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All Other Atoms 0.01%-

H and He 0.5% Matter and

L sible Matter 0.5% Energy
|nvisible{::;ms 4% Content
’ of the
Dark Universe
Matter
Ships
on a e )-:.'.. ACDM
Dark Double
Ene FJY  DarkEnergy 70% Dark
Ocean IEIERGEIR G EREE Theory

universe is an ocean of dark

energy. On that ocean sail billions
of ghostly ships made of dark matter...
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DARK MATTER
+ DARK ENERGY =
DOUBLE DARK

THEORY

Technical Name:
Lambda Cold Dark Matter (ACDM)




Big Bang Data Agree with Double Dark Theory
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Distribution of Matter
grees with Double Dark Theory!
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CDM Structure Formation: Linear Theory

g 12 14 16 8
2 3 | | | | I | 1 i ! |
L radiation d,omina,tef_ _matter adominates
2 White Noise —
= o
% il )
g Cluster and smaller-scale
v fluctuations damp ——/,
“' " because of “free-streaming’
1 -4 0 1t ]
Qeq
log &
Matter fluctuations that enter the horizon during the |
radiation dominated era, with masses less than about <
10'° 31, grow onlye< log a, because they are not in 3 o
the gravitationally dominant component. But matter g
fluctuations that enter the horizon in the matter- 5
dominated era grow o< @. This explains the
characteristic shape of the CDM fluctuation 1 N
) 1 { 1 1 1 | 1
spectrum, with 0(k) o< k22 log k 6 8 10 12 14 6 8
Primack & Blumenthal 1983, log M/Mo
Primack Varenna Lectures 1984 Blumenthal, Faber, Primack, & Rees 1984
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Because the ACDM

(Double Dark)
theory of structure formation is now so
well confirmed by observations, we
study the predictions of this theory for
the formation of dark matter structure
In the universe and use this to improve
our understanding of the visible
objects that we can see with our
telescopes: galaxies, clusters, and the
large-scale structure of the universe.




Cosmological Simulations

Astronomical observations represent snapshots
of moments in time. It is the role of astrophysical
theory to produce movies -- both metaphorical
and actual -- that link these snapshots together
into a coherent physical theory.

Cosmological dark matter simulations show
large scale structure, growth of structure, and
dark matter halo properties

Hydrodynamic galaxy formation simulations:
evolution of galaxies, formation of galactic
spheroids via mergers, galaxy images in all
wavebands including stellar evolution and dust
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Dark Matter Expanding
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Expansion....

7=49.00 7z=12.01
t=49 t=374M
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z=0.000 t= 13. 7 Gyr (today)
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Bolshoi Cosmological
Simulation

100 Million Light Years
D ———
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Bjork “Dark Matter”
Biophilia
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Dive Deepi-n .
(= Lagoon p. 61
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EVOLVING UNIVERSE

Facing page, left to right:
These frames from the
Bolshoi simulation depict the
universe at redshifts of 10,
.+ 3,1, and 0, which corres-
. pond to cosmic ages of 490
. million years, 2.2 billion
. years, 6 billion years, and
| 13.7 billion years (today).

The bright areas have high
densities of dark matter. As
the far left frame shows,
Bolshoi starts off with only a
modest degree of lumpiness
In the distribution of matter.
. But the subsequent frames

. demonstrate how gravity,

acting over billions of years,
gathered matter into long
filaments that surround
immense voids. Galaxies
are concentrated along the

JOEL R. PRIMACK filaments, clusters at the
https://dl.dropbox.com/u/5495083/Sky%26Telescope%20Bolshoi%20Article.pdf & TRUDY E. BELL nOdeS

Supercomputer modeling is transforming cosmology from a

purely observational science into an experimental science.

28 July 2012 SKY & TELESCOPE
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The Millennium Run

[E— — - - 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
angular momentum and o models for the galaxy

shapes, subhalo e, e D <P : T -« = I K .o Tl W P merger rate, the
gym_ber§ and N 1825 aﬁpc/h s ’ ol =N Res® .. ey . = M history of star
istribution, and 4 : .
correlation with formation and galaxy
environment colors and
morphology, the
evolving AGN
luminosity function,
stellar and AGN
feedback, recycling of
gas and metals, etc.

