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Most of the Universe is Dark

FAvgQ: what’s the difference

2
> 904 between DM and DE’

-«»«”*2‘:&%‘ DM behayves like matter

- overall it dilutes as volume expands
TR - clusters gravitationally on small scales
A - w = P/p =0 (NR matter)
428% > (radiation has w = —1/3)

DE behaves like a, constant

- it does not dilute
- does not cluster, it is prob homogeneous

e ]
- /p a 47TGN

- pulls the acceleration, FRWeq. — = — 3
a

(1 —3w)p
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How do we know that
Dark Matter is out there?
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2dF: 2.2 10° galaxies

SDSS: 10° galaxies,
& billion lyr

Millennium:
1010 particles,

Of course, you have t0 500 h'! Mpc

infer galaxies within the
DM simulation

Springel, Frenk, White, Nature 440 (2006)
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Multipole ¢

: : (you need DM to gravitationally
(in particular: no DM =>no 3™ peak!) “catalyse” structure formation)
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Instead of adding matter, modify Newton or GR.

1 >
F=ma —— F = moa BTG — 7

\a/ag a ~ ag

ag = 1.2-107%m /s?

2 2
a GMm GMa v
F=m—=—3 e Sty v = (GMag)'/* = const
ao r r T
force balance tangential /
acceleration

fits rotation curves very well

300 300

can fit (bullet) cluster if
adding 2 eV neutrinos...

P




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

(in particular: no DM =>no 3™ peak!)

(here you can make it)
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NGC 6503

1) galaxy rotation curves
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M.Cirelli and A.Strumia, astro-ph/0607086
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NGC 6503

1) galaxy rotation curves

10 20
Radius (kpc)

&) clusters of galaxies . - 0.4
3) CMB+LSS(+5NIa;) o
+ 0.02
What is the DM%?

It consists of a particle.
Permeates galactic haloes.
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What do we know of the
particle physics properties of
Dark Matter®?
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MACHO
coll, 2000

EROS-1 + MACHO, 1998
95% excl

EROS coll., 2006 95% excl.
95% excluded
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MACHO mass M in solar masses
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MACHO
coll, 2000

EROS-1 + MACHO, 1998
95% excl

EROS coll., 2006
95% excluded

95% excl.

007 10 10 10* 10 102 10!
MACHO mass M in solar masses

fraction f of DM

1

MACHO or PBEH mass M in solar masses
1020 107 1071© 1073 1

Tens allowed
PBH DM microlensing

window

PBH evaporated by now
evaporation today

1020 1025 1030 1035
MACHO or PBH mass M in grams



an astro je ne saws pas quot: a baryon cftine SM:
= BBN computes the abundance of He in terms

of primordial baryons:
too much baryons => Universe full of Helium

- neusrOns

N

- 858 - CMB says baryons are 4% max
- Black Holes
- brown dwarves

strong

|
|
I
I
I
|
|
|
|
I
|
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|
I
; I
lensing :

neutrinos:



an astro je ne sats pas quot: a baryvoz cfthie SM:

- BBN computes the abundance of He in terms

- nesrons of primordial baryons:

too much baryons => Universe full of Helium
L, Q:S - CMB says baryons are 4% max
- Blaek Holes

l
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|
|
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- brovwin dwarves :
|
|
|
|

NEetitrinos:
toolisht! m, S 1eV

do not have enough mass to act as gravitational attractors in galaxy collapse
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L=32.35

noHDM = some HDM

> my, =0 ‘ 3 > m, =6.9 eV

ACDM - GadgetR - 768 Mpc?

T.Haugboelle, S.Hannestad, Aarhus University



Recap: DM factsheet

Galactic Bulge Norma Arnf

Scutum Arm
Crux Arm

Quter Arm Carina Arm

Perseus Arm

~Sagittarius Arm ' _ ' Local Arm
Sun .
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DM exists
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DM exists

Norma Arn

Galactic Bulge

This Work : | Crux Arm
GHALO \
VmLaCma . : / Carina Arm
Aquarius - : . /
Ling et. al. — : .
Parametrized Fit ——
Closest Maxwellian
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DM exists Sl

Galactic Bulge Norma Arn

This Work Crux Arm
GHALO
Via Lactea
Aquarius
Ling et. al. ——
Parametrized Fit ——
Closest Maxwellian
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DM exists

