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 Hubble Space Telescope Ultra Deep Field - ACS

This picture is beautiful but misleading, since it 
only shows about 0.5% of the cosmic density. 

The other 99.5% of the universe is invisible.



 Dark Matter: History and Cosmology

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 stars, planets, 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, and how they result in the universe of 
galaxies that we observe.

Joel Primack, UCSC



A Brief History of Dark Matter

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

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

1930s - Discovery that cluster velocity dispersion 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

2003-16 - WMAP, Planck, and LSS confirm ΛCDM predictions
~2016 - Discovery of dark matter particles??

2000 - ΛCDM is the Standard Cosmological Model

1980-84 - short life of Hot Dark Matter theory



1937 ApJ 86, 217

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

Fritz Zwicky
Mass/Light =



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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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.  



1982 PRL 48, 224



1982 Nature 299, 37





...

...

Blumenthal, Faber, Primack, & Rees 1984



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”

Cold DM

Cold DM
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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...
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Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Planck Collaboration: The Planck mission

Fig. 7. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 8. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and 353 GHz.
These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % region of the Galactic
plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From Planck Collaboration X
(2015).

viewed as work in progress. Nonetheless, we find a high level of
consistency in results between the TT and the full TT+TE+EE
likelihoods. Furthermore, the cosmological parameters (which
do not depend strongly on ⌧) derived from the T E spectra have
comparable errors to the TT -derived parameters, and they are
consistent to within typically 0.5� or better.

8.2.2. Number of modes

One way of assessing the constraining power contained in a par-
ticular measurement of CMB anisotropies is to determine the
e↵ective number of a`m modes that have been measured. This
is equivalent to estimating 2 times the square of the total S/N
in the power spectra, a measure that contains all the available

16

Planck Collaboration: The Planck mission
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).

0

20

40

60

80

100

CE
E

`
[1

0�
5
µ
K

2
]

30 500 1000 1500 2000

`

-4
0
4

�
CE

E
`

Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
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and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
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500 kpc

30 kpc

Milky Way Dark Matter Halo

Milky Way

Aquarius Simulation
Volker Springel





250 h−1 Mpc

Bolshoi Cosmological Simulation

Pleiades Supercomputer, 
NASA Ames Research Center

Anatoly Klypin, Sebastian Trujillo-Gomez, 
Joel Primack ApJ 2011   

8.6x109 particles   1 kpc resolution



Bolshoi Cosmological 
Simulation

100 Million Light Years

1 Billion Light Years



100 Million Light Years

How the Halo of the Big Cluster Formed



Bolshoi-Planck 
Cosmological Simulation
Merger Tree of a Large Halo



Structure Formation Methodology 
• Starting from the Big Bang, we simulate the 

evolution of a representative part of the universe 
according to the Double Dark theory to see if the end 
result matches what astronomers actually observe.



• Starting from the Big Bang, we simulate the 
evolution of a representative part of the universe 
according to the Double Dark theory to see if the end 
result matches what astronomers actually observe.  

• On the large scale the simulations produce a 
universe just like the one we live in. We’re always 
looking for new phenomena to predict — every one 
of which tests the whole theory!

Structure Formation Methodology 



• Starting from the Big Bang, we simulate the 
evolution of a representative part of the universe 
according to the Double Dark theory to see if the end 
result matches what astronomers actually observe.  

• On the large scale the simulations produce a 
universe just like the one we live in. We’re always 
looking for new phenomena to predict — every one 
of which tests the theory! 

• But the way individual galaxies form is only partly 
understood because it depends on the interactions 
of the ordinary atomic matter as well as the dark 
matter and dark energy to form stars and black 
holes.  We need help from observations.

Structure Formation Methodology 
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dark matter simulation - expanding with the universe

same simulation - not showing expansionText

Andrey Kravtsov



CONSTRAINED LOCAL UNIVERSE SIMULATION 
Stefan Gottloeber, Anatoly Klypin, Joel Primack 

Visualization: Chris Henze (NASA Ames)



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, LUX, XENON1000, LZ 
   Spin Dependent - COUPP, PICASSO 

-- there could well be a big discovery in the next year 
or two!  



With all 
these 

improving 
experiments, 

the next 
few years 

will be very 
exciting!

LHC

Indirect:

Fermi 

Astronomical:

CDMS

Bullet Cluster



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 Study (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 said 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 has allowed restart of WFIRST, now expected to 
launch in 2024.
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The Future of Computing Performance:   Game Over or Next Level?

SUMMARY 9
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FIGURE S.1 Processor performance from 1986 to 2008 as measured by the bench-
mark suite SPECint2000 and consensus targets from the International Technology 
Roadmap for Semiconductors for 2009 to 2020. The vertical scale is logarithmic. A 
break in the growth rate at around 2004 can be seen. Before 2004, processor per-
formance was growing by a factor of about 100 per decade; since 2004, processor 
performance has been growing and is forecasted to grow by a factor of only about 
2 per decade. An expectation gap is apparent. In 2010, this expectation gap for 
single-processor performance is about a factor of 10; by 2020, it will have grown to 
a factor of 1,000. Most sectors of the economy and society implicitly or explicitly 
expect computing to deliver steady, exponentially increasing performance, but as 
these graphs illustrate, traditional single-processor computing systems will not 
match expectations. Note that the SPEC benchmarks are a set of artificial work-
loads intended to measure a computer system’s speed. A machine that achieves 
a SPEC benchmark score that is 30 percent faster than that of another machine 
should feel about 30 percent faster than the other machine on real workloads. 

Big Challenges of AstroComputing
Big Data

Changing 
ComputersSloan Digital Sky Survey (SDSS) 2008  

2.5 Terapixels of images 
40 TB raw data ➠120 TB processed 
35 TB catalogs

Large Synoptic Survey Telescope (LSST) 
 15 TB per night for 10 years 
100 PB image archive 
  20 PB final database catalog

Square Kilometer Array (SKA) ~2024 
1 EB per day (~ internet traffic today) 
100 PFlop/s processing power 
~1 EB processed data/year

100x
Shortfall

10x

C
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ck
 F
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)

 ~2020

Response: 
Multicore 
& GPUs

Mikulski Archive for Space Telescopes   
185 TB of images 
25 TB/year ingest rate 
>100 TB/year retrieval rate

(MAST) 2013

Increasingly inhomogeneous 
computers are harder to program! 
We need computational scientists 
and engineers, automatic load 
balancing and fault tolerance, and 
data scientists to help compare 
simulations and observations.



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 within dark matter 
halos.  There’s lots more work for us to do!
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