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Please take a Diffraction Grating sheet.
We will need it for a demonstration.

Return it at the end of the lecture.




.
Supernova 1994D

Wolfgang Lorenzon University of Michigan AADL-Sep-2007







DON’T LET THE BRIGHT
LIGHTS FOOL YOU

KRR THE DARK SIDE
S CONTROLS THE
UNIVERSE

Our Universe:
Stars: 0.5%
Dark Matter: 25%
Dark Energy: 70%

Dark Matter holds it together
Dark Energy determines its destiny



WHAT IS COSMOLOGY?

The attempt to understand the origin,
composition and history of the
Universe in which we find ourselves.



BASIC PROPOSITIONS OF
COSMOLOGY

e Science works — we can understand the natural
world using the process of testing theories
against experiments.

e Experiments here on Earth are a valid guide — the
behavior of material in the laboratory is the same
as in distant reaches of the Universe, provided
the conditions are the same.



OUR STAR: THE SUN
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MANY STARS MAKE A GALAXY
100-400 Billion stars/galaxy
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100,000 light years



MANY STARS MAKE A GALAXY
100-400 Billion stars/galaxy

Sombrero Galaxy = Mi1og




THERE ARE MANY GALAXIES...
100 Billion galaxies
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Millions of light years



SEEING FROM SPACE
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GROUND BASED IMAGE HUBBLE SPACE TELESCOPE
LAS CAMPANAS OBSERVATORY WIDE FIELD/PLANETARY CAMERA

CARNEGIE INST. OF WASHINGTON




THE HUBBLE SPACE TELESCOPE
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e How old is it?

* How has it developed?

e What is its ultimate fate?
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WHAT COPERNICUS “KNEW”*

I”

“First of all, we must note that the universe is spherlca
Elliptical orbits! _

* Motions are centered on the sun
Sun is at focus!

e Uniform velocities
Equal areas in equal times!

Nicolaus Copernicus (1473 — 1543)
the sun — rather than the Earth — is at the center of the solar
system. This is considered among the most important

- HEEMI
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landmarks in the history of modern science. lhum:-?j};ﬁmmsmﬁ:?

It ain’t what you don’t know, it’s what you know that ain’t 56!14



WHAT KEPLER “KNEW”*

e Gravity is an inverse-square law
Kepler thought it was repulsive!

Johannes Kepler (1571 — 1630)

Kepler's laws provided one of the foundations for Isaac
Newton’s theory of universal gravitation.

It ain’t what you don’t know, it’s what you know that ain’t so!;s



WHAT WE “KNOW”*

e Cold dark matter holds the Universe together
we know nothing about it!

e The Universe is dominated by a cosmological term
(Dark Energy, cosmological constant, ...)
we know less than nothing about it!

It ain’t what you don’t know, it’s what you know that ain’t solsg



We’re almost free, | just felt the first drops of rain 17



STAR STUFF

We cannot go to stars and distant galaxies and take a
sample.

We can only “sit” here on Earth and receive the radiation
which they send to us.

Fortunately there is a wealth of information in the
spectrum of their radiation.
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SUNLIGHT IS A MIXTURE OF COLORS




WHAT IS LIGHT?

Magnetic field Electric field

A\ 7

— Direction of
l';%// ‘l propagation

— Wavelength A—

e Light is an electromagnetic wave (for our discussion)

* It moves forward always at the same speed — 300,000 km/sec
186,000 mi/sec

e The distance from one peak to the next is called the wavelength
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Surface temperature

STELLAR SPECTRA
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STELLAR SPECTRA

e Spectra of stars are very complicated (thousands of lines)

e Every single of them can be matched with an element (or
compound) whose spectrum we measure here on Earth

e The obvious explanation is that stars are made of the same
stuff we are ... (although of course not in the same
proportions)
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e All matter is composed of atoms

e Atoms come in a fixed range of types — The Elements
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Pick up your diffraction grating
sheets to view the

Q demonstration.
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CLASSIC DOPPLER EFFECT

e Imagine three atoms emitting a ray of light of the same
color (let’s say )

e One is stationary, one is moving towards us, one is moving
away

— moving towards - “compressed” - appears

— moving away - “stretched” - appears redder



Recessional Velocity (km/sec)

HUBBLE’S GREAT DISCOVERY

Distance (Mpc)

velocity oc distance
V=H_r

In 1929 Hubble measured
the velocity of nearby
galaxies and found that
nearly all were moving
away from us.

