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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.



    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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Cosmology 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.



Cosmology 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 whole theory!



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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Cosmology 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.



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, dark 
matter halo properties, halo - galaxy connections!
!
Hydrodynamic galaxy formation simulations: 
formation and evolution of galaxies, galaxy 
images in all wavebands and galaxy spectra 
including stellar evolution and dust effects

Cosmological Simulations





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

Visualization: Chris Henze (NASA Ames)
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UC-HiPACC 3D AstroVisualization Lab 
On-the-fly visualization of cosmic filaments  

in the Bolshoi-Planck simulation
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1,500,000 Light Years

100,000 Light Years

Milky Way Dark Matter Halo

Milky Way

Aquarius Simulation
Volker Springel





1 Billion Light Years

Bolshoi Cosmological 
Simulation

NASA Ames Research Center
Anatoly Klypin & Joel Primack   

8.6x109 particles   5 light years resolution



SDSSBolshoiMpc_USE_THIS_ONE

Anatoly Klypin, Joel Primack, Peter Behroozi 
Risa Wechsler, Ralf Kahler, Nina McCurdy

Observational Data Bolshoi Simulation
Sloan Digital Sky Survey

Compare  
Statistically 



The  Milky Way has two large satellite galaxies, 
the small and large Magellanic Clouds 	


                                        

The Bolshoi simulation predicts the likelihood that a 
galaxy as bright as ours will have 0, 1, 2, 3, ... large 
satellite galaxies.

How common is this?

If the answer matches observations, that increases our 
confidence in this theory. 
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Every case agrees, within 
the observational errors

Statistics of MW bright satellites:  
Sloan Digital Sky Survey data vs. Bolshoi simulation

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

Risa Wechsler

SDSS Data Bolshoi simulation



Galaxy Formation via SemiAnalytic Models
• gas is collisionally heated when perturbations ‘turn 

around’ and collapse to form gravitationally bound 
structures 

• gas in halos cools via atomic line transitions (depends on 
density, temperature, and metallicity) 

• cooled gas collapses to form a rotationally supported disk 
• cold gas forms stars, with efficiency a function of gas 

density (e.g. Schmidt-Kennicutt Law, metallicity effects?)  
• massive stars and SNe reheat (and in small halos expel) 

cold gas and some metals 
• galaxy mergers trigger bursts of star formation; ‘major’ 

mergers transform disks into spheroids and fuel AGN 
• AGN feedback cuts off star formation 
• including effects of dissipation in gas-rich galaxy 

mergers leads to observed elliptical size-mass 
relation 

• including spheroid formation by disk instability is 
essential to reproduce the observed elliptical 
luminosity function

White & Frenk 91; Kauffmann+93; Cole+94; Somerville & 
Primack 99; Cole+00; Somerville, Primack, & Faber 01; Croton 
et al. 2006; Somerville +08; Fanidakis+09; Covington et al. 10, 
11; Somerville, Gilmore, Primack, & Dominguez 11; Porter et al.  



Low-Redshift Galaxies

• Elliptical galaxies follow a size-mass 
relation.  Our semi-analytic model 
correctly predicts this and the other 
scaling relations of elliptical galaxies.	



• The theory also correctly predicts the numbers of 
large Disk galaxies and Elliptical galaxies.

• Disk galaxies follow a relation 
between their rotation velocity 
and their luminosity.  The model 
also correctly predicts this. 



SAM Predictions vs. SDSS Observations
Galaxy Age Galaxy Metallicity

SAM

SDSS

Lauren 
Porter et 
al. 2013b

Jenny 
Graves et 
al. 2009

Lauren Porter + 2013b

Observations

Predictions



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, dark 
matter halo properties, halo - galaxy connections!
!
Hydrodynamic galaxy formation simulations: 
formation and evolution of galaxies, galaxy 
images in all wavebands and galaxy spectra 
including stellar evolution and dust effects

Galaxy Simulations



Dekel et al. Nature 2009

Gas inflows to massive halos 
along DM filaments

RAMSES simulation by 	


Romain Teyssier on Mare Nostrum supercomputer, Barcelona

320 kpc

How Galaxies Form



● Stars

ART Simulation Daniel Ceverino; 
Visualization: David Ellsworth

How Gas moves and Stars form 	


according to galaxy simulations



Sunrise Radiative Transfer Code
For every simulation snapshot: 
• Evolving stellar spectra calculation 
• Adaptive grid construction 
• Monte Carlo radiative transfer 
• “Polychromatic” rays save 100x CPU time 
• Graphic Processor Units give 10x speedup

