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Historical Introduction to 
ΛCDM Cosmology

Joel Primack
University of California, Santa Cruz
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 Historical Introduction to ΛCDM Comology

Although the first evidence for dark matter was discovered in 
the 1930s, it was not until about 1980 that astronomers became 
convinced that most of the mass holding galaxies and clusters 
of galaxies together is invisible.  For two decades, alternative 
theories were proposed and challenged.  By the beginning of 
the 21st century the ΛCDM “Double Dark” standard 
cosmological model was accepted: cold dark matter -- non-
atomic matter different from that which makes up the planets, 
stars, and us -- plus dark energy together make up 95% of the 
cosmic density.  ΛCDM correctly predicts the cosmic 
background radiation and the large-scale distribution of 
galaxies.  The challenge now is to understand the underlying 
physics of the dark matter and the dark energy.  The lecture 
concludes with David Weinberg's “Dark Matter Rap.” 

Joel Primack, UCSC
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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 and LSS data confirm ΛCDM predictions
~2013 - 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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1980 - Most astronomers are convinced that dark matter 
exists around galaxies and clusters

Early History of Dark Matter

1 Virginia Trimble, in D. Cline, ed., Sources of Dark Matter in the Universe (World Scientific, 1994).
2 S. M. Faber and J. S. Gallagher 1979, ARAA 17, 135

1922 - Kapteyn: “dark matter” in Milky Way disk1 

1933, 1937 - Zwicky: “dunkle (kalte) materie” in Coma cluster
1937 - Smith: “great mass of internebular material” in Virgo cluster
1937 - Holmberg: galaxy mass 5x1011 Msun from handful of pairs1 
1939 - Babcock observes rising rotation curve for M311

1940s - Zwicky’s large cluster σV confirmed by many observers

1957 - van de Hulst: high HI rotation curve for M31
1959 - Kahn & Woltjer: MWy-M31 infall ⇒ MLocalGroup = 1.8x1012 Msun 
1970 - Rubin & Ford: M31 flat optical rotation curve
1973 - Ostriker & Peebles: halos stabilize galactic disks
1974 - Einasto, Kaasik, & Saar; Ostriker, Peebles, Yahil: summarize 
evidence that galaxy M/L increases with radius
1975, 78 - Roberts; Bosma: extended flat HI rotation curves
1978 - Mathews: X-rays reveal enormous mass of Virgo cluster 
1979 - Faber & Gallagher: convincing evidence for dark matter2

Monday, December 31, 12



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

Early History of Dark Matter

1 Virginia Trimble, in D. Cline, ed., Sources of Dark Matter in the Universe (World Scientific, 1994).
2 S. M. Faber and J. S. Gallagher 1979, ARAA 17, 135

1922 - Kapteyn: “dark matter” in Milky Way disk1 

1933, 1937 - Zwicky: “dunkle (kalte) materie” in Coma cluster
1937 - Smith: “great mass of internebular material” in Virgo cluster
1937 - Holmberg: galaxy mass 5x1011 Msun from handful of pairs1 
1939 - Babcock observes rising rotation curve for M311

1940s - Zwicky’s large cluster σV confirmed by many observers

1957 - van de Hulst: high HI rotation curve for M31
1959 - Kahn & Woltjer: MWy-M31 infall ⇒ MLocalGroup = 1.8x1012 Msun 
1970 - Rubin & Ford: M31 flat optical rotation curve
1973 - Ostriker & Peebles: halos stabilize galactic disks
1974 - Einasto, Kaasik, & Saar; Ostriker, Peebles, Yahil: summarize 
evidence that galaxy M/L increases with radius
1975, 78 - Roberts; Bosma: extended flat HI rotation curves 
1978 - Mathews: X-rays reveal enormous mass of Virgo cluster 
1979 - Faber & Gallagher: convincing evidence for dark matter2

SLIDES
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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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Nature 250, 309 - 310 (26 July 1974)

Dynamic evidence on massive coronas of galaxies

JAAN EINASTO, ANTS KAASIK & ENN SAAR

A LONGSTANDING unresolved problem in galactic astronomy is 
the mass discrepancy observed in clusters of galaxies. The virial 
mass of the cluster per galaxy and the mass−luminosity ratio are 
considerably larger than the corresponding quantities for individual 
galaxies. This discrepancy cannot be a result of expansion or be 
because of the recent origin of clusters: these ideas contradict our 
present knowledge of the physical evolution and ages of galaxies. 
Therefore it is necessary to adopt an alternative hypothesis: that 
the clusters of galaxies are stabilised by hidden matter.