He used Cepheid variable
stars in these galaxies to
measure distances.

Result: The faster they are
moving, the farther away
they are.

The Universe is not static —
it is expanding!



PRE 1920s: THE STATIC UNIVERSE

e The widely-held belief was that we lived in a static, unchanging universe

e 1In 1916, Einstein develops a theory of gravity: General Relativity
* Problem! His equations predict that Gravity pulls things together






THE EQUATION OF THE UNIVERSE

-
"
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e So Einstein sought to modify the equation to fix this flaw and prevent
gravitational collapse ...

e Einstein introduced a cosmological constant A (vacuum energy) to ensure
a static universe.

e By tuning A, attractive gravity due to matter can be balanced by the
“repulsive” gravity of A.






EINSTEIN’S “BIGGEST BLUNDER”

* The Universe is not static — it is expanding!

e Einstein is very upset!

e Einstein declares A his biggest blunder!






“BROOKLYN IS NOT EXPANDING!”

The expansion of the universe is an expansion of space itself. It is not an
explosion with pieces flying out from a common center through space.

Except for motion due to local gravity through space, each galaxy is at rest with

the Hubble flow and “sees” the other galaxies moving away according to the
Hubble law v = H,r.

e The universe is not expanding into anything. It is creating new space between
the galaxies as it grows.



THE BIG BANG

If everything is moving away from us — are we at the center?

— No: every place is the center

If everything is moving away from everything else — some time
ago in the past everything was on top of each other?

— Yes: Winding the clock back, we reach a time of infinite density:
the Big Bang!

If the expansion rate is constant, then the age of the Universe is
~14 billion years (or 1/H,)



IS THE UNIVERSE SLOWING DOWN?

e As we look out into space we look back into time

e Telescopes = Time machines
— We see nearby objects as they were recently
— More distant objects we see as they were a long time ago

e What s the fate of the Universe?



CEROCURVATURE | POSITVE CURVATURE | NEGAIIVE CURVATURE
FLAT SPHERICAL HYPERBOLIC

open infinite universe closed universe open infinite universe
= decelerates to rest —> eventual collapse = expands forever




THE FATE OF THE UNIVERSE

Accelerating

: Slowing
| Forever
I
I




A STARTLING DISCOVERY

(1998) Supernova
Cosmology Project
and High-Z
Supernova team
construct a Hubble
diagram using Type
la supernovae
looking back 7 Byr
(1/2 the age of the
universe).

"Look-back" time
[Billions of years before present]

Both found that the
Universe is speeding
up, not slowing
down!

»

Jainter

magnitude

Type la Supernovae
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WHY??

DARK ENERGY



DARK ENERGY

e Whatisit?
— Itis a property if empty space itself
— Vacuum Energy (Einstein’s “biggest blunder”)
— Repulsive instead of attractive
— Smoothly filling space
— Constant or slowly changing
— No one knows!

e |tisafunny concept

— Turns out nothing (the vacuum)
has energy

— Quantum fluctuations in the
vacuum have energy

— This energy is repulsive Problem!
. Theoretical calculations
e |t causes the Universe to are off by 10120

accelerate



THE MYSTERIOUS DARK MATTER

e QObservations indicate that there is matter out there which does
not produce any kind of light

— Does not appear to interact with ordinary matter or itself at all except
through gravity!

e One type of evidence for this is the way stars and gas in galaxies
move ...



