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Note:  1000 Gb = Terabyte= Tb = 1012 bytes 
          1000 Tb = Petabyte = Pb = 1015 bytes
          1000 Pb = Exabyte  = Eb = 1018 bytes 
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Bruce Munro’s sea of 600,000 DVDs ≈ 500 Tb



DARK MATTER 

+ DARK ENERGY =

“DOUBLE DARK THEORY”

Technical Name: 
Lambda Cold Dark Matter (ΛCDM)

Composition of the universe:
           Atomic matter                 4.5%

   Cold Dark Matter          25%
   Dark Energy                  70%



Examples of the Evidence for DARK MATTER

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.

Galaxy Rotation Curves Quasar lenses

(CASTLES project, http://www.cfa.harvard.edu/castles)

Flux ratio anomalies

“Easy” to explain image positions (even to �0.1% precision)

I ellipsoidal galaxy

I tidal forces from environment

But hard to explain flux ratios!

expected observed (Marlow et al. 1999)

Anomalies are generic
Close triplet of images: Taylor series expansion yields

A�B + C ⇥ 0

Universal prediction for smooth models. (CRK, Gaudi & Petters 2003)

(models, CRK et al. 2003; B2045+265, Fassnacht et al. 1999)

Can also apply to lens time delays. (Congdon, CRK & Nordgren 2008, 2010)

Substructure and lensing

Q) What happens if lens galaxies contain mass clumps?

A) The clumps distort the images on small scales.

without clump with clump

(cf. Mao & Schneider 1998; Metcalf & Madau 2001; Chiba 2002) Chuck Keeton

Radio flux-ratio anomalies ⇒
Strong evidence for dark matter 

clumps ~ 106 - 108 Msun
as expected in ΛCDM

Radio flux-ratio anomalies

Quasar lenses

(CASTLES project, http://www.cfa.harvard.edu/castles)
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(models, CRK et al. 2003; B2045+265, Fassnacht et al. 1999)

Can also apply to lens time delays. (Congdon, CRK & Nordgren 2008, 2010)

Substructure and lensing

Q) What happens if lens galaxies contain mass clumps?

A) The clumps distort the images on small scales.

without clump with clump

(cf. Mao & Schneider 1998; Metcalf & Madau 2001; Chiba 2002) Chuck Keeton

Radio flux-ratio anomalies ⇒
Strong evidence for dark matter 

clumps ~ 106 - 108 Msun
as expected in ΛCDM

Radio flux-ratio anomalies

Galaxy Gravitational Lenses

Cluster Gravitational LensesBullet Cluster

Examples of the Evidence for DARK ENERGY
Supercluster and Void ISWExpansion History of the Universe



WMAP 7-YEAR DATA
Released January 2010

Big Bang Data Agrees with Double Dark Theory!
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Agrees with Double Dark Theory!Matter Distribution



    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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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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1,500,000 Light Years

100,000 Light Years

Milky Way Dark Matter Halo

Milky Way

Aquarius Simulation





1 Billion Light Years

Bolshoi Cosmological 
Simulation



Bolshoi Cosmological 
Simulation

100 Million Light Years

1 Billion Light Years



Bolshoi Cosmological 
Simulation

100 Million Light Years



Bjork   “Dark Matter”  
Biophilia





Supercomputer modeling is transforming cosmology from a 

purely observational science into an experimental science.

28 July 2012 sky & telescope

Universe on
Fast Forward

joel r. primack
& trudy e. bell

STEFAN GOTTLÖBER / LEIBNIZ-INSTITUT FÜR ASTROPHYSIK POTSDAM

EVOLVING UNIVERSE 
Facing page, left to right: 
These frames from the 
Bolshoi simulation depict the 
universe at redshifts of 10, 3, 
1, and 0, which corres-pond 
to cosmic ages of 490 million 
years, 2.2 billion years, 6 
billion years, and 13.7 billion 
years (today).  The bright 
areas have high densities of 
dark matter. As the far left 
frame shows, Bolshoi starts 
off with only a modest degree 
of lumpiness in the 
distribution of matter. But the 
subsequent frames 
demonstrate how gravity, 
acting over billions of years, 
gathered matter into long 
filaments that surround 
immense voids. Galaxies are 
concentrated along the 
filaments, clusters at the 
nodes.