“Photons” are 
emitted and 
scattered/
absorbed 
stochastically

Patrik Jonsson 
& Joel Primack



Spectral Energy Distribution

Visible Light

Ultraviolet Infrared

w/o dust
face-on

edge-on

dust in edge-on 
galaxy absorbs uv 
& visible light and 
re-emits the energy 
at long wavelengths



Dramatic  effects  on    
-­‐‑Appearance  
-­‐‑Half-­‐‑mass  radii  (bigger  with  dust)  
-­‐‑Sersic  index  (lower  with  dust)  
!

What’s  the  effect  of  including  dust?

stars  
only

with  
dust

face-­‐‑on edge-­‐‑on



http://candels.ucolick.org

WFC3

ACS

with new near-ir camera WFC3

Hubble	


Space 

Telescope

NEGATIVE IMAGES OF GALAXIES ~10 BILLION YEARS AGO

http://ucolick.org/Candels
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Cosmic Evolution

Staring Back to Cosmic Dawn
Hubble’s single largest observing program is detecting the earliest galaxies, finding the most distant supernovae, and revealing the fireworks-like peak of star formation at cosmic high noon.

COSMIC SURVEY  As part of the CANDELS survey, the Hubble Space Telescope scanned a small patch of Cetus for a total of 61 hours. The 61 
hours were divided among 352 separate exposures spread across a mosaic of 44 different telescope pointings. The picture reveals a few fore-
ground stars in our galaxy, and thousands of galaxies ranging from the local universe to a time when the universe was less than 1 billion years old.

SkyandTelescope.com  June 2014 19

Staring Back to Cosmic Dawn
supernovae, and revealing the fireworks-like peak of star formation at cosmic high noon.

Sandra M. Faber, Henry C. Ferguson,  
David C. Koo, Joel R. Primack  
& Trudy E. Bell

The Hubble Space Telescope is a time machine, staring 
not only billions of light-years into the depths of space but 
also billions of years back in time. With its extraordinarily 
sensitive detectors above Earth’s shrouding and blurring 
atmosphere, HST can witness the peak of star formation 

at cosmic high noon, which ended about 5 billion 
years after the Big Bang. And at the outer limits of its 
capabilities, we wondered if it could detect the faint-
est candles of creation: the earliest galaxies made of 
the earliest stars at cosmic dawn, when the universe 

was less than a billion years old.
Those were the hopes of two of us authors (Faber 

and Ferguson) after NASA astronauts installed HST’s 
Wide-Field Camera 3 (WFC3) in 2009, which enabled 
Hubble to survey the infrared sky about 30 times faster 
than before. Within a few months, Hubble pointed the 
new camera at the Hubble Ultra-Deep Field (HUDF) — a 
tiny region in Fornax only a tenth the diameter of the full 
Moon — and took exposures totaling about three days. 
Those deep HUDF images revealed some of the most 
distant galaxies ever found, which look very different 
than nearby galaxies. But the HUDF represented just a 
pinprick poke at the universe.

So we began an ambitious program at visible and near-
infrared wavelengths as a natural successor to HUDF: the 
Cosmic Assembly Near-infrared Deep Extragalactic Legacy 
Survey (CANDELS), pronounced “candles.” We designed 
CANDELS primarily to document the first one-third of 
galaxy evolution. The program also would enable astrono-
mers to search for the most distant Type Ia supernovae — 
exploding white dwarfs that are the best-known standard 
candles for measuring the universe’s recent expansion rate. 
CANDELS could thus test whether Type Ia supernovae are 
also a valid yardstick for the early universe. 

CANDELS became the largest observing program 
ever undertaken by Hubble. The telescope devoted 600 
hours — fully 10% of its observing time — to CANDELS 
for three years, surveying an area of sky 60 times larger 

To view more images related to this article, visit skypub.com/CANDELS.

