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Brief historical notes on dark matter
✴ It is a long history, whose evidence was gradually accumulated. 

✴ 1933. Fritz Zwicky develops new methods and estimate the mass  
of the Coma cluster from two different procedures: from the  
observed light and from the galaxies velocities. He found that 
the mass inferred from the velocities was many times larger than  
that inferred from the light [Zwicky, Helv. physica acta (1933); ApJ (1937)]. 

✴ 1960’s-1970’s. Vera Rubin and Kent Ford study galaxy  
rotation curves (optical part). Morton Roberts, Robert 
Whitehurst and others extend the rotation curves to the  
radio (21 cm). By the end of the 70's decade: dark matter  
becomes a frequent research topic [Sofue & Rubin, Ann. Rev. Astron. Astrophys. 39 
(2001) 137-174]. 

✴ From the 80’s, different confirmations on dark matter appear: gravitational 
lensing, x-ray from clusters (…), and latter the CMB anisotropies. Also from 
the 80’s some alternative approaches based on gravity modifications in place 
of dark matter started to appear. [Milgrom ApJ 1983…]. 2
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Cosmological perturbations and dark matter
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It points out that the universe needs a large abundance of dark matter — about 5 
times more dark matter than standard (baryonic) matter. 
 
The simples type of dark matter that satisfies the data is Cold Dark Matter — i.e., 
heavy, non-relativistic particles with only gravitational interactions. 
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The cosmic web: dark matter in the universe
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✴ Dark matter only (DMO) simulations lead to NFW-like halos for galaxies 
[Navarro et al ApJ 1996, 1997, MNRAS 2010]: 
 
 
 

✴ Two parameters halo. 

✴ Simulations also indicate a correlation between them.  

✴ Sometimes the correlation is strongly assumed 
to write a 1-parameter NFW halo. And from this 
case the strongest discrepancies are found with 
observational data. [e.g., Gentile et al ApJ (2005)]. 

✴ Galaxy data have tensions with such  
correlations [e.g., Chemin et al AJ 2011].
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Dark Matter Only simulations: NFW-like profile
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[Navarro et al MNRAS 2010]

[Chemin et al AJ 2011]
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Near infrared for the stellar part and 21 cm for the HI  
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THINGS survey 
Very Large Array (VLA)+ 

Spitzer

Typical surface brightness  

profile for the stellar part

de	Blok	et	al	(THINGS)	2008

Spitzer
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Rotation curves of galaxies: a draft
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Rotation curves are obtained from local 
redshift measurements. 

It can be contrasted with the  
mass inferred from the light distribution. 

Newtonian gravity is sufficient. 



Davi C. Rodrigues  | UFESTesting dark matter and modified gravity at astrophysical scales

Internal dynamics + Lensing data: a GR test
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It is starting to be possible to constrain dark matter in galaxies using the 
internal dynamics and lensing data from the same galaxy. 

Which leads to constraints on the modified 
gravity "slip" parameter (the ratio between  
the spatial and time scalar perturbations).

✴ [Collett, T et al, Science (2018)]
η = 0.97 ± 0.09

Mdyn =
1 + η

2
Mlen
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Internal  
dynamics

Satellites

✴There are many papers on the small scale issues.  

✴None of the issues proves that CDM is wrong (in my opinion at least). 

✴ If CDM is right, the interplay between baryons and dark matter is not 
simple (and we do not understand all the relevant details). Alternative 
approaches can simplify aspects of this interplay. 

✴Core-cusp issue (aka, diversity problem) 

✴RAR (radial acceleration relation)  
(internal dynamics are diverse, but not too much) 

✴Missing satellites (seems solved) 

✴The too-big-to-fail (essentially ok) 

✴Satellites alignment (unclear) 9

Small scale issues
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✴ Inside the CDM approach, there are many possible (approximate) 
realizations, including: 

✴  WIMPs, axions, primordial black holes… 

✴Particle approaches that deviate significantly from CDM include (all of 
these are in part motivated from the small scale issues): 

✴WDM, SIDM, ULDM… 

✴The most radical alternatives are those without dark matter and modified 
gravity in its place. 

✴ MOND posits that, for very small accelerations, Newtonian gravitational 
force becomes stronger. Although "ugly", it achieved some 
phenomenological success that more "elegant" approaches have not. 

✴Removing dark matter is not the only motivation for modified gravity.
10

Alternatives from CDM
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✴ The core-cusp issue refers to a possible conflict between observations  
and simulations, it is one of the main and most persistent small scale 
issues of LCDM [e.g., Moore et al, Nature 1994; de Blok, Adv.Astron. 2009].  

