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

Structure Formation Methodology
• Starting from the Big Bang, we simulate the
evolution of a representative part of the universe
according to the Double Dark theory to see if the end
result matches what astronomers actually observe.
• On the large scale the simulations produce a
universe just like the one we live in. We’re always
looking for new phenomena to predict — every one
of which tests the whole theory!
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Matter Distribution Agrees with Double Dark Theory!
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Fig. 10. Planck T T 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
0 error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
model. The
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36b), and include2beam uncertainties
and
in the foreground
model parameters.

Multipole moment,
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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tected by Planck over the entire sky, and which therefore contains both Galactic and extragalactic objects. No polarization information 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 reducing notably the reliability of the detected sources, whereas

Structure Formation Methodology
• Starting from the Big Bang, we simulate the
evolution of a representative part of the universe
according to the Double Dark theory to see if the end
result matches what astronomers actually observe.
• On the large scale the simulations produce a
universe just like the one we live in. We’re always
looking for new phenomena to predict — every one
of which tests the theory!
• But the way individual galaxies form is only partly
understood because it depends on the interactions
of the ordinary atomic matter as well as the dark
matter and dark energy to form stars and black
holes. We need help from observations.

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, 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

CONSTRAINED LOCAL UNIVERSE SIMULATION
Stefan Gottloeber, Anatoly Klypin, Joel Primack
Visualization: Chris Henze (NASA Ames)

UC-HiPACC 3D AstroVisualization Lab
On-the-fly visualization of cosmic filaments
in the Bolshoi-Planck simulation
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Aquarius Simulation
Volker Springel

Milky Way
100,000 Light Years

Milky Way Dark Matter Halo
1,500,000 Light Years
15

Bolshoi Cosmological
Simulation

Anatoly Klypin & Joel Primack
NASA Ames Research Center
8.6x109 particles 1 kpc resolution

1 Billion Light Years

Bolshoi Cosmological
Simulation

100 Million Light Years

1 Billion Light Years

Bolshoi Cosmological
Simulation

100 Million Light Years

How the Halo of the Big Cluster Formed

Bolshoi-Planck
Cosmological Simulation

Merger Tree of a Large Halo

Observational Data
Sloan Digital Sky Survey

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

Compare
Statistically

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

How common is this?

The Bolshoi simulation predicts the likelihood that a
galaxy as bright as ours will have 0, 1, 2, 3, ... large
satellite galaxies.
If the answer matches observations, that increases our
confidence in this theory.
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Statistics of MW bright satellites:
Sloan Digital Sky Survey data vs. Bolshoi simulation

SDSS Data

Bolshoi simulation

Every case agrees, within
the observational errors

Risa Wechsler
Busha et al. 2011 ApJ
Liu et al. 2011 ApJ

The dark side of galaxy colour"
Andrew P. Hearin & Douglas F. Watson MNRAS 435, 1313 (2013) !
Galaxy Angular Correlations
Hearin and Watson 2013 showed that by extending the
traditional abundance matching formalism to consider
an additional halo property beyond Vmax, the observed
spatial distribution of galaxies as a function of
luminosity and color could be accurately reproduced.
Specifically, the authors considered the redshift,
dubbed zstarve, that correlates with the epoch at which
the star formation in the galaxy is likely stifled,
ultimately leading to the quenching of the galaxy.
By using Bolshoi merger trees to map the full mass
assembly history (MAH) of halos, a halo’s zstarve value
is determined by whichever of the following three
events happens first in its MAH: (1) the epoch a halo
accretes onto a larger halo, thus becoming a subhalo,
(2) the epoch a halo reaches a characteristic mass,
and (3) the epoch a halo transitioned from the fast- to
slow-accretion regime. Under the simple assumption
that zstarve correlates with g − r color at fixed
luminosity, the age matching technique was able to
accurately predict color-dependent clustering in the
Sloan Digital Sky Survey (SDSS) and a variety of
galaxy group statistics. The success of the model
supports the idea that the assembly history of
ΛCDM halos and their central galaxies are
correlated.

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 (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 “radio mode” feedback prevents 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.