* 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 halo
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,

s 4 .
- - gy
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WMAP-only Determination of os and Qm
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WMAP+SN+Clusters Determination of os and Qwm
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WMAP+SN+Clusters Determination of os and Qwm
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The Bolshoi

simulation

ART code

250Mpc/h Box
LCDM

os = 0.82
h=0.70

8G particles
| kpc/h force resolution
|e8 Msun/h mass res

dynamical range 262,000
time-steps = 400,000

NASA AMES
supercomputing center

Pleiades computer

| 3824 cores
|12TB RAM

75TB disk storage
6M cpu hrs

|8 days wall-clock time
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Cosmological parameters are conS|stent with
the Iatest observations : |

Force and Mass Resolutlon are nearly an

| erder of ‘magnitude better than Millennium-|

Force resolutlon is the same as Millennium- II,-,
in a'volume 16X Iarger |

< : \

“Halo finding IS com'-'p'lete to VCirc > 50 km/s,

using both“BDM and ROC‘KSTAR halo finders

-Bolsh0| and MultiDark halo catalogs were
released in September 2011-at Astro’Inst
«Potsdam; Merger Trees will be available at

SDSC Y |

»
)

oyt
-

“ http://hipacc.ucsc.edu/Bolshoi/

A
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The Sheth-Tormen approximation with the same WMAPS5 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.
Klypin, Trujillo-Gomez, & Primack, 2011 ApJ
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Each panel shows 1/2 of the dark matter particles in cubes of 12! 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 A1 kpc. Circles indicate virial radii of distinct
halos and subhalos identified by the spherical overdensity algorithm BDM.

Klypin, Trujillo-Gomez, & Primack, 2011 ApJ

Tuesday, July 10, 12



BigBolshoi / MultiDark

Same cosmology as Bolshoi: h=0.70, 0s=0.82, n=0.95, Qn=0.27

7 kpc/h resolution, complete to Vcirc > 170 km/s

Volume 64x larger than Bolshoi

_ 4 Billion Light Years | -
http://hipacc.ucsc.edu/Bolshoi/
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Halo concentrations in the standard CDM cosmology

Francisco Prada, Anatoly A. Klypin, Antonio J. Cuesta, Juan E. Betancort-Rijo, and Joel Primack

ABSTRACT Cluster Concentrations

We study the concentration of dark matter halos and its — :
evolution in N-body sim- ulations of the standard ACDM i = i -
cosmology. The results presented in this paper are based on 4 2=0.15
large N-body simulations with ~ 10 billion particles each: the $ TL

53
L

Millennium-I and II, Bolshoi, and MultiDark simulations. The - _ |
MultiDark (or BigBolshoi) simula- tion is introduced in this paper. 90%l| |

This suite of simulations with high mass resolution over a large

volume allows us to compute with unprecedented accuracy the 08 o . T n
concen- tration over a large range of scales (about six orders of i | ¢

magnitude in mass), which constitutes the state-of-the-art of our , T
current knowledge on this basic property of dark matter halos in 1l
the ACDM cosmology. We find that there is consistency among 5 &

the different simulation data sets, despite the different codes, - ¢ ] o c

3
3
5
|

.

numerical algorithms, and halo/subhalo finders used in our
analysis. We confirm a novel feature for halo concentrations at M

high redshifts: a flattening and upturn with increasing mass. The e aCCIO
concentration c(M, z) as a function of mass and the redshift and e

for different cosmo- logical parameters shows a remarkably '100/0'"9"“"# i

0.6

complex pattern. However, when expressed in terms of the
linear rms fluctuation of the density field o(M, z), the halo _
concentration c(o) shows a nearly-universal simple U-shaped 0.4 L =l Lo - | St e — )
behaviour with a minimum at a well defined scale at o ~ 0.71. - dans = o o M
Yet, some small dependences with redshift and cosmol- ogy still log Mage (M)

remain. At the high-mass end (o < 1) the median halo kinematic
profiles show large signatures of infall and highly radial orbits.
This c—0(M,z) relation can be accurately parametrized and
provides an analytical model for the dependence of

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

conceqtration on halo mass. .When applied to galaxy clusters, observed with XMMNewton in the redshift range 0.1-0.3 (Ettori et al.
our estimates of concen- tr_atlons are substantially Iarger — py a 2010). The pentagon presents galaxy kinematic estimate for relaxed
factor up to 1.5 — than previous results from smaller simulations, clusters by Wojtak & Lokas (2010). The dashed curve shows prediction
and are in much better agreement with results of observations. by Macci o, Dutton, & van den Bosch (2008), which significantly
underestimates the concentrations of clusters. 2012 MNRAS
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Halo concentrations in the standard ACDM cosmology

