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All Other Atoms 0.01%
H and He 0.5%

\As_

e Visible Matter 0.5%

A_— Matter and
Energy
Content
of the
Universe

Dark Energy 70%

Imagine that the entire
universe is an ocean of dark
energy. On that ocean sail billions
of ghostly ships made of dark matter...



All Other Atoms 0.01%
H and He 0.5%
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Ve Matter and
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Content
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Dark Double
Energy Dark Energy 70% Dark
Ocean Imagine that the entire

Theory

universe is an ocean of dark
energy. On that ocean salil billions
of ghostly ships made of dark matter...



DARK MATTER
+ DARK ENERGY =
DOUBLE DARK
THEORY

Technical Name:
Lambda Cold Dark Matter (ACDM)




Big Bang Data Agrees with Double Dark Theory!
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Distribution of Matter

Also Agrees with Double Dark Theory!
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Mass Variance Ay /M

Density Fluctuation Data Now Agrees Even Better with LCDME

- $_ 3

—

3~f T{\ ]"‘L:L

SDSS DR7 (Reid et al. 2010) ¥ |
LyA (McDonald et al. 2006) N .
ACT CMB Lensing (Das et al. 2011) N \{ |
ACT Clusters (Sehgal et al. 2011) _
CCCP II (Vikhlinin et al. 2009) 5 1
BCG Weak lensing (Tinker et al. 2011) *
ACT+WMAP spectrum (this work) 1; f

o

1013 "1'0'14' 1015 "1616' 1017 1018 "1'0'19' "1'0'20' "1621 1022 '1'023

Mass scale M [Msolar]

R. Hlozek et al 2011 The Atacama Cosmology Telescope: a measurement of the primordial power spectrum arXiv:1105:4487



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



Particle number in N-body sumulatlons vs. publication date

|III Illlll Illllllllllllllllllllll

i pIshoi
10 " — direct summation D)
P’M or AP°M
B distnbuted-memory parallel Tree
parallel or vectorized P°M

8l __ ,
10 " distnbuted-memory parallel TreePM

() adaptive refinement tree

simulation particles

6 - doubling every
= a/ 0 ~16.5 months
7
S [ 1] Peebles (1870) 110] Warren, Quinn, Samon & Zurek (1822)
[ 2] Miyoshi & Kihara (1875) 111] Gelb & Bertschinger (1004) |
[ 3] White (1976) 12] Zurek, Quinn. Salmon & Warren (1024)
[ 4] Aarseth, Turner & Gott (1279) 113] Jenkins et al_ (1998)
[ 5] Efstathiou & Eastwood (1881) 14] Governato et & (1229)

[ 6] Daws, Efstathiou, Frenk & Whie (1885) [15] Bode, Bshcall, Ford & Ostriker (2001)
[ 7] White, Frenk. Davis, Efstathiou (1287)  [16] Celberg et al. (2000) —
[ 8] Carlberg & Couchman (18889) 117] Wambsganss, Bode & Ostriker (2004)
[ 9] Suto & Suginohara (1281) [18] Springel et al. (2005)

1970 1980 1990 2000 2010
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* properties of
halos (radial
profile,
concentration,
shapes)

- evolution of the
number density
of halos, essentia
for normalization of
Press-Schechter-
type models

- evolution of the
distribution and
clustering of
halos in real and
redshift space, for
comparison with
observations

- accretion
history of halos,
assembly bias
(variation of large-
scale clustering with

m Run

The Millenniu

- 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

as- sembly history),

. | }f“:ﬁi‘.‘.’;' - :
and correlation with -+ “ezs nibélh ;

halo properties
including angular
momenta and
shapes

* halo statistics
including the mass
and velocity
functions, angular
momentum and
shapes, subhalo
numbers and
distribution, and
correlation with
environment

Springel et al. 2005

evolving galaxy
population, including
models for the
galaxy merger rate,
the history of star
formation and
galaxy colors and
morphology, the
evolving AGN
luminosity function,
stellar and AGN
feedback, recycling
of gas and metals,
etc.



WMAP-only Determination of os and Qwm
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WMAP+SN+Clusters Determination of os and Qwm
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Bolshoi Cosmological
Simulation

100 Million Light Years
D —— e ————



Bjork “Dark Matter”
Biophilia




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

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 Vcir_c > 50 km/s,

using both'BDM and ROCKSTAR halo finders

‘Bolshoi and MultiDark halo catalogs were
released in September 2011-at Astro'Inst
(Potsdam Merger Trees will soon be avallable

...‘
“n
.



(h3Mpc—3)

vir

dN /dInM

T 1T 11 HI 1 ‘Tl”‘I | HHW LR BRI i}
- - ) Sheth-Tormen Fails at

= Mass Function of : High Redshifts
i Distinct Halos ° Baray T T
10-2 | o 7 ¢ :
L Curves: 1 103k .
O E A\ N\ N\Sheth I Tormen f
i 2\ approx i
104 ] :
= ] E : 2\ FOF halos -
- = ' SO halos * !
- : _ T, \link=0.20°
10_5 = } \ A = - ! i =
" z=10 | 6\ 25\ 0 \] . Zz=88 N\
‘]O-»G Ll | J}ll \l Lol ﬂl Ll | 1\1 1l L 111l f \ f
101() 1011 1012 1013 1014 1015 G B K I T it Bl e B L1 Al

1010 10['. 1012
M. (h=1M_)
vir © Mhelo(h 1MG))

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

Each panel shows 1/2 of the dark matter particles in cubes of 1h' Mpc size. The center of each
cube is the exact position of the center of mass of the corresponding FOF halo. The effective
radius of each FOF halo in the plots is 150 — 200 h' kpc. Circles indicate virial radii of distinct
halos and subhalos identified by the spherical overdensity algorithm BDM.

