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Only 11 dwarf
galaxies satellites of
the Milky Way
known before 2003.

Nowadays there are
~40-50 and the
number is ever
growing (thanks to
SDSS, PS1, DES,
SMASH, Hyper-
SuprimeCam programs
etc.)

Note: not for all the
nature as dwarf

galaxies is confirmed.
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A “classical” (pre-SDSS) dwarf spheroidal galaxy:
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Is the environment (e.g. tidal & ram-pressure stripping) affecting
the SFf# and chemical properties of these galaxies?

Assessing the possible impact of tidal disturbance -> dark matter
content and distribution of dwarf galaxies

VVPOS edge-on
Tracers of the Milky Way potential 200 | 1 6o
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of the Milky Way dark matter halo 100}
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Mostly HST but also ground-based measurements for all the
classical dSphs and the Magellanic Clouds

Only one UFD (Seguel, fritz et al. 2017)

Combination of HST + Gaia DR1 positions -> first measurement
*ever* of the internal tangential velocity dispersion in a dSph
(Massari et al. 2018, Nature)



11 Milky Way classical dwarf galaxies (including the Magellanic Clouds), 1
UFD & 75 globular clusters

o Globular cluster
o Dwarf galaxy
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Credits: ESA/Gaia/DPAC, Amina Helmi, Maarten Breddels and co-authors of the paper "The kinematics of
globular clusters and dwarf galaxies around the Milky Way



Simon arXiv:1804.10230-> 17 UfDs within 100kpc and with prior
spectroscopic information from the literature

fritz, Battaglia et al. arXiv:1805.00908 -> 39 dwarf galaxies
(and candidates) within 420kpc (UFDs + classical dSphs)

Kallivayalil et al. arXiv:1805.01448 -> systemic proper motions
for 13 dwarfs (&candidates) close to the Magellanic Clouds &
predictions for the motions of other 14 such systems.

Massari & Helmi arXiv:1805.01839 -> 7 UfDs



fritz, Battaglia et al. submitted to A&A on May 2 :

39 Milky Way dwarf galaxies and galaxy candidates with prior
spectroscopic information -> to ease selection of probable member
stars

satellite dgelkpe]l  po-[mas/yr) pslmas/yr] Cov Vaplkm/s] Vialkm/s] Vi, lkm]s]
Aqull 105 -0.252+0.527 00110448 0.131 294*171  43*% 291+14
Boo 1 64 -0.554 £0.092 -1.111+0.068 0.163 195j§‘1 95+ 170j§3
Boo II 39 -2.686+0.389 -053+0287 -0.186 395*_*?,_% —4871° 392j§?§
CanVen 1 218 -0.159 £ 0.094 -0.067+0.054 0.105 1433 84 11673
CanVen I 161 -0.342+0.232 -0473£0.169 -0.006 218‘_’%”’ -93°% 19745
Car 1 107 0.485+0.018 0.132:0016 0.084 166*3 143 166733
satellite peri(1.6)[kpc]  apo(l.6)[kpc] ecc(l.6)[kpc] per(0.8)[kpc] apo((').-8)[kpc] ece(0.8)[kpc]
Aqull 103:], 307+63 0.5, 1057, 13425519613 0.98:0 .,

Boo 33413 7671 0.4;3;&.{, -451‘;2 115538 04320

Boo II 3973 2037157 0.68i8;.3;é 407, 21300*9%0 1o

CanVen I 75+36 260737 0.5550% 11877 3712557 0.527514
CanVen II 121{’.’{ 281:{?,;-"’ 047513 137:253 158373543 0.8475%

Carl 65733 107°° 0.24*017 10673, 137:3F 0a3ih
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- Search for matches between stars with literature spectroscopic information
and Gaia DR2 kinematic information (parallax and proper motion)

- Selection of spectroscopically observed stars with probability of membership
> 40% (either on probability estimate from the literature or our own)

- Parallax consistent with zero within 2sigma (distant ob jects)

- Broad proper motion selection (stars are required to have tangential

velocities within 2sigma from escaEe speed at the distance of the
corresponding dwarf galaxy; largish halo mass = 1.2x10%12 Msun)

- Depending on number of stars passing criteria above, further 3sigma
selection in systemic proper motion

Systemic proper motion & line-of-sight velocity -> Galactocentric velocities ->
orbital properties using galpy (Bovy 2015) in a “low” and “high” mass Milky
Way (virial mass 0.8x10"12 and 1.6x10%12 Msun)

=> For the galaxies in common, our systemic proper motions agree well within
Helmi+, Simon, Massari&Helmi determination (mostly within lsigma, max. 2sigma,
apart from Sagittariusl, due to different samples used).

CAVEATS: only average correlation coefficient for members is carried on in the error-
propagation. Due to large errors in some cases, a rescaling is applied to error-bars to
avoid unphysical values (i.e. negative 3D velocities, since they are defined positive)
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- In the low-mass case several galaxies would have orbits that
bring them in and out of the MW halo

- Segue2 and TucIll have very internal orbits (TucIII is indeed
might be at

known to show a stream); also
risk of tidal disturbance

- Carina, BootesI and Hercules exhibit signs of tidal disturbance :

what do their orbits say?
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Mv= - 8, at only' 120kﬁc,
discovered only_in 2016 due to its
very low.surface brightness

*

“Artistic Ai'mpression”'. ‘
Credits: V.Bglokurov
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McGaugh (2016) predicted the extremely
low velocity dispersion of Craterll in
MOND but within the assumption of
dynamical equilibrium. To be revised?

