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THE UNIVERSE'’S
MATTER BUDGET

Dark Matter

All Heavier Elements: Carbon, Oxygen, 0.14%
Silicon, Iron, Uranium ... :



e Efforts to Detect Dark Matter




EVIDENCE PART I:




EARLY EVIDENCE

®* Swiss Astronomer
is usually credited
with providing the first
indications of a large
component of
in the universe in two
papers in 1933 and 1937

Zwicky studied the

of galaxies in the
nearby of
galaxies




THE COMA CLUSTER

300 Million
lightyears
12 Million
lightyears
s 10 times bigger
B than the full moon on the sky
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The Coma cluster contains about one thousand nebulae. The aver- §

age mass of one of these nebulae is therefore

M > g X 108 gr=4.5 X 10° Mg. (36)

Inasmuch as we have introduced at every step of our argument in-
equalities which tend to depress the final value of the mass _#, the

foregoing value (36) should be considered as the lowest estimate for
the average mass of nebulae in the Coma cluster. This result is
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




“IF THIS RESULT IS CONFIRMED, WE
WOULD ARRIVE AT THE ASTONISHING
CONCLUSION THAT DARK MATTER IS
PRESENT IN COMA WITH A MUCH
GREATER DENSITY THAN LUMINOUS
MATTER.”

-ZWICKY 1933




EVIDENCE PART II:




RUBIN & FORD

e Rubin & Ford (1970) reported on the
“rotation curve” of the Andromeda galaxy
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ANDROMEDA

about 750 kpc (2.4 Million lightyears) distant
About the size of the Milky Way

12



(KM/SEC)

ROTATIONAL VELOCITY

ANDROMEDA

24 20 16 2 8 16 20 KPC 24
400} + -
300 | ‘ ; | + g -

Most Light, # ¢ ! 9 ,- +
200} > 95% ' ¢ ¢ T
oo} + :
¢
0
ool . Galaxy Center i
¢
T et X \+ ¢ 4 +
300} ’ ‘ +‘ ‘* ’+ + -
SW | NE
i;O IIOO 810 610 l:b 1:0 0 2;) h;) 610 810 !010 I;O

DISTANCE TO CENTER  (MINUTES OF ARC)

e Rubin & Ford’s Rotation Curve



DARK MATTER

Velocities: Observed vs.
Expected from Light

Rotation Curve of F571-8
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THE MATERIAL IN
GALAXIES MOVES TOO
FAST TO BE EXPLAINED
ONLY BY THE MASS
CONTAINED IN STARS
AND INTERSTELLAR GAS.
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EVIDENCE PART III:
LIGHT EEEMENT
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NUCLEOSYNTHESIS
(1964-2001)




Element/Isotope Made in...
Hydrogen Early Universe
| Oxygen _ Stars |

| Silicon 0.06% Stars |
e | by v
| Lithium 0.0000001% | Early Universe




HYDROGEN AND
HELIUM

* The Universe is 75% Hydrogen, 24% Helium, and
1% other stuff.

o0
o0
Helium (*He): 2 protons,
¢ 2
neutrons, very strongly
Hydrogen held together

(H): 1 proton



DEUTERIUM AND
LITHIUM

* The Universe contains trace amounts of
Deuterium and Lithium, which are destroyed
rather than procduced within stars

Lithium (“Li): 3 protons,
4 neutrons, loosely
bound together

Deuterium (D): Hydrogen
Isotope with one Proton
and one Neutron, loosely
bound together
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Cosmic Rewind

Cosmic . g A0
Dark Ages - . e

1 s.ec. to 20 min: 400,000 yr: 200 Million 13.7 Billion
Light Element CMB Years: First Years:
synthesis Produced Stars Today



SYNTHESIS OF THE

@ PrOTON

@nNEUTRON

O@ELECTRON

IN THE VERY EARLY UNIVERSE (T < 1 SECOND):

e DENSITIES ARE VERY HIGH & INTERACTIONS HAPPEN VERY
QUICKLY BECAUSE INTERACTION RATES INCREASE WITH
TEMPERATURE AND DENSITY

e THE WEAK INTERACTIONS INTERCONVERT PROTONS AND
NEUTRONS

e EQUILIBRIUM IS MAINTAINED WHILE INTERACTIONS ARE RAPID



NEUTRINOS

heutrino electron
® coti

neutron ‘ proto
electron

@ neutrino



proton

@
‘Xenon-142 electron

NEUTRINOS

neutron

. Uranium

neutrons ®

Strontium-90

@® clectron

® neutrinD




NEUTRINOS

® Electrically neutral, therefore:
¢ they do not interact with or emit light

® they are unnoticed by us under most
circumstances

® Interact via the Weak Nuclear Force only, so

e four light-years of solid lead (24 trillion
miles) would be required to have a 50% chance
of “catching” a neutrino.