1 I | I I I | I I I | I I I | I I I | I I I
Francisco Prada'?*, Anatoly A. Klypin®, Antonio J. Cuesta'*, CIUSter CO"Céntrations 2=0 15
Juan E. Betancort-Rijo® and Joel Primack® i I '
ABSTRACT - q .
We study the concentration of dark matter halos and its
evolution in N-body sim- ulations of the standard ACDM = e e T =
cosmology. The results presented in this paper are based _
on 4 large N-body simulations with ~ 10 billion particles 0.8 - P o | T —
each: the Millennium-1 and II, Bolshoi, and MultiDark L
simulations. The MultiDark (or BigBolshoi) simula- tion is - T 7
introduced in this paper. This suite of simulations with - -
high mass resolution over a large volume allows us to
compute with unprecedented accuracy the concen- q
tration over a large range of scales (about six orders of %
magnitude in mass), which constitutes the state-of-the-art -
of our current knowledge on this basic property of dark 0.6 [~ % T 1 ]
matter halos in the ACDM cosmology. We find that there -
is consistency among the different simulation data sets, == -
despite the different codes, numerical algorithms,and | 7 Tt~ % 777777777777777777777 Lol ]
halo/subhalo finders used in our analysis. We confirm a i T T~ 4 %: }

log c

T

novel feature for halo concentrations at high redshifts: a -~
flattening and upturn with increasing mass. The T
concentration ¢(M, z) as a function of mass and the o4l L v b
redshift and for different cosmo- logical parameters 14 2 14 4 14 6 14 8 15 15 2
shows a remarkably complex pattern. However, when

expressed in terms of the linear rms fluctuation of the log Mo, (Mg)

density field o(M, z), the halo concentration c(o) shows a
nearly-universal simple U-shaped behaviour with a
minimum at a well defined scale at o ~ 0.71. Yet, some
small dependences with redshift and cosmol- ogy still

Figure 13. Comparison of observed cluster concentrations (data
points with error bars) with the prediction of our model for me-

remain. At the high-mass end (o < 1) the median halo dian halo concentration of cluster-size halos (full curve). Dot-
kinematic profiles show large signatures of infall and ted lines show 10% and 90% percentiles. Open circles show re-
highly radial orbits. This c-0(M,z) relation can be sults for X-ray luminous galaxy clusters observed with XMM-
accurately parametrized and provides an analytical model  nro\wton in the redshift range 0.1-0.3 (Ettori et al. 2010). The
for the dependence of concentration on halo mass. When ) i )

applied to galaxy clusters, our estimates of concen- pentagon presents galaxy kinematic estimate for relaxed clusters
trations are substantially larger — by a factor up to 1.5 — by Wojtak & Lokas (2010). The dashed curve shows prediction

than previous results from smaller simulations, and are in by Maccio, Dutton, & van den Bosch (2008), which significantly

much better agreement with results of observations. underestimates the concentrations of clusters.
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Bolshoi Merger Tree for the Formation of a Big Cluster Halo

Time: 13664 Myr Ago

Timestep Redshift: 14 083

Radius Mode: Rvir

Focus Distance: 6.1

Aperture: 40.0 .
World Rotation: (216.7, 0.0, -0.94, -0.34) Pete I B e h rooZi
Trackball Rotation: (0.0, 0.00, 0.00, 0.00)

Camera Position: (00,00, -6.1)
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—20
n FGO
Bolshoi Ry
Sub-Halo % —-18
L
Abundance
Matching SY:
=
14

steeper slope LF—

=1

n | 1
Lummosﬂy-VeIocmLF
Relation

Theory & Observations
Agree Pretty Well

e late type
e early type

T | I

I

median Vcirc without AC

~ median Vcirc with AC

“AC” = Adiabatic Contraction of
dark matter halos when baryons
cool & condense to halo centers,

following Blumenthal, Faber,
Flores, & Primack 1986

Trujillo-Gomez,
Klypin, Primack,
& Romanowsky

Al

40

60 80100 200
(km s1)

400 600

2011 ApJ

Fig. 4.— Comparison of the observed LuminositvVelocity relation with the predictions of the ACDM model.
The =olid curve shows the median values of “!r-band luminosity vs. ecireular velocity for the model galaxy
sample. The circular velocity for each model galaxy 15 based on the peak cireular velocity of 1ts host halo

over 1ts entire historv, measured at a distance of 10 kpe from the center including the cold barvonie mass
and the standard correction due to adiabatic halo contraction. The dashed curve show results for a steeper

ll- » |
I'% ik

—1.34) slope of the LF. The dot-dashed curve shows predictions after adding the barvon mass but

without adiabatic contraction. Points show representative observational samples.
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L '
: Baryonlc Mass - Velo J ;
1T F Relatlon - median Vcirc with
- { baryons and AC
E = 5 "
S F > ;
] g 10 = —
Bolshoi X " :
- - - -
Sub-Halo < i Theory & Observations .
Abundance : 5 i Agree Pretty Well 5
Matching <= ¢ :
IERE -
o] ) " e late type 2
8 2 e carly type 5 ..
8 —  Trujillo-Gomez,
- A MW . - -
- - Klypin, Primack,
. m M3l .
I i & Romanowsky
- 1 2011 ApJ
7e el | I | | | | | 3
40 60 80100 200 400 600
=1
CII"C (km S )

