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the Electron
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1911

Discovery of
the Nucleus

Pirsa: 13070032



1911

Discovery of
the Nucleus

Pirsa: 13070032



Ernest Rutherford
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1913

Niels Bohr

(here chilling out with Einstein)
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1913

The Bohr Model of the Atom

n=3

Niels Bohr

(here chilling out with Einstein)
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1913

The Bohr Model of the Atom

n=3

n=1 *©
b AE = hv
+7¢e
Niels Bohr Quantum theory explains the

(here chilling out with Einstein) sta blllty of matter!
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Particle Physics & Quantum Field Theory

In the past 100 vyears, the Standard Model of
particle physics was slowly discovered.
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In 2012

I—Iiggs B‘oson

Pirsa: 13070032 Page 14/80




Particle Physics & Quantum Field Theory

In the past 100 years, the Standard Model of
particle physics was slowly discovered.

(In 2012)
Higgs Boson
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Over the past 50 yvears QFT has established
itself as the dominant paradigm of describing
manv-body quantum systems. Both on a
conceptual level as well as a calculational
tool. QFT has emerged triumphant.
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Niels Bohr

(here chilling out with Einstein)
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Quantum theory explains the
stability of matter!
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Atomic Barcode

Bohr's revolutionary proposal
lead to one clear consequence,
atoms are characterized by their
emission and absorption lines,
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Atomic Barcode

n=3
Bohr's revolutionary proposal
lead to one clear consequence, n=2
atoms are characterized by their AU
- o - o — “AN\J f\ —4
emission and absorption lines, n=! v VN
+Ze

I

700
] 238
Uranium U

Pirsa: 13070032 Page 22/80



What 1s the Sun Made Of?
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1sible Universe made
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Matter

Matter as we know 1t 1s made out of particles which are charged.
No matter how you put them. they will show up in the
electromagnetic spectrum somewhere.
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Doppler Effect

Maybe counter intuitivel
just about anything el
mechanics.

vy, velocities are much easier to measure than
se¢ via the Doppler effect and quantum
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Velocity Measurements

Atoms emit radiation 1n very particular frequencies. Assuming that
atoms are the same everywhere, we can compare the spectrum of the
Sun to any other spectra observed in the sky.

Absorption Lines from our Sun

http://stokes.byu.edu/redshift.html
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Velocity Measurements

Atoms emit radiation 1n very particular frequencies. Assuming that
atoms are the same everywhere, we can compare the spectrum of the
Sun to any other spectra observed in the sky.

Absorption Lines from our Sun

Absorption Lifes fy§n a supergluster of ghlaxies, BASI1 |
v=0.07¢c, d Yl yon light \gars

http://stokes.byu.edu/redshift.html
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Rotation Curves
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Rotation Curves

v (km/s
z-A( m/s)




Mechanics

One of the greatest triumphs of the human mind 1s our theory of how
and why things move.

— 77l A
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Expectations




expected

R (kpc)

M33 rotation curve
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observed
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M33 rotation
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Dark Matter

The easiest thing to imagine 1s that we are simply missing some
matter. It 1s called dark because we have so far failed to see 1t
anywhere 1n the electromagnetic spectrum.

Abell 2199

DSS (Optical)

-
O thousand hght years
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Dark Matter

The easiest thing to imagine 1s that we are simply missing some
matter. It 1s called dark because we have so far failed to see 1t
anywhere 1n the electromagnetic spectrum.

Abell 2199

Chandra (X-ray)
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200,000 light yews
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Is 1t really matter?
Majbe coe are 5_,___~~—QKJ\[)7TL

r2 e _
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Is 1t really matter?
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Is 1t really matter?
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Is 1t really matter?
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Is 1t really matter?

M. Milgrom proposed Modified
Newtonian Dynamics as a way to
explain the anomalous rotation
curves. With J. Bekenstein  they
devised a relativistic version. S.
McGaugh completed a large
catalogue of galaxies where
MOND works extremely well.
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Pros

e Works extremely well
on galactic level.

e Shape of rotation

e Predicted baryonic
Fisher-Tulley relation.
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Is 1t really matter?
Pros

e Works extremely well
on galactic level.

e Shape of rotation
curves.

e Predicted barvonic
Fisher-Tulley relation.

