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COSMIC
DENSITY
PYRAMID

Just PublishedPublished 2006
http://new-universe.orghttp://viewfromthecenter.com/
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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.  We don’t 
see the ocean or 
the ships -- just the 
lights at the tops of 
the tallest masts of 
the largest ships ... 
the galaxies.
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Kravtsov, Berlind, Wechsler, Klypin, Gottloeber, Allgood, & Primack 2004
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doubling every 
~16.5 months

Particle number in cosmological N-body simulations vs. pub date

Millennium 
Run 

adaptive mesh refinement

Bolshoi

Millennium 
XXL
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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.

The Millennium Run 
was a landmark 
simulation, and it has 
been the basis for 
~400 papers.  
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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
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σ8  = 0.82

Bolshoi halos, merger tree, and possibly SAMs will be 
hosted by Astro Institut Potsdam and other sites

Cosmological parameters are consistent with 
the latest observation

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

Halo finding is complete to Vcirc > 50 km/s

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

Anatoly Klypin, Stefan Gottloeber, Joel Primack
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BIG BOLSHOI / MultiDark1000 Mpc/h

Anatoly Klypin, Stefan Gottloeber, Joel Primack, Gustavo Yepes, et al.

7 kpc/h resolution, complete to Vcirc > 170 km/s
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Zoom-in on the Largest Cluster in BIG BOLSHOI

Anatoly Klypin, Stefan Gottloeber, Joel Primack, Gustavo Yepes, et al.
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MultiDark Hydro Simulation of Largest Cluster in BIG BOLSHOI

Anatoly Klypin, Stefan Gottloeber, Joel Primack, Gustavo Yepes, et al.
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Sloan Video
BOLSHOI SIMULATION FLY-THROUGH

less than 
1/1000
of the 
Bolshoi 
Simulation 
Volume

100 million light years
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The Millennium Run (Springel+05) was a landmark simulation, 
and it has been the basis for ~400 papers.  However, it and the 
new Millennium-II simulations were run using WMAP1 (2003) 
parameters, and the Millennium-I resolution was inadequate to 
see many subhalos.  The new Bolshoi simulation (Klypin, 
Trujillo & Primack 2010) used the WMAP5 parameters 
(consistent with WMAP7) and has nearly an order of magnitude 
better mass and force resolution than Millennium-I.  We have 
now found halos in all 180 stored timesteps, and we have 
complete merger trees based on Bolshoi.  

Halos and galaxies: results from the Bolshoi simulation

Power Spectrum

     

             

Millennium

Bolshoi

 

Cosmological Parameters

Subhalos follow the 

dark matter distribution

Clusters

Galaxies

Fraction of z = 0

Halos Tracked to

Given Redshift

50

km/s
200

                      
100

                      

Klypin, Trujillo-Gomez, & Primack, arXiv:1002.3660  ApJ in press
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z = 8.8

Curve:
    Sheth-
       Tormen
          approx.

FOF halos
  link = 0.20

SO halos

The Sheth-Tormen approximation with the same WMAP5 parameters used for the Bolshoi 
simulation very accurately agrees with abundance of halos at low redshifts, but increasingly 
overpredicts bound spherical overdensity halo abundance at higher redshifts.  ST agrees 
well with FOF halo abundances, but FOF halos have unrealistically large masses at high z.

Sheth-Tormen Fails at
High Redshifts

Klypin, Trujillo-Gomez, & Primack, arXiv: 1002.3660  ApJ in press
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Each panel shows 1/2 of the dark matter particles in cubes of 1h-1 Mpc size. The center of each 
cube is the exact position of the center of mass of the corresponding FOF halo. The effective 
radius of each FOF halo in the plots is 150 − 200 h-1 kpc. Circles indicate virial radii of distinct 
halos and subhalos identified by the spherical overdensity algorithm BDM. 