NASA / ESA / A. VAN DER WEL / H. FERGUSON / A. KOEKEMOER / CANDELS TEAM

Article to appear in the June 2014 Sky & Telescope magazine
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Our Simulations w/ Dust look a lot like galaxies 
from 10 billion years ago that we see with 

Hubble Space Telescope

We are now systematically comparing 

simulated and observed galaxy images


(Note: these are negative images.)
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Cosmic Evolution

hole, building up its mass and triggering a huge outflow 
of energy that can heat or eject any remaining gas, thus 
quenching further star formation. Mergers, then, seemed 
to explain why elliptical galaxies look like they do and why 
they stopped forming stars. 

But CANDELS revealed that major mergers appear 
to be less important in galaxy evolution than we had 

thought. Instead, when combined with supercomputer 
simulations, the CANDELS observations are beginning to 
tell a very different story. After the Big Bang, the universe 
was a nearly uniform sea of dark matter and of gaseous 
hydrogen and helium. But it wasn’t perfectly uniform. As 
the universe expanded, the denser regions of dark matter 
and gas expanded more slowly, held back by their own 
gravity. Eventually, the gas and dark matter in denser 
regions collapsed into smaller structures: first sheets 
and filaments known as the “cosmic web,” and then into 
denser blobs of gas and dark matter at the intersections of 
dark matter filaments. These structures later collapsed to 
form the seeds of galaxies. 

More cold gas flowed along the dark matter fila-
ments into galactic disks, where it became gravitation-
ally unstable and formed clumps. Nearby galaxies have 
comparatively little gas, so star-forming clumps of gas 
generally won’t grow beyond about a million solar masses. 
But in early galaxies, the gravity of the much more abun-
dant gas formed gigantic clumps — up to about a billion 
solar masses — and rapidly formed stars. Then fairly 
quickly — in only a few hundred million years according 
to computer simulations — the clumps migrated inward 
and merged into the central bulge. The CANDELS obser-
vations support this theoretical picture: most of the giant 
clumps in ancient galaxies are young, with older clumps 
tending to lie closer to galaxy centers. This process pre-
sumably fueled quasar activity and led to the rapid growth 
of supermassive black holes. 

Cosmic Dawn
We sought to identify hundreds of primordial galaxies 
at cosmic dawn, when the universe was only 500 mil-
lion to 2 billion years old and the first stars were igniting 

CLUMPY GALAXIES  
Top row: Six galaxies from 
CANDELS are seen when 
the universe was 4 to 6 
billion years old. Middle 
row: Each of these images 
from computer simula-
tions of galaxy evolution 
shows the same galaxy 
as if it were viewed from 
a different direction. 
Bottom row: This is how 
the same galaxies would 
appear if we could see 
them from closer up. The 
simulated galaxies are all 
at redshift 1.5. The galax-
ies have large clumps that 
are rapidly forming stars 
because of gravitational 
instabilities in their disks.

RECORD HOLDER  Astronomers discovered the earliest known 
galaxy (inset), as of March 2014, in this CANDELS frame. Using 
the 10-meter Keck 1 telescope, the team spectroscopically mea-
sured a redshift of 7.51, meaning we see the galaxy as it existed 
just 700 million years after the Big Bang. The galaxy, designated 
z8_GND_5296, appears red due to its extreme redshift. It’s form-
ing stars at a rate about 150 times greater than our Milky Way.
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of energy that can heat or eject any remaining gas, thus 
quenching further star formation. Mergers, then, seemed 
to explain why elliptical galaxies look like they do and why 
they stopped forming stars. 
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comparatively little gas, so star-forming clumps of gas 
generally won’t grow beyond about a million solar masses. 
But in early galaxies, the gravity of the much more abun-
dant gas formed gigantic clumps — up to about a billion 
solar masses — and rapidly formed stars. Then fairly 
quickly — in only a few hundred million years according 
to computer simulations — the clumps migrated inward 
and merged into the central bulge. The CANDELS obser-
vations support this theoretical picture: most of the giant 
clumps in ancient galaxies are young, with older clumps 
tending to lie closer to galaxy centers. This process pre-
sumably fueled quasar activity and led to the rapid growth 
of supermassive black holes. 
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hole, building up its mass and triggering a huge outflow 
of energy that can heat or eject any remaining gas, thus 
quenching further star formation. Mergers, then, seemed 
to explain why elliptical galaxies look like they do and why 
they stopped forming stars. 

