
Ø General relativistic model (BG):
• Stationary and axis-symmetric spacetime:
• Pressure-less perfect fluid:
• The corresponding Einstein equations are:

• ZAMO: locally non-rotating observers that have no angular momentum relative to flat infinity and move on
worldlines orthogonal to the hypersurfaces t = const. With respect to this class of observers, the velocity
of a co-moving dust particle is:

• The expected rotation velocity is proportional to the off-diagonal term of the spacetime metric: pure GR
effect that we call gravitational dragging.
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• From Gaia DR3, we built rotation curves of the MW from 𝑅 = 4.5 kpc to 19 kpc by carefully selecting stellar
populations that best trace the Galactic disc, including 241’918 OBA stars, 475’520 RGB giants and 1’705
Cepheides. RGB and DCEP stars are less affected than OBA objects by local non-axisymmetric perturbations.

• We showed that the general relativistic solution of [5] for an axisymmetric stationary metric coupled with a
pressure-less perfect fluid is consistent with the new analysis based on the latest Gaia data release,
consolidating the findings of [2].

• We also provided up-to-date results for both the classical model with dark matter and MOND: all the three
dynamical models can equivalently explain the observed rotational velocities of different MW disc populations,
predicting comparable estimates of the total baryonic mass and non-Newtonian contributions to the velocity
profile that quite favorably compensate the dark matter halo counterpart.

CONCLUSION

Rotation curves constitute the distinctive signature of disc galaxies and their stellar kinematics traces the
gravitational potential due to different matter components. Therefore, we select 719’143 young disc stars within
𝑧 < 1 kpc and up to 𝑅 = 19 kpc from the Gaia DR3, providing a much larger sample of high-quality astrometric

and spectro-photometric data of unprecedented homogeneity. This sample comprises 241’918 OBA stars,
475’520 RGB giants, and 1’705 Cepheides that we use to compare three different dynamical models: a classical
one with a dark matter halo, the MOND analogue, and a general relativistic one derived from a dust disc-scale
metric. The three models are found to explain, with similar quality, the new observed rotational velocities of the
different stellar populations of our Galaxy, providing parameter estimates consistent with previous works.
Moreover, predictions on the total baryonic mass are in agreement between the models, at least within the radial
range covered by our samples. Finally, the geometrical effect is expected to drive the velocity profile from 10-15
kpc outwards, while being responsible for 30-37% of this profile already at the Sun distance, similarly to the halo
contribution in the classical model and the pure MONDian boost in the low acceleration regime. With the best
ever Gaia data at our disposal, we are not yet able to exclude either scenario, as they are statistically equivalent.

ABSTRACT

The ESA Gaia mission delivers highly accurate kinematics of individual stellar components of the Milky Way that
has been processed through general relativistic astrometric models [1]. For consistency, the MW reconstruction
should be treated according to the theory underlining the data analysis: General Relativity (GR). On galaxy scales,
common practice is to consider the Newtonian limit of Einstein’s equations, while general relativistic effects are
intended as weak corrections only. Therefore, in the classical framework, a massive dark matter halo is required
to explain the observed flat profile of galaxy rotation curves. However, the small curvature limit in GR may not
generally coincide with the Newtonian regime, as a general relativistic model for the Milky Way has been
recently found successful in reproducing the observed rotation curve without the need for extra matter [2]. On
the other side, the MOdified Newtonian Dynamics (MOND) [3] represents one of the most robust alternatives to
dark matter on galaxy scales, since it has provided a remarkable predictive power in explaining several
observational evidences, such as the Baryonic Tully Fisher Relation and the Radial Acceleration Relation. These
reasons should suffice in pushing the investigation of to what extent Newton’s approximation of Einstein’s field
equations represents galactic dynamics.

INTRODUCTION

THREE DYNAMICAL MODELS
Ø Classical model with dark matter (MWC):
• Plummer stellar bulge (2 DoF) + Miyamoto-Nagai thin and thick stellar discs (2 x 3 DoF):

• Navarro-Frenk-White halo (2 DoF):

• The total velocity resulting from the Poisson equation is:
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Ø MOND model:
• The gravitational acceleration is , with

• is tightly constrained by the observed RAR of external galaxies (1 DoF) [4].
• Same modelling of baryonic distribution of the classical model (8 DoF).
• The expected circular velocity is function of the Newtonian one:

<latexit sha1_base64="DrHwBfLmvONb3zujme8uvKn/TF4="></latexit>

gMOND = ⌫

✓
gN
g0

◆
gN

<latexit sha1_base64="dMFq9czMb1peyq8Cm1s7Co//sWA="></latexit>

⌫

✓
gN
g0

◆
=

⇣
1� e�

p
gN/g0

⌘�1

<latexit sha1_base64="FQIWImBJCtqIvSzzqf2RimKPMSk="></latexit>

VMOND(R, Vbar) =
Vbarp

1� e�Vbar/
p
Rg0

.

