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“THE WORLD IS FULL OF THINGS WHICH
NOBODY BY ANY CHANCE EVER
OBSERVES.”
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around the Sun
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Measure the speeds = Determine the mass
of stars of their galaxy
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FRITZ ZWICKY

=Swiss astronomer (emigrated to the US in
1925)

=Major accomplishments include:

-First to realize that supernovae were the
result of a star transitioning into a neutron
star (coined the term supernova in 1934)

-Proposed using supernovae as standard
candles to measure cosmological distances

-Proposed the use of galaxy clusters as
gravitational lenses

-ldentified the presence of missing matter
(dark matter) in the Coma cluster
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THE COMA CLUSTER

=Cluster of at least ~1000 galaxies

*About 100 Mpc (325,000,000 light years)
distant

*In 1933, Zwicky studied the motions of
these galaxies (using the virial theorem) to

determine the average mass of the galaxies [l

within the cluster
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THE COMA CLUSTER

=Cluster of at least ~1000 galaxies

*About 100 Mpc (325,000,000 light years)
distant

*In 1933, Zwicky studied the motions of

these galaxies (using the virial theorem) to
determine the average mass of the galaxies K
within the cluster: '

M > 9 X 108 gr = 4.5 X 10 Mo.

which, he pointed out, was...

somewhat unexpected, in view of the fact that the luminosity of an
average nebula is equal to that of about 8.5 X 107 suns. According

= Mass-to-light ratio of ~500

(per mass, 1/500th as luminous as the sun)
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THE COMA CLUSTER

*How might this be explained?

1) Stars are different (less luminous) in the
Coma cluster than in our galaxy

2) Coma cluster is not in equilibrium
(galaxies are in the process of flying :

3) The laws of physics are different in the
Coma cluster than in our galaxy

4) The vast majority of the Coma cluster’s .
mass is in non-luminous material (dark matter)

=To discriminate between these various possibilities, it would be necessary
to study other clusters and see if they too had large mass-to-light ratios
(Sinclair Smith, in 1936, found similar results for the Virgo cluster)

=Qver time, options 1, 2 and 3 would become increasingly untenable

Friday, September 24, 2010 12



VERA RUBIN

=American astronomer

=Between roughly 1950 and 1980, carried out
many of the most detailed and influentia
studies of the dy

*In particular, she published a key paper in

(with W.K. Ford) on the motions of stars

the Andromeda galaxy, revealing a large g -
mass-to-light ratio N o=

)

=By 1980 or so, the conclusion that galaxies and clustés of glaxes were
much more massive than their luminosities would suggest had become
broadly accepted among astronomers
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Most of the mass is invisible!
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THREE POSSIBILITIES

1) Galaxies are mostly made up of very non-luminous objects  (blac
holes, neutron stars, white dwarf stars, large planets, etc.)
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THREE POSSIBILITIES

1) Galaxies are mostly made up of very non-luminous objects  (blac
holes, neutron stars, white dwarf stars, large planets, etc.)

2) Gravity does not work in galaxies and clusters the way in doe
on Earth or in our Solar System
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THREE POSSIBILITIES

1) Galaxies are mostly made up of very non-luminous objects  (blac
holes, neutron stars, white dwarf stars, large planets, etc.)

2) Gravity does not work in galaxies and clusters the way in doe
on Earth or in our Solar System

3) The missing mass consists of some other form of matter
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FAINT STARS

*WWhen most (~97%, including the Sun) stars run out of nuclear fuel, they
compress into objects about the size of the Earth - white dwarfs

\White dwarfs become fainter as they age; most are 20% to 0.03% as
luminous as the Sun

*\WWhen massive stars (~3%) run out of fuel, they explode as supernovae,
leaving behind either a neutron star or a black hole

*Neutron stars are objects made up almost entirely
neutrons (few protons, electrons); they consist

a solar mass worth of material within a radius
kKilometers

*Black holes are remnants of stars so massive
they collapse to a single point of space, with
density; nothing (including light) can escape
gravitational pull
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“SEEING” BLACK HOLES

Black Hole Companion Star GRO J1655-40
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Accretion disk

Companion
o Star

\

NASA, ESA.and F.Mirabel (CEA)
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“SEEING” BLACK HOLES

DISTANY QBJECT
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DISTANT
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ob~--"""" DEFLECTING OBJECT
(MACHO)

Massive objects can be detected as gravitational lenses,

even if they are themselves non-luminous

Friday, September 24, 2010

24




*
Ground = CTIO
April 28, 1996
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HST « WFPC2

Ground = CTIO
November 15, 1996
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Microlens Event MACHO-96-BLG-5 HST « WFPC2
NASA and D. Bennett (Notre Dame University) « STScI-PRC00-03

Caused by a black hole six times more massive than the Sun
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SEARCHES FOR DARK MATTER WITH
GRAVITATIONAL MICROLENSING

=Although microlensing searches have found some faint and compact
objects, they seem to be far too rare to make up much of the missing
matter

10
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SEARCHES FOR DARK MATTER WITH
GRAVITATIONAL MICROLENSING

=Although microlensing searches have found some faint and compact
objects, they seem to be far too rare to make up much of the missing

matter

\Whatever the dark matter is,
does not consist of objects

masses between about
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THREE POSSIBILITIES

1) Galaxies are m up of v iInous objects  (blac
holes, neutron s tterawarf stars, nets, etc.)

