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Gaia measures 
position (direction and distance)& velocity 

of over 1 billion stars in our Galaxy
with an accuracy of up to 10 millionths-of-arcsecond 

end-of-mission astrometric 
accuracies better than 5-10μas 

(brighter stars)  
130-600μas (faint targets)

Science with one/two billion objects in 3 dimension,  
from structure and evolution of the MW to GR tests 

G < 20.7 mag

G_RVS= 16.2  


Astrometry

Spectrometry

Photometry
spectral classification
photometric distances
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1 microarcsecond
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Relativistic Astrometry



The location of an object in astrometry is considered reliable if its 
relative error is less 10%

parallax π(arcsec) ≈ 1(UA)/d*(pc)

π ≈ σπ ⋅ 10

GaiaHipparcos
σπ = 1 mas σπ = 10 μas

π ≈ 10−2arsec π ≈ 10−4arsec

d* = 100 pc

solar neighoborhood

d*= 10 kpc

Galactic scale!
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Gaia EDR3 - Milky Way

Source count maps based on the Gaia EDR3 data.
Image credit: ESA/Gaia/DPAC
Image license: CC BY-SA 3.0 IGO

Acknowledgement: Images were created by André Moitinho and Márcia Barros, University of Lisbon, Portugal
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Why Gravity with Gaia

Gaia DR3 data (both Gaia EDR3 and the full Gaia DR3) are based on data collected between 
25 July 2014 (10:30 UTC) and 28 May 2017 (08:44 UTC), spanning a period of 34 months.

https://www.cosmos.esa.int/web/gaia/early-data-release-3

https://www.cosmos.esa.int/web/gaia/early-data-release-3


h pertubations  at µ-arcsec due to the 
solar system bodies. Off-diagonal terms 
are included (IAU metric) 

solar system metric 

Gaia-observer laboratory  
the Solar System

micro-arcsecond accuracy+ dynamical gravitational fields 
relativistic models of light propagation: 

 RELATIVISTIC ASTROMETRY
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Detectable relativistic deflections at L2 at 1-PN level for grazing light ray 

Courtesy of A.Vecchiato
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Detectable relativistic deflections at L2 at 1-PN level for grazing light ray 

Courtesy of A.Vecchiato
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Barycentric Celestial Reference System
The BCRS is a particular reference system in the curved space-time  
       of the Solar system

• One can use any 

• but one should fix one : 

ICRF by VLBI
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Ephemeride Astrometry
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Ephemeride AstrometryUsed to describe the motion of celestial bodies and the light propagation

Ephemeris Relativistic Astrometry

IAU metric for celestial reference system!

ϵ = v/c ∼ 20.6265′ ′ v/c ∼ 10−4rad

ϵ3 = (v/c)3 ∼ 0.206265 μas

ϵ2 = (v/c)2 ∼ 2.06265 mas
“ Mass tells space how to curve

and space tells mass how to move”

Relativistic astrometry implies a full general-relativistic analysis of the light 
trajectory, from the observer to the star    

For the Solar System

Tμν

Gμν

Relativistic Astrometry



Italian Data Processing Center

The DPCT hosts the systems of  
the Astrometric Verification Unit 

(AVU), run by ALTEC (To) under the 
scientific supervision of the 

astrometric group INAF-OATo for ASI

Size at completion ~  2 PB 

Gaia, the ESA cornerstone mission, is a wide 
European effort involving almost 450 
scientists, launched in 2013. 

AVU is in charge, for DPAC, of the verification, through the 
Global Sphere Reconstruction (GSR), of the absolute 

astrometry achieved through the baseline astrometric model   

Gaia Data 
Processing and 

Analysis Consortium 
(DPAC)
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2 independent GR models (GREM and RAMOD)-> 
the Consortium constitued for the Gaia data 

reduction (DPAC)  
agreed to set up, respectively, two independent 

global sphere solutions: AGIS and GSR. 

Relativistic Astrometry

This is the only Data Processing Center,  among the six  DPCs  across Europe, which specializes in the 
treatment and validation of the satellite astrometric data -> a big archive of raw data to exploit!

All Gaia operations activities (daily and 
cyclic) done in Italy are implemented at the 
DPCT, the Italian provided HW and SW 
operations system designed, built and run by 
ALTEC (To) and INAF-OATo for ASI. 



The astrometric observable in RAMOD/AVU
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Observation equation

Eαβ “attitude tetrad”-> essential to 
define the boundary condition   
Bini , Crosta, and de Felice, Class.Quantum Grav. 20, 4695, 2003 

u’ world-line of the satellite

Relativistic Astrometry
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• de Felice F., Crosta M., Vecchiato A. 
and Lattanzi M. G., Astrophys. J., 607  
(2004) 580 

• Crosta M., Geralico A., Lattanzi M. 
G. and Vecchiato A., Phys. Rev. D, 96 
(2107) 104030.  
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All derivatives are calculated at appropriate “catalog” values

Relativistic Astrometry
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x* =
1
ϖ

(cos α cos δ, sin α cos δ, sin δ)
• Vecchiato A. et al., Astron. 

Astrophys., 620 (2018) A40  

•

• de Felice F., Crosta M., Vecchiato A. 
and Lattanzi M. G., Astrophys. J., 607  
(2004) 580 

• Crosta M., Geralico A., Lattanzi M. 
G. and Vecchiato A., Phys. Rev. D, 96 
(2107) 104030.  



Φ

d

!  given the number of celestial objects (a 
real Galilean method applied on the sky!) 

and directions involved (the whole celestial 
sphere!),  the largest experiment in General 

Relativity ever made with astrometric 
methods (since 1919) from space 

A massive repetition of the 
Eddington et al.  astrometric test of 

GR with 21st century technology,  
thank to the interfacing of 

analytical&numerical relativity 
methods!

106 stars, 1 years of 
data (i.e. ~ 1 billion 
observations) ⇒  
estimated error for the  
γ ~10-6 with Gaia  

(Vecchiato, et al. 2003, A&A)

with DR2/EDR3 too many sistematic errors, final 
calibrations including bright stars will improve the 
measurements of gamma deviation from one
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GR tests from Solar System



  Gaia is delivering a relativistic kinematic 

Gravitational astrometry at Milky Way scale

  the position and velocity data, comprising the outputs of the Gaia mission, are fully 
GR compliant             —>> Given a relativistic approach for the data analysis and 

processing, any subsequent exploitations should be consistent with 
the precepts of the theory underlying the astrometric model.  

The GR picture of the MW can ensure a coherent Local Cosmology 
laboratory against which any model of the Galaxy can be fully tested 

➢ Local Cosmology: how well distances and kinematics at the scale of 
the Milky Way disk compare with the Lambda-CDM model predictions

In most cosmological simulations ray-tracing is missing, Gaia can provides values 
(true observables) to estimate model parameters 

A fully relativistic model for the Milky Way (MW) structure  
should be pursued! 

   For the Gaia-like observer the weak gravitational 
regime turns out to be "strong" when one has to 
perform high accurate measurements 
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Relativistic Astrometry/Gravittaional Astrometry



weak field regime @Milky Way scale
Gravittaional Astrometry
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In general one assumes that: 
gravitational potential or “relativistic effects” at the MW scale are usually 
“small”, then 

✓negligible..

weak field regime @Milky Way scale
Gravittaional Astrometry
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weak field regime @Milky Way scale
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Gravittaional Astrometry
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Compare GR and (Lambda)-CDM model
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Compare GR and (Lambda)-CDM model

By routinely scanning individual sources 
throughout the whole sky,  

Gaia directly measures the (relativistic) 
kinematics of the stellar component

-> the rotation curve of the MW as a first test 
for a GR Galaxy with the Gaia data

RC are distinctive feature of spiral galaxies as MW, a sort of 
kinematical signature



“Classic” Milky Way (MWC)  model with Dark matter halo

ρb =
3b2

b Mb

4π(r2 + b2
b)5/2 ρd(R, z) =

Mdb2
d

4π
[adR2 + (ad + 3 z2 + b2

d )(ad + z2 + b2
d )2]

[R2 + (ad + z2 + b2
d )2]

5/2

(z2 + b2
d )3/2

ρh(r) = ρhalo
0

1
(r/Ah)(1 + r/Ah)2

MWC velocity profile 

3. Navarro-Frank-White DM halo2. Miyamoto-Nagai thin and thick disks1. Plummer bulge 

∇2Φtot = 4πG(ρb + ρtd + ρTd + ρh) V2
c = R (dΦtot /dR)

Pouliasis, E., Di Matteo, P., & 
Haywood, M. 2017, A&A, 598, A66 

Bovy, J. 2015, ApJs, 216, 29  McMillan, P. J. 2017, MNRAS, 465, 76-94

Navarro, J. F., Frenk, C. S. and White, S. D. M. 1996, ApJ, 462, 563 

 bulge spherical radius
 bb=0.3 kpc

Korol, Rossi & Barausse (2019) 

btd = 0.25 kpc and bTd = 0.8 kpc 

Mb, Mtd, MTd, atd, aTd , bd, ρ0
halo and Ah correspond to the bulge mass, the masses and the scale lengths/

heights of the thin and thick disks, the halo scale density, and the halo radial scale

Newtonian limit 
applied for Galactic 
dynamics -> 
Poisson’s equation

∇2Φ = 4πGρ
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GR tests at  MW scale



Galactic metric-diskds2 = gαβdxαdxβ = − dt2 + 2Ndϕdt + (r2 − N2)dϕ2 + eν(dr2 + dz2)