Klypin, Trujillo-Gomez, & Primack, 2011 ApJ



1000 Mpc/h- - BigBolshoi / MultiDark ~ ~ 8G particles’

\ .
r‘
- »
»

Same cosmology as Bolshoi: h=0.70, Q'3=O.82,_n=0.95, Qm=0.27

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

Note the up"u'u"nI
.at high Mand z

z=0

11 12 13 14

log M, (h

_]Mo)

15

Halo mass—concentration relation of distinct halos at
different redshifts in the Bolshoi (open symbols) and

MultiDark (filled symbols) simulations is compared with

an analytical approximation.

Cluster Concentrations

1 B | I 1 | l | 1 1 I 1 | l 1 1 1 I 1 | 1 |
n z=0.15
- @
N%lle. 1 o
¢ T
0.8 ® . T _
»  median— ! —
—O‘ I J— Q T i
i % ? ]
0.6 —M { % | _
=~ QCC__I.O -
RN — ....-.—.-..:-..:.-.'..‘.‘..:—.-....=..-.§....?...?....._ ..... Ib"- S
10%Ille "‘““”—*--.-___%
O . 4 1 I 1 1 1 I 1 1 1 l 1 ;. 1 I 1 1 1 I 1 1 1
14.2 14.4 14.6 14.8 15 15.2

log Mgy, (Mg)

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



Merger History R
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Bolshoi Projected Galaxy Correlation Functions
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The correlation
function of SDSS
galaxies vs. Bolshoi
galaxies using halo
abundance matching,
with scatter using our
stochastic abundance
matching method.
This results 1n a better
than 20% agreement
with SDSS. Top left:
correlation functinon
in three magnitude
bins, showing Poisson
uncertainties as thin
lines. Remaining
panels: correlation
function 1n each
luminosity bin
compared with SDSS
galaxies (points with
error bars: Zehavi et
al. 2010).
Trujillo-Gomez,
Klypin, Primack,
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Millennium Pro]ected Galaxy Correlatlon Functlons Projected correlation

10000 F

R 10005
'E. .
T 100f

f

f*fﬁ}u...,

SDSS data %

oo

 8.77<10gM,<9.27

10088 |

10.77<logM,<11.27

Q1000

=,

K

T 100
10 L

Millennium-I

Mlllennlum II

MWy luminosity galaxies

2X too correlated

11.27<logM,<11.77

0.01

0.10

ro{Mpc]

1.00

10.00 0.01

0.10
ro[Mpc]

1.00

10.00

functions for galaxies in
different stellar mass
ranges, in SAM based on
Millennium | and Il. Black
solid and blue dashed
curves give results for
preferred model applied to
the MS and the MS-II,
respectively. Symbols with
error bars are results for
SDSS/DR7 calculated
using the same techniques
as in Li et al. (2006). The
two simulations give
convergent results for Mx >
6X1 09 Msun. At lower mass
the MS underestimates the
correlations on small
scales.The model agrees
quite well with the SDSS at
all separations for Mx >
6X1010 Mgyn. But at smaller
masses the correlations
are overestimated
substantially, particularly
at small separations. The
authors attribute this to
the too-high os = 0.90
used in MS-I & l.

Guo, White, et al.
2011 MNRAS
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. Relation ; _/E. . <+~ median Vcirc with AC
— + 4 —“AC” = Adiabatic Contraction of
- .7 7dark matter halos when baryons
B L “|cool & condense to halo centers,
i Bz i} following Blumenthal, Faber,
- / Theory & Observations - Flores, & Primack 1986
- Agree Pretty Well .
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Fig. 4.— Comparison of the observed LuminositvVelocity relation with the predictions of the ACDM model.
L] - "
The solid curve shows the median values of "!r-band luminosity vs. eircular velocity for the model galaxy

sample.

The circular velocity for each model galaxy 1s based on the peak circular velocity of its host halo

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

(o

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

without adiabatic contraction. Points show representative observational samples.
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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.



Discrepancy due to 1

\kﬂoéﬂy'

incomplete observations

or ACDM failure? 2™
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. Agree Pretty Well

11 Illlll

theoretical
VF with AC

theoretical VF
without AC

Trujillo-Gomez,
Klypin, Primack,

40 60 80100 200
Vcirc (km S 1)

& Romanowsky

400 600 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 is 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: Veire > 400 km s~! with
large observational and theoretical uncertainties; < 80 km s=1 < V. < 400 km s—1 with a reasonable
agreement, and Vg < 80 km s~!, where the theory significantly overpredicts the number of dwarfs.



