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|f@@_gjre GEP| Space astrometry PAC

Hipparcos
* Operations: 1989 - 1993
* Parallaxes: ~ 118 000 stars

Gaia

* Operations: 2014 - (2025 TBC)
* Full sky survey: G < 21 mag

* Parallaxes: ~ 1.5 billion stars
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* 2 Telescopes
* 3 Instruments

Astrometric instrument
e G<21
* a’ 6’ w; “q, “5

e 70 transits (5 ans)

Spectro-photometer : Bp / Rp
* Bp:[330, 680] nm

* Rp:[640, 1050] nm

* Astroph. param., redshifts...

Spectrograph : RVS
Ggys < 16.2

R~ 11000 AJ[845,872] nm
R e Vr, v sin i, APs, [X/Fe], ...

Wavelength [A]

Counts [e-]
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I’@ugtg;re cep Scientific objectives

The Galaxy, ISM and local group Stellar physics Extra-solar planets

Structure, physics, formation, history

KEPLER-452b

’ 3
KEPLER-20e e
5

KEPLER-186f

Solar system Galaxies and quasars, Reference frame /

science alerts fondamental physics

Einstein Cross (Q2237+030)
‘ ‘ © U. Oregon




r@%ge GeP Launch and operations

19 Décembre 2013
9:12:19 UTC

* Operated at Lagrange point L2

* 2978 days in science operations
* ~ 200 billions FoV crossing recorded
* ~ 110 TB science data gathered
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A teaspoon of catalogue




Gaia

|f@u§t9[re GEP! Data releases PAC

Regular data releases

* Improved accuracy / precision
* New products

Gaia DR1
14 September 2016

Gaia DR2
25 April 2018
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Gaia Early-DR3 (3 December 2020)
* Full astrometric solution — 1.5 x 10° sources
* Photometry: G, Ggp, Grr — 1.8 x 10°/ 1.5 x 10° sources

Gaia DR3 Galaxies and Quasars
?I?SGS)I:I;: (z)igtls(;:rces 13 June 2022 * 6.4 x 106 QSO redshifts
| EE— e © 4.8 X 10° galaxy candidates
Asteroids K ‘ * 1.4 x 10° galaxy redshifts
* 154 000 orbital solutions '

* 60 000 reflectance spectra

Interstellar medium

e 472 000 DIBs
Stars

34 x 10%radial velocities

3.5 x 108 broadening velocities [EE. A
10° spectra * 15 000 Cepheids

Variable stars
* 10 x 10° classified variables

* 470 x 10°parameters Binary stars e 272 000 RR Lyrae
e 2.5 x 10%chemical abundances « 814 000 binaries ° ..

* 169 000 astrometric orbits
* 187 000 spectroscopic orbits

Milky Way and local group
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|f@uatnire e Radial velocities: panorama PAC

* DR2: Grvs <12 mag — 7 million stars
* DR3: Grvs < 14 mag — 34 million stars

Sky maps of the median radial velocity
(Galactic coordinates)

Sagittarius
(142 km/s)

(234 km/s)
Omega Cen NGC 3201
—920

230

km/s

C. Hottier, O. Vanel, D. Katz

- 47 Tuc
Credits: ESA/GAIA/DPAC/CUG (-17 km/s)

SMC  LMC
(146 km/s) (262 km/s)
10
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Radial velocities: globular clusters

Gaia

PAC

Data Processing & Analysis Consortium
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* 111 Globular clusters in GDR3

* 1000 measures (47 Tuc, Omega Cen)
— 5 measures (Terzan 5, NGC6522)
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47 Tuc — line-of-sight rotational velocity

Katz, Sartoretti, Guerrier et al., 2022,
A&A, arXiv:2206.05902
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|f@u_atcﬁre GEPI New spectroscopic products PAC

Data Processing & Analysis Consortium

32.2 million Grvs magnitudes
* Narrow band: [846, 870] nm

Sartoretti, Marchal, Babusiaux et al.,
2022, A&A, arXiv:2206.05725

Ophiucus Lupus Vela

Cygnus
Cepheus

Taurus &

Perseus ~ Chamaeleon

0.601 0972 1342 1713  2.084  2.454

G - Grus

G - Grvs — interstellar dust

Monoceros

Mg [mag]

