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WHAT IS A DWARF GALAXY ?

Dwarf irregulars “Classicals” dSph

WLM (VLT)

~

Composed of metal-poor, old stars

Dark matter dominated (M/L > 10)

Around the MW, SFH tends to be halted 8-10 Gyr ago (e.g. Toistoy et al. 2009; Brown et al. 2014; Gallart et al. 2015)

Building-blocks of the Ly-galaxies (hierarchical formation scenario)

See also the recent reviews of Simon 2019 and Battaglia & Nipoti 2022

Guillaume Thomas
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THE REVOLUTION OF GAIA

= — _  Precise all-sky photometry
=== (Jala
=7\ \ 2  Proper motions

Membership
selection

Internal dynamics Global motion Find new galaxies

Mass of the MW @& Group of infalling galaxies Stability of the VPOS

Guillaume Thomas
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MEMBERSHIP SELECTIONS

2019 2020 2021 2022

Sculptor
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Gaia Collaboration et al. 2018

1. RGB+BHB
2. Parallax cut

3. o-clipping

Guillaume Thomas
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MEMBERSHIP SELECTIONS

2019 2020 2021

Carina |l
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\ . . 4'
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e St . e e - -
St s L% -
¥ @  Final member 'L e e® o .
!"-.,. T e P e e ST - & | I S R | ‘1 S| THEN
0 2 4 -1000 0 1000

p,cos(d) [mas/yr] a-a, [arcsec] —_—

Kallivayalil et al. 2018; Massari & Helmi, 2018

1. Get the mean PM from stars selected from spectroscopy or HB
2. Select stars from CMD
3. o-clipping on PM

The Milky Way dwarf galaxies view through Gaia

2022
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— Dotter [Fe/H]=-2.2
— Dotter [Fe/H]=-1.5
~— Color Range

---== Distance Range
Ret Il

Erill

*  Horl

*  Tucll

§ +« Grul

“ Tuchl

20 il All Stars
Gaia cuts
21 ) ) ) B «  DES CMD cuts
0.00 025 050 075 1.00 125 1.50 ~05 © _Spectroscopic Members
Ggp = Grp Joes — Moes Goes — Moes
Pace & Li, 2019, Pace et al. 2022
] 1 1 | 1 1.0
. . 0.2 -
1. Pre-selection of candidate member stars from CMD =
09 o
. . . . » _ ]
2. Bayesian selection from position & PMs = T .
gl et Il
e %o THIZ GE 015
L= (1 - wa)Csatellite +f£uw EMW NP e ¥ osg
]
. . . =
with  Lsaellite/ MW = Lypatial LM waf _ L
0.2 0.1 0.4 =01 =02
Aa (deg)
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MEMBERSHIP SELECTIONS

2018 2019

Ursa Minor

1. Bayesian selection from
position, CMD, PMs (& Vios)

L =1 = fyuw)Lsateite + fyuw Lvw

with Lo = LiLomLpm

Phoenix Il

Catalogue of individual /X))
members available on , «';s"?: Sl

S

hitps://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/657/454

1.0
2.
0.9
1.
i 0.8
U
Z 0 a
3 0.7
...1 <
0.6
_2 <
2 1 0 -1 -2 0 1 2
Aa [deg] (BP = RP),
0.21 17.5
| 0.98
L
18.0 4
0.11 g 0.96
18.5 {
o ) ‘ Py 0.94
Z 001 g 19.0 o
3 19.51 0.92
=0.11 20.014 0.90
o
. »
20.51
-0.2 1 0.88
. . , . . 21.0 ;
0.2 0.1 0.0 -01 =02 1 2

McConnachie & Venn, 2020 a, b, McConnachie et al. 2021 Battaglia & al. 2022
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https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/657/A54
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/657/A54
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/657/A54
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/657/A54

4 Simulated strvam ¢ ¢
M  This work, membors

X This work, noa members
- -

Y (arcmin)

Longeard et al., 2022

e Gaia: extended stellar
halos or tidal debris
around 6 classical dSph

-15°20" =

DEC ()2000.0)

30 o .-

)