Presented at KITP Conference “First Light and Faintest Dwarfs” Feb 2012
Klypin, Karachentsev, Nasonova 2012

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

below 50 km/s
. |- Afactor of two disagreement at V = 40 km/s

Local Volume: D <|I0Mpc _

¢ TN
~ @

05 | ?
Total sample: 813 galaxies
Within 10Mpc: 686

- No disagreement |
I\ forV > 60 km/s

Me<-13 N=304 - I N
Me<-10 N=6II 2 |
o I
80-90% are spirals or dlrr (T>0) = \
Z  0.05 N -
A f di 8-10%
ceuracy of distances are Distribution of observed line-widths
80% with D<|0Mpc have HI (similar after correction for inclination)
linewidth \
Vrot = 0.01 | "
| 50x107(-(20.5+Mg)/8.5)km/s
0.005 S 1 1
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The Mi.lk'y Way has two large satellite galaxies,
the small and large Magellanic Clouds

The Bolshoi simulation + halo abundance matching
~ predicts the likelihood of this



% - . 'SDSS sky- Bolshoi simulation
: ' . . .
[
<

R

No. of galaxies
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Wi Apply the same absolute
magnitude and isolation cuts
to Bolshoi+SHAM galaxies as
to SDSS:

— Identify all objects with
absolute %M, = -20.73+0.2
and observed my < 17.6

— Probe outto z =0.15, a
volume of roughly 500 (Mpc/
h)3

— leaves us with 3,200 objects.

mI Comparison of Bolshoi with
SDSS observations is in
close agreement, well within
observed statistical error
bars.

Statistics of MW bright satellites:
SDSS data vs. Bolshoi simulation

1000 T rrrrT T T T T g
* Mr,host =-20.73+0.2 T
n % Mr,sat - Mr,host + (2_4) _
0.100 —
- %‘3’ _ .
= f :
2 To
o
ﬁ j—
22
010 TR _
*U1°F Every case agrees within 0 '
- observational errors! @
[ % SDSS
< Simulation
(OX00] I U T T Ly v v a0 I
0 1 2 3 4 5

# of Satellites

# of Subs | Prob (obs) | Prob (sim)
0 60% 61%
1 22% 25%
2 13% 8.1%
3 4% 3.2%
4 1% 1.4%
5 0% 0.58%

Busha et al. 2011 ApJ Risa Wechsler

Liu et al. 2011 ApJ

Similarly good agreement with SDSS for brighter satellites with
spectroscopic redshifts compared with Millennium-Il using
abundance matching -- Tollerud, Boylan-Kolchin, et al. 201 | Ap]




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-Il
using abundance
matching.

Ap) 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.

Good agreement

Real Pairs , ' " |2 clean sample
between simulated E=3 Simulated Clean Sample
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F1G. 1.— Examples of SDSS pnmary/secondary pairs in the clean sample -
(upper) and false pairs (lower). Secondaries identified by our criteria (see
text) are marked with red circles (upper panels) or magenta triangles (lower 1 L L 1
panels). The upper three are all in the clean sample (have redshifts close to —400 —200 Av/ 3 200 400
the primary) and span a range of projected separations. For the lower three vl )
images, blue circles are SDSS pipeline photometric objects, clearly showing _ A
the identification of HII regions as photometric objects. For these same lower FIG. 6.— Distnbution of Av = (2,4 — #sec) for the clean sample (solid
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™".



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



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



Formation of galaxies and large-scale structure with cold dark matter
Blumenthal, Feber, Primack, & Rees -- Nature 311,517 (1984)

V (km S-1)
3 0 30 100 300 1000
T 1 | I I
8 SolarMetals, 0.50 0.50 B
-6 —
o -4 -1
-
o - s
o Solar L 10
2 9 ‘cbg _
O
o |1/ 10 Solar . g tl"n;ng
Sa g0 v
Ha ‘\ 10'3
2 106 108 10" |
] { | [ I |

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 k& is Boltzmann’s constant.



star-forminq banc
' k-halo mass

1) Each halo has a unique dark-matter
growth path and associated stellar mass
growth path.

2) Stellar mass follows halo mass until
M, .o crosses M.

<-—- t|me SAMS: Mstar < 005 Mhalo
3) A comes from the fact that different halo masses
enter the star-forming band at different times. A galaxy’s position is
determined by its into the band. More massive galaxies
enter earlier. Thus:

Zentry <--> I\/Ihalo <--> I\/Istar

Sandy Faber



<--- time

Small galaxies:

W oy ® 7
o Started forming stars late. DOWnSIng
 Are still making stars today.

* Are blue today.

* Populate dark halos that match
their stellar mass.

Sandy Faber
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The Eris simulation shows that ACDM simulations are
increasingly able to form realistic spiral galaxies, as
resolution improves and feedback becomes more realistic.

VWDM doesn’t resolve cusp issues. New observations and
simulations suggest that observed velocity structure of LSB,

dSpiral, dSph galaxies may be consistent with cuspy ACDM
halos. But the “too big to fail” problem needs solution.

The discovery of many faint Local Group dwarf galaxies is
consistent with ACDM predictions. Satellites, reionization,

lensing flux anomalies, gaps in stellar streams, and Ly
forest data imply that VWWDM must be Tepid or Cooler.



Can ACDM Simulations Form Realistic Galaxies?
The Angular Momentum Problem

Cooling was too effective particularly in low-mass halos at early times.

Navarro & Steinmetz

I I I
e Observational data
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“Agreement between
model and observations
appears to demand
substantial revision to the
CDM scenario or to the

manner in which baryons
are thought to assemble

and evolve into galaxies in
hierarchical universes.”

Navarro & Steinmetz 2000 Ap|
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Structural Properties: Eris Bulge-to-Disk Ratio
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No Angular Momentum Problem in the Eris Simulation

Simulations tend to produce too many stars at the center, which translates into steeply rising

rotation curves.

ol 1., €

N Hi Res, Blastwave Feedback
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* Mimic star formation as occurs in real galaxies, i.e. localized, on high-density peaks only.
* Feedback from SN becomes more efficient in removing gas from high-density regions.
These outflows remove preferentially low angular momentum material, suppressing the

Guedes, Callegari, Madau, Mayer 201 | Ap)

formation of large bulges.



