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1 Evidence for dark matter

* There is evidence for dark matter at all length

scales

— from the virial theorem and Galaxy clusters
— the rotation curve of galaxies

— precision cosmology with the CMB

* The ACDM Model is the ,standard model of

cosmology*.
— It describes the Universe with only 6 parameters
— one of the parameters is the dark matter density
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Spiral Galaxies




Declination (J2000)

Use HI regions
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The Milky Way

Plane _91
rotation

Sun f 8.5 kpc : Galactic center

~50 kpc



Discovery of the CMB

| Nobel prize 1978

Arno Penzias

MAFS20045 Robert Wilson



What I1s the CMB?
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CMB: The ,surface of last scatter”

Big Bang Tenp
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We can only see
the surface of the
PRESENT cloud where light

13.7 Billion Years was last scattered
after the Big Bang

The cosmic microwave background Radiation's
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.



DMR 53 GHz Maps

CMB is remarkably isotropic
— perfect black body spectrum

AT/T =103

— large dipole visible from
Doppler effect since Earth is
moving wrt the CMB

AT = 3.353 mK

ATIT =10

— primoridial fluctuations
become visible
strong signal from Milky Way

AT = 18 uK






Analyzing the CMB
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The Planck spectrum

Angular scale
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Abhingigkeit der CMB-Fluk-
tuationen von kosmologischen Parametern.
In allen Fillen ist das Referenzmo-
dell beschrieben durch £2,4+ 2,4 =1,
24 =0.65, 2ph? =0.02, 2uh? =0.147
und einer Steigung des primordialen Dich-
tespektrums n = 1, entsprechend dem
Harrison—Zeldovich-Spektrum. In den vier
Darstellungen wird jeweils einer dieser vier
Parameter variiert, wihrend die anderen drei
festgehalten werden



CMB — 1°' peak and curvature

Standard Ruler: Angular Scale
1° arc measurement of 90° i 0.5° 0.2°
dominant energy spike T T T .

|
saalaans

8000
* Red: straight light paths to OPEN :
us from opposite sides of 000 E

a typical hot spot in the CMB,

) 6000 - _

as would be the case in a g s a
"flat" universe; S 5000 |

3
« Gray: curved light paths as =
they would appear in a universe -:‘%’ —_—
with "negative curvature".

2000 E

o
o
o
I

Oé | [ A | 1 1 1 1 1 1 1 1 1 é
10 100 500 1000

Multipole moment [

* The apparent (angular) size of the spots gives access
to the information which sets of lines the light followed.

* The location of the main peak in the spectrum determines the average spot size:
flat universe — main peak at £~220
negatively curved Universe (,open“) — shifted to right
positively curved Universe (,closed”) — shifted to left



GEOMETRY OF THE UNIVERSE

CLOSED




The 3rd CMB Peak — Dark Matter
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ACDM Model

The Standard Model
of Cosmology
(,Concordance Model)

Describes the Universe
since the Big Bang with a
few parameters only (6)

Uses Friedmann equation to
describe evolution of Universe
since Inflation

Agrees with the most

important cosmological

observations:

* CMB Fluctuation

* Large Scale Structures

* Accelerated Expansion
(SN observations)

* Distribution of H, D, He, Li

Density fluctuations
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The six parameters are (WMAP 7, Komatsu et al. 2008):
@ physical baryon density, Q,h% = 0.026 -+ 0.00053,
@ physical dark matter density, Q.h* = 0.1123 + 0.0038,
: +0.015
@ dark energy density, {27 = 0.7287 7 16,
@ scalar spectral index, ng = 0.963 + 0.012,

@ curvature fluctuation amplitude,
A2, = 2.44170058 x 1079, kg = 0.002Mpc !

Q reionization optical depth, 7 = 0.087 + 0.014



2 The standard halo model
+ DM Candidates

The simplest expression for the galactic dark

matter halo is the isothermal sphere
- standard halo model = isotropic, isothermal sphere of
dark matter with Maxwellian velocity distribution

Large N-body simulations tell us about the

validity and the limitation of the model
- NFW density profile
— core-vs-cusp in the galaxy center?

Dark Matter Candidates
— no known candidate
- need new physics



GHALO Simulation

dark matter distribution within the inner 200kpc of our Galactic halo




Check velocity distribution
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Cold vs hot dark matter

COLD WARM HOT | Observation: SDSS

Bode et al. 2001
Dark Matter-only simulation




Galactic Density Profiles

avoids the divergence at r=0
and leads to a flat inner core
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Simulations vs Observations

* Cusp-Core Problem
Simulations predict a cuspy galactic center, while
observations indicate large cores

* Missing satellite problems (,,too big to fail problem*)
ACMD simulations predict satellite |
galaxies, which are not observed bale wais waaiian
(Milky way: has ~50 while ~'

~500 are expected)

)
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Carlos Frenk: There is no problem! -mf.

..................




Important: Baryonic Feedback

Including baryons (stars and gas)

e i
cusp
simulation; no Teedbac

Top

Teyssier, Pontzen, Dubois & Read, MNRAS 201 3

2 important observations when baryons are included:
* Galaxy center becomes less cuspy — flatter core
e cored halos are more easily tidally disrupted — expect fewer satellites



Dark Matter Candidates

What is dark matter????




Why not Baryonic (Dark) Matter?