® Much lighter than protons, neutrons, or
electrons so they move fast when produced



Neutron\>

Proton

@ ¥ 8

Helium-3 Helium-4

%/

Fusion processes like the above, allow larger nuclei to form
from the constituent protons and neutrons




SYNTHESIS OF THE LIGHT
NUCLEI

® The Universe expands, cools, and interactions “freeze out”

® Equilibrium is lost and residual neutrons are incorporated into
Deuterium, Helium, & Lithium by t=20 minutes
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SYNTHESIS OF THE LIGHT
NUCLEI

B o . ®
O
O ‘ Helium
. o o ¥
Deuterium
* @
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® The Universe expands, cools, and interactions “freeze out”

® Equilibrium is lost and residual neutrons are incorporated into
Deuterium, Helium, & Lithium by t=20 minutes




LIGHT ELEMENT/ISOTOPE
ABUNDANCES
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LIGHT ELEMENT/ISOTOPE
ABUNDANCES
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PRODUCTION OF LIGHT
ELEMENTS IN THE
EARLY UNIVERSE IS
CONSISTENT WITH
OBSERVATIONS, ONLY IF




THIS IS ALSO
ASTOUNDING BECAUSE
IT SAYS THAT WE KNOW

HOW ALL OF THE
ELEMENTS IN THE
UNIVERSE WERE
PRODUCED!
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EVIDENCE PART IV:
THE GROWTH OF

COSMIC STRUCTURE
(1970-2003)
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Cosmic Rewind

Cosmic . g A0
Dark Ages - . e

1 s.ec. to 20 min: 400,000 yr: 200 Million 13.7 Billion
Light Element CMB Years: First Years:
synthesis Produced Stars Today



IEW OF
THE Bl c BANG

t‘ OUR MILKY WAY GALAXY,

K AND UsS




THE UNIVERSE’S

BABY PICTURE

* Measured by the Wilkinson Microwave
Anisotropy Probe



THE UNIVERSE’S

1ICTOWave

M

Inson

ilk

* Measured by the W

Anisotropy Probe
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g, e s 1 GALAXIES IN OUR
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DARKEMATTER
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EVIDENCE PART V:
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DARK MATTER
CANDIDATES




NEUTRINOS

® Electrically neutral, therefore:
¢ they do not interact with or emit light

® they are unnoticed by us under most
circumstances

® Interact via the Weak Nuclear Force only, so

® Much lighter than protons, neutrons, or
electrons so they move fast when produced

® [ike dark matter in that they are, dark, but they
are much too light to be the dark matter!
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TOP TWO CANDIDATES

* Analogous te very heavy neutrinos

* Are natural parts of theories that were
developed to explain other

phenomena



TOP TWO CANDIDATES

* New particle invented to explain other
aspects ot the strong nuclear force.




DETECTING DARK
MATTER WITHOUT

GRAVITY
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DETECTING WIMPS







l‘l"‘tl'.’"li"'lia,k‘
JrP-l-h..bx.:-.;».:..b:-ry.p.»...-..q»:.:...., v
A B e a W e U e i ad B e e el i G R
rbl"-.llnrl'..lt?tllr.LB.L.sro..\
l‘((lki‘lll‘(flll!lstl,bt
-‘I)!’-J't’l.l'l}"urtt’lll’,
.lb!.hkl(bnbln\»t!(.t.‘»\»\-fsv.(.o.l.t.O.l.l..t

l[j‘j!"llrtr&"l{"‘.ﬁr{\!‘
Is.l 'o'nll‘.l('vl-l-l Fd VMVAVYAY & {4 vuv A /.

'(Ll\'.k.
‘.I'-L.;

N\.\..\!‘
-I;JII..J\

IQD‘D‘DQ 3

DEPOSITING HEAT
ON A CoOLD, SEMI-
CONDUCTOR
CRYSTAL







. . -

FRAE 1] ET -00001 01

-
i
L

R

1] ET -0000057

&

[ g ~
§8 o°

§S

- -\‘
g8 <°
SUSYDUTE Srwn o8 90 w01 00 111 ue 3 11101

T

~n e

1| ET 2998004




dark matter particles

GAMMA RAYS
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ICE CUBE NEUTRINO
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DETECTOR

ICE CUBE NEUTRINO
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ICE CUBE NEUTRINO
DETECTOR
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STATUS REPORT

* We are just achieving the technologies that
should be capable of seeing WIMP candidate
particles

* If dark matter is not a WIMP (an axion, say), the
search could continue for quite some time



