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The Infrared Milky Way This map of the

infrared sky includes the light of a half billion stars

Two Micron All Sky Survey Image Mosaic: Infrared Processing and Analysis Center/Caltech & University of Massachusetts



Galaxy NGC 1512
Hubble Space Telescope « FOC « NICMOS « WFPC2

NASA, ESA, and D, Maoz (Tel-Aviv Lini ity and Calumbia Uniwv ly] * STScl-PRCO1-16




Galaxies come in different shapes and sizes




The Local Group
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Einstein's Cosmological Principle:

The Universe, on average., is

homogeneous (equal density
everywhere if averaged over
sufficiently large volume) and

isotropic (it looks the same in dll
directions)

Is distribution of galaxies
Albert Einstein in space
(1878~ 1955) consistent with this?



The Local
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Right Ascensios

Gerard de Vaucouleurs
1918- 1995
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Sky Distribution of Galaxies




From 2D to 3D:
using expansion of the Universe to map it

Palomar 48-inch
Telescope used
for Sky Surveys [B

Edwin Hubble
(188%- 1953)

U.Chicago alum!
(PhD, 1917)



Expansion of space

Photon weay  @Qrlier epoch

later epoch



Cosmological Redshift
as a measure of distance and time

QBJECT RECEDING:
LONG RED WAVES

OBJECT APPROACHING:
SHORT BLUE WAVES

redshift . Age
of the
Distance @ Universe




Large- scale
distribution
of

galaxies

at distances
less than
300 million

light years

CfA galaxy
survey
1980- 1990




REDSHIFT SURVEY by the
Harvard-Smithsonian Center
for Astrophysics [CfA] in the
mid-1980s discovered the first
Great Wall but was too limited
to apprehend its full extent.

—— CFA GREAT WALL

SLOAN GREAT WALL



The end of greatness...

Distribution of galaxies
on even larger scales

2004, Sloan Digital Sky Survey (SDSS)



Back to the "small"” scales: galaxy clusters

Sloan Digital Sky Survey (SDSS)




‘Perseus clugter:

4

"Constellation’ of galaxies
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B Clusters and Dark Matter

Fritz Zwicky
(1898- 19/78)




CLusTers are filled with hot gas

X- ray emission from the Coma cluster
indicates copious amounts of gas af
~50 million degrees Kelvin




"Observations" of Dark Matter




(Some of)
The Current Cosmological Mysteries

O Is tThe Universe full of weird dark matter? Or, even
weirder, dark energy?

the answer appears to be YES. how we know? what is Dark Matter?
what is Dark Energy

O How did it all begin”? How did the structures form?

understanding how the structures, and galaxies in particular, form is
critical to understanding the origins of everything we see around us,
including the intelligent life

O How do we find out?

a variety of new observations, sophisticated computer modeling using
modern supercomputers



Einstein's theory of
General Relativity

curvature of space = matter + energy

Content of the Universe:
all existing components (protons, neutrons,
hypothetical dark matter) contribute o gravity and

can influence the rate with which the Universe
expands

The contribution of each component is measured in units of
critical density: Q =p/p

‘ 2 1 ~ oo 29,;.: .
perit = 3HG/87G = 1.8788 x 107 *’h? gem ™



Content of the Universe:
observational probes

O Ripples in the Cosmic Microwave Background

physical processes causing tiny fluctuations in the temperature of the
relic microwave radiation are well understood. we can predict them
much better than the weather!

O Large- scale structure of the Universe

galaxies, galaxy clusters, filaments

O Standard "candles”

any object whose intrinsic brightness is known or can be deduced
from observations without using distance. SNia are currently the best

cosmological standard candles known

O Standard rulers (systems with known intrinsic size)



Cosmic Microwave
Background
Temperature
Fluctuations

COsmic Background
Explorer (COBE)
satellite




version 2003

Wilkinson
Microwave Anistoropy
Probe
(WMAP)
satellite




What do we learn?

Different universes would leave different fingerprints




GEOMETRY OF THE UNIVERSE

CLOSED
Universes with different amounts of matter would

distort the CMB radiation by different amounts




RHigh redshift supernovae type la




The accelerating Universe!l
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The proposed SNAP satellite

Studying the Dark Energy of the Universe




Cosmic Pie




Towards a coherent picture:
modeling structure formation in the Universe




A Brietf History of the Universe

Proton Photon Helium

Neutran nucleus CMB radiation
Electron Helium

Hydrogen :
e First stars Early Madern
galaxies galaxies




FORMATION OF STRUCTURES

: : , Light elements Universe becomes
Big Ban First particles .
9 9 fgrm (H, He, Li) neutral
—1 56 form
- - -Z=1 g
First stars form Galaxies form Solar system Present day
Universe is reionized forms
z~10 z~0.4 z=0

z~1-5




Computer Simulations:
How to set up and where to begin?

