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= Period of revolution of the planets in our

WILHELMS-UNIVERSITAT

solar system (3" Kepler's law)

Planets

Dwarf
Planets

T? / R3 = constant (neglect elliptical orbit)

Bild: The International Astronomical Union/Martin Kornmesser
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= Hints towards Dark Matter:

WILHELMS-UNIVERSITAT

— o Rotational curves of galaxies

: galaxy

single stars

Expectation, that the mass is there,
where the light comes from:
velocity of single stars versus distance to centre:

V. € 1/ ~r (for rotationally symmetric mass distribution)

v, [km/s]

but measurements of many galaxies (incl. ours) yield:
V() ~ const.

150

50

100

30

Radius [kpc]

In the outer part of the galaxy there is a far-ranging dark “halo” = “Dark Matter”

Christian Weinheimer
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= Satellite equation for sun (star)

weree o rotating around center of galaxy

o,
L4k}
il
\ 2
Cen er ] i
B
/ 5
B / |
- Yedip] —— Distance from center —=
Planet-like rotation Rotation curve for

planet-like rotation

Now star with mass m,, at radius r,, rotating around center with velocity v,

0 - V3 .M r
LR e P Lt 5 (r) with M (r) :fnélﬁp(fr)frgdr
o g 0
\/ G- M(r)
= Vg =
To
1 :
= Uy X — outside the galaxy
o
1
vg = const. = p(r )ocﬁ “Halo"”
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=
I

WILHELMS-UNIVERSITAT Halo mOdeIs

e MONSTER

Halo models

T — . (1 DEelnNne 1he core racinis

P( ) P0o W2 42

Navarro, Frenk, White (1997, “NFW”) halo model fromv
1

p(r) = po - 5 with R describing a typical length scale
o (1+ %)
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e Halo models and

 wwew halo of our Milkyway

more sophisticated: Klypin, Zhao, Somerville [astro-ph/0110390]

and there are many more ...

Local (dark) matter density at our sun

GeV
pPo = po = 0.3 % corresponds to 1 proton per 3 cm?®
i

Compare to critical density of the universe:

3H? keV
pe= —2 =53 = corresponds to 6 protons per m’
81 cm?
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- S Further evidences for

MONSTER dark matter
e

Coma cluster
by IR & visible light  / by x-rays

Virial theorem: Epot =-2E
Connection between depth of gravitational potential E, ~ My® ~ 14

and kinetic energy from temperature (x-ray spectrum) T ~ E, .
Measurement of temperature: much too hot for the amount of visible mass

= Dark Matter, which only shows up by gravity
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B More hints for Dark Matter

WILHELMS-UNIVERSITAT

by graviational lensing

“Gravitational lensing”

~
~
~
o
Observer Mass Light source

Light deflection due to mass according to
Einstein’s general relativity

Can determine mass
of galaxy cluster in the foreground !

HST, www.discovery.com

If foreground mass and background galaxy are perfectly aligned:
Einstein ring, otherwise segments of the Einstein ring
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= Gravitational lensing as consequence of

WILHELMS-UNIVERSITAT

Einstein's general relativity

I —
Schwarzschild metric in distance r of point-like mass M

1-% 0 0 0
0 = i 0
= 1-—-2
o 0 0 2 0
\ 0 0 0 r2sin’6/

with Schwarzschild radius Rg

Rs = 2GyM ~ 2.9 km Mﬂ

angular deflection
(first detection in 1919: light bent at the boundary of the sun during eclipse)

R
Rs
Fmin
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B More hints for Dark Matter

Mowsree by graviational lensing

N w w o

F ) -
e d ' -
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of the
Einstein ring
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Ao : kr . i .
Gravitational Lens HST - WFPC2

Galaxy Cluster 0024+1654

PRC96-10 - ST Scl OPO - April 24, 1996
W.N. Colley (Princeton University), E. Turner (Princeton University),
J.A. Tyson (AT&T Bell Labs) and NASA
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z The early universe:

— — WESTFALISCHE
—_— Big bang & structure formation

The Big Bang

« > -« >
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— e esrrRuSCHE Structure formation

WILHELMS-UNIVERSITAT
MONSTER

Gravitation is always attractive never repelling

— Primordial density fluctuations should enhance

— Every stuff should clump together
if there was not the expansion of the universe

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 12



e ™ e esTERUISCHE Structure formation

WILHELMS-UNIVERSITAT
MONSTER

Gravitation is always attractive never repelling

— Primordial density fluctuations should enhance

— Every stuff should clump together
if there was not the expansion of the universe

Calculation of the structure formation with N-Body*
simulations on big computers

Criteria to check;

Todays structure of the universe on all scales
(stars with planets, galaxies, galaxy clusters,
larger structures, ...)

