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For a history of dark matter, see Bertone et al. (2016) 

A note on the history of DM

Vera Rubin  
(Disk galaxies 1970) 

 Fritz Zwicky  
(Coma cluster 1933)

Zwicky and Rubin made important 
contributions, but it was not the 
dynamics of galaxies or galaxy 
clusters that lead to the broad 
consensus that dark matter exists in 
large quantities



What Lead to the Dark Matter Consensus? 

1. Large Scale Structure. 
By the mid-80s, it was appreciated that the results of simulations matched 
galaxy surveys only if the universe contained large quantities of cold dark matter. 


2. The Cosmic Microwave Background (CMB). 
 In 1982 it was pointed out (by Jim Peebles) that the absence of fluctuations at a 
level of ~10^(-4) was incompatible with a universe with only baryonic matter, 
arguing in favor of massive, feebly interacting particles; in the years leading up 
to COBE, this argument became only more persuasive 


3. Microlensing MACHO Searches.  
By the late-1990s, it was clear that most of the dark matter could not be in the 
form of compact objects.


4. The Baryon Budget.  
In the 1970s, light element abundances required only 𝜴b<0.1; high precision 
deuterium measurements in the 1990s improved this to 𝜴b = 0.020±0.002 (h=1).

“Galactic dynamics had little to do with the rise of particle 
dark matter. Cosmological considerations played a very 
important role” 


 
(Bertone & Hooper 2016)



the observational evidence

Note: I will not mention here rotation curves



Observational evidence on cosmological scales

• Cosmic Microwave Background (e.g., Spergel et al. 2003) 


• Large scale distribution of matter (e.g., Springel 2006)



Planck Satellite Data (2015):  
the temperature power spectrum

• Baryon Acoustic Oscillations (Eisenstein et al. 2005) 


• Cosmic Microwave Background (Spergel et al. 2003)



Planck Satellite Data (2015):  
the temperature power spectrum  

• Baryon Acoustic Oscillations (Eisenstein et al. 2005) 


• Cosmic Microwave Background (Spergel et al. 2003)

“No evidence for a departure 
from the base ΛCDM cosmology”

The ΛCDM model continues to provide a very 
good match to the more extensive 2015 Planck 

data. 
 



Evidence from numerical simulations



Evidence from numerical simulations





The halo mass function and the 
galaxy luminosity function have  
different shapes. 
  

We need to allow complicated 
variation of M/L with halo mass. 

DM and stellar mass functions

theory (numerical sim)

Data from astronomical surveys magnitude
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Faint end:  
Photoionization + reheating of 
cold disk gas by SN  

Bright end:  
AGN feedback:  
energy transported by bubbles  

DM and stellar mass functions

We need to understand the complicate baryon physics 
on small scales. (Hic sunt leones)





Comparison to semi-analytical 
models and observational data

The galaxy stellar mass function 

LCDM gives an excellent 
match to the galaxy stellar 
mass function. 

(Schaye et al. 2015)



LCDM: a status

• DM is: cold, non-collisional, weakly (at most) interacting with baryons


• Successes (mainly on large scales):  
 CMB 
 properties and evolution of the Large Scale Structure 
 a working scenario for galaxy formation and evolution 


• Challenges (mainly on small scales):  
Cusp-Core 
Missing Satellite Galaxies (or, Too Big To Fail) 
The empirical laws of dynamics of disk galaxies.


• Opportunities for Progress Now:   
Constraining DM-DM cross section with Gravitational Lensing



The citation rate of Milgrom’s paper, “A Modification of the 
Newtonian dynamics as a possible alternative to the hidden mass 
hypothesis” (1984).

See also Bertone & Hooper (2016).



The cusp-core problem

Galaxy F568-3 superposed on the dark matter 
distribution from the “Via Lactea” cosmological 

simulation of a Milky Way-mass CDM halo  
(Kuhlen+ 2008)  



–Johnny Appleseed“Type a quote here.” 

Rotation curve of the galaxy F568-3  
compared with predictions 



–Johnny Appleseed“Type a quote here.” 

Rotation curve of the galaxy F568-3  
compared with predictions 



DM halos have too much matter  
in the inner region

predictions from LCDM 
numerical simulations 

 

                    observations



A solution from the Baryon physics?  
Feedback form SN explosions 

Gravitational binding energy vs. Energy injection from supernovae  
Navarro, Eke, Frenk (1996)  



A solution from the Baryon physics?  
Feedback form SN explosions 



A solution from the Baryon physics?  
Feedback form SN explosions 



A solution on the DM side  

SIDM: Cold Dark Matter with non-gravitational 
interactions (e.g., elastic scattering)  



 SIDM galactic halos have constant-density cores,  
with significantly lower central densities than their CDM counterparts



Merging galaxy clusters:  
dark matter particle (astro) colliders



Galaxy cluster A383: optical + X-ray light



David Harvey et al.,  Science (2015)

A sample of merging galaxy clusters:  
Dark matter particle colliders

blue: DM map 
purple: baryons (hot gas) 
white: baryons (galaxies) 





merging galaxy clusters

David Harvey et al.,  Science (2015)



David Harvey et al.,  Science (2015)



Constraints on the self-interaction cross section of dark matter

David Harvey et al.,  Science (2015)



N-body simulations by Rocha et al. (2013)

The large-scale successes of CDM are equally well matched by SIDM.