Fig. 10.— Mass in cold baryons as a function of circular velocity. The solid curve shows the median values for
the ACDM model using halo abundance matching. The cold baryonic mass includes stars and cold gas and
the circular velocity is measured at 10 kpe from the center while including the effect of adiabatic contraction.
For comparison we show the individual galaxies of several galaxy samples. Intermediate mass galaxies such
as the Milky Way and M31 lie very close to our model results.
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Discrepancy due to 1

T

\kﬂoéﬂy'

incomplete observations

or ACDM failure?
lo 0.1

Qy

-
ff’gm—2

Bolshoi —~

Abundance =

. Qf
Matching - —
= 10

N

-

<
105

Function

| IIIIIII[I | Illlllll
|

:fobserved VF
i (HIPASS +
{  SDSS)

I Illlllll

ALFALFA distant \
dataset is similar N\
Papastergeis+11 1 2

I IIIIII|

| llllllll | Illlllll | Illlllll

| llllll[

E Theory & Observations \‘\_ ?

L . Agree Pretty Well \.\ -

? : I'| \ =

- ; | pb 3

o P I R T T

40 60 80100 200 400 600
cire (km S 1)

theoretical
VF with AC

theoretical VF
without AC

Trujillo-Gomez,
Klypin, Primack,
& Romanowsky
2011 ApJ

Fig. 11.— Comparison of theoretical (dot-dashed and thick solid curves) and observational (dashed curve)
circular velocity functions. The dot-dashed line shows the effect of adding the baryons (stellar and cold
gas components) to the central region of each DM halo and measuring the circular velocity at 10 kpe. The
thick solid line 18 the distribution obtained when the adiabatic contraction of the DM halos is considered.
Because of uncertainties in the AC models, realistic theoretical predictions should lie between the dot-
dashed and solid curves. Both the theory and observations are highly uncertain for rare galaxies with
Veire > 400 km s~!. Two vertical dotted lines divide the VF into three domains: Vire > 400 km s~! with
large observational and theoretical uncertainties; < 80 km s=! < Vi < 400 km s~ with a reasonable
agreement, and Viire < 80 km s~1, where the theory significantly overpredicts the number of dwarfs.
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Presented at KITP Conference “First Light and Faintest Dwarfs” Feb 2012
Klypin, Karachentsev, Nasonova 2012

Deeper Local Survey -- better °
agreement with ACDM but ACDM
still more halos than galaxies

below 50 km/s
: A factor of two disagreement at V = 40 km/s

Local Volume: D <I0Mpc :

@

3
e
-

V.5

Total sample: 813 galaxies
Within 10Mpc: 686

No disagreement
T forV > 60 km/s

Mg<-13 N=304 ~ Nt
Mp<-10 N=61I 2 4
80-90% are spirals or dirr (T>0) = J
<. 0.05 I {
A f di -10% : 1
ccuracy of distances are 8-10% Distribution of observed line-widths
80% with D<10Mpc have HI (similar after correction for inclination)
linewidth :
Vrot = 0.01 I
| 50x 107 (-(20.5+Mg)/8.5)km/s |
SO0 20 40 60 80 100 200

V (km/s)
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The Minlky Way has two large satellite galaxies,
the small and large Magellanic Clouds

The Bolshoi simulation + halo abundance-matching
- predicts the likelihood of this
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mE Apply the same absolute

magnitude and isolation cuts  Gtatjstics of MW bright satellites:
to Bolshoi+SHAM galaxies as

to SDSS: SDSS data vs. Bolshoi simulation
— Identify all objects with R I I e I _—
absolute %M, = -20.73+0.2 R % :
and observed m; < 17.6 i Mt host = -20.73+0.2 1
— Probe out to z=0.15, a {@ Mt.sat = Mrhost + (2—4) ]
volume of roughly 500 (Mpc/ %
3 | —
h) 0100 N ] :
— leaves us with 3,200 objects. ) . ) ]
=
S N
mE Comparison of Bolshoi with S )
SDSS observations is in - ¢
close agreement, well within 0.010¢ Every case agrees within 0 E
observed statistical error E observational errors! %
bars. I
_ || % SDSS
# of Subs | Prob (obs) | Prob (sim) & Simulation
(OX0[0) | B I Lo v u v e Lo o v eovee I B
0 60% 61% 0 : 5 ; . 5
1 220/, 259, # of Satellites
Busha et al. 2011 ApJ i
, 13% S 1% _ p Risa Wechsler
Liu et al. 2011 ApJ
3 4% 3.2%
; : Similarly good agreement with SDSS for brighter satellites with
4 17 1.4% spectroscopic redshifts compared with Millennium-Il using
5 0% 0.58% abundance matching -- Tollerud, Boylan-Kolchin, et al. 201 | Ap)
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SMALL-SCALE STRUCTURE IN THE SDSS AND ACDM: ISOLATED ~ L, GALAXIES WITH BRIGHT SATELLITES

ERIK J. TOLLERUD', MICHAEL BOYLAN-KOLCHIN!, ELIZABETH J. BARTON!, JAMES S. BULLOCK ', CHRISTOPHER Q. TRINH’"!

