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Most of the Universe is Dark

FAvgQ: what'’s the difference

between DM and DE?
69 %

DM behaves like matter

- overall it dilutes as volume expands
- clusters gravitationally on small scales
-w = P/p =0 (NR matter)

(radiation has w = —1/3)

DE behaves like a, constant

- it does not dilute
- does not cluster, it is prob homogeneous
-w=P/p~ -1

a ArGy

- pulls the acceleration, FRWeq. — = — ; (1+3w)p
a
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Evolution of the components of the Universe
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At the time of CMB formation (380 Ky)



How do we know that
Dark Matter is out there?
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1) galaxy rotation curves

vi(r) GnmM

184 s
T T

‘centrifugal’ ‘centripetal’

orlr) — 1

r

with M (r) = 47T/,0(T) r2dr

1

ve(r) ~ const = pp(r) ~ —
r

and indeed a ‘gas’ of non-interacting
particles distributes like 1/r=

Caveat:

this treatment is over-simplified and
is mostly a ‘negative proof’: visible
matter with standard gravity can
not reproduce the observed non-
rapidly falling rotation curves,
something else is needed.

Then, details are complex: curves
are not exactly flat (so not
necessarily 1/r?) and there are non-
universal parametrs to tweak in
each galaxy...
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ring of Dark Matter (2007)
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1) galaxy rotation curves
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3) ‘precision
cosmology’
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http://cosmicweb.uchicago.edu
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http://www.mpa-garching.mpg.de/aquarius/

LdF: 2.2 105 galaxies

SDSS: 106 galaxies,
& billion lyr

Millennium:
1010 particles,

Of course, you have to 500 h-1 Mpc

infer galaxies within the
DM simulation

Springel, Frenk, White, Nature 440 (2006)
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: : (you need DM to gravitationally
(in particular: no DM =>no 3rd peak!) “catalyse” structure formation)






Instead of adding matter, modify Newton or GR.

it o >
F=ma ——> F=ma-pule) with u(a)= < 0

\a/ag a ~ agp

ap =1.2-107%m/s?

2 2
a GMm GMa v
F=m—=— s 00— Yoo v = (GMag)'/* = const
ao T i T
force balance tangential /
acceleration

fits rotation curves very well

300 300

SN Rl Ccan fit (bullet) cluster if
~ irgiad adding < eV neutrinos...

——— — =
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How would the power spectra be in MOND/ 'I.‘KeVeS, without DM ?

11+1) C, / 2m (uK)?

(in particular: no DM => no &rd peak!) (here you can make it)
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Fields Particles Macroscopic objects
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best described as : best described as nzcessarily bogonic or
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Original motivation:
gravity in the ExDims, hierarchy problem

M ]23l ~ M 123?_(2—1—71,) R".

Arkani-Hamed, Dimopoulos, Dvali hep-ph/9803315
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any field in the éé,fhbact 5th dimension:
9(y) = ¢(y + 27 R)

hence (Fourier) décdmposition:
Lt S :
P(z,y) = \/2—7T—R</50<33) Z \/— dn () cos R + o

l.e. states (indexed by n) with mass
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On top of the SM, add one extra scalar singlet S
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On top of the SM, add one extra scalar singlet S
and a symmetry S — —S
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Sub-GeV DM?



Sub-GeV DM
& ‘MeV (scalar) DM’

In conclusion, scalar Dark Matter particles can be significantly lighter than
a few GeV’s (thus evading the generalisation of the Lee-Weinberg limit for

weakly-interacting neutral fermions) if they are coupled to a new (light) gauge
boson or to new heavy fermions F' (through non chiral couplings










Sub-GeV DM

2 2
o o
¢ WIMPless Dark Matter  (6,,,V) ¥ — ~ —
M?  TeV?
a.k.a. hidden sector DM 053
~secluded DM (O,V) R —
m

if g, is small,
m ‘naturally’ small

(but nothing points to a precise value)

Production mechanism:

just thermal freeze-out
of these annihilations



Sub-GeV DM

& ‘SIMP miracle’:

DM
scalar DM with relic abundance set by & -> & processes 5 DM
points to Keff DM
DM

mom ~ et (T2, Mp1) ' ~ 100 MeV

‘naturally realized’ in a dark-QCD-like setup
A =0() 1.e. g . ~4xn






Sub-GeV DIM?

