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Gaia&GaiaNIR : The Era of Relativistic Astrometry

theoretical, analytical and/or numerical models, completely based on General Relativity (GR), and

relativistic attitude (satellite or ground based observers) for increasingly accurate astronomical data

micro-arcsecond accuracy + dynamic
gravitational fields = relativistic models to
reconstruct the propagation of light, from the
observer to the star
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The (Celestial) Sphere Reduction/Reconstruction is Gaia’s primary objective
first direct materialization of a dense absolute reference frame at visual bands

one of the most important fundamental physics task

quasi-inertial kinematically non-rotating global optical frame meeting the ICRS prescriptions/IAU recommendations
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quasi-inertial kinematically non-rotating global optical frame meeting the ICRS prescriptions/IAU
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RAMOD is a framework of general relativistic astrometric models with increasing

intrinsic accuracy, adapted to many different observer’s settings, interfacing
numerical and analytical relativity

fully based on alghorithms in General Relativity (GR) -> no a priori
approximations, top-down approach

simultaneous observations in a curved space-time -> GR protocol
measurements

direct comparison with TTF approach . .
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} GREM observed direction converts into a coordinate one via several steps , which
{ separate the effects of the aberration, the gravitational deflection, the parallax,
and proper motion-> bottom-up approach
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Gaia&GaiaNIR A ¢ R OGRAWANT

metric vitational ave

® New concept stemming from our general relativistic models developed for Gaia

® AstroGraWAnt is based on close pairs of point-like sources as natural antenna
"arms" to record the very tiny variations in their angular separations induced by

passing gravitational waves (GWs):_all-differential formulation of the astrometric
observable

COSY1, = gaﬁ(z’z?gg)obs

M.Crosta, M.G. Lattanzi, C. Leponcin-Lafitte, M. Gai,
Q. Zhaoxiang, A.Vecchiato, On the principle of
Astrometric Gravitational Wave Antenna, 2021 under
review process, https://arxiv.org/pdf/2203.12760.pdf
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® New concept stemming from our general relativistic models developed for Gaia Wio = Vfl 5+ 51//84/
® AstroGraWAnt is based on close pairs of point-like sources as natural antenna

"arms" to record the very tiny variations in their angular separations induced by
passing gravitational waves (GWs):_all-differential formulation of the astrometric
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SS GW
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unperturbed star direction

Telescope optical resolution
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M.Crosta, M.G. Lattanzi, C. Leponcin-Lafitte, M. Gali, do 9) 0 ij,k Jk,i 0 ij,0 ) 7k,0
Q. Zhaoxiang, A.Vecchiato, On the principle of
Astrometric Gravitational Wave Antenna, 2021 under

review process, https://arxiv.org/pdf/2203.12760.pdf

extra-shift due to a passing GW
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The New Observable:

Three lines-of-sight for GW discrimination and full characterization (including ‘phase closure’, i.e.

direction)
Avantages in using close pairs of stars: 2 .
: : . . : Cir GW hg%(t; a, b) ? -
® implementing multiple (at least 3) line-of-sights within a oy, (1)~ Sin(w5S)
relatively compact configuration Va
with
® the 3 perturbed angles in the three orthogonal directions are
: : : - - S GW < SS
directly linked to the GW strain -> source direction! v v .
® the GW observability is AMPLIFIED through a factor S
depending on the angle between the unperturbed directions to
star-like objects that acts as a “signal amplifier'' for the GW resolution limit. 0.01° (HST)

detection, limited only by the resolving power of the optics oY R

® mitigation of high perturbative terms; large number of null
geodesics, link the properties of a GW source with extensive
statistic; avoid satellite’s attitude