https://dl.dropbox.com/u/5495083/Sky%26Telescope%20Bolshoi%20Article.pdf

490 Myr
2.2 Gyr

6 Gyr

Now:
13.7 Gyr

https://dl.dropbox.com/u/5495083/Sky%26Telescope%20Bolshoi%20Article.pdf
https://dl.dropbox.com/u/5495083/Sky%26Telescope%20Bolshoi%20Article.pdf


SDSSBolshoiMpc_USE_THIS_ONE

Bolshoi Merger Tree for the Formation of a Big Cluster Halo

Peter Behroozi



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 are now available

0



Risa Wechsler, Ralf Kahler, Nina McCurdy

Observational Data Cosmological Simulation
Sloan Digital Sky Survey

Compare 
Statistically

Sunday, September 9, 12



The correlation 
function of SDSS 
galaxies vs. Bolshoi 
galaxies using halo 
abundance matching, 
with scatter using our 
stochastic abundance 
matching method.  
This results in a better 
than 20% agreement 
with SDSS.  Top left: 
correlation functinon 
in three magnitude 
bins, showing Poisson 
uncertainties as thin 
lines.  Remaining 
panels: correlation 
function in each 
luminosity bin 
compared with SDSS 
galaxies (points with 
error bars: Zehavi et 
al. 2010).

Trujillo-Gomez, 

Klypin, Primack, & 

Romanowsky 2011 

ApJ 

Theory & Observations
Agree  Pretty  Well

Bolshoi Projected Galaxy Correlation Functions



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



0 1 2 0 1 2



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

Busha et al. 2011 ApJ
Liu et al. 2011 ApJ

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 -- Tollerud, Boylan-Kolchin, et al. 2011 ApJ

Every case agrees within 
observational errors!
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Astronomical data has several advantages:

The data tends to be pretty clean
The data is (mostly) non-proprietary

The data is big and sexy
The research is (mostly) funded

and there’s a lot of public involvement:
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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. 

Copyright © National Academy of Sciences. All rights reserved.

The Future of Computing Performance:   Game Over or Next Level?

158 THE FUTURE OF COMPUTING PERFORMANCE

10

100

1,000

10,000

1985 1990 1995 2000 2005 2010
Year of Introduction

1

10

100

1,000

1985 1990 1995 2000 2005 2010
Year of Introduction

FIGURE A.3 Microprocessor clock frequency (MHz) over time (1985-2010).

FIGURE A.4 Microprocessor power dissipation (watts) over time (1985-2010).

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
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 2014

Response:
Multicore
& GPUs

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

(MAST)
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Sloan Digital Sky Survey

(SDSS)
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Sloan Digital Sky Survey 1992-2008
“The Cosmic Genome Project”

Imaging survey in 5 wavelength bands: 5-color images of ¼ of the sky
Spectroscopic redshift survey

Massive Data 
2.5 Terapixels of images
40 Tb raw data ➠ 120 Tb processed
35 Tb catalogs

Data is publicly accessed
840 million web hits in 9 years, now >1 billion
4,000,000 distinct users* vs. 15,000 astronomers
Basis for ~20,000 scientific papers
More citations than any telescope including Hubble

* Having fun looking at data no one had ever seen before!

SDSS Galaxy Spectra

SDSS
Telescope



The 
Modern 

Scientific 
Cosmos each dot 

is a big 
galaxy

Sloan 
Digital 
Sky 
Survey

Our 
Cosmic 
Address



GALAXIES MAPPED BY THE SLOAN SURVEY



Cosmic 
Spheres 
of Time

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

Earth Forms

Big Galaxies Form

Bright Galaxies Form

Cosmic Dark Ages

Cosmic Background Radiation
Cosmic Horizon (The Big Bang)

Today
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Galaxy Zoo (offshoot of Sloan Survey)