NHI (1029 atoms cm™

Yang et al, 2022
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PM + Spatial

o PrgzOo% N a .
-2 o Poeiynan 2903 '.'0 0.2
w Vomember g L
% RE Lyrae v . v
-3
2 0 -2 e
X [deg]

Qietal 2022

e Subaru+ MeerKat+ Gaia:

Evidence of ram-pressure in
WLM

Guillaume Thomas



THE REVOLUTION OF GAIA

= — _  Precise all-sky photometry
=== (Jala
=7\ \ 2  Proper motions

Membership
selection

Internal dynamics Global motion Find new galaxies

Mass of the MW @& Group of infalling galaxies Stability of the VPOS

Guillaume Thomas
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measurements

-OW

... But only for 10 galaxies

u,cosd[mas/yr]

Gaia Collaboration et al. 2018

The Milky Way dwarf galaxies view through Gaia Guillaume Thomas
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= 39 galaxies up to 420 kpc

... but need spectroscopic
observations & does not use the full
information available

Guillaume Thomas
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® No need of spectroscopic
data

= |3 galaxies in DES

with

L =1 — fyuw)Lsatenite + fyyw Lmw

Lsatelite ;MW = Lpatial Lpm

Guillaume Thomas



GLOBAL MOTIONS systemics)

2018 2019 0 T o]

McConnachie & Venn, 2020 a, b, McConnachie et al. 2021, Battaglia & al. 2022

L =1 — fyuw)Lsatentite + fygw Lvw
with Lo = LiLomLpm

Guillaume Thomas
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GLOBAL MOTIONS systeMmICS)

2018 2019
McConnachie & Venn, 2020 a, b, McConnachie et al. 2021, Battaglia & al. 2022
L= (l - f Mw)ﬁsatellite + ﬂuw EMW
with  Lsar = LiLomLpm
Satellite Contaminant
10.0 10.0
1.5 1.5 1
5.0 5.0 1
= 2.5 = 251
= =
S 00 o 001
S L.
ST =25 T =251
-5.0 -5.0 1
-71.5 -7.5 1
-10.0 -10.0 T T T
10 S 0 -9 -10
& (arcmins) & (arcmins)

Guillaume Thomas
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2018

Satellite

DES/0225+0304

2019

McConnachie & Venn, 2020 a, b, McConnachie et al. 2021, Battaglia & al. 2022

Contaminant

The Milky Way dwarf galaxies view through Gaia

L =1 — fyuw)Lsateite + Fuyw Lmw

with Lot = M{~PM

\

Constructed from stars at the edges of
the galaxy (>5 Ru)

Guillaume Thomas



GLOBAL MOTIONS systemics)

2018 2019

McConnachie & Venn, 2020 a, b, McConnachie et al. 2021, Battaglia & al. 2022

Satellite

Contaminant L= (1 - f Mw)ﬁsatellite + fiuw EMW

with

M, COS O

10.0
;| Without spectroscopic prior

5.0

0.0

ps (massyr)

fsr = 0.0001*4 8

-———— -

-5.0

10.0 # 2 T T T v T T
-10.0 -7.3 -3.0 =29 0.0 2.9 2.0 75 10.0
Hgtesd (mas/yr)

Guillaume Thomas
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= c¢DR3 more

precise than DR2

= (lobal

convergence

= Differences due to

the approach and
the treatment of
the systematics

McConnachie & Venn, 2020 a, b; McConnachie et al. 2021; Battaglia & al. 2022; Pace et al. 2022

Guillaume Thomas



ORBI'TS OF DWARF GALAXIES

L.O.S

Global motion

Potential of the MW (LG)

The Milky Way dwarf galaxies view through Gaia

20 -

Z (kpc)

_20-

_40..

vvvvvvvvvvvvvvvvvv

Simon et al. 2018

Guillaume Thomas
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The Milky Way dwarf galaxies view through Gaia

Backsplashed dwarfs
Leol

(Canes Venaci I & 1I)
(Draco II)

(NGC 6822)

(Leo T)

(Phoenix)

Canesvenalicil

r
&

Ralactacentre distance [kpe)

