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Le Verrier 1846:   discovery of Neptune
        Mercury?

Reconciliation of observations with 
Newtonian dynamics

Zwicky 1933:  Coma cluster of galaxies (8 members)
(Acta Helvetica Physica)

Smith 1936: Virgo cluster (30 members) M/L > 100

Zwicky (1937):   Coma M/L ! 500 ApJ

Not virialized? Individual galaxies or IGM?



Babcock M31 RC: M/L increases from 20 to 60!

dust or modification of Newton’s law

WW II

Schwarzschild 1954: New M31 rc by Mayall.  Is M/L constant in 
galaxy?  Does mass trace light?



Schwarzschild   1954 

M/L = 16



Elliptical galxies:   M32 perturbs M31 ! M/L " 200

stellar populations?

Then clusters not so bad

“bewilderingly high M/L must be considered as 
very uncertain since mass and particularly 

luminosity of the Coma cluster are still poorly 
determined”

Santa Barabara 1961 (Ambarsumian)



Oort:  mapping the Galaxy in HI (1950’s)

M/L constant?  Not observable in MW.

Back to M31:   van de Hulst, Raimond, van Woerden

First 21 cm line rc of an external galaxy

Dwingeloo (1957)

rc   “ is on the order of 200-250 km/s throughout this 
region (beyond one degree) and does not strongly
decrease with increasing distance from the center.”



1.   Model fit to M31 HI rc
         2.   Schwarzschild curve for M31



Other Developments.....

Kurth (Bern 1950, ZfAp):
kinematics of gc’s.  Mass of MW was

3 times larger at 30 kpc than at 10 kpc

Kahn & Woltjer (1959):  M31 approaching MW.

→
Mass of 2 galaxies 10 times 
larger than in stars. (IGM?)

Oort (1960) 2 or 3 times more mass in galactic 
plane



Finzi (1963):

A real mass discrepancy in astronomical 
systems which grows with scale.

1.  MW:  mass is 3 times larger 3 times further away.

 2.  M31 beyond optical disk, rc decreases much more
slowly if M/L = constant.

3. Clusters require M/L > 100                         



What about clusters?

Hot gas?  Cools too rapidly.

Intergalactic stars?  Very different mass function.

Neutral gas?  Ruled out by 21 cm obs. < 1012M!

Solid particles?  heavy elements small fraction 
of Universe

Different law of gravity! f ! 1/r 1.5



Disk stability

Hohl 1971



Ostriker and Peebles 1972

Rotationally supported systems are unstable!

T + 2U = 0virial theorem:

T = Trot + Tran

r = Tran/(! U )t = Trot / (−U)

t + r = 1 / 2

t > 0.14when Unstable!



Numerical experiments with rigid halos



At the same time-- rotation curves being observed in HI

Shostak at Owens Valley (1973)



v2/r = GM (r )/r 2

M (r ) =
r v 2

G

M (r ) ! r ! ! ! 1/r

I = I 0 e−r/h

Gravitational force provides 
centripetal acceleration:

But

Galaxies become darker in outer regions!



Bosma WRST (1978): 25 galaxies



Rubin et al. 1980:  optical rc’s of bright Sc galaxies



But, Kalnajs (1983) rc’s assuming light traces mass.

No dark matter!?



Kent (1986): light traces mass for Rubin Sc galaxies



van Albada & Sancisi: the maximum disk
DM necessary  beyond the bright disk.

(No evidence from optical rotation curves)



The case becomes overwhelming-- NGC 3198
van Albada, Begeman, Sancisi, Bahcall (1986)

(a conspiracy?)



LSB galaxies:

Maximum disk requires dm 
within optical image.

Discrepancy within visible
disk is larger for LSB 

galaxies

as surface brightness increases,
max. disk works better.

Broeils 
1992



UGC 7524:

D = 2.5 Mpc, M/L = 1.6

(Swaters 1999)

Dwarf, LSB galaxy.

Concentration of light 
and gas 1.5<R<2 É

Corresponding feature
In Newtonian and 
TOTAL rotation curves.

(largely from stars)



RenzoÕs law:

Dark Matter?  

Seems un-natural

Distribution of baryons determines the distribution of dark matter--
                                  Halo with structure.