& WIMPless Dark Matter
¢ ‘SIMP miracle’

& Asymmetric DM

& ‘MeV (scalar) DM’ @ntegral 511 KeV excess)
& ‘simnplified (light) DM models’
® ..
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Theoretically ‘motivated’:
one can complete the SM lepton sector
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Theoretically ‘motivated’:
one can complete the SM lepton sector
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(Chandra & XMM-Newton) & l

z=0.01-0.85

4.0 KeV

Andromeda galaxy
+ Perseus cluster

(XMM-Newton)

z=0and 0.0179
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Theoretically ‘motivated’:
one can complete the SM lepton sector

Three Generations Three Generations
of Matter (Fermions) spin % of Matter (Fermions) spin %

Bosons (Forces) spin 1

Sterile neutrino decay
m, = 7.1 KeV

T ~ 10%? sec
sin® 20 ~ few 10!
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Theoretically motivated:
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but experimentally |d,| <3 1072° ecm
sowhyis |9] < 107! 2
Perhaps because @ is dynamical (a field)

and driven to (almost) zero by its potential
(symmetrical under U(1)pq ).
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which induces d,~ 0 e m>/my ~ 107'° 9 ecm
but experimentally |d,| <3 1072° ecm
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Perhaps because ¢ is dynamical (a field —> ‘axion’)
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N astro je ne saws pas quot: a baryo: citne SM:

- BBN computes the abundance of He in terms

-

- 8445 of primordial baryons:
too much baryons => Universe full of Helium
- Blaek Holss - CMB says baryons are 4% max

- browwn dwarves

strong

I
|
I
I
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|
|
|
|
|
I
I
|
|
I
/ |
lensing :

A loophole: Primordial Black Holes!

- produced before BBN
- with masses too small/large to lens
- perhaps GW observatories are seeing them?




huge range of sizes: M ~ 102(#/10=% sec) g (with many constraints)
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window still open?
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Constraints on Primordial Black Holes

X MACHO or PBH mass M in solar masses
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Constraints on Primordial Black Holes

: MACHO or PBH mass M in solar masses
DM could consist of PBHs
10-10 10> 1 10°
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Constraints on Primordial Black Holes

DM could consist of PBHSs

Propagation A VOYAGER-1
Propagation B AMS-02

huge range of sizes:
M ~ 10°(/107% sec) g

constraints
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Energy E [GeV]




Constraints on Primordial Black Holes

DM could consist of PBHSs

huge range of sizes:
M ~ 10°(/107% sec) g

constraints

‘'small’ PBHs emit today by
Hawking evaporation
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Fields Particles Macroscopicobjects
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90 orders of magnitude!

neutral

cold

tabl
Basic concept: add something to the SM feeb.slyaim?.

byproduct of wider theories
‘ad hoc’ theories

e Sub-GeV DM byproduct or pheno motivated
e Sterile neutrinos theory/pheno motivated
e AXIions byproduct of wider theory
e PBHSs non-particle DM
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From N-body numerical simulations:

NEW - DM halo

NEFW
Einasto : Einasto
EinastoB
Isothermal : 5 Isothermal
L+ (r/rs) Burkert

Ps Moore
(L+7/rs)(1 + (r/r5)?)

Burkert :

Angle from the GC [degrees]
10”7 30”1’ 57107 30’ 1° 2° 5°1020°45°

- I I I I I I I I I I

Moore :

At small r: p(r) o< 1/r7

6 profiles:

cuspy:
mild:
smooth: :

EinastoB = steepened Einasto
(effect of baryons?)

ppm [GeV/em®]




From N-body numerical simulations:

Angle from the GC [degrees]
10”7 30”1’ 57107 30’ 1° 2° 5°1020°45°

Moore

NFW

Einasto

Common features:

=
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>
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>
A
Q

Po = 0.4 GeV/em’

Total mass of the MW: ~ 10'* M




Galactic Bulge Norma Arm

Seutum Arm

Crux Arnm

Outer Arm | Carina Arm

.
This Work . , e = .
Via Lactea .
Aquarius - B %o
Ling et. al. —— = o' i
Parametrized Fit —— \ E -

Closest Maxwellian

Local Arm

\ B

4
v [1 OO km/sec]






How was
Dark Matter
produced?

Basic concept: a relic from the Early Universe
* Thermal relic / freeze-out DM

e Asymmetric DM

e Freeze-in DM

e Oscillations