= ratio of FOF mass / SO mass

FOF linked together a chain of 
halos that formed in long and 
dense filaments (also in panels b, 
d, f, h; e = major merger) 

Klypin, Trujillo-Gomez, & Primack, arXiv: 1002.3660  ApJ in press
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Halo mass–concentration relation of distinct halos at
different redshifts in the Bolshoi (open symbols) and 
MultiDark (filled symbols) simulations is compared with 
an analytical approximation.

Comparison of observed cluster concentrations (data points with error 
bars) with the prediction of our model for median halo concentration of 
cluster-size halos (full curve). Dotted lines show 10% and 90% 
percentiles. Open circles show results for X-ray luminous galaxy clusters 
observed with XMMNewton in the redshift range 0.1-0.3 (Ettori et al. 
2010). The pentagon presents galaxy kinematic estimate for relaxed 
clusters by Wojtak &  Lokas (2010). The dashed curve shows prediction
by Macci`o, Dutton, & van den Bosch (2008), which significantly
underestimates the concentrations of clusters.

Halo concentrations in the standard CDM cosmology
Francisco Prada, Anatoly A. Klypin, Antonio J. Cuesta, Juan E. Betancort-Rijo, and Joel Primack

Note the upturn
at high M and z

90%ile

10%ile

median

Maccio

Wednesday, June 15, 2011



for Millennium-1,II and Bolshoi/MultiDark

Halo concentrations in the standard CDM cosmology
Francisco Prada, Anatoly A. Klypin, Antonio J. Cuesta, Juan E. Betancort-Rijo, and Joel Primack
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Consistent Merger Trees

Do the haloes identified by the halo finder move
consistently with the laws of physics?

Are halo properties (mass, radius, vmax) stable
across timesteps?  Especially subhalos?

Requirements for accurate identification
of halo progenitors:

We can build explicit modeling of the gravitational evolution of 
halos into the merger tree code:

F =
GM1M2

r2 + r2vir

Gravitational Acceleration Tidal Merger Criterion
dF

dr
=

2GM1M2

r3
> Tmin
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BOLSHOI 
Merger Tree 

Peter Behroozi, et al.
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The Rockstar Halo Finder

Behroozi et al. in prep.
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The Rockstar Halo Finder
In practice, how does it work?

That is, how well does it recover halo properties?

Knebe et al. 2011
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Successes of Behroozi et al. ROCKSTAR halo finder

Halo Number Density Halo Autocorrelations
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The  Milky Way has two large satellite galaxies, 
the small and large Magellanic Clouds

The Bolshoi simulation predicts the likelihood of this
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Statistics of MW-satellite analogs

Search SDSS DR7 Co-Add data to look for analogues of the LMC/SMC in extragalactic hosts

SDSS Co-Add Data:

Stripe-82 in the SDSS was observed ~370 times, complete to observed magnitude limit Mr = 23.6 
over ~270 sq. deg; main sample spectroscopy (mostly) complete down to Mr = 17.77

Photometric redshifts calculated for the remaining objects using a template method.

Training/validation set taken from CNOC2, SDSS main, and DEEP2 samples.

Measured scatter:  Δz = 0.02

23,000 spectroscopic galaxy (non-QSO) candidates in Stripe 82 with mr < 17.77

Magnitude Cuts:

Identify all objects with absolute 0.1Mr = -20.73±0.2 and observed mr < 17.6

Lets us probe out to z = 0.15, a volume of roughly 500 (Mpc/h)3

leaves us with 3,200 objects.

Isolation Criteria: exclude objects in clusters, since those are likely biased -- exclude candidates 
with neighbors brighter than itself within a cylinder defined by:

radial distance 1000 km/s -- the velocity dispersion of a typical cluster and Δz ≈ 0.01 at our 
relevant redshifts.  

projected angular distance Riso = 0.7 Mpc

leaves us with 1,332 hosts.

Liu, Gerke & Wechsler 

Risa Wechsler

Wednesday, June 15, 2011



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 2010

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%

Every case agrees within observational errors!

