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Galaxy Formation is the dot-com of Astrophysics. It is about 
nothing less than the origin and 14 Gyr evolution of the 
building blocks of our Universe as a result of quantum 
fluctuations amplified in the aftermath of the Big Bang. It 
is a grandiose enterprise and not for the faint of heart. 

Galaxies are molded by highly non-linear processes at work 
from the small scales of star formation and accretion onto 
massive black holes (where ordinary matter dominates) up 
to the very large scales of the cosmic web (the realm of non-
baryonic dark matter). 

FROM QUANTUM FOAM TO GALAXIES



A NEARLY PERFECT UNIVERSE

Angular power spectrum: variance of the brightness of 
the “spots” in the CMB map vs. the size of the spot. 

BEST-FIT 
ΛCDM



JUST SIX NUMBERS (FLAT ΛCDM)

A 160σ measurement of the cosmic baryon density 
and a 120σ detection of non-baryonic DM!

ΛCDM (PLANCK 2015, TT,TE,EE+lowP+lensing+ext)

Ωbh2            = 0.02230±0.00014 
ΩXh2            = 0.1188±0.0010 
100θMC      = 1.04093± 0.00030 
τ              = 0.066 ± 0.012 
ns             = 0.9667±0.0040 
σ8                  = 0.8159 ± 0.0086
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DARK MATTER IS OUR FRIEND
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Although ΛCDM has had great success in explaining the 
observed large-scale distribution of mass in the universe, the 
nature of the dark matter particle is best tested on small 
scales, where its physical characteristics manifest themselves 
by modifying the structure of galaxy halos and their 
lumpiness.

It is on these scale that detailed comparisons between 
observations and theory have revealed several discrepancies 
and challenged our understanding of the mapping between 
dark matter halos and their baryonic components.



DENSITY FLUCTUATIONS DATA AGREE WITH ΛCDM!

DWARF 
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GRAVITATIONAL MILLILENSING



THE CDM SMALL-SCALE CRISIS



● N-body simulations have routinely been used  to study 
the growth of nonlinear structures in an expanding 
universe: 

● assume all ΩM  is in cold particles that interacts only 
gravitationally,  and sample it with N~109 particles. 

● bad approximation in the center of  a massive galaxy 
where baryons dominate, OK for faint dwarfs (M/L≲1000). 

● simple physics (just gravity) & good CPU scaling ➩ high 
spatial and temporal resolution. 

●no free parameters (ICs known from CMB and LSS) 
         ➪ACCURATE SOLUTION TO AN IDEALIZED PROBLEM

UNIVERSE IN A BOX: N-BODY SIMULATIONS



HIERARCHICAL N-BODY TREE CODES OCTREE gravity calculation
O(N2) ➪ O (N log N)



ZOOM-IN



Code: PKDGRAV2 
Halo: VIA LACTEA II

SUBSTRUCTURE: A UNIQUE PREDICTION OF ΛCDM

In a MW-sized halo at 
z=0: 5-10%  of  host mass 
locked  in self-bound 
subhalos

Subhalo differential mass  
function has slope −1.9 
➪ equal mass per decade  
of mass



ABUNDANCE  VS. STRUCTURAL MISMATCH

CUSP/CORE PROBLEM

MISSING SATELLITE PROBLEM

THEORY: Nsub≈1,000 
w Vc(infall)≳10 km/s

DARK GALAXIES?

OBSERVATIONS: Nsat≈25



SOLUTIONS TO THE MSP:
1) BLAME GASTROPHYSICS

UVB+Cold Gas
1%

Hot Gas
94%

Stars
5%



A RECIPE FOR GALAXY FORMATION

Technique for solving in 3D the coupled gravitational dynamics of 
the dissipationless CDM and the gravitational and radiative hydro  of 
the dissipative baryonic fluid. 

SUB-GRID phenomenological model for star formation to describe 
the conversion of gas into stars, stellar evolution, SN explosions, 
and the resulting exchange of energy and metals with the gas phase.



SF efficiencies modulated 
by potential well!

INEFFICIENT  SF IN DWARFS?

Shen et al. 2014
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Halo Mass

Vmax < 20 km/s 

are too small 
to succeed!



SOLUTIONS TO THE MSP:
1) BLAME GASTROPHYSICS

2) BLAME CDM

mX=30 eV

mX=2 keV

mX=100 GeV

Lovell et al. 2014

CDM

WDM

small scaleslarge scales



STRUCTURE IN INTERGALACTIC GAS AT HIGH REDSHIFT



LYMAN-ALPHA FOREST SPECTRA: CDM VS. WDM

Viel et al. 2013

High-frequency power missing in WDM!



SOMEONE LIKES IT COLD

High-resolution Keck and 
Magellan spectra match 
ΛCDM up to z = 5.4! 

