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Dark Matter 
n WIMP Abundance from Annihilation: The Weak Shall 

Dominate the Universe
n History of Dark Matter Observations
n History of Dark Matter Theories
n The Key to Cold Dark Matter
n The Dark Matter Rap
n How Galaxies Form in a ΛCDM Universe
n Searching for WIMPs: Direct Detection
n Searching for WIMPs: Indirect Detection
n WIMP Production at the LHC
n Warm Dark Matter - Sterile Neutrinos: Needed for Neutron 

Star Kicks? Seen?
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Dodelson, Modern Cosmology, p. 76

WIMP Dark Matter Annihilation

The weak shall inherit 
the universe!

The weaker 
the cross 
section, 
the earlier 
freezeout 
occurs, and 
the larger 
the resulting 
dark matter 
density.

thermal 
equilibrium

λ ≡ (Annihilation Rate)/(Expansion Rate)
   = m3⟨σv⟩/H(m) ≈ 105 for SUSY WIMPs
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Here xf ≈ 10 is the ratio of mX to the freezeout temperature Tf, and g*(mX) ≈ 100 is the 
density of states factor in the expression for the energy density of the universe when 
the temperature equals mX

The sum is over relativistic species i (see the graph of g*(T) on the next slide).  Note 
that more X’s survive, the weaker the cross section σ.  For Susy WIMPs the natural 
values are σ ~ 10-39 cm2, so ΩX ~ 1 naturally.  This is known as the WIMP miracle!

WIMP Dark Matter Annihilation
The abundance today of dark matter particles X of the WIMP variety is determined 
by their survival of annihilation in the early universe.   Supersymmetric neutralinos 
can annihilate with each other (and sometimes with other particles: “co-
annihilation”).  Dark matter annihilation follows the same pattern as the previous 
discussions: initially the abundance of dark matter particles X is given by the 
equilibrium Boltzmann exponential exp(-mX/T), but as they start to disappear they 
have trouble finding each other and eventually their number density freezes out.  
The freezeout process can be followed using the Boltzmann equation, as discussed 
in Kolb and Turner, Dodelson, Mukhanov, and other textbooks.  For a detailed 
discussion of Susy WIMPs, see the review article by Jungman, Kamionkowski, and 
Griest (1996).  The result is that the abundance today of WIMPs X is given in most 
cases by (Dodelson’s Eqs. 3.59-60; see also Perkins Eq. 7.18)
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A Brief History of Dark Matter

1980s - Most astronomers are convinced that dark matter exists 
around galaxies and clusters

1992 - COBE discovers CMB fluctuations as predicted by CDM; 
CHDM and ΛCDM are favored CDM variants

1930s - Discovery that cluster σV ~ 1000 km/s 
1970s - Discovery of flat galaxy rotation curves

1983-84 - Cold Dark Matter (CDM) theory proposed

1998 - SN Ia and other evidence of Dark Energy

2003-12 - WMAP, Planck, and LSS confirm ΛCDM predictions
~2014 - Discovery of dark matter particles??

2000 - ΛCDM is the Standard Cosmological Model

1980-84 - short life of Hot Dark Matter theory
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1937 ApJ 86, 217

This article also proposed measuring the masses of 
galaxies by gravitational lensing.

Fritz Zwicky
Mass/Light =
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1959 ApJ 130, 705
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1970 ApJ 159, 379

Triangles are HI data from 
Roberts & Whitehurst 1975

See Rubin’s “Reference Frame” in Dec 2006 Physics Today and her 
article, “A Brief History of Dark Matter,” in The dark universe: matter, 
energy and gravity, Proc. STScI Symposium 2001, ed. Mario Livio.
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 JERRY OSTRIKER  JIM PEEBLES
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1978 ApJ 219, 413
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ARAA 1979  
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Some steps toward cosmic structure formation
Many people thought the early universe was complex (e.g. 
mixmaster universe Misner, explosions Ostriker, …).  

But Zel’dovich assumed that it is fundamentally simple, with just 
a scale-free spectrum of adiabatic fluctuations of 
 (a) baryons
and when that failed [(ΔT/T)CMB < 10-4] and Moscow physicists 
thought they had discovered neutrino mass
 (b) hot dark matter.

Blumenthal and I  thought simplicity a good approach, but we 
tried other simple candidates for the dark matter, first
 (c) warm dark matter, and then, with Faber and Rees, 
 (d) cold dark matter, which moved sluggishly in the early 
universe.  
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1982 Nature 
300, 407

Zel’dovich

Shandarin
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1983 ApJ 274, L1

White Frenk Davis
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1982 PRL 48, 224

Heinz
Pagels

Joel
Primack
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1982 Nature 299, 37
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1982 ApJ 263, L1
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...

...