Perturbed angle by passing GW in muas

mam(dwg;:gv) ma:z:(dz,b;ﬂv ma:z:(()‘?,bg’?év Ay Yio. o B

(uas) (nas) (nas)  |(radians)| (7) ]
4.12x1071° 5.12 5.12 10-1% 10.01 =
4.12 x107¢|  51.57 51.57 10~ 10.001 — lﬁh‘iéﬁ?f T

supernova, fow = 103 Hz along the z direction
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mo [ r fow max (013 4)
(Me) (Re)  (pc) (Hz) (nas)
PSR J1756-2251 1541 1230 118 1000 | 25 10 | - 2 <10 =
BSK /16 2b1 . | 1341 1930 118 50, > [95 (1) 5 10
se Y53 = 0.1 mas 141 230 118 50, |25 <1l — 5
Spectral Density Function of the Astrometric
Gravitational Wave Antenna I.
F. Santucci, M. Crosta, M.G. Lattanzi in submission
25(5,6) = 10mas ma ma2 [ r fGW max(5¢3,4)
(Me) (Mo) (Re)  (Mpc) (Hz) (nas)
GW 150914 05 308 - 0 440 30—250 | ~4x107°
GW 1509144, 365 308 478 0000, |10 s o 00
oggetto X 20 15 1 100 pc 10 ~ 5
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my+m,
[Ms]

J )= - ¢:§i(5,6) — 10mas mia mo [ r fGW max(57,b3,4)
‘ : - — (Me) (M) (Re)  (pc) (Hz) (nas)
I'[Rs] 100 . fowlHz) : : PSR J1756-2251 341 1230 118 q0o0 o5 10 | D
0 1 01 BSK /16 2b1 . | 1341 1930 118 50, > [95 (1) 5 10
0.01 , 0 o e o
z 4
AstroGraWAnt can pinpoint GW source direction to unprecedented, sub-arcsecond, precision as a game
changer in multi-wavelength/multi-messenger identification and astrophysical characterization campaigns
-> GW sentinel to build statistic on event rate (“survey” of GW sources)
‘“\\Qé : ‘ 31104 Spectral Density Function of the Astrometric
Gravitational Wave Antenna I.
F. Santucci, M. Crosta, M.G. Lattanzi in submission
wii@ﬁ) = 10mas ma ma2 [ r fGW max(6¢3,4)
(Me) (Mo) (Re)  (Mpc) (Hz) (nas)
< GW 150914 365 308 ~0 440 350 250 1 10
I'[Rg] 100 GW 150914y, 95 0 4 gl ol 10
oggetto X 20 15 1 100 pc 10 ~ 5
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AstroGraWAnt represents the “dual” analogue (angular versus linear arms) of the extant linear

antennas

Shot noise gives the minimun of the sensitivity curve for the Astrometric GW Antenna

Interferometer RReN Output of real detector: s, (t) = hy, (1) + 1y, (1)
‘ 4
! ¢, photon flux representatives for solar-type stars
Stochastic
background A.A=5%x10"m, D=24m(HST), ¢ = 10°/(sm?)
B. A=5%x10"m, D=14m, ¢ = 10%/(s m?), L =30m
10 -1° IPTA

2 apertures with diameter D separated by a baseline of length L

Noise spectral density due to the shot noise for AstroGraWAnt
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Perspectives for the GW astrometric detection with Gaia&GaiaNIR

e Gaia actual mission life time (after 3 extensions): 10.6 vyrs, i.e., fim 3 x 10-9Hz + Gaia-NIR

Methods:

1. Analyze through Vectorial Spherical Harmonics the proper motions of millions of QSOs -> GW induced common pattern on proper
motions

2. differential procedure similar to that of GAREQ experiment with Gaia [Crosta &Mignard, 2006 CQG, Abbas et al., 2021, A&A] to
monitor angular distances from close Gaia stellar pairs (i.e., observed during the same transits on focal plane) -> digitally replicate the
measurement principle of ASTROGRAWANT
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Exploit long astrometric time series for millions of sources
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Gravitational astrometry@Milky Way scale

A complete GR picture of MW to ensure a coherent Local Cosmology laboratory against which the
role of gravity in shaping the constituents of our Galaxy can be fully tested
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To what extent the MW structure is dictated by GR?