108-9 M⦿ Clumps in Simulated Galaxies
gen 1 simulations

Semi-Analytic Models find that a majority of galactic spheroids
form by violently unstable disks forming clumps and bars that
drive stars and gas to the galactic center, rather than by galaxy
mergers: Porter, Somerville, Primack, Johansson MNRAS 2014.

•

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


•

•

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

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

SAM Predictions vs. SDSS Observations
Age and Metallicity depend mainly on velocity dispersion σ, not R

Galaxy Age

Galaxy Metallicity

SAM
Predictions

Lauren
Porter et
al. 2013b

SDSS

Observations

Jenny
Graves et
al. 2009

Lauren Porter, Rachel Somerville, Joel Primack, et al. 2014b

Galaxy 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, 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 Hydro Simulations: 2 Approaches
1. Low resolution (~ kpc)
Advantages: it’s possible to simulate many galaxies and study
galaxy populations and their interactions with CGM & IGM.
Disadvantages: we learn little about how galaxies themselves
evolve, and cannot compare in detail with high-z galaxy images
and spectra.
Examples: AREPO simulations in 100 Mpc box (Illustris),
GADGET-3 simulations in 25-100 Mpc box (EAGLE), CHanGa

2. High resolution (~10s of pc)
Advantages: it’s possible to compare in detail with high-z
galaxy images and spectra, to discover how galaxies evolve,
morphological drivers (e.g., galaxy shapes, clumps, origins of
galactic spheroids, quenching). Radiative feedback essential?
Disadvantages: it’s hard to run statistical galaxy samples, so
the best approach puts simulation insights into SAMs.
Examples: ART simulation suite, AGORA simulation
comparison project

320 kpc

How Galaxies Form

Gas inflows to massive halos
along DM filaments

RAMSES simulation by 	

Romain Teyssier on Mare Nostrum supercomputer, Barcelona

Dekel et al. Nature 2009

How Gas moves and Stars form 	

according to galaxy simulations

● Stars

ART Simulation Daniel Ceverino;
Visualization: David Ellsworth

Sunrise Radiative Transfer Code
For every simulation snapshot:
•
•
•
•
•

Patrik Jonsson
& Joel Primack

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

Spectral Energy Distribution
w/o dust
face-on

edge-on

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

Infrared

Ultraviolet
Visible Light

What’s  the  eﬀect  of  including  dust?

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

stars  
only
face-‐‑on

edge-‐‑on

with new near-ir camera WFC3

NEGATIVE IMAGES OF GALAXIES ~10 BILLION YEARS AGO

WFC3

ACS

Hubble	

Space
Telescope

http://candels.ucolick.org

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.)

Radiative feedback
Rosette Nebula

40 pc

No Supernova explosion yet
Stellar winds
Thermal pressure
Radiation pressure
from ionizing photons
Typical resolution of our zoom-in,
cosmological simulation: ~ 20 pc

Daniel Ceverino

• At high column
densities

• Add pressure
Prad = L / ( R2 c )
2R
L

L = M* Γ$
Γ = cte for 5 Myr$
For column densities >1021 cm-2

No free parameters
Daniel Ceverino

Radiative Feedback Decreases Star Formation,
Improving Agreement with Observations
SNe Feedback

SNe & Radiative
Feedback

Stellar Mass - Halo Mass Relation from Abundance Matching
Behroozi, Wechsler, Conroy ApJ 2013

Radiative Feedback: Fewer Stars

!
!
!
!
!
!

Simulated
Galaxy
10 billion
years ago

!
as it would
appear
nearby to
our eyes

as it
would
appear to
Hubble’s
ACS
visual
camera
as it
would
appear to
Hubble’s
WFC3
infrared
camera

More Elongated
VELA27-RP
z = 2.1
face-on

VELA27-RP
z = 2.1
edge-on

Left:!
Simulation!
without!
Radiation!
Pressure!
feedback

Right: Same!
Simulation!
with!
Radiation!
Pressure!
feedback

Radiative Feedback
Makes Galaxies
More Elongated

van der Wel +!
SDSS,!
CANDELS!
& 3D HST:!
galaxy !
elongation !
observed

Daniel Ceverino

Most M✻ < 109.5 M⦿ Star Forming Galaxies at z > 1 Are Prolate

ApJL Sept 2014

108-9 M⦿ Clumps in Simulated Galaxies

Recall: Semi-Analytic Models find that a majority of galactic
spheroids form by violently unstable disks forming clumps and
bars that drive stars and gas to the galactic center, rather than by
galaxy mergers.

