case of rotation curves, this is frequently

argued [41–43] to be the cause of the apparent discrepancy
[44] with the predictions of numerical simulations [45].
This cannot be the case here. If we had neglected some
important source of uncertainty, we would erroneously
infer a large intrinsic scatter, not a small one. For the
intrinsic scatter to be non-negligible, the errors must be
overestimated rather than underestimated. If there were no
observational uncertainty at all, the intrinsic scatter would
still be limited by the small observed rms of 0.13 dex.
Regardless of whether the intrinsic scatter is zero or

merely very small, the radial acceleration relation is an
important empirical facet of the mass discrepancy problem.
When gbar is observed, gobs follows, and vice versa. This
must be explained by any successful theory.
Discussion.—We find a strong relation between the

observed radial acceleration gobs and that due to the
baryons, gbar. This radial acceleration relation is completely
empirical. It follows from a minimum of assumptions. The
only inputs are the data, the Poisson equation, and the
simplest possible conversion of starlight to stellar mass.
We have not considered any particular halo model for

the dark matter. Indeed, such models are unnecessary. The
distribution of dark matter follows directly from the
relation, and can be written entirely in terms of the baryons:

gDM ¼ gobs − gbar ¼
gbar

e
ffiffiffiffiffiffiffiffiffiffi
gbar=g†

p
− 1

: ð5Þ

The dark and baryonic mass are strongly coupled [13,14].
Possible interpretations for the radial acceleration rela-

tion fall into three broad categories: (1) it represents the end
product of galaxy formation; (2) it represents new dark
sector physics that leads to the observed coupling; (3) it is
the result of new dynamical laws rather than dark matter.
None of these options are entirely satisfactory.
In the standard cosmological paradigm, galaxies form

within dark matter halos. Simulations of this process do not
naturally lead to realistic galaxies [44,46]. Complicated
accessory effects (“feedback”) must be invoked to remodel
simulated galaxies into something more akin to observa-
tions. Whether such processes can satisfactorily explain the
radial acceleration relation and its small scatter remains to
be demonstrated [47,48].
Another possibility is new “dark sector” physics. The

dark matter needs to respond to the distribution of baryons
(or vice versa) in order to give the observed relation. This is

FIG. 3. The centripetal acceleration observed in rotation curves,
gobs ¼ V2=R, is plotted against that predicted for the observed
distribution of baryons, gbar ¼ j∂Φbar=∂Rj, in the upper panel.
Nearly 2700 individual data points for 153 SPARC galaxies are
shown in a density map. The mean uncertainty on individual
points is illustrated in the lower left-hand corner. Large squares
show the mean of binned data. Dashed lines show the width of the
ridge as measured by the rms in each bin. The dotted line is the
line of unity. The solid line is the fit of Eq. (4) to the unbinned
data using an orthogonal-distance-regression algorithm that
considers errors on both variables. The inset shows the histogram
of all residuals and a Gaussian of width σ ¼ 0.11 dex. The
residuals are shown as a function of gbar in the lower panel. The
error bars on the binned data are smaller than the size of
the points. The solid lines show the scatter expected from
observational uncertainties and galaxy-to-galaxy variation in
the stellar mass-to-light ratio. This extrinsic scatter closely
follows the observed rms scatter (dashed lines): the data are
consistent with negligible intrinsic scatter.

TABLE I. Scatter budget for acceleration residuals.

Source Residual

Rotation velocity errors 0.03 dex
Disk inclination errors 0.05 dex
Galaxy distance errors 0.08 dex
Variation in mass-to-light ratios 0.06 dex
HI flux calibration errors 0.01 dex

Total 0.12 dex
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In disk galaxies, there is a sharp correlation 
between the observed acceleration and the 
acceleration inferred from baryonic matter.

Derived from 153 of the 175 SPARC 
galaxies.

The correlation can be described by:  
 
 
 
 
with                                           .

Therefore, a0 is distributed around a central 
value. 

McGaugh, Lelli, Schombert, PRL 2016
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a0 = 1.20 × 10−13 km/s2



Fundamental acceleration scale?

