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Dark Matter: from microphysics to 
Galaxies

Cold (CDM): small velocity dispersion: small structures form 
first,

 
bottom-up

 
hierarchical growth formation, too heavy (GeV)

Hot (HDM) : large velocity dispersion: big structures form  first,
top-down, fragmentation, ruled out ,              too light (eV)

Warm
 

(WDM): ``in between’’
 

(keV)

ΛWDM Concordance Model:

CMB + LSS + SSS Observations
DM is WARM and COLLISIONLESS

CDM 
Problems:

``clumpy halo problem’’, large number of satellite galaxies
“satellite problem”
ρ (r)  ~ 1 / r  (cusp)
And other problems…..



[ DARK MATTER : FACTS AND STATUS

DARK MATTER DOES EXIST

ASTROPHYSICAL OBSERVATIONS POINTS TO THE 
EXISTENCE OF DARK MATTER

AFTER MORE THAN TWENTY YEARS OF DEDICATED 
DARK MATTER PARTICLE EXPERIMENTS, THE DIRECT 

SEARCH OF DARK MATTER PARTICLES FULLY 
CONCENTRATED IN “GeV WIMPS” REVEALED SO FAR, 

UNSUCCEFULL. BUT DARK MATTER DOES EXIST

IN DESPITE OF THAT: PROPOSALS TO REPLACE 
DARK MATTER DID APPEARED:

PROPOSING TO CHANGE THE LAWS OF 
PHYSICS (!!!),   ADDING

 
OVER CONFUSION, 

MIXING , POLLUTION...



TODAY, THE DARK MATTER RESEARCH AND DIRECT 
SEARCH SEEMS TO SPLIT IN THREE SETS:

 
(1).

 
PARTICLE PHYSICS DARK MATTER: PARTICLE BUILDING 

MODELS, DEDICATED LAB EXPERIMENTS, ANNHILATING DARK 
MATTER, (FULLY CONCENTRATED ON “GeV

 
WIMPS”)

 
(2).

 
ASTROPHYSICAL DARK MATTER: (ASTROPHYSICAL 

MODELS, ASTROPHYSICAL OBSERVATIONS)
 

(3).
 

NUMERICAL SIMULATIONS
 

(1) and (2) DO NOT AGREE IN THE RESULTS 
and (2) and (3) DO NOT FULLY  AGREE  NEITHER

SOMETHING  IS GOING WRONG IN THE RESEARCH ON THE 
DARK MATTER

WHAT IS GOING WRONG ?, [AND WHY IS GOING WRONG]
“FUIT

 
EN

 
AVANT”

 
(“ESCAPE

 
TO

 
THE

 
FUTURE”) IS NOT THE ISSUE



THE SUBJECT IS MATURE
THERE EXIST ASTRONOMICAL OBSERVATIONS AND FACILITIES

THERE EXIST MODEL /THEORETICAL ASTROPHYSICAL  RESULTS 
WHICH FIT, AGREE WITH THE ASTRONOMICAL OBSERVATIONS

THERE EXISTED,THERE EXIST MANY DARK MATTER 
DEDICATED PARTICLE EXPERIMENTS 

(ALTHOUGH FULLY CONCENTRATED IN “GeV
 

WIMPS”)

THERE EXIST  COMPUTER AND SUPER COMPUTERS AND DIFFERENT 
RESEARCHER GROUPS  PERFORMING WORK WITH THEM

THERE EXIST A CONSIDERABLE AMOUNT OF RESEARCHERS 
WORKING IN DARK MATTER DURING MORE THAN TWENTY YEARS

“
 

FUITE EN AVANT”
 

(“ESCAPE TO THE FUTURE”) IS NOT THE ISSUE
WHAT IS WRONG  in the present day subject of Dark Matter?, 
(The Answer is Trivial and can be found  in these 3 slides)

 
]
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ATOMS, the building blocks of stars and planets: 
represent only the 4.6%

DARK MATTER comprises 23.4 % of the universe. 
This matter, different from atoms, does not emit or absorb 

light.  It has only been detected indirectly by its gravity. 

72% of the Universe, is composed of DARK ENERGY 
that acts as a sort of an anti-gravity. 