40 million visual classifications by the public
>250,000 people participating (blogs, poems, ...)
Amazing original discovery by a schoolteacher (Voorwerp)
Excellent coverage by CNN, BBC, NY Times, Washington Post

GalaxyZoo 

•  40 million visual galaxy classifications by the public 
•  Enormous publicity (CNN, Times, Washington Post, BBC) 
•  300,000 people participating, blogs, poems… 
•  Original discoveries by the public  

(Voorwerp, Green Peas) 

Chris Lintott et al 
Galaxy Zoo started as an offshoot of the Sloan Digital Sky Survey
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http://www.galaxyzoo.org

http://www.galaxyzoo.org
http://www.galaxyzoo.org
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Mikulski Archive for Space 

Telescopes

(MAST)
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What is the STScI archive? 
•  Data 

~185 TB of images, spectra, catalogs, time series 
•  Metadata 

~106 HST observations (plus other missions) 
Documentation, publication links, … 

•  User interfaces 
Search, browse, plot, explore 

Browser-based interfaces 
Help desk/User support 

!  Services 
VO services, data retrieval, image cutouts, … 
(UIs are built around VO services) 

Mikulski Archive for Space Telescopes: MAST
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The MAST Archive: 
2 minute summary 
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Data holdings 

!  ~ 185 TBytes (62 TB HST, 79 TB HLA) 
!  Ingest rate: > 25 TB/yr 
!  Retrievals: > 100 TB/yr 

!  Distributed volume ~4x ingest 
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Location of Identifiable IP Addresses!MAST Archive Is Used All Over the World
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Virtual Observatory 

•  Started with NSF ITR project, “Building the 
Framework for the National Virtual Observatory”, 
collaboration of 20 groups  
–  Astronomy data centers 
–  National observatories 
–  Supercomputer centers 
–  University departments 
–  Computer science/information technology specialists 

•  Similar projects now in 15 countries world-wide 
⇒ International Virtual Observatory Alliance 

NSF+NASA=>  

Virtual Observatory
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SDSS
Telescope 
(2.5 meter

mirror) 
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SDSS
Telescope 
2.5 meter

mirror 

LSST
Telescope 
8.4 meter

mirror 
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Large Synoptic Survey Telescope

(LSST)
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Primary/Tertiary cast from a single borosilicate blank.   

•  Primary-Tertiary was cast in the 
spring of 2008. 

•  Secondary fabricated by Corning 
in 2009. 



英文标题:微软雅黑，30pt  
颜色: 黑色

正文：微软雅黑，14pt
颜色：黑色

Huawei  Cloud Congress 2012

•   Wide field and deep 
–  27000 sq deg (wide) 
–  100 - 200 sq deg (deep) 
–  10 years 

•  Broad range of science 
–  Dark energy 
–  Galactic structure 
–  Census of the Solar system 
–  Transient universe 

•  3.2 Gpixel camera 
•  9.6 sq degree FOV 
•  ugrizy filters 

Large Synoptic Survey Telescope  2014



英文标题:微软雅黑，30pt  
颜色: 黑色

正文：微软雅黑，14pt
颜色：黑色

Huawei  Cloud Congress 2012

The LSST Site and Base Facilities in Chile 

LSST 
Base Facility 

50 km paved highway 

AURA 
property 
(Totoral) 

0 10 20 km LSST SITE 
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dam & tunnel 
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airport 

Vicuña 
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Central Chile 
Location Map 

La Serena 

Cerro Pachón chosen in 2006 after 
2 year global evaluation by 
international committee.  
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1,380 m2 service and 
maintenance facility 

30 m diameter dome 

Control room and heat 
producing equipment 

(lower level) 

1.2 m diameter 
atmospheric telescope 

Stray light and Wind 
Screen 

350 ton telescope 

Calibration Screen 

Base Facility 

Scope includes the facilities, and hardware to 
collect the light, control the survey, calibrate 
conditions, and support all LSST summit and 
base operations. 