The RAR could be the result of 

1. complex interplay between dark 
matter and baryons: emergent nature  

2. modified theory of gravity, which 
reduces to MOND at the scale of 
galaxies: fundamental nature

Ludlow  et al PRL 2017

3

FIG. 2. Circular velocity (upper panels) and acceleration profiles (lower panels) for galaxies highlighted in Figure 1. Left and middle panels
correspond to individual halos cross-matched between the NoAGN (blue colors) and OnlyAGN (red) models; right-most panels compare the
median profiles for halos in NoAGN (blue) and StrongFB (yellow) that fall in the narrow mass range 12.3  log10 M200/[M�]  12.5
(vertical shaded band in Figure 1). The baryonic circular velocity profiles (upper panels) are shown using dashed lines; symbols indicate that
of DM. (For comparison, solid black lines show the VDM

c (r) profiles for the same halo identified in the corresponding DM-only simulation.)
Lower panels show the acceleration diagrams. The linear scaling is shown as a solid black line and eq. 1 (using g† = 2.6⇥ 10�10 ms�2) as a
dashed line; shaded regions indicate the scatter brought about by increasing or decreasing the enclosed baryon mass by factors of 3 (light) and
2 (dark). For comparison, we also show eq. 1 with g† = 1.2⇥ 10�10 ms�2 (brown line), consistent with the observational result of [15].

Project), which used the EAGLE subgrid model with REF pa-
rameters. In total, our galaxies span the (stellar) mass range
10

5 <⇠ M/M�
<⇠ 10

12.
Radial Mass profiles of Baryons and Dark Matter.— The

acceleration profile due to component i is computed as

gi(r) =
GMi(r)

r2
⌘ V

i
c(r)

2

r
, (2)

where V
i
c(r) and Mi(r) are the corresponding circular veloc-

ity and enclosed mass profiles, and G is Newton’s constant.
We compute Mi(r) using logarithmically-spaced radial bins
with fixed separation, � log10 r = 0.1, spanning rmin = ✏
(the minimum resolved spatial scale) to rmax = 0.15 ⇥ r200
(this aperture encloses, on average, >⇠ 95% of a galaxy’s stel-
lar mass; we have verified that our results are robust to rea-
sonable changes in rmax).

For each galaxy we also record a few diagnostic quantities.
Its stellar mass, M?, is defined as the total mass of stars grav-
itationally bound to the central galaxy; the stellar half-mass
radius, r50, is defined by M(r50)/M? = 1/2.

Results.— The leftmost panel of Figure 1 plots galaxy stel-
lar mass versus halo virial mass. Solid lines show the median
trends for the 50 Mpc cubes (REF, NoAGN and OnlyAGN).
Individual galaxies are shown as faint circles of corresponding

color. Additional runs with strong and weak stellar feedback
are also shown, along with APOSTLE galaxies (in these cases
only individual halos are plotted). The dashed line shows the
relation inferred from abundance matching on data by [16].
The right-hand panel shows, using the same color scheme, the
stellar mass versus half (stellar) mass radius. The diagonals
indicate lines of constant surface brightness.

Different subgrid models produce different galaxy popula-
tions. For a given halo mass the median galaxy stellar mass
spans a factor of ⇡ 4 between the extremes (compare NoAGN
and StrongFB in the left-most panel). Galaxy sizes also dif-
fer, particularly for the runs without (NoAGN) and with only
(OnlyAGN) AGN feedback. For M?

>⇠ 10
11
M�, for exam-

ple, galaxy half-mass radii are roughly an order of magnitude
smaller when AGN feedback is ignored.

Figure 2 (upper panels) provides a few examples of the cir-
cular velocity profiles of baryons (dashed curves) and dark
matter (open symbols) for several EAGLE galaxies. The left
and middle panels show two massive galaxies that were cross-
matched in the NoAGN and OnlyAGN runs (highlighted as
outsized points in Figure 1). Because they inhabit the same
halo their merger histories are similar, but their stellar masses,
and sizes differ noticeably as a result of differing feedback
processes. Each galaxy’s DM distribution reflects its response



Fundamental acceleration scale?

