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Dependence of Halo Concentration on 
Mass and Redshift



Concentration falls as 
mass increases

Concentration falls even 
faster for subhalos as 

mass increases

Concentration rises as 
density increases

Bullock et al. 2001



Spread of Halo Concentrations

Bullock et al. 2001



Evolution of Halo Concentration with Redshift

Concentration falls as 
redshift increases

Cvir ∝ 1/(1+z) 
at fixed mass

Bullock et al. 2001



<s> = short / 
long axis of 
dark halos vs. 
mass and 
redshift.  Dark 
halos are more 
elongated the 
more massive 
they are and the 
earlier they form.  
We found that 
the halo <s> 
scales as a 
power-law in 
Mhalo/M*.  Halo 
shape is also 
related to the 
Wechsler halo 
formation scale 
factor ac.

Allgood+2006

Halo Shapes

z=0

z=2

z=1

<s>



Halos become 
more spherical 
at larger 
radius and 
smaller mass.   
As before,  
      
s =  
!
These 
predictions 
can be tested 
against cluster 
X-ray data and 
galaxy weak 
lensing data.

Allgood+2006
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Simulation: 
Brandon  
Allgood & 
Joel Primack 
!
Visualization: 
Chris Henze !
(rotation to  
show 3D)



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 Halo Abundance Matching (HAM) 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.

Halo Abundance Matching



Low-Redshift Galaxies

• Elliptical galaxies follow the Faber-
Jackson relation M ∝ σ4 between 
their mass or luminosity and their 
velocity dispersion σ	


• When we fill dark matter halos with galaxies using Halo Abundance 
Matching with the Bolshoi simulation, we can test these relations

• Disk galaxies follow the Tully-Fisher 
relation M ∝ V4 between  and their 
mass or luminosity and their 
rotation speed  V 



Bolshoi!
Sub-Halo!
Abundance!
Matching

Baryonic Mass - Velocity !
Relation

Theory & Observations	

Agree Pretty Well

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

ApJ 2011



steeper slope LF

median Vcirc with AC

median Vcirc without ACLuminosity-Velocity !
Relation

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

ApJ 2011

“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



Velocity !
Function

observed VF!
(HIPASS + 

SDSS)

theoretical 
VF with AC

theoretical VF 
without AC

Discrepancy due to!
incomplete observations 

or ΛCDM failure?

Theory & Observations	

Agree Pretty Well

Bolshoi!
Sub-Halo!
Abundance!
Matching

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

ApJ 2011

Galaxy	

Groups



Klypin, Karachentsev, Nasonova 2012

Total sample:   813 galaxies	

Within 10 Mpc:    686	

       MB<-13  N=304	

       MB<-10  N=611	
!
80-90% are spirals or dIrr (T>0)	
!
Errors of distances are 8-10%	
!
80% with D<10Mpc have HI linewidth	
!
Vrot = 	

  150x10^(-(20.5+MB)/8.5)km/s

Local Volume: D <10 Mpc

Distribution of observed line-widths     
(similar after correction for inclination)

No disagreement 
for V > 60 km/s

A factor of two disagreement at  V = 40 km/s

ΛCDM

Presented at KITP Conf “First Light and Faintest Dwarfs” Feb 2012 and UCSC Galaxy Workshop Aug 2012

Deeper Local Survey -- better  
agreement with ΛCDM but still more 
halos than galaxies below 50 km/s



WMAP7●WMAP5● ●BOSS

●WMAP9●
Planck

Determination of σ8 and ΩM from CMB+
WMAP+SN+Clusters Planck+WP+HighL+BAO

Cluster Observations
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1 Billion Light Years

Bolshoi-Planck Cosmological 
Simulation

Anatoly Klypin & Joel Primack	

Finished 6 Aug 2013 on Pleiades computer 	


at NASA Ames Research Center
8.6x109 particles   1 kpc resolution







Bolshoi-Planck	

20483 = 8.6G particles	

250/h Mpc box	

1/h kpc resolution	

complete to Vmax=50 km/s

MultiDark-Planck	

38403 = 56G particles	

1/h Gpc box	

10/h kpc resolution	

complete to Vmax=130 km/s

Bolshoi-Planck	

has a lot more 	

massive halos 	

at high redshifts	

than Bolshoi!



Comparison of best-fit model of Behroozi, Conroy, Wechsler (2010) at 
z = 0.1 to previously published results.

STELLAR MASS – HALO MASS RELATION

(Mstar/Mh)max= 5%,  Mstar/Mbar= 35%
3%

1%

0.3%

0.1%

Mstar/Mh Mstar/Mbar

20%

2%

0.2%

7%

0.7%



Cosmic baryon fraction = 0.045/0.31 = 14%   
Milky Way M*/Mhalo = 0.3 x 14% = 4%

Mstar/Mbar

30%

2%

0.2%

7%

0.7%

(Mstar/Mh)max= 4%

Highest stellar mass fraction (~4%) 
for Milky Way mass halos, for 
which stars are ≲30% of baryons. 