But CANDELS revealed that major mergers appear 
to be less important in galaxy evolution than we had 

thought. Instead, when combined with supercomputer 
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tell a very different story. After the Big Bang, the universe 
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hydrogen and helium. But it wasn’t perfectly uniform. As 
the universe expanded, the denser regions of dark matter 
and gas expanded more slowly, held back by their own 
gravity. Eventually, the gas and dark matter in denser 
regions collapsed into smaller structures: first sheets 
and filaments known as the “cosmic web,” and then into 
denser blobs of gas and dark matter at the intersections of 
dark matter filaments. These structures later collapsed to 
form the seeds of galaxies. 

More cold gas flowed along the dark matter fila-
ments into galactic disks, where it became gravitation-
ally unstable and formed clumps. Nearby galaxies have 
comparatively little gas, so star-forming clumps of gas 
generally won’t grow beyond about a million solar masses. 
But in early galaxies, the gravity of the much more abun-
dant gas formed gigantic clumps — up to about a billion 
solar masses — and rapidly formed stars. Then fairly 
quickly — in only a few hundred million years according 
to computer simulations — the clumps migrated inward 
and merged into the central bulge. The CANDELS obser-
vations support this theoretical picture: most of the giant 
clumps in ancient galaxies are young, with older clumps 
tending to lie closer to galaxy centers. This process pre-
sumably fueled quasar activity and led to the rapid growth 
of supermassive black holes. 
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at cosmic dawn, when the universe was only 500 mil-
lion to 2 billion years old and the first stars were igniting 
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ies have large clumps that 
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because of gravitational 
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RECORD HOLDER  Astronomers discovered the earliest known 
galaxy (inset), as of March 2014, in this CANDELS frame. Using 
the 10-meter Keck 1 telescope, the team spectroscopically mea-
sured a redshift of 7.51, meaning we see the galaxy as it existed 
just 700 million years after the Big Bang. The galaxy, designated 
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quenching further star formation. Mergers, then, seemed 
to explain why elliptical galaxies look like they do and why 
they stopped forming stars. 
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to computer simulations — the clumps migrated inward 
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RECORD HOLDER  Astronomers discovered the earliest known 
galaxy (inset), as of March 2014, in this CANDELS frame. Using 
the 10-meter Keck 1 telescope, the team spectroscopically mea-
sured a redshift of 7.51, meaning we see the galaxy as it existed 
just 700 million years after the Big Bang. The galaxy, designated 
z8_GND_5296, appears red due to its extreme redshift. It’s form-
ing stars at a rate about 150 times greater than our Milky Way.
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Cosmic Evolution

hole, building up its mass and triggering a huge outflow 
of energy that can heat or eject any remaining gas, thus 
quenching further star formation. Mergers, then, seemed 
to explain why elliptical galaxies look like they do and why 
they stopped forming stars. 

But CANDELS revealed that major mergers appear 
to be less important in galaxy evolution than we had 

thought. Instead, when combined with supercomputer 
simulations, the CANDELS observations are beginning to 
tell a very different story. After the Big Bang, the universe 
was a nearly uniform sea of dark matter and of gaseous 
hydrogen and helium. But it wasn’t perfectly uniform. As 
the universe expanded, the denser regions of dark matter 
and gas expanded more slowly, held back by their own 
gravity. Eventually, the gas and dark matter in denser 
regions collapsed into smaller structures: first sheets 
and filaments known as the “cosmic web,” and then into 
denser blobs of gas and dark matter at the intersections of 
dark matter filaments. These structures later collapsed to 
form the seeds of galaxies. 

More cold gas flowed along the dark matter fila-
ments into galactic disks, where it became gravitation-
ally unstable and formed clumps. Nearby galaxies have 
comparatively little gas, so star-forming clumps of gas 
generally won’t grow beyond about a million solar masses. 
But in early galaxies, the gravity of the much more abun-
dant gas formed gigantic clumps — up to about a billion 
solar masses — and rapidly formed stars. Then fairly 
quickly — in only a few hundred million years according 
to computer simulations — the clumps migrated inward 
and merged into the central bulge. The CANDELS obser-
vations support this theoretical picture: most of the giant 
clumps in ancient galaxies are young, with older clumps 
tending to lie closer to galaxy centers. This process pre-
sumably fueled quasar activity and led to the rapid growth 
of supermassive black holes. 