GR model for the Milky Way

Einstein field Eq. from the metric disk 

r∂zν + ∂rN∂zN = 0

2r2(∂r∂rν + ∂z∂zν) + (∂rN )2 + (∂zN )2 = 0

r(∂r∂rN + ∂z∂zN ) − ∂rN = 0

(∂rN )2 + (∂zN )2 = kr2ρeν

2r∂rν + (∂rN )2 − (∂zN )2 = 0

1. Stationarity and axisymmetry spacetime 
2. Reflection symmetry (around the galactic plane) 
3. The disk is an equilibrium configuration of a pressure-less rotating perfect fluid (a GR dust) 
4. The masses inside a large portion of the Galaxy interact only gravitationally and reside far from 
 the central bulge region 
5.The rotational curve is due to the angular-momentum sustained stellar population 
6. Stars = dust grains, co-moving with the Gaia-observer

Einstein equation are very difficult to solve analytically and Galaxy is a multi-structured object making it even 
the more difficult to detail a metric for the whole Galaxy
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GR tests at  MW scale



Galactic metric-diskds2 = gαβdxαdxβ = − dt2 + 2Ndϕdt + (r2 − N2)dϕ2 + eν(dr2 + dz2)

GR model for the Milky Way

(Balasin and Grummiler, Int.J. Mod. Phys., 2008)

Einstein field Eq. from the metric disk 

r∂zν + ∂rN∂zN = 0

2r2(∂r∂rν + ∂z∂zν) + (∂rN )2 + (∂zN )2 = 0

r(∂r∂rN + ∂z∂zN ) − ∂rN = 0

(∂rN )2 + (∂zN )2 = kr2ρeν

2r∂rν + (∂rN )2 − (∂zN )2 = 0

1. Stationarity and axisymmetry spacetime 
2. Reflection symmetry (around the galactic plane) 
3. The disk is an equilibrium configuration of a pressure-less rotating perfect fluid (a GR dust) 
4. The masses inside a large portion of the Galaxy interact only gravitationally and reside far from 
 the central bulge region 
5.The rotational curve is due to the angular-momentum sustained stellar population 
6. Stars = dust grains, co-moving with the Gaia-observer

N(r, z) = V0(Rout − rin) +
V0

2 ∑
±

( (z ± rin)2 + r2 − (z ± Rout)2 + r2)

rin = bulge size  
Rout =  extension of the MW disk-> Galaxy size 
V0 =   velocity in the flat regime

|z| < rin

The function N(r,z) was constrained by Balasin & Grumiller 
(BG) to the separation anstaz N(r,z) = R(r)F(z) and the 
reflection symmetry assumption.

Einstein equation are very difficult to solve analytically and Galaxy is a multi-structured object making it even 
the more difficult to detail a metric for the whole Galaxy

ρ(R, z) = e−ν(R,z) 1
8πR2 [(∂RN(R, z))2 + (∂zN(R, z))2]
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GR tests at  MW scale



Observer in circular motion

uα = Γ (kα + βmα)
uα = γ (eα

0̂
+ ζ ̂ϕeα

̂ϕ)

ds2 = − M2dt2 + (r2 − N2)(dϕ + Mϕdt)2 + eν(dr2 + dz2)

Zα = (1/M )(∂t − Mϕ∂ϕ)

ζ ̂ϕ =
gϕϕ

M
(β + Mϕ)

The Gaia observer linked to the gravitational dragging

ζ ̂ϕ =
N(r, z)

r

 orthonormal frame adapted to the ZAMO

if static (as the observer in BCRS, Gaia catalogue)

β constant angular velocity (with respect to infinity), Γ  normalization factor 

γ Lorentz factor

ZAMO frames = locally non-rotating observers, zero angular momentum with respect 
to flat infinity and move on worldlines orthogonal to the hypersurfaces t=constant

or

M = r / (r2 − N2), Mϕ = N/(r2 − N2)

V(r, z) = N(r, z)/r ∝ g0ϕ
V: spatial velocity of the co-rotating dust as seen by 
an asymptotic observer at rest wrt to the center of 

the Galaxy (or the rotation axis) 

Gravitational dragging working at disk scale

The question before us: the MW rotation curve, dark matter or geometry driven?

(de Felice and Bini, “Classical measurements in curved space-time”)
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GR tests at  MW scale

 Crosta M., Giammaria M., Lattanzi M. G., Poggio E., (2020)



i. Complete Gaia DR2 astrometric dataset (                   parallax) 
ii. Parallaxes good to 20% (i.e. parallax_over_error ≥ 5)
    —> parallaxes to better than 20% allow to deal with similar (quasi–gaussian) statistics when transforming to distances
iii. Gaia-measured velocity along the line of sight, i.e. radial velocity, with better than 20% 

uncertainties from Gaia DR2

i.+ii.+iii.—> proper 6D reconstruction of the phase-space location occupied by each individual 
star as derived by the same observer

iv. Only for Early Type stars, cross-matched entry in the 2MASS catalog following Poggio et al. (2018)
—> for the actual materialization of the sample

1. Full transformation (including complete error propagation) from 
the ICRS equatorial to heliocentric galactic coordinates


2. then translation to the galactic center

Data sample: full reconstruction of disc kinematics based on DR2 data only

very homogenous sample of 5277 early type stars and 325 classical 
type I Cepheids.


99.4 % of the sample in 4,9 ≤ r ≤ 15,8 kpc (a range of 11 kpc) and below 

1 kpc from the galactic plane (characteristic scale height for the validity of the BG model)


to date the best angular-momentum sustained stellar population 
of the Milky Way that better traces its observed RC!

α, δ, μα, μδ,
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GR tests at  MW scale

 Crosta, Giammaria, Lattanzi, Poggio, MNRAS, 496,(2020)



Ref:On testing CDM and geometry-driven Milky Way rotation curve models with Gaia DR2- Crosta M., 
Giammaria M., Lattanzi M. G., Poggio E.,MNRAS, Volume 496, Issue 2, August 2020, Pages 2107–2122

MWC

BG 

For our  likelihood analysis the 
two models appear almost 
identically consistent with the 
data.  


Weak field GR off-diagonal 
term mimic DM in MW!

 MCMC fit to the Gaia DR2 data - Classical (MWC) and GR (BG) RC 
Both models fit the data! 

Best fit estimates as the median of the posteriors 
and their 1σ level credible interval

For both models, the errors due to the Bayesian analyses are at least one order of 
magnitude lower than the resulting uncertainties of the parameters. 

For the BG free parameters uniform prior distributions (first general relativistic model 
fitted to data) 

For MWC normal prior distributions (comparison of our bayesian analysis with the 
most recent observational estimates)

MW rotational curve with Gaia DR2 7

BG model ✓ ��
✓ �+✓

rin [kpc] 0.39 -0.25 +0.36
Rout [kpc] 47.87 -14.80 +23.96
V0 [km/s] 263.10 -16.44 +25.93

e⌫0 0.083 - 0.014 +0.014

Table 2. rin , Rout and V0 are the parameters of BG’s model that cor-
respond, respectively, to the lower and upper radial limits, i.e. the bulge
radial size and the Galaxy radius, and the normalization of the velocity in
the flat regime. e⌫0 is the estimated dimensionless value characterizing the
conformal factor function, assumed constant, in line element (4). ✓, ��

✓ and
�+✓ are the mean and the 1� credible interval limits from the posteriors of
the parameters (see also the values in Table C1 of appendix C, to which this
table is fully compliant).

regular units. In other words, these quantities identify the range for
which the 4D spacetime metric used can describe the MW disk as
an axisymmetric stationary rotating dust.

This relativistic velocity profile is then compared to the well-
studied classical models for the MW described in section 2. Each
contribution to the azimuthal (circular) velocity in the classical
model is calculated by utilizing the GALPY python package (Bovy
2015).

We fit both the BG and MWC models to the DR2 azimuthal
velocity data V�(Ri), and the corresponding uncertainties, from
Table 1, utilizing the log likelihood function

logL = �1
2

’
i

 [V�(Ri) � V
exp
� (Ri |✓)]2

�2
V�

+ log
⇣
�2
V�

⌘!

� 1
2

 
[⇢(R�) � ⇢exp(R� |✓)]2

�2
⇢�

+ log
⇣
�2
⇢�

⌘!
, (15)

where V
exp
� (Ri |✓) are the expected velocity values evaluated

with the two theoretical models at each Ri for any trial set of their
corresponding parameter vector ✓.

For the "observed" (local) baryonic matter density at the Sun
and its corresponding error, i.e. ⇢(R�) and �� , in the likelihood
function above, we adopted the most recent values, respectively
0.084 and 0.012 M�pc�3, given in McKee, Parravano & Hollen-
bach (2015).

For the BG model (Balasin & Grumiller 2008), ⇢exp(R� |✓) at
z=0 is calculated via the 00-term of Einstein’s equation (see section
4), while for the MWC model ⇢exp(R� |✓) = ⇢b(R = R�, z =
0) + ⇢td(R = R�, z = 0) + ⇢Td(R = R�, z = 0) from equations (1)
and (2).

In summary, we decided for 7 free parameters when fitting
with the MWC model, i.e. Mb , Mtd , MTd , atd , aTd ⇢

halo
0 and

Ah . Instead, when dealing with the BG model, we have a total of 4
free parameters, V0, Rout , rin and e

⌫0 (see section 4), and contrary
to the MWC case, the use of the BG density function ⇢BG in the
likelihood expression above is mandatory, as e

⌫0 is not present in
V
BG(R).

We finally used the Markov-Chain Monte-Carlo (MCMC)
method to fit to the data (see appendix B); Tables 2 and 3 report the
best fit estimates as the median of the posteriors and their 1� level
credible interval. For both models, the errors due to the Bayesian
analyses are at least one order of magnitude lower than the result-
ing uncertainties of the parameters. This shows that the analysis is
intrinsically consistent and the simulation errors are negligible.

