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Existence of a non-baryonic dust fluid 
Cosmic Microwave Background => ΛCDM cosmological model   
Baryonic matter = 16% of matter, 5% of total energy content  

Λ ≈ 10-52 m-2  =>  68% dark energy & 32% matter (baryons+dark) at z~0 
 

ΔT/T ~ 10-5 

 + needs forcing 
term to counter 
Silk damping  

Structure formation 



HI galaxy rotation curves 

!  SPARC (Lelli et al.) 
!  175 galaxies with 

high quality HI RCs 
!  Homogeneous Spitzer 

photometry at 3.6µm 
!  M*/L known to be 

r o u g h l y c o n s t a n t 
(0.5-0.7) in the NIR 
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BTFR 
!  Log Mb = α log V – log β 
!  α = 3.9 ± 0.4 
!  Zero-point defines an acceleration 

constant a0 ≈ V4/(GMb) ≈ 10-10 m/s2 

such that β=Ga0 

!  Scatter ~ 0.1 dex in Mb 



McGaugh et al. 2016 



Not natural in ΛCDM 
 Navarro et al (2016):  
1) Match stellar and halo mass function [abundance 

matching of n(>M*) to n(>M)] => tight M*-Mh 
relation 

2) Add a relation between stellar mass and size: 

Overprediction of g 
means substantial core 
creation is needed 
BUT 
real problem=scatter 



Not natural in ΛCDM 
But the relation between mass & size is not that tight, and when 
anticorrelating Rd and c, the AM variation in Mvir alone at fixed M*, 
scale-length and c is too high to produce the observed RAR scatter 
(<0.13 dex) 

Desmond (2017) 



 Diversity of RC profiles  
at given Vmax scale 

Oman, Navarro, Fattahi, Frenk, Sawala, White, et al. (2015) 

EAGLE simulations 



Radial Acceleration Relation 



IC 2574 
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The baryonic surface density (or characteristic acceleration) actually determines 
the shape of rotation curves: huge fine-tuning 

Famaey & McGaugh (2012) 
 

DIVERSITY of observed profiles at given Vmax 
vs. 

UNIFORMITY of profiles at given  Σb 



MOND paradigm 

 
 
- Emergence from feedback? => not MOND! Not found… 
 
- Due to a fundamental reason? 
 

 1) DM-baryons interactions? 
 

 2) More radical: 
 

  2a) Fundamental nature of DM?   
  (gravitational dipoles, surperfluid,…) 
  2b) Modified Gravity + DM? 
  2c) Even more exotic (modified « inertia », …)? 

  

g = gN    if g>>a0 
g = (gN a0)1/2   if g<<a0 



MOND paradigm 

∇. [ µ (⏐∇Φ⏐/a0) ∇Φ] = 4 πG ρbar AQUAL: Bekenstein & M (1984) 

 
or 
 
∇2 Φ = ∇. [ ν (⏐∇ΦN⏐/a0) ∇ΦN]     QUMOND: Milgrom (2010) 

 
- Differing only slightly outside of spherical symmetry 
 
- Both have possible relativistic counterparts 
 
- Numerical Poisson solvers exist: recently, PoR (Phantom of Ramses) for 
QUMOND (Lüghausen, Famaey & Kroupa) 

 



Solar System constraints 

Strong constraints on 
modified gravity versions 
of MOND from Cassini 

Hees et al. (2016): 



MW classical dwarfs 
Lüghausen et al. 2014 



Crater II 

!  Half light radius =1.1 kpc 
!  Distance =120 kpc 
!  Luminosity = 1.6*105 Msun 

!  σ = 2.7 +- 0.3 km/s 

= MOND prediction with EFE 
(McGaugh 2016) 



Superfluid dark matter 
Idea of Berezhiani & Khoury: DM could have strong self-interactions and 
enter a superfluid phase when  
" cold enough (i.e; their de Broglie wavelength λ ~ 1/(mv) is large 
" dense enough (i.e. the interparticle separation is smaller than λ) 
 
 
=> Superfluid core (~100 kpc) where collective excitations (phonons) can couple to 
baryons and mediate a long-range force + isothermal « normal » atmosphere 



Conclusion 

!  Independently from the theoretical framework, the MOND formula is 
an extremely efficient way of predicting the gravitational field in 
rotationally supported disk galaxies ! 

!  Any galaxy formation framework should be able to ultimately 
reproduce the MOND formula as an observed relation for spiral 
galaxies!   

!  But some issues on very small scales (ultrafaint dwarf galaxies and 
globular clusters), and obvious presence of DM on large scales 

       ‘cherry on the cake’? common scale with DE, a0 ~ Λ1/2  