Source: National Center for SuperComputer Simulations,

http://cosmicweb.uchicago.edu/sims.html
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WILHELMS-UNIVERSITAT
s M UNSTER

Measurement of matter
distribution with 2dF, SDSS

Christian Weinheimer

Current power spectrum P{k) [{h~! Mpc)?]

spectral analysis in spatial coordinates:
“power spectrum” in wave numbers

10F€
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I TTTITTH

CMB
——

_{_

= Cosmic Microwave Background

¥ Cluster abundance

L1 111117

T

;L
g
Q

E 3
- S
C a l.yman Alpha Forest ]
B Tegmark & Faldarriaga, astro-ph/0207047 + updates = ]
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= Cosmic microwave background radiation

e (CMB) from the WMAP mission

= = “Fingerprint” of the universe ]
= z 05 0.2°
at the young age of 380000 yearsJ | o
: — — - — o Spectrum 3
R AN e e ‘J;- R N — A-CDMAIDat E
oy ".I : E & :WMAP I ]
é 2000 -
S 1000 _
source: D.N. Spergel et al., astro-ph/0302209 T T RET ST CT
4 )

CMB-result: Q +Q =1 with Q ~0.3
But the known baryonic matter density is much smaller 0.045=Q_ € Q

Relic neutrinos help, but not much:
0.005 < Q =<0.05

What are the residual 25% of matter density?
What are the 70% of the energy density?

\_ J/
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= Cosmic microwave background radiation

WiLAELIS- UNIVERSITAT (CMB) from the WMAP mission

MONSTER

5 Y, a8 L
o _‘.-':_',
i

ht of first pek ie |

B0

baryon density = r
i b~

- Liphl

e g
source: D.N. Spergel et al., astro-ph/0302209 L L N
{

Vs

CMB-result: Q +Q =1 with Q ~0.3
But the known baryonic matter density is much smaller 0.045=Q_ € Q

Relic neutrinos help, but not much:
0.005 < <0.05

What are the residual 25% of matter density?
What are the 70% of the energy density?

\_ J/
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X Different informations about
matter / energy density in the universe

WILHELMS-UNIVERSITAT
MONSTER

total matter/energy density Q =

Ratio of the various maxima:
mass density

1

WMAP (Planck 2013)
= 0.28 (0.32)

baryonic mass dens. < 0.046 (0. 0@

Dlscrepancy

= evidence for exotic Dark Matter

and the remaining density ?
Dark Energy

Q =0.72 (0.68) !

Quelle: Particle Data Group, pdg.Ibl.gov

Christian Weinheimer
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— “Direct evidence” for

exotic Dark Matter ?

Two galaxy cluster, which have
crossed:

Bullet cluster 1E0657-558 .

w
d =1Gpc, z = 0.296 ”
Gas (Chandra x-ray f
telescope) stays behind
the massive stars and
Dark Matter due ‘o
to electromagnetic o
(9]
I

interaction

— Dark Matter interacts  mass from gravitational lensings \L(ith HST
only gravitationally !

gas from Chandra x-ray telescope
D. Clowe et al., astro-ph/0608407
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e Candidates for Dark Matter:

WILHELMS-UNIVERSITAT

particle Dark Matter

e
a) Neutrinos (336 relic neutrinos per cm3 from big bang):

only known Dark Matter so far, but small fraction — Hot Dark Matter”
,2Hot": relativistic during structure formation, smearing out small scales

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 19



= ... Too heavy relic neutrinos do not fit:

WILHELMS-UNIVERSITAT

they wash out small scales

Cold dark matter Cold dark matter with neutrinos, Zm(v) = 6.9 eV

Source: Dr. Troels Haugboelle, Kopenhagen, http://users-phys.au.dk/haugboel/projects.shtml

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 20



I S Hot dark matter (neutrinos)

WILHELMS-UNIVERSITAT

— . NiONSTER and structure formation

— Neutrinos must not be
too heavy
— neutrinos form only a small
part of hot dark matter

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 21
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WILHELMS-UNIVERSITAT
s M UNSTER

“Hot” (gravitational unbound) versus
“cold* (gravitational bound) DM

{14+1)0F /2n{uI7]

Plk] [{hthpe)?]