Observations & Theory
agree pretty well!
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Similarly good 
agreement with SDSS 
for brighter satellites 
with spectroscopic 
redshifts compared 
with Millennium-II 
using abundance 
matching.

Real Pairs

False Pairs

Good agreement 
between simulated 
and observed pairwise 
velocities
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Projected correlation 
functions for galaxies in 
different stellar mass 
ranges, in SAM based on 
Millennium I and II. Black 
solid and blue dashed 
curves give results for 
preferred model applied to 
the MS and the MS-II, 
respectively. Symbols with 
error bars are results for 
SDSS/DR7 calculated 
using the same techniques 
as in Li et al. (2006). The 
two simulations give 
convergent results for M✴ > 
6X109 Msun. At lower mass 
the MS underestimates the 
correlations on small 
scales.The model agrees 
quite well with the SDSS at 
all separations for M✴ > 
6X1010 Msun. But at smaller 
masses the correlations 
are overestimated 
substantially, particularly 
at small separations.  The 
authors attribute this to 
the too-high σ8 = 0.90 
used in MS-I & II.

Guo, White, et al. 

MNRAS in press.

Millennium-II
Millennium-I

Projected Galaxy Correlation Functions

SDSS data
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To investigate the statistics of galaxies and their relation to host DM halos as 
predicted by the LCDM model, we predicted the properties of our model galaxies 
using the following procedure:

1. Using the merger tree of each DM halo and subhalo, obtain Vacc = the peak value 
of the circular velocity over the history of the halo (this is typically the maximum 
circular velocity of the halo when the halo is first accreted). Perform abundance 
matching of the velocity function of the halos to the LF of galaxies to obtain the 
luminosity of each model galaxy.

2. Perform abundance matching of the velocity function to the stellar mass function 
of galaxies to obtain the stellar mass of each model galaxy.

3. Use the observed gas-to-stellar mass ratio as a function of stellar mass to assign 
cold gas masses to our model galaxies. The stellar mass added to the cold gas 
mass becomes the total baryonic mass.

4. Using the density profiles of the DM halos, obtain the circular velocity at 10 kpc 
(V10) from the center of each halo. Multiply the DM mass, as it comes from 
simulations, by the factor (1 − fbar), where fbar is the cosmological fraction of baryons. 
This is the dark-matter-only contribution.  Add the contribution to V10 of the baryon 
mass from step 3 assuming it is enclosed within a radius of 10 kpc.

5. Optionally implement the BFFP86 correction to V10 due to the adiabatic 
contraction of the DM halos from the infall of the baryon component to the center.
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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 

arXiv: 1005.1289

Theory & Observations
Agree  Very  Well

Projected Galaxy Correlation Functions
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steeper slope LF

median Vcirc with AC

median Vcirc without ACLuminosity-Velocity 
Relation

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

arXiv: 1005.1289

ApJ in press

“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
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Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

arXiv: 1005.1289

ApJ in press

Bolshoi
Sub-Halo
Abundance
Matching

Baryonic Mass - Velocity 
Relation

Theory & Observations
Agree Pretty Well
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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?

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

arXiv: 1005.1289

 

Theory & Observations
Agree Pretty Well

Bolshoi
Sub-Halo
Abundance
Matching
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First SAM galaxy results with Bolshoi   -   Rachel Somerville

Gas Fraction vs. MstarMetallicity Evolution

Galaxy Baryonic Mass Function
Star Formation Efficiency
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Stellar Mass Function Cold Gas Mass Function

Stellar Mass FunctionStellar Mass Function

Black Hole Mass Function

Black Hole Mass
  vs. Bulge Mass
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Stellar Mass Function Cold Gas Mass Function

Stellar Mass FunctionStellar Mass Function

Black Hole Mass Function

Black Hole Mass
  vs. Bulge Mass

Theory & Observations
Agree Pretty Well
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Bolshoi simulations - recent progress

Anatoly Klypin has improved his BDM halofinder.   It now finds the spin 
parameter, concentration, and shape and orientation of all halos. It also 
produces catalogs for both “virial” and overdensity-200 halo definitions.  
Results on all 180 stored timesteps of the Bolshoi simulation will be 
finished in a week or so.  Peter Behroozi has written a new phase-space 
halofinder that finds subhalos better in the central regions of larger halos.