VWDM doesn’t resolve cusp issues. New observations and
simulations suggest that observed velocity structure of LSB
and dSpiral galaxies may be consistent with cuspy ACDM
halos. But the “too big to fail” problem needs solution.

New observations undermine some previous evidence for
dark matter cores in dwarf galaxies

The properties of density cores of dwarf spiral galaxies are
inconsistent with expectations from VWDM

New simulations show that gas blowout during evolution of
dwarf spiral galaxies can remove cusps

But the biggest subhalos in MWy size dark matter simulations
may be too dense to host the observed satellites



Beware of darkness: A cuspy dark matter halo
from stellar kinematics where gas shows a core

NGC 2976 presented in ApJ, Vol. 745, 92, 2012; 10 more galaxies coming in future papers
Joshua J. Adams', Joshua D. Simon', Karl Gebhardt’, Guillermo A. Blanc', Maximilian H. Fabricius’, Gary J. Hill*,
Jeremy D. Murphy?, Remco C.E. van den Bosch’, Glenn van de Ven®

We here present measurements and anisotropic Jeans models for late-type
dwarfs obtained from stellar kinematics. Until recently, DM mass profiles in such
systems have been obtained exclusively from atomic or ionized gas. The nearby
member of the M81 group, NGC 2976 (SAc), has been measured in ionized gas
to have a DM core with a strong constraint on the DM power law index of
0.01<0<0.17 (Simon et al. 2003), where a=1 corresponds to the center of an
NFW profile. In our first work on NGC 2976, we confirm that the simplest
models from gas kinematics reveal a cored DM halo but find that the stellar
kinematic are most consistent with an NFW profile. We advocate the stellar
kinematics as more robust due to the tracer's collisionless nature while
the gas is subject to more uncertainties from radial motion, warped disks,
and pressure support. We are making an ongoing study by which the type,
strength, and conditions of feedback can be constrained from new
measurements and comparison to simulations.

Joshua Adams poster at KITP Conference “First Light and Faintest Dwarfs” February 2012



The Case Against Warm or Self-Interacting Dark Matter as Explanations for

Cores in Low Surface Brightness Galaxies 2010,ApJ, 710L, 161
Rachel Kuzio de Naray, Gregory D. Martinez, James S. Bullock, Manoj Kaplinghat

Warm dark matter (\WWDM) and self-interacting dark matter (SIDM) are often motivated by
the inferred cores in the dark matter halos of low surface brightness (LSB) galaxies. We
test thermal WDM, non-thermal WDM, and SIDM using high-resolution rotation curves of
nine LSB galaxies. If the core size is set by WDM particle properties, then even the
smallest cores we infer would require primordial phase space density values that are
orders of magnitude smaller than lower limits obtained from the Lyman alpha forest
power spectra. We also find that the dark matter halo core densities vary by a factor of
about 30 while showing no systematic trend with the maximum rotation velocity of the
galaxy. This strongly argues against the core size being directly set by large self-
interactions (scattering or annihilation) of dark matter. \We therefore conclude that the

inferred cores do not provide motivation to prefer WDM or SIDM over other dark matter
models.
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We fit these dark matter | 1] g
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models to the data and £
determine the halo core radii ~
and central densities. While
the minimum core size in
WDM models is predicted to
decrease with halo mass, we g
find that the inferred core radii ot
increase with halo mass and
also cannot be explained with _ «
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http://arxiv.org/find/astro-ph/1/au:+Naray_R/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Naray_R/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Martinez_G/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Martinez_G/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Bullock_J/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Bullock_J/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Kaplinghat_M/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Kaplinghat_M/0/1/0/all/0/1

New simulations show that several episodes of gas blowout
during evolution of dwarf spiral galaxies can remove cusps

Bulgeless dwarf galaxies and dark matter cores from supernova-driven outflows
F. Governato, C. Brook, L. Mayer, A. Brooks, G. Rhee, J. Wadsley, P. Jonsson, B. Willman, G. Stinson, T. Quinn & P. Madau Nature 463, 203 (Jan 2010)

Most observed dwarf galaxies consist of a rotating stellar disk embedded in a massive dark-matter halo with a
near-constant-density core. Models based on CDM, however, invariably form galaxies with dense spheroidal
stellar bulges and steep central dark-matter profiles, because low-angular-momentum baryons and dark
matter sink to the centers of galaxies through accretion and repeated mergers. Here we report
hydrodynamical simulations in which the inhomogeneous interstellar medium is resolved. Strong outflows
from supernovae remove low-angular-momentum gas, which inhibits the formation of bulges and
decreases the dark-matter density to less than half of what it would otherwise be within the central
kiloparsec. The analogues of dwarf galaxies—bulgeless and with shallow central dark-matter profiles
—arise naturally in these simulations. Simulations using the same implementation of star formation and
feedback reproduce some global scaling properties of observed galaxies across a range of masses and
redshifts.

z=15 Face-on i-band image Edge-on i-band image

. Kiloparsecs
See also Pontzen & Governato arXiv:l 106.0499 26 25 24 23 22 21

M per arcsec?



a(500 pc)

Cuspy No More: How Outflows Affect the Central Dark
Matter and Baryon Distribution in ACDM Galaxies.
F.Governato™ A.Zolotov?, A.Pontzen?®, C.Christensen*, S.H.Oh*>°® A.M.Brooks’, MNRAS IIl press 2012

T.Quinn', S.Shen®, J.Wadsley”
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Figure 1. 1'he slope of the dark matter density profile a vs stel-
lar mass measured at 500 pc and z=0 for all the resolved halos
in our sample. The Solid ’DM-only’ line is the slope predicted for
the same CDM cosmological model assuming i) the NFW con-
centration parameter trend given by Maccié et al (2007) and ii)
the same stellar mass vs halo mass relation as measured in our
simulations to convert from halo masses. Large Crosses: haloes re-
solved with more than 0.5 x 105DM particles within Ry ;.. Small
crosses: more than 5 x 10* DM particles. The small squares rep-

resent 22 observational data points measured from galaxies from
the THINGS and LITTLE THINGS surveys.