In general one assumes that:

gravitational potential or “relativistic effects” at the MW scale are usually “small”, then

v negligible..
v locally Newton approximation is retained valid at each point..

but (Veal/c)? ~ 0,69 x10-6 (rad) ~100 mas

(Vaal/C)3 ~ 0,57 x10-9(rad) ~ 12
Ouas

the individual astrometric error is < 100uas

3 ~v2[c2 ~ GM/rc? ~ mas accuracy

which requires determination of
g,, eventermsin g, lowest order e2~mas

g,; 0dd terms in ¢, lowest order e3~p-as

g; even termsin g, lowest order e*~mas

Lesson from Gaia: 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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To what extent the MW structure is dictated by GR?

In general one assumes that:

gravitational potential or “relativistic effects” at the MW scale are usually “small”, then

v negligible..
v locally Newton approximation is retained valid at each point..

but (Veal/c)? ~ 0,69 x10-6 (rad) ~100 mas
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Ouas
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3 ~v2[c2 ~ GM/rc? ~ mas accuracy

which requires determination of
g,, eventermsin g, lowest order e2~mas

g,; 0dd terms in ¢, lowest order e3~p-as

g; even termsin g, lowest order e*~mas

Lesson from Gaia: For the Gaia-like
observer the weak gravitational regime
turns out to be "strong" when one has to

perform high accurate measurements

The small curvature limit in General Relativity may not coincide with the Newtonian regime

-> need to compare the GR model and the classical/(Lambda)-CDM model one for the MW



“Classic” Milky Way (MWC) model with Dark matter halo > ANATOMY OF THE MILKY WAY g:esa

— Globular clusters

¢ Newtonian limit applied for Galactic dynamics -> Poisson’s equation b \
,"" . /

V2D, = 42G(py, + prg + Pra+ Pi)
bulge + thin and thick discs + halo
\Stellar halo
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making it even the more difficult to detail a metric for the whole Galaxy
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“Classic” Milky Way (MWC) model with Dark matter halo

¢ Newtonian limit applied for Galactic dynamics -> Poisson’s equation b
) ) .;f"" > | 7Globular clusters
V20, = 41G(p, + py+ pra+p) W V2=R(d®D,,/dR)
bulge + thin and thick discs + halo _ _
gN V \ Stellar halo
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Parameters: M, M,,, M+, @iy, @14 > bb, bd, pghale and A, corresponding to the bulge mass, the masses and
the scale lengths/heights of the thin and thick discs, the halo scale density, and the halo radial scale + go

GR metric for the Milky Way

Einstein’s equations 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

1. Stationarity and axisymmetry spacetime
ds’? = — e?V(dt + Adp)* + =2V (627'(611”2 +dz%) + qubz) Lewis-Papapetrou class

2. Reflection symmetry (around the galactic plane)
3. Masses inside a large portion of the Galaxy interact only gravitationally and reside far from

the central bulge region/ Disc is an equilibrium configuration of a pressure-less rotating perfect fluid
(GR dust)
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Einstein’s equations 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

1. Stationarity and axisymmetry spacetime
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| o T | | _ | Set of differential equations
the central bulge region/ Disc is an equilibrium configuration of a pressure-less rotating perfect fluid| | for velocities and density

(GR dust)




MCMC fit to the Gaia DR3 data - Classical (MWC), MOND and GR (BG) RC
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MCMC fit to the Gaia DR3 data - Classical (MWC), MOND and GR (BG) RC

DR3 sample: 1

complete Gaiaf
astrometric dataset %

3 bands (G, BP, RP)

parallaxes good to 20%

radial velocity with better §
than 20%
uncertainties .

719143 young disc stars §
within |z| < 1 kpc ¥
and up to R = 19
kpc !