<latexit sha1_base64="pfSfXpen0eGVujADHCFh3I8nON8=">AAACJXicbZBLSwMxFIXv+La+qi7dXCyCgpZMfSIKghuXClaFTi2ZNG2DycyQZIQyzJ9x419x40IRwZV/xbQWfB4IfJxzQ3JPmEhhLCFv3tDwyOjY+MRkYWp6ZnauOL9wYeJUM15lsYz1VUgNlyLiVSus5FeJ5lSFkl+GN8e9/PKWayPi6Nx2E15XtB2JlmDUOqtRPGg3CB7iql+uEAwShaRMKmsYrKNPrrMNn+QY7GMWaIXqC03uskreKJbceF/4F/wBlGCg00bxOWjGLFU8skxSY2o+SWw9o9oKJnleCFLDE8puaJvXHEZUcVPP+lvmuOKcJrZi7U5kse9+v5FRZUxXhW5SUdsxv7Oe+V9WS21rr56JKEktj9jnQ61Uoo2xVxk2hebMyq4DyrRwf0XWoZoy64otuBL83yv/hYtK2d8pb59tlY7IZl8wAUuwDKvgwy4cwQmcQhUY3MEDPMGzd+89ei/e62dzQ96gwkX4Ie/9A5p4oN8=</latexit>

g0 = (1.20± 0.02) 10�10 m s�2

<latexit sha1_base64="gh0uDDDWRXrJ9b OiZ/lWvHFND2Q="></latexit>

ds2 = �(dt�Nd�)2 +
⇥
e⌫(dr2 + dz2) + r2d�2

⇤
<latexit sha1_base64="GGPuW0Tb3rNC+J vQR9Xe5lFmWNc=">AAACFHicbZDLSgMxFIYz3lrrbaxLN8EiCEKZEbRuhIIbN0KF3qQzljNp2oZmLiQZoQx9AJeC+CpuXCji1oU738Z0WkFbDwQ+/v8cTs7vRZxJZVlfxsLi0vJKJruaW1vf2Nwyt/N1GcaC0BoJeSiaHkjKWUBriilOm5Gg4HucNrzB+dhv3FIhWRhU1TCirg+9gHUZAaWltnlYvUkc4FEfsONRBaMz7Ih+iOMfeZRiarXNglW00sLzYE+hUM5fXz5k7qDSNj+dTkhinwaKcJCyZVuRchMQihFORzknljQCMoAebWkMwKfSTdKjRnhfKx3cDYV+gcKp+nsiAV/Koe/pTh9UX856Y/E/rxWr7qmbsCCKFQ3IZFE35liFeJwQ7jBBieJDDUAE03/FpA8CiNI55nQI9uzJ81A/KtonxeMrnUYJTSqLdtEeOkA2KqEyukAVVEME3aMn9IJejUfj2Xgz3ietC8Z0Zgf9KePjGysIoSc=</latexit>

T↵� = ⇢u↵u�

<latexit sha1_base64="0IsUA QlPR+Lj2qyCpYgH2pI/NAk=">AAAC33icjZJNb9QwEIad8FXCRxc4chmxAhVVXSURUC5IlbhwqorEtpXWu5HjdXatdZzIdpC2kS9cOIAQV/4WN/4IZxxv+Go5MFKiNzPvPJmMk9eCaxPH34Lw0uUrV69tXY9u3Lx1e3tw5+6xrhpF2ZhWolKnOdFMcMnGhhvBTmvFS JkLdpKvXnb1k7dMaV7JN2Zds2lJFpIXnBLjUtnguwIsm6w9s7ALh1mrbHd3T49exAAYQ5RCb1G/LLMU9rzLCe9zxmjj8aYN0SPxvFCEtoltUzVLLRasMDs/Ibs9BCu+WJrHHcuBDj3G187sXg/wLbaboR8s+k3+HzCsAKtlBWzWuulsNhjGo9gHXBRJL4aoj6Ns8BXPK9qUTBoqiNaTJK7NtCXKcCqYjXCjWU3oiizYxElJSqanrT8fCw9dZg5FpdwlDfjsnx0tKbVel7lzlsQs9flal/xXbdKY4vm05bJuDJN086KiEWAq6A4b5lwxasTaCUIVd7MCXRK3NuN+icg tITn/yRfFcTpKno2evn4yPNjv17GF7qMHaAclaB8doFfoCI0RDXDwLvgQfAxJ+D78FH7eWMOg77mH/orwyw8PpOCs</latexit>

r⌫z +NrNz = 0

2r⌫r +N2
r �N2

z = 0

⌫rr + ⌫zz +
1

2r2
�
N2

r +N2
z

�
= 0

Nrr +Nzz �
Nr

r
= 0

1

r2
�
N2

r +N2
z

�
= k⇢e⌫

<latexit sha1_base64="c50cSjAYrTQ0bH2PDvEDarUdqvo="></latexit>

N(r, z) = V0(Rout � rin)