Galactic Bulge Norma Arnf

This Work Crux Arm

GHALO
Via Lactea + \ ®
Aquarius
Ling et. al. ——
Parametrized Fit ——
Closest Maxwellian
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How heavy?
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How dense?
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DM exists They do not interact
° with normal matter
~nor with themselves,
. ~ they fly freely
Via Lacls , thru matter

Galactic Bulge N

Aquarius
Ling et. al. ——
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Closest Maxwellian
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DM exists They do not interact
° with normal matter
o Lt ~ nor with themselves,
" 9 '~ they fly freely
Via Lactoa \ thru matter

Aquarius

Ling et. al. —
Parametrized Fit ——
Closest Maxwellian
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Consider a particle ¥:
- subject to xx — ... -
- ‘heavy’ (e.8. 100 GeV) =l Increasing <o,v>
- ‘stable’ - ﬁ'
- in an expanding Universe
- symmetric abundance

10 100
x=m/T (time -)
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Consider a particle ¥:
- subject 1o X ==
- ‘heavy’ (e.8. 100 GeV)
- ‘stable’
- in an expanding Universe
- symmetric abundance
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r Density
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Consider a particle ¥:
- subject to xx — - ..
- ‘heavy’ (e.g. 100 GeV)
- ‘stable’
- in an expanding Universe
- symmetric abundance

r Density
N -
A
T @ = =

E 10—

10 100
x=m,/T (time =)




Boltzmann equation
in the Early Universe:

6 10 27cm>s—1

<O-annv>

QX%

Relic Qpy ~ 0.23 for

(Cannt) = 3 - 107 CHiI EE.

100
x=m/T (time -)




Boltzmann equation
in the Early Universe:

6 10 27cm>s—1

Ny ~
i (Tannl

Relic Qpy ~ 0.23 for

(Cannt) = 3 - 107 CHiI EE.

Weak cross section:
X Juw Guw f

gl v
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Boltzmann equation
in the Early Universe:

6 10 27cm>s—1

<O-annv>

QX%

Relic Qpy ~ 0.23 for

(Cannt) = 3 - 107 CHiI EE.
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Weak cross section:
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direct detection
Xenon, CDMs (Dama/Libra?)

production at colliders :
LH

7Y from annihil in galactic center or halo
and from synchrotron emission

Fermi, HESS, radio telescopes

indirec from annihil in galactic halo or center
PAMELA, ATIC, Fermi
from annihil in galactic halo or center

J from annihil in galactic halo or center
GAPS

V, I/ from annihil in massive bodies
lcecube, KmdéNet



direct detection
Xenon, CDMs (Dama/Libra?)

production at colliders :
LH

Y from annihil in galactic center or halo
a,nd from synohrotron emlssmn
indirec " from aninitil i gala,ctlc ha,lo or center
] PAMELA, ATIC, Ferml
from annihil in galactic halo or center i

( from annihil in galactic halo or center

AP |
Gk A,%:,:,, Dl N v '/

I/ from annihil in massive bodies
lcecube, KmdéNet



Indirect Detection: basics

rand - from DM annihilations in halo




Indirect Detection: basics

and from DM annihilations in halo

Galactic Bulge Norma Arm -
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Indirect Detection: basics

and from DM annihilations in halo




Indirect Detection: basics

and from DM annihilations in halo

Galactic Bulge Norma Arm

Sagittarius Arm  °* . ' Local Arm
Sun _



positron fraction antiprotons electrons + positrons

FERMI 2009
HESS 2008
ATIC 2008

AMS 2013
PAMELA 2009
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Positron energy in GeV

Are these signals of Dark Matter‘P

YES: few TeV, leptophilic DM
with huge (ov) ~ 1072° cm? /sec




positron fraction antiprotons electrons + positrons

FERMI 2009
HESS 2008
ATIC 2008

Positron fraction
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1 10 102 103 104

Positron energy in GeV

Are these signals of Dark atter‘?

YES: few TeV, leptophilic DM
with huge (ov) ~ 1072° cm? /sec

a formidable ‘background’ for future searches
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Dark Matter exists.

It’S most provapy & NEW, UNKnown particle,
neutral, very feebly interacting, cold, essentiany Stable.

(Other than that,)

we have (almost) no clue of what it is,
but many hints and many ideas.




Dark Matter exists.

It’S most provapy & NEW, UNKnown particle,
neutral, very feebly interacting, cold, essentiany Stable.

(Other than that,)

we have (almost) no clue of what it is,
but many hints and many ideas.

The ‘era of data’ is now.