The basic idea is that in order to understand the nature 
of a0 one has to:

1. compute the posterior on a0 for the SPARC galaxies

2. see if the posteriors are compatibles
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Dark matter is currently one of the main mysteries of the 
Universe. There is much strong indirect evidence that supports 
its existence, but there is yet no sign of a direct detection1–3. 
Moreover, at the scale of galaxies, there is tension between 
the theoretically expected dark matter distribution and its 
indirectly observed distribution4–7. Therefore, phenomena 
associated with dark matter have a chance of serving as a win-
dow towards new physics. The radial acceleration relation8,9 
confirms that a non-trivial acceleration scale a0 can be found 
from the internal dynamics of several galaxies. The existence 
of such a scale is not obvious as far as the standard cosmo-
logical model is concerned10,11, and it has been interpreted as 
a possible sign of modified gravity12,13. Here, we consider 193 
high-quality disk galaxies and, using Bayesian inference, show 
that the probability of existence of a fundamental acceleration 
is essentially 0: the null hypothesis is rejected at more than 
10σ. We conclude that a0 is of emergent nature. In particular, 
the modified Newtonian dynamics theory14–17—a well-known 
alternative to dark matter based on the existence of a funda-
mental acceleration scale—or any other theory that behaves 
like it at galactic scales, is ruled out as a fundamental theory 
for galaxies at more than 10σ.

The modified Newtonian dynamics (MOND) theory was devel-
oped based on the following correction of the Newtonian accelera-
tion in the context of disk galaxies14–16:

μ=
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

a
a

a a (1)N
0

where aN is the Newtonian acceleration, a is the expected physical 
acceleration and μ(x) is the interpolating function. This function is 
such that for large accelerations ( ≫a a0) one would find Newtonian 
gravity (a =  aN), while for small ones one would find a2 ∝  aN. The 
radial acceleration relation (RAR) is a sharp correlation between 
the observed acceleration along the galactic radius a(R) (mainly 
found from the redshift of atomic or ionized hydrogen) and the 
Newtonian acceleration of baryonic matter aN(R) (found from the 
mass profiles that are derived from the observed surface bright-
ness of the different galaxy components). The RAR suggests an 
observationally motivated interpolating function, which we call the 
RAR-inspired interpolating function. Two interpolating functions 
that are largely used, and with some phenomenological success, are 
the standard and simple interpolating functions18–20 (see Methods 
for their expressions). For any of the interpolating functions, the 
standard procedure to measure a0 from galaxy rotation curves is as 

follows16,19: first, one performs fits on several galaxies considering a0 
as a free parameter, then one estimates the true a0 value by taking 
the median (an estimator more robust than the mean). Proceeding 
in this way, one will always find a best a0 value for each interpo-
lating function, but the existence of a fundamental universal a0 is 
not tested; it is assumed from the beginning. MOND correctly pre-
dicts the existence of certain features that are not so clear within 
the standard model, such as the baryonic Tully–Fisher relation21,22. 
However, it is commonly criticized at larger-than-galactic scales, 
where its predictions fail to hold23, or some form of additional mat-
ter seems to be necessary24,25. Hence, from the MOND perspective, 
there is hope that a more complete theory, which becomes similar to 
MOND at galactic scales, may have better results at all scales13,26–28. 
Nonetheless, considering the Milky Way galaxy with a large class 
of viable baryonic models, it was shown that the inferred a0 in the 
Milky Way is incompatible with the one inferred from external gal-
axies at more than29 5σ. This alone is an interesting result, but it has 
relevant limitations since this conclusion does not hold for the sim-
ple interpolating function and depends on the analysis of a single 
galaxy (a special galaxy, but one nonetheless). There are other works 
that criticize MOND by presenting data that suggest a non-constant 
a0 value, but these criticisms were not based on the Bayesian analy-
sis of a large sample of galaxies30 (see also references therein).