+
V0

2

X

±

⇣p
(z ± rin)2 + r2 �

p
(z ±Rout)2 + r2)

⌘

Solution of Balasin and Grumiller (BG, 3 DoF) [5]:
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e⌫(r,z) = e⌫0 Assumed constant and constrained to the
local baryonic density at the Sun (1 DoF)
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From ∼33 million stars with high precision astrometry and spectroscopic LOS velocities, we focus on three disc
populations, namely:
• O-,B-,A-type stars (OBA) from the Golden Sample, kinematically selected based on the Toomre diagram to

minimize possible halo contaminants. Trigonometric distances with parallaxes good up to 20%.
• Red Giants (RGB) with spectroscopic-derived metallicity 𝑀/𝐻 ≻ −0.5 dex and disc-like kinematics. Only

objects on nearly-circular orbits (eccentricity < 0.1) are retained. Distances from parallaxes good up to 20%.
• Classical Cepheids (DCEP) with distances estimated from photometry.
To avoid the influence of the MW bar a radial cut at 4.5 kpc is set, while halo stars are further discarded requiring
𝑧 < 1 kpc. The final sample is made of 719’143 stars including 241’918 OBA, 475’520 RGB and 1’705 DCEP.

Average rotation curves are finally derived for each disc population after binning data along the radial coordinate:
as uncertainties, observed velocity dispersions are considered instead of bootstrapped ones.

DISC TRACERS FROM GAIA DR3

RGB DCEPOBA
Figure 1: Disc populations projected on the
galactic plane. Most of OBA stars are
within 2-3 kpc from the Sun, therefore
local gravitational effects are expected.
RGB giants are typically within 4-5 kpc of
the Sun, while DCEP range up to 20 kpc:
local effects are azimuthally averaged.

The three velocity profiles, estimated with a Bayesian analysis and drawn as coloured solid lines in Figure 2, are 
all good representations of the observed (binned) data. The three models are found to be statistically equivalent, 
as their comparisons with the WAIC and LOO tests show almost identical values.

RESULTS

Figure 2: Fitted rotation curves of the three dynamical models. Binned data points for
the full sample of selected disc tracers are represented with corresponding error bars.
The filled areas represent the 68% reliability intervals of each rotation curve; note that 
for 𝑅 ≲ 4.5 kpc the curves are very uncertain because of the lack of data in that 
region. Our Bayesian estimations are in good agreement for all the disc populations 
utilised, and for the mixtures thereof, in the regions of physical validity of the models.

Figure 3: Corner plots representing the 2D
posterior distributions of the parameters: the
contours indicate the 1𝜎 and 2𝜎 credible levels.
The marginal posterior distributions of each 
parameter against the corresponding prior 
distribution (in yellow) are shown on the 
diagonal: the dashed lines mark the 1𝜎
intervals around the median values (solid lines). 

All parameters are consistent with
previous works [1; 6-8], in particular:
• The baryonic matter components for

MWC and MOND are in agreement;
both models estimate a total stellar
mass of ~ 𝟗 2 𝟏𝟎𝟏𝟎𝑴⨀.

• MWC: more extended bulge than
previous assumptions; total virial
mass of ~ 1 2 10$% M⨀.

• BG: larger value of 𝑅out than [2] due to
wider radial coverage of DR3 over
DR2.

• Baryonic mass in agreement
between all three models within the
region of validity of BG (relativistic
mass defined via the Komar integral).

Non-Newtonian contributions to the
rotation curve are consistent with
that of the dark matter halo: they
become predominant over the
classical baryonic counterpart from
10-15 kpc outwards and, at the Sun
distance, they are responsible for the
30-37% of the velocity profile.
Figure 4: The MONDian boost (𝑉!""#$%&) in
low acceleration regimes follows from the
expression of V#$%& . The gravitational
dragging contribution of the BG model
( 𝑉'(!)*+ ) is computed as the difference
between the total BG velocity profile and
the effective Newtonian contribution (𝑉,%*+ ),
i.e., the predicted Newtonian velocity given
by the BG relativistic mass distribution.