✴ Currently, it is commonly considered to be related to a diversity problem 
and an inner mass deficit, instead of a universal slope issue. [Oman et al, 
MNRAS 2015]. 
 
 
 
 
 
 
 
 
 
 
 
                                                                              [Oman et al, MNRAS 2015]. 11

Introduction: The core-cusp issue

[Gentile et al ApJ (2005)]

 NFW 

Burkert

DDO 47
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✴ No assumptions on dark matter. 

✴ Derived from 153 of the 175 SPARC  
galaxies [Lelli, McGaugh, Schombert,  
Astron.J. 2016]. Stellar light from  
Spitzer 3.6 µm band. 

✴ Why is there an acceleration-scale  
dependent dynamics? 
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The Radial Acceleration Relation (RAR)
✴ There is a correlation between the observed acceleration and the 

acceleration inferred from baryonic matter alone.  
                                                                  [McGaugh, Lelli, Schombert, PRL 2016].
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That was our main  
question. 
 

✴ To address this issue, it is not sufficient to find a correlation with "small" scatter. 

✴ The credible intervals of the acceleration scale need to be evaluated. 

✴ Similar to what is commonly done in cosmology: different measurements 
of the same quantity (say,      ) should be compatible. 

13

Is galaxy data compatible with a fundamental    ?a0

Ωm
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Is there a common acceleration scale? - Main analysis
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To sintetize this result, we used a Gaussian approximation on the 
posteriors, implying that MOND is reject at > 10 .σ
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✴ Parallel to our work, another one [Li et al A&A 2018] claimed that all the 
SPARC data were consistent with a fundamental acceleration scale. 

✴ We see no technical errors in both approaches (we rederived their 
results), they used tests that could not be sensitive to the issues that we 
raised. Namely, they tested best fits, while we tested the compatibility 
between credible intervals. 

15

A parallel work that explored the fundamental interpretation

The RAR as a fundamental relation 
with galaxies individually fitted

The decrease on the dispersion is  
not a proof, it is expected.

This CDF analysis is qualitative, 
only tests best fits and has  
arbitrariness.
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Other related results
✴ [Chang & Zhou, MNRAS 2019] -  

Repeats all our approach but  
using exactly the same priors  
of [Li et al A&A 2018]: as we  
expected, our conclusions  
remain valid, i.e. a  
fundamental acceleration is  
rejected at high confidence. 

 

✴  
[Dutton et al MNRAS 2019] - Another simulation  
for LCDM that further supports that the RAR 

dispersion can be found from LCDM 
within observational uncertainties.

[Chang & Zhou, MNRAS 2019]
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Improving the statistics
✴ [Cameron et al, Nat.Astro. 2020] in particular criticized our approach for using 

that Gaussian approximation on the comparison of the posteriors. In our 
reply [Rodrigues et al, Nat.Astro. 2020] we argue that they are fine 
considering our context (and that they are not a novelty [e.g., Riess et al, 
Astrophys.J. 2019]). 

✴ In [Marra, Rodrigues, de Almeida, 2002.03946] we improve the statistics of our 
approach; both by adopting nuisance parameters and priors better 
adapted to the observational uncertainties and avoiding the Gaussian 
approximation. 

✴ Our conclusions are the same: MOND is rejected at a high confidence; 
but the improved methods we consider are relevant for the area (i.e., not 
for this issue on MOND in particular). 

  



Davi C. Rodrigues  | UFESAcceleration scale in galaxies and fundamental physics
18

Pipeline
It imports SPARC data, 
defines likelihoods.

MCMC on the above exported 
data.

Grid Bayesian analysis, 
used as a cross-check

Best fits are found  
and used to speed MCMC.

Code based on [Marra et al].

MAGMA 
github.com/davi-rodrigues/MAGMA

emcee 
github.com/dfm/emcee

mBayes 
github.com/valerio-marra/mBayes

Compatibility of  posteriorsA0
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Results
A fundamental test for MOND 7
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Figure 1. Posterior probability distributions of A0 © log10[a0/(km/s2)] for each galaxy of the SPARC database that passed the quality
cuts Q1 (left, with 153 galaxies, the RAR sample S1) and Q1 · Q2 (right, with 91 galaxies, the sample S2). Each posterior, for each
galaxy, has been obtained after marginalizing over stellar mass-to-light ratios, galaxy distance and galaxy inclination, and are displayed
showing the maximum (mode) of the posterior (large black dots) together with the 1, 3, and 5‡ credible intervals (red, orange and yellow
shaded regions, respectively). To enhance the clarity of the plot, the galaxies are sorted according to their posterior maximum, and small
black dots are used to display the limits of the credible intervals for each galaxy. The global best value of A0, for each of the cases, is
shown with a dashed line: it is evident that many galaxies are not compatible with its value.

compute the confidence in rejecting the null hypothesis. Al-
though expensive, this method does not introduce any ap-
proximation and reduces to the well-known ‰2 distribution
when the non-Gaussianity of the posteriors is small.