SOLAR SYSTEM ROTATION CURVE
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SOLAR SYSTEM




ROTATION CURVES OF GALAXIES

DISTRIBUTION OF DARK MATTER IN NGC 3198
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95% of the mass in galaxies is made of an unknown dark
matter component



GALAXIES HAVE DARK MATTER HALOES




SUN’S ORBIT IS SPED UP BY DARK
MATTER IN THE MILKY WAY
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The gravity of the visible marter in the Galaxzy i not enough to explain the high orbital
speeds of stars in the Galaxy, For example, the Sun is moving about 80 kmn/sectoo fast,
The part of therotation curve contributed by the wisible marter only is the bottom curve.
The dizcrepancy berveen the two curves is evidence for a dark matter halo.



WHAT IS DARK MATTER?

e Does not emit or absorb light in any wavelength
e Visible through gravitational effects only

 Normal stuff that does not emit light?
— brown dwarfs or planets, white dwarfs, neutron stars,
black holes, dark galaxies and clusters of galaxies?

 Exotic particles?
— “Hot” Dark Matter: neutrinos?

- “Cold” Dark ' articles?
WIMPS are about 100 times as heavy as protons

* Incorrect law of gravity?



THE CONTENTS OF OUR UNIVERSE

Chemical Elements:

Cosmic Pie & (other than H & He) 0.03%

Neutrinos:
0.47%

Stars:
0.5%
- Free H
e & He:
4%

Dark Matter:
25%

™

Dark Energy:
70%




IMPLICATIONS OF COSMIC ACCELERATION

There is a previously unseen “dark energy” pervading all of space
that is now accelerating the expansion of the universe.

The expansion is NOT slowing to a halt and then collapsing (i.e.,
the universe is not “coming to an end”). In the simplest models, it
will expand forever.

In the not so distant past (> 5 Byr ago) the universe was
dominated by matter and was decelerating. Larger and larger
structures formed as each new scale entered the horizon.

The formation of structure ended when dark energy prevailed over
matter.

The largest structures in the universes are now being accelerated
beyond our horizon - e.g. Virgo Cluster will be leave our horizon in
118 billion years.






MORE THAN 380,000 LIGHT YEARS
IN LESS THAN 380,000 YEARS?

e ... for velocity through space

* no limit on expansion velocity of space

e “acausal” requires “accelerated” expansion



WHAT WE DON’T KNOW

* Precisely how much mass

density and dark energy
density is there?

What is the equation of
state of the dark energy,
the ratio of pressure to
density w = p/p?

how has it changed in
time?

Lots of theories, little datal

What is the “dark energy?”
Theorists have proposed a
number of possibilities each
with its own unique features:

Cosmological constant (Einstein).
“Quintessence” models
Supergravity models
“Cardassian” expansion

The “big rip” w<-1



Thefstrophyd ol bournal 98552, 55, 2003March 1

# 55, The Arvwricon L drorenial S Al righl
GONSTRAINTS OND ar KD|3TﬁE m e r

Zong-HongZhu and hﬂaﬁ [p=g=T] FujIITDtO
Hsticriad fuztrarn i Cbamvstory, 2 214, Ozmram, Misses, Takepe 1210509,

i i oo,

N PHY SIS, VOLUME 75, APRIL 200G

gy.msey GE54d

¥, Manhaffan, Harsas G506

ABSTRAGT

Thedigant Typ |agupg- cogpiked by Ferl = fwmxnghlmnilﬂacl woimmtes thatof
escpmnsion senario, whi hy o F| (= E al gy, 'f;:':;f::
stanit [or o e generally 2 gy in = i ling thiecu @t . am o st the
that the allowed intervals for b t i smleofa
werss with = weny low matter de which ardly e o nciled with the o hee" ted by pscent

rneEsurernentsof the cosmic microw 398 bee kgro und ansotropy and gal=eoy ol usters (ol uster banyon fract Dn].
A=a result, this Gardessian acpansion proposal doss not Ssm 1o Survivethe magnitude redshift test for the
present Type lasupernovaedata, unlesst he universe contains prima by banyonic ratter.