Both papers: Ωm ≈ 0.2
JAAN EINASTO               ENN SAAR

1974 ApJ 194, L1
 JERRY OSTRIKER

 AMOS YAHIL
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1978 ApJ 219, 413
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ARAA 1979  
  

Monday, December 31, 12



~1980 - Most astronomers are convinced that dark matter exists around 
galaxies and clusters - but is it Hot or Cold?  Theorists usually 
assumed Ωm=1, but observers typically found Ωm≈0.2.  

1973 - Marx & Szalay, Cowsik & McClelland: mν < 100 eV
1980 - Zel’dovich group develops Hot Dark Matter (HDM) theory1

1983 - White, Frenk, Davis: simulation rules out HDM 

The Hot-Warm-Cold DM terminology was introduced by Dick Bond and 
me in our talks at the 1983 Moriond Conference.

1 E.g., Doroshkevich, Khlopov, Sunyaev, Szalay, & Zel’dovich 1981, NYASA 375, 32; Zel’dovich, Einasto, Shandarin 1982, 
Nature 300, 407; Bond & Szalay 1982, ApJ 274, 443.

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<mν, which occurs when the mass 
entering the horizon is about 1015 Msun, the supercluster mass scale.  Thus superclusters 
would form first, and galaxies later form by fragmentation.  This predicted a galaxy 
distribution much more inhomogeneous than observed.
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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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Weakly Interacting 
Massive Particles 

(WIMPs) 
as Dark Matter

 However, the idea of
 weakly interacting massive
 particles as dark matter
 is now standard

Neutrinos with masses of 
10s of eV (hot dark matter) 
are no longer a good 
candidate.
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1982 Nature 
300, 407

Zel’dovich

Shandarin
Monday, December 31, 12



1983 ApJ 274, L1
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1967 - Lynden-Bell: violent relaxation (also Shu 1978)
1977 - Binney, Rees & Ostriker, Silk: Cooling curves
1978 - White & Rees: galaxy formation in massive halos
1980 - Fall & Efstathiou: galactic disk formation in massive halos
1982 - Guth & Pi; Hawking; Starobinski: Cosmic Inflation P(k) = k1

1982 - Pagels & Primack: lightest SUSY particle stable by R-parity: gravitino
1982 - Blumenthal, Pagels, & Primack; Bond, Szalay, & Turner: WDM
1982 - Peebles: CDM P(k) - simplified treatment (no light neutrinos)
1983 - Goldberg: photino as SUSY CDM particle
1983 - Preskill, Wise, & Wilczek; Abbott & Sikivie; Dine & Fischler: Axion CDM 
1983 - Blumenthal & Primack; Bond & Szalay: CDM P(k)
1984 - Blumenthal, Faber, Primack, & Rees: CDM compared to CfA survey
1984 - Peebles; Turner, Steigman, Krauss: effects of Λ

HDM            Observed Galaxy Distribution        CDM White 1986

1984 - Ellis, Hagelin, Nanopoulos, Olive, & Srednicki: neutralino CDM 
1985 - Davis, Efstathiou, Frenk, & White: 1st CDM, ΛCDM simulations

Early History of Cold Dark Matter

Ruled Out Looks OK
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1978
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1982 PRL 48, 224
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1982 Nature 299, 37
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1982 ApJ 263, L1
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1983 ApJ 274, 443
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1967 - Lynden-Bell: violent relaxation (also Shu 1978)
1976 - Binney, Rees & Ostriker, Silk: Cooling curves
1977 - White & Rees: galaxy formation in massive halos
1980 - Fall & Efstathiou: galactic disk formation in massive halos
1982 - Guth & Pi; Hawking; Starobinski: Cosmic Inflation P(k) = k1

1982 - Pagels & Primack: lightest SUSY particle stable by R-parity: gravitino
1982 - Blumenthal, Pagels, & Primack; Bond, Szalay, & Turner: WDM
1982 - Peebles: CDM P(k) - simplified treatment (no light neutrinos)
1983 - Goldberg: photino as SUSY CDM particle
1983 - Preskill, Wise, & Wilczek; Abbott & Sikivie; Dine & Fischler: Axion CDM 
1983 - Blumenthal & Primack; Bond & Szalay: CDM, WDM P(k)
1984 - Blumenthal, Faber, Primack, & Rees: CDM compared to CfA1 redshift survey
1984 - Peebles; Turner, Steigman, Krauss: effects of Λ

HDM     Observed Galaxy Distribution     CDM White 1986

1984 - Ellis, Hagelin, Nanopoulos, Olive, & Srednicki: neutralino CDM 
1985 - Davis, Efstathiou, Frenk, & White: 1st CDM, ΛCDM simulations

Early History of Cold Dark Matter

Ruled Out Looks OK
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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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tcool<tff

He

H2

Brems.