Gokactocentric distonce [kpe)
)
=]
>
)
P
-

CanesVYeratic Il

G
a
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2
T

. // 100k
100 \\/ “ \/
Legend SRS J 6 & -4 -3 -2 =1 b
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é = 40C \ / 3
g s NN/
3 g /
%
g socf \ /
© 4C0F _3_ \
: IR /
8 g \ /
2 2cof g 20 /
3t 3 \\/

Tune [Gyr)

"6 o & o1 =2 -1 @ -6 -5 -4 -3 -2 -1 0

McConnachie et al. 2021; Battaglia et al., 2022; Pace et al. 2022
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" rvir Light MW

- (Segue 2) 100 & ? N =
- (Triangulum IT) - & ) o -
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- (Willman 1) R § : g%‘n I _
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Legend 1
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B Light MW (0.88 x1072 M)

Fritz et al. 2018; Simon et al 2018, Battaglia et al., 2022; Pace et al. 2022

Massive MW (1.6 x1012 Mg)

X Perturbed MW

The Milky Way dwarf galaxies view through Gaia Guillaume Thomas



(Segue 2)
(Triangulum IT)
(Canes Venaci I)
(Hercules)
(Willman 1)
(Grus II)
(Bootes 1)
(Tucana IV)
(Tucana V)
(Draco II)

Legend

B Light MW (0.88 x1072 M)

Massive MW (1.6 x1012 Mg)

X Perturbed MW

With LMC '
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Fritz et al. 2018; Simon et al 2018; Battaglia et al., 2022; Pace et al. 2022
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High mass (1.6x1012M) |

all

vy, 100 kem s

= Bias of detection (missing UFD)  Fritzetal. 2018

= Strong tidal shocks  rammer et al. 2020 0 02 04 08 08 1
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= Bias of detection (missing UFD)  Fritzetal. 2018

= Strong tidal shocks  rammer et al. 2020

= “Inference” problem: using posterior-weighted
uncertainties rather than raw measurements

Correa-Magnus & Vasiliev 2022

The Milky Way dwarf galaxies view through Gaia
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ORBI'TS OF DWARF GALAXIES

¢ [solated MW: dwarfs preferentially located near their pericenter

Fritz et al., 2018, Simon, 2018; Li, Hammer et al., 2021

Pb: 3rd Kepler law — mostly near their apocenter

(Probability~ 2 x 1077 for MW < 1012M ) Hammer et al. 2020

= Bias of detection (missing UFD)  Fritzetal. 2018

= Strong tidal shocks  mammer et al. 2020

I |
= “Inference” problem: using posterior-weighted |

No LMC infall

-
-

|
uncertainties rather than raw measurements |

A

Correa-Magnus & Vasiliev 2022
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3

10 3C

r |kpc

‘unperturbed case

1d0

» Choice parameters for potential
of the MW and LMC and for

unperturbed case

the DF of the tracers se
sot
harh 53 20th
» Backward orbit rewinding " s PN S W DN oo PR
. . 1 J 1L EiN pLRIE) Jou 0 Ju 1o aCJ 1 E] 10 E[H LN El i)
integration for treward r lkoe] " ke o [kpe]

» Compute likelithood of the
model with respect to the
observation (incl. uncertainties)

The Milky Way dwarf galaxies view through Gaia

ignoring LMC.

accounting for LMC

Correa-Magnus & Vasiliev 2022

(See also Fritz et al. 2020; Slizewski et al. 2022 for other methods)

Guillaume Thomas



— Muw(< 100) w/oLMC: 0.85 ") j2ax 10"
— Muw(< 100) withLMC: 0. 73 ¥ (8 x 10"
— MLMC: 1.65 fgjgx 1011 M@

» Choice parameters for potential

of the MW and LMC and for
the DF of the tracers

» Backward orbit rewinding 0.6 1 p) 5 10 13
integration for treward Mass [1011 M ]

» Compute likelithood of the
model with respect to the Correa-Magnus & Vasiliev 2022
observation (incl. uncertainties)

(See also Fritz et al. 2020; Slizewski et al. 2022 for other methods)