In Figure 1, the star-like symbols show median V� versus R

MWC model ✓ ��
✓ �+✓

Mb [1010M�] 1.0 -0.4 +0.4
Mt d [1010M�] 3.9 -0.4 +0.4
MT d [1010M�] 4.0 -0.5 +0.5

at d [kpc] 5.2 -0.5 +0.5
aT d [kpc] 2.7 -0.4 +0.4

⇢halo
0 [M�pc�3] 0.009 -0.003 +0.004

Ah [kpc] 17 -3 +4

Table 3. Mb , Mt d , MT d , at d , aT d ,⇢halo
0 and Ah are the free parameters

of the MWC model: the bulge mass, the masses and the scale lengths of the
two disks, the halo scale density, and the halo radial scale, respectively.
✓, ��

✓ and �+✓ are the mean and the 1� credible interval limits from the
posteriors of the parameters (see also the values in Table C3 of appendix C,
to which this table is fully compliant).

as derived with the Gaia DR2 data in Table 1. The two MCMC
estimated velocity profiles, drawn as the coloured solid lines in Fig.
1, are both good representations of the data , i.e., they are statistically
equivalent (see appendix C).

The least constrained parameter in the BG model is the "up-
per" radial limit, i.e., Rout . As already discussed, this was actually
expected due to a relatively limited radial coverage of the Gaia-only
velocity data we have used. Besides, we obtain an interesting result
on the lower limit parameter rin. According to Balasin & Grumiller
(2008, after their Eq. 26), as rin “determines the transition between
the linear (r ⌧ rin) and the flat (rin ⌧ r ⌧ Rout ) regime of the
velocity profile”, the size of the bulge “ may be predicted from the
velocity profile”. Remarkably, the fitted value rin = 0.39 kpc in Ta-
ble 2 is quite close to the value of bb = 0.3 kpc we adopted from
Pouliasis et al. (2017; see also Eilers et al, 2019) for the Plummer’s
radius of the bulge contribution to the MW density in our MWC
model (see Eq. 1 in sec. 2.1). It is also important to highlight here
the back-compatibility of this experimental result with the z distri-
bution of our selected disk population (see Table 1 and its caption):
to ensure a consistent application of the BG velocity model, the
selected stars resulted in a population spatially constrained to small
distances from the plane (average median height < zmedian >⇡
-0.03 kpc and a corresponding average dispersion of 0.2 kpc), and,
in turn,< zmedian > rin virtually everywhere across the radial
range spanned by the Gaia rotational velocity data. Despite this abil-
ity of providing an independent measurements of the radial size of
the MW bulge directly from the velocity data, the existence of the
critical regions at |z | > 0.39 kpc limits the physical validity of the
BG model and prevents it from describing large parts of the actual
Galaxy.

It is worth mentioning that Almeida et al. (2016) converted
the observational RC’s for some external galaxies into a data set
of an e�ective analogue (called the "e�ective Newtonian" velocity
profile VeN ) in order to define a method to compare non-Newtonian
gravity models with or without some dark matter. From the fit of
the Newtonian velocity profile to the e�ective Newtonian curve
the authors derive some baryonic parameters (basically by solving
Poisson-like equations). With the application of such a method, it
appears that both CT and BG approaches have strong problems
fitting galaxy rotation curves without dark matter. On the other
end, the statistical technique used for the fit, i.e. a �2 minimization
procedure, could be insu�cient for exploring the parameter space
(see appendix B) and some parameters appear not suitable for a
consistent representation of the BG model. For example, the galaxy
radius R ⇠ 107 kpc is out of the range given by the BG solution and
galaxies cannot be considered isolated at such distances. Despite
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BG model ✓ ��
✓ �+✓

rin [kpc] 0.39 -0.25 +0.36
Rout [kpc] 47.87 -14.80 +23.96
V0 [km/s] 263.10 -16.44 +25.93

e⌫0 0.083 - 0.014 +0.014

Table 2. rin , Rout and V0 are the parameters of BG’s model that cor-
respond, respectively, to the lower and upper radial limits, i.e. the bulge
radial size and the Galaxy radius, and the normalization of the velocity in
the flat regime. e⌫0 is the estimated dimensionless value characterizing the
conformal factor function, assumed constant, in line element (4). ✓, ��

✓ and
�+✓ are the mean and the 1� credible interval limits from the posteriors of
the parameters (see also the values in Table C1 of appendix C, to which this
table is fully compliant).

regular units. In other words, these quantities identify the range for
which the 4D spacetime metric used can describe the MW disk as
an axisymmetric stationary rotating dust.

This relativistic velocity profile is then compared to the well-
studied classical models for the MW described in section 2. Each
contribution to the azimuthal (circular) velocity in the classical
model is calculated by utilizing the GALPY python package (Bovy
2015).

We fit both the BG and MWC models to the DR2 azimuthal
velocity data V�(Ri), and the corresponding uncertainties, from
Table 1, utilizing the log likelihood function
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where V
exp
� (Ri |✓) are the expected velocity values evaluated

with the two theoretical models at each Ri for any trial set of their
corresponding parameter vector ✓.

For the "observed" (local) baryonic matter density at the Sun
and its corresponding error, i.e. ⇢(R�) and �� , in the likelihood
function above, we adopted the most recent values, respectively
0.084 and 0.012 M�pc�3, given in McKee, Parravano & Hollen-
bach (2015).

For the BG model (Balasin & Grumiller 2008), ⇢exp(R� |✓) at
z=0 is calculated via the 00-term of Einstein’s equation (see section
4), while for the MWC model ⇢exp(R� |✓) = ⇢b(R = R�, z =
0) + ⇢td(R = R�, z = 0) + ⇢Td(R = R�, z = 0) from equations (1)
and (2).

In summary, we decided for 7 free parameters when fitting
with the MWC model, i.e. Mb , Mtd , MTd , atd , aTd ⇢

halo
0 and

Ah . Instead, when dealing with the BG model, we have a total of 4
free parameters, V0, Rout , rin and e

⌫0 (see section 4), and contrary
to the MWC case, the use of the BG density function ⇢BG in the
likelihood expression above is mandatory, as e

⌫0 is not present in
V
BG(R).

We finally used the Markov-Chain Monte-Carlo (MCMC)
method to fit to the data (see appendix B); Tables 2 and 3 report the
best fit estimates as the median of the posteriors and their 1� level
credible interval. For both models, the errors due to the Bayesian
analyses are at least one order of magnitude lower than the result-
ing uncertainties of the parameters. This shows that the analysis is
intrinsically consistent and the simulation errors are negligible.

In Figure 1, the star-like symbols show median V� versus R

MWC model ✓ ��
✓ �+✓

Mb [1010M�] 1.0 -0.4 +0.4
Mt d [1010M�] 3.9 -0.4 +0.4
MT d [1010M�] 4.0 -0.5 +0.5

at d [kpc] 5.2 -0.5 +0.5
aT d [kpc] 2.7 -0.4 +0.4

⇢halo
0 [M�pc�3] 0.009 -0.003 +0.004

Ah [kpc] 17 -3 +4

Table 3. Mb , Mt d , MT d , at d , aT d ,⇢halo
0 and Ah are the free parameters

of the MWC model: the bulge mass, the masses and the scale lengths of the
two disks, the halo scale density, and the halo radial scale, respectively.
✓, ��

✓ and �+✓ are the mean and the 1� credible interval limits from the
posteriors of the parameters (see also the values in Table C3 of appendix C,
to which this table is fully compliant).

as derived with the Gaia DR2 data in Table 1. The two MCMC
estimated velocity profiles, drawn as the coloured solid lines in Fig.
1, are both good representations of the data , i.e., they are statistically
equivalent (see appendix C).

The least constrained parameter in the BG model is the "up-
per" radial limit, i.e., Rout . As already discussed, this was actually
expected due to a relatively limited radial coverage of the Gaia-only
velocity data we have used. Besides, we obtain an interesting result
on the lower limit parameter rin. According to Balasin & Grumiller
(2008, after their Eq. 26), as rin “determines the transition between
the linear (r ⌧ rin) and the flat (rin ⌧ r ⌧ Rout ) regime of the
velocity profile”, the size of the bulge “ may be predicted from the
velocity profile”. Remarkably, the fitted value rin = 0.39 kpc in Ta-
ble 2 is quite close to the value of bb = 0.3 kpc we adopted from
Pouliasis et al. (2017; see also Eilers et al, 2019) for the Plummer’s
radius of the bulge contribution to the MW density in our MWC
model (see Eq. 1 in sec. 2.1). It is also important to highlight here
the back-compatibility of this experimental result with the z distri-
bution of our selected disk population (see Table 1 and its caption):
to ensure a consistent application of the BG velocity model, the
selected stars resulted in a population spatially constrained to small
distances from the plane (average median height < zmedian >⇡
-0.03 kpc and a corresponding average dispersion of 0.2 kpc), and,
in turn,< zmedian > rin virtually everywhere across the radial
range spanned by the Gaia rotational velocity data. Despite this abil-
ity of providing an independent measurements of the radial size of
the MW bulge directly from the velocity data, the existence of the
critical regions at |z | > 0.39 kpc limits the physical validity of the
BG model and prevents it from describing large parts of the actual
Galaxy.

It is worth mentioning that Almeida et al. (2016) converted
the observational RC’s for some external galaxies into a data set
of an e�ective analogue (called the "e�ective Newtonian" velocity
profile VeN ) in order to define a method to compare non-Newtonian
gravity models with or without some dark matter. From the fit of
the Newtonian velocity profile to the e�ective Newtonian curve
the authors derive some baryonic parameters (basically by solving
Poisson-like equations). With the application of such a method, it
appears that both CT and BG approaches have strong problems
fitting galaxy rotation curves without dark matter. On the other
end, the statistical technique used for the fit, i.e. a �2 minimization
procedure, could be insu�cient for exploring the parameter space
(see appendix B) and some parameters appear not suitable for a
consistent representation of the BG model. For example, the galaxy
radius R ⇠ 107 kpc is out of the range given by the BG solution and
galaxies cannot be considered isolated at such distances. Despite
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MWC

BG 

For our  likelihood analysis the 
two models appear almost 
identically consistent with the 
data.  