1 241°918 OBA stars, 475’520 RGB §
¥ giants, and 1°705 Cepheides

: radial cut at 4.5 kpc §
¢ to avoid the bar influence §

e
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MCMC fit to the Gaia DR3 data - Classical (MWC), MOND and GR (BG) RC

DR3 sample: ]

complete Gaiaf
astrometric dataset

3 bands (G, BP, RP)

parallaxes good to 20%

radial velocity with better §
than 20%
uncertainties .

719143 young disc stars §
within |z] < 1 kpc}
and up to R = 19
Kpc :

)

to avoid the bar influence }

< S ~ _ o

400

: —
0 velocity profiles —
oo MWC - B PAL st
GR MOND
250/ S —
200H £ k|

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
region. Our Bayesian estimations are in good agreement for all the disc population
utilised, and for the mixtures thereof, in the regions of physical validity of the models.

for R < 4.5 kpc the curves are very uncertain because of the lack of data in that|]

0 5 10 15 20 25

R [kpc]

Geometry-driven and dark-matter-sustained Milky Way rotation curves with Gaia DR3
W.Beordo, M.Crosta, MG Lattanzi, P. Re Fiorentin, A. Spagna in publication

Best fit estimates as the median of the posteriors and their 10 level credible interval

* rin = bulge size
* Rt = extension of the MW disk-> Galaxy size

¥ Vo= velocity in the flat regime
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MCMC fit to the Gaia DR3 data - Classical (MWC), MOND and GR (BG) RC

Geometry-driven and dark-matter-sustained Milky Way rotation curves with Gaia DR3
W.Beordo, M.Crosta, MG Lattanzi, P. Re Fiorentin, A. Spagna in publication

Best fit estimates as the median of the posteriors and their 10 level credible interval
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MCMC fit to the Gaia DR3 data - Classical (MWC), MOND and GR (BG) RC

Geometry-driven and dark-matter-sustained Milky Way rotation curves with Gaia DR3
W.Beordo, M.Crosta, MG Lattanzi, P. Re Fiorentin, A. Spagna in publication

Best fit estlmates as the medzan of the posteriors and their 10 level credible interval
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MCMC fit to the Gaia DR3 data - Classical (MWC), MOND and GR (BG) RC
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Geometry-driven and dark-matter-sustained Milky Way rotation curves with Gaia DR3
W.Beordo, M.Crosta, MG Lattanzi, P. Re Fiorentin, A. Spagna in publication

Best fit estimates as the median of the posteriors and their 10 level credible interval
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This again favourably points to the fact
that a gravitational dragging-like effect
could sustain a flat rotation curve

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

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
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Stationarity and axisymmetry spacetime may include Kerr solution for the bulge as well as different disc solutions

Regions around the bulge and the bar need relativistic hydrodynamics, where equilibrium conditions are not possible
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Relativistic kinematics, valid regardless the geometry
spatial velocity w.r.t the local non-rotating observer
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B coordinate angular velocity
M m? geometric terms
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Stationarity and axisymmetry spacetime may include Kerr solution for the bulge as well as different disc solutions

Regions around the bulge and the bar need relativistic hydrodynamics, where equilibrium conditions are not possible

B coordinate angular velocit
+ M?) v m® geometric terms

Sddr—

<

Relativistic kinematics, valid regardless the geometry

spatial velocity w.r.t the local non-rotating observer

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

ing working at disc scale?

a gravitational dragging "DM-like" effect driving the Galaxy velocity rotation curve could imply tQat
manifestation of gravity according to Einstein’s equation - is responsible of the flatness at large Galactic radii



Stationarity and axisymmetry spacetime may include Kerr solution for the bulge as well as different disc solutions

Regions around the bulge and the bar need relativistic hydrodynamics, where equilibrium conditions are not possible

B coordinate angular velocity
+ M?) M wm¢ geometric terms
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Relativistic kinematics

valid regardless the geometry

spatial velocity w.r.t the local non-rotating observer
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a gravitational dragging "DM-like" effect d tt ”i;geometry - unseen but perceived as
manifestation of gravity according to Einstein’s equation - is responsible of the flatness at large Galactic radii