8.4m survey telescope and 1.2m atmospheric telescope  

LSST’s most remarkable data product will be a 
10-year “movie” of the entire sky. This time-lapse 
coverage of the night sky will open up time-
domain astronomy.
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•  Each “Visit” comprises a pair of back-to-back 
exposures 
–  2x15%sec%exposure;%dura0on%=%34%seconds%with%readout%

•  The data volume associated with this cadence is 
unprecedented 
–  one 6-gigabyte image every 17 seconds 
–  15 terabytes of raw scientific image data / night 
–  100-petabyte final image data archive 
–  20-petabyte final database catalog 
–  2 million real time events per night every night for 

10 years 

Processing the data flow from the LSST 

– 1000 new supernovas discovered every night!
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Precision Cosmology:  Constraints on Dark 
Energy 

•  LSST will probe the nature of Dark Energy via a 
distinct set of complementary probes: 
–  SNe Ia’s as “standard candles” 
–  Baryon acoustic oscillations as a “standard rulers” 
–  Studies of growth of structure via weak gravitational lensing 
–  Studies of growth of structure via clusters of galaxies 

•  In conjunction with one another, this rich spectrum 
of tests is crucial for reduction of systematics and 
dependence on nuisance parameters. 

•  These tests also provide interesting constraints on 
other topics in fundamental physics:  the nature of 
inflation, modifications to GR, the masses of 
neutrinos. 25 
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Square Kilometer Array

(SKA)
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21 cm Cosmology in the 21st Century
Jonathan R. Pritchard & Abraham Loeb

Rep. Prog. Phys. 75, 086901 (2012)

The First Billion Years Hydrogen Hyperfine Transition

⤵

21 cm astronomy
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The SKA will contain thousands of antennas 
with a combined collecting area of about 
one square kilometre (that’s 1 000 000 
square metres!).

The SKA central computer will have 
processing power of about 100 Petaflops/s.

The SKA will use enough optical fibre to 
wrap twice around the earth.

The dishes of the SKA will produce 10 times 
the 2012 global internet traffic. 

The SKA will have 50 times the sensitivity 
and 10,000 times the survey speed of the 
best current-day radio telescopes. 

Facts and figures

South Africa
& Western Australia



英文标题:微软雅黑，30pt  
颜色: 黑色

正文：微软雅黑，14pt
颜色：黑色

Huawei  Cloud Congress 2012

SKA FOR AFRICA 
AND AFRICA FOR SKA

The configuration 
of the SKA core 
and remote stations
throughout Africa.

THE AFRICAN SKA SCIENCE PARTNERSHIP
ON THE CONTINENT OF OPPORTUNITY

WHEN THEY ENDORSED the African SKA bid at the 15th Assembly 
of Heads of State of the African Union in July 2010, the African leaders
emphasised that the development of science, technology, and innovation
throughout the region would allow Africa to play an increasingly impor-
tant role in the global knowledge economy. They have called on Africa’s
development partners and the global scientific community to support
Africa’s aspirations to host the SKA.

Africa has much to offer the international SKA project in terms of its
physical, infrastructure and intellectual requirements, and hosting the
SKA will add to the already growing inventory of scientific infrastructure
in Africa. In particular, Africa is becoming a destination for ground-
based astronomy, space science and geodesy instruments.

The African bid to host the SKA is led by South Africa and includes
eight fully committed partner countries, namely, Botswana, Ghana,
Kenya, Madagascar, Mauritius, Mozambique, Namibia, and Zambia.
This science driven partnership is cohesive, dynamic and representative
of Africa’s commitment to establishing the continent as a significant
player in the world of scientific discovery and innovation. 

IDEAL ENVIRONMENT AND 
UNIQUE LOCATION

The SKA antenna configuration requires the placement of antennas
over a wide range of spatial scales, spanning tens of metres to thou-
sands of kilometres.  The shape of the African mainland and its Indian
Ocean islands provides a platform for the nominal SKA configuration
with “baselines” extending out to 3 000 km.  This configuration provides
excellent image quality at all angular scales.