Blumenthal, Faber, Primack, & Rees 1984
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CDM
Spherical
Collapse

Model

Primack & Blumenthal 1983
based on CDM, cooling theory of 
Rees & Ostriker 1977, Silk 1977, 
Binney 1977 and baryonic 
dissipation within dark halos White 
& Rees 1978

Cooling curves

zero metallicity
solar metallicity
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CDM Structure Formation: Linear Theory

Primack & Blumenthal 1983, 
Primack Varenna Lectures 1984

outside horizon
inside horizon

Blumenthal, Faber, Primack, & Rees 1984

CDM 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”
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www.astronomy.ohio-state/~dhw/Silliness/silliness.html (1992)

*

*
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25

1,500,000 Light Years

100,000 Light Years

Milky Way Dark Matter Halo

Milky Way

Aquarius Simulation
Volker Springel
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1 Billion Light Years

Bolshoi Cosmological 
Simulation

NASA Ames Research Center
Anatoly Klypin & Joel Primack   

8.6x109 particles   1 kpc resolution
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ΛCDM:
hierarchical formation 
(small things form first)

“Downsizing”:
massive galaxies are old, star

formation moves to smaller galaxies

small structures

large structures

early

late

large galaxies

small galaxies

ΛCDM vs. Downsizing

Galaxy Formation - Introduction
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ΛCDM:
hierarchical formation 
(small things form first)

“Downsizing”:
massive galaxies are old, star

formation moves to smaller galaxies

ΛCDM vs. Downsizing

Galaxy Formation - Introduction

mass assembly star formation history
DM simulations semi-analytic models

present-day structure current stellar population

How are these 

processes related?
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SDSSBolshoiMpc_USE_THIS_ONE

An old criticism of ΛCDM has been that the order of cosmogony is 
wrong: halos grow from small to large by accretion in a hierarchical 
formation theory like ΛCDM, but the oldest stellar populations are 
found in the most massive galaxies -- suggesting that these 
massive galaxies form earliest, a phenomenon known as 
“downsizing.”  The key to explaining the downsizing phenomenon 
is the realization that star formation is most efficient in dark 
matter halos with masses in the band between about 1010 and 
1012 M⦿.  This goes back at least as far as the original Cold Dark 
Matter paper (BFPR84), from which the following figure is 
reproduced.  

Galaxy Formation - Introduction
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©          Nature Publishing Group1984

©          Nature Publishing Group1984

©          Nature Publishing Group1984

Blumenthal, Faber, Primack, & Rees  --  Nature 311, 517 (1984)

Star 
Forming 

Band:
1010 - 1012

Msun

Galaxies form
beneath the
cooling curves

Galaxy groups 
and clusters 
form above the 
cooling curves
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2 BEHROOZI, WECHSLER & CONROY
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FIG. 1.— Top-left panel: Star formation rate as a function of halo mass and cosmic time in units of M� yr-1. The grey shaded band excludes halos not expected

to exist in the observable universe. Top-right panel: Conditional star formation rate as a function of halo mass and cosmic time, in units of the maximum star
formation rate at a given time. Middle-left panel: baryonic mass accretion rate (MA) in halos as a function of halo mass and time, in units of M� yr-1. Middle-

right panel: the star formation rate to stellar mass ratio, in units of yr-1, as a function of halo mass and time. There is a roll-off towards higher halo masses;
however, the normalization and characteristic mass are strongly redshift-dependent. Bottom panel: instantaneous star formation efficiency (star formation rate
divided by baryonic mass accretion rate) as a function of halo mass and time.

From Figure 1 of Behroozi, Wechsler, Conroy ApJL, 762, L31 (2013)

(star formation rate divided by 
baryonic mass accretion rate)

z
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Implications of the Star-Forming 
Band Model

Star formation is a wave that started in 
the largest galaxies and swept down to 

smaller masses later (Cowie et al. 1996).

“Downsizing”

 star-forming band

2 BEHROOZI, WECHSLER & CONROY
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FIG. 1.— Top-left panel: Star formation rate as a function of halo mass and cosmic time in units of M� yr-1. The grey shaded band excludes halos not expected

to exist in the observable universe. Top-right panel: Conditional star formation rate as a function of halo mass and cosmic time, in units of the maximum star
formation rate at a given time. Middle-left panel: baryonic mass accretion rate (MA) in halos as a function of halo mass and time, in units of M� yr-1. Middle-

right panel: the star formation rate to stellar mass ratio, in units of yr-1, as a function of halo mass and time. There is a roll-off towards higher halo masses;
however, the normalization and characteristic mass are strongly redshift-dependent. Bottom panel: instantaneous star formation efficiency (star formation rate
divided by baryonic mass accretion rate) as a function of halo mass and time.

� Started forming stars early.

� Shut down early.

� Are red today.

� Populate dark halos that are much 
more massive than their stellar mass.

Massive galaxies:

� Started forming stars late.

� Are still making stars today.

� Are blue today.

� Populate dark halos that match 
their stellar mass.

Small galaxies:

From Figure 1 of Behroozi, Wechsler, Conroy ApJL, 762, L31 (2013)

(star formation rate divided by   
baryonic mass accretion rate)

z
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WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many ongoing and upcoming experiments 
Production at Large Hadron Collider
Better CMB data from PLANCK
Direct Detection

Spin Independent - CDMS-II, XENON100, LUX
Spin Dependent - COUPP, PICASSO

Indirect detection via
Fermi and larger ACTs
PAMELA and AMS

-- there could well be a big discovery in the next few 
years!  
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With all
these

upcoming
experiments,

the next
few years

will be very
exciting!

LHC

Indirect:

Fermi (GLAST) launched 
June 11, 2008

Astronomical:

Planck & Herschel 
launched spring 2009
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