Cosmic Dawn
We sought to identify hundreds of primordial galaxies 
at cosmic dawn, when the universe was only 500 mil-
lion to 2 billion years old and the first stars were igniting 

CLUMPY GALAXIES  
Top row: Six galaxies from 
CANDELS are seen when 
the universe was 4 to 6 
billion years old. Middle 
row: Each of these images 
from computer simula-
tions of galaxy evolution 
shows the same galaxy 
as if it were viewed from 
a different direction. 
Bottom row: This is how 
the same galaxies would 
appear if we could see 
them from closer up. The 
simulated galaxies are all 
at redshift 1.5. The galax-
ies have large clumps that 
are rapidly forming stars 
because of gravitational 
instabilities in their disks.

RECORD HOLDER  Astronomers discovered the earliest known 
galaxy (inset), as of March 2014, in this CANDELS frame. Using 
the 10-meter Keck 1 telescope, the team spectroscopically mea-
sured a redshift of 7.51, meaning we see the galaxy as it existed 
just 700 million years after the Big Bang. The galaxy, designated 
z8_GND_5296, appears red due to its extreme redshift. It’s form-
ing stars at a rate about 150 times greater than our Milky Way.
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Simulated 
galaxies 
10 billion 
years ago 

!
as they 
would 
appear 
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Hubble 
Space 
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From article to appear in the June 2014 Sky & Telescope magazine



Figure 3: Comparison of observed (left) and simulated (right) star-forming galaxies at z = 1.4 � 2.6,
showing Sersic index, axis ratio, and half-light radius Re↵ .

types of mergers (major and minor, gas-rich and gas-poor). This work converted data on
number counts of various morphologies in various redshift ranges to merger rates using our
measurements of observability timescales for these morphologies based on our hydrodynamic
simulations run through Sunrise (Lotz et al. 2010a,b). Distinguishing between high-redshift
mergers and clumpy disks will be helped by the multiwavelength observations available in
CANDELS.

Clump structure. While the 70 pc resolution of our initial simulations (Ceverino et al.
2010, 2012) illustrated in Fig. 1 allowed us to uncover the disk fragmentation, it was only
marginal. We need to resolve the clump substructure to trace the generation of internal
turbulence and molecular cooling. With our improved hydroART code, we are now simulating
similar galaxies with ⇠ 15 pc resolution to z⇠ 3, resolving sub-clumps comparable to star-
forming molecular clouds with densities >104 cm�3. As discussed above, we have also added
a realistic treatment of stellar radiation pressure to the code. This will permit a reliable
measure of the clump population properties. Fig. 1(e), from thesis research by Dekel’s
student Nir Mandelker, shows how observable di↵erences in stellar age vs. galactocentric
radius can distinguish between ex-situ clumps that formed outside their host galaxies and
in-situ clumps that formed from violent disk instabilities.

Momentum-driven outflows in giant clumps. The clumps may survive until they
merge into the bulge (Dekel et al. 2009b), or disrupt on a dynamical timescale by stellar
feedback (Murray et al. 2010b; Krumholz & Dekel 2012; Krumholz & Thompson 2012, 2013;
Dekel & Krumholz 2013). The observed signatures of outflows from giant clumps (Gen-
zel et al. 2011) motivate a study of clump survivability. Unlike SN feedback, which is
primarily thermal, momentum-driven feedback is not subject to the radiative cooling that
has plagued SN feedback models. Krumholz & Dekel (2010b) argued that the high-z giant
clumps are likely to survive momentum feedback, provided that the SFR obeys the Ken-
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CANDELS Galaxies Compared with	


Generations 1 & 2 hydroART simulations	



using Reff, Axis Ratio q, Sersic n, with 	


clumpy vs. not clumpy from by-eye classification

Mark Mozena (in prep)

smaller radius range!
similar systematics

Observations Simulations



Assembling Galaxies of Resolved Anatomy

Steering Committee: Piero Madau & Joel Primack (UCSC), co-chairs; Tom Abel (Stanford), Nick 
Gnedin (Chicago), Romain Teyssier and Lucio Mayer (Zurich), James Wadsley (McMaster)

ApJS, 210, 14 (2014); www.AGORAsimulations.org)

http://www.AGORAsimulations.org


2 Proposed Theoretical and Computational Astrophysics Network

TCAN proposals must describe the roles of the participating nodes and the connections between
them that will establish the project as a network. Our proposed network includes six major nodes
(Caltech, Columbia University, New Mexico State University, UCSC, UCSD, and Stanford) and one
minor node (Johns Hopkins University). Our PIs and Co-PIs at the major nodes are all engaged
in pathbreaking numerical simulations of galaxy formation and evolution, and we have all agreed
to collaborate as participants in the AGORA project. Our Collaborators provide relevant leading
expertise. Our group includes principal authors of the three leading AMR codes ART (Klypin),
Enzo (Norman and Bryan), and RAMSES (Collaborator Teyssier), some of the leading users and
developers of SPH codes, and leading expertise in the theory of star formation and feedback in
galaxies (including several of our PIs and Collaborators Teyssier and Krumholz).