Mstar/Mh

Behroozi, Wechsler, Conroy ApJL, 762, L31 (2013)

STELLAR MASS – HALO MASS RELATION

Time-Independent Star Formation Efficiency
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FIG. 3.— Left panel: the stellar mass to halo mass ratio at multiple redshifts as derived from observations (Behroozi et al. 2012) compared to a model which
has a time-independent star formation efficiency (SFE). Error bars show 1 -� uncertainties (Behroozi et al. 2012). A time-independent SFE predicts a roughly
time-independent stellar mass to halo mass relationship. Right: the cosmic star formation rate for a compilation of observations (Behroozi et al. 2012) compared
to the best-fit model from a star formation history reconstruction technique (Behroozi et al. 2012) as well as the time-independent SFE model. The latter model
works surprisingly well up to redshifts of z ⇠ 4. However, a model which has a constant efficiency (with mass and time) also reproduces the decline in star
formation well since z ⇠ 2.
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FIG. 4.— Left panel: Star formation rate as a function of halo mass and cosmic time, weighted by the number density of dark matter halos at that time. Contours
show where 50 and 90% of all stars were formed; dashed line shows the median halo mass for star formation as a function of time. Right panel: Star formation
rate as a function of galaxy stellar mass and time, weighted by the number density of galaxies at that time. Contours and dashed line are as in top-left panel;
dotted line shows current minimum stellar masses reached by observations.

characteristic mass is to use a different mass definition. For
example, using M200b (i.e., 200 times the background density)
would cancel some of the evolution from z = 1 to z = 0. How-
ever, this would also raise the mass accretion rate at z = 0,
which would increase evolution in the star formation effi-
ciency’s normalization. Using the maximum circular velocity
(Vcirc) or the velocity dispersion (�) instead would also lead
to more evolution in the SFE (at fixed Vcirc or �): due to the
smaller physical dimensions of the universe at early times,
both these velocities increase with redshift at fixed virial halo
mass.

The nearly-constant characteristic mass scale is robust to
our main assumption that the baryon accretion rate is propor-
tional to the halo mass accretion rate, because this mass scale

is already present in the conditional SFR (Fig. 1). A baryon
accretion rate which scales nonlinearly with the dark matter
accretion rate would change the width of the most efficient
halo mass range, but it would not change the location. How-
ever, as discussed previously, the baryon accretion rate for
small halos (Mh < 1012M�) can differ from the dark matter
accretion rate through recooling of ejected gas; the changing
virial density threshold can also introduce non-physical evolu-
tion in the halo mass which affects the accretion rate (Diemer
et al. 2012). Properly accounting for these effects may change
the low-mass slope of the star formation efficiency; we will
investigate this in future work.

Note that the level of consistency seen in the star forma-
tion efficiency is not possible to achieve using other common

Behroozi, Wechsler, Conroy ApJL, 762, L31 (2013)

Inefficient Star-Formation

“High Noon”

Star-Formation History

Highest stellar mass fraction (~3%) 
for Milky Way mass halos, for 
which stars are ~ 20% of baryons. 

Cosmic baryon fraction = 0.045/0.31 = 14%   
Milky Way M*/Mhalo = 0.2 x 14% = 3%

“Cosmic Dawn” Today

Based on Bolshoi simulation and HAM:



ΛCDM: 
!
hierarchical formation  
(small things form first)

“Downsizing”: !
massive galaxies are old, star 

formation moves to smaller galaxies

small structures 
!
!
!
!
large structures

early 
!
!
!
!

late

large galaxies 
!
!
!
!
small galaxies

ΛCDM vs. Downsizing

Galaxy Formation - Introduction



ΛCDM: 
!
hierarchical formation  
(small things form first)

“Downsizing”: !
massive galaxies are old, star 

formation moves to smaller galaxies

!
!
!
!

ΛCDM vs. Downsizing

Galaxy Formation - Introduction

mass assembly star formation history
DM simulations semi-analytic models

present-day structure current stellar population

How are these  
!

processes related?



SDSSBolshoiMpc_USE_THIS_ONE

An old criticism of ΛCDM has been that the order of 
cosmogony is wrong: halos grow from small to large by 
accretion in a hierarchical formation theory like ΛCDM 
But the oldest stellar populations are found in the most 
massive galaxies -- suggesting that these massive 
galaxies form earliest, a phenomenon known as 
“downsizing.”  The key to explaining the downsizing 
phenomenon is the realization that star formation is 
most efficient in dark matter halos with masses about 
1011 - 1012.5 M⦿.  This goes back at least as far as the 
original Cold Dark Matter paper (BFPR84), from which the 
following figure is reproduced.  