CDM SIDM



Next step: explore the merging galaxies

• Different mass scale


• Different velocity collisions


• Is the DM-DM cross section velocity dependent ?



VLT Observational Program approved (2017) 
Team: Covone, Kneib, Harvey, Fiorillo, Bastone, Milo

• Immediate aim: use spectroscopy and lensing to measure DM offsets with 
respect to baryons on scale of galaxies 


• Scientific goal: is the DM-DM cross section velocity dependent?



Can astronomers say something about nature of 
DM?



A Telescope Search for 
Decaying Relic Axions

The team 
Theoretical side: Daniel Grin (Caltech, PhD student),  
Marc Kamionkowski (Calthec)
Observational side: Giovanni Covone (Napoli) , Andrew Blain 
(Caltech), Jean-Paul Kneib (F), Eric Jullo (ESO)



Axionic Dark Matter

• Axions are attractive because they exist even in the 
most conservative extensions of the standard model 

• Lifetime is longer than Hubble time! 
• Cold and bound today

Axions are not completely “dark”!



Astronomical searches for axions: 
our data

HST data of 2 clusters at z~0.23

Accurate mass models from  
gravitational lensing



Astronomical searches for axions: results



Next step: Going at z=1.2



The puzzle of rotation curves



Rotation curves of disk galaxies

M101.  Lupton, SDSS.



The rotation curves of galaxies over a large dynamic range in mass, from the 
most massive spiral with a well measured rotation curve (UGC 2885) to tiny, 
low mass, low surface brightness, gas rich dwarfs.



The baryonic Tully-Fisher relation 

This is not simply a correlation!





“Type a quote here.” 

Slide from S. McCaugh



A prediction of MOND verified:  
the radial acceleration relation

Assuming a constante Mb/L



S c a t t e r v i r t u a l l y 
d i s a p p e a r s a f t e r 
marginalizing over the 
mass-to-light ratio and 
nuisance parameters 
(D, i).  

The empi r ica l RAR 
follows MOND. 

The data are consistent with zero intrinsic scatter



The scatter in M*/L is consistent 
with that expected from stellar 
population models.



–Johnny Appleseed

“Type a quote here.” 

A falsification of MOND ?

Kropua (2012):  
“A galaxy with no dark matter would falsify all alternative 
theories of gravity”



The dwarf galaxy NGC1052-DF2



The “test-particles” in the potential well



The spectra



Main result: The galaxy velocity 
dispersion



NGC1052-DF2: the dynamical analysis  
in Van Dokkum et al. (2018)

Using biweight estimator: vel. disp. = 8.4 km/s  

Intrinsic dispersion = 3.2 km/s 

90% upper limit = 10.5 km/s  

dynamical mass < 3.4 10**8 solar units  

Best fit with M_halo = 0 

90% upper limit M= 1.5 10 **8 solar units  
 



NGC1052-DF2: the dynamical analysis  
in Van Dokkum et al. (2018)



NGC1052-DF2: the dynamical analysis  
in Van Dokkum et al. (2018)



Many concerns

If DM has been stripped… how can 
the galaxy be at equilibrium? 

Is the galaxy isolated? 

Is the statistical analysis robust? 

Are GCs good kinematical tracers?



“a perverse physical situation”



Paper #1: 
You need accurate MOND predictions!



Paper #2: 
You need accurate MOND predictions!



Paper #2: 
You need accurate MOND predictions!



Paper #2: 
Errors undersestimated by a factor 10



Paper #3: 
Outliers should not be cut out



Accurate MOND prediction vs data realization 
(Martin et al.2018)



Conclusions in Martin et al. (2018)



A conclusion form S. McGaugh

Back to asking Nature…



A direct search experiment: DarkSide



A direct search experiment: DarkSide

• An ambitious program for discovery of dark matter  

• Technology developed to achieve “Zero Background” and 
scalability  

• DarkSide-50 sensitive to 1-10 GeV WIMPs and sub- GeV DM-
electron scattering  

• DarkSide-20k set to start in 2021, with a projected sensitivity of 
1×10-47 cm2 for a 1 TeV/c2 dark matter particle mass and an 
exposure of 100 tonne×yr  

• Global Argon Dark Matter Collaboration aiming at 1,000 
tonne×year search for dark matter  





A Galactic wind of WIMPs
Observation of a few WIMP-like events might not be enough to claim discovery: 
directional events offer a unique signature 



Two phase Argon TPC



Two phase Argon TPC

Columnar Recombination: when a nuclear recoil is parallel 
to the electric field, there will be more electron-ion 
recombination since the electron passes more ions as it 
drifts through the core of the track. 



Double-phase liquid Argon TPC as a 
directional detector



Some final remarks

• LCDM appears to be substantially robust and still healthy. Baryon physics on 
small scales is not yet very well understood (“hic sunt leones")   


• However, on small scales proposed solutions require some fine-tuning of the 
astrophysical parameters describing the complicate gas physics


• Competitive theories appear free from such fine-tuning, but still did not provide 
any large scale model (a stale-mate, or a drawn by repetition)


• SIDM is a strong candidate for the solution on small scales 


• Properties of DM close to be constrained soon (but you heard this before…)



Thanks for you attention

Covone et al. (2006)



Backup slides





Primordial black holes in galaxy haloes?



Microlensing search for PBH in galaxy M31 
Niikura et al. (2017)

Primordial black holes?



Dark halo not made of PBHs only