The Milky Way dwarf galaxies view through Gaia Guillaume Thomas




GROUPS OF INFALLING GALAXIES

Perturbed by LMC Non perturbed by LMC

0.00 Gyr

Y1111
L 1Y Ll |

ReticulumlII
Horologiuml

Carinall

Carinalll

Kallivayalil et al. 2018, Erkal & Belokurov et al. 2019, Fritz et al. 2019; Patel et
al. 2020; Pardy et al. 2020, Battaglia et al. 2022; Correa-Magnus & Vasiliev
2022, Pace et al. 2022
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Galaxy tea [Gyr] | Rea [kpe] | Ve [kms™] | F

Highly parented to the LMC

Carina II -0.97 12.18553% | 174. 12:“%%%% 1.00

Carina I1I -0.18 13.74:;:;2 164.54" 5?;:13 0.99 | -0.07
+SMC Horologium I -0.12 36.35%:%; | 13.90‘_‘?3'ag 0.84 | -0.46

Hydrus I -0.30 13.09%y; | 146257 | 1.00 | -0.14

Phoenix II -0.43 25.99:‘“2-?3 123.57"00: | 0.90 | -031

Reticulum II -0.19 14.69' 21 | 15557790 | 1.00 | -0.08

Potentially parented to the LMC
Horologium II -0.04 38.81% ¢, | 170.067 5 | 0.56 | -0.43

Tucana IV 015 | 657435 220.885%?& 0.94 | -0.06
Carina 0.00 6227757 | 1483171024 | 025 | 277

Recently captured (<1 Gyr) by the LMC
Grus II | 034 | 256245 | 186.06°215 | 0.57 | -0.29

Kallivayalil et al. 2018, Erkal &
Belokurov et al. 2019, Fritz et al. 2019;
Patel et al. 2020; Pardy et al. 2020;
Battaglia et al. 2022; Correa-Magnus &
Vasiliev 2022, Pace et al. 2022
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Kallivayalil et al. 2018, Fritz et al. 2019;
Patel et al. 2020, Battaglia et al. 2022,

Correa-Magnus & Vasiliev 2022, Pace et
al. 2022

-3C0 =150 o 1%0 30C
¥ae Lkpe)
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GROUPS OF INFALLING GALAXIES

° Grouped together streams, {b) all cbjects B satellite galaxies
globular ClUStCI’S and dwarfs # ¢lobular clusters ® stellar streams
based on Integral of motion —0.5F .
space Sagittarius = Candidate
® o merger
v —1.0 "~ - /
~ —LurFE = - by .
Tm *:?‘w:) ‘-% & Sequoia 4
~ Cetus . W 5 =Arjuna +
E - 2 itoi
= (alaxies tend to not be linked to o 1sf LMS — 1/ et .
. ‘ Wukon ia —
other objects = ong . Gala - Sausage/
X # Enceladus
6 > *
= Polar orbits are stable o Dis .:;/
U 5ok - Pontus i
. - '
= No GCs linked to the LMC/SMC L Disk/
bulge
L, [kms !kpc]
| Galactic | —
Bulge 0 1000 2000 3000 4000
prograde retrograde
—30 ~3000 —2000 0 2000 4000

Jo = L [kpckms™1]

Malhan et al. 2022

Guillaume Thomas
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. 50 < % < 100 [kpe]

. 0<ryx<50kpe)

75

Ion [deg]

200 < ry [kpe]

— e
75 lon [deg)

. 00 < 7 < 200 [kp:]

® c/a~0.2

= Proposed that VPOS
1s a consequence of
the LMC infall

Garavito-Camargo et al. 2021

lat [ceg)

75* Ion [deg]

Pawlowski et al. 2013; Fritz et al. 2018, Pawloswki & Kroupa 2019; Santos-Santos et al. 2020;
Lietal 2021; Correa-Magnus & Vasiliev 2022
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STABILITY OF THE VPOS

® High number of dwarfs located in a plane
perpendicular to the disc plane (39/46) santos-Santos et al. 2020

P Half Of MW Satelllte 111 < d<250kpe, 0< hy, < cokpekm g} N = 392322
coronation Particles of distant halo
Santos-Santos et al. 2020; Li et al. 2021;