10" e
F Rapidly decreasing SF efficiency at
O THINGS decreasing halo masses and SN
% dSph feedback lowering the central DM
+  Simulations density in more massive galaxies cause
9 [ . . galaxies over a large range in i
1075 — NFW, simulated mass:light| uminosities to inhabit halos with 4
| === NFW, constant mass:light | @ relatively small mass range +

within the central kpc.

| .
My o< My ;2 g =

M, (<500 pc)/M o
=3

=,
I
g
*
%
~
LY
*
O
O
]

o My o< My
10° 106 10 10} 10° 101
MM,

Ll

105 ol
10"

Figure 4. The total mass (baryons and DM) within the central 500 pc as a
function of stellar mass: Large and small crosses: simulations. Open
squares: galaxies from THINGS (Oh et al. in prep). Stars: dSph from Walker
(priv. comm.). Theoretical predictions reproduce the observed flat trend from
105to 10°Mo. This is largely due to the large drop in SF efficiency at small
halo masses, that stretches the range of galaxy luminosities over a relatively
smaller halo mass range. The solid and dashed lines assume different stellar
mass - total halo mass relations. A close fit to the simulations as M*~My;2
(solid) and one showing M*~Myv;- (dashed). Only when the star formation
efficiency is a steep function of halo mass it is possible to reproduce the
observed trend, as discussed in §4. More massive galaxies above the solid
line have a small bulge component.



A METHOD FOR MEASURING (SLOPES OF) THE MASS PROFILES OF DWARF SPHEROIDAL GALAXIES

MATTHEW G. WALKER'?® & JORGE PENARRUBIA? 2011 ApJ
Using separately higher metal stars at lower radiu plus lower metal stars farther out gives dm radial slope
inconsistent with NFW at high confidence for Sculptor and Fornax dwarf spheroidal MWy satellites.
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FIG. 10.— Left, center: Constraints on halflight radii and masses enclosed therein, for two independent stellar
subcomponents in the Fornax and Sculptor dSphs. Plotted points come directly from our final MCMC chains, and color
indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are straight lines indicating the
central (and therefore maximum) slopes of cored (lim r =0 d log M/d log r] = 3) and cusped (lim » =0 d log M/d log r] =
2) dark matter halos. Right: Posterior PDFs for the slope " obtained for Fornax and Sculptor. The vertical dotted line marks
the maximum (i.e., central) value of an NFW profile (i.e., cusp with Ypm = 1, lim r—0 [d log M/d log r] = 2). These
measurements rule out NFW and/or steeper cusps (YDM = 1) with significance s = 96% (Fornax) and s = 99% (Sculptor).

Similar results for Sculptor in Amorisco & Evans 2012 MNRAS. Jardel & Gebhardt present
a Schwarzschild model fit to the Fornax dwarf, again favoring core rather than cusp.



The discovery of many faint Local Group dwarf galaxies is
consistent with ACDM predictions. Satellites, reionization,

lensing flux anomalies, stellar streams, and Ly forest data
imply that VWDM must be Tepid or Cooler.

® The “too big to fail” problem appears to be the most serious

current challenge for ACDM, and may indicate the need for a
more complex theory of dark matter.

® High resolution ACDM simulation substructure is consistent
with quad-lens radio quasar flux and galaxy-galaxy lensing
anomalies and indications of substructure by stellar stream gaps.

e ACDM predicts that there is a population of low-luminosity

stealth galaxies around the Milky Way. Will new surveys with
bigger telescopes find them!?



The “too big to fail” problem
ACDM subhalos vs. Milky Way satellites

“Missing satellites”: Klypin et al. 1999, Moore et al. 1999
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>10° identified subhalos 12 bright satellites (L, > 10° L)

V. Springel /Virgo Consortium S. Okamoto



Of the ~10 biggest subhalos, ~8 cannot host

any known bright MW satellite

Possible Solutions
to “too big to fail”

Baryons strongly modify the
structure of subhalos!?

The Milky Way is anomalous?
The Milky Way has a low

. 22
" . u ?
Observed Milky Way Satellites . | Mass dark matter halo!
M Galaxy formation is
s : : ”. 0 T T — T .
massive failures?: stochastic at low masses!?
highest resolution a5k i
LCDM simulations . .
predict ~10 subhalos in| 4o - Dark matter is not ]USt
this range in the MWV,
but we don’t see any | 35T No indication that more 1 CDM -- maybe or
such galaxies [except ¥ | massive halos host more | even Se|f_interacting?
Sagittarius (?)] luminous galaxies

< (Or maybe existing high-

All of the bright ~ 20f +~F " ' resolution CDM simulations
--------- h—%-—& i T === c.f. Strigari et al. 2008

MWV dSphs are ISt are being misinterpreted?)
consistent with

Vinax S 25km /s 10r

(see also Strigari, Frenk, 5

&White 2010 w w1  Michael Boylan-Kolchin, Bullock, Kaplinghat 201 1,2012
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atter Halo

WDM

Diameter of visible Milky Way
30 kpe= 100,000 light years

Diameter of Mllky 3 ‘Dark Matter Halo

1.5 million light years

Lovell, Eke, Frenk, et al. arXiv:1104.2929

VDM simulation at right has no “too big to fail” subhalos, but it
doesn’t lead to the right systematics to fit dwarf galaxy properties as
Kuzio de Naray et al. showed. It also won’t have the subhalos needed
to explain radio flux anomalies and gaps in stellar streams.



