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THIS COURSE WILL ADDRESS

SOME GREAT (QUESTIONS

OF MODERN PHYSICS & ASTRONOMY:

WHAT IS THE MISSING MASS PROBLEM?
WHAT IS THE DARK MATTER?
IS IT NECESSARY TO MODIFY THE LAW OF GRAVITY?

AND OFFER A MULTIPLICITY OF ANSWERS,
OF WHICH AT MOST ONE CAN BE CORRECT.

FIRST WE WILL COVER THE EMPIRICAL EVIDENCE THAT
INDICATES THE EXISTENCE OF MASS DISCREPANCIES
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BULLETIN OF THE ASTRONOMICAIL INSTITUTES

OF THE NETHERLANDS.

1932 August 17 Volume VI. No. 238.

COMMUNICATION FROM THE OBSERVATORY AT LEIDEN.

The force exerted by the stellar system in the direction perpendicular to the galactic

plane and some related problems, by ¥%. /| Oor’.

Notations. | 4. From vaAN RHIJN's tables in Groniugen Publi-
g distance from the galactic plane, cation No. 38 the density distribution A (z) has been
g P y
Z velocity component perpendicular to the = computed for four intervals of visual absolute mag-

galactic plane, nitude (Table 13 and Figure 1). Figures 2 and 3 show
Z, the value of Z for 5 — o, log A (2) for A stars apd yellow giants, as derived by
/ modulus of a Gaussian component of the | LINDBLAD and PETERSSON.
distribution of Z (formula (5), p. 253), 5. With the aid of the data contained in the two
K (z) the acceleration in the direction of z, preceding sections I have computed the accelera.txon
A the star-density K (z) between £z — 0 and z = 6c0. The computations
. the distance of ,a star from the sun were made by successive approximations; the B stars
@ 1) th ber of st bi l’)ct ' were eliminated first. The results are in Table 14 and
( ”c i eg 0' ; ars per cubic parsec between Figure 4, K"(z) giving the values finally adopted. The
4 ;h —3 ;n ';. t: 3 p betw good agreement between the practically independent
() em;m ecrlo s+r: per square degree DEIWEEN | yalues of A '(z) derived from the separate absolute
m - & and m ,

&

)

magnitude groups is a strong argument in favour of
the approximate correctness of the data up to z = 400.
The result may be summarized by stating that the
absolute value of A'(z) increases proportionally with
 z from 2 = 0 to £ = 200; between z == 200 and 5 = §00
it remains practically constant and equal to 3"2.10°°

galactic latitude, |
distance to the axis of rotation of the galactic |
system, ]
d log Afdw.

Summary of the different sections. cm/sec’.
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Galaxy Cluster Zwicky 1933, 1937

3 distinct measures: velocity dispersion, gravitational lensing,
and hydrostatic equilibrium of X-ray gas
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Large Scale Structure
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0.5

0, flat ACDM

1+2z

Coincidence/flatness problem:
why is the density parameter of order unity!?
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Pruning the tree

Baryonic Dark Matter

Many candidates:
brown dwarfs
Jupiters
very faint stars
very cold molecular gas

warm (~IO5 K) ionized gas

Can usually figure out a way to detect
them: most have been ruled out.



Pruning the tree

Hot Dark Matter (HDM)

Obvious candidate:
neutrinos

neutrinos got mass!...
...but not enough.

Also

- neutrinos suppress structure formation
- can’t crowd together closely enough
(phase space constraint)



Pruning the tree

Cold Dark Matter (CDM)

Some new particle, usually assumed to be
WIMPs (Weakly |nteracting Massive Particle)
don’t interact electromagnetically, so very dark.
Two big motivations:

|) total mass outweighs normal mass from BBN

2) needed to grow cosmic structure
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(2)  There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless
there is a component of mass independent of photons.

t=38x10°yr t=1.4x100yr

very smooth: dp/p ~ 10~ very lumpy: 0p/p ~ |

These considerations made CDM the dominant paradgim



Only requirement to be CDM is

- dynamically cold (slow moving)
- non-baryonic (no E&M interactions)

could be
WIMPS
(or some other particle)
or
Black Holes
(masses of ~ 10> Mg conceivable)

WIMPs are considered the odds-on favorite CDM
candidate because of the so-called "WIMP miracle’:
the relic density of a new weakly interacting

particle is about right to explain the mass density.
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THE WIMP MIRACLE

x=m/T (Lime =)

In the very early universe

 Assume a new (heavy) particle X'is
initially in thermal equilibrium

* Its relic density is

| 1 m2 X q
Ay X — ~ —+ |
<(~Tll~ "’> (/ N X a

* my~ 100 GeV, g, ~ 0.6 2 Q, ~ 0.1

« Remarkable coincidence: particle physics independently
predicts particles with the right density to be dark matter

IF the predicted new particles exist



Lots of particle candidates for CDM:

WIMPs
Axions

Light dark matter
wimpzillas
etc.

Can imagine other candidates as well:

Warm DM
Self-interacting DM
etc.
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Indeed, the list of candidates
continues to grow
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Reparity NMSSM
MSSM Reparity

Ok Photon \ |

Force Carriers

Extra Dimensions

Solitenic DM

Sterile Neutrinos Warped Extra

Dimensions

Little Higgs

QCD Axions

Axion-like Partcles

Lictdest Higgs

“Graphical representation of the (incomplete) landscape of candidates.” (arXiv:1310.8642)