Our proper motion is consistent at the
0.3/1.3sigma level with the models by
Sanders et al. 2018 (see also fattahi et
al. 2018) which explain Crater II as an
heavily tidally disrupted dwarf
embedded in a LambdaCDM halo.
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Orbital poles: The Crater-Leo “group” might not

be a group
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Torrealba et al. 2016 suggested
these 5 systems might have come
in as a group

Crater — Leo — Group /

Our orbital poles do not appear to
confirm this hypothesis



Orbital poles and alignment with the Vast Polar
Structure

0.0 < dyw < 50.0
T 4 R 16 satellites align with the VPOS (5 counter-
<z - 60°- N orbiting), 12 do not, 11 have too large
g | TN e uncertainties to be conclusive

Tuelll

To be further investigated in
Pawlowski et al. in prep.
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of 32 candidate low mass, dwarf galaxies in close prox-
imity on the sky to the Magellanic Clouds (Bechtol et al.
2015; Drlica-Wagner et al. 2015; Koposov et al. 2015b;
Martin et al. 2015; Laevens et al. 2015a; Torrealba et al.
2016a; Torrealba et al. 2016b; Torrealba et al. 2018; Kim
& Jerjen 2015: Kim et al. 2015; Drlica-Wagner et al.
2016; Koposov et al. 2018; Homma et al. 2018) present a

How many and which ones are associated to the LMC/SMC or are
genuine satellites of the Milky Way has implications on the LMC
mass, luminosity/mass function of MW satellite system, and gives
the opportunity to study group pre-processing.

Several works have explored association on the basis of the
satellites sky position, distance, line-of-sight velocities & comparison
to simulations/dynamical models (e.g. Sales+2011, Deason+2016,
Jethwa+2016, Sales+2017)



Of the 13 UFDs with systemic proper motions, 4 are highly likely LMC
satellites, 2 favorable, 3 likely not, 4 are ruled out.

6 objects without proper motions are excluded on the basis of the position,
distance and/or line-of-sight velocities

Predicted bulk motion for other 13 systems.
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fritz, Carrera, Battaglia, submitted to A&A on May 20

Columbal, HorologiumII, PhoenixII, ReticulumIIl
* -4 < MV<¢ -2 ; Galactoncentric distance: 80-190kpc

* Published data were only imaging and photometry -> even their
nature as galaxies or stellar clusters is unknown

* Both Kallivayalil et al. and Jethwa et al. 2016 give predicted bulk
motions in the hypothesis of a prior association to the LMC



parallax & escape speed selection as in fritz+2018a

+ CMD selection

further members searched for once the vlos,sys in known
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parallax & escape speed selection as in fritz+2018a

+ CMD selection

further members searched for once the vlos,sys in known
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Chance to observe the velocity “spikes” due to contamination by MW stars is < 0.1
% (< 2.4% for HoroIl) -> they are real.
satellite < Vilio > lkm/s| o Viaiiolkm/s| p.-|mas/yr| pslmas/yr] C,_ ., <I|Fe/H|> o|Fe/H]|
Columbal 149.4:36 <56 035:026 -045:034 —0.13 —201z01 02170
Horologium 11 1694 £92 12 0*3:‘2 152025 -047+£039 007 -185%0.13 <012
Phoenix I1 324+39 7.1:{? 049+0.12 -1.18+£0.14 -047 -244:032 0.77:“2'%
Reticulum II1 2743 £45 <3 -039+053 -032:063 045 -289+0.19 0.267 7~
Columba 1 1559 +4.1 <) 0332028 —-038+038 -0.14 -222:018 <0.20
Horologium II 173.7+158 < 30 036068 -05+£108 -0.17 -185+0.13 <2
Phoenix II 32.9£4.5 8.2+19 05+012 -1.16:0.14 -047 -275:0.17[ 03427
S T T T T T . .
1 PhoenixII is the only system for
1 which we can safely say it is a
Tr 1  9alaxy, since we resolve both a
i large los dispersion and the spread
ol l ‘ 1 in metallicity.
g’ [ ' I ]
_ 1 The other ones do not have limits
il @1 4  that exclude their nature as such,
; mst 1 but data are inconclusive.
L others
< |, 1 | 1 1 | TR
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Even if RetIll, Horoll and Coll are clusters they can still give information on
the orbit of their host, if they originated in an accreted dwarf galaxy (as it
is thought to be the case for outer halo globular clusters)

Coll orbital pole always > 32deg
away from the LMC one.

RetIII unlikely to be associated 8.— yd \QI

Horoll very much dependent on

the sample \gioro

PhxII well determined orbital * Nh.g'\\

pole, it gets as close as lédeg to _ '

the LMC one. Good candidate. :

Proper motion agrees well with 2

Kallivayalil+ predictions. e
300 200 100



In fritz+2018a we provided systemic proper motions and orbital properties
for the great majority of dwarf galaxies (and candidates) within 420kpc:

-> several systems are likely to have experienced strong tidal disturbance,
including the “feeble giant” Craterll

-> orbits would be better explained in a “high-mass” MW halo

-> 16 satellites align with the VPOS (5 counter-orbiting), 12 do not, 11
have too large uncertainties to be conclusive

-> it is unlikely that Craterl, CraterIl, LeoIl, LeolV and LeoV have all
come in as a group.

In fritz+201b we present systemic proper motions for other 4 UfDs AND the
first line-of-sight systemic velocities by analyzing unpublished VLT/FLAMES
spectroscopic observations from the €S0 archive + Gaia DR2 data:

We establish that PhxII is a dwarf galaxy and that it is a good candidate
for having been another one of the LMC satellites (making them 5 in
total).