5 NUMERICAL METHODS

Our numerical procedure consists of the following pipeline
divided into three stages:

(i) The first stage loads the SPARC data, sets the likeli-
hood functions and priors for each galaxy (7), runs optimiza-
tion procedures to find the best fit for each galaxy, exports
the results. This stage is done with the MAGMA package.3

(ii) The second stage is the MCMC itself. After import-
ing the last stage data, we use emcee,4 an a�ne invariant
sampler for Markov chain Monte Carlo (MCMC), to sample
the posteriors f(◊|galaxyg). The best fits from the previous
stage are used to set the starting conditions of the MCMC,
reducing the needed computational time (we adopt a burn-
in of 10%). Specifically, we computed chains of 50◊106 total
points from 100 walkers, which is more than 100 times the
autocorrelation time. The generated chains are exported.
We have crosschecked that 45 ◊ 106 points are enough in or-
der to obtain reliable 5‡ credible intervals (see Appendix A)
by comparing the A0 posteriors from emcee with those ob-
tained via grid evaluation using mBayes,5 which computes
arbitrarily high credible intervals with negligible error.

3 github.com/davi-rodrigues/MAGMA (Rodrigues et al. 2018a)
4 github.com/dfm/emcee (Foreman-Mackey et al. 2013)
5 github.com/valerio-marra/mBayes (Camarena & Marra 2018)

(iii) The third stage analyzes the chains. We use getdist6

for obtaining the credible intervals and the triangular plots
(see, e.g., Figure A1). The analysis of the X2 statistics is car-
ried out using specialized numerical code for the two samples
S1 and S2 discussed in Section 4.3. The X2 distribution is
obtained with a Monte Carlo (MC) simulation with 62◊106

MC points for S1 and 123 ◊ 106 MC points for S2.

6 RESULTS

We will now present our results for the two quality cuts
discussed in Section 4.3. Figure 1 shows modes and 1, 3
and 5‡ credible intervals of the posteriors f(A0|galaxyg) for
the 153 galaxies that passed the quality cut Q1 and the 91
galaxies that passed the combined Q1 · Q2 quality cut: no
single value of a0 cuts through all the 5‡ credible intervals.
Also shown with a dashed line is the global best value of
Section 4.4. From Figure 1 it is clear that many galaxies
are not quite compatible with the global best value. The
numerical values are given in Table 2.

Also in Table 2 we report the values of the X2 statis-
tic. For the sake of comparison we also report the values in
the Gaussian approximation, under which X2

æ ‰2

min. Un-
der this approximation one can compute the confidence of
rejecting the hypothesis that there is a fundamental acceler-
ation scale using the ‰2 distribution. For the sample S2 one
finds 14‡. If we approximate the ‰2 distribution itself as a
Gaussian, as done in R18, the confidence is 26‡. This is due
to the fact that the tail of the ‰2 distribution is longer than
the one of the corresponding Gaussian.

6 github.com/cmbant/getdist (Lewis 2019)

MNRAS 000, 1–10 (2020)
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✴ To compare the posteriors, computing their tension, we extend the 
tension approach of [Verde, Protopapas, Jimenez, Phys.Dark.Univers. 2013]. 

✴ A quantity  is introduced, which is the log of the ratio of two Bayesian 
evidences. It is computed for the observational data, yielding 1465.  

✴ To assess the meaning of that value, we use Monte Carlo simulations, 
assuming that MOND is correct. 

✴ The observational data is rejected as a MOND realization at > 5.7 .

X2

σ

20

Results
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Results

8 Marra, Rodrigues & de Almeida

Table 1. Results for individual galaxies. The full table is provided as machine readable supplementary material. The columns are: (1)
Galaxy name. (2) Best fit for A0 = log10 a0 [km/s2]. (3) Minimum ‰2 value. (4) Number of rotation curve data points. (5) Part a of the
quality cut Q2. (6) Part b of the quality cut Q2. A ‘1’ is used if the galaxy passes a quality cut and 0 is used otherwise. In order to pass
the Q2 quality cut, both Q2a and Q2b need to be 1. (7) The mode of the marginalized A0 posterior. (8-13) The limits of the A0 credible
intervals, with respect to the A0 mode, for 1‡, 3‡ and 5‡.