Weak field GR off-diagonal 
term mimic DM in MW!

 MCMC fit to the Gaia DR2 data - Classical (MWC) and GR (BG) RC 
Both models fit the data! 

Best fit estimates as the median of the posteriors 
and their 1σ level credible interval

For both models, the errors due to the Bayesian analyses are at least one order of 
magnitude lower than the resulting uncertainties of the parameters. 

For the BG free parameters uniform prior distributions (first general relativistic model 
fitted to data) 

For MWC normal prior distributions (comparison of our bayesian analysis with the 
most recent observational estimates)
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BG model ✓ ��
✓ �+✓

rin [kpc] 0.39 -0.25 +0.36
Rout [kpc] 47.87 -14.80 +23.96
V0 [km/s] 263.10 -16.44 +25.93

e⌫0 0.083 - 0.014 +0.014

Table 2. rin , Rout and V0 are the parameters of BG’s model that cor-
respond, respectively, to the lower and upper radial limits, i.e. the bulge
radial size and the Galaxy radius, and the normalization of the velocity in
the flat regime. e⌫0 is the estimated dimensionless value characterizing the
conformal factor function, assumed constant, in line element (4). ✓, ��

✓ and
�+✓ are the mean and the 1� credible interval limits from the posteriors of
the parameters (see also the values in Table C1 of appendix C, to which this
table is fully compliant).

regular units. In other words, these quantities identify the range for
which the 4D spacetime metric used can describe the MW disk as
an axisymmetric stationary rotating dust.

This relativistic velocity profile is then compared to the well-
studied classical models for the MW described in section 2. Each
contribution to the azimuthal (circular) velocity in the classical
model is calculated by utilizing the GALPY python package (Bovy
2015).

We fit both the BG and MWC models to the DR2 azimuthal
velocity data V�(Ri), and the corresponding uncertainties, from
Table 1, utilizing the log likelihood function
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where V
exp
� (Ri |✓) are the expected velocity values evaluated

with the two theoretical models at each Ri for any trial set of their
corresponding parameter vector ✓.

For the "observed" (local) baryonic matter density at the Sun
and its corresponding error, i.e. ⇢(R�) and �� , in the likelihood
function above, we adopted the most recent values, respectively
0.084 and 0.012 M�pc�3, given in McKee, Parravano & Hollen-
bach (2015).

For the BG model (Balasin & Grumiller 2008), ⇢exp(R� |✓) at
z=0 is calculated via the 00-term of Einstein’s equation (see section
4), while for the MWC model ⇢exp(R� |✓) = ⇢b(R = R�, z =
0) + ⇢td(R = R�, z = 0) + ⇢Td(R = R�, z = 0) from equations (1)
and (2).

In summary, we decided for 7 free parameters when fitting
with the MWC model, i.e. Mb , Mtd , MTd , atd , aTd ⇢

halo
0 and

Ah . Instead, when dealing with the BG model, we have a total of 4
free parameters, V0, Rout , rin and e

⌫0 (see section 4), and contrary
to the MWC case, the use of the BG density function ⇢BG in the
likelihood expression above is mandatory, as e

⌫0 is not present in
V
BG(R).

We finally used the Markov-Chain Monte-Carlo (MCMC)
method to fit to the data (see appendix B); Tables 2 and 3 report the
best fit estimates as the median of the posteriors and their 1� level
credible interval. For both models, the errors due to the Bayesian
analyses are at least one order of magnitude lower than the result-
ing uncertainties of the parameters. This shows that the analysis is
intrinsically consistent and the simulation errors are negligible.

In Figure 1, the star-like symbols show median V� versus R

MWC model ✓ ��
✓ �+✓

Mb [1010M�] 1.0 -0.4 +0.4
Mt d [1010M�] 3.9 -0.4 +0.4
MT d [1010M�] 4.0 -0.5 +0.5

at d [kpc] 5.2 -0.5 +0.5
aT d [kpc] 2.7 -0.4 +0.4

⇢halo
0 [M�pc�3] 0.009 -0.003 +0.004

Ah [kpc] 17 -3 +4

Table 3. Mb , Mt d , MT d , at d , aT d ,⇢halo
0 and Ah are the free parameters

of the MWC model: the bulge mass, the masses and the scale lengths of the
two disks, the halo scale density, and the halo radial scale, respectively.
✓, ��

✓ and �+✓ are the mean and the 1� credible interval limits from the
posteriors of the parameters (see also the values in Table C3 of appendix C,
to which this table is fully compliant).

as derived with the Gaia DR2 data in Table 1. The two MCMC
estimated velocity profiles, drawn as the coloured solid lines in Fig.
1, are both good representations of the data , i.e., they are statistically
equivalent (see appendix C).

The least constrained parameter in the BG model is the "up-
per" radial limit, i.e., Rout . As already discussed, this was actually
expected due to a relatively limited radial coverage of the Gaia-only
velocity data we have used. Besides, we obtain an interesting result
on the lower limit parameter rin. According to Balasin & Grumiller
(2008, after their Eq. 26), as rin “determines the transition between
the linear (r ⌧ rin) and the flat (rin ⌧ r ⌧ Rout ) regime of the
velocity profile”, the size of the bulge “ may be predicted from the
velocity profile”. Remarkably, the fitted value rin = 0.39 kpc in Ta-
ble 2 is quite close to the value of bb = 0.3 kpc we adopted from
Pouliasis et al. (2017; see also Eilers et al, 2019) for the Plummer’s
radius of the bulge contribution to the MW density in our MWC
model (see Eq. 1 in sec. 2.1). It is also important to highlight here
the back-compatibility of this experimental result with the z distri-
bution of our selected disk population (see Table 1 and its caption):
to ensure a consistent application of the BG velocity model, the
selected stars resulted in a population spatially constrained to small
distances from the plane (average median height < zmedian >⇡
-0.03 kpc and a corresponding average dispersion of 0.2 kpc), and,
in turn,< zmedian > rin virtually everywhere across the radial
range spanned by the Gaia rotational velocity data. Despite this abil-
ity of providing an independent measurements of the radial size of
the MW bulge directly from the velocity data, the existence of the
critical regions at |z | > 0.39 kpc limits the physical validity of the
BG model and prevents it from describing large parts of the actual
Galaxy.

It is worth mentioning that Almeida et al. (2016) converted
the observational RC’s for some external galaxies into a data set
of an e�ective analogue (called the "e�ective Newtonian" velocity
profile VeN ) in order to define a method to compare non-Newtonian
gravity models with or without some dark matter. From the fit of
the Newtonian velocity profile to the e�ective Newtonian curve
the authors derive some baryonic parameters (basically by solving
Poisson-like equations). With the application of such a method, it
appears that both CT and BG approaches have strong problems
fitting galaxy rotation curves without dark matter. On the other
end, the statistical technique used for the fit, i.e. a �2 minimization
procedure, could be insu�cient for exploring the parameter space
(see appendix B) and some parameters appear not suitable for a
consistent representation of the BG model. For example, the galaxy
radius R ⇠ 107 kpc is out of the range given by the BG solution and
galaxies cannot be considered isolated at such distances. Despite
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V0 [km/s] 263.10 -16.44 +25.93

e⌫0 0.083 - 0.014 +0.014

Table 2. rin , Rout and V0 are the parameters of BG’s model that cor-
respond, respectively, to the lower and upper radial limits, i.e. the bulge
radial size and the Galaxy radius, and the normalization of the velocity in
the flat regime. e⌫0 is the estimated dimensionless value characterizing the
conformal factor function, assumed constant, in line element (4). ✓, ��

✓ and
�+✓ are the mean and the 1� credible interval limits from the posteriors of
the parameters (see also the values in Table C1 of appendix C, to which this
table is fully compliant).

regular units. In other words, these quantities identify the range for
which the 4D spacetime metric used can describe the MW disk as
an axisymmetric stationary rotating dust.

This relativistic velocity profile is then compared to the well-
studied classical models for the MW described in section 2. Each
contribution to the azimuthal (circular) velocity in the classical
model is calculated by utilizing the GALPY python package (Bovy
2015).

We fit both the BG and MWC models to the DR2 azimuthal
velocity data V�(Ri), and the corresponding uncertainties, from
Table 1, utilizing the log likelihood function
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where V
exp
� (Ri |✓) are the expected velocity values evaluated

with the two theoretical models at each Ri for any trial set of their
corresponding parameter vector ✓.

For the "observed" (local) baryonic matter density at the Sun
and its corresponding error, i.e. ⇢(R�) and �� , in the likelihood
function above, we adopted the most recent values, respectively
0.084 and 0.012 M�pc�3, given in McKee, Parravano & Hollen-
bach (2015).

For the BG model (Balasin & Grumiller 2008), ⇢exp(R� |✓) at
z=0 is calculated via the 00-term of Einstein’s equation (see section
4), while for the MWC model ⇢exp(R� |✓) = ⇢b(R = R�, z =
0) + ⇢td(R = R�, z = 0) + ⇢Td(R = R�, z = 0) from equations (1)
and (2).

In summary, we decided for 7 free parameters when fitting
with the MWC model, i.e. Mb , Mtd , MTd , atd , aTd ⇢

halo
0 and

Ah . Instead, when dealing with the BG model, we have a total of 4
free parameters, V0, Rout , rin and e

⌫0 (see section 4), and contrary
to the MWC case, the use of the BG density function ⇢BG in the
likelihood expression above is mandatory, as e

⌫0 is not present in
V
BG(R).