3.5 million broadening velocities

Frémat, Royer, Marchal et al., 2022,
A&A, arXiv:2206.10986
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|*@ugt_gpre GEP Astrophysical parameters “DPAC
Spectro-photometer
* Source classification: 1.6 billions sources — quasar, galaxy, stars, white dwarfs,
binary stars
* Atmospheric parameters: 470 millions stars — temperature, gravity, metallicity
* Stellar mass, radius, ages ...
* Specific sources: ultra-cool dwarfs, hot stars, ...
Recio-Blanco, Laverny, Palicio et
al., 2022, A&A, arXiv:2206.05541
Spectrograph (RVS) 0 . . . .
* Atmospheric parameters: 5.6 million stars (GSP-Spec MatisseGauguin |
* Individual abundances: 12 elements — N, Mg, | r——— : _
Si, S, Ca, Ti, Cr, Fe, Ni, Zr, Ce and Nd
* Numerous quality flags — selection of more 5 .
precise sub-sample & =
ED (]4\'5‘\
‘ =

Documentation:

Creevey, Sordo, Pailler, 2022, A&A, arXiv:2206.05864
Fouesneau, Frémat, Andrae, A&A, arXiv: 2206.05992
Delchambre, Bailer_Jones, Bellas-Velidis, 2022, A&A,
arXiv:2206.06710

Andrae, Fouesneau, Sordo, 2022, A&A, arXiv:2206.06138
Lanzafame, Brugaletta, Frémat, 2022, A&A, arXiv:2206.05766
Recio-Blanco, Laverny, Palicio et al., 2022, A&A,
arXiv:2206.05541

)

I I - . . . I ® - .t I -
00 7000 6000 5000 4000
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Galaxies and Quasars “DPAC

Gaia

* Galaxy candidates: 4.8 millions
* QSO candidates: 6.6 millions

* Flags — balance purity vs completeness —
2.9 millions galaxies / 1.9 millions quasars

(95% purity)

* Redshifts: 1.4 millions (galaxies), 6.4

millions (QSO)

* QSO host galaxy: 65 000

* Morphology (Sersic index):
1 million (galaxies), 15 000

(QSO)
A
Documentation: .
* Delchambre, Bailer_Jones, Bellas- =
Velidis, 2022, A&GA, E
arXiv:2206.06710 é
* Ducourant, Krone-Martins, Gallucio,
2022, A&A, arXiv:2206.14491
* Gaia collaboration, Bailer-Jones et
al., 2022, A&A, arXiv:2206.05681
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Gaia collaboration, Bailer-Jones et al., 2022, A&A,
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Spectra
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Data Processing & Analysis Consortium

Gaia

DPAC

Spectro-photometer: 220 millions spectra

Spectrograph: 1 million spectra
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Data Access

archives.esac.esa.int/gaia

https://gaia.obspm.fr/tap-server/tap

http://cds.u-strasbg.fr/gaia

http://gaia.ari.uni-Heidelberg.de/

https://gaia.aip.de/
http://gaiaportal.asdc.asi.it/

Pre-computed X-matches to other
large surveys.

Space to upload users data.

> EUROPEAN SPACE AGENCY B ABOUT ESAC o Anthony Brown (agabrown) © [\

gaia archive

HOME

SEARCH  STATISTICS VISUALIZATION HELP DOCUMENTATION VOSPACE SHARE

Welcome to the Gaia Archive

(Gala Is an ambitous mission to chart a three-dimensional map of our Galaxy, the Miky Way, in the process
evealing the composiion, formaion and evolutio of the Galaxy, Gala Wil provide nprecedented posiional

and radlal velocty eded 10 produce a st d
i i ocal Group. 1 per cent of the

Galactic stellar population

It ¥ qui

cite Gala DRL.

Top Features

/J Search O Download °Stanstic5
Query for Gaia sources using Direct download of Gaia data ‘Show statistics of Gaia tables.
an ADQL (Astonamical Data s,

Query Language) interface in
an asynhionaus made (UWS).

L4 1 Ag
&  Help W % Documents
For questons, suggestons o Links 1o Gaia Archive and
problem reports, contact the relaied Gala documentation.
Helpdesk.
COPYRIGHT 2017 © EUROPEAN SPACE AGENCY. ALL RIGHTS RESERVED.  (v1.42)
+ EUROPEAN SPACE AGENCY (' ABOUT ESAC o Anthony Brown (agabrown) @ [\

gaia archive

HZUGH STATISTICS VISUALIZATION HELP DOCUMENTATION VOSPACE SHARE

o e e
e e x

© Gala Data Release 1

< Job name: Query examples

gala hea\mx mdex(s source_id) AS hea‘.mx 3
g,

G count(*) /'S: 9339 as_sources_per_sq_d
® # galacrL alwse_best_nelghbour o {uara}\:z} gl w R