Galaxy A0 best fit ‰2

min
N Q2a Q2b A0 mode 1‡≠ 1‡+ 3‡≠ 3‡+ 5‡≠ 5‡+

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

CamB -14.645 38.884 9 1 0 -14.672 -0.614 0.462 -5.328 0.727 -5.328 1.287

D512-2 -13.241 0.297 4 1 0 -13.258 -0.416 0.463 -1.388 1.963 -3.752 4.179

D564-8 -13.486 8.546 6 1 1 -13.502 -0.147 0.164 -0.424 0.585 -0.710 1.212

D631-7 -13.140 183.494 16 0 1 -13.145 -0.075 0.080 -0.214 0.259 -0.337 0.462

DDO064 -13.030 3.712 14 1 1 -13.085 -0.317 0.363 -0.935 1.609 -1.679 2.535

... ... ... ... ... ... ... ... ... ... ... ... ...
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Figure 2. Numerical distribution of the X2 statistic that general-
izes the ‰2 statistic to the case of non-Gaussian distributions. The
filled yellow histogram was obtained numerically using a Monte
Carlo simulation. The blue solid line is the smoothed empirical
distribution. The vertical red line marks the values X2 reported
in Table 2. The hypothesis that there is a fundamental accelera-
tion scale is ruled out with the confidence of > 5.7‡ for S1 and
of 5.3‡ for S2.

About the results above using the Gaussian approxi-
mation, we comment that this latter value (26‡) is in qual-
itative agreement with the results of Chang & Zhou (2019).
They considered the quality cut Q2, but not in the same way
we are doing here. They eliminated the same galaxies that
were eliminated in R18 due to that quality cut Q2 in that
reference (leaving a sample size of 100 galaxies). However,
R18 uses di�erent priors, and the Q2 quality cut depends
on the priors. Here we reselect the galaxies to be removed
considering the quality cuts, thus the resulting sample of
galaxies, when Q2 is applied, is di�erent with respect to R18
and Chang & Zhou (2019). This di�erence on the sample of
galaxies naturally leads to a di�erence on the face-value con-
fidence in rejecting the fundamental acceleration scale (al-

Table 2. Numerical results for the two samples S1 and S2. Top:
results with the tension-based method as here proposed. Bottom:
for comparison’s sake we report also the results that adopt the
Gaussian approximation, following the R18 methodology. The hy-
pothesis that there is a fundamental acceleration scale is ruled out
with a confidence larger than 5‡.

Tension-based method S1 (RAR sample) S2

agbv

0
[km/s2] 0.96 ◊ 10≠13 1.10 ◊ 10≠13

X2 1465 477

rejection of fundamental a0 > 5.7‡ 5.3‡

R18 Gaussian method S1 (RAR sample) S2

agbv

0
[km/s2] 0.91 ◊ 10≠13 1.06 ◊ 10≠13

‰2

min
1280 438

rejection of fundamental a0 28‡ 14‡

though, we stress, there is no conflict on the conclusions).
At last, we also recall that the priors used by Chang & Zhou
(2019) are very similar to the priors of Li et al. (2018) and
the ones that we use here, but they are not identical, which
may be the reason of some di�erences on the length of the
5‡ credible intervals.7

Here we go beyond the Gaussian approximation of R18
and therefore we adopt the non-Gaussian X2 value. In or-
der to assess its significance, we compute the X2 distribution
according to the null hypothesis that a fundamental accel-
eration scale exists. We adopt the Monte Carlo simulation
described in Sections 4.5 and 5. The result is given in Fig-
ure 2: the observed X2 values are shown with a red line. It
is evident that they lie deep into the tail of the distribution,
which is modeled in a robust way. Finally, we estimate the
PDF by smoothing the empirical distribution (in light or-
ange) via an adaptive Gaussian kernel. The result is shown
with a blue line in Figure 2.

7 The 5‡ credible intervals that we find here are on average
slightly larger than those of Chang & Zhou (2019). Besides the
use of slightly di�erent priors, the discrepancy could be due to
the fact that one needs a large number of MCMC points in order
to reliably sample 5‡ credible intervals.