L ONsS

e Difficult to explain
lensing (although
possible)

e Does not work on
large scales.

« CMB

e Bullet cluster
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Is 1t a new particle?

Could 1t be black holes? Could 1t be hot 1onized gas? Does 1t really
have to be a new fundamental particle?

Possibly, but the Wilkinson Microwave Anisotropy Probe (WMAP)
says
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Is 1t a new particle?

Could 1t be black holes? Could 1t be hot 1onized gas? Does 1t really
have to be a new fundamental particle?

Possibly, but the Wilkinson Microwave Anisotropy Probe (WMAP)
says

Pb — 0.87 x 10—27 kg/1n3 Pdm — 4.3 % 10_27 kg/1n3
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py, = 0.87 x 10 %7 kg/m>

Pdm — 4.3 < 10 27 kf—'./lll:‘

A snapshot of the universe
as 1t was 100,000 years
after the Big-Bang.

What kind of object i1s as old as the universe?

How can 1t stay dark?

How can there be so much of 1t?

Fundamental particles do it for breakfast
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How much of it near the Earth?

In order to be gravitationally stable. our galaxy must be immersed 1n
a large dark matter halo. We know almost nothing about 1it. However,
we do know the mass density,

PDM = D X ].0_"“2 ke /111
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How much of it near the Earth?

In order to be gravitationally stable. our galaxy must be immersed 1n
a large dark matter halo. We know almost nothing about 1it. However,
we do know the mass density,

_‘)" «
poM = 5 x 107%% kg/m”

pan = 1.2 kg/m?

Pirsa: 13070032 Page 62/80



Pirsa: 13070032 Page 63/80



Can We Test this Idea?

Bullet Cluster WMAP

Pirsa: 13070032 Page 64/80



Can We Test this Idea?

Bullet Cluster WMAP Direct Production
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Can We Test this Idea?

Bullet Cluster WMAP Direct Production
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Is there an anti-Dark Matter?

If there 1s so much Dark Matter in the galaxy
then maybe we can see it annihilate, after all we
see normal matter annihilate (511 keV line).
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Is there an anti-particle?

One of the best ways of observing such annihilations i1s with particle
detectors 1n space.
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One of the best ways of observing such annihilations i1s with particle
detectors 1n space.
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Is 1t a single species?

Whatever DM 1s composed of doesn’t have to be a single entity. Even
neutrinos come in three flavors. Could be composed of a variety of
things.

------
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Is 1t a single species?
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Is 1t a single species?

Whatever DM i1s composed of doesn’t have to be a single entity. Even
neutrinos come in three flavors. Could be composed of a variety of
things.

ELEMENTARY
PARTICLES

Can be sensitive to many
type of interactions.

Dark Matter
¢ntering target

.k __,/ -

\érk Matter leaves

- Nuclear recoil event -

Force Carriers

‘‘‘‘‘‘
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Can we produce Dark Matter?

Is there a way to produce dark matter? How do we tell that we
produced dark matter since we cannot interact with 1t?

Pirsa: 13070032 Page 76/80



Can we produce Dark Matter?

Is there a way to produce dark matter? How do we tell that we
produced dark matter since we cannot interact with 1t?

Pirsa: 13070032 Page 77/80



Can we produce Dark Matter?

Is there a way to produce dark matter? How do we tell that we
produced dark matter since we cannot interact with 1t?

Pirsa: 13070032 Page 78/80



Can we produce Dark Matter?

Is there a way to produce dark matter? How do we tell that we
produced dark matter since we cannot interact with 1t?

mono-photon
mono-jet

SCATLAS

P EXPERIMENT
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A Strange Picture

Quantum

— -/ | Field
S —— Theory

The Bolr “oded

irsa: 13070032 Page 80/80