® % avg(pnra

® % gaiadrLalwise_neighbourhood e

® § guadL avise_orginal_vaid avg(ra_error) A5 avg_ra error,

avg(dec_error) As avg dec error,

® ) galadrL aux_gso_kot2_match avg(parallax_error) AS avg_paratlax error,
PR v (pmra error) AS avg pnra error,
® ] gandrt.copheid avg(pndec_error) AS avg. pndec error,
avg(ra_dec_corr) AS avg ra_dec_corr

® 7] gaadriext_ phot_zero_point avglr_parallax.corr) S ra parallax_corr,

vg(ra_pnra_corr) A 3 pars corr
vg(ra_pndec_corr) AS avg a_pndec
Va(dec paraTiax corr) AL avg dec paratiax corr,
5 gaadr. g5c23_best_neighbour avg(dec_pnra_corr) AS avg_dec_pnra_corr.

avg(dec Emﬂet corr) AS avg dec pndéc_corr,
* galadr1.gsc23_neighbournood avglparallax para corr) & avg parallax phrs corr,
(parallax pndec corr) AS avg parallax pndac_corr,
(pnra_pndec_corr) AS avg Pt pndec.corr
(2 aicr hotvaabeime et lov e Heaipryouree

guadrL photvarable_time_eries_glov_tz| | CirieSpace for query auocompeion p
® % gaiadrL ppmd_best_neighbour # Reset Form € Submit

 gaiadrL ppmal_neighbourhood

@

% gaiadrl.gaia_source

®

®

7 gaiadrL.gsc23_original_valid

®

®

®

® 7 gaiaorLppmx_original_valid

© 8 guasLriyee

- i Gl v 7 GmagHisioAIDRImOd2 15-Fe0-2018, 133224 25 28
¥ galad.sdss_0r9_best_neighbour
@ % gaiadr]sdss_drd_neighbourhood / /.4 (GmagHistoAIDR1modl 15-Feb-2018, 13:19:03 229 2KB
@ 7 gaiadrLsdssdr9_original_valid v 7 GmagHsAIDRIMOGO 16-Fe0-2018, 130337 2 K8
® 7 gaiadrLigas source ) 7 GragHisoAlDRL 210602017, 172406 oks
®  galadri.mass_best neighbour
g LDemg v 4 AstiometryStatsHealpixLevel3 01-Dec-2017, 16:23:02 768 121K8
® Y gaiadrL.tmass_neighbourhood
® 3 gaacrLmass original vald v 7 TGAS-alPKErTorsVsGmag 15Nov-2017, 16:41:11 2057050 32M8
% gaaLucaca best neghbour v 7 ToASSusHeapievels GaNow2017, 134120 ) 108 aee~ame
@ ¢ gaiadrLucacd_neighbourhood 2 i o )
" W4 10eta B M Downioad format: | VOTable Y. | Apply jobs fiter | Select alljobs [ | Delete selected jobs

gaiadr.ucacd._orginal vaiid -

COPYRIGHT 2017 © EUROPEAN SPACE AGENCY.ALL RIGHTS RESERVED. __(v1.42)
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https://gaia.obspm.fr/tap-server/tap
http://cds.u-strasbg.fr/gaia
http://gaia.ari.uni-heidelberg.de/
https://gaia.aip.de/
http://gaiaportal.asdc.asi.it/
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de Fars Data plzuyAm

A cup of Milky-Way

©Nasa/JPL-Caltech/ESO/R. Hurt
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Spiral arms: stars

OB star over/under-densities * Cepheids: age < 200 Myr

Open clusters: age < 63 Myr (dots)
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Gaia collaboration, Drimmel et al.,
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|.-@“apire GEP Spiral arms: gas and dust PAC

* RVS wavelength range —
Diffuse Interstellar Band
(DIB): 862 nm

* EW correlates with reddening
— interstellar medium

* Distance-extinction —
40 millions stars

TR

4000

* 472 000 stars
09 0% 0T 00 0% 0% 09—

2000

O

od Bew

-4000

: ? g
(R T O e i
2000 4000

-4000

Gaia collaboration, Schultheis, Zhao “Or57 Vergely, Lallement, Cox, 2022, =

200

et al., 2022, A&A, arXiv:2206.05536 L AGA. 64. A174
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ngﬁtgke GEP! Spiral arms: physics PAC

Gaia

X (kpc)

Swiggum, Alves, D'Onghia et al.
A&A, 664, L13

2022,

* OBA stars (black/blue/white)
* Open clusters: age < 30 Myr (cyan dots)

* Radcliff wave: GMC + star forming regions (red
dots)

* Lallement et al., 2019 dust/gas map (red/yellow)

1.0

(=]
19}

in .ﬁusungano

-1.0

X (kpc) X (kpc)

* Gas/dust/star forming regions
— front of the Local-Orion arm

— offset between stellar generations
21



I’@\{g’gﬂi{& GeP! Disc and bar kinematic PAC.