Subject head ngs cosmological pararmeters |, cosmology:theory |, dismncescale |, supernovee general

. INTROD UCTICN
A rrejor devedopreent in rmodern co! Neth

eny of theacsekermtion of the universethrough obsa'\/atlors Og'

i m@ e B0 he conkst in the mhbstc
el imamesquams b is applied bo the scales of
he meen mess density &5 ok much more then
Th coze for detecton of deck ncmgy & not petas
h ey b derieed fio m work in p e geess, Planned
\It'»erw rey; . poste ezalt wodd be o
3 the m 5 of dark enemy. This mview
tory ffcees, wezesos the st

W ra findementl

The.‘\ﬂrophysnl Journal 38552 5 20Marchi
8 200, The Ao Frintedi

CONSTRAINTS ON CARDASSIAN ECPANSICON FROM DISTANT TYFE la SUFERNOVAE

Zong-HongZhu and hﬂaﬁ [p=g=T] FujIITDtO

Mational Azt onomicd Cbamvatary, 2211, D, Mitka, Tokpo 1916552, ip. fujirn oo K

7

ABSTRACT

Thedigant Type lasupernovas data compiled by Perlmutter & al. ae used to anabre the Card=sian
expansion enario, whic hwas recent by proposed by Freess & Lawvisasan altemative to acosmological con-
stant {or rmoregenerally adark energy cormponent ) in @cp Eining thecu rent by sccelerat ing unverse. We show
that the allowed intervals for nand e, the two pararaters of the Cardasian model, will give riszto auni-
werse with = weny low matter dersity, which can hardly be eeoneiled with the curnent walue derived from the
rneEsurernentsof the cosmic microwsne bee kgro und anisotropy and gal=eoy ol usters (ol uster banyon fraction).
A=a result, this Gardessian acpansion proposal doss not Ssm 1o Survivethe magnitude redshift test for the
present Type lasupernovaedata, unlesst he universe contains prima by banyonic ratter.
Subject head ngs cosmological pararmeters |, cosmology:theory |, dismncescale |, supernovee general

1. INTROD UGT 10N

A major develaprant in rmda'n cosmolagy isthe dison-
ionof the hrough obervations

Chymmaetal, 2002; Sereno 2002).

preent candidatesfor ion

Futarnzse & Hamans 1999; Jain etal. 2001; Dev at 2l 2001;

Meither 2 cosmnological cOnStEnt nor = qulnhEame the

IEW I 67, 83515 2003
utlon to the colncldence proklem

1! Die go Pawdn, ? and Winsried Zirodah!?

iwates Troveridod o Buenor Mg Frdod Thiverste va, Pabotde 4
105 dives, Arpeming

5 EdiBuin Gy Dhiversidad Ansdooins de Bowelona,

1170 (Bo weedora), Spok

forz, PF ME7, D- 97, Konsom, Gernory

‘phamoived 10 Febmuary 2003, published 24 A ol 2003
dardeldand 3 materuil in 3 spabialy homogereo i and
natber domifabed et to an acoeler bl expansion plaseand
| CpIEsent THavere, Fof ds f tpose we stuly Mesaluton
nE. We defmofs rabe Mat 3 shionaty atpcks solufon s
Tnivemse, We extend tis stuly b acedunt fof dissigation
Fitally, bype T supemosae and poinontial o uclesyn Desis
el

BACE nufibers !t 98 A0 Tk 04200, 95351 q %580 Ex

obtained == the msult of 3 dymareical ewolwion. In fhe
present Taper we clanify this pomnt and esablicsh an exmetly
solvable oodel for 3 sTocoth transiticn £ 3 Toatter dor-
nated phase to a subsequent period of actalemated expansion.

of distant Type |asupernovee (Ferdmutier eval 1000, 1000, B Pre=nt ancicmesiort

magm ude pelarions

Y
™ of distant Type lasupernovze (Pedmutter etal. 1998, 1909;

howsaver, =void the cosnic coincidence problemn,, why the?