8-9
10

M⦿ Clumps in Real and Simulated Galaxies
CANDELS
observations

ART simulations

3D-HST
data

ART
sims

Increasing Star Formation

Barro+ (CANDELS) 2013

“Compactness”

Ceverino+ RP simulations "
analyzed by Zolotov, Dekel, "
Tweed, Mandelker, Ceverino, "
& Primack (in prep.)

VELA07-RP

VELA12-RP

FAST-TRACK

Barro+ (CANDELS) 2013

VELA11-RP

VELA27-RP

SLOW-TRACK
“Compactness”

• minor merger
• major merger

7

“Compactness”

“Compactness”

Evolution of Compact StarForming Galaxies	

According to Bolshoi-based
Semi-Analytic Model

Observed Evolution of
Galaxies from Latest	

Hubble Telescope Data
dQ

dSFG
Gas-rich merger in past Gyr	

Gas-poor merger in past Gyr

cSFG at z = 2.4

Somerville et al. (in prep.) - Bolshoi SAM

cQ

cSFG

Barro et al. (2013 - Hubble Observations)

The “Too Big To Fail” problem
!CDM subhalos vs. Milky Way satellites
“Missing satellites”: Klypin et al. 1999, Moore et al. 1999

Aquarius Simulation
Diameter of visible Milky Way
30 kpc = 100,000 light years

dwarf satellites around the Milky Way

250 kpc
sphere

Diameter of Milky Way Dark Matter Halo
1.5 million light years

>105 identified subhalos
V. Springel / Virgo Consortium

12 bright satellites (LV > 105 L )
S. Okamoto

Of the ~10 biggest subhalos, ~8 cannot host
any known bright MW satellite
???
???
???
???

Possible Solutions
to “Too Big to Fail”
The Milky Way is anomalous?	

!

The Milky Way has a low mass
dark matter halo? 	

!

???

Galaxy formation is stochastic
at low masses?	


???

!

???

???

Observed Milky Way Satellites

LMC

Image credits:V. Springel / Virgo Consortium; A. Riess / HST; SDSS; M. Schirmer

“massive failures”:
highest resolution
LCDM simulations
predict ~10 subhalos in
this range in the MW,
but we don’t see any
such galaxies [except
Sagittarius (?)]

All of the bright
MW dSphs are
consistent with

Vmax . 25 km/s
(see also Strigari, Frenk,
& White 2010)

SMC

No indication that more
massive halos host more
luminous galaxies

c.f. Strigari et al. 2008

Dark matter is not just CDM
-- maybe WDM or even
repulsive self-interacting DM?	

!

Or maybe high-resolution
CDM-only simulations are
being misinterpreted?
Stellar feedback can
strongly modify the central
structure of subhalos, and
may resolve the TBTF
challenge to ΛCDM.

Michael Boylan-Kolchin, Bullock, Kaplinghat 2011, 2012

tflows
Simulations
Challenges: Cusp-Core, Too Big
to Fail, Satellite Galaxies
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Challenges: Cusp-Core, Too Big to Fail, Satellite Galaxies
In addition to the Governato group’s papers on this (including Zolotov+12, Brooks+13) there are
several other important recent papers (e.g.,
Teyssier+13, Arraki+14, Trujillo-Gomez+14)
arguing
No core
Core
that baryonic effects convert the DM cusp to a core. The highest-resolution simulation yet of
Feedback
&described
the Dark
Matter
Distribution
a dwarf
spiral was
by Jose
Onorbe
in his talk at the Near Field-Deep Field
Star Formation
Rate: Dwarf
Connections
conference
atIrregular
UC Irvine Feb 12-14. The central star formation converted the
central cusp to a core, reducing the rotation velocity.