We finally used the Markov-Chain Monte-Carlo (MCMC)
method to fit to the data (see appendix B); Tables 2 and 3 report the
best fit estimates as the median of the posteriors and their 1� level
credible interval. For both models, the errors due to the Bayesian
analyses are at least one order of magnitude lower than the result-
ing uncertainties of the parameters. This shows that the analysis is
intrinsically consistent and the simulation errors are negligible.

In Figure 1, the star-like symbols show median V� versus R

MWC model ✓ ��
✓ �+✓

Mb [1010M�] 1.0 -0.4 +0.4
Mt d [1010M�] 3.9 -0.4 +0.4
MT d [1010M�] 4.0 -0.5 +0.5

at d [kpc] 5.2 -0.5 +0.5
aT d [kpc] 2.7 -0.4 +0.4

⇢halo
0 [M�pc�3] 0.009 -0.003 +0.004

Ah [kpc] 17 -3 +4

Table 3. Mb , Mt d , MT d , at d , aT d ,⇢halo
0 and Ah are the free parameters

of the MWC model: the bulge mass, the masses and the scale lengths of the
two disks, the halo scale density, and the halo radial scale, respectively.
✓, ��

✓ and �+✓ are the mean and the 1� credible interval limits from the
posteriors of the parameters (see also the values in Table C3 of appendix C,
to which this table is fully compliant).

as derived with the Gaia DR2 data in Table 1. The two MCMC
estimated velocity profiles, drawn as the coloured solid lines in Fig.
1, are both good representations of the data , i.e., they are statistically
equivalent (see appendix C).

The least constrained parameter in the BG model is the "up-
per" radial limit, i.e., Rout . As already discussed, this was actually
expected due to a relatively limited radial coverage of the Gaia-only
velocity data we have used. Besides, we obtain an interesting result
on the lower limit parameter rin. According to Balasin & Grumiller
(2008, after their Eq. 26), as rin “determines the transition between
the linear (r ⌧ rin) and the flat (rin ⌧ r ⌧ Rout ) regime of the
velocity profile”, the size of the bulge “ may be predicted from the
velocity profile”. Remarkably, the fitted value rin = 0.39 kpc in Ta-
ble 2 is quite close to the value of bb = 0.3 kpc we adopted from
Pouliasis et al. (2017; see also Eilers et al, 2019) for the Plummer’s
radius of the bulge contribution to the MW density in our MWC
model (see Eq. 1 in sec. 2.1). It is also important to highlight here
the back-compatibility of this experimental result with the z distri-
bution of our selected disk population (see Table 1 and its caption):
to ensure a consistent application of the BG velocity model, the
selected stars resulted in a population spatially constrained to small
distances from the plane (average median height < zmedian >⇡
-0.03 kpc and a corresponding average dispersion of 0.2 kpc), and,
in turn,< zmedian > rin virtually everywhere across the radial
range spanned by the Gaia rotational velocity data. Despite this abil-
ity of providing an independent measurements of the radial size of
the MW bulge directly from the velocity data, the existence of the
critical regions at |z | > 0.39 kpc limits the physical validity of the
BG model and prevents it from describing large parts of the actual
Galaxy.

It is worth mentioning that Almeida et al. (2016) converted
the observational RC’s for some external galaxies into a data set
of an e�ective analogue (called the "e�ective Newtonian" velocity
profile VeN ) in order to define a method to compare non-Newtonian
gravity models with or without some dark matter. From the fit of
the Newtonian velocity profile to the e�ective Newtonian curve
the authors derive some baryonic parameters (basically by solving
Poisson-like equations). With the application of such a method, it
appears that both CT and BG approaches have strong problems
fitting galaxy rotation curves without dark matter. On the other
end, the statistical technique used for the fit, i.e. a �2 minimization
procedure, could be insu�cient for exploring the parameter space
(see appendix B) and some parameters appear not suitable for a
consistent representation of the BG model. For example, the galaxy
radius R ⇠ 107 kpc is out of the range given by the BG solution and
galaxies cannot be considered isolated at such distances. Despite
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The baryonic density profile via Einstein field eq. 

According to the relativistic model 
  

solar masses/cubic parsec 

In agreement, with current independent  
estimates 

0.077±0.007 Msun pc−3  

(Bienayme et al.  2014, A&A, 571) 

0.084 ± 0.012 Msun pc−3 

( McKee et al. 2015, ApJ, 814, 13 )


0.098+0.006 Msun pc−3 

(Garbari et al. 2012MNRAS, 425, 1445)


 

0.083 ± 0.006

Density profile of the MW at z=0 derived from 100 random draws from the 
posterior distribution of the fit As expected in the disk region (z ∼ 0), for 

MWC the dominant matter is baryonic, 
while DM is a minor component there, i.e. 
ρDM ∼ 0.01M⊙pc-3

range of the data

Sun pos.

2 rin
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Rout [kpc] 47.87 -14.80 +23.96
V0 [km/s] 263.10 -16.44 +25.93

e⌫0 0.083 - 0.014 +0.014

Table 2. rin , Rout and V0 are the parameters of BG’s model that cor-
respond, respectively, to the lower and upper radial limits, i.e. the bulge
radial size and the Galaxy radius, and the normalization of the velocity in
the flat regime. e⌫0 is the estimated dimensionless value characterizing the
conformal factor function, assumed constant, in line element (4). ✓, ��

✓ and
�+✓ are the mean and the 1� credible interval limits from the posteriors of
the parameters (see also the values in Table C1 of appendix C, to which this
table is fully compliant).

regular units. In other words, these quantities identify the range for
which the 4D spacetime metric used can describe the MW disk as
an axisymmetric stationary rotating dust.

This relativistic velocity profile is then compared to the well-
studied classical models for the MW described in section 2. Each
contribution to the azimuthal (circular) velocity in the classical
model is calculated by utilizing the GALPY python package (Bovy
2015).

We fit both the BG and MWC models to the DR2 azimuthal
velocity data V�(Ri), and the corresponding uncertainties, from
Table 1, utilizing the log likelihood function
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where V
exp
� (Ri |✓) are the expected velocity values evaluated

with the two theoretical models at each Ri for any trial set of their
corresponding parameter vector ✓.

For the "observed" (local) baryonic matter density at the Sun
and its corresponding error, i.e. ⇢(R�) and �� , in the likelihood
function above, we adopted the most recent values, respectively
0.084 and 0.012 M�pc�3, given in McKee, Parravano & Hollen-
bach (2015).

For the BG model (Balasin & Grumiller 2008), ⇢exp(R� |✓) at
z=0 is calculated via the 00-term of Einstein’s equation (see section
4), while for the MWC model ⇢exp(R� |✓) = ⇢b(R = R�, z =
0) + ⇢td(R = R�, z = 0) + ⇢Td(R = R�, z = 0) from equations (1)
and (2).

In summary, we decided for 7 free parameters when fitting
with the MWC model, i.e. Mb , Mtd , MTd , atd , aTd ⇢

halo
0 and

Ah . Instead, when dealing with the BG model, we have a total of 4
free parameters, V0, Rout , rin and e

⌫0 (see section 4), and contrary
to the MWC case, the use of the BG density function ⇢BG in the
likelihood expression above is mandatory, as e

⌫0 is not present in
V
BG(R).

We finally used the Markov-Chain Monte-Carlo (MCMC)
method to fit to the data (see appendix B); Tables 2 and 3 report the
best fit estimates as the median of the posteriors and their 1� level
credible interval. For both models, the errors due to the Bayesian
analyses are at least one order of magnitude lower than the result-
ing uncertainties of the parameters. This shows that the analysis is
intrinsically consistent and the simulation errors are negligible.

In Figure 1, the star-like symbols show median V� versus R

MWC model ✓ ��
✓ �+✓

Mb [1010M�] 1.0 -0.4 +0.4
Mt d [1010M�] 3.9 -0.4 +0.4
MT d [1010M�] 4.0 -0.5 +0.5

at d [kpc] 5.2 -0.5 +0.5
aT d [kpc] 2.7 -0.4 +0.4

⇢halo
0 [M�pc�3] 0.009 -0.003 +0.004

Ah [kpc] 17 -3 +4

Table 3. Mb , Mt d , MT d , at d , aT d ,⇢halo
0 and Ah are the free parameters

of the MWC model: the bulge mass, the masses and the scale lengths of the
two disks, the halo scale density, and the halo radial scale, respectively.
✓, ��

✓ and �+✓ are the mean and the 1� credible interval limits from the
posteriors of the parameters (see also the values in Table C3 of appendix C,
to which this table is fully compliant).

as derived with the Gaia DR2 data in Table 1. The two MCMC
estimated velocity profiles, drawn as the coloured solid lines in Fig.
1, are both good representations of the data , i.e., they are statistically
equivalent (see appendix C).

The least constrained parameter in the BG model is the "up-
per" radial limit, i.e., Rout . As already discussed, this was actually
expected due to a relatively limited radial coverage of the Gaia-only
velocity data we have used. Besides, we obtain an interesting result
on the lower limit parameter rin. According to Balasin & Grumiller
(2008, after their Eq. 26), as rin “determines the transition between
the linear (r ⌧ rin) and the flat (rin ⌧ r ⌧ Rout ) regime of the
velocity profile”, the size of the bulge “ may be predicted from the
velocity profile”. Remarkably, the fitted value rin = 0.39 kpc in Ta-
ble 2 is quite close to the value of bb = 0.3 kpc we adopted from
Pouliasis et al. (2017; see also Eilers et al, 2019) for the Plummer’s
radius of the bulge contribution to the MW density in our MWC
model (see Eq. 1 in sec. 2.1). It is also important to highlight here
the back-compatibility of this experimental result with the z distri-
bution of our selected disk population (see Table 1 and its caption):
to ensure a consistent application of the BG velocity model, the
selected stars resulted in a population spatially constrained to small
distances from the plane (average median height < zmedian >⇡
-0.03 kpc and a corresponding average dispersion of 0.2 kpc), and,
in turn,< zmedian > rin virtually everywhere across the radial
range spanned by the Gaia rotational velocity data. Despite this abil-
ity of providing an independent measurements of the radial size of
the MW bulge directly from the velocity data, the existence of the
critical regions at |z | > 0.39 kpc limits the physical validity of the
BG model and prevents it from describing large parts of the actual
Galaxy.