Galaxy Formation - Introduction



©          Nature Publishing Group1984

©          Nature Publishing Group1984
©          Nature Publishing Group1984

Blumenthal, Faber, Primack, & Rees  --  Nature 311, 517 (1984)

Star  
Forming  

Band: 
1010 - 1012 

Msun

Galaxies form	

beneath the	

cooling curves

Galaxy groups 
and clusters 
form above the 
cooling curves
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FIG. 1.— Top-left panel: Star formation rate as a function of halo mass and cosmic time in units of M� yr-1. The grey shaded band excludes halos not expected

to exist in the observable universe. Top-right panel: Conditional star formation rate as a function of halo mass and cosmic time, in units of the maximum star
formation rate at a given time. Middle-left panel: baryonic mass accretion rate (MA) in halos as a function of halo mass and time, in units of M� yr-1. Middle-

right panel: the star formation rate to stellar mass ratio, in units of yr-1, as a function of halo mass and time. There is a roll-off towards higher halo masses;
however, the normalization and characteristic mass are strongly redshift-dependent. Bottom panel: instantaneous star formation efficiency (star formation rate
divided by baryonic mass accretion rate) as a function of halo mass and time.

From Figure 1 of Behroozi, Wechsler, Conroy ApJL, 762, L31 (2013)

(star formation rate divided by 
baryonic mass accretion rate)

redshift z

Star-Forming Band
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FIG. 1.— Top-left panel: Star formation rate as a function of halo mass and cosmic time in units of M� yr-1. The grey shaded band excludes halos not expected

to exist in the observable universe. Top-right panel: Conditional star formation rate as a function of halo mass and cosmic time, in units of the maximum star
formation rate at a given time. Middle-left panel: baryonic mass accretion rate (MA) in halos as a function of halo mass and time, in units of M� yr-1. Middle-

right panel: the star formation rate to stellar mass ratio, in units of yr-1, as a function of halo mass and time. There is a roll-off towards higher halo masses;
however, the normalization and characteristic mass are strongly redshift-dependent. Bottom panel: instantaneous star formation efficiency (star formation rate
divided by baryonic mass accretion rate) as a function of halo mass and time.

Implications of the Star-
Forming Band Model

!

Star formation is a wave that started in 
the largest galaxies and swept down to 

smaller masses later (Cowie et al. 1996).

“Downsizing”

� Started forming stars early.

� Shut down early.

� Are red today.

� Populate dark halos that are much 
more massive than their stellar mass.

Massive galaxies:

� Started forming stars late.

� Are still making stars today.

� Are blue today.

� Populate dark halos that scale 
with their stellar mass.

Small galaxies:

From Figure 1 of Behroozi, Wechsler, Conroy ApJL, 762, L31 (2013)

(star formation rate divided by   
baryonic mass accretion rate)

zredshift z   



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.14ab 



SemiAnalytic Model Low-Redshift Galaxies

• Elliptical galaxies follow a size-mass 
relation.  Does the theory correctly 
predict this?  What about the other 
relations of elliptical galaxies?	


• Does the theory correctly predict 
the numbers of Disk Galaxies and 
Elliptical Galaxies of all masses?



Low-Redshift Galaxies

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


• Our semi-analytic model also correctly predicts the numbers 
of Disk galaxies and Elliptical galaxies of all masses.

• Disk galaxies follow the TF relation 
between the speed they spin and 
their luminosity or mass.  The model 
also correctly predicts this. 



• Correctly reproduces the z=0 
size-mass, Faber-Jackson, and 
Fundamental Plane relations	


• Forming spheroids with major 
mergers + disk instabilities 
reproduces the morphology-
selected z=0 mass function

SemiAnalytic Model Low-Redshift Galaxies

disk instabilities
disk instabilities

with 
without

disk instabilities
with 

disk instabilities
without

Lauren Porter + 2013a

Projected Fundamental Plane



SAM Predictions vs. SDSS Observations
Galaxy Age Galaxy Metallicity

SAM

SDSS

Lauren 
Porter et 
al. 2013

Jenny 
Graves et 
al. 2009

Lauren Porter + 2013b

Observations

Predictions



ORIGIN OF HUBBLE SEQUENCE
CIRCA 1930



ORIGIN OF HUBBLE SEQUENCE
CIRCA 1930



ORIGIN OF HUBBLE SEQUENCE
CIRCA 1930



ORIGIN OF HUBBLE SEQUENCE
CIRCA 1930



ORIGIN OF HUBBLE SEQUENCE
CIRCA 1930



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?) 

Schmidt-Kennicutt 
laws on nearby 

(including Local Group 
galaxies as shaded 
regions) and distant 
galaxies, as well as 

Milky Way Giant 
Molecular Clouds 

(Krumholz et al. 2012): 
Rate of change of  

stellar surface density 
is proportional to gas 

surface density divided 
by free-fall time 

tff=(Gρ)-½ 



Galaxy Formation via SemiAnalytic Models
• 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

dark matter halos x 0.03



Galaxy Formation via SemiAnalytic Models
• 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 
• AGN feedback cuts off star formation
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• Illustration of galaxy bimodality. The contours are the 
density of SDSS galaxies in color-luminosity space, 
after correction for selection effects (Baldry et al. 2004).