Mvir = 3E 9M

at z = 0

Bursty Star Formation

=4 M
1E 10M
M⇤ = 2M⇥
vir10

at z = 0

re = 338pc
SF regulated by
feedback:
[Fe/H] =

atter Distribution
Jose Oñorbe

Jose Oñorbe

3.3

[Fe/H] =

1.9

The Role of Stellar Feedback in Dwarf Galaxy Formation

at z = 0

M⇤ = 2 ⇥ 104 M

The Role of Stellar Feedback in Dwarf Galaxy Formation

re = 338pc

Core [Fe/H] = 3.3

Jose Oñorbe

re = 1068pc

Bursty on small
timescales
Flatter in time Core

No core
Mvir = 1E 10M

M⇤ = 4 ⇥ 106 M

M⇤ = 4 ⇥ 106 M
7

Repeated episodes when baryons cool
re =
1068pc
and
slowly
fall into the galaxy center,
dominate the mass, and then are
[Fe/H] = 1.9
expelled rapidly (in less than tdyn) by
radiation pressure and supernovae,
soften the central DM cusp to a core .

The Role of Stellar Feedback in Dwarf Galaxy Formation

9

Onorbe, Hopkins+14 FIRE (Feedback in Realistic Environments) simulations

Cusp-Core, Too Big to Fail, Satellite Galaxies
Stellar feedback can perhaps strongly modify the
central structure of subhalos, soften the dark
matter cusp, and resolve the TBTF challenge to
ΛCDM. Semi-analytic models can reduce the
number of satellites. But high-resolution galaxy
simulations generally make too many satellites.
They should be Too Small To Succeed!

Tensions in Galaxy Simulations
How can simulations have adequate SF and FB to
solve cusp-core, reionize, and eject metals into the
CGM, but not overproduce early stars and
overpressurize disks?

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)

110 participants from 8 countries
as of September 2014

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

AGORA High-Resolution Simulation Comparison

Initial Conditions for Simulations 	

MUSIC galaxy masses at z~0: ~1010, 1011, 1012, 1013 M	

⦿
with both quiet and busy merging trees	

isolation criteria agreed for Lagrangian regions 	

Isolated Spiral Galaxy at z~1: ~1012 M⦿
Astrophysics that all groups will include	

UV background (Haardt-Madau 2012) 	

cooling function (based on ENZO and Eris cooling)	

!!

Tools to compare simulations based on yt, to be available 	

for
all
codes
used
in
AGORA	

!
Images and SEDs for all timesteps from yt ➠ Sunrise

www.AGORAsimulations.org

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:

www.AGORAsimulations.org
AGORA Task-Oriented Working Groups

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

T4

Common Analysis

common initial conditions for cosmological zoom-in simulations
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
Questions
(includes,
but not
to)project to
working groups,
and Group
others that will be Science
organized
if needed,
will enable
the limited
AGORA
tune the subgrid
physics across
to produce
Isolated
Galaxies
address basic
problems
in and
galaxy formation
both theoretically
andplatforms
observationally.
Forsimilar
example,
Subgrid
Physicsand simulations,results
S1 analytic
for similarclear
astrophysical
assumptions
from
calculations
it is becoming
that stellar
radiative feedback is
S2
Dwarf Galaxies
simulate ∼1010 M⊙ halos, compare results across all platforms

AGORA Science Working Groups

S3

Dark Matter

S4

Satellite Galaxies

radial profile,
4 shape, substructure, core-cusp problem
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
Lyα Absorption
and Emission

black hole growth and feedback in galactic context
prediction of Lyα maps for simulated galaxies and their
environments including eﬀects of radiative transfer

S10
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Thanks!

Cosmological Structure Formation
Joel R. Primack, UCSC
http://scipp.ucsc.edu/personnel/profiles/primack.html
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
Abrams & Primack Book Websites with images and videos:
ViewfromtheCenter.com

New-Universe.org

El-Nuevo-Universo.org