It is worth mentioning that Almeida et al. (2016) converted
the observational RC’s for some external galaxies into a data set
of an e�ective analogue (called the "e�ective Newtonian" velocity
profile VeN ) in order to define a method to compare non-Newtonian
gravity models with or without some dark matter. From the fit of
the Newtonian velocity profile to the e�ective Newtonian curve
the authors derive some baryonic parameters (basically by solving
Poisson-like equations). With the application of such a method, it
appears that both CT and BG approaches have strong problems
fitting galaxy rotation curves without dark matter. On the other
end, the statistical technique used for the fit, i.e. a �2 minimization
procedure, could be insu�cient for exploring the parameter space
(see appendix B) and some parameters appear not suitable for a
consistent representation of the BG model. For example, the galaxy
radius R ⇠ 107 kpc is out of the range given by the BG solution and
galaxies cannot be considered isolated at such distances. Despite

MNRAS 000, 1–14 (2019)

ρ(R, z) = e−ν(R,z) 1
8πR2 [(∂RN(R, z))2 + (∂zN(R, z))2]
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The relativistic dragging effect has no newtonian counterpart, thus we compared: 


(i) the MWC baryonic-only contribution  with the effective Newtonian profile (Binney & Tremaine 1988) 
calculated by using the BG density:


(ii) the MWC dark matter-only contribution (halo) with the "dragging curve" traced by subtracting        to VBG 
. 

VBG
eN

Dragging effect vs. halo effect

(VBG
drag(Ri; |z |eff | ) = (VBG(R))2 − (VBG

eN (R; |z |eff ))2

For the effective BG disk half- thickness |z|eff, the 
minimization process yields |z|eff=0.215kpc

 Crosta et al., MNRAS (2020)

amount of rotational velocity across the 
MW plane due to gravitational dragging

R < 5 kpc could be the breaking 
point for the direct applicability of 
the BG model to the Milky Way, as 
it calls for a more suitable 
relativistic description of its central 
regions

VBG
eN

btd = 0.25 kpc!
∑

i

(VBG
eN (Ri, k) − VMWC

eN (Ri))2 /N |zk | < rin

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

GR tests at  MW scale



The relativistic dragging effect has no newtonian counterpart, thus we compared: 


(i) the MWC baryonic-only contribution  with the effective Newtonian profile (Binney & Tremaine 1988) 
calculated by using the BG density:


(ii) the MWC dark matter-only contribution (halo) with the "dragging curve" traced by subtracting        to VBG 
. 

VBG
eN

Dragging effect vs. halo effect

(VBG
drag(Ri; |z |eff | ) = (VBG(R))2 − (VBG

eN (R; |z |eff ))2

For the effective BG disk half- thickness |z|eff, the 
minimization process yields |z|eff=0.215kpc

 Crosta et al., MNRAS (2020)

This favourably points to the fact that a 
gravitational dragging-like effect could sustain a 

flat rotation curve

amount of rotational velocity across the 
MW plane due to gravitational dragging

R < 5 kpc could be the breaking 
point for the direct applicability of 
the BG model to the Milky Way, as 
it calls for a more suitable 
relativistic description of its central 
regions

VBG
eN

btd = 0.25 kpc!
∑

i

(VBG
eN (Ri, k) − VMWC

eN (Ri))2 /N |zk | < rin
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Our interpretation of the fitted relativistic velocity profile with Gaia DR2 
depends only on the background geometry 

“ Mass tells space how to curve and space tells 
mass how to move”

DM: does not absorb or emit light but it exerts and responds only to the gravity force; it 
enters the calculation as extra mass (halo) required to justify the flat galactic rotational 
curves. 

GR: a gravitational dragging "DM-like" effect driving the Galaxy velocity rotation curve 
could imply that geometry - unseen but perceived as manifestation of gravity according 
to Einstein’s equation - is responsible of the flatness at large Galactic radii. 


Hypotheses non fingo & Occam’s razor

By setting a coherent GR framework, one can effectively establish

i.e. to what extent  the MW structure is dictated by the standard theory of gravity
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Our interpretation of the fitted relativistic velocity profile with Gaia DR2 
depends only on the background geometry 

“ Mass tells space how to curve and space tells 
mass how to move”

DM: does not absorb or emit light but it exerts and responds only to the gravity force; it 
enters the calculation as extra mass (halo) required to justify the flat galactic rotational 
curves. 

GR: a gravitational dragging "DM-like" effect driving the Galaxy velocity rotation curve 
could imply that geometry - unseen but perceived as manifestation of gravity according 
to Einstein’s equation - is responsible of the flatness at large Galactic radii. 


Hypotheses non fingo & Occam’s razor

the “ether” was cured by a new kinematics (i.e. special relativity) instead of “new” dynamic as inspired 
by the FitzGerald-Lorentz contraction phenomena (“extra molecular force”)  
“We know that electric forces are affected by the motion of the electrified bodies relative to the ether and it seems 
a not improbable supposition that the molecular forces are affected by the motion and that the size of the body 
alters consequently.”   FitzGerald, Science, 1889

By setting a coherent GR framework, one can effectively establish

i.e. to what extent  the MW structure is dictated by the standard theory of gravity
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In 2022, at the time of the Gaia 3rd release, DR3, extension of test with the rotation curve by another 
2-4 kpc (including both sides, inner and outer,  of the MW disk).

For the observational side 
• Increase the sample: Gaia eDR3/DR3 (2022) + spectroscopic surveys (e.g. SDSS, APOGEE, 

LAMOST, RAVE, GES - Gaia ESO Survey, GALAH)

• Match with observations toward the Galactic center

• Expected sample size to increase from current 6000 to more than 100 thousands upper main 

sequence disc stars, with the addition of early-type B stars.

For the theoretical side 
• Improve the model: new solutions & new observables of the Einstein Field Equation (i.e. metric 

solutions to describe the Galaxy); a more consistent mathematical  solution of a relativistic 
velocity profile; a study, e.g., of the class of Lewis and Papapertou metrics in attempt to 
encompass all the different MW structures and to fit different conformal factors with the Gaia 
data (as we did for the density in BG case)


• Extend the MW “geometry” to other galaxies, including also relativistic kinematic 

• Comparison with N-body (cosmological) simulations also with numerical relativity (e.g. 

Einstein-Vlasov system solvers). The use of Gaia data must be parallel with the utilisation of 
the most advanced cosmological simulations with baryonic matter (gas and stars)

Next improvements

With more physically appropriate metrics, along with mathematical adequate solution, the Galaxy 
can play a reference role for other galaxies, much like the Sun for stellar models
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NEW LOCAL TESTS: GAREQ (GAia Relativistic Experiment on Quadrupole, light deflection by 
Jupiter’s quadrupole)

Crosta, Mignard (CqG, 2006) 
Crosta, et al.(2008, GAIA-C3-TN-INAF-MTC-003-1)

first quantitative measurement of the 
gravitational potential due to a non-
spherical lens

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

->#Gaia spin axis orientation optimised to 
catch a star close to the limb of Jupiter in 

2017 for a precise light deflection 
measurement.

The follow-up optimization campaign carried out by the 
dedicated RElativistic Modelling And Testing (REMAT) working 
group within the Data Processing Analysis Consortium (DPAC) 
of Gaia with a further fine-tuning of the spin phase led to the 
predicted favourable configuration of three stars with G < 15.75 
mag close to Jupiter’s limb for February 2017 (Klioner & 
Mignard 2014a,b; Abbas et al. 2014). .

Observations for the closest transit of 
the Target star at an angular separation 
of 6.73” from Jupiter's limb seen on  
2017-02-23T02:55:01.694 

GR tests from Solar System

GR predictions at the planet limb:  
16 mas monopole, 0.240 mas quadrupole



Image credit:ESA/Gaia/DPAC

The Differential Astrometric 
measurements  

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

All differential astrometric 
analysis of the GAREQ 

observations developed at INAF-
OATo supported by the Italian 

Gaia Data Proc. Center (@ 
ALTEC, To)

(Courtesy of B. Bucciarelli)

GR tests @ Solar System scale

Star field on different transits



Compound Observations 

• The same small fields are compared between close transits across the planet, avoiding the 
attitude error common to both transits

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

ΔX = x(ti+1) − x(ti)

A&A proofs: manuscript no. GAREQ_Qdi↵_Jira

TransitId observed OBMT[long] UTC FOV CCD row b [Rjup]
1 104799283188665306 2017-02-22T19:08:02.862 1 7 4.29
2 104805682340958154 2017-02-22T20:54:42.015 2 7 3.61
3 104827296775979656 2017-02-23T02:54:56.450 2 6 1.35
4 104864126189227205 2017-02-23T13:08:45.862 1 2 2.85
5 104870525213255710 2017-02-23T14:55:24.887 2 3 3.55
6 104885740271535278 2017-02-23T19:08:59.945 1 2 5.24
7 104892139269141833 2017-02-23T20:55:38.943 2 3 5.96
8 104907354273083680 2017-02-24T01:09:13.947 1 1 7.67
9 104913753251905106 2017-02-24T02:55:52.925 2 2 8.40
10 104928968221338313 2017-02-24T07:09:27.895 1 1 10.14
11 104935367189558312 2017-02-24T08:56:06.863 2 2 10.88
12 104950582144816169 2017-02-24T13:09:41.818 1 1 12.64
13 104956981108577159 2017-02-24T14:56:20.782 2 2 13.38
14 104972196070729328 2017-02-24T19:09:55.744 1 1 15.17
15 104978595039079886 2017-02-24T20:56:34.713 2 2 15.92

Table 1. The list of observed transits for the target star close to Jupiter. Column 2 shows the Sky Mapper observed OBMT from the target star
AstroElementary, column 3 gives the corresponding time in UTC obtained with the GOST tool, columns 4 and 5 give the FOV and CCD row
number respectively of the transit and the last column is the estimated impact parameter ’b’ from Jupiter’s centre in units of Jupiter radii.

by the proper motions and parallaxes of the sources which can
all be classified as physical e↵ects. They are also subject to in-
strumental errors that would require accurate modeling. We will
briefly summarize each of these, for more details please refer to
Sec. 3 of Abbas et al. (2017).