Possible Solution: Milky-Way-size halos in low-density regions
have fewer DM satellites, according to new simulations.

Environmental effect on the subhalo abundance -- a solution to the missing dwarf
problem, Tomoaki Ishiyama, Toshiyuki Fukushige, Junichiro Makino  PASJ, 60, 13 (2009a)

We have performed simulation of a single large volume and measured the abundance of subhalos in all massive
halos. We found that the variation of the subhalo abundance is very large, and those with largest number of
subhalos correspond to simulated halos in previous studies. The subhalo abundance depends strongly on the
local density of the background. Halos in high-density regions contain large number of subhalos. Our galaxy is in
the low-density region. For our simulated halos in low-density regions, the number of subhalos is within a factor of
three to that of our galaxy. We argue that the ""'missing dwarf problem" is not a real problem but caused by the
biased selection of the initial conditions in previous studies, which were not appropriate for field galaxies.

Subhalo-poor halo from low-density region Subhalo-rich halo from high-density region

See also Ishiyama,
Ishiyama+09 Variation of the Subhalo Abundance in Dark Matter Halos Makino, +
Halos formed earlier have smaller number of subhalos at present.  ApJ, 696, 2115 (2009) CosmoGrid Sim

New miniBolshoi simulation will provide statistics arXiv:1101:2020


http://arxiv.org/find/astro-ph/1/au:+Ishiyama_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Ishiyama_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Fukushige_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Fukushige_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Makino_J/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Makino_J/0/1/0/all/0/1

Milky-VWay-size halos have large variation in number of DM
satellites, according to new simulations. ishiyama, Fukushige, and Makino
Variation of the Subhalo Abundance in Dark Matter Halos AplJ, 696, 2115 (2009b)

Galaxy halos formed earlier have higher concentration and smaller number of subhalos at present .
Mass resolution 1x106 Msun (3x better than 2009a). Force resolution 700 pc (2x better than 2009a).
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Radio flux-ratio anomalies Flux ratio anomalies 516 geperic
“Easy” to explain image positions (even to ~0.1% precision)
» ellipsoidal galaxy
Quasar lenses » tidal forces from environment

But hard to explain flux ratios!

expected observed (Mariow et al. 1999)

Substructure and lensing |

Q) What happens if lens galaxies contain mass clumps?

(CASTLES project, http://www.cfa.harvard.edu/castles)

A) The clumps distort the images on small scales.

C ] without clump with clump
u

Strong evidence for dark matter | | \ ) .
clumps ~ 10° - 108 Msun | b
as expected in ACDM 7 rsctonas

Radio flux-ratio anomalies =

arcseconds
o
I
|

(cf. Mao & Schneider 1998; Metcalf & Madau 2001; Chiba 2002) C h Uuc I( Ke eton



The Aquarius simulations have not quite enough substructure to
explain quad-lens radio quasar flux anomalies -- but perhaps
including baryons in simulations will help.

Effects of dark matter substructures on gravitational lensing: results from the Aquarius simulations

D. D. Xu, Shude Mao, Jie Wang, V. Springel, Liang Gao, S. D. M. White, Carlos S. Frenk, Adrian Jenkins,
Guoliang Li and Julio F. Navarro MNRAS 398, 1235-1253 (2009)

We conclude that line-of-sight structures can be as important as
intrinsic substructures in causing flux-ratio anomalies. ... This alleviates
the discrepancy between models and current data, but a larger
observational sample is required for a stronger test of the theory.

Effects of Line-of-Sight Structures on Lensing Flux-ratio Anomalies in a ACDM Universe
D. D. Xu, Shude Mao, Andrew Cooper, Liang Gao, Carlos S. Frenk, Raul Angulo, John Helly MNRAS (2012)

We investigate the statistics of flux anomalies in gravitationally lensed
QSOs as a function of dark matter halo properties such as
substructure content and halo ellipticity. ... The constraints that we
are able to measure here with current data are roughly consistent
with ACDM N-body simulations.

Constraints on Small-Scale Structures of Dark Matter from Flux Anomalies in Quasar Gravitational Lenses
R. Benton Metcalf, Adam Amara MNRAS 419, 3414 (2012)



Substructure in lens galaxies: first constraints on the mass function

o . Gravitational detection of a low-mass dark satellite galaxy at cosmological distance, 2012 Nature
Simona Vegetti (MIT)

Talk at KITP conference “First Light and Faintest Dwarfs”
How do we recognise the effect of substructure?