Rees & Ostriker 77, Silk 77, Binney 77, White & Rees 1978

virial velocity

log gas 
density
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clusters

galaxies
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CDM: Blumenthal, Faber, Primack, & Rees 1984

CDM Correctly Predicted the Masses of Galaxies
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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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1984 PRL 52, 2090
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1985 ApJ 292, 371

Monday, December 31, 12



Some Later Highlights of CDM 
1983 - Milgrom: modified Newtonian dynamics (MOND) as alternative to dark 
matter to explain flat galactic rotation curves
1983 - Davis & Peebles CfA redshift survey galaxy correlation function ξgg(r)= (r/r0)-1.8

1986 - Blumenthal, Faber, Flores, & Primack: baryonic halo contraction
 1986 - Seven Samurai: Large scale galaxy flows of ~600 km/s favor no bias
1989 - Holtzman: CMB and LSS predictions for 96 CDM variants
 1992 - COBE: CMB fluctuations confirm CDM prediction ∆T/T ≈ 10-5, favored 
variants are CHDM and ΛCDM
1996 - Seljak & Zaldarriaga: CMBfast code for P(k), CMB fluctuations
 1997 - Nararro, Frenk, & White: DM halo structure ρNFW(r) = 4 ρs (r/rs)-1(1+r/rs)-2

 1997 - Hipparchos distance scale, SN Ia dark energy ⇒ t0 ≈ 14 Gyr, ΛCDM 
 2001 - Bullock et al.: concentration-mass-z relation for DM halos; universal angular 
momentum structure of DM halos
 2002 - Wechsler et al.: halo concentration from mass assembly history
 2003-present - WMAP and Large Scale Structure surveys confirm ΛCDM predictions 
with increasing precision
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North Galactic 
Hemisphere

Lick Survey
1M galaxies

in angular bins
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APM
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CfA survey: 
Great Walls 

1/20 of the horizon

Northern Great Wall 

Southern Great Wall 
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2dF Galaxy Redshift Survey 
¼ M galaxies 2003

CFA Survey 
1983

1/4
 of

 th
e h

ori
zo

n
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Nearby Galaxies
to 2 billion light years

Luminous Red 
Galaxies
to 6 billion light years

Quasars
to 28 billion 
light years

Mapping the Galaxies
Sloan Digital Sky Survey
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Sloan Video

Ends with sphere of CBR
and two astronomers looking at it as thought they 
are on the outside

GALAXIES MAPPED BY THE SLOAN SURVEY
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Cosmic 
Spheres 
of Time

When we look 
out in space 
we look back 
in time…

Milky Way
Earth Forms

Big Galaxies Form
Bright Galaxies Form

Cosmic Dark Ages

Cosmic Background Radiation
Cosmic Horizon (The Big Bang)
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Cosmic 
Spheres 
of Time

46 Billion Light 
Years
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DARK MATTER 
+ DARK ENERGY =

DOUBLE DARK 
THEORY
Technical Name: 

Lambda Cold Dark Matter (ΛCDM)
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WMAP 7-YEAR DATA
Released January 2010

Big Bang Data Agrees with Double Dark Theory!

COBE

POWER

l

90º

Wilkinson Microwave
Anisotropy Probe

WMAP
2003-

Cosmic 
Background 

Explorer
COBE
1992

WMAP 7-YEAR DATA
Released January 2010

ACBAR
   QUaD

Ground-Based
Data

Double Dark Theory

ACBAR

QUaD

          0.2º                   0.1º    Angular Scale0.5º2º 1º
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Fig. 9.— The temperature 
(TT) and temperature-
polarization (TE) power 
spectra for the seven-year 
WMAP data set. The solid 
lines show the predicted 
spectrum for the best-fit flat 
ΛCDM model. The error 
bars on the data points 
represent measurement 
errors while the shaded 
region indicates the 
uncertainty in the model 
spectrum arising from 
cosmic variance.