Similarly good
agreement with SDSS
for brighter satellites
with spectroscopic
redshifts compared
with Millennium-lI
using abundance
matching.

Draft version March 11, 2011

We use a volume-limited spectroscopic sample of isolated galaxies in the Sloan Digital Sky Survey (SDSS)
to investigate the frequency and radial distribution of luminous (M, < —18.3) satellites like the Large Mag-
ellanic Cloud (LMC) around ~ L, Milky Way analogs and compare our results object-by-object to ACDM
predictions based on abundance matching in simulations. We show that 12% of Milky Way-like galaxies host
an LMC-like satellite within 75 kpc (projected), and 42% within 250 kpc (projected). This implies ~ 10%
have a satellite within the distance of the LMC, and ~ 40% of L, galaxies host a bright satellite within the
virialized extent of their dark matter halos. Remarkably, the simulation reproduces the observed frequency,
radial dependence, velocity distribution, and luminosity function of observed secondaries exceptionally well,
suggesting that ACDM provides an accurate reproduction of the observed Universe to galaxies as faint as
L ~ 10°Lg on ~ 50 kpc scales. When stacked, the observed projected pairwise velocity dispersion of these
satellites is ¢ ~ 160 kms™", in agreement with abundance-matching expectations for their host halo masses.
Finally, bright satellites around L, primaries are significantly redder than typical galaxies in their luminosity
range, indicating that environmental quenching is operating within galaxy-size dark matter halos that typically
contain only a single bright satellite. This redness trend is in stark contrast to the Milky Way’s LMC, which is
unusually blue even for a field galaxy. We suggest that the LMC’s discrepant color might be further evidence
that it is undergoing a triggered star-formation event upon first infall.

Real Pairs ' " |2 Clean sample
~2 Simulated Clean Sample
Good agreement 0
between simulated 3 | "
i
— Q
and observed N '
- . . ® | -
Tp pairwise velocities E ,
e -
I“\ [=] | n
~ - i = q
OO0 \ g I
T— 0 -
. L - i
|
o — =)
p— = 1
( ne ] "1
— - i
— l
14 ] 1
F1G. 1.— Examples of SDSS pnmary/secondary pairs in the clean sample -
Sy (upper) and false pairs (lower). Secondaries identified by our criteria (see
- text) are marked with red circles (upper panels) or magenta tnangles (lower L L ! t
. p— panels). The upper three are all in the clean sample (have redshifts close to ~400 ~200 P 0 200 400
y the primary) and span a range of projected separations. For the lower three v/(kn/s)
5 images, blue circles are SDSS pipeline photometric objects, clearly showing
— the identification of HII regions as photometric objects. For these same lower F1G. 6.— Distribution of Av = (2,04 — %sec) for the clean sample (solid
qv’ three, the secondaries are clearly HII regions in the primary (or satellites that blue histogram), the clean-like sample from MS-II (dashed green). The KS
are indistinguishable from HII regions). We visually identify and remove all test yields pxs = 33%. The pairwise velocity dispersion in the observed

pairs of this kind from our sample. sample is o = 161 kms™"
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Two different observational data sets were used to set up the initial
conditions. The first is made of radial velocities of galaxies drawn from the
MARK Ill, SBF, and Karachentsev catalogs. Peculiar velocities are less
affected by non-linear effects and are used as constraints as if they were
linear quantities. The other constraints are obtained from the ROSAT all-sky
catalog of nearby X-ray selected clusters of galaxies. These data constrain
the simulations on scales larger than ~ 5h-1 Mpc. The main features that
characterise the local universe, such as the Local Supercluster, Virgo cluster,
Coma cluster, and Great attractor, are all reproduced by the simulations.