Unpolarized CMB ]

oo oo by
BRERRAR R RELLLLL] EAAELLL) RLLLLELL) LLULLLLLR) LLLLALL-=
X-polarized CMB 3

I J— Sy,

[n,=0.000

T7=0.10

] [a,=0.c00

1[0,=0.88
1 |wa=0-12
{ |w,=0.029
4 [1,=0.000

|n,=0.98

T

2 10 4D 100 200

400 600 BOD 1000 1200 1400 1600

Multipsle 1

-__ I

1 =

T
Matier power

[4,=0.77

1 |4,=0.000
1[p=1.0

| [w=—1.000
1 |==0.000

] |x='-=u.unu

|h=ﬂ£ﬁ

0.01

k [1/h Mpr]

source: http://space.mit.edu/home/tegmark/movies _60dpi/fn_movie.qif
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— Candidates for Dark Matter:

particle Dark Matter

]
a) Neutrinos: only known Dark Matter so far, but small fraction — Hot Dark Matter”

,2Hot": relativistic during structure formation, smearing out small scales

b) Axions: only small parameter range open, some search
c) AXxinos: supersymmetric partner of axions
d) Gravitinos: supersymmetric partner of graviton

e) Weakly Interacting Massive Particles (WIMPs):
,1he natural Cold Dark Matter candidate”
,Cold": non-relativitistic during structure formation

Supersymmetry is a nice way to avoid divergences of the SM at high energies
SUSY provides a natural candiate: S
LSP (lightest supersymmetric

particle) m :

LSP has about the right relic abundance sEh e B e Bee R o

WIMP/LSP/Neutralino: y°=a, y+a,Z%+a Ho +a, H®,

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 23



= WIMP Dark Matter:

WILHELMS-UNIVERSITAT

Relic density from the big bang

Assume existence of a neutral, massive and only weakly interacting particle (WIMP)
In the early universe:

a) WIMPs are in equilibrium with the other particles by the annilation rate I":

X+% < X+X i s
n.ﬂc]nm r | .,
b) The WIMPs decouple when I << H: ol yrealx)
:E:H lﬂ"ir Increasing <ov> ..
{ h2= 3 - 10?7 cmD g o 1
X L ower N\t . 3
L 10t ..
< GA A\ E yoru | :
fﬂ“"“r ----------------- 1
Estimate of order of magnitude: i e
Let Q - h?=01 = <o,v> ~1pb-c o 1
* m-t-ir YEQ(X) 1
(typical weak interaction) 1070
o, « ap?/mMm2 = m ~100GeV-1TeV x=m/1 (time =)
% % :
_ thermal freeze-out density
(typical SUSY scale) equilibum o 1 /<OXV>
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= ... Simulation with cold dark matter:

WILHELMS-UNIVERSITAT

——  MONSTER Millenium Run

=
=

o oe) :
Redshift =z

50 Mpc/h

Source: V. Springel, Max-Planck-Institut fiir Astrophysik, Miinchen, www.mpa-garching. mpg.de/galform/presse/
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— Candidates for Dark Matter:

particle Dark Matter

]
a) Neutrinos: only known Dark Matter so far, but small fraction — Hot Dark Matter”

,2Hot": relativistic during structure formation, smearing out small scales

b) Axions: only small parameter range open, some search
c) AXxinos: supersymmetric partner of axions
d) Gravitinos: supersymmetric partner of graviton

e) Weakly Interacting Massive Particles (WIMPs):
,1he natural Cold Dark Matter candidate”
,Cold": non-relativitistic during structure formation

Supersymmetry is a nice way to avoid divergences of the SM at high energies
SUSY provides a natural candiate:  _Sus/na el
LSP (lightest supersymmetric A

particle) o B :