It will be crucial to have adequate data storage for many timesteps of many simulations to be
stored and analyzed. As director of the San Diego Supercomputer Center (SDSC), Mike Norman
has agreed to make storage and computation available to the proposed network. In addition, UCSC
will make computer time and storage available on its new Hyades astrophysics computer system
(which was just bought with a NSF MRI grant), including running simulation outputs through
Sunrise to generate realistic images and SEDs. PI Alex Szalay at JHU provides unique expertise
in sharing and management of relevant data. See also the next section, the Data Management
Plan, and the Facilities pages.

All of the project leaders have been communicating regularly by telephone, email, and web
conferences, especially since the AGORA project began in August 2012. Funding of our proposal
will permit this cooperation to be enhanced by additional sharing of postdocs and graduate students
between the nodes. For example, we propose to fund Dr. Matt Turk, the main developer of the yt
analysis code, who will remain at Columbia but work closely with the California nodes, including
Stanford (where he did his PhD with Tom Abel), UCSD (where he was a postdoc with Mike
Norman), and UCSC (which he has visited frequently to participate in meetings and to lead yt
workshops). Dr. Ji-hoon Kim, who has been the main coordinator of the AGORA project working
with Piero Madau and Joel Primack at UCSC, will become a Moore Fellow with Phil Hopkins at
Caltech but remain in close touch with Stanford (where he did his PhD with Tom Abel) and UCSC.
We are requesting partial funding for additional postdocs to be shared between the nodes, and who
will help to provide the “glue” in our proposed Network.

Postdocs are playing a crucial role in the AGORA project, leading two of the four AGORA
task-oriented working groups and all of the science-oriented working groups.

We have established task-oriented AGORA working groups, to address the following topics:

Working Group Objectives and Tasks
T1 Common Astrophysics UV background, metal-dependent cooling, IMF, metal yields
T2 ICs: Isolated common initial conditions for isolated low-z disk galaxies
T3 ICs: Cosmological common initial conditions for cosmological zoom-in simulations

T4 Common Analysis
support yt and other analysis tools, define quantitative

and physically meaningful comparisons across simulations

We have also established ten science-oriented AGORA working groups, each of which aims to
perform original research and produce at least one article to be submitted for publication. These
working groups, and others that will be organized if needed, will enable the AGORA project to
address basic problems in galaxy formation both theoretically and observationally. For example,
from analytic calculations and simulations, it is becoming clear that stellar radiative feedback is

4
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Working Group Science Questions (includes, but not limited to)

S1
Isolated Galaxies and

Subgrid Physics
tune the subgrid physics across platforms to produce similar

results for similar astrophysical assumptions
S2 Dwarf Galaxies simulate ∼1010M⊙ halos, compare results across all platforms
S3 Dark Matter radial profile, shape, substructure, core-cusp problem
S4 Satellite Galaxies effects of environment, UV background, tidal disruption
S5 Galactic Characteristics surface brightness, stellar properties, metallicity, images, SEDs
S6 Outflows outflows, circumgalactic medium, metal absorption systems
S7 High-redshift Galaxies cold flows, clumpiness, kinematics, Lyman-limit systems
S8 Interstellar Medium galactic interstellar medium, thermodynamics
S9 Massive Black Holes black hole growth and feedback in galactic context

S10
Lyα Absorption
and Emission

prediction of Lyα maps for simulated galaxies and their
environments including effects of radiative transfer

crucial to regulate star formation in high-resolution simulations, but that supernova feedback is
also crucial to drive outflows comparable to those observed.2 We want to understand better the
physical bases for these two types of feedback, and we want to define well-controlled tests to verify
that similar astrophysical assumptions produce similar results when implemented in different AMR
and SPH codes.

