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Small-scale problems

Assumption: 
Standard Λ cold dark matter (DM) cosmology
• DM dominating matter component
• Hierarchical structure formation
• Galaxies form in centers of DM haloes

Test:
Compare ΛCDM simulations with observations
• Concentrate on ~galaxy scales here

(in local Universe, i.e. near-field cosmology)
➡ Small-scale problems

Simulations or model can be wrong
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(Some) Small-Scale Problems: An Overview

“Popular”/acknowledged problems
• Missing Satellites
• Core/cusp
• Too-big-to-fail
• Satellite planes

Less popular or “forgotten” problems
• Baryonic Tully Fisher relation (BTFR)
• Mass-discrepancy–acceleration relation (MDAR)
• (In-)Stability of LSB galaxy disks
• Abundance of bulge-less galaxies
• Dynamical Friction (e.g. Sagittarius)
• Length of tidal tails
• What are Ultra Diffuse Galaxies?

“In the future, every LCDM problem 
will be world-famous for 15 

minutes.” - Andy Warhol



Missing Satellites Problem

Moore et al. (1999)

Tollerud et al. (2008)



Core/Cusp Problem

Oman et al. (2015)



Too-big-to-fail problem

Boylan-Kolchin, Bullock & Kaplinghat (2012)



Too-big-to-fail problem 
… about Sawala et al. (2014)’s “solution”
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Co-orbiting planes of satellites

MW
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For movies see: http://marcelpawlowski.com/research/
movies-astronomy/
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• Orbital poles of the MW satellites
➡ directions of angular momenta = normals to orbital planes

8 of 11 satellites co-orbit, 
1 counter-orbits in VPOS

Coherent velocities: the VPOS is rotating
Pawlowski & Kroupa (2013, MNRAS, 435, 2116)



Significance of the VPOS 
Pawlowski in prep.

Probability to find at least as extreme structure in isotropic distribution?
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How many MW satellites can be part of isotropic 
distribution?   Pawlowski in prep.

Set up artificial MW satellite distributions following SDSS survey footprint:
• Preserve Galactocentric distances
• Niso: 0 to 27 satellites in isotropic distribution
• The others in planar, polar distribution with input rms height of 5 to 50 kpc

➡ Expect 1 to 6 of the considered satellites to not be part of satellite plane
➡ > 50% in isotropic distribution excluded at ≥95%
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Satellite planes too significant to be coincidence, require explanation. 
Several formation scenarios have been suggested:
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Vera-Ciro et al. (2011)
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Suggested origins

Satellite planes too significant to be coincidence, require explanation. 
Several formation scenarios have been suggested:

• Filamentary accretion
• Group infall
• Tidal Dwarf Galaxies (TDGs)

Wetzstein et al. (2007)



Suggested origins

Satellite planes too significant to be coincidence, require explanation. 
Several formation scenarios have been suggested:

• Filamentary accretion
• Group infall
• Tidal Dwarf Galaxies (TDGs)

Must already be part of 
cosmological simulations}

Significant anisotropy ≠ sufficiently strong planar alignment



Predictive success of baryons
Galaxy formation in ΛCDM highly stochastic, 
but baryons very successfully predict dynamics
• Baryonic Tully-Fisher relation
• Mass discrepancy – acceleration relation
• Dwarf galaxy velocity dispersions
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“Missing Mass Problem” 

but also a
“Missing Mess Problem”
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See also Pawlowski et al. (2015, MNRAS, 453, 
1047) for predictions of the new MW satellites
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Predictive success of baryons
Galaxy formation in ΛCDM highly stochastic, 
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There is no EFE in DM, 
this is a unique 

signature of MOND

Pairs of photometrically 
identical dwarfs



Tidal tail length

Dubinski, Mihos & Hernquist (1999)



Ultra Diffuse Galaxies

van Dokkum et al. (2015)



Ultra Diffuse Galaxies

van Dokkum et al. (2015)
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Suggested solutions in ΛCDM

Problems affected by baryons:
• Missing Satellites
• TBTF
• Core-Cusp

Problems not strongly affected by baryons
• Satellite galaxy planes (assuming the satellites are sub-halos!)
• Length of tidal tails

Modifications to DM: 
• WDM
• IDM
• SIDM
• mixed DM
• …

Showing that a baryonic effect can solve one 
problem does not mean it simultaneously solves 
all others! Solutions might be mutually exclusive 
(e.g. Penarrubia et al., 2012).



The problems in MOND

Problems solved automatically
… or observations predicted by MOND:

• Baryonic Tully-Fisher relation
• Mass-discrepancy–acceleration relation
• …

Problems that do not even apply

• Missing Satellites 
• Too-big-to-fail
• Core-cusp

While those problems do not apply to MOND because they are based on 
comparison with ΛCDM sub-halos, the first two might well have an equivalent in 
MOND!
➡ Need structure formation in MOND -> hard!



Problems that might be solved

Possible, but nor guaranteed a priori -> need simulations
• Stability of LSB disks (requires tool to precisely set up disks)
• Abundance of bulge-less galaxies (needs structure formation in MOND, but 

more simple tests of bulge formation in interacting galaxies possible first)
• Dynamical Friction (e.g. Guillaume’s work on Sagittarius)
• Length of tidal tails (first result by Florent)
• Ultra Diffuse Galaxies (Milgrom suggests simple simulations)
• Satellite planes: via TDGs? 



How can MOND help to solve the 
Satellite Plane Problem

1) Tidal Dwarf Galaxies
• Naturally explain phase-space correlation (incl. counter-rotation)
• Shouldn’t contain DM, so MOND would explain hight M/L of satellites

2) Structure formation different?
• Maybe primordial galaxies are accreted differently in MOND?
➡ Needs large-scale simulations!



Why solving the Satellite Plane Problem in MOND 
is not trivial

What do we need to show? 
Do enough TDGs (of sufficient mass) form to make up ≥50% of MW/M31 
satellites?
Can the TDGs have lost all their gas by now, but still be stable?
Can the TDGs have star formation histories consistent with observed dSphs?
Is there a consistent galaxy collision scenario forming TDGs?
Do these end up in the right places (orientation, spin, extend of satellite planes)

How can we do this?
Divide and conquer: approach the problems separately first.
Major project, difficult for one person alone. Work together!
Be aware that this solution might not work out!



Small-scale problems for MOND

Some systems do not follow MOND predictions:

• But can we always be sure about the data/assumptions?
• Difficult to judge relative to LCDM: at least MOND makes predictions

Ultra-faint dwarf galaxies have too-high velocity dispersions in MOND: 
• But are they even expected to be in equilibrium in MOND?
➡ Can be tested with PoR simulations.

Tidal Dwarf Galaxy rotation curves (see Lelli et al. 2015, arXiv 1509.05404):
• First thought to be success for MOND, now new analysis says opposite.
➡ Need additional (and better) observations to see if this is really a problem.
➡ Simulate TDGs formation in PoR to determine more accurate MOND 

prediction.
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Conclusion

MOND …
… avoids many of the well-known small-scale problems of LCDM altogether.
… naturally gives rise to the observed scaling relations.
… has the potential to address many other open issues, especially via simulations.

The satellite plane issue, while addressed more easily in MOND via TDGs, still 
requires a lot of work to be solved satisfactorily!


