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Physical Constants for Cosmology



Some Dark Matter Candidates
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A three-neutrino squared-
mass spectrum that accounts 
for the observed flavor 
changes of solar, reactor, 
atmospheric, and long-
baseline accelerator neutrinos. 
The νe fraction of each mass 
eigenstate is crosshatched, 
the νμ fraction is indicated by 
right-leaning hatching, and the 
ντ fraction by left-leaning 
hatching.  From B. Kaiser,
http://pdg.lbl.gov/2007/reviews/

numixrpp.pdf 
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Fluxes of 8B solar neutrinos, 
φ(νe),and φ(νμ or τ ), 
deduced from the SNOʼs 
charged current (CC), νe  
elastic scattering (ES), and 
neutral-current (NC) results 
for the salt phase 
measurement. The Super-
Kamiokande ES flux and the 
BS05(OP) standard solar 
model prediction are also 
shown. The bands represent 
the 1σ error. The contours 
show the 68%, 95%, and 
99% joint probability for φ(νe) 
and φ(νμ or τ ). 

[From PDG 2005 review by 
K. Nakamura.]

Sudbury Neutrino Observatory 
Confirms Solar Neutrinos Oscillate

n → p e- νmust happen twice per 4He, and then ~1/3 of 
the electron antineutrinos oscillate to mu or tau neutrinos 
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Update of the global neutrino oscillation contours given by the 
SNO Collaboration assuming that the 8B neutrino flux is free 
and the hep neutrino flux is fixed. (a) Solar global analysis. (b) 
Solar global + KamLAND.  [From PDG 2005 review by K. 
Nakamura.]

Δm12
2 = 8x10-5 eV2 ⇒ m2 ≥ 9x10-3 eV



Whatever Happened to Hot Dark Matter?
In ~1980, when purely baryonic adiabatic fluctuations were ruled out by the 
improving upper limits on CMB anisotropies, theorists led by Zel’dovich turned to 
what we now call the HDM scenario, with light neutrinos making up most of the 
dark matter.  However, in this scheme the fluctuations on small scales are damped 
by relativistic motion (“free streaming”) of the neutrinos until T becomes less than 
mν, which occurs when the mass entering the horizon is about 1015 solar masses, 
the supercluster mass scale.  Thus superclusters would form first, and galaxies later 
by fragmentation.  This predicted a galaxy distribution much more inhomogeneous 
than observed.

HDM          Observed Galaxy Distribution         CDM
White 1986



Since 1984, the most successful structure formation scenarios have 
been those in which most of the matter is CDM.  With the COBE CMB 
data in 1992, two CDM variants appeared to be viable: ΛCDM with 
Ωm≈0.3, and Ωm=1Cold+Hot DM with Ων≈0.2. A potential problem 
with CHDM was that, like all Ωm=1 theories, it predicted rather late 
structure formation.  A potential problem with ΛCDM was that the 
correlation function of the dark matter was higher around 1 Mpc than 
the power-law ξgg(r)= (r/r0)-1.8 observed for galaxies, so “scale-
dependent anti-biasing” was required (Klypin, Primack, & Holtzman 
1996, Jenkins et al. 1998).  When better ΛCDM simulations could 
resolve halos that could host galaxies, they were found to have the same 
correlations as observed for galaxies.

By 1998, the evidence of early galaxy and cluster formation and the 
increasing evidence that Ωm≈0.3 had doomed CHDM.  But now we also 
know from neutrino oscillations that neutrinos have mass.  The upper 
limit from cosmology is Ωνh2  < 0.002, corresponding to mν < 0.17 eV 
(95% CL) for the most massive neutrino (Seljak et al. 2006).



Outline of Next 
Few Lectures

1. growth of structure: CDM 
2. dark halos: collapse & mergers
3. luminous galaxies in dark halos 
4. puzzles in galaxy formation



Late Cosmological Epochs
recombination 
last scattering

380 kyr   z~1000

180 Myr   z~20

13.7 Gyr   z=0 

dark ages

first stars 
reionization

galaxy formation

today



Gravitational instability

small-amplitude fluctuations:

0

gravitational instability:

void

galaxy          cluster



CDM Structure Formation: Linear Theory

Primack & Blumenthal 1983

outside horizon
inside horizon

Blumenthal, Faber, Primack, & Rees 1984

Matter fluctuations that enter the horizon 
during the radiation dominated era, with 
masses less than about 1015     , grow only 
∝ log a, because they are not in the 
gravitationally dominant component.  But 
matter fluctuations that enter the horizon in 
the matter-dominated era grow ∝ a.  This 
explains the characteristic shape of the CDM 
fluctuation spectrum, with δ(k) ∝ k -n/2-2 log k  

Cluster and smaller-scale 
ν fluctuations damp 
because of “free-streaming”

for k>>keq.



GROWTH OF THE SCALE FACTOR a(t) = R(t)



Primack, 1984 Varenna Summer School Lectures



Primack, 1984 Varenna 
Summer School Lectures
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FLUCTUATIONS: LINEAR THEORY

“TOP HAT” MODEL

GROWING MODE