All catalogs are finished for BigBolshoi (MultiDark), which has the same 
cosmology as Bolshoi in a volume 64x larger.   It has 7 kpc/h resolution, and 
is complete to Vcirc > 170 km/s (so all MWy-size halos are found).  
BigBolshoi simulations can now be run and analyzed in one week; two more 
are planned to get statistics for BOSS.  Merger trees are coming soon.

http://www.multidark.org/MultiDark/
All catalogs will be available soon at Astrophysicalishes Institut Potsdam:

We hope to have them up soon also on the VAO and at SLAC.

(You have to get an account there.)

A new miniBolshoi simulation is running now.  It will have a force 
resolution of about 100 pc and a mass resolution of about 106 Msun 
and it will be complete to 15 km/s or better.  We will have complete 
merger histories and substructure for hundreds of MWy-size halos.

●

●

●

●
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http://hipacc.ucsc.edu/
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As computing and observational power continue to increase rapidly, the most 
difficult problems in astrophysics are now coming within reach of simulations 
based on solid physics, including the formation and evolution of stars and 
supermassive black holes, and their interactions with their galactic 
environments. 

The purpose of HIPACC is to realize the full potential of the University of 
California’s worldleading computational astrophysicists, including those at 
the affiliated national laboratories. HIPACC will do this by fostering their 
interaction with each other and with the rapidly increasing observational 
data, and by empowering them to utilize efficiently the new supercomputers 
with hundreds of thousands of processors both to understand astrophysical 
processes through simulation and to analyze the petabytes and soon exabytes 
of data that will flow from the new telescopes and supercomputers. This 
multidisciplinary effort links theoretical and observational astrophysicists, 
physicists, earth and planetary scientists, applied mathematicians, and 
computer scientists on all nine UC academic campuses and three national 
labs, and exploits California’s leadership in computers and related fields. 

HIPACC’s outreach activities will include developing educational materials, 
publicity, and websites, and distribution of simulation outputs including 
visualizations that are beautiful as well as educational.
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                   UC-HIPACC Leadership
Executive Committee
Director: Joel Primack (UCSC) <joel@ucsc.edu>
Coordinator from Northern California: Peter Nugent (LBNL)
Coordinator from Southern California: Michael Norman (UCSD)

                                                Council
UC Berkeley: Christopher McKee        UC San Diego: Michael Norman
UC Davis: TBA                                     UC Santa Barbara: S. Peng Oh
UC Irvine: James Bullock                    UC Santa Cruz: Sandra Faber
UC Los Angeles: Steve Furlanetto        Los Alamos National Lab: TBA
UC Merced: TBA                                  Lawrence Berkeley National Lab: Peter Nugent
UC Riverside: Gillian Wilson                Lawrence Livermore National Lab: Peter Anninos

                             UC-HIPACC Staff
UC-HIPACC Office Manager: Coral Conner <hipacc@ucsc.edu>
Webmaster and Outreach Specialist: Nina McCurdy <nmccurdy@ucsc.edu>
Publicity and Proposal Writing: Trudy E. Bell <tebell@ucsc.edu>  
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Annual Conferences in Northern and Southern California
HIPACC will sponsor two large meetings each year especially (but not exclusively) for scientists
working on computational astrophysics and related topics at the UC campuses and labs. Unlike the
more specialized meetings of working groups, we expect that these larger meetings will be broad,
with the purpose of bringing theoretical astrophysicists together with computer science specialists,
computer hardware experts, and observational astronomers. One meeting will be in northern
California and the other in southern California to promote maximum participation. In addition to
sharing new information, these meetings will highlight problems needing attention to advance the
state-of-the-art and introduce participants to potential colleagues and begin collaborations.