Stationarity and axisymmetry spacetime may include Kerr solution for the bulge as well as different disc solutions

Regions around the bulge and the bar need relativistic hydrodynamics, where equilibrium conditions are not possible

Relativistic kinematics, valid regardless the geometry 9 = (Bl+ M?) v Mm¢ geometric terms

\/@ B coordinate angular velocity
M

spatial velocity w.r.t the local non-rotating observer

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

_ Different from the IAU metric!

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

Peering into hidden parts is utmost fundamental to establish boundary matching conditions between internal/
external Einstein’s solutions :
new solutions & new observables (i.e. metric solutions to describe the evolution of a multistructured Galaxy,
avoiding unphysical global solutions)




Gaia-Nir will peer through the dust of the MW to create a dense sampling of the phase-space to further test the bulge, bar, bar-disc interface
and spiral arms S - | 1
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A new kinematic model of the Galaxy: analysis of the stellar velocity field from Gaia D3,
Akh m etov et aI . 2 024 : u n d er review p rOCeSS ] Two Micron All Sky Survey Image Mosaic: Infrared Processing and Analysis Center/Caltech & University of Massachusetts

Kinematic analysis of the Galaxy with Gaia DR3 using a Taylor decomposition of the velocity field up to second order -> maps of the velocity
components and of their partial derivatives with respect to Galactocentric coordinates within 10 kpc of the Sun reveal complex substructures
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evidence of waps and non- Second order partial derivatives of the stellar velocity field allows us to determine the values
axisymmetric bar features of the Galaxy of the vertical gradient of the Galaxy azimuthal, radial and vertical velocities-> spiral arms
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Vv Extend the MW “geometries” to other galaxies:, the “geometries" of the Galaxy
can play a reference role for other galaxies, just like the Sun for stellar models

MCMC fit to external Galaxies

Velocity profiles (SPARC data)
Classical (MWC) GR (BG)

Best fit estimates as the median of the posteriors and their 10 level credible interval
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¥ The mandatory use of GR for astrometry in space has opened new possibilities and strategies to apply Einstein’s Theory in classical astronomy
domain and provided “laboratories” to exploit at best the standard theory of gravity, , i.e. any modification of GR is done with GR as background
theory!
From Relativistic Astrometry to Gravitational Astrometry:

data interpretation, the impact of GR models for Fundamental Physics/ Local Cosmology
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a new NIR astrometry mission: 5 times as many stars as Gaia in the same magnitude range, huge increase in the catalogue
size and phase space sampling of the disc, especially of the innermost regions with co-existing populations

Gaia (~ 2 billion sources )+ Gaia-NIR (~8 billion nhewly measured stars) + Euclid
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Adclressing the ]:)ig sclence questions of GaiaNIR...

4 Relativistic astrometry -> GR models for data analysis and processing, methods of cross-checking verifications, GR tools to update BCRS,
relativistic kinematics, new GW detection (and GW direction with sub-arcsec accuracy!) via differential astrometry:
[ ~2 billion common stars from Gaia with a 20yr time gap would give PM’s 20 times better and open many new science cases; sub-uarcsec PMs
for common stars
A Resetting the Gaia optical RF and catalogue. Expansion of the optical RF to the NIR
M Cosmological gravitational waves

4 Gravitational astrometry -> quantitative evidence of the differences between the Newtonian and GR approaches to MW dynamics, geometries
for the MW substructures; astrophysical nature of GW sources
[ astrometry and photometry to probe the dynamically important hidden regions/populations of the Galaxy
M GW signatures from white dwarfs, stellar BHs and/or lensing effects
[ better definition of the MW rotation curves
A what dark matter is and how is it distributed, how the Milky Way was formed and how has it been impacted by mergers and collisions?
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Many thanks for your attention!



