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Planes of Satellite Galaxies

e Observed satellite galaxy systems (Milky Way, Andromeda, Centaurus A) are flattened
and show signs of kinematic correlation indicative of co-rotation

e Frequency of as strongly flattened and kinematically coherent satellite systems in ACDM
simulations is very low (on order 0.1%).

—200

—100

z [kpc]

100 |-

200

Vast Polar Structure (VPOS) of the Milky Way

A X
v
[

L X%
'-.|><
1
1

1

‘ >':‘<_><>< ><><

L Obscured by I\/IW d|s|< :\f-; — Obscur d by MW disk{
X?&

X

><

><><

V><.>< X

Larger symbols LI\/IC&SI\/IC ‘

Il Il
—200 —100 O 100 200

z' [kpc]

Pawlowski, Kroupa & Jerjen
(2012, MNRAS, 423, 1109)

[kpc at M31]

YDec

Great Plane of Andromeda (GPoA)

200

100

—100

—200

Black elllpse M31 :' ,’ ;

Dashed line: orientation of satelllte plane
Contour: PAndAS footprrnt ;

Bl v
e
Y A, L
_ j“‘ A 1 A o L
K%\ v
| N 'V TWJ
/ v _
[ A R e N
':"3 ’,»—Jr ﬁlj ,v 7#
\ . A” L 1_[

: * :: ., :: 1 | v
—200 —100 . L _
zra [kpc at M31]

lbata et al.

(2013, Nature, 493, 62)

—800

Satelhte structure around Centaurus A

—600

| |
N} N
S o
S S

[kpc at Cen A]
o

200 | |

YDec

400 |

600 -

800

‘ . |
. 1 :
: Vot
: 1 :
: 1 :
v+::'. +“ + v r“‘“
: + : |
: 1 X r
A
ol |
1 A “ +
Yy : YV
A L
E ' A
. \ ._'
| .
\
A \
1 1

—800

- L L L L
—200 0 200 400 600

xra [kpe at Cen A

L L
—600 —400 800

Mduller, Pawlowski, Jerjen & Lelli
(2018, Science, 359, 534)



Can we solve the

problem by saying MW/M31 are special?

Planes of Satellites

Buck et. al (2015), based on 21 hosts:

¢ High host halo concentration (proxy for early
formation) gives more narrow satellite planes.

e Solves problem if MW & M31 formed early and/or
have high concentration halos.

We test these findings with a number of

improvements:

¢ 60 (Phat)ELVIS hosts, similar parameter space.
e Compare to randomized satellite systems, too. 81
e Consider PAndAS survey footprint. o
e Employ quantitative tests of correlations.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105

We employ many different tests to look for correlations ...
I'll spare you the details, check out the paper If interested.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

halo mass / viral radius?

Correlation seen if 30 satellites selected

from virial volume 190 ELVISall Volume : Rvir Positions : Sim
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105

Correlation with
halo mass / viral radius?

Correlation seen if 30 satellites selected
from virial volume.

= Absolute plane width sensitive to overall
extent of satellite distribution.

= Same present in distributions drawn
from isotropy.

= Not a feature of ACDM.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

halo mass / viral radius?

Correlation seen if 30 satellites selected
from virial volume. Volume: Rvir

= Absolute plane width sensitive to overall
extent of satellite distribution.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

halo mass / viral radius?

Correlation seen if 30 satellites selected
from virial volume. Volume: PAndAS

= Absolute plane width sensitive to overall

extent of satellite distribution.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105

Correlation with N 0
halo mass / viral radius?

Correlation seen if 30 satellites selected
from virial volume. 190 ELVISall Volume : PAndAS Positions : Sim
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

halo concentration / formation time”?

No correlation of satellite plane width or kinematic coherence with c-2 or zo .
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

halo concentration / formation time”?

No correlation of satellite plane width or kinematic coherence with c-2 or zo .
Not even if satellites selected from virial volume.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105

Correlation with N
halo concentration / formation time? 0

No correlation of satellite plane width or kinematic coherence with c-2 or zo .
Not even if satellites selected from virial volume.
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Pawlowski, Bullock, Kelley & Famaey: 2019, ApJ, 875, 105 E

Correlation with NO —~ [=]
. w]

L

being In a paired configuration of hosts

No difference whether in a pair of hosts or isolated.
Confirms similar result for VPOS-like selection (Pawlowski & McGaugh 2014).
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

existence of a central disk galaxy potential??

PhatELVIS: 12 MW analogs once with and without analytically grown central disk.
" Kelley et al. (2019)
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105
Correlation with

existence of a central disk galaxy potential??

PhatELVIS: 12 MW analogs once with and without analytically grown central disk.
No differences in flattening of satellite system whether central disk present or not.
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Pawlowski, Bullock, Kelley & Famaey; 2019, Apd, 875, 105

Correlation with N
existence of a central disk galaxy potential” 0

PhatELVIS: 12 MW analogs once with and without analytically grown central disk.
No differences in flattening of satellite system whether central disk present or not.

Also no difference for Centaurus A plane in hydrodynamical lllustris simulation or
dark-matter-only analog (Muller, Pawlowski, Lelli & Jerjen, 2018).
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Summary

We find no indication that width or degree of kinematic
coherence of satellite planes correlates with any of the
studied host halo properties.

‘The Planes of Satellite Galaxies problem is not solved by :
:claiming an early formation time or high concentration
:of MW/M31 halo, their paired configuration, or baryonlc
:effects acting on the satellite distribution/orbits.



And now

for something
yoretely different...

"he orbital alignment of the
11 classical MW satellites
with the VPOS

in light of Gaia DR?2




Pawlowski et al. in prep.

Orbital Poles (= directions of angular momentum)
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Pawlowski et al. in prep.

Orbital Poles (= directions of angular momentum)

Gaia DR2 only
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Poles (= directions of angular momentum)
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Pawlowski et al. in prep.

Orbital Pole Concentration vs.
Random Velocities

more combined satellites =
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Pawlowski et al. in prep.E
Orbital Pole Concentration vs.

llustris TNG 100 simulation (hydro & DMO) 0
o F
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BUT: Must consider orbital pole distribution and spatial flattening
= frequencies drop to < 0.1% for all k.



Orbital Pole Cor

Best-

Possible A
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| Pawlowski et al. in prep.
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Orbital Pole Cor
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Conclusions

Review of Satellite Plane Problem = Pawlowski (2018, MPLA, 33, 1830004).

The Planes of Satellite Galaxies problem is not solved by claiming an early
formation time or high concentration of MW/M31 halo, their paired
configuration, or baryonic effects acting on the satellite distribution/orbits.
= Pawlowski, Bullock, Kelley & Famaey (2019, ApdJ, 875, 105)

Gaia DR2 confirms previous work with independent data: 8/11 classical
satellites orbit close to common plane. Improved PMs result in tighter
clustering of orbital poles (expected if strong underlying correlation).
Combining best PMs increases tension with ACDM: <0.1% of simulated
systems as extreme.