Annual International AstroComputing Summer Schools
HIPACC will support an annual school aimed at graduate students and postdocs who are currently 
working in, or actively interested in doing research in, AstroComputing. Topics and locations of the 
annual school will rotate, and Caltech and Stanford are also welcome to participate.

The 2010 school was at UCSC, on the topic of Hydrodynamic Galaxy Simulations.  Lectures were 
presented by experts on the leading codes (AMR codes ART, Enzo, and RAMSES, and SPH codes 
Arepo, GADGET, and Gasoline) and the Sunrise code for making realistic visualizations including 
stellar SED evolution and dust reprocessing.  There were 60 students, including 20 from outside the 
USA.  Lecture slides and videos, codes, inputs and outputs are on the UC-HIPACC website http://
hipacc.ucsc.edu.  Funding from NSF helped to support non-UC participant expenses.

The 2011 school will be July 11-23 at UC Berkeley/LBNL/NERSC, on the topic of Computational 
Explosive Astrophysics: novae, SNe, GRB, and binary mergers.  The scientific organizers are Daniel 
Kasen (LBNL/UCB) and Peter Nugent (LBNL).  The 2012 school will be on Astroinformatics at UCSD.
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The 2010 school was at UCSC, on the topic of Hydrodynamic Galaxy Simulations

Wednesday, June 15, 2011



http://hipacc.ucsc.edu/
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Funding Opportunities

Calls for proposals scheduled twice annually for Fall/Winter & Spring/Summer funding Cycles.

UC-HIPACC will support focused working groups of UC scientists from multiple campuses to pursue
joint projects in computational astrophysics and related areas by providing funds for travel and
lodging. At the heart of UC-HIPACC are working groups. These groups will typically consist of
collaborations of two to a dozen people, in practice mostly graduate students and post-doctoral
fellows, from two or more UC campuses or DOE labs. Periods will typically range from a few days
to a few months. 

1. Small travel grants enable scientists, graduate students, and post-doctoral students to travel
easily and spontaneously between Center nodes. UC-HIPACC will fund travel grant proposals
submitted by faculty members, senior scientists, postdocs or graduate students up to $1000 on a
first-come-first-served basis with a simple application describing the plan and purpose of the
travel. 

2. Grants ranging between $1000 - $5,000 to support larger working groups or participation in
scientific meetings. 

3. Mini Conference grants of up to $5,000 to support collaborations of multiple UC campuses and 
DOE labs.

4. Innovative initiative proposals for other purposes that are consistent with the goals of UC-
HIPACC.  Such purposes could include meetings or workshops, software development, matching 
funds for astrocomputing hardware, or education and outreach.
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If you want a copy, ask 
joel@ucsc.edu
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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 are helping prepare their planetarium show opening fall 2010, and also working on a major 
planetarium show to premiere at the Adler Planetarium in spring 2011.  

Project lead: Prof. Joel Primack, Director, UC High-Performance AstroComputing Center
UC-HIPACC  Visualization and Outreach Specialist: Nina McCurdy
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Astronomical observations represent 
snapshots of particular moments in time; 
it is effectively the role of astrophysical 
simulations to produce movies that link 
these snapshots together into a 
coherent physical theory.

Galaxy Merger Simulation

Showing Galaxy Merger 
simulations in 3D will 
provide a deeper, more 
complete picture to the 
public and scientists alike.

Run on Columbia Supercomputer at NASA Ames Research Center. 
Dust simulated using the Sunrise code (Patrik Jonsson, UCSC/Harvard).
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CONSTRAINED LOCAL UNIVERSE SIMULATION
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Virgo Cluster

MWy & M31

Fornax Cluster
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