Since these data only constrain scales larger than a few Mpc, a series of
different realizations were performed to obtain one that contain an Local
Group candidate with the correct properties (e.g., two halos with proper
position relative to each-other, mass, negative radial velocity, etc.). Low
resolution 2563-particle simulations were searched, and the ones with the
most suitable Local Group-like objects were chosen for follow-up higher
resolution resimulations. More than 200 resimulations were evolved from z =
50 to z = 0 using GADGET2. We then searched for an object which closely
resembles the Local Group and is in the right direction and distance to Virgo.
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CONSTRAINED LOCAL UNIVERSE SIMULATION

300 Million Light Years
-——
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ACDM vs. Downsizing

ACDM:

hierarchical formation
(small things form first)

small structures

|

large structures

early

late

“Downsizing"”:

massive galaxies are old, star
formation moves to smaller galaxies

large galaxies

|

small galaxies
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ACDM vs. Downsizing

ACDM: “Downsizing”:
hierarchical formation massive galaxies are old, star
(small things form first) formation moves to smaller galaxies

How are these | _
mass assembly «—————> star formation history

processes related?

simulations (DM) semi-analytic models

present-day structure current stellar population
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Formation of galaxies and large-scale structure with cold dark matter
Blumenthal, Faber, Primack, & Rees -- Nature 311, 517 (1984)

V (km $-1) Galaxies form
3 10 30 100 300 000 beneath the
T 1 | | ]
—— cooling curves
SolarMetals, 0.50 950 —
-8 —
e
O MEeTails )
/ N 1o Galaxy groups
-6 | __ 9 — and clusters
form above
a4l | the cooling
Y curves
o e
o Solar 1015
-2F °© ‘g S -
o @ L9 el
1710 Soizr . nllﬂmﬂ TILAR )
oy " - Sc Sblt AT ]
Sa g0
Ha 10'3
e \105 108 \Jo® 10'! N
] { | | I
2 3 “h 5 33 7
log T

Fig. 3 Baryon density »,, versus three-dimensional, r.m.s. velocity disper-
sion V and virial temperature T for structures of various size in the Universe.
The quantity T is wV?/3k, where 4 is mean molecular weight (=0.6 for

ionized, pnmordial H+ He) and & is Boitzmann’s constant.
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<--- time

Small galaxies:

W !y ® 7
e Started forming stars late. DOWnSIng
* Are still making stars today.

* Are blue today.

* Populate dark halos that match
their stellar mass.

Sandy Faber

Tuesday, July 10, 12



The details of the origin of the star-forming band are still
being worked out. Back in 1984, we argued that cooling
would be inefficient for masses greater than about 10'? M®

because the density would be too low, and inefficient for
masses less than about 108 M® because the gas would not

be heated enough by falling into these small potential wells.

Now we know that reionization, supernovae, and other
energy input additionally impedes star formation for halo
masses below about 10'° M®, that gas efficiently streams

down filaments into halos up to about 10’2 M®, and that

feedback from active galactic nuclei (AGN) impedes star
formation for halo masses above about 10’2 M®. All of these

processes and more are included in semi-analytic models
(SAMs) of the evolution of galaxy populations.
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Galaxy Formation via SAMs

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.




SAM Predictions vs. SDSS Observations
Galaxy Age Galaxy Metallicity
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CANDELS: THE PROGENITORS OF COMPACT QUIESCENT GALAXIES AT Z~2

GUILLERMO BARRO', S. M. FABER', PABLO G. PEREzZ-GONzALEZ*®?, DaviD C. Koo', CHRISTINA C. WILLIAMS", DALE

D. Kocevski', JONATHAN R. TRUMP', MARK M0OzZENA', ELIZABETH MCGRATH', ARJEN VAN DER WEL’, STIIN WUYTS®,
Eric F. BELL’, DARREN J. CroOTON®, Avisual DEkeL?, M. L. N. Asuy!’, HENRY C. FERGUSON'!, ADRIANO

FONTANA'?, MAURO GIAVALISCO*, NORMAN A. GROGIN'', YIcHENG Guo*, Nivmisu P. Hatur'®, Painip F. HopkINs',

KuaNG-HAN Huang'', ANTON M. KOEKEMOER'!, JEYHAN S. KARTALTEPE'®, KYOUNG-S00 LEE'®, JEFFREY A. NEWMAN'',
LAUREN A. PORTER', JOEL R. PriMACK!, RUSSELL E. Ryan'', Davib ROSARIO®, RACHEL S. SOMERVILLE'®