Here, we test whether galaxy data are consistent with a fundamen-
tal acceleration scale. If they are not, the RAR is an emergent phe-
nomenon that appears when diverse galaxies are stacked together8, 
or as an average result from the analysis of individual galaxies9. In 
this case, MOND, as any other theory that behaves like it at galactic 
scales, is inconsistent with the data. To this end, we consider 193 
disk galaxies from the Spitzer Photometry and Accurate Rotation 
Curves (SPARC)31 and The HI Nearby Galaxy Survey (THINGS)32,33 
databases, and use full Bayesian inference.

A straightforward way to assess the existence of a fundamen-
tal a0 is to perform a full Bayesian analysis and obtain the poste-
rior probability distribution of a0 for each galaxy in the sample. 
One can then test whether the various posteriors are compatible 
with each other. Bayesian inference has the great advantage that 
parameters are never fixed to some central or best-fit values, and 
the posterior on a0 is obtained by marginalizing over the other 
parameters. As such, we do not bias the result in any way: any 
possible degeneracy—expected or unexpected, and linear or not—
will be correctly taken into account. Further details of the analy-
sis (including a recap of Bayesian inference) can be found in the 
Supplementary Information.

To obtain the (unmarginalized) posterior on a0, stellar mass-to-
light ratios γ⋆d and γ⋆b (for the disk and the bulge, respectively) and 
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FIG. 9. 68% confidence levels on three cosmological parameters from the joint DES Y1 probes and other experiments for wCDM.

FIG. 10. ⇤CDM constraints from the three combined probes in DES
Y1 (blue), Planck with no lensing (green), and their combination
(red). The agreement between DES and Planck can be quantified via
the Bayes factor, which indicates that in the full, multi-dimensional
parameter space, the two data sets are consistent (see text).

case, we find R = 2.4, which again indicates that there is no
evidence for inconsistency between the datasets.

We therefore combine the two data sets, resulting in the red
contours in Figure 10. This quantitative conclusion that the
high– and low– redshift data sets are consistent can even be
gleaned by viewing Figure 10 in a slightly different way: if
the true parameters lie within the red contours, it is not un-
likely for two independent experiments to return the blue and
green contour regions.
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FIG. 11. ⇤CDM constraints from high redshift (Planck,
without lensing) and multiple low redshift experiments (DES
Y1+BAO+JLA), see text for references.

Figure 11 takes the high-z vs. low-z comparison a step fur-



mBayes 
Bayesian inference with Mathematica 

github.com/valerio-marra/mBayes

Credible intervals on a0 

MAGMA 
Mathematica Automatized Galaxy Mass Analysis 

github.com/davi-rodrigues/MAGMA
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MAGMATable 
Generate a table with the selected  
   data computed from the exported  
   results of MAGMAFits and mBayes. 
Prepare variables for correlation  
   analysis.

MAGMAPlots 
Generate plots for all the  
   fitted galaxies from the  
   exported results of  
   MAGMAFits.

MAGMAFits 
Finds the best fit for a given model. 
Performs fits for a complete sample with one 
    line command. 
Automatically does many minimizations per 
   galaxy with different numerical assumptions. 
Uses parallel processing on two stages. 
The second stage refines the first results. 
Minimizations based on Differential Evolution. 
Export the results to be used by other functions. 
Export the chi2 function and the best fit to 
    mBayes.
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Codes to automatically analyse hundreds of galaxies
MAGMA 

Mathematica Automatized Galaxy Mass Analysis

Can be found at Github: https://github.com/davi-rodrigues/MAGMA
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100 of the 175 SPARC galaxies that passed the quality cuts



Significance
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which is minimized by the 
global best fit.

The null hypothesis that a 
common acceleration scale 
exists is then rejected at:
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For the case above we find:



Using the THINGS sample
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Conclusions

Using the very (SPARC) data that showed via the RAR the 

existence of a "common" acceleration scale in galaxies, we 

showed that this scale is emergent and not fundamental.

Hence, MOND, or any other theory that behaves like it at 

galactic scales, is ruled out as a fundamental theory for 

galaxies with high significance.



obrigado