J0946+1066 — Dowble ring

Extended galaxy

Power-Law smooth model + Power-Law substructure
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Substructure as a truncated pseudo Jaffe

Msp(< 0.3) = 5.83 x 10° M

My, = (1.9 £0.1) x 108 M,

M(< 0.6) = (1.15 £ 0.06) x 10° M

M(< 0.3) = (7.24 £ 0.6) x 10" M CO/?C/ USIONS

5 Substructure as SIS : - : .
O Surface brightness anomalies can be used to find low mass galaxies

- M(< 0.3) = 3.4 x 107 Mg at high z
0y~ 16 km s~} O Simulations show that with HST quality data, 10 systems are sufficient
Alog E = 65.0 12 ¢ detection Vinas = 2T ki to constrain the mass function
Our results are consistent with the predictions from O Using high resolution adaptive optics data and the gravitational
. . imaging technique we discovered an analogue of the Fornax satellite
cold dark matter simulations at the 95 per cent ot redshift about 1

confidence level, and therefore agree with the view that
galaxies formed hierarchically in a Universe composed
of cold dark matter. Vegetti et al. 2012 Nature 481, 341:

O The first constraints on the mass function are consistent with prediction
from CDM (large errors ....)




CLUMPY STREAMS FROM CLUMPY HALOS:
DETECTING MISSING SATELLITES WITH COLD STELLAR STRUCTURES

Joo HEON YOON'*, KATHRYN V. JOHNSTON', AND DaviD W. Hocc?
ApJ Accepted

2011 ApJ 731, 58

Dynamically cold stellar streams are ideal probes of the gravitational field of the Milky Way. This
paper re-examines the question of how such streams might be used to test for the presence of “miss-
ing satellites” — the many thousands of dark-matter subhalos with masses 10° — 10"M, which are
seen to orbit within Galactic-scale dark-matter halos in simulations of structure formation in ACDM
cosmologies. Analytical estimates of the frequency and energy scales of stream encounters indicate
that these missing satellites should have a negligible effect on hot debris structures, such as the tails
from the Sagittarius dwarf galaxy. However, long cold streams, such as the structure known as GD-1
or those from the globular cluster Palomar 5 (Pal 5) are expected to suffer many tens of direct im-
pacts from missing satellites during their lifetimes. Numerical experiments confirm that these impacts
create gaps in the debris’ orbital energy distribution, which will evolve into degree- and sub-degree-
scale fluctuations in surface density over the age of the debris. Maps of Pal 5’s own stream contain
surface density fluctuations on these scales. The presence and frequency of these inhomogeneities sug-
gests the existence of a population of missing satellites in numbers predicted in the standard ACDM
cosmologies.

—

DARK MATTER SUB-HALO COUNTS VIA STAR STREAM CROSSINGS
R. G. CARLBERG" arXiv:1201.1347
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Comparison of the CDM based prediction of the gap rate-width relation with
published data for four streams shows generally good agreement within the fairly
large measurement errors. The result is a statistical argument that the vast

i predicted population of sub-halos is indeed present in the halos of galaxies like
D b M31 and the Milky Way. The data do tend to be somewhat below the prediction at
Stream Width widtn [xpe] most points. This could be the result of many factors, such as the total population of
P 11 The estimated gan rate v stream wicin reation o SUD=NAI0S 1S €Xpected to vary significantly from galaxy to galaxy, allowing for the

b e om0 10 ke The il o the e i Str@@m age would lower the predicted number of gaps for the Orphan stream and

N 5 reigions loran ity e e i possibly others as well, and most importantly these are idealized stream models.

shown with a dotted line.
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ACDM predicts that there is a population of low-luminosity stealth
galaxies around the Milky Way. 2010 Ap}

STEALTH GALAXIES IN THE HALO OF THE MILKY WAY
James S. Bullock, Kyle R. Stewart, Manoj Kaplinghat, and Erik J. Tollerud

We predict that there is a population of low-luminosity dwarf galaxies with luminosities
and stellar velocity dispersions that are similar to those of known ultrafaint dwarf
galaxies but they have more extended stellar distributions (half light radii greater than
about 100 pc) because they inhabit dark subhalos that are slightly less massive than their
higher surface brightness counterparts. One implication is that the inferred common mass
scale for Milky Way dwarfs may be an artifact of selection bias. A complete census of these
objects will require deeper sky surveys, 30m-class follow-up telescopes, and more refined
methods to identify extended, self-bound groupings of stars in the halo.
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SDSS satellite search

J. Bullock



The search for faint Milky Way satellites has just begun

J. Bullock

The Dark Energy Survey will cover a Iarger region of the
Southern Sky, and LSST will go much deeper yet



The Eris simulation shows that ACDM simulations are
increasingly able to form realistic spiral galaxies, as
resolution improves and feedback becomes more realistic.

VWDM doesn’t resolve cusp issues. New observations and
simulations suggest that observed velocity structure of LSB,

dSpiral, dSph galaxies may be consistent with cuspy ACDM
halos. But the “too big to fail” problem needs solution.

The discovery of many faint Local Group dwarf galaxies is
consistent with ACDM predictions. Satellites, reionization,

lensing flux anomalies, gaps in stellar streams, and Ly
forest data imply that VWWDM must be Tepid or Cooler.



o CMB and large-scale structure predictions of ACDM with
WMAPS5/7 cosmological parameters are in excellent agreement
with observations. There are no known discrepancies.

® On galaxy and smaller scales, many of the supposed former

challenges to ACDM are now at least partially resolved. The
“angular momentum catastrophe” in galaxy formation appears to
be resolved with better resolution and more realistic feedback.
Cusps can be removed by starbursts blowing out central gas.

® | ensing flux anomalies and gaps in cold stellar streams appear
to require the sort of substructure seen in ACDM simulations.
However, the biggest subhalos in ACDM MWy-type dark
matter halos do not host observed satellites. This “too big to
fail” problem appears to be the most serious current challenge
for ACDM, and may indicate the need for a more complex
theory of dark matter -- or perhaps just better understanding
of DM simulations and/or of baryonic physics.