Correa-Magnus & Vasiliev 2022

e Stable plane

® c/a~0.2
ol < a < Zolkpe, 10D < Ay, < cospekms YON = 232033
= Proposed that VPOS
1s a consequence of Particles similar to dwarf galaxies
the LMC infall

Garavito-Camargo et al. 2021

VPOS 3% enhanced

= Not enough to explain the VPOS
(3% of enhancement)

Pawlowski et al., 2021,
Correa-Magnus & Vasiliev 2022 o e m—

0.3 Orbital Pole <nhancement 0.3

Guillaume Thomas
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THE REVOLUTION OF GAIA

= — _  Precise all-sky photometry
=== (Jala
=7\ \ 2  Proper motions

Membership
selection

Internal dynamics Global motion Find new galaxies

Mass of the MW @& Group of infalling galaxies Stability of the VPOS

Guillaume Thomas
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_ Stellar Density

.IT- Rl

Bootes V

25 00 25
Aacos (0) (deg)

Torealba et al.

2019

Cetus-Palca stream

100

Thomas & Battaglia 2022,

Zhen et al. 2022

The Milky Way dwarf galaxies view through Gaia

100 kpc
13 Gyr
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THE REVOLUTION OF GAIA

= — _  Precise all-sky photometry
=== (Jala
=7\ \ 2  Proper motions

Membership
selection

Internal dynamics Global motion Find new galaxies

Mass of the MW @& Group of infalling galaxies Stability of the VPOS

Guillaume Thomas

The Milky Way dwarf galaxies view through Gaia



GAIA: INTERNAL DYNAMICS

® (Core of Sgr as residual internal rotation of 4.13

-1
km.s del Pino et al. 2021

® Sgr process a bar

= [ndication of transition from disky dwarf to dSph  Zokas et al. 2014: Gajda et al. 2017

= [n agreement with faint branch of the Sgr stream
Penarrubia et al. 2010, Oria et al. 2022

del Pino et al. 2021

Guillaume Thomas
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CONCLUSION

N2Z= gaia was crucial for:

e Seclect stars members of dwarfs
® Find new galaxies
® Mesure the systemic motion

® Mesure the internal dynamics

Helped to answer many scientific questions

... and raised many more

® Origin of the VPOS
¢ Common origin of galaxies

® Evolution of the dwarf galaxies

® Mesure the mass of the MW and LMC

The Milky Way dwarf galaxies view through Gaia

Future of dwarfs with Gaia

... is bright

Gaia DR4 will give better PMs and better
constraint orbital parameters, internal
dynamics, ...

Meanwhile HST+Gaia calibrated PM
del Pino et al. 2022

New multiplex spectroscopic (WEAVE,
AMOST, SDSS-V, MOONS, ...) will

complement Gaia

Guillaume Thomas




Complements to Battaglia & al 2022

http://research.iac.es/provecto/GaiaDR3LocalGrou

=W researchiac.es/proyecto)CasORY L0z a | Croup/d ] S e .

a e m Axlrm-Ph 5:[1 NEMD LECRE wd P m SANTAR Antizks [IPigesis M 'l Cuea Fourded.. [ VWEAUE irpes calns. ! Al prezael @) X0 Carsry laberes .. L) Astres ey s-pages

Gaia eDR3 Local Group

holions of Local Group galaxics frorn Gaia eardy data release 3

he

ABILT
OWIA SELECTION

U=l 1A In thes website we provide all the output of the a-tcle Battaglia et al. (2022), where we determined
systemic proper moticns for galexies oul e a distarce of 1.4 Mpc as well as orbital parameters for the

CRILP MEMEERS system of Milky Way setellites and nearby dwer” galasies in three grevitational potentials,

Far maras irfarmation, sas Battaglia ot oL (2022). The eataloques of individus! stars mambeship are
publishad en the T08 VizrleR servce.

We Include hera additional (nformaton such as pots of the probabiity distribution of the parameters
lead ng to the determination of the systemic proper mations, and videos for the galaxias potentially
linked to the Large Magellanic Cloud [LIMC).

If you use material from this websile, please quote Batlaglia et 2/, {2022). If using videos, please also

add credils 1o G. Thamas.

& 2022 Instituto de Astrofisica de Canarias » IAC
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