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matter via its gravitational properties?




Observations of Dark Matter

Remember from the first lecture - We can't
observe the dark side of the universe directly

Instead we have to understand how dark
matter will affect the parts of the universe we
can observe, and use this to search for signals
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First used observations of the Coma cluster to infer that most
of the matter was dark, so called 'dunkle materie'

Was widely known for crazy theories, and not widely believed

Also, was mostly wrong -- thought dark matter was 400x
more massive than luminous matter, actual answer is only 5x

Observations of Galaxies

;

§ Vera Rubin used observations of
stars in the Andromeda Galaxy to
infer the existence of extra mass

Dbservation of Extra Mass!




Galaxy Clusters
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First used observations of the Coma cluster to infer that most
of the matter was dark, so called 'dunkle materie'

Was widely known for crazy theories, and not widely believed

Also, was mostly wrong -- thought dark matter was 400x
more massive than luminous matter, actual answer is only 5x




Observations of Galaxies

| Vera Rubin used observations of
B stars in the Andromeda Galaxy to

l infer the existence of extra mass

" Observation of Extra Mass! ~ |




Observation of Extra Mass!

NGC 6503
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Gravitational Lensing

Gravitationally Lensed Object SDSS J1004+4112
(A—D : Gravitationally lensed images+of a backgroung quasar.) o
(amrows : Grivitationally lensed images of background galaxies.)
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Dark matter doesn't collide!

The gas gets stuck in the middle,
dark matter and stars move
right through

Bullet Cluster

Two large galaxy
clusters which are

colliding at over
1000 km/s




Large Scale Structure

P L Dark Matter explains how we
ko get from a very homogneous
|, state at the beginning of the

| universe to our present clump

of galaxy clusters, galaxies,

stars, and planets
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Gosmic Microwave Background

" What Can the CMB Tell Us?

Imprint of how dark
matter produced the
structure in our universe

Angular scale
0.5° 0.2°

WMAP
Acbar
Boomerang
CBlI

500 1000
Multipole moment 1



Parameter

Ho

What Can the CMB Tell Us?

Value
13.75 + 0.11 x 10° years
70.4f}:i km s~ Mpc™!
0.02260 + 0.00053
0.1123 + 0.0035
0.0456 + 0.0016
0.227 +0.014

0.72870 515

244110085 % 107, kg = 0.002Mpc™’
0.809 + 0.024

0.963 + 0.012

1090.89+0.53

3777303%83 years

0.087 +0.014

104 +1.2

Description
Age of the universe
Hubble constant
Physical baryon density
Physical dark matter density
Baryon density
Dark matter density
Dark energy density
Curvature fluctuation amplitude
Fluctuation amplitude at 8h~"Mpc
Scalar spectral index
Redshift at decoupling
Age at decoupling
Reionization optical depth

Redshift of reionization

Neutrinos
10%

Photons
15%

Atoms

12%
2 13.7 BILLION YEARS AGO

(Universe 380,000 years old)




Acoustic Oscillations and Dark Matter
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A Picture of Dark Matter




Dark Matter Candidates

Well - there is mass that we haven't
accounted for.

The only object we are really good at
finding is stars.

So what else.could the dark matter be?
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Gas and Dust

Cloud of gas

Source of
continuous
spectrum

(B) - "L

Continuous spectrum with dark lines
\ Yo

Continuous spectrum Bright line spectrum

The thing that is easy to see is stars = but they are actually a small part
of the universe's "visible" mass - more mass comes from gas and dust




Massive Compact Halo llhjects

Planets and black holes aren't bright either.

Maybe there are lots of them? ' :

6x as much dark matter as baryonic
matter - and stars are about 1000x
as heavy as Jupiter sized planets.

Maybe there are 6000 Jupiters for
every star?

Could do the same thing
with fewer black holes




- Modified Newtonian Dynamics

A

Mordechai Milgrom '

Let's take a step back and check whether we
are confident about our knowledge of
gravity?

MOND proposed a small change to the strength of
the gravitational force for very small accelerations

k (h Mpc-t)



Neutrinos

Known standard model particle that doesn't interact with the
electromagnetic force

But neutrinos do interact with the weak force

Proposed in the 1930 and discovered in 1956

—Why Neutrinos Can't be the DarloMatter — |

) S con [ uion | n]tlrinashhah 3 ¥ % s:ﬁ,?u}llch
3 — electron neutrino, muon AR e R
neutrino and tau neutrino L § el
M3t | : wells
0.320 + 0.081 eV/C2 (Sum Of 3 [Il:i.;] ". , : Temperature of Universe at CMB ~ 0.4 eV

flavors)!1[2I3]




[ COM [SSN. D | Neutrinos have a very light mass, much
& . smaller than the thermal energy of the

"+ early universe.
t . This means they are moving very rapidly,
*‘ o .. and can't fall into gravitational potential
M31) N wells

R | % - Temperature of Universe at CMB ~ 0.4 eV




New Physics

The last few slides have told us what properties our dark matter
particle has to have:

 Doesn't interact with the electromagnetic force
- Stable

- Not very massive

- Not very very light either -- need to be cold in the
relatively early universe

In the next lecture, we will discuss three types of
proposed particles which might fit these characteristics:
- Axions
- Sterile'Neutrinos
- WIMPs (Weakly Interacting Massive Particles)




Gravitational Tests of Dark Matter
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The Dark Matter Density Profile

While it is easy to calculate the density of
dark matter on large scales, it becomes
difficult on galactic scales, where
baryons are more important

This is of critical importance to understanding the possible signals
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Measuring the Local Dark Matter Density
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Where Do Baryons Fit In?

So far we've only talked about the
structure in our universe due to
dark matter and dark energy.

But there appears to be a lot of
structure right here, made out of

baryons

Baryons can cool via frictional forces - concentrating
densely into the center of a galaxy, dark matter cannot,
and stays on the outskirts of the galaxy
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Some evidence that the dark matter profile in

dwarf galaxies doesn't continue to increase like
NFW i



~ Dark Matter Substructure

E . L We have observed dark matter on
o , : ,‘ i galaxy scales, and on dwarf galaxy

. TalSR L scales.
But how small can substructure get?

Depends sensitively on the velocity of

‘ dark matter in the early universe, and
daley. on the couplings that a dark matter

" particle can have

—— This work
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