MNRAS 000, 1–10 (2020)
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izes the ‰2 statistic to the case of non-Gaussian distributions. The
filled yellow histogram was obtained numerically using a Monte
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in Table 2. The hypothesis that there is a fundamental accelera-
tion scale is ruled out with the confidence of > 5.7‡ for S1 and
of 5.3‡ for S2.
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D512-2 -13.241 0.297 4 1 0 -13.258 -0.416 0.463 -1.388 1.963 -3.752 4.179

D564-8 -13.486 8.546 6 1 1 -13.502 -0.147 0.164 -0.424 0.585 -0.710 1.212

D631-7 -13.140 183.494 16 0 1 -13.145 -0.075 0.080 -0.214 0.259 -0.337 0.462

DDO064 -13.030 3.712 14 1 1 -13.085 -0.317 0.363 -0.935 1.609 -1.679 2.535

... ... ... ... ... ... ... ... ... ... ... ... ...
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Figure 2. Numerical distribution of the X2 statistic that general-
izes the ‰2 statistic to the case of non-Gaussian distributions. The
filled yellow histogram was obtained numerically using a Monte
Carlo simulation. The blue solid line is the smoothed empirical
distribution. The vertical red line marks the values X2 reported
in Table 2. The hypothesis that there is a fundamental accelera-
tion scale is ruled out with the confidence of > 5.7‡ for S1 and
of 5.3‡ for S2.

About the results above using the Gaussian approxi-
mation, we comment that this latter value (26‡) is in qual-
itative agreement with the results of Chang & Zhou (2019).
They considered the quality cut Q2, but not in the same way
we are doing here. They eliminated the same galaxies that
were eliminated in R18 due to that quality cut Q2 in that
reference (leaving a sample size of 100 galaxies). However,
R18 uses di�erent priors, and the Q2 quality cut depends
on the priors. Here we reselect the galaxies to be removed
considering the quality cuts, thus the resulting sample of
galaxies, when Q2 is applied, is di�erent with respect to R18
and Chang & Zhou (2019). This di�erence on the sample of
galaxies naturally leads to a di�erence on the face-value con-
fidence in rejecting the fundamental acceleration scale (al-

Table 2. Numerical results for the two samples S1 and S2. Top:
results with the tension-based method as here proposed. Bottom:
for comparison’s sake we report also the results that adopt the
Gaussian approximation, following the R18 methodology. The hy-
pothesis that there is a fundamental acceleration scale is ruled out
with a confidence larger than 5‡.

Tension-based method S1 (RAR sample) S2

agbv

0
[km/s2] 0.96 ◊ 10≠13 1.10 ◊ 10≠13

X2 1465 477

rejection of fundamental a0 > 5.7‡ 5.3‡

R18 Gaussian method S1 (RAR sample) S2

agbv

0
[km/s2] 0.91 ◊ 10≠13 1.06 ◊ 10≠13

‰2

min
1280 438

rejection of fundamental a0 28‡ 14‡

though, we stress, there is no conflict on the conclusions).
At last, we also recall that the priors used by Chang & Zhou
(2019) are very similar to the priors of Li et al. (2018) and
the ones that we use here, but they are not identical, which
may be the reason of some di�erences on the length of the
5‡ credible intervals.7

Here we go beyond the Gaussian approximation of R18
and therefore we adopt the non-Gaussian X2 value. In or-
der to assess its significance, we compute the X2 distribution
according to the null hypothesis that a fundamental accel-
eration scale exists. We adopt the Monte Carlo simulation
described in Sections 4.5 and 5. The result is given in Fig-
ure 2: the observed X2 values are shown with a red line. It
is evident that they lie deep into the tail of the distribution,
which is modeled in a robust way. Finally, we estimate the
PDF by smoothing the empirical distribution (in light or-
ange) via an adaptive Gaussian kernel. The result is shown
with a blue line in Figure 2.

7 The 5‡ credible intervals that we find here are on average
slightly larger than those of Chang & Zhou (2019). Besides the
use of slightly di�erent priors, the discrepancy could be due to
the fact that one needs a large number of MCMC points in order
to reliably sample 5‡ credible intervals.

MNRAS 000, 1–10 (2020)



Davi C. Rodrigues  | UFESAcceleration scale in galaxies and fundamental physics
22

Conclusions
✴ CDM is the favoured type of dark matter, but there are still many 

unknowns within CDM.  

✴ Small scale issues is a window towards understanding dark matter and 
the baryonic feedback. Developments for both are important. 

✴ The case of modified gravity without dark matter is the most radical 
change with respect to CDM. It has lead to relevant insights that, in my 
opinion, should not be dismissed. But it is a too rigid framework that is 
not supported from the data. 

✴ Phenomenologically, the RAR is a useful relation that captures the 
average interplay between dark matter and baryons at the galactic level. 

✴ It was originally seen as a triumph for MOND, boosting the interest on it. 

✴ Ironically, we used the RAR to show that its acceleration scale is not 
fundamental, and hence that MOND itself cannot be a gravitational 
theory at the scale of galaxies.