3.1. Physical effects

The aberration is by far the dominant e↵ect and is caused by the
motion of the observer with respect to the barycenter of the solar
system (Klioner & Kopeikin 1992; see also appendix in Lattanzi
et al. 1993). It is roughly of the order of v/c to first order. For
the speed of Gaia ('29.6 km/s ) the maximum values (projected
values along the AL direction) are roughly 20".3 to first order,
⇠2.7 mas to second order, and third order terms are at the 1 µas
level.

The gravitational deflection of light due to Solar System ob-
jects is another major e↵ect that needs to be taken into account
and depends on the angular separation between the Solar sys-
tem body and the given source. In the GAREQ field considered
Jupiter and the Sun give contributions, where the deflection ef-
fect due to Jupiter is 16.2 mas at its limb that falls o↵ as the
inverse of the impact parameter (mainly for the monopole deflec-
tion; the e↵ect due to Jupiter’s quadrupole is 240µas at Jupiter’s
limb that instead decreases as the inverse cube of the impact
parameter). The deflection due to the Sun instead amounts to
⇠1.8 mas (with a 0.3-0.6mas e↵ect in AL) for this GAREQ field
and as seen by Gaia. Over timescales of 24 hours the di↵erential
aberration is a largely linear e↵ect that amounts to several mas
in the AL for this field (see Fig. 4 in Abbas et al. 2017), whereas
the di↵erential gravitational deflection is non-linear contributing
several mas (mainly due to Jupiter’s monopole) and sub-µas due
to Sun’s monopole.

The stars proper motions (PMs) can vary up to several hun-
dreds of mas/yr, for this particular field the set of reference stars
has Gaia EDR3 PMs varying up to 116 mas/yr and with paral-
laxes up to 9 mas. The e↵ect due to PMs is mostly linear and can
be of the order of tens of µas over 24 hours.

3.2. Instrumental effects

The observation lines, given by the fiducial lines mapped onto
the tangent plane, are a↵ected by the geometric instrument
model describing the layout of the CCDs. This includes the phys-
ical geometry of each individual CCD and its configuration in the
Focal plane assembly; the distortions and aberrations in the opti-
cal system; nominal values of the focal length and basic angle2,
� (see Lindegren et al. 2012; Lindegren et al. 2016 for exten-
sive details). These e↵ects are time-dependent and one of three
types: large-scale AL calibrations occuring on short timescales,
small-scale AL calibrations expected to be stable possibly over
the whole mission duration, and, large-scale AC calibrations as-
sumed to be constant on long timescales.

As we are considering observations over a few days, we shall
only be concerned with the large scale AL and AC calibrations
that can be taken to be constant to first approximation. The AL
(and AC) large-scale calibration is modeled as a low order poly-
nomial in the across-scan pixel coordinate ⇢ (that varies from
13.5 to 1979.5 across the CCD columns, (Lindegren et al. 2012)

The e↵ect due to calibrations is highly non-linear at the mas
level. The handling of the calibrations and unmodelled errors
during the cyclic processing by AGIS improves with each cycle
(see Fig. 9 in Lindegren et al. 2018 versus Fig. A.1 in Lindegren
et al. 2021) and is significantly better than the calibrations from
the daily processing pipelines.

4. All-Differential Astrometric Analysis

The fundamental ingredients to the GAREQ model are the Satel-
lite Reference System (SRS) field angles, ⌘0i j(ti j) and ⇣0i j(ti j), of
the jth star in the ith frame3 with the best available geometric
calibration at each OBMT observation time (ti j). The target star
as measured in the ith frame is denoted by ⌘0i0(ti0) and ⇣ 0i0(ti0).

2 the angle between Gaia’s two fields of view.
3 A frame is given by the observations of stars over one transit where
these observations are obtained with the AF1-9 CCD column fiducial
lines; ti j obtained with any given CCD column lies within �t =40s from
the target star observing time for the same column. Then the AL/AC
rate is used to transform ti j for that transit to the target stars observing
time at AF5.
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Fig. 1. The Gaia focal plane showing the 5 di↵erent regions: wave front sensors, sky mappers (SM), main astrometric field (AF), blue and red
photometers (BP-RP), and, the radial velocity spectrograph (RVS). Image credit: ESA - A. Short, http://sci.esa.int/gaia/48902-gaia-focal-plane/

Fig. 2. Scene around the target star successfully detected onboard dur-
ing the transit on 2017-02-22T19:08:12.954 (UTC) at a predicted an-
gular distance of 67.65” from Jupiter’s limb. Note the gap between
the detectors in CCD rows 6 and 7. Whilst Jupiter was observed in
row 6, the target star happened to be scanned in row 7. Image credit:
ESA/Gaia/DPAC/C. Crowley)

and multiple gates, especially when it was observed closest to
the limb of Jupiter, i.e. TransitId 3 of Table 1.

fect, these are special structures on the CCDs that can be activated in
order to inhibit charge transfer and hence to e↵ectively reduce the inte-
gration time for bright sources.

Fig. 3. The star field surrounding the brightest star closest to Jupiter’s
limb in the magnitude range of 10 <G < 13 mag within 0.8X1.3 degs on
the sky along with Jupiter using the INPOP10 ephemeris. The small red
dots show the stars, the big red dots denote Jupiter’s position as seen on
each transit when the target star was observed (the single large red dot
on the left part is the Jan transit, and the set of 25 dots in the centre are
the Feb transits), and, the target star is shown as the large blue diamond.

3. Physical and Instrumental effects

The measurements are generally a↵ected by astrometric e↵ects
such as velocity aberration and gravitational light deflection, and
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ΔΦ2 =
4(1 + γ)MpqJ2(p)R2

p

b3
(m ⋅ z)(n ⋅ z)

ΔΦ1 =
2(1 + γ)Mp

bp [1 + qJ2(p)
R2

p

b2
p

(1 − 2(n ⋅ z)2 − (t ⋅ z)2)]

ΔΦ = ΔΦ1n + ΔΦ2m

•  γ and q (quadrupole efficiency factor) are the only two 
unknowns of the model
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Fig. 5. The AL coordinate for the target star, ⌘000, at the various observing times plate-transformed to the reference frame calculated using the
best-fit linear plate parameters per transit. The blue circles depict the result obtained for the observations with the grey shaded area showing the
exclusion zone of Jupiter’s disk. The grey dashed line shows the predicted total light deflection due to Jupiter’s monopole and quadrupole and the
red continuous line shows that projected in the AL scan direction. The tick marks at the top shows the impact parameter in units of the radius of
Jupiter.

Fig. 6. A zoom-in on the highest deflection observed at the third transit
shown in Fig.5 with the observations depicted as blue circles and the
predicted AL-light deflection by Jupiter as the red line. The numbers
accompanying each blue circle denote the corresponding AF column
associated with the observation, e.g. 1 means that the measurement is
associated with AF1.

observed and predicted AL deflections for all the transits within
the AF1-9 spreaded observations per transit, once the observed

deflections have been shifted by 0.5mas as determined by the
fourth transit such that the mean AF1-9 observations coincides
with the red line. Such a shift represents a residual systematic
e↵ect likely due to the monopole deflections in the reference
stars. We find that the signal at closest approach is a factor of
50 times that of the 0.2mas standard deviation of the observed
values over AF2-9 at highest deflection (AF1 is removed as it is
a clear outlier). This is an unprecedented measurement at opti-
cal wavelengths in the literature of the deflection of light due to
Jupiter, and the first time at any wavelength for a star ⇠7" from
the limb.

A zoomed-in view on the highest set of deflection obser-
vations seen on the third transit is shown in Fig. 6 that clearly
demonstrates that the AF1 measurement is an outlier at the 4-�
level. Once that point is removed the standard deviation of the
points at highest deflection (0.2mas) is only slightly lower than
that from the points in the remaining 14 transits (⇠0.25mas) and
from the points in the last 12 transits (⇠0.22mas) that are mini-
mally a↵ected by Jupiter.
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(From Abbas, Bucciarelli, Lattanzi, Crosta, Busonero et al. , 2021, 
Differential Astrometric analysis of the GAREQ experiment: 
Detection of the strongest Jupiter deflection signal with Gaia )

(Details under ESA-DPAC Board  review)
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The AL coordinate for the 
target star at the various 
observing times plate-
transformed to the 
reference frame calculated 
using the best-fit linear 
plate parameters per transit 
(OGA3).

focus on the closest brightest star with G = 12.78 mag 

the predicted total light deflection due to Jupiter’s monopole and quadrupole

exclusion zone of Jupiter’s disk

total light deflection projected in the AL scan direction

GR tests @ Solar System scale

 impact parameter 



• The observable is the relative stellar displacement due to Jupiter’s presence with 
respect to the zero-deflection position without Jupiter…Eddington rendition experiment!