1st peak at 10 
⇒ space is flat

TE anti-correlation
constrains non-

adiabatic fluctuations

WMAP7
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Agrees with Double Dark Theory!Matter Distribution
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SEVEN-YEAR WILKINSON MICROWAVE ANISOTROPY PROBE (WMAP) OBSERVATIONS: 
COSMOLOGICAL INTERPRETATION  -  E. Komatsu, et al.  -  January 2010
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arXiv:1212.5226 (WMAP9)
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Table 8. WMAP Seven-
year Cosmological 
Parameter Summary

The parameters reported in 
the first section assume the 6 
parameter flat CDM model, 
first using WMAP data only 
(Larson et al. 2010), then using 
WMAP+BAO+H0 data (Komatsu 
et al. 2010). The H0 data 
consists of a Gaussian prior on 
the present-day value of the 
Hubble constant, 
H0 = 74.2±3.6 km s-1  Mpc-1

(Riess et al. 2009), while the 
BAO priors on the distance ratio 
rs(zd)/DV(z) at z = 0.2, 0.3 are 
obtained from the Sloan Digital 
Sky Survey Data Release 7 
(Percival et al. 2009). 
Uncertainties are 68% CL 
unless otherwise noted.

N. Jarosik et al. -
  January 2010
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         Relative
Height

Deuterium Abundance
+ Big Bang Nucleosynthesis

WMAP
Cosmic 

Microwave
Background

Angular Power Spectrum

Galaxy Cluster in X-rays

Absorption of Quasar Light

5 INDEPENDENT MEASURES
AGREE: ATOMS ARE ONLY 
~4% OF COSMIC DENSITY

 & BAO WIGGLES IN GALAXY P(k)

WMAP
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Hubble ACS Ultra Deep Field
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    Imagine that the entire 
universe is an ocean of dark

  energy.  On that ocean sail billions 
of ghostly ships made of dark matter...

Matter and
Energy 
Content 
of the 
Universe
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    Imagine that the entire 
universe is an ocean of dark

  energy.  On that ocean sail billions 
of ghostly ships made of dark matter...

Matter and
Energy 
Content 
of the 
Universe

ΛCDM

Double
Dark
Theory

Dark
Matter
Ships  

on a  

Dark 
Energy 
Ocean
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Cosmological Simulations
Astronomical observations represent snapshots of 
moments in time.  It is the role of astrophysical 
theory to produce movies -- both metaphorical and 
actual -- that link these snapshots together into a 
coherent physical theory.  

Cosmological dark matter simulations show 
large scale structure, growth of structure, and 
dark matter halo properties

Hydrodynamic galaxy formation simulations: 
evolution of galaxies, formation of galactic 
spheroids via mergers, galaxy images in all 
wavebands including stellar evolution and dust
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Springel et al. 2005

The Millennium Run
• properties of 
halos (radial 
profile, 
concentration, 
shapes)
• evolution of the 
number density 
of halos, essential 
for normalization of 
Press-Schechter- 
type models
• evolution of the 
distribution and 
clustering of 
halos in real and 
redshift space, for 
comparison with 
observations
• accretion 
history of halos, 
assembly bias 
(variation of large-
scale clustering with 
as- sembly history), 
and correlation with 
halo properties 
including angular 
momenta and shapes
• halo statistics 
including the mass 
and velocity functions, 
angular momentum 
and shapes, subhalo 
numbers and 
distribution, and 
correlation with 
environment

• void statistics, 
including sizes and 
shapes and their 
evolution, and the 
orientation of halo 
spins around voids
• quantitative 
descriptions of the 
evolving cosmic 
web, including 
applications to weak 
gravitational lensing
• preparation of 
mock catalogs, 
essential for 
analyzing SDSS and 
other survey data, 
and for preparing for 
new large surveys 
for dark energy etc.
• merger trees, 
essential for semi-
analytic modeling 
of the evolving 
galaxy population, 
including models for 
the galaxy merger 
rate, the history of 
star formation and 
galaxy colors and 
morphology, the 
evolving AGN 
luminosity function, 
stellar and AGN 
feedback, recycling 
of gas and metals, 
etc.
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Text Text Text
Text Text Text

Text

Text Text Text
Text Text Text

Text

●WMAP1

●

●●

WMAP3

WMAP5

WMAP7

WMAP-only Determination of σ8 and ΩM 

2003

2006

2008

2010WMAP9●
2012
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WMAP+SN+Clusters Determination of σ8 and ΩM 
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WMAP+SN+Clusters Determination of σ8 and ΩM 

WMAP7●
WMAP5 ●

Millennium is now 
about 4σ away from 

observations

WMAP9●
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WMAP+SN+Clusters Determination of σ8 and ΩM 