Riesset al. 1008, 2001; Leibundgut 2001). It iswell known
thata]lknowntypsof rratter with postmeplaa.lrega’\er

F N of the uni-
WEFSE, con\nmtlona]ly‘ adecdleration| alweEys umed
to dexribe the status of the universs ion (Sand:
1968). Given this, the disovery from h-redshift T
|2 supernov=e indicates the edstencaflf = [ T
with faidy negativa pressurs, which idlhow y el

k energy, such == 3 cosmological constant (Weinbeng
1880; Carroll, Press & Turner 1992 Kraus & Tumer 1995;
atriker & Steinbardt 1995) or an eohing salar Yeld
{referned to by Some ssquintessences Ratra & Pash les 1958;
Watterich 1982; Frieman o =), 1005 Cobla Dodelson, &
Frieran 1997; Caldeell, Dave, &

howaver, void the cogmic coincidence problem,, why the
densities of dark enemy and dark matter are wmpalable

todsy (another rdated bt distinet di culty isthe " netun- ﬁ

ing pmoblem; saecarmllaal 1SEEforad|3uslonofthl= 41

paigtl A it thet " 2
o =
4 =

) El

] alt [ ities such == h dirnerchs

(D& =yet, Dvali, & Gabadsdre 5002, Gu b Hwang 2002) or

an attered theony of grvitation (Behnkest al, 2008). Very

recenthy, Freess & Lasis (2002) proposed the  Candesszn i gt

acparsion serario  in which the sandard Friedrmann-
T e Bl VS | tht

5 Gakwy counk Riesset al. 1988, 2001; Leibundgut 2001). 1t iswsdl known densities of dark enemy and dark e are wom 12

i ;u gn:u::n:]k)emansme athm all krown typsof mriEtter with podtive p Euofreregaer today {another raamaj'ggm distinet di culty isthe "':\etun-e

. Dypremics e s nof the uni- h

& Thebagon mees focion in <l yergs, con\na'\tlona]l adaodaatnnfa:mr xsa] e ing ploblem.saecarmlla_aj.umngoradlsl.slonofthls.-
elogas o e ribe th y:ufthe pansion (Sandzos p:l_mJ.AltrDughthet_m::klng e_id rnodel (Z_Ianaf. \'\fang.&‘;'

: g;i’::':":ﬁf»‘mm“m-lg%] Giiven this, t he dissovery from the high-redsh ift Type Sreinhardt 1909) provides 2 poible reslution to thisprob-

lerm, & corinzing dark energy modsl with 2 m0lid basis inc-
particle physics isstill far o . Thergfore, it is desirable to.-
ecplore alternat ve possibilities, such == higher dimensions o
(D= ayet, Dvali, & Gabadadze 2002, Gub Hwang200E) ore
an attered theony of grvitation (Behnke st al. 2002). Ve =
recenthy, Freess & Lawis (2002) proposed the  CardessiEn o
acparsion senario  in which the gandard Friedrann.s

|2 supernov=e indicates the evistenceof 2 new component
with faidy negative pressurs, which is now generslly callad
dark energy, such ===3 cosmaological constant (Weinbeng
1880; Carroll, Press & Turner 1992 Kraus & Tumer 1995;
atriker & Steinbardt 1995) or an eohing salar Yeld
the ubiquitination rrachinany & nanr the (referre:l 1o by sorme ssquintessenee Ratra & Peshles 1985;
Edocus ob 3. thee Rocaset terich 1082; Frieman & 2l 1905 Coble, Dodalson, &
R’”‘“}“M" ubiquitinetion th"’DCO"‘W Frierran 1997; Caldaell, Dave, & Seinhardt 1998; Gong

ion is
2002). While current rnessurernents B,

wee backgrou nd anisot ropiss faor
with cold dark matter (de Bernardis
001), both the deuteriurm abund:

Frab e al ker (F R ) e
Ena
e Hub
= alef: i

the a'ergy dersity of matter and cingion. In the usiml

o7 Pl T il i

distant quasars (Burles & Tytler 19983, 1988b) (zombinad
with the baryon fraction ingal=eoy ¢ lustersf mom X -ray datee
=== White et 2l 1992 for the method) and the lergesale
structure in the digribution of gakExies (Ebh
Pemcock et 2l 2001) hawe rade o o

FRW equation, B W0 To be condstert with the usmElconcen.
FRW result, ore should take A W& G=3. It is con<in s
vEniEnt 1o use the redzhift Zg, =t which the two terms of theeld
equEtion (1) are equal, asthe cond pammeter of the Gar: e
daElan rodel. | gthis parameterization of {n; zeqjég‘

density universe (for a recent sum i FJ Zaqg
It e that =il thes obsenmEtions izl hercll o idkhe = densl(;y
acplained by the hypothesist hat thendglescists, in itio it at e g irne, £ Hirn =
cold dark rratter, 3 dark enengy col nient wit lreglve Hu icullr pMposl k&

pre=sure in our universe {Turner 20020 The axigence of
thigcomponent hes alao been independently indicated by
other ob®nmtions such == the angular sire.medshift
relations for compact radio Sounces (3 uivits, Kallermann,
& Frey 1999; Vishwakarma 2001; Lima S ﬂlcanlz 00
Shen & Ratra 2003) and FR b
Draly, & Wiz 2000; Draly & Guera:
the =ge estimates of old high-ned:
e =l 1906, Krauss 1097, A kaniz &
itational lensing (Kochaneck 1996;

intriguing bacausa the acpansion of the universe will bet rrsin

accderated automatically later withowt any dark enengyis unkke

component,, the scond term, which may ariseasa conse- 2 guilt

it it

quence of brane world cosmologies, dominates =t 2 Bte Lo

epcchanddrmathea}oelemlon ofihe unl\na'sa It |sua]ua THnation
ble o explore the agriite

dinsct tharn 4o the protasorre for brske
dowin. Degmdation st sorvehow be
pstrictad o near whent the papills cdlland
seffpolkin gmin tauc h sosnctherpomibility

1. HTFE TH

Fd ol sl -ac o L
il dwred roulmn Irl-l l.lln.l B g

WEmpalr MO

o m ko
k. AL ﬁ

G, Sholof Bainy, iy o ikl
Wctoria, 3T, Austrdlia.

e Fic " SO02). While cument messurements of the coamic micro-

high-redzhift hydrogen clouds san in aborption ageinst
distant quasars (Burles & Tytler 19383, 1998b) (zombined
with the baryon fraction ingal=eoy ¢ lustersf mom X -ray datee

H2uA pE™;

This roodel irnplies the evwolution of the density matio toeas
a Bnite, stable, asyroptotic value. Thus i IRy reprsent 3
solution to the codncidence problern

A= showen in ancther previous paper 3 very suittble in-
gredient of quintesence roodels = 3 disipatve, negtive
sealar prssum of the matter coropoment. Such 2 quantity
rray sirnltneously help to drive accelemtion and sdlve fe
coincidence problern @24 A negative pEsoE ances nat-
rally from bulk visous dissipation, quantura patticle produc -
tiom of self-interaetion in the ratter cornponent @34 Hew
we corcbine e abwantges of quintessEnce oodkls iterct-
ing wih mater M1 scith thoss selying on 2 dissipatie

Robertson-alker (FRW ) equation ismodi” ed asfollows, \womes n--:a.l--lfn-i el

a-d1:|lvm Tddw bk oy

= o i beckgrou nd anisst ropies favor 2 spatially “at universs
s - in g With cold dark matter (de Berrardis e al. 2000; Langaet al. where H  R=R i= the Hubble pammeater == a function
A w2001), bath the deuteriurn abundance messuned in four of cosmic time, R isthe alefactor of the universe, and iz & 8 R

the energy density of matter and radiation. In the usml Tuemu Tl Amd, Lllh ot Ak S

FRW equation, B %0, To be condstent with the uaml
FRW result, ore shoud ftmke A W5 G=3.