* 6D parameters — 29 million stars
* 1/3 to 1/2 of the MW disc

* MW “seen” from the Galactic north pole

* Milky Way rotates clockwise
20

15

10

.........

Y [kpc]
o

-10

-15

2055 50 <-i5 -10 -5 0 5 10

X [kpc]

Katz, Sartoretti, Guerrier et al., 2022,
A&A, arXiv:2206.05902

+10°

o
o
B

103

|_I
<
Stars / 200 x 200 pc

10!

10°

y (kpc)

=
Vg (km s71)

* Radial motion wrt. Galactic centre
— red outward / blue inward

* Disc velocity field — perturbations
* Kinematic signature of the bar

Gaia collaboration, Drimmel, etal.,
2022, A&A, arXiv:2206.06207
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Disc phase space

Data Processing & Analysis Consortium

* GDR2 has revealed many perturbation/correlation in phase-space

* Ridges in (R, Vphi) space
* Correlation with R, Vr, Vphi

* Spiral in (Z, Vz) space

* Correlation Z, Vz, Vphi

V. (km/s)

V> (ks 1)

Fragkoudi, Katz, Trick et al., 2019,
MNRAS, 488, 3324

05 00 05
Z (kpc)

190

180

Antoja, Helmi, Romero-Gomez et
al., 2018, Nature, 561, 360
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Dynamics of the disc

Bar and spiral arms — many features of the velocity field and phase/actions spaces

» Spiral arms: Quillen et al., 2018 ; Hunt et al., 2018 ; Khana et al., 2019 ;
Sellwood et al., 2019 ; ...

> Bar:; Fragkoudi et al., 2019; Monari et al., 2019 ; Trick et al., 2019 ; ...

» Bar + spiral arms: Hunt et al., 2019 ; ...

» Bar length and pattern speed ?

» Spiral arms: Transient ? Material ? Quasi-steady density waves ?

Satellite — Sagittarius

* Arch-like structures in (Vr, Vphi):
Minchev et al., ; ...

* (£, Vz) spiral: Antoja et al., 2018 ;
Binney & Schonrich, 2018 ; Laporte et
al., 2019 ; Bland-Hawthorn et al.,

2018 ; ...

Bar buckling:

* (£, Vz) spiral: Khoperskov et al., 2019

100

50

0

-50

—100

I

N-body simu
Sagittarius
Laporte et al., 2019

Vz [km/s]
N ] E=3
o o (=] o

|
£
o

-1000-500 0 500 1000

Z [pc]

N-body simu
Bar buckling

Khoperskov et al.,
2019
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* Inner disk — 2 arms spiral

* Quter disk — 1 arm spiral

* Bar/ spiral arms — 2 arms

* + satellite — 1 arm (outer disc)

Isolated model Interaction model
Outer disc Outer disc

Inner disc

0.0

Hunt, Price-Whelan, Johnston, Darragh-Ford, 2022,
MNRAS, arXiv:2206.06125
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I’@@tﬁire GEPI Halo streams

Discovery and/or caracterisation of many (cold) streams

— coherent spatial/kinematical structure over wide portions of the sky

Fimbulthul x s
- o
Galaxy Picture
Credit: ESA/Gaia/DPAC
Stellar Streams e
Malhanetal. (2018, 2019) .
Ibata etal. (2019, 2020)
Sy -
s e Gjoll
i 5
T RC
e ‘ S ..s':#'x' % -
S P " ¥ NGe 1851 '
- .-:,‘.1“"\. 2 - .
" NGC 1261
* <. _ Phoenix
> Gaia 2
X e
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Halo streams