LSP has about the right relic abundance

f) Warm dark matter: keV neutrinos

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 26



- S Warm dark matter (keV neutrinos)

WILHELMS-UNIVERSITAT

MONSTER do not smear out small scales and are possible

ACDM WDM HDM
1 keV O(eV)

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 27



: Hints for a 2" sterile neutrino:

weren o \Warm Dark Matter in the universe
e

ACDM (Cold Dark Matter with cosmological constant) models (masses of about 100 GeV)
predict to much structure at galactic scales (too many satellite galaxies)

(eg. Lovell etal. at Meudon Workshop 2012)

In contrast to observations ! (here only artist view on the right)

Warm Dark Matter (masses of a few keV, e.g. sterile neutrinos) & s moume o

would smear out these structures http://chandra.harvard.edu/graphics/resources/illustrations/
milkyWay/milkyway magellanic clouds.jpg
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= Neutrino mixing with 3 active neutrinos:

s UnivessiriT active = coupling to Z° and W+
[
() (v )
Ve /Ue1 Ue2 Ue3\ V1
u — UM1 UMZ UM3 Va2
\VT y \Uﬂ Urz U1:3 _J \ Vs y,

[U is unitary 3 x 3 matrix]

Christian Weinheimer Dark Matter, Astroteilchenschule 2014 29



— " — w3 @ctive neutrinos plus a sterile neutrino

MONSTER

[\le \ / Ue1 Ue2 Ue3 0 \ [V1 \
\/M — UM UMZ Uu3 0 V2
T Vv
_ U'c1 U'cZ U’c3 o 3

K sterlle/ \ 0 0 0 1/ \\/4 )

)
0 +/-
Veterile d0€S NOt couple to Z° and W

Now we have an unitary 4 x 4 matrix,
but still the 3 x 3 submatrix is unitary

Veterile @aNd v, do Not play any

| physical role (except for gravitation)
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= 3 active neutrinos plus a sterile neutrino

WILHELMS-UNIVERSITAT

with non-vanishing mixing

[Ve \ /Ue1 Ue2 Ue3 Ue4\ [V1 \
u — Um UMZ Uu3 Uu,4 Vz

UT
Vsterile U 4
\ / \ s1 “s2 s3 s4 / \ )

( )
0 +/-
Veterile d0€S NOt couple to Z° and W

Now we have an unitary 4 x 4 matrix, but usually U_ , U

s2’7

Us3’ Ue4’ Uu4’ Ur4 <<1

But the 3 x 3 submatrix is not unitary anymore !
Veterile @Nd v, do play a physical role by their mixing:
3
v, =2 Ugv, + Uyv,
i=1
3

m?(v,) := i=21 U [2m2(v) + |U_ |2 m3(v,)

~ cos?(6) m(v,,,)* + sin?(8) m(v,)?

\_
Christian Weinheimer

Y,
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= 3 acti '
tive neutrinos plus a sterile neutrino

I
S
WESTFALISCHE

WILHELMS-UNIVERSITAT -
MONSTER -
with non-vanishing mixing
(v ) a
Ve Ue1 Ue2 Ue3 Ue4\ [V,I \
’VM = U!“ UMZ UM3 UpL4 VZ
" UT1 U12 Ur3 Ut y V,
sterile U
K / \ st U82 Us3 Us4 / \V4 )
Are sterile neutrinos a crazy idea ? W
Not a all:

ect 3 right-handed (,sterile”)
_saw mechanism

We exp
neutrinos from the sea
to create the light neutrino masses V4 V2V3

(v,) or two neutrinos (V4 Vs )

The only new thing is, that one
GeV but are very light

do not have masses of 10%

_J/

Christian Weinheim
er
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e Summary of 1% lecture

WILHELMS-UNIVERSITAT
MONSTER

There is compelling evidence on all astrophysical scales

(rotation curve of galaxies, gravitational lensing, CMB, structure formation, ..)
for non-baryonic dark matter

5 times more than baryonic matter !

Possible candidates are many:

presently top candidates:

WIMPs (weakly interaction massive particle)
twice motivitated by WIMP miracle

very light axions

keV neutrinos
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