Dark matter and baryons two very different fluids



RenzoÕs law:

For every feature in the surface brightness distribution
(or gas surface density distribution) there is a corresponding
feature in the observed rotation curve (and vice versa).

Dark Matter?  

Seems un-natural

Distribution of baryons determines the distribution of dark matter--
                                  Halo with structure.

Dark matter and baryons two very different fluids



Clusters revisited:  Hot X-ray emitting gas  
(more than 2x more mass than stars).

dp

dr
= ! ! gn

p = !" 2

M ! ! 2r
G

5 or 6 X more dm than 
baryonic mass



The bullet: a proof of dm?

dissipationless matter



What is the dark matter?

1. Low mass stars ( (ir glow around galaxies)

2. Failed stars or planets (machos)             -

3. Dead stars (white dwarfs, neutron stars) -
(also machos-- abundances?)

4.  Opaque gas, molecules  (detectable?)    -          

All baryonic!



Cosmological dark matter
The growth of structure:  small density fluctuations 

grow if their scale is larger than Jeans length.

λJ ! cs/
√

ρG cs !
!

kT/m p

In static medium: !" / " ! et/t c

In expanding medium: !" / " ! t2/ 3 (! 0 = 1)

! a(t) = 1 / (1 + z)

If !" / " = 1 now (z=0), then                     at z = 1000δρ/ ρ = 10! 3



Before z=1000 (T= 4000 K) hydrogen ionized-- 
baryons and photons coupled as single fluid.

! cs " c (
√

! G ! H) ! J ! c/H

Jeans length is horizon at that epoch--- no collapse before 
decoupling (z=1000).

!" / " ≈ 10−3 →, ∆T/T ≈ 10−4 − 10−3

But--- ! T /T ! 10! 5 Observed.

Pure baryonic fluid cannot collapse to form structure.



Non-baryonic dark matter!
Does not couple to photons-- can begin collapse before 

decoupling.

Bond and Efstathiou 1983



What could it be?

Must be electrically neutral, abundant and non-interacting.

Neutrinos perhaps. nν ! nph ! 130 cm! 3

if 

for each type

mν = 15 eV ! ν ! 1

Hot dark matter-- relativistic when decouples.

T = 1 ! 2 MeV Free streams to horizon



16 eV neutrinos become non-relativistic when T=16 eV

z = 105 → M H ≈ 1015M !

All structure on smaller scale is erased!

! top down structure formation.
Large structure forms first.

Galaxies form too late:  z= 2

Now we know m! < 2.2 eV



Cold dark matter:  Non relativistic when decouples.

No standard model particles fit the bill.

Supersymmetry
beyond the SM.

Every spin half integral spin particle has a integral spin 
partner and vice versa.

photon-- photino     graviton-- gravatino    quark--squark
neutrino-- sneutrino



SUSY doubles the number of particles
(but most are unstable).

Lowest mass supersymmetric partner-- stable

Neutralino:  superposition of photino, gravitino, higgsino

Hypothetical but well motivated.
M x ! 10" 1000 GeV

Becomes non-relativistic at this temperature.
Fully decouples at 

t ! 10! 9 s
0.1Mx (cold)

After decoupling LSP and anti-LSP annihilate until
rate=H (expansion rate).

! X ! 0.1 " 1Reasonable cross-section

(WIMP)



Experimental search:  Nuclear recoils

Cryogenic dm search-- Soudan mine
cdms



But-- DAMA-- seeing the WIMP wind

Annual modulation with right phase.

Scintillation NaI crystals; spin dependent



Indirect detection:  looking for annihilations.
Must be where WIMPS are dense (GC, dwarf galaxies)

1.  gamma ray excess, high energy ann. line (100 GeV)
(fermi satellite)

2.  positron-electron excess at high energies
(ATIC, PAMELA)

must be local
Standard LSP does not ann. to 

leptons



High energy neutrinos from sun (and earth).

Antares neutrino telescope

flux of neutrinos through sun
some are captured.

Density increases until 
ann. rate = capture rate

neutrinos are only decay products
that make it out



Bottom line:

Nothing seen yet.  No independent observation of
dark matter (discounting DAMA).

a lot of physicists willing to spend their careers looking 
for dm