"Simulated Observations" generated
using the Sunrise code.
Image credit: Chris Moody
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THE DATA AVAILABLE TO ASTRONOMERS IS GROWING EXPONENTIALLY.
LARGE NEW INSTRUMENTS AND NEW SURVEYS ARE GENERATING EVER
LARGER DATA SETS, WHICH ARE ALL PUBLICLY AVAILABLE. SUPERCOM-
PUTER SIMULATIONS ARE USED BY AN INCREASINGLY WIDER COMMUNITY OF

ASTRONOMERS. MANY NEW OBSERVATIONS ARE COMPARED TO AND INTER-
PRETED THROUGH THE LATEST SIMULATIONS. THE VIRTUAL ASTRONOMICAL
OBSERVATORY IS CREATING A SET OF DATA-ORIENTED SERVICES AVAILABLE
TO EVERYONE. IN THIS WORLD, IT IS INCREASINGLY IMPORTANT TO KNOW
HOW TO DEAL WITH THIS DATA AVALANCHE EFFECTIVELY, AND PERFORM
THE DATA ANALYSIS EFFICIENTLY. THE SUMMER SCHOOL WILL ADDRESS

THIS ANALYSIS CHALLENGE. THE TOPICS OF THE LECTURES WILL INCLUDE SDSC's GORDON SUPERCOMPUTER. PHOTO! ALAN DECKER.
HOW TO BRING OBSERVATIONS AND SIMULATIONS TO A COMMON FRAMEWORK, HOW TO QQUERY LARGEDATA-
BASES, HOW TO DO NEW TYPES OF ON-LINE ANALYSES AND OVERALL, HOW TO DEAL WITH THE LARGE DATA
CHALLENGE. THE SCHOOL WILL BE HOSTED AT THE SAN DIEGO SUPERCOMPUTER CENTER, WHOSE DATA-
INTENSIVE COMPUTING FACILITIES, INCLUDING THE NEW GORDON SUPERCOMPUTER WITH A THIRD OF A PET-
ABYTE OF FLASH STORAGE, ARE AMONG THE BEST IN THE WORLD. SPECIAL ACCESS TO THESE RESOURCES
WILL BE PROVIDED BY SDSC.

DIRECTOR: ALEX SZALAY (JOHNS HOPKINS UNIVERSITY)


http://hipacc.ucsc.edu
http://hipacc.ucsc.edu

Students must apply by filling in the online form at http://hipacc.ucsc.edu/ISSAC2012 Application.php

Applications are due March 16, 2012 although it may be possible to consider late applications. We aim to tell students

who apply on time whether they are admitted by April 2, 2012. Upon acceptance all students who plan to attend will pay a

registration fee of $300. Week day lunches, coffee breaks, the school banquet, and a special excursion will be provided for
attendees.

This is the third UC-HIPACC International Summer School on Astro-Computation. The 2010 school at UCSC was on galaxy
simulations and the 2011 school at Berkeley and LBNL was on computational explosive astrophysics. A key feature of the
UC-HIPACC summer schools has been the access by all students to accounts on a powerful supercomputer on which the
lecturers have put relevant codes and sample inputs and outputs, and the inclusion in the school of workshops each
afternoon in which the students can learn how to use these tools. For the 2012 summer school on Astrolnformatics, all
students will have accounts on the new Gordon data-centric supercomputer at SDSC, and many relevant astronomical
datasets and simulation outputs will be put on Gordon's massive FLASH memory for the use of the students.

Speakers and Topics will include:

Main lecturers (3 lectures each and lead afternoon workshop):

Tamas Budavari (Johns Hopkins University) - multidimensional indexing, GPU programming, analytics
Andy Connolly (University of Washington) - time-domain information analysis, especially for the Large Synoptic Survey

http://hipacc.ucsc.edu

Telescope (LSST) 1 i
Darren Croton (Swinburne University, Melbourne, Australia) - from simulations and semi-analytic models to mock catalogs l I '
for galaxy surveys PRI
Gerard Lemson (Max Planck Institute for Astrophysics, Garching, Germany) - the Millennium simulation databases and the i
evolution of virtual astronomical observatories gn
Risa Wechsler (Stanford University and KIPAC) - analyzing supercomputer cosmological simulations and comparing with i

observational surveys
Rick White (Space Telescope Science Institute, STScI) - creation and use of large astronomical databases, including the
Multi-mission Archive at STScI (MAST)

Additional lecturers (1 or 2 lectures each, possibly lead afternoon workshop):

Mike Norman (SDSC / UCSD) - analyzing outputs from large ENZO cosmological simulations, the future of AstroIlnformatics
Peter Nugent (LBNL / UC Berkeley) - time-domain astronomy, especially the Palomar Transient Factory

Joel Primack (UCSC) - comparison of observed and simulated galaxies; evolution of high-performance astro-computing
Alex Szalay (Johns Hopkins University) - the Sloan Digital Sky Survey and the evolution of Astrolnformatics

Matt Turk (Columbia University) - visualizing and analyzing observational data and simulation outputs

For further information and answers to questions please contact Coral Connor in the UC-HIPACC office (email:
hipacc@ucsc.edu , phone: 831 459-1531).

UC-HIPACC | http://hipacc.ucsc.edu | email: hipacc@ucsc.edu | phone: (831) 459-1531
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