Red Sequence

Blue CloudGreen Valley



3D view of scaling 
relations of spheroidal 
systems from globular 
clusters (GC) to clusters of 
galaxies (CSph), via ultra-
compact dwarfs (UCD), 
dwarf spheroidals (dSph), 
dwarf ellipticals (dE) and 
giant ellipticals (E), where 
the axes are half-luminosity, 
half-luminosity radius and 
total mass within half-
luminosity radius. The red 
and blue planes respectively 
represent the Fundamental 
Plane and the "virial plane" 
of constant M / L.

Tollerud et al. 2011

The “Fundamental Plane”



Black Hole mass!
 !

MBH ~ σ4 ~ M*!
!

(here σ = galaxy stellar 
spheroid velocity 

dispersion,!
M* = galaxy stellar 
spheroid mass )!

!
Luminosity-weighted, 
within one effective 
radius, from 
McConnell et al. (2011)!
!
BCG = brightest cluster galaxy



Correlation of dynamically measured black hole mass M• with (a) K-band absolute magnitude MK,bulge and luminosity 
LK,bulge and (b) velocity dispersion σe for (red ) classical bulges and (black) elliptical galaxies. The lines are symmetric 
least-squares fits to all the points except the monsters (points in light colors), NGC 3842, and NGC 4889. (From 
Kormendy & Ho, Annual Review of Astronomy & Astrophysics 2013.)



http://candels.ucolick.org

WFC3

ACS

with new near-ir camera WFC3

Hubble	

Space 

Telescope

GALAXIES ~10 BILLION YEARS AGO

http://ucolick.org/Candels
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CANDELS: THE PROGENITORS OF COMPACT QUIESCENT GALAXIES AT Z∼2

Guillermo Barro1, S. M. Faber1, Pablo G. Pérez-González2,3, David C. Koo1, Christina C. Williams4, Dale
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ABSTRACT

We combine high-resolution HST/WFC3 images with multi-wavelength photometry to track the
evolution of structure and activity of massive (M⋆ > 1010M⊙) galaxies at redshifts z = 1.4 − 3 in
two fields of the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS).
We detect compact, star-forming galaxies (cSFGs) whose number densities, masses, sizes, and star
formation rates qualify them as likely progenitors of compact, quiescent, massive galaxies (cQGs)
at z = 1.5 − 3. At z ! 2, most cSFGs have specific star-formation rates (sSFR∼ 10−9yr−1) half
that of typical, massive SFGs at the same epoch, and host X-ray luminous AGNs 30 times (∼30%)
more frequently. These properties suggest that cSFGs are formed by gas-rich processes (mergers or
disk-instabilities) that induce a compact starburst and feed an AGN, which, in turn, quench the
star formation on dynamical timescales (few 108yr). The cSFGs are continuously being formed at
z = 2 − 3 and fade to cQGs down to z ∼ 1.5. After this epoch, cSFGs are rare, thereby truncating
the formation of new cQGs. Meanwhile, down to z = 1, existing cQGs continue to enlarge to match
local QGs in size, while less-gas-rich mergers and other secular mechanisms shepherd (larger) SFGs as
later arrivals to the red sequence. In summary, we propose two evolutionary tracks of QG formation:
an early (z ! 2), fast-formation path of rapidly-quenched cSFGs fading into cQGs that later enlarge
within the quiescent phase, and a slow, late-arrival (z " 2) path in which larger SFGs form extended
QGs without passing through a compact state.
Subject headings: galaxies: starburst — galaxies: photometry — galaxies: high-redshift

1. INTRODUCTION

Nearby galaxies come in two flavors (Kauffmann et al.
2003): red quiescent galaxies (QGs) with old stellar pop-
ulations, and blue young star-forming galaxies (SFGs).
This color bimodality seems to be already in place at z ∼

2−3 (Ilbert et al. 2010; Brammer et al. 2011), presenting
also strong correlations with mass, size and morphology:
SFGs are typically larger than QGs of the same mass
(Williams et al. 2010; Wuyts et al. 2011b) and disk-like,
whereas QGs are typically spheroids characterized by
concentrated light profiles (Bell et al. 2011). Since SFGs
are the progenitors of QGs, their very-different, mass-size
relations restrict viable formation mechanisms.
A major surprise has been the discovery of smaller
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sizes for massive QGs at higher redshifts – these compact
QGs (cQGs), also colloquially known as “red nuggets”,
are ∼ 5 times smaller than local, equal-mass analogs
(Trujillo et al. 2007; Cassata et al. 2011; Szomoru et al.
2011). In contrast, most of the massive SFGs at
these redshifts are still relatively large disks (Kriek et al.
2009a). We adopt the view that galaxy mass growth is
accompanied by size growth, as suggested by the mass-
size relation. In this case, to form compact QGs from
SFGs, three changes are required: a significant shrink-
age in radius, an increase in mass concentration, and a
rapid truncation of the star formation.
Proposed mechanisms to create compact spheroids