This energy, distinct from dark matter, is responsible for 
the present-day acceleration of the universe expansion, 

compatible with a cosmological constant

CONTENT OF THE UNIVERSE













THE  HISTORY  OF  THE  UNIVERSE  IS  A HISTORY  of  
EXPANSION and COOLING  DOWN

THE   EXPANSION  OF  THE  UNIVERSE  IS  THE  MOST  
POWERFUL  REFRIGERATOR

INFLATION  PRODUCES  THE  MOST  POWERFUL  STRETCHING  OF  LENGTHS

THE  EVOLUTION OF THE UNIVERSE IS  FROM QUANTUM 
TO  SEMICLASSICAL  TO  CLASSICAL

From  Very Quantum (Quantum Gravity) state  to Semiclassical Gravity 
(Inflation) stage (Accelerated Expansion)  to  Classical Radiation dominated Era 

followed by Matter dominated Era  (Deccelerated expansion) to  Today  Era 
(again Accelerated Expansion)

THE  EXPANSION  CLASSICALIZES THE  UNIVERSE

THE  EXPANSION  OF  THE  UNIVERSE  IS THE MOST 
POWERFUL  QUANTUM  DECOHERENCE MECHANISM



THE MASS OF THE

DARK MATTER PARTICLE



Compilation of observations of galaxies 
candidates for DM structure, are compatible with a 
core of smooth central density and a low mean mass
density ~ 0.1 Msun /pc3 rather than with a cusp.

Dark matter particles can decouple being
ultrarelativistic or non-relativistic. Dark matter must 
be non-relativistic during structure formation in 
order to  reproduce the observed small structure at
~ 2 − 3 kpc.

In addition, the decoupling can occurs at local 
thermal equilibrium or out of local thermal 

equilibrium. All these cases have been considered in 
our analysis.



OBSERVATIONS

The
 

observed
 

dark
 

matter
 

energy
 

density
 

observed
 today

 
has

 
the

 
value   ρ

 
DM

 

= 0.228 (2.518 meV)4
 

.

In addition, compilation of
 

galaxy
 

observations yield
 the

 
one

 
dimensional

 
velocity

 
dispersion σ

 
and

 
the

 radius L in the
 

ranges   

6.6 km/s ≤
 

σ
 

≤
 

11.1 km/s ,       0.5 kpc
 

≤
 

L ≤
 

1.8 kpc

And
 

the
 

Phase-space
 

Density
 

today
 

(with
 

a precision
 of

 
a factor

 
10) has

 
the

 
value : 

D(0) ~ 5 ×
 

103
 

[keV/cm3] (km/s)-3
 

= (0.18 keV)4
 

.



Compute from the distribution function of dark
matter particles with their different statistics, 
physical magnitudes as :     

-the
 

dark
 

matter
 

energy
 

density
 

ρ
 

DM
 

(z) , 

-the
 

dark
 

matter
 

velocity
 

dispersion  σ
 

DM
 

(z), 

-the
 

dark
 

matter
 

density
 

in the
 

phase space
 

D(z)

Confront to their values observed today (z = 0). 

From them, the mass m of the dark matter
particle and its decoupling temperature Td are 
obtained.                                                               
The phase-space density today is a factor Z smaller than its
primordial value. The decreasing factor Z > 1 is due to the
effect of self-gravity interactions: the range of Z is computed.























•
 

The
 

comoving
 

Jeans’
 

(free-streaming) 
wavelength,

 
ie

 
the

 
largest

 
wavevector

 
exhibiting

 gravitational
 

instability
 

, and
 

the
 

Jeans’
 

mass
 

(the
 smallest

 
unstable

 
mass

 
by gravitational

 
collapse) are 

obtained
 

in the
 

range

0.76 kpc
 

/ (√1 + z)  <  λfs
 

(z)  <  16.3 kpc
 

/ (√1 + z)  

0.45 103
 

Msun
 

< MJ
 

(z) (1 + z) - 3/2   < 0.45 107
 

Msun

• These
 

values at
 

z = 0 are consistent and
 

of
 

order
 

of
 

the
 small

 
dark

 
matter

 
structures observed

 
today

 
. 