2) Gravity does not work in galaxies and clusters the way in doe
on Earth or in our Solar System

3) The missing mass consists of some other form of matter

28
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Modified Newtonian Dynamics
(MOND)

*Begin by modifying Newtonian dynamics as follows:

F = ma — F = ma x ula)

where u =1, except at small
accelerations, at 4 = a/aq

=For a circular orbit,

GMm
F =

T‘IE

— maj

M33 rotation curve

Which in the low-acceleration limit yields:

vVGMag v2

a= = — v = (GMag)'*

r r \
Rotational velocity independent of
galactic radius (flat rotation curve)
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Modified Newtonian Dynamics
(MOND)

*MOND has been quite successful in explaining galactic
dynamics of galaxies, and provides an explanation for the

Tully-Fisher relationship

*Galaxy clusters have been less well described by MOND
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THREE POSSIBILITIES
1) Galaxies are m up of v Inous objects  (black
holes, neutron s tterawarf stars, nets, etc.)
2) Gravity doe In galaxies and way in does
on Earth or in our So

3) The missing mass consists of some other form of matter
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PROPERTIES OF DARK MATTER

1) Not made of baryons (protons, neutrons)
2) Comes in “small” pieces (relative to stars, planets)
3) Does not significantly emit, reflect, or absorb light (electrically neutral)

4) Stable
5) Massive
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PROPERTIES OF DARK MATTER

1) Not made of baryons (protons, neutrons)
2) Comes in “small” pieces (relative to stars, planets)
3) Does not significantly emit, reflect, or absorb light (electrically neutral)

4) Stable
5) Massive

Instead of faint stars, re-imagine the dark matter
as a gas of weakly interacting particles
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PROPERTIES OF DARK MATTER

1) Not made of baryons (protons, neutrons)
2) Comes in “small” pieces (relative to stars, planets)
3) Does not significantly emit, reflect, or absorb light (electrically neutral)

4) Stable
5) Massive

Massive Astrophysical Halo Objects

(MACHOs)

Instead o@g@e-imagine the dark matter
as a gas of weakly interacting particles
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PROPERTIES OF DARK MATTER

1) Not made of baryons (protons, neutrons)
2) Comes in “small” pieces (relative to stars, planets)
3) Does not significantly emit, reflect, or absorb light (electrically neutral)

4) Stable
5) Massive

Massive Astrophysical Halo Objects
(MACHOs)

Instead o@é@e-imagine the dark matter
as a gas of weakly interacting particles

Weakly Interacting Massive Particles
(WIMPs)
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But what are the WIMPs?
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WIMPs

i Weakly Interacting Massive Particles

“There are known ELEMENTARY

particles with most of PARTICLES
the properties required

of WIMPs, called
neutrinos

*But neutrinos are too
light and quick moving
to make up the dark
matter

1 I I

of Matter
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How to search for WIMPs?

1) Go deep underground and wait for WIMPs
to hit your detector

A
b
\  WIMPs and Neutrons
\\ scatter from the
\ Atomic Nuclés

J
® |\ Photons and Electrons
[ scatter from the
Atomic Electrons

The Soudan Mine
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How to search for WIMPs?

2) Use “telescopes” to look for energetic
particles that are produced when dark matter
particles annihilate

Friday, September 24, 2010

40




How to search for WIMPs?

3) Create it using a particle accelerator

The Fermilab Tevatron
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DARK MATTER IN THE 21ST CENTURY
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DARK MATTER IN THE 21ST CENTURY

=Dark matter’s nature remains a mystery
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DARK MATTER IN THE 21ST CENTURY

=Dark matter’s nature remains a mystery
=Astrophysicists see its imprint in many different ways:
-Gravitation lensing of clusters
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DARK MATTER IN THE 21ST CENTURY

=Dark matter’s nature remains a mystery
=Astrophysicists see its imprint in many different ways:
-Gravitation lensing of clusters
-The cosmic microwave background radiation
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DARK MATTER IN THE 21sST CENTURY

=Dark matter’s nature remains a mystery
=Astrophysicists see its imprint in many different ways:
-Gravitation lensing of clusters
-The cosmic microwave background radiation
-The large scale structure of our universe
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DARK MATTER IN THE 21ST CENTURY

=Dark matter’s nature remains a mystery
=Astrophysicists see its imprint in many different ways

*The WIMP-paradigm for dark matter has held up to much
scrutiny, but what WIMPs actually are remains to be discovered
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