Relationship between AGORA and the proposed Network on High-Resolution
Galaxy Simulations. The goals of the proposed Network are aligned with those of the AGORA
project, but go beyond it in two ways. First, the proposed NHiRGS will provide services to
the AGORA project, including the crucial roles of managing the shared storage, analysis, and
distribution of the data, and also managing AGORA web communication and collaboration. Sec-
ond, the NHiRGS will go beyond the AGORA project by undertaking more ambitious goals that
require a several-year time scale. In addition to the challenging topics that we are already starting
to address in the AGORA project, we also want to broaden the scope of the proposed work by
our Network to include several other topics that are important in galaxy formation and evolution,
including dust formation and destruction, the role of cosmic rays and magnetic fields and the in-
corporation of MHD in the simulations. In order to make efficient use of the increasingly powerful
but also increasingly inhomogeneous supercomputers, we will work together to develop codes that
can usefully exploit Nvidia’s GPU and Intel’s MIC accelerators, as has already been done for the
Sunrise code (e.g., Jonsson & Primack 2010). Load imbalance is a leading cause of latency in run-
ning simulations. Mike Norman’s group has been developing Cello, an “extreme” adaptive mesh
refinement approach to allow scaling to many processors, ultimately millions, with automatic load
balancing. High-resolution galaxy simulations already consume ∼ 108 cpu-hours per year, so it will
be increasingly important to develop codes that can more efficiently exploit increasingly powerful
supercomputers.

We summarize the activities of the leaders of the proposed Network in the Table, which lists
each of the Nodes and their leaders (with names of postdocs who are already working on this project
in parentheses). The main developers for each activity are indicated by D, other developers by D,
and users by U.

All of these topics will be addressed by people at several of our participating nodes (except for
minor node Johns Hopkins, where Alex Szalay leads our Data Management effort). We expect to

2This was recently reviewed by Collaborator Krumholz http://phys.huji.ac.il/~joaw/winterschool/
krumholz_lecture3.pdf
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AGORA Task-Oriented Working Groups

AGORA Science Working Groups

www.AGORAsimulations.org

http://www.AGORAsimulations.org
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Big Data 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 have to analyze outputs as the supercomputers run	


!
 Users will send questions (algorithms) to where the data is          
stored and get back answers including visualizations (not raw 
data) - We’re doing this for the AGORA collaboration	


!
 Citizen Scientists are helping us deal with vast data sets

-

-
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The Future of Computing Performance:   Game Over or Next Level?
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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) 
 20 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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 2019

Response: 
Multicore 
& GPUs

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

(MAST) 2014

Increasingly inhomogeneous 
computers are harder to program! 
We need computational scientists 
and engineers and new compilers 
that generate code for nodes with 
cores+accelerators with automatic 
load balancing and fault tolerance.



Adler Planetarium
Chicago

California
 Academy of Sciences

Astro-Computation Visualization and Outreach

Pleiades Supercomputer
NASA Ames

HIPACC is working with the Morrison Planetarium at the California Academy of Sciences (pictured here)  to show how dark 
matter shapes the universe.  We helped prepare their show LIFE: a Cosmic Story that opened in fall 2010, and also a major 
planetarium show that opened the new Adler Planetarium Grainger Sky Theater July 8,  2011.  

Project lead: Prof. Joel Primack, Director, UC High-Performance AstroComputing Center
UC-HIPACC  Visualization and Outreach Specialist: Nina McCurdy

http://hipacc.ucsc.edu

Friday, March 22, 13
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Joel R. Primack, UCSC
Supercomputing the Universe

Websites related to this talk:	


http://hipacc.ucsc.edu University of California High-Performance AstroComputing Center (UC-HiPACC)	



http://hipacc.ucsc.edu/v4/  International Astronomy Visualization Gallery	



http://hipacc.ucsc.edu/Bolshoi Bolshoi simulations 	



http://candels.ucolick.org CANDELS survey	



http://code.google.com/p/sunrise/ Sunrise dust code 

http://scipp.ucsc.edu/personnel/profiles/primack.html

Abrams & Primack Book Websites with images and videos:
El-Nuevo-Universo.org New-Universe.orgViewfromtheCenter.com 

http://hipacc.ucsc.edu
http://hipacc.ucsc.edu
http://hipacc.ucsc.edu/Bolshoi
http://candels.ucolick.org
http://code.google.com/p/sunrise/
http://new-universe.org