• By the
 

beginning
 

of
 

the
 

matter
 

dominated
 

era
 

z ~
 

3200, 
the

 
masses are of

 
the

 
order

 
of

 
galactic

 
masses 1012

 
Msun

 and
 

the
 

comoving
 

free-streaming
 

length
 

is
 

of
 

the
 

order
 

of
 the

 
galaxy

 
sizes

 
today

 
~

 
100 kpc



The free-streaming wavelength today in kpc vs. the dark matter particle mass in 
keV. It decreases for increasing mass m and shows little variation with the particle 
t ti ti  (f  i  b  )



•
 

The mass of the dark matter particle, 
independent of the particle model, is

 
in the

 
keV

 scale
 

and the temperature
 

when
 

the
 

dark
 matter

 
particles

 
decoupled

 
is in the

 
100 GeV

 scale
 

at
 

least.  
Robust

 
result. No assumption

 
about the

 
particle

 physics
 

model
 

of
 

the
 

dark
 

matter
 

particle.

keV
 

DM mass
 

much
 

larger
 

than
 

temperature
 

in 
matter

 
dominated

 
era

 
(which

 
is

 
less

 
than

 
1 eV)

m and
 

Td
 

are mildly
 

affected
 

by the
 

uncertainty
 

in 
the

 
factor

 
Z

 
through

 
a power

 
factor

 
1/4

 
of

 
this

 uncertainty, namely, by a factor
 

10 1/4
 

~ 1.8.



• Lower
 

and
 

upper
 

bounds
 

for the
 

dark
 

matter
 annihilation cross-section

 
σ0

 

are derived: σ0 > (0.239 −
 0.956) 10−9

 
GeV−2

 
and

 
σ0

 

< 3200 m GeV−3
 

.
 

There
 

is
 

at
 

least
 five

 
orders

 
of

 
magnitude between

 
them

 
,

 
the

 
dark

 
matter

 
non 

gravitational
 

self-interaction
 

is
 

negligible
 

(consistent with
 structure formation and

 
observations, X-ray, optical

 
and

 
lensing

 observations of
 

the
 

merging
 

of
 

galaxy
 

clusters).

•
 

Typical
 

”wimps”
 

(weakly
 

interacting
 

massive particles) 
with

 
mass

 
m = 100 GeV

 
and

 
Td

 

= 5 GeV
 

would
 

require
 

a 
huge

 
Z ~

 
1023, well

 
above

 
the

 
upper

 
bounds

 
obtained

 
and

 cannot
 

reproduce
 

the
 

observed
 

galaxy
 

properties. 

Wimps
 

produce
 

extremely
 

short free-streaming
 

or Jeans 
length

 
today

 
λfs

 

(0) = 3.51 10−4
 

pc = 72.4 AU
 

that
 

would
 correspond to unobserved

 
structures much

 
smaller

 
than

 the
 

galaxy
 

structure. Wimps
 

result
 

strongly
 

disfavoured. 
[TOO cold]



CONSTRAINTS: SUMMARY

ARBITRARY DECOUPLED DISTRIBUTION FUNCTION

ABUNDANCE                               UPPER BOUND

dSphs (DM dominated) PHASE SPACE 

LOWER BOUND

m ~ keV THERMAL RELICS decoupled when relativistic       
100-300 GeV consistent with CORES

Wimps  with m ~ 100 GeV, Td ~ 10 MeV PSD ~ 1018-1015

x (dSphs)



In all
 

cases:  DM particles
 

decoupling
 

either
 

ultra-
 relativistic

 
or non-relativistic, LTE or OTE :

(i)
 

the
 

mass
 

of
 

the
 

dark
 

matter
 

particle
 

is
 

in the
 keV

 
scale,Td

 

is
 

100 GeV
 

at
 

least.

(ii) The
 

free-streaming
 

length
 

today is in the
 kpc

 
range, consistent with

 
the

 
observed

 
small

 scale
 

structure and
 

the
 

Jean’s mass
 

is
 

in the
 

range 
of

 
the

 
galactic

 
masses, 1012

 
Msun

 

.

(iii) Dark
 

matter
 

self-interactions
 

(other
 

than
 grav.) are negligible.

(iv) The
 

keV
 

scale
 

mass
 

dark
 

matter
 

determines
 cored

 
(non cusped) dark

 
matter

 
halos. 

(v) DM candidates with
 

typical
 

high
 

masses 100 
GeV

 
(”wimps”

 
) result

 
strongly

 
disfavored.