Compound shell observations 

•  γ and q are the only two unknowns of the model
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ΔR = rJ+ − rJ−

Optimization on shell that enhances 
the quadrupole contribution -> 
technique suitable to detect  very tiny 
relativistic effects, such as GW (POC2 
activity within TLS experiment, The Living Sky, 
Premiale 2017)
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From Crosta, Mignard (CQG, 2006) 

γ and ε with errors computed in the different formalism using simulated data

J+ J-

GR tests @ Solar System scale

Bini, Crosta, de Felice, Geralico,,Vecchiato. The Erez–Rosen metric and the role of the quadrupole on light propagation. Classical and Quantum Gravity, (4), 2013.
Crosta and  Mignard. Microarcsecond light bending by Jupiter. Classical and Quantum Gravity, (15), 2006. 
Kopeikin and Makarov. Gravitational bending of light by planetary multipoles and its measurement with microarcsecond astronomical interferometers. Phys. Rev. D, 75, Mar 2007. 
Le Poncin-Lafitte and Teyssandier. Influence of mass multipole moments on the deflection of a light ray by an isolated axisymmetric body. Phys. Rev. D, 77, Mar 2008

q + σq

q + σq

q + σq



local  line-of-sight

 l*  
flat space-time η @star

+ h* @star

◉lobs

 
 l* star direction @star

“asymptotic” star direction (from 
Gaia)

from the observer to the star through space-time: the astrometric GW detection

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

 GW & relativistic astrometric observables from space 



local  line-of-sight

 l*  
flat space-time η @star

+ h* @star

◉lobs

 
 l* star direction @star

“asymptotic” star direction (from 
Gaia)

matching star directions: from the 
local line-of-sight to the local 
direction at the star 

from the observer to the star through space-time: the astrometric GW detection

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

 GW & relativistic astrometric observables from space 



local  line-of-sight

 l*  
flat space-time η @star

+ h* @star

◉lobs

 
 l* star direction @star

“asymptotic” star direction (from 
Gaia)

 +GWs!

matching star directions: from the 
local line-of-sight to the local 
direction at the star 

from the observer to the star through space-time: the astrometric GW detection

Crosta - XXIII SIGRAV Conference, Urbino 7, 2021

 GW & relativistic astrometric observables from space 



gαβ = gSS
αβ + hGW

αβ = ηαβ + ∑
(a)

hSS
(a)αβ + hGW

αβ

cos ψ1,2 = gαβ(ℓ̄α
1ℓ̄β

2)obs ,

background metric with all terms at the same level of accuracy as the GWs in order to 
properly model all of the background systematic effect and disentagle the GW signals 
from such SS background (natural) “noises” (                           rad - >             narcsec

gαβ = ηαβ + ϵhSS
(1)αβ + ϵ2hSS

(2)αβ + ϵ3hSS
(3)αβ + ϵ4hSS

(4)αβ + hGW
αβ + O(ϵ5) + O(h2)

Similarly, stellar light directions can be separated into the 
SS part (due to the background metric) plus a perturbation 
shift, i.e. attributed purely  to the passing GW

ℓ̄α
obs = ℓ̄α(SS) + δℓα(GW ) + O(δℓ2) .
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The fundamental observation equation for the astrometric GW antenna  

cos ψ1,2 =
P(u)αβkα

1 kβ
2

( P(u)αβkα
1 kβ

1 )( P(u)αβkα
2 kβ

2 )

ϵ = v/c ∼ 10−4 ϵ4 ∼

ℓ̄α(SS)
obs = ℓ̄α

0
+ ϵℓ̄α

(1)
+ ϵ2ℓ̄α

(2)
+ ϵ3ℓ̄α

(3)
+ ϵ4ℓ̄α

(4)
+ O(ϵ5) .

ℓ̄α = −
ℓα

(u |k)
= k̄α − uα

ψ1,2

1 2



cos(ψ SS
1,2 + δψGW

1,2 ) = cos(ψ SS
1,2)cos(δψGW

1,2 ) − sin(ψ SS
1,2)sin(δψGW

1,2 ) = cos ψ SS
1,2 + FGW

1,2 ,

FGW
1,2 ≡ ηαβ(ℓ̄α

10
δℓβ

2 + ℓ̄α
20

δℓβ
1 )obs + hGW

αβ ℓ̄α
10

ℓ̄β
20

δψGW
1,2 = −

FGW
1,2

sin(ψSS
1,2)

+ O(ϵ5) + O(h2)

δψGW
1,2 ≪ 1
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ψ1,2 = ψ SS
1,2 + δψGW

1,2

∼ δψ∼ 1

“large” angle from SS background

small perturbation due to the passing GW:

fundamental observation equation 
for the astrometric GW detection 

based on direction cosines relative 
to pairs of local line-of-sights

 GW & relativistic astrometric observables from space 

Crosta, Rivista del Nuovo Cimento 42, 10 (2019)

Crosta, Lattanzi, Leponcin-Lafitte, Gai, Zhaoxiang, Vecchiato , On the 
principle of Astrometric Gravitational Wave Antenna, 2021 under review 
process 
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In the far away zone, at L2 position 

hij = Aij sin ω(t − z)
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Plane GW in TT gauge

A+ ∼ 10−18, frequency 1000 Hz, resolution limit. 0.01’’ 

 

resolution limit 0.1’’ A+ ∼ 10−19 and frequency 0.1 Hz. 

along the x direction 

max(� GW
1,2 ) max(� GW

3,4 ) max(� GW
5,6 ) A+  i0,j0

(µas) (µas) (µas) (radians) (”)

4.12⇥10�15 5.12 5.12 10�18 0.1

4.12⇥10�16 0.51 0.52 10�19 0.1

4.12⇥10�17 5.12 ⇥10�2 5.12⇥ 10�2 10�20 0.1

0 5.12⇥ 10�3 5.12⇥ 10�3 10�21 0.1

4.12 ⇥10�16 51.57 51.57 10�18 0.01

TABLE I. Amplitude of the angular perturbations, max(� GW
i,j ) (µas), for di↵erent linear

strains of amplitude A+ (radians) propagating along the ezdirection. The values derive

from Eq. (14) after setting the antenna arms to  10,20 =  30,40 =  50,60 = 0.100. As

expected from Eq. (14), decreasing  i0,j0 by one order of magnitude, the corresponding

� 
GW
i,j is amplified by the same amount. This is the case for the values reported in the last

row compared to its analogue in first. Note that along the GW direction of propagation

� 
GW
1,2 is not null, as the direction to star 2, forming the 1-2 pair, although quite small, is

not coincident with the LOS to star 1.

very possibility to build a 3-LOS multiplexing telescope ([26] and references therein),

ii) the limit of centering accuracies of star-like images on digital detectors, iii) actual

(beyond Rayleigh’s) resolution limits for the antenna arms (depending not only on

the optics and detection system, but also on magnitude and color of the stellar pairs),

iv) other natural (intrinsic or cosmic) causes of astrometric noise as stellar variability

(both astrometric and photometric), and v) identify (via spatial laser metrology of

critical degrees-of-freedom) and deal with instrumental noise mimicing unwanted

variations of the antenna arms  i0,j0 . In addition, we will have to simulate much

more realistic scenarios (i.e., more general forms of GW’s and use real-sky pairs)

and conditions (realistic noise levels) to investigate viable strategies for the actual

13

along the z direction schematic 3-LOS 
(or 3-way) 
telescope

Amplitude of the angular perturbations for different linear  
strains of amplitude A+ (radians) propagating along the 
ezdirection 
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2 sin(ψSS
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20
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20

(1 + cos ψ20,p)
+
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+ cos ψ20,p]ℓ̄i
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• Possibly a differential procedure similar to that of GAREQ can be used to single out GWs effects 
- if measurable - on a stellar fields i.e. shift on the light proper direction as observed by Gaia 
before and after the GWs detection. 

• Future work (in collaboration also with Oa Cagliari and UNiv. Bicocca/Insubria, PRIN “Push  
gravity frontiers”, PI Sesana) will focus on possible synergies with PTA, modeling this signal in 
prospective to spot specific GW galactic candidates and improve the probing of the Gw waves 
sources (including primordial GW) -> likely beyond Gaia! 

Perspectives for the GW astrometric detection
★Advantages in using close pairs of stars, e.g.:  

• mitigation of high perturbative terms and amplification of the GW signal 
• exploit a large number of null geodesics, so that to scrutinize the GW direction;  
• avoid the satellite’s attitude  
• GW astrometric observation equation accounting for a wide range of frequencies;  
• link the properties of a GW source with extensive statistics;  
• pave the way for new GW tests on the graviton interaction with photon;  
• enable tests on GW polarization modes by combining different telescope orientations  

★0.01” resolution is already available with operating telescopes (HST and Gaia), or that will soon 
operate in space (Lattanzi’s talk!)  

★Use of the DPCT archives astroelementary measurements, i.e. each stellar transit on astrometric/
photometric CCD row. Since Gaia is mapping continuously the sky down to the G=21 this would help 
to determine in the visible band distance to the GWs source if it happens to be observed in one of the 
Gaia FOVs.  A protocol (i.e. software to analyse residuals in the source parameters such as centroid 
shift, flux variation, etc..)  for a quick response to this kind of signal is going to be implemented at 
DPCT.
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Thank you very much for your attention!

Any GR tests performed by using Gaia @SS or @MW scale can play a reference role for other tests, 
much like the Sun for the stars, the Earth/Jupiter for exoplanets, our Galaxy for other galaxies, non-
spherical weak lensing and so on..
The mandatory use of GR has opened new possibilities and strategies to apply Einstein’s Theory in 
classical astronomy domain, providing new coherent methods and “laboratories” to exploit at best the 
standard theory of gravity
The first results are really promising (a fully 4D relativistic sky, MW rotation curve, GW astrometric 
antenna to scrutinize GW directions and maybe more to come..) and push towards more complicate 
solutions  (i.e. a relativistic Galaxy model, local cosmology tests..)     

Lesson from Gaia 

https://www.youtube.com/watch?v=xwCyob78Zmw

https://www.youtube.com/watch?v=xwCyob78Zmw
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