AFRICA

“Developing large-scale 
astronomy facilities, such as 
the MeerKAT and the SKA, 
can become a powerful driver 
of scientific, socio-economic 
and human capital development   

throughout the continent of  
Africa, for the benefit of the 

world. We are proud that 
this African bid is being 

led by South Africa.”  
– Naledi Pandor, 

Minister of Science 
and Technology 
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Square Kilometer Array 
Antenna Types

Sparse Aperture Arrays

Dense Aperture Arrays

Radio Dishes
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Australian SKA Pathfinder - ASKAPAustralian SKA Pathfinder - ASKAP

Total output data rate per antenna = 0.6Tbps.
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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. 
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FIGURE A.3 Microprocessor clock frequency (MHz) over time (1985-2010).

FIGURE A.4 Microprocessor power dissipation (watts) over time (1985-2010).

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
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 2014

Response:
Multicore
& GPUs

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

(MAST)
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The Big Data Future in Astronomy

Exponential growth in computing power and detectors and 
falling cost of data storage has enabled vast increases in 

- Ambitious surveys, with massive storage for archives

- Simulation realism - virtual experiments on the universe

Astronomy is becoming dominated by surveys and simulations

How can we understand such huge amounts of data?
We need data microscopes and telescopes!
We have to analyze outputs as the supercomputers run
Users will send questions (algorithms) to where the data is          
stored and get back answers (not raw data)
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High Performance Scientific Computing Needs

The challenges facing us are

Changing high-performance computer architecture --
from networked single processors to multicore and GPUs

“Big data” -- too large to move -- from more powerful observations, 
larger computer outputs, and falling storage costs

These challenges demand new collaborations between natural 
scientists and computer scientists to develop 

Tools and scientific programmers to convert legacy code and write 
new codes efficient on multicore/GPU architectures, including fault 
tolerance and automatic load balancing

New ways to visualize and analyze big data remotely

Train new generations of scientific computer users 

Improve education and outreach
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THE UNIVERSE IN A SUPERCOMPUTER
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W HEN IT COMES TO RECONSTRUCTING THE PAST, 
you might think that astrophysicists have it easy. After all, 
the sky is awash with evidence. For most of the universe’s 
history, space has been largely transparent, so much so 

that light emitted by distant galaxies can travel for billions of years before 
finally reaching Earth. It might seem that all researchers have to do to 
find out what the universe looked like, say, 10 billion years ago is to build 
a telescope sensitive enough to pick up that ancient light. 

Actually, it’s more complicated than that. Most of the ordinary matter 
in the universe—the stu! that makes up all the atoms, stars, and galaxies 
astronomers can see—is invisible, either sprinkled throughout inter galactic 
space in tenuous forms that emit and absorb little light or else swaddled 
inside galaxies in murky clouds of dust and gas. When astronomers look 
out into the night sky with their most powerful telescopes, they can see no 
more than about 10 percent of the ordinary matter that’s out there.

To make matters worse, cosmologists have discovered that if you add 
up all the mass and energy in the universe, only a small fraction is com-
posed of ordinary matter. A good 95 percent of the cosmos is made up of two 
very di!erent kinds of invisible and as-yet-unidentified stu! that is “dark,” 
meaning that it emits and absorbs no light at all. One of these mysterious 
components, called dark matter, seems immune to all fundamental forces 
except gravity and perhaps the weak interaction, which is responsible for 

To understand the cosmos, 
we must evolve it all over again
By Joel R. Primack 

COSMIC WEB: The Bolshoi simulation 
models the evolution of dark matter, 
which is responsible for the large-
scale structure of the universe. Here, 
snapshots from the simulation 
show the dark matter distribution at 
500 million and 2.2 billion years [top] 
and 6 billion and 13.7 billion years 
[bottom] after the big bang. These 
images are 50-million-light-year-thick 
slices of a cube of simulated universe 
that today would measure roughly 
1 billion light-years on a side and 
encompass about 100 galaxy clusters. 
SOURCES: SIMULATION, ANATOLY KLYPIN AND JOEL R. PRIMACK; 
VISUALIZATION, STEFAN GOTTLÖBER/LEIBNIZ INSTITUTE FOR 
ASTROPHYSICS POTSDAM 
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