Transfer function and power spectrum:

NR Boltzmann-Vlasov eqn for (DM)(DM) density + gravitational perturbadensity + gravitational perturba
Valid for particles that are NR and modes inside Hubble radiu
Matter domination                              

All scales relevant for structure formation
~ 3050eqz z≤

What’s out?
Photons + Baryons modify T(k) ~ few %

BAO on scales ~ 150 Mpc (acoustic horizon) (interested in 
MUCH smaller scales)

Why?

Study arbitraryarbitrary distribution functions, couplings, 
masses

Analytical understanding of small scale properties 

No tinkering with codes
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Follow the steps…

Normalize at initial time (teq): 1

1

( , )( , )
( , 0)
k uk u
k

ϕ
ϕ

Φ =
r

r
r; ( ; )( , )

( ;0)
k uk u
k

δ Δ
=

Δ

Integrate B-V equation (in s)
Use Poisson’s eqn.              Integral eqn: GilbertGilbert’’ss

Take 2 derivatives w.r.t. u:

Normalize the decoupleddecoupled
distribution function:

0
0 2

00

( )( )
( )

f yf y
y f y dy
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∫

% ;

0 ,d

y p
T

=
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momentum

decoupling temp.
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3
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Jeans’
 

Fluid Fluid equation: 
replace C2

s

 

by <V2>
Correction to fluid 

description: memory of memory of 
gravitational clusteringgravitational clustering

Free streaming 
solution in 
absence of 

gravity: INITIAL INITIAL 
CONDITIONSCONDITIONS
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DECOUPLED DISTRIBUTION FUNCTION:
 

STATISTICSSTATISTICS

Properties of Properties of K(uK(u--uu’’):):
Correction to fluid description

Memory of gravitational clustering

f0(y) with larger support for small y 

longer range of memorylonger range of memory

Longer range of memory larger larger T(kT(k))

Negligible at largelarge scales                           

Important at smallsmall scales

( )fs eqk k t<<

( )fs eqk k t≥



Exact Exact T(k)

1

2 23 0

10 [ ] 1( ) ( ) [ ; ]
(1 ) 63

[ ]NB
I uT k h u S u du

u
α δ

γ
= +

−∫

Regular solution of 
Jeans’

 
FluidFluid

 
eqn.

Free streaming 
solution In 
absence of 

gravity:INITIALINITIAL
CONDITIONSCONDITIONS

Memory of gravitational 
clustering: K(uK(u--uu’’))

Features:Features:

Systematic Fredholm expansion
First TWO terms simple and remarkably accurate

Include memory of gravitational clustering
Arbitrary distribution function (statistics + non LTE)Arbitrary distribution function (statistics + non LTE)

Arbitrary initial conditionsArbitrary initial conditions



Summary: RoadmapSummary: Roadmap

(1) Microphysics:Microphysics: Particle physics model independent 
decoupled, kinetics, decoupling distribution function, y=p/T0,d

(2)
 

ConstrainConstrain mass, couplings, T0,d

 

from abundance + phase 
space density

Upper bound from abundance

( )f y

Lower bound from phase 
Space  density of dSphs

1 2
4

0

100  eV 6.5 eV
( )

dgm
g y f y dy

∞≤ ≤
∫D

5
2 2

0
32

4 2
0

( )

2 ( )

[ ]
[ ]

y f y dyg

y f y dyπ

∞

∞
= ∫

∫
D;

Thermal relics that decouple 
relativistically:

3~ 2 10−×D m ~ keV

(3) 3) DM DM T(kT(k):): simple + accurate simple + accurate 
arbitrary arbitrary f(yf(y) + ) + iniini. . condsconds..

corrections to fluid+ memory of corrections to fluid+ memory of 
gravgrav. clustering.. clustering.

large large f(yf(y) at small y = long memory ) at small y = long memory 
= affects = affects T(kT(k) at small scales.) at small scales.

































WDM vs CDM linear fluctuations Today
Destri, de Vega Sanchez, in preparation



keV
 

SCALE  DARK MATTER PARTICLES 
REPRODUCE:

OBSERVED GALAXY DENSITIES 
AND VELOCITY DISPERSIONS

OBSERVED GALAXY DENSITY PROFILES

OBSERVED SURFACE DENSITY VALUES 
OF DARK MATTER DOMINATED GALAXIES













END

THANK  YOU

FOR  YOUR  ATTENTION
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