It is con!l’ @i T. FRimadha”

emal eduiedjnluninelh .. === White et al. 195G for the method) and the largesale wenient 10 use the redshift Ze, at which the two terms of MLy, Bar o, FLaAlN L Jonsl A0, Ll
WD"";‘;’:;“';:“M“”“‘ structure in the digtribution of gakwies (Esheall 2000 equation (1) are equal, asthe swond parmmeterof the Gar! S dHy ekl ik

Phiyzicists are kear ning o le with Eir
constant. Mevw thinking atempisto t
constants in clerdltary partisl phy:

thes ey e think sbous she Driee, frot
Do raidaring it o Ggin’ 40 pemluating

Pemcock et al. 2001) hawve made 2 stmng s for 2 low-
universe (for 3 recent sumnany, S22 Tumer 2002a).
that all these obsenations can be concondantly
ined by the hypothesisthat there exists, in addition 1o
dark matter, adark energy component with nagative
re in our universs {Turner S002h). The aridence of
iscomponent has alm been independently indicated by
ber ob=neations such == the angular size. edshift
relations for compact radio Sounces (3 uivits, Kallermann,
& Frey 1009; Vishwakarma 2001, Lima & Aleaniz 2002;
Ghen & Ratra 2003 and FR 11b radic gakies (G uemrs,

& ; Dialy & GiuemaS002; Fodriu et 2l 2002),
of old high-redshift gatEries (Dunlop
1997, Akaniz & Lima 1999), and graw-
(K ochaneck 1996; Chiba & Yaoshii 1999;

a2

daszian modd. | n this paramaterization of (n; zu), ég‘can B e e M il vl g VI

shown that (Frees & Lewis2002)B % H sl

b
WA p P )

o0 Ba s ol Lo B el s il nd B - Ld B P
.where g isthe mana' densl(;yof ths. o B, il vy Bl F e, o v d ol e el

universeat the praant tireand Ho % 100 h ks
istha Hubble constant. This particular proposal s

[TV o ol 2 v

Ny
intriguing becaus the axpansion of the univers will beimu sl lnrkes el b vdd dkb o B mdds WL 0

actelerated automatically l=her without any dark energy

Ol B

Ty s

component,, the scond term, which May M= as =3 o0 NE2: g i peled Be G i B g Fmcalde b Phik b

quence of brane world cognologies, dominztes =t 2 0 b W rukebile P b Be B v oelelel P
epochand drivesthe acceleration of the universs |1 isuml Uz e £ plieled o b Do ey o, e |

ble o explore the agresment of the Gardassian ecpansion
rodel with the currently =wmEilEhle cosmological obenm-
tion datz, == suggested by Freese & Lewis (2002), who
propo=ed this s=nario. |n a previous paper, the authors
hewe u=ed the moent messurements of the angular size of

utirvete fitund. But pecheps the reost  geluses, 3o and posurebly sstmnorees T Sk o Ll aremami hc mlral 4
significantchangeincosrrokgioel thinking  Tright not uliratel aobe unkss the FRper 3 very suitble in phad 4l el B pio e w LW noe
invobes o ne wilingnes to discuss what  coorrebgicel constant wep not Truch & a dimipatve, negative 9L o b <3 ik ok bl

wed to b an ides that wes not no
rentioned in politecompany: heanthlipe

Tger than the one v opparnth obreoe

uld by

e
eyl

e P AT E PR

.H.i:

lrlul.humlmlqlﬂ'\ir
lnlr.- hila IMI-II'\Ii-
luiqhﬂ: LT
max o brmbal b-:.th

TP L bk v omey I
m L

;.‘;;.m:ﬁﬁmﬁ,%

" orn sl accelemtion and sclve mn’.m F\ﬂﬂ.l:l-l-ﬁ'li p:::dlim::n?:ﬂ - 4 baa, Luc i
§ mEdg U A 2 1T tive PMESSUE afizes natl :‘ﬂ' ‘ﬁl - €~ -
ApHELE HOl A e u-1 v quantum particls produs :'Wth '“';5 bpe & Linmyare idl}'ﬁc :l:d by ez b lm
Pl 40 i 24 o sk o or o oy ter corepoment 35# Hem I ouaml 1, w4 M?:il.h mk i Laml 2
-\m-ulm-uu m Ol - [ LT g ol W i @ no bonger rreetly in \he nuckm but oomhgmﬁndnshrdg,dftheUnwue uesEnce moodkels itetact n'._ﬁ.l Mz a LA ELE LT T LR L BT
mak pak b, ol dmabeUaracy, .d_ifM‘:':r..F-.‘t,; ener the gtoplarn wrhens T azeo.  wren populited eenawhers by inteligent Momw.:.wmkthedscumn ey canine i+ relying on 3 dissipative FI "'"-'"“NJ'E" (TR Tl m hrmc
i 1 A comd wl dumm b v kel YT Bt e £ it Wi T ol e oo Bim sk o bn m e i b e ina
BimdrimbeY o 2 MU -wmge el mrdamerem o abneh A " ooy ac ity 9 = p hore fhat on this hasis 3 Ao B e g P T ]
- =L Tocalzed srcund gish, 20 thet bithe eplicit use i Trede of - AR ral-
:“'ﬂ-rﬂ':'“ p : F‘"?-'.' o appdrdcly dmameand The pwson tﬂ.tphysi:w e brsen 30 eisting notions fmnthe thes opof dere - TR an aecelerting i mLyT ke i) Ry mara e e )
AT 1 m kT o > motvely sinpls wanneip g g —_— ol 2 ik L@ 1wl
e ot o mikc ol Wl ik lativity. Thatriay 1ot ....d..,‘:.";,.a ol b;.-\.l,.l.luﬁ.:: Hanowli
B manged anky & e Dl y w5, Section I intmduces wa wr J nanlded: prid, L0 drmx imdaat, (2]
b pra s, & 00ROl \ . y A Sestion I exploms fieg [y maally ol ol mukera st ver dnmph +m oS BT L g 25 O
:. Fone amd collesguedrods constitutes s, @ dows, mher han why 2 7o oz often dhon, et he sozolid ok Siher orman, By o, including the =Ebilits de o Fac S W Lade o 4 comred 10 a Fradmam Hl:l.-:rhﬂ.l-\hlr::;l By Ic
step formadin ourundemtandingofbmeaios  not would not, Into the finy has anteed  GvhatEjoken oollsR, ). In & unisemedorri- 5. Furtherreore, it desives milr
I!}lkk +Hy =lH k w selfincorrpatibdity. But is theos o biggar v BorhenIns papec’ publshedin Fiyr  naed by s cosmnologioel constant, distant snial Section IV inowesti rm;‘i“ dmdinal by o Lmsdpalal ety r’l-ﬂ dk': cisiac 1 whd F
’l.u Fl LI T koomd ptmm o ol Crther plant firvilies hew ool Review D, entifled SEosrrokegy and the o bjects recede SnTnan o baeroer st o sped e wifhin the dark Toates J,..l'::.l 1 1 om UH 4 -l-
Anrg dmadal wh w-mnbic by wuched sl incornpetbilisy MRM;m wd«s&hbddfz;ﬂm &:lposeb;n': :wpo:ﬁndw their distance. ‘-zmbn 1 1 Oed cdalemc llI -~ [ &L}
o blud LH caly <1 tmammdtdpdiﬁsmtnthu ndin  Boalinglansets, an vl el o nd . certain, objcts 1 Felg o ~adpmcled mamar d,.-_.u,.._. »
.-.:Imul.ll-ﬂm,ljl.hllf “"’“” s ‘k" W - ‘e Y