O If the content of the Universe is assumed, theory
predicts the statistical properties of inhomogeneities
in matter distribution

these predictions are used o set up initial conditions of the
simulations

O Simple analytic predictions are accurate only while
iInhomogeneities are small (<10% fluctuations with
respect to the mean density of the Universe)

simulations are initialized at an epoch before analytic predictions
break down, during the so- called "Dark Ages”

O Numerical simulations are used 1o follow formation of
structures and make accurate predictions at later
epochs where analytic calculations break down



Computer Simulations:
How do we model?

O Gravity is the king

gravity is by far the strongest force on the
large scales. gravitational interactions are
modelled using Newion's laws

O Other forces may need to be
iIncluded depending on the
composition of the Universe and

scales considered

ordinary matter, the baryons, experiences
pressure forces if compressed o
. e sufficiently high densities. these
iy "hydrodynamic” forces are included in
| simulations that include baryons
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We all live 1n
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Computer Simulations:
discretizing matter and space

0 Space and time are continuous on
E‘ macroscopic scales, but computers
%‘ ; can only deal with discrete numbers
Ha O Memory and CPU speed limit the
i number of volume elements and

particles that we can simulate

in the standard theories, 10°'- 10 dark

matter particles are expected in a cubic
Megaparsec

current computers can handle only up fo a
billion particles

- === need to discretize




Hardware

Supercomputers at National Centers and Labs
(e.g., the National Center for Supercomputer Applications - NCSA)

www.ncsa.uiuc.edu

Lots and lots of storage...

T




FH L L) Yy L

5]

Ly

Many Many Lines of Software

purpose: splits cells marked to split

input o Level - level to process
output o oator - # of cells just split

include "a_def h"
include 'a_tres. b
include 'a_control h'

integer mtot, Lewel

integer 1dcell

real*8 & _kin, e_ip

real*d whwvar (nhwar), wvarl, wwarl, wvard

dimensicn 1Pyr (nchild, 3) { Interpolation pyramid vertices

dmea 1Pyr S 1, 2,1, Z, 1,
& 3,03,4, 4, 3,
3 £, B & & &

. . .

. . :

£

o a2
oo
=y =N o]

; ) K ; K ;

. Warning! The loops below are to be emxecuted SERIALLY

IF  Lewvel . eq. MinLevel ) THEN
do icl = 1 , ncelll
if { wnwi(l,icl) .gt. wsplit ) then
ires = iSplitCell ( icl )
if { ires .eq. nil ) then
mtot = mktot + 1
10C = 10ctChiicl)
v_p = hvar {3, icl)*+*2 +
hwar{d, icl)*++2 +
Furar (D 410 +40

o

else
if i sta(l) .gt. eps | then
al = (al*p 1l +hbl) S ({p1l+cl)
w2l = 1. fsqreimaxismall R, 2=l * stl(l) * (p_1 + stl({3))1)
ull = 3tl(2) + ( atl{3) - p 13 * wil
e o= (ar *pl +hbec) /S (p.1l+cr)
wir = 1. /sqrtimaxismall R, »xr * str(l) * (p 1+ stc(3))))
url = str(2) + (p 1 - stci{d) ) *
p2 = max ( small R , 1.0000001 * 1 - ¢ url - ull )
* ab T(pl-p0)
S ghs {url - ur 0}
+ abs ( wll - ul 0}
+ small_R ) )
p 0 =p1
p_1 = p2
ul 0 =ull
ur 0 = url
devi =ahs {(p2 -p 13/ ({p2+p 1)
stal(l) = devi
dev = max ( dev , devi )
endif
end if
iter = iter + 1
if { iter .le. maxit .and. dev .gt. eps ) go to 1

Ezdf news 114

if { dew .gt.

eps 1 then

write(*, ' {lx, ' 'Riemann_l solwer iteration failure'')')

stop
end if

Ftate at

u
ind_r
rho_s
u_s
p_s
hgam_s
qam 3

xoE=0

0.5+
int §
ind_r
ind_r
ind_r
ind_r
ind r

EE O B = P

st1(1)
St1(2)
st1(3)
st1{d)

ul 0 + wr 0 )

9 - gign { onshalf , v ) )
(str({l) - stl{l)) +
(str(2) - stl{2)) +
(str(3) - stl(3)) +
(str{d) - stl{d)) +
(str(5) - stl{E)) +

st1(5)



Universe in a box: formation of a filament




modeling
formation
of a galaxy
cluster

10 million
light years




Towards simulating realistic galaxies




A cluster or a galaxy?




Modeling the Local Group
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SMC & LMC
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computer simulation The Locdal Group



Seeing back into the cosmaos

HST GOODS s == =

CHANDRA *—_=
DEEP FIELD -

JWST

First
stars

Modern**
universe * 2
: .

Cosmic
microwave
background

1 AT .95 "o

.0004

(~400,000 yrs)

Age of the universe (bilflions of years)




Hubble Ultra Deep Field Details

HST = ACS
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NASA, ESA, S. Beckwith (STScl) and The HUDF Team

STScl-PRC04-07c
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