Submitted to the Astrophysical Journal Letters

ABSTRACT We combine high-resolution HST/WFC3 images
with multi-wavelength photometry to track the evolution of

arxiv:1206.5000v1

structure and activity of massive (Mx > 1010M ) galaxies a v dQ L ' L L ' ' ' cQ
redshifts z = 1.4 - 3 in two fields of the Cosmic Assembly ~11.5k =
Near-infrared Deep Extragalactic Legacy Survey minor mergers
(CANDELS). We detect compact, star-forming galaxies 11k =
(cSFGs) whose number densities, masses, sizes, and star
formation rates qualify them as likely progenitors of -10.5p -
compact, quiescent, massive galaxies (cQGs) atz=1.5 - 3.
At z > 2, most cSFGs have specific star-formation rates half ".': -10p -
that of typical massive SFGs, and host X-ray luminous AGNs =
30 times more frequently. These properties suggest that £ -95} -
cSFGs are formed by gas-rich processes (mergers or disk- A dSF | cSF
instabilities) that induce a compact starburst and feed an g8 -9 -
AGN, which, in turn, quench the star formation on |
dynamical timescales (few 108yr). The cSFGs are B R - "
continuously being formed at z = 2 - 3 and fade to cQGs v 4 - ““G* N
down to z ~ 1.5. After this epoch, cSFGs are rare, thereby : “5\' a
truncating the formation of new cQGs. In summary, we ¢ ;1 3

. . -7.51 1 -
propose two evolutionary tracks of QG formation: an early
(z > 2), fast-formation path of rapidly-quenched cSFGs 7 1 ] L 1 ] 1 1
fading into cQGs that later enlarge within the quiescent 8 8.5 9I.5 " IJI 0 105 11 115
phase, and a slow, late-arrival (z < 2) path in which larger 09 Z Mg Kpc ]

SFGs form extended QGs without passing through a
compact state.
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Evolution of Galaxies: Observations vs. Theory
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Evolution of Compact Star-
Forming Galaxies
According to Bolshoi-based
Semi-Analytic Model
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Cosmological Simulations

Astronomical observations represent snapshots
of moments in time. It is the role of astrophysical
theory to produce movies -- both metaphorical
and actual -- that link these snapshots together
into a coherent physical theory.

Cosmological dark matter simulations show
large scale structure, growth of structure, and
dark matter halo properties

Hydrodynamic galaxy formation simulations:
evolution of galaxies, formation of galactic
spheroids via mergers, galaxy images in all
wavebands including stellar evolution and dust
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‘Simulations of Galaxies Including
- Stellar Evolution and Dust

: g J
o . : ' '- : ) : :
#The Antennae”

- HST image of “The Antennae™



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
— S

T emitted and
/ scattered/
absorbed
/ / stochastically

Patrik Jonsson
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Spectral Energy Distribution

0

- w/o dust
i face on
I edge on
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Galaxy Merger Simulation

A merger between galaxies like the Milky Way and the
Andromeda galaxy. Galaxy mergers like this one trigger gigantic
"starbursts” forming many millions of new stars (which look blue in
these images). But dust (orange in the video) absorbs ~90% of
the light, and reradiates the energy in invisible long wavelengths.
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When the universe iIs twice its present age, the
distant galaxies wili have disappeared. over the
cosmic horizon. |

Milky Andromeda wili eventually become all that’s
visible.
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The Double Dark Future of the Universe

now

-

-’

in 40 billion years

in 80 billion years

Milky
Andromeda
becomes
iIsolated

Mike Busha
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Accelerating Dust Temperature Calculations with
Graphics Processing Units

Patrik Jonsson, Joel R. Primack

New Astronomy 15, 509 (2010) (arXiv:0907.3768)

When calculating the infrared spectral energy distributions (SEDs) of
galaxies in radiation-transfer models, the calculation of dust grain
temperatures is generally the most time-consuming part of the calculation.
Because of its highly parallel nature, this calculation is perfectly suited for
massively parallel general-purpose Graphics Processing Units (GPUSs).
This paper presents an implementation of the calculation of dust grain
equilibrium temperatures on GPUs in the Monte-Carlo radiation transfer
code Sunrise, using the CUDA API. The Nvidia Tesla GPU can perform
this calculation 55 times faster than the 8 CPU cores, showing great
potential for accelerating calculations of galaxy SEDs.

On 64 special NAS Pleiades nodes with 2 Westmere chips (12 cores) and
an Nvidia 2090 GPU, using the GPU makes the calculation run 12x faster.
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Dust Attenuation in Hydrodynamic Right hand side:

Simulations of Spiral Galaxies Xilouris et al. 1999
Rocha, Jonsson, Primack, & Cox 2008 MN metallicity gradient
Sbc - no dust
50 Kpc
™ ———
Sbc

Sbc - Xilouris
metallicity gradient

" . G3 -
Sbc - constant
metallicity gradient a2
L
Gl

50 Kpe



G-M20 Nonparametric Morphology Measures
Can Identify Galaxy Mergers®

)
flux i_n : - -

fewer pixels

p v
»

Gini

more uniform
flux distributio

P oum’

M:o
extended -« compact

Lotz, Primack, Madau 2004
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THE MAJOR AND MINOR GALAXY MERGER RATES AT Z< 1.5

Jennifer M. Lotz, Patrik Jonsson, T.J. Cox, Darren Croton, Joel R. Primack, Rachel S. Somerville, and Kyle Stewart
Astrophysical Journal December 2011

Calculating the galaxy merger rate requires both a census of galaxies identified as merger candidates,
and a cosmologically-averaged ‘observability’ timescale (Tobs(z)) for identifying galaxy mergers. While
many have counted galaxy mergers using a variety of techniques, (Tobs(z)) for these techniques have
been poorly constrained. We address this problem by calibrating three merger rate estimators with a
suite of hydrodynamic merger simulations and three galaxy formation models. When our physically-
motivated timescales are adopted, the observed galaxy merger rates become largely consistent.