2σ lower limit on the 
mass of a thermal relic: 
mWDM > 3.3 keV ➩ MFS < 
3×108 M⦿ 
mWDM=2 keV at 4σ C.L.

Viel et al. 2013 Lower limit is too large  
for WDM to have much 
effect on the MSP!



1)+3) ➪Q: ARE DM HALOS REALLY SO LUMPY?

SOLUTIONS TO THE MSP:
1) BLAME GASTROPHYSICS

2) BLAME CDM

3) BLAME OBSERVATIONS!



SUBSTRUCTURE LENSING

Potential perturbations by 
DM substructure produce 
anomalies (compared to a 
simple smooth mass profile) in 
the relative magnifications of 
gravitational lenses. Effect is 
sensitive to subhalo surface 
mass density in the inner 
5-10 kpc of lens.

SDSS0924+0219

Metcalf & Madau 2001; Chiba 2001; 
Mao & Schneider 1998; Xu+ 2009



EXPECTED

Keeton et al 2005
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      Dalal & Kochanek (2002) 

☛ flux ratios in 7 quad lenses
☛ fsub=               percent
☛ little constraints on clump 
mass scale 
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Is there enough substructure in CDM N-body simulations to 
cause the observed flux anomalies? MAYBE 

Sensitivity to: ellipticity of lens, intergalactic small-scale structure, 
baryons, small # of lensed QSOs, etc



Np= 408,377,544

Np=921,651,914

z=0 Aq, VL

Fiacconi et al. 2015
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Another technique: surface 
brightness anomalies in 
bright Einstein rings (direct 
gravitational imaging of mass 
substructure).

dark clump

Vegetti et al. 2014 

zlens=0.88

zsource=3.04



Oguri & Marshall 2010

NUMBERS OF LENSED QSOS IN FUTURE WIDE-FIELD  
OPTICAL SURVEYS.

THOUSANDS OF NEW LENSES!



Kuhlen et al 2008,2009

γ-photons produced  
per annihilation

annihilation cross-section

mass of DM particle Astrophysics

SUBSTRUCTURE ANNIHILATION



SEEING THE INVISIBLE

Galactic Center 
produces more 1–3 
GeV gamma-rays than 
can be explained by 
known sources.

Excess emission is consistent with a 36–51 GeV  WIMP 
annihilating into quarks with a thermally-averaged cross-section 
‹𝝈v›=(1.0–3.0) x 10-26 cm3/s!



CORE/CUSP PROBLEM

DM-only N-body simulations 
predict cuspy inner density profiles

THINGS

Observations in dwarf galaxies 
appear to prefer cores instead!

DM-ONLY
DATA

weak-lensing analysis
Okabe et al. 2013

Mean density profile of rich clusters 
has the predicted ΛCDM shape!



Walker & Penarrubia (2011)

CORES IN MW SATELLITES? 

CUSP

CORE



rM(r)=const



The bursty SF histories of  
simulated DGs. Bottom left 
panel: fluctuating baryonic 
(gas+stars) central masses.

BURSTY STAR FORMATION & POTENTIAL FLUCTUATIONS



ADIABATIC BLOW-OUT & RECONDENSATION

SUDDEN BLOW-OUT, THEN 
ADIABATIC RECONDENSATION

Mechanism for injecting energy into the dark matter orbits illustrated by 
the exact solution for a time-varying harmonic oscillator potential.



core

cusp

Madau et al 2014

CDM HEATS UP



“too-big-to-fail”

“not so”

⎬collisionless

⎬hydro+
feedback



• Evidence that the Universe conforms to the 
expectations of the ΛCDM model is compelling but 
hardly definitive. Current observational tests span a very 
wide range of scales, and state-of-the-art simulations 
are exploring the predictions of the “standard model” 
with increasingly higher precision. 

• In galaxy centres DM densities appear lower than 
expected, and small subhalos must be dark. Tensions 
between CDM predictions and observations may be 
telling us something about the fundamental properties of 
DM or more likely something about the complexities of 
galaxy formation.

WE KNOW MUCH, UNDERSTAND SOME, NEED HELP



• Emerging evidence may suggest that a poor 
understanding of the baryonic processes involved in galaxy 
formation may be at the origin of these small scale 
controversies ➪ on small scales clearly CDM is not 
enough….. 

• Still no show-stoppers for ΛCDM. More exotic 
possibilities like WDM/SIDM may still be viable, but 
require careful tuning and do not provide any silver 
bullet.  There are great hopes that underground 
detection experiments, γ-ray observations, or collider 
experiments will identify the DM particle within the 
next decade. 



• In the meantime, astronomers will continue their 
decades-long practice of studying the dark sector by 
observing and modeling the visible. Over the next 
decade, strong gravitational lensing may provide important 
evidence for CDM substructure.




