
Other inconsistencies in the LG

- General trend of dwarf galaxies to approach from 
the direction of M31 and recede (within in a 
narrow plane) in the opposite direction (more 
pronounced than in ΛCDM simulations).

- Over-abundance and planar arrangement of 
backsplash galaxies: Of the 8 non-satellites in 
the MW north, 6-7 are likely backsplash objects  
but only 1/8 expected in ΛCDM (Teyssier, 
Johnston & Kuhlen, 2012).

ΛCDM expectation

ΛCDM predicts that sub-halos (and thus satellite 
galaxies) are distributed approximately spheroid-
ally around their hosts and have many different 
orbital directions. Merging of hosts and anisotro-
pic infall of sub-halos along filaments causes 
some degree of non-isotropy. These effects are 
accounted for by cosmological simulations. Are 
they strong enough to explain the observed 
satellite structures?

Do as strongly correlated satellite structures 
exist in ΛCDM simulations?
- Compare spatial flattening (e.g. RMS plane 

height rper) of observed and simulated satellite 
populations.

- Important: simultaneously test velocity  correla-
tion (e.g. concentration of orbital poles Δstd).

- Make sure observational biases are realistically 
applied to simulations (e.g. MW obscuration, 
survey area).

- Tested with many simulations: ELVIS (shown in 
upper right plot), Millennium II, Via Lactea I & II, 
Aquarius.

- Satellite planes are a robust test of ΛCDM: in 
contrast to other small-scale issues – such as 
the missing satellites, too-big-to-fail and core-
cusp problems – baryonic effects have no major 
influence on the spatial distribution of sub-halos 
on >100 kpc scales.

Results
- Frequency to find equivalent structure:

- VPOS: 0.02 – 0.06%
- GPoA: 0.04 – 0.17%

- The observed satellite structures are extremely 
unexpected in a ΛCDM universe.

Some studies claim consistency of satellite 
planes with LCDM but ...
- ... do not perform any quantitative test (e.g. 

Lovell et al. 2011).
- ... ignore velocity coherence (e.g. Wang et al. 

2013, Goerdt & Burkert 2013).
- ... use a wrong sample selection from 

simulations (e.g. Bahl & Baumgardt 2014, Buck, 
Maccio & Dutton 2015).

- ... make assumptions that are inconsistent with 
observed situation (e.g. Goerdt & Burkert 2013).

- ... ignore the radial distribution of the satellites 
(e.g. Sawala et al. 2014).

- ... define criteria for similarity to observed 
structure but do not require them to be met 
simultaneously (e.g. Bahl & Baumgardt 2014).
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Satellite galaxy structures 
Vast Polar Structure (VPOS): 

- The 11 classical satellite galaxies of the Milky 
Way (MW) are distributed in a highly flattened 
(18 kpc rms height), polar structure.

- The fainter MW satellites discovered later 
(mostly in the SDSS survey) define the same 
satellite plane. 

- The recently discovered faint MW satellites 
(14 objects, 10 of these in DES footprint) align 
well with the VPOS, too. The alignment of the 
DES satellites is better than expected from the 
survey footprint (Pawlowski, McGaugh & Jerjen; 
submitted).

- In addition, young halo globular clusters (YH 
GCs) and ~50% of the known stellar and 
gaseous streams (tracing their orbital planes) 
align with the VPOS (Pawlowski, Pflamm-
Altenburg & Kroupa 2012).

- The orbital poles (directions of angular 
momenta determined from measured proper 
motions) of the 11 classical satellite galaxies 
cluster close to the VPOS plane normal, the YH 
GC plane normal and the average stream 
normal. The VPOS is thus rotationally stabilized 
(Pawlowski & Kroupa 2013).

- Taking the spatial and orbital pole alignment of 
the 11 classical satellites together, the VPOS is 
highly significant (3.8σ). The SDSS satellites 
increase the significance to ~5σ when taking the 
uneven sky coverage into account (Pawlowski in 
prep.).

Great Plane of Andromeda (GPoA):

- 15 of 27 satellite galaxies of M31 lie in a highly 
significant, narrow plane (14 kpc rms height, 
Ibata et al. 2013) seen edge-on from the MW.

- The line-of-sight velocities of the GPoA satellites 
are indicative of a common orbital direction 
(similar to the VPOS).

Non-satellite galaxies in the Local Group: 

- The dwarf galaxies in the LG (> 300 kpc from 
MW & M31) are confined to two narrow planes, 
too (Pawlowski, Kroupa & Jerjen, 2013).

- These are highly symmetric: parallel to MW-M31 
line, have similar rms heights (60 kpc), 
diameters (1-2 Mpc) and are both inclined by 20º 
relative to M31.

- Magellanic Stream (MS) aligns with VPOS, but 
also with dominant non-satellite dwarf galaxy 
plane in LG (in projected position and velocity), 
and is parallel to GPoA. MS might trace a bridge 
between the MW and M31.
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Further reading: Pawlowski, Pflamm-Altenburg 
& Kroupa (2012); Pawlowski, Kroupa & Jerjen 
(2013); Ibata et al. (2013)

Further reading: Pawlowski et al. (2011, 2012b, 
2014), Pawlowski & Kroupa (2013), Ibata et al. 
(2014), Pawlowski & McGaugh (2014b)

Further reading: Pawlowski & McGaugh (2014a)

Conclusion 
- The MW and M31 host highly significant, narrow 

planes of satellite galaxies which are rotating.
- Such structures are extremely rare in ΛCDM.
- Baryonic effects can not solve the issue, which is 

independent of the internal structure of sub-halos. 
The satellite planes are one of the most severe 
small-scale problems of cosmology.

- The observed satellite correlation indicates that 
they might share a common origin. 

- Important clues might be provided by considering 
the larger-scale picture of the LG, which reveals 
additional inconsistencies with ΛCDM predictions.

- Tidal Dwarf Galaxies are naturally correlated in 
phase-space, but such an origin would require 
major modifications to our cosmological model.
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