WMAP7●
WMAP5 ● ●BOSS

Millennium is now 
about 4σ away from 

observations

WMAP9●
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60

1,500,000 Light Years

100,000 Light Years

Milky Way Dark Matter Halo

Milky Way

Aquarius Simulation
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1 Billion Light Years

Bolshoi Cosmological 
Simulation
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σ8  = 0.82
h = 0.70

Cosmological parameters are consistent with 
the latest observations

Force and Mass Resolution are nearly an
order of magnitude better than Millennium-I

Force resolution is the same as Millennium-II, 
in a volume 16x larger

Halo finding is complete to Vcirc > 50 km/s, 
using both BDM and ROCKSTAR halo finders

Bolshoi and MultiDark halo catalogs were 
released in  September 2011 at Astro Inst 
Potsdam; Merger Trees available July 2012

0
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Bolshoi Cosmological 
Simulation

100 Million Light Years

1 Billion Light Years
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BOLSHOI SIMULATION FLY-THROUGH

<10-3 
of the 
Bolshoi 
Simulation 
Volume
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SDSSBolshoiMpc_USE_THIS_ONE

Bolshoi Merger Tree for the Formation of a Big Cluster Halo

Peter Behroozi
Monday, December 31, 12



BigBolshoi / MultiDark1000 Mpc/h

7 kpc/h resolution, complete to Vcirc > 170 km/s

8G particles

Same cosmology as Bolshoi:  h=0.70, σ8=0.82, n=0.95, Ωm=0.27

4 Billion Light Years
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Bolshoi z=0 Dark Matter Bolshoi z=0 SHAM Galaxies

Wechsler et al.
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SDSSBolshoiMpc_USE_THIS_ONE

Risa Wechsler, Ralf Kahler, Nina McCurdy

Observational Data Cosmological Simulation
Sloan Digital Sky Survey

Compare 
Statistically
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steeper slope LF

median Vcirc with AC

median Vcirc without ACLuminosity-Velocity 
Relation

“AC” = Adiabatic Contraction of 
dark matter halos when baryons 
cool & condense to halo 
centers, following Blumenthal, 
Faber, Flores, & Primack 1986

Bolshoi
Sub-Halo
Abundance
Matching

Theory & Observations
Agree Pretty Well

Trujillo-Gomez, 

Klypin, Primack, & 

Romanowsky        

2011 ApJ
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Bolshoi
Sub-Halo
Abundance
Matching

Baryonic Mass - Velocity 
Relation

Theory & Observations
Agree Pretty Well

median Vcirc with 
baryons and AC

Trujillo-Gomez, 

Klypin, Primack, & 

Romanowsky        

2011 ApJ
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Velocity 
Function

observed VF
(HIPASS + 

SDSS)

theoretical 
VF with AC

theoretical VF 
without AC

Discrepancy due to
incomplete observations 

or ΛCDM failure?

 

Theory & Observations
Agree Pretty Well

Bolshoi
Sub-Halo
Abundance
Matching

Trujillo-Gomez, 

Klypin, Primack, & 

Romanowsky        

2011 ApJ

ALFALFA distant
dataset is similar 
Papastergeis+11 

Velocity 
Function

observed VF
(HIPASS + 

SDSS)

theoretical 
VF with AC

theoretical VF 
without AC

Discrepancy due to
incomplete observations 

or ΛCDM failure?

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky

ApJ 2011

 

Theory & Observations
Agree Pretty Well

Bolshoi
Sub-Halo
Abundance
Matching
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Klypin, Karachentsev, Nasonova 2012

Total sample:   813 galaxies
Within 10Mpc:    686
       MB<-13  N=304
       MB<-10  N=611

80-90% are spirals or dIrr (T>0)

Accuracy of distances are 8-10%

80% with D<10Mpc have HI 
linewidth

Vrot = 
  150x10^(-(20.5+MB)/8.5)km/s

Local Volume: D <10Mpc

Distribution of observed line-widths     
(similar after correction for inclination)

No disagreement 
for V > 60 km/s

A factor of two disagreement at  V = 40 km/s

ΛCDM

Presented at KITP Conf “First Light and Faintest Dwarfs” Feb 2012 and UCSC Galaxy Workshop Aug 2012

Deeper Local Survey -- better 
agreement with ΛCDM but still 
more halos than galaxies 
below 50 km/s
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The  Milky Way has two large satellite galaxies, 
the small and large Magellanic Clouds

The Bolshoi simulation + halo abundance matching 
predicts the likelihood of this
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Apply the same absolute 
magnitude and isolation cuts 
to Bolshoi+SHAM galaxies as 
to SDSS:

Identify all objects with 
absolute 0.1Mr = -20.73±0.2 
and observed mr < 17.6
Probe out to z = 0.15, a 
volume of roughly 500 
(Mpc/h)3

leaves us with 3,200 
objects.