Fraction of critical density
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- abundances of light elements
depend on baryon/photon ratio
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* not collisionless
* not found in microlensing searches
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EROS, MACHO, OGLE




Microlensing with OGLE
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* Polish project started 1992

* telescope located in Chile

* main targets: GMC and galactic bulge

* some MACHOSs and extrasolar
planets found so far



Primordial Black Holes?

Can primordial black holes (PBH) formed in the big bang be the dark matter?
Marco Lirelll (2016 MACHO or PEH mass Miaselar masses @ LIGO Hanford data (shifted) @ LIGO Livingston data
oo
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constraints in 10-100 Msun range (LIGO):

— PBHs cannot constitute >0.01% of dark matter Astrophys.J. 680, 829 (2008)
— but:  new discussion about PBH dark matter started PRL 116, 201301 (2016)
maybe PBH not dark matter but faster merger rate  PRL 117, 061101 (2016)
39



Primordial Black Holes?

* If PBH of 10-300 Msun are all DM, expect hundrets of BH
mergers in first LIGO run (detected: 5)
— PBHs can only be 1% of DM
PRD 96, 12 (2017)
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* No microlensing of Magellanic cloud stars detected
— strong constraints on PBHs of 10-8-10 M_ _ being DM

MACHO: Astrophys. J. Lett. 550, L169 (2001)
OGLE: Mon. Not. R. Astron. Soc. 416, 2949 (2011)

* New: no microlensing of >1300 SN1a observed
—~ PBHs of >0.01 M__ (up to largest masses) ; » Supernova

cannot account for >40% of the DM
PRL 121, 141101 (2018)

Lensed supernova

*  behind a black hole

40



Why not Neutrinos?

Neutrinos are a part of the SM THREE GENERATIONS OF MATTER
| 1 IIl  cHARGE:

2:-/51 ¥
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e collisionless

* massive (— v-oscillations) <
. i L —
* produced in the early Universe: 3 xﬁ
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n ~115 cm?

MATTER CONSTITUENTS: FERMIONS

SN @L o
* compare with critical density 2 S
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Large Scale Structures
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(decoupling at kT=3 MeV)
p,ct 107 eV
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From direct ve

Y m,c* < 0.1ev  mass limit;
v oscillations;
Planck data

= hot Dark Matter

The smallest scale with ,clumpy*” structure
sets a lower limit on the particle mass:

low mass
— high speed (if created thermally)
travels large distances
— scale on which density perturbations
are washed out

Probing small scale structures at z~3: mov=2 keV
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Non baryonic DM:
new particles or ,old" particles with non-standard properties
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stolen from Gianfranco Bertone
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Cross section

(Some) Dark Matter Candidates
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DM Production

Two production mechanisms:

Thermal Production Non thermal production
In thermal equilibrium with Production in a

the Universe (,freeze out®) Phase Transition

- WIMPs - AXions

Candidates for non-baryonic DM must be

» stable on cosmological time scales
(otherwise they would have been decayed by now)

* must interact very weakly
(otherwise would not be considered as Dark Matter)

* must have the right relic density (zamount of DM)

Note: There is a 3™ production mechanism at very large T, soon after or soon before
inflation. These particles are usually superheavy, e.g. Wimpzillas



WIMPs

Weakly Interacting Massive Particles

Some of the best motivated candiates
from ,new" physics

WIMPs interact only
via gravity and weak (new?) interactions

WIMPs are somewhat similar to neutrinos,
but far more massive (>GeV) and slower

sub-GeV WIMPs could be Light Dark Matter

Why are weak scale masses/interactions interesting??



Thermal WIMP Production

,1he WIMP Miracle*
e suppose WIMP candidates  can be created/annihilated in pairs
* assume that the %'s are in thermal eq. with all light particles

* number density ny follows the Boltzmann equation:

d
ile 41 3Hn, = —(oav)T [(’”x

2 - eq 2
) )" = ()
dilution by Universe thermally averaged xx — PP

ion i et .
2 LAt annihilation cross section

 when T < my, pair creation needs  from tail of v-distribution
- In equilibrium, number density falls exponentially

n

£

2
o M e
x (mT)Y? exp il



Thermal WIMP Production Il

When the annihilation rate Nxy{(ov) < expansion rate H, the
probability for y to find a partner for annihilation becomes small

expanding Universe: ,freeze out” 001
WIMPs fall out of i b :
equilibrium, cannot LT 'm,x ﬂg m";r Thermal Freeze Out "
- gL ™ 20 > 1°*r Equilibriu ' 1
annihilate anymore . 2 joaf glnCrensing <ov>
. . . . : -.: 3

- non relativistic when decoupling 8 ::*: x o reiic densit}
from thermal plasma E oy x = \b' 1

_. constant DM relic density 3 :2,,,{ SN SR ;
- relic density depends on o, gy L 1
3 10 f 1

§ L] L :

WIMP relic density: e . 9
10" Equilibrium density

: 10°% 1

. Tﬂ 0]. h 10-w [
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O(1) when o,~107°° cm2 — weak scale



The 10 Points Test for new Particles

31 Is it neutral? 4) Is BBN ok! 5) Stars OK?

b) Collisionless? 7} Couplings OK? 8) y-rays OK? 9) Astro bounds?  1{}) Can probe it?

&

stolen from Gianfranco Bertone, arXiv:0711.4996
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