I I i I

Major Mergers

- o Stellar—Mass or Luminosity Selected] 1.00F SO8 -
L P St09 .
- CO06
|L H10
>
&)
Lot |
|
(@)
Q.
b
1
o
g
o
E ]
— )
1 | ] 0-01 1 1
0.0 0.5 1.8 |- 0.0 0.5 1.0 15
r 4 y

Observed Galaxy Merger Rates v. Theoretical Predictions. The volume-averaged (left) and fractional major merger (right) rates given by
stellar-mass and luminosity-selected close pairs are compared to the major merger rates given by the S08 (black lines), St09 (red lines),
CO06 (blue line), and Hopkins et al. 2010b (magenta lines) models for 1:1 - 1:4 stellar mass ratio mergers and galaxies with Mstar > 1010
Mo. The theoretical predictions are in good agreement with the observed major merger rates.
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Gas inflows to massive halos
along DM filaments

________
.....
......
.......
......
--------------
........
........
.......
--------
‘-

RAMSES simulationby e Dekel et al. Nature 2009
Romain Teyssier on Mare Nostrum supercomputer, Barcelona
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ime ART Simulation Daniel Ceverino;

Visualization: David Ellsworth
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Simulated Evolution of an Elliptical Galaxy
Sunrise U-V-] Images Every ~100 Million Years

70,000 Light Years



Bassi computer; NERSC

ART hydro sims

Ceverino et al.2010 Face-on

2 kpc now running on NERSC Hopper-ll
- N e and NASA Ames Pleiades supercomputers

M Ly alpha blobs from same simulation
: #l . 220

212
observed ) lated
Z ~ 2 galaxies b = =

Z ~ 2 galaxies i 203

S

yor l UDF 9974 l Galaxy A P
—_— = 195

,2
£ 187
178
17.0

Fumagalli, Prochaska, Kasen, Dekel, Ceverino, & Primack 201 |
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The CANDELS Survey

Emergent Spheroids ' Hidden Mergers

F160W (H)

F775W (i)

CANDELS makes use of the near-infrared WFC3 camera (top row) and the visible-light ACS camera (bottom row). Using these two
cameras, CANDELS will reveal new details of the distant Universe and test the reality of cosmic dark energy.

http://candels.ucolick.org
CANDELS: A Cosmic Odyssey

CANDELS is a powerful imaging survey of the distant Universe being carried out with two cameras
on board the Hubble Space Telescope.

e CANDELS is the largest project in the history of Hi , with 902 assigned orbits of observing time. This
is the equwalent of four months of Hubble tnme if executed consecutively, but in practice CANDELS will
take three years to complete (2010 2013)

e The core of CANDELS is the re ynary near-infrared WFC3 camera, installed on Hubble in May 2009.
WFC3 15 sensntwe to longer, redder wavelengths, hICh perrnlts ut to follow the stretching of lightwaves
caused by the expanding Universe. This enables CANDELS to detect and measure objects much farther
out in space and nearer to the Big Bang than before. CANDELS also uses the visible-light ACS camera,
and together the two cameras give unprecedented panchromatic coverage of galaxies from optical
wavelengths to the near-IR.
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http://ucolick.org/Candels
http://ucolick.org/Candels

ERS-2701 w/ Dust  w/o Dust ERS-1249 w/ Dust  w/o Dust

Simulation shown is MW3 at z=2.33 ‘imaged’ to match the CANDELS
observations in ACS-Vband and WFC3-Hband

- 0.06” Pixel scale

- convolved with simulated psfs

- noise and background derived from ERS observations (same field as
examples shown)

MW3 was imaged at ‘face-on’ and ‘edge-on’ viewing angles both with
and without including dust models
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* The nature of the dark matter
* The nature of the dark energy (the future of the Universe)

* The early evolution of the Universe
- Formation of the first tiny galaxies and the first stars
- How the universe reionized

* How the entire population of galaxies forms and evolves
- From direct observations from the ground and space
- Interpreted with the help of cosmological simulations
Including star formation and feedback
Formation and feedback from supermassive black holes
etc.
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