30

20
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200
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150
80 GD-1 et $E PR i g i,
g i 2 100
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> ""'.:b:‘. . 2 5 ':\'Mﬁﬁr} :\;‘;ﬂ"’:;;ﬁ&{';}::: ; LR Y0
20_24'10 220 200 180 160 140 120 100 80 0
/[deg]
20 * Probes of the gravitational
(a) (b) potential, dark matter content,
6 halo axis ratio
& o « Malhan, Ibata, 2019,
N MNRAS,486, 2995
10, Mwuw(R<20kpc) = 2.5 10" Msun
°3 20 -0 6 10 20 30 9 0 15 20 25 * Probes of the halo clumpiness
xLkpcl Rlkpc] — presence of dark matter sub-

halo
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Halo assembly

Cosmological simulations —
hierarchical structure formation

MW/halo assembly — mergers

Sagittarius galaxy — accretion
in progress

Many past accretion — disolved
into the halo

30

12h00

6h00
S

“Leading tidal -
debris i

Milky Way disk
Direction of motion

. Trailing tidal

debris

Sgr.core

90 David R.Law
UCLA

30

i =

] i

1 271 000 DR3 RR Lyrae (incl 71 000
| new RR Lyrae)
" Clementini, Ripepi, Garofalo et al.,
2022, A&A, arXiv:2206.06278

Sagittarius

28



|’@‘@tﬂi"e GEPI

The pre-Gaia halo ... in 1 slide

Last decade

* Chemical abundances — evidence of two distinct halo populations: in-situ / accreted

o in-situ \

Halo

Disc

[a/Fe]

0.6

0.6

02r
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I ! 1 I ! | 1 I !
0.4}

04F5 0
'.% .*m@ﬁﬂ "Lape e

[Mg/Fe]

0.0

—0.2}

-1.6

4 -12 -0 08 g 04 )
[Fe/H] /"

) S

15 10 ~05 0.0 0.5

100

10

Num

Nissen & Schuster, 2010,
A&A, 511, 10

N 4

accreted

Hayes, Majewski, Shetrone et al.,
2018, ApJ, 852, 49
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I’w@@fe s The Gaia-DR1 halo ... in 1 slide

Gaia DR1: Belokurov et al., 2018
« From (Vy, V) anisotropy vs [Fe/H]

— 1 major accretion event: Gaia-Sausage
* Mvir > 10" Msun

* 8-11 Gyrago

MW disc
s N\,
-1.66<[Fe/H]<-1.33 -1.33<[Fe/H]<-1.00
aoo| L | 119 ] acol L | 14135
I I ] I | ]
EGD:— — 2.:}.:}:_ 2
of- = of — R -
[ | ] [ I
-200 | | L -200 | | -
-a00F  1<lzl<3 : {1 400 1<lzl<3 : .
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* Double sequence in HRD of high transverse velocity stars
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Gaia collaboration, Babusiaux et al., 2018,
616, 10
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Haywood, Di Matteo, Lehnert
et al., 2018, ApJ, 863, 113

Helmi et al., 2018

Haywood et al., 2018

Bluest sequence — accreted stars: 1 main accretion event

Reddest sequence — thick disk partially "heated" dur. merger

Halo in-situ component elusive

* Similar conclusions — accreted satellite:

Gaia-Enceladus
(See also: Gallart et al., 2019)

* Further studies

Mackereth et al., 2018 ; Deason et al., 2018 ;
Myeong et al., 2018 ; loro & Belokurov, 2019 ;
Myeong et al., 2019 ; Lancaster, Belokurov &
Evans, 2019 ; Fattahi et al., 2019 ; Lancaster
et al., 2019
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Numerous accretion events
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* Disolved satellite — stars grouped in E, Lz space

* Numerous detections
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A more complex picture ...

Ck-
* An accreted satellite produces several clumps in
E, Lz space
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-85

120

12.4 millions LMC + SMC stars

proper motions — coherent
motion of stars from the SMC
towards the LMC

Gaia collaboration, Luri et al.,
2021, A&A, 649, 7




I’w\{g’&q[ye ce» Large Magellanic Cloud in EDR3/DR3 PAC:

proper motions —
tangential velocity

Gaia collaboration, Luri et al.,
2021, A&A, 649, 7
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Katz, Sartoretti, Guerrier et al., 2022,
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GDR4 (2025)

* Work started about two years ago

* New products, such as:
* astrometric, photometric and radial velocity time series
* 150 million radial velocities down to Grvs = 16

* Challenge: very low signal-to-noise — machine learning / deep learning

GDR5 (2030)

* Final catalogue — processing of 10 years
of data (2014 - 2025)

* Final accuracy / precision / number of - The Futu [

epochs / products

NEXT EXIT N
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