from star-forming progenitors generally involve violent,
dynamical processes (Naab et al. 2007), such as gas-rich
mergers (Hopkins et al. 2006) or dynamical instabilities
fed by cold streams (Dekel et al. 2009). Recent hydrody-
namical simulations of mergers have reproduced some of
the observed properties of cQGs (Wuyts et al. 2010), if
high amounts of cold gas, as observed by Tacconi et al.
(2010), are adopted.
If cQGs are so formed, we expect to see a co-existing

population of compact SFGs and recently-quenched
galaxies at z ! 2. Recent works demonstrate the exis-
tence of such populations (Cava et al. 2010; Wuyts et al.
2011b; Whitaker et al. 2012), but a direct evolutionary
link has not yet been clearly established.
This letter shows a quantitative connection between

cSFGs and QGs at high-z. We combine the deepest

ABSTRACT	  	  We	  combine	  high-‐resolution	  HST/WFC3	  images	  
with	  multi-‐wavelength	  photometry	  to	  track	  the	  evolution	  of	  
structure	  and	  activity	  of	  massive	  (M⋆	  >	  1010M⊙)	  galaxies	  at	  
redshifts	  z	  =	  1.4	  −	  3	  in	  two	  Rields	  of	  the	  Cosmic	  Assembly	  
Near-‐infrared	  Deep	  Extragalactic	  Legacy	  Survey	  
(CANDELS).	  We	  detect	  compact,	  star-‐forming	  galaxies	  
(cSFGs)	  whose	  number	  densities,	  masses,	  sizes,	  and	  star	  
formation	  rates	  qualify	  them	  as	  likely	  progenitors	  of	  
compact,	  quiescent,	  massive	  galaxies	  (cQGs)	  at	  z	  =	  1.5	  −	  3.	  
At	  z	  >	  2,	  most	  cSFGs	  have	  speciRic	  star-‐formation	  rates	  half	  
that	  of	  typical	  massive	  SFGs,	  and	  host	  X-‐ray	  luminous	  AGNs	  
30	  times	  more	  frequently.	  These	  properties	  suggest	  that	  
cSFGs	  are	  formed	  by	  gas-‐rich	  processes	  (mergers	  or	  disk-‐
instabilities)	  that	  induce	  a	  compact	  starburst	  and	  feed	  an	  
AGN,	  which,	  in	  turn,	  quench	  the	  star	  formation	  on	  
dynamical	  timescales	  (few	  108yr).	  The	  cSFGs	  are	  
continuously	  being	  formed	  at	  z	  =	  2	  −	  3	  and	  fade	  to	  cQGs	  
down	  to	  z	  ∼	  1.5.	  After	  this	  epoch,	  cSFGs	  are	  rare,	  thereby	  
truncating	  the	  formation	  of	  new	  cQGs.	  In	  summary,	  we	  
propose	  two	  evolutionary	  tracks	  of	  QG	  formation:	  an	  early	  
(z	  >	  2),	  fast-‐formation	  path	  of	  rapidly-‐quenched	  cSFGs	  
fading	  into	  cQGs	  that	  later	  enlarge	  within	  the	  quiescent	  
phase,	  and	  a	  slow,	  late-‐arrival	  (z	  <	  2)	  path	  in	  which	  larger	  
SFGs	  form	  extended	  QGs	  without	  passing	  through	  a	  
compact	  state.
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diffuse Quiescent
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Evolution of Galaxies: CANDELS Observations vs. Theory

Barro et al. (2013 - Hubble Observations)
cQ

cSF

Porter et al. 2013c - Bolshoi SAM

cQ

cSF

cQ

dQ

dSF

z=5.7 (t=1.0 Gyr)

z=1.4 (t=4.7 Gyr)

z=0 (t=13.6 Gyr)

Springel et al. 2006

 

• shock heating & radiative 
cooling 

• photoionization squelching
• merging
• star formation (quiescent & 

burst)
• SN heating & SN-driven 

winds
• AGN accretion and feedback
• chemical evolution
• stellar populations & dust

Astrophysical 
processes modeled:

Semi-Analytic Models of Galaxy Formation

time

Bolshoi	

DM Halo	

Merger	


Tree

dQ

dSF



cQ

cSFG

dQ

dSFG

Fast-Track Evolution of 
Compact Star-Forming 

Galaxies	

According to Bolshoi-based 

Semi-Analytic Model

cSFG at z = 2.4Gas-rich merger in past Gyr	

Gas-poor merger in past Gyr

Barro et al. (2012 - Hubble Observations)

Porter et al. 2013c - Bolshoi SAM

Observed Evolution of 
Galaxies from Latest	


Hubble Telescope Data

Fast-Track 	

cSF Galaxies

dSFG cSFG

cQ



Barro et al. (2012)

SAM Predictions 

• Galaxies move from dSFG to cSFG 
through disk instabilities, as well as 
gas-rich major and minor mergers.  
Major mergers may not be the 
dominant mechanism for creating 
compact galaxies. 

• Minor mergers decrease the surface 
density of cSFG, but most remain 
compact down to redshift 0. 

• High-resolution galaxy simulations 
appear consistent with this. 

Summary

Porter et al. 2013c - Bolshoi SAM

dSFG cSFG

dQG

dQG

cQG



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



The Angular Momentum Catastrophe

In practice it is not trivial to form galaxies with massive, extended disks and small 
spheroids.  The angular momentum content of the disk determines its final structure.

≠

Scannapieco et al. 2009

Too much 
low angular 
momentum 
material! 

fraction

jz/jc

angular momentum / ang mom needed for rotational support



The Angular Momentum Catastrophe
In practice it is not trivial to form galaxies with massive, extended disks and small 
spheroids.  The angular momentum content of the disk determines its final structure.	

None of the 2012 Aquila low-resolution galaxy simulations had realistic disks.

≠

Scannapieco et al.,  Aquila Galaxy Simulation Comparison, 2012

fraction1732 C. Scannapieco et al.

Figure 3. Distribution of stellar circularities, ϵ = jz/jc, for the different models. The circularity parameter is the z-component of the specific angular momentum
of a star particle, jz, expressed in units of the circular orbit value, jc, at that radius. Stars with ϵ ≈ 1 typically belong to a rotationally supported disc component.
Thick and thin lines correspond to level-5 and level-6 resolution runs, respectively.

mass also shows large scatter, spanning about a decade from the
least (G3-TO) to the most massive (R), respectively.

A quantitative measure of the importance of a rotationally sup-
ported component is provided by the distribution of stellar circular-
ities, ϵ, defined as the ratio between the z-component of the specific
angular momentum of a star and that of a circular orbit at the same
radius r:

ϵ = jz

jc(r)
= jz

r Vc(r)
, (1)

where Vc(r) =
√

GM(<r)/r is the circular velocity. Stars belong-
ing to a disc are expected to have ϵ ∼ 1, whereas stars belonging to
a non-rotating spheroidal component should have an ϵ-distribution
roughly symmetric around zero (see e.g. Abadi et al. 2003b;
Scannapieco et al. 2009).

We show the circularity distribution of all 13 runs in Fig. 3.
Thick and thin lines correspond to the level-5 and level-6 resolution
simulations, respectively. The diversity in morphology seen in Fig. 2
is clearly reflected in the distribution of circularities. Thin discs that
appear prominently in the images show up as well-defined peaks in
the circularity distribution at ϵ ∼ 1, a distinction that sharpens at
higher numerical resolution. In some cases, notably G3, G3-MM, G3-
CK and AREPO, the galaxy is noticeably flattened and clearly rotating,
but lacks a prominent thin disc.

The importance of a thin disc may be crudely estimated by the
fraction of stars with ϵ > 0.8, f (ϵ > 0.8).3 Only in four simu-

3 Note, however, that these fractions often compare poorly with photometric
estimates of the disc-to-total ratios (Abadi et al. 2003a; Scannapieco et al.
2010).

lated galaxies do more than ∼40 per cent of stars satisfy this con-
dition, two SPH based and two AMR based: R, R-LSFE, G3-GIMIC

and GAS. The most extreme case, R-LSFE, provides a clue to this be-
haviour. In this simulation feedback is inefficient and star formation
is deliberately delayed, allowing gas to accrete into the galaxy and
settle into a centrifugally supported structure before turning into
stars.

Indeed, any mechanism that hinders the early transformation of
gas into stars without curtailing gas accretion later on is expected
to promote the formation of a disc (see e.g. Navarro & Steinmetz
1997). As a result, the galaxies with most prominent discs are also
the ones with the youngest stars (Agertz, Teyssier & Moore 2011).
This is shown in Fig. 4, where we plot f (ϵ > 0.8) versus the median
formation time of all stars in the galaxy (expressed in terms of
the expansion factor, a50 per cent). A clear correlation emerges, with
discs increasing in prevalence in galaxies that make their stars later.
On the other hand, galaxies that make their stars early tend to be
spheroid dominated.

An interesting outlier to this trend is G3-MM, which forms stars
as late as R but has a small fraction of stars in a disc. Further
investigation shows that the G3-MM galaxy did harbour a disc, but
it was severely impacted by a collision with a massive satellite
in recent times. The satellite is present in other runs, but it has
not yet collided with the main galaxy in the majority of cases.
This is due to the fact that even small differences in the early
evolution get amplified with time and can lead to large discrepancies
in the orbital phase of satellites later on. To the extent that this can
influence the morphology of the central galaxy, a certain degree of
stochasticity in the morphological evolution of a simulated galaxy
seems unavoidable.

C⃝ 2012 The Authors, MNRAS 423, 1726–1749
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

fraction

jz/jc



The Angular Momentum Catastrophe

Eris, the first high-resolution simulation of a ~1012 M⦿ halo, produced a realistic spiral 
galaxy.  Adequate resolution and physically realistic feedback appear to be sufficient. 

Eris Simulation =

Guedes, Callegari, Madau, Mayer 2011 ApJ 





http://candels.ucolick.org

WFC3

ACS

with new near-ir camera WFC3

Hubble	

Space 

Telescope

GALAXIES ~10 BILLION YEARS AGO

http://ucolick.org/Candels


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



In about 5 billion years, our Milky Way Galaxy will collide 
and merge with our neighboring giant galaxy, Andromeda.



            Spiral Galaxy Merger Simulation - Patrik Jonsson, Greg  Novak, Joel Primack 
      Music: Nancy Abrams “All’s Well that Ends Well” from album Alien Wisdom               
                  
   



simulated  
z ~ 2 galaxies 

Ly alpha blobs from same simulation

ART hydro sims. 
Ceverino et al. 2010

observed  
z ~ 2 galaxies

Bassi computer, NERSC

Face-on Edge-on

now running on NERSC Hopper-II	

and NASA Ames Pleiades supercomputers

Fumagalli, Prochaska, Kasen, Dekel, Ceverino, & Primack 2011

Edge-on

Face-on



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

cemoody.imgur.com



Ceverino+ VL6 Cosmological Zoom-in Simulation

z  = 

Chris Moody

Face-On Edge-On



Simulated 
Galaxy 

10 billion 
years ago 

(z ~ 2) 
as it would 

appear 
nearby to 
our eyes 

Edge-On

as it 
would 

appear to 
Hubble’s 

ACS 
visual 

camera

as it 
would 

appear to 
Hubble’s 

WFC3 
infrared 
camera

Face-On VELA27  z = 2.1
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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



英文标题:微软雅黑，30pt   
颜色: 黑色 

正文：微软雅黑，14pt 
颜色：黑色

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



CLUMPY GALAXIES

HST IMAGES

SIMULATED



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-

10

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 (PhD thesis)

smaller radius range!
similar systematics

Observations Simulations



Assembling Galaxies of Resolved Anatomy



University of California  
High-Performance  

AstroComputing Center 
(UC-HiPACC) 

Joel Primack, Director

Assembling Galaxies of Resolved Anatomy 
AGORA High-Resolution Galaxy Simulation  

Comparison Project Steering Committee 
Piero Madau & Joel R. Primack, UCSC, Co-Chairs 	


Tom Abel, Stanford	

Nick Gnedin, Chicago/Fermilab	


Lucio Mayer, University of Zurich	

Romain Teyssier, Saclay & Zurich	


James Wadsley, McMaster	
!
Ji-hoon Kim, UCSC (Coordinator)
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Sponsored by

UC-HIPACC

UC Santa Cruz

Sister Workshop

Santa Cruz Galaxy Workshop 2012

15
days since 

the project launch on
08/17/2012

1. Outline

Here we briefly outline the Santa Cruz High-resolution Galaxy
Simulation Comparison Project.   

Title & Objectives
Santa Cruz High-resolution Galaxy Simulation Comparison Project

    (1) Inaugurate a set of frameworks for comparing high-resolution galaxy simulations (with resolution better than
100 parsecs) across different high-resolution numerical platforms.

    (2) Establish isolated and cosmological initial conditions in the 1st workshop so each participating group can run
a suite of simulations in the months to come. 

    (3) Maintain the collaboration online (telecon+webpage) between the two meetings.

    (4) Measurable objectives: produce a set of comparison papers by the end of year 2013

Milestones

 First workshop @UCSC

    (1) August 17-19, 2012 (See the details here !)
    (2) University of California at Santa Cruz 

 Running and analyzing simulations

    (1) September 2012 to August 2013
    (2) Online collaboration to keep ourselves on the right track and motivated

 Second workshop @UCSB

    (1) Mid August to early September, 2013 (Aug. 19 - Sep. 6, tentatively) 
    (2) Kavli Institute for Theoretical Physics, University of California at Santa Barbara (to be determined)

 Publication of the project results

Search this site

University of California 
Santa Cruz 

Next Telescope Science  
Institute (NEXSI) 

Piero Madau, Director

www.AGORAsimulations.org

94 astrophysicists using 10 codes have joined AGORA	


http://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

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

1333379

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

5
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AGORA Task-Oriented Working Groups

AGORA Science Working Groups

www.AGORAsimulations.org

http://www.AGORAsimulations.org
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JI-HOON KIM1, TOM ABEL2, OSCAR AGERTZ3,4 , GREG L. BRYAN5, DANIEL CEVERINO6, CHARLOTTE CHRISTENSEN7, CHARLIE

CONROY1, AVISHAI DEKEL8, NICKOLAY Y. GNEDIN3,9,10 , NATHAN J. GOLDBAUM1, JAVIERA GUEDES11, OLIVER HAHN11 ,
ALEXANDER HOBBS11 , PHILIP F. HOPKINS12,13 , CAMERON B. HUMMELS7, FRANCESCA IANNUZZI14, DUS̆AN KERES̆15, ANATOLY
KLYPIN16, ANDREY V. KRAVTSOV3,10 , MARK R. KRUMHOLZ1, MICHAEL KUHLEN1,13 , SAMUEL N. LEITNER17, PIERO MADAU1,
LUCIO MAYER18 , CHRISTOPHER E. MOODY1, KENTARO NAGAMINE19,20 , MICHAEL L. NORMAN15 , JOSE OÑORBE21, BRIAN W.
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ABSTRACT
We introduce the AGORA project, a comprehensive numerical study of well-resolved galaxies within the
ΛCDM cosmology. Cosmological hydrodynamic simulations with force resolutions of ∼ 100 proper pc or
better will be run with a variety of code platforms to follow the hierarchical growth, star formation history,
morphological transformation, and the cycle of baryons in and out of 8 galaxies with halo masses Mvir ≃ 1010,
1011, 1012, and 1013 M⊙ at z= 0 and two different (“violent” and “quiescent”) assembly histories. The numer-
ical techniques and implementations used in this project include the smoothed particle hydrodynamics codes
GADGET and GASOLINE, and the adaptive mesh refinement codes ART, ENZO, and RAMSES. The codes
will share common initial conditions and common astrophysics packages including UV background, metal-
dependent radiative cooling, metal and energy yields of supernovae, and stellar initial mass function. These
are described in detail in the present paper. Subgrid star formation and feedback prescriptions will be tuned
to provide a realistic interstellar and circumgalactic medium using a non-cosmological disk galaxy simulation.
Cosmological runs will be systematically compared with each other using a common analysis toolkit, and val-
idated against observations to verify that the solutions are robust – i.e., that the astrophysical assumptions are
responsible for any success, rather than artifacts of particular implementations. The goals of the AGORA project
are, broadly speaking, to raise the realism and predictive power of galaxy simulations and the understanding
of the feedback processes that regulate galaxy “metabolism.” The initial conditions for the AGORA galaxies as
well as simulation outputs at various epochs will be made publicly available to the community. The proof-of-
concept dark matter-only test of the formation of a galactic halo with a z= 0 mass of Mvir ≃ 1.7×1011 M⊙ by
9 different versions of the participating codes is also presented to validate the infrastructure of the project.
Keywords: cosmology: theory – dark matter – galaxies: formation – hydrodynamics – methods: numerical
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ABSTRACT
We introduce the AGORA project, a comprehensive numerical study of well-resolved galaxies within the
ΛCDM cosmology. Cosmological hydrodynamic simulations with force resolutions of ∼ 100 proper pc or
better will be run with a variety of code platforms to follow the hierarchical growth, star formation history,
morphological transformation, and the cycle of baryons in and out of 8 galaxies with halo masses Mvir ≃ 1010,
1011, 1012, and 1013 M⊙ at z= 0 and two different (“violent” and “quiescent”) assembly histories. The numer-
ical techniques and implementations used in this project include the smoothed particle hydrodynamics codes
GADGET and GASOLINE, and the adaptive mesh refinement codes ART, ENZO, and RAMSES. The codes
will share common initial conditions and common astrophysics packages including UV background, metal-
dependent radiative cooling, metal and energy yields of supernovae, and stellar initial mass function. These
are described in detail in the present paper. Subgrid star formation and feedback prescriptions will be tuned
to provide a realistic interstellar and circumgalactic medium using a non-cosmological disk galaxy simulation.
Cosmological runs will be systematically compared with each other using a common analysis toolkit, and val-
idated against observations to verify that the solutions are robust – i.e., that the astrophysical assumptions are
responsible for any success, rather than artifacts of particular implementations. The goals of the AGORA project
are, broadly speaking, to raise the realism and predictive power of galaxy simulations and the understanding
of the feedback processes that regulate galaxy “metabolism.” The initial conditions for the AGORA galaxies as
well as simulation outputs at various epochs will be made publicly available to the community. The proof-of-
concept dark matter-only test of the formation of a galactic halo with a z= 0 mass of Mvir ≃ 1.7×1011 M⊙ by
9 different versions of the participating codes is also presented to validate the infrastructure of the project.
Keywords: cosmology: theory – dark matter – galaxies: formation – hydrodynamics – methods: numerical
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