Comparison of Bolshoi with 
SDSS observations is in 
close agreement, well within 
observed statistical error 
bars.

Statistics of MW bright satellites: 
SDSS data vs. Bolshoi simulation

Mr,host = -20.73±0.2

Mr,sat = Mr,host + (2−4)

0 1 2 3 4 5
# of Satellites

0.001

0.010

0.100

1.000

Pr
ob

ab
ili

ty

Simulation
SDSS

Risa Wechsler

# of Subs Prob (obs) Prob (sim)

0 60% 61%

1 22% 25%

2 13% 8.1%

3 4% 3.2%

4 1% 1.4%

5 0% 0.58%

Similarly good agreement with SDSS for brighter satellites 
with spectroscopic redshifts compared with Millennium-II 
using abundance matching -- Tolorud, Boylan-Kolchin, et al. 

Every case agrees within 
observational errors!

Busha et al 2011; Liu, Gerke, Wechsler 2011
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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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Satellites

Cusps

Angular momentum

small scale issues

The discovery of many faint Local Group dwarf galaxies is 
consistent with ΛCDM predictions.  Reionization, lensing, 
satellites, and Lyα forest data imply that WDM must be Tepid 
or Cooler.  But the “too big to fail” problem may be serious.

The observed velocity structure of LSB and dSpiral galaxies may 
be consistent with cuspy ΛCDM halos.  Baryonic physics may 
soften the central cusp.

ΛCDM simulations are increasingly able to form realistic spiral 
galaxies, as resolution improves and feedback becomes more 
realistic.
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WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many upcoming experiments 

Large Hadron Collider
Planck and other new satellites
Fermi GRST and larger ACTs
Direct Detection
   Spin Independent - CDMS-II, XENON100, LUX
   Spin Dependent - COUPP, PICASSO

-- there could well be a big discovery in the next year 
or two!  
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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 May 14, 2009 

CDMS
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x103 in 
5 years!

XENON 1000
Panda-X

XENON 100              0
  0

□

XENON 100 ’12 ●
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WHAT IS THE DARK ENERGY??
We can use existing telescopes to measure w = P/ρ and see 
whether it changed in the past.  But to get order-of-magnitude better 
constraints than presently available, and a possible detection of non-
cosmological-constant dark energy, better instruments (e.g. LSST, 
JDEM) will probably be required both on the ground and in space, 
according to the Dark Energy Task Force (2006).  

The National Academy Beyond Einstein report (2007) recommended 
JDEM as the first Beyond Einstein mission, with the dual goal of 
measuring dark energy by at least two different methods and also 
collecting valuable data on galaxy evolution.  The National Academy 
Astronomy Decadal Study (2010) chose the similar WFIRST mission 
as its highest priority large mission.  NASA says it can’t afford 
WFIRST in the present decade, but in October 2011 the ESA chose 
the less ambitious Euclid mission for launch in 2019.  Donation of an 
unused U.S. spy satellite might allow restart of WFIRST.
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www.astronomy.ohio-state/~dhw/Silliness/silliness.html (1992)

*

*
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SUMMARY
• We now know the cosmic recipe. Most of the universe is invisible 
stuff called “nonbaryonic dark matter” (23%) and “dark energy” (72%).  
Everything that we can see makes up only about 1/2% of the cosmic 
density, and invisible atoms about 4%. The earth and its inhabitants 
are made of the rarest stuff of all: heavy elements (0.01%).
• The ΛCDM Cold Dark Matter Double Dark theory based on this 
appears to be able to account for all the large scale features of the 
observable universe, including the details of the heat radiation of the 
Big Bang and the large scale distribution of galaxies. 

• Constantly improving data are repeatedly testing this theory. The 
main ingredients have been checked several different ways.  There 
exist no convincing disagreements, as far as I can see.  Possible 
problems on subgalactic scales may be due to the poorly understood 
physics of gas, stars, and massive black holes.  Or maybe not...
• We still don’t know what the dark matter and dark energy are, nor 
really understand how galaxies form and evolve.  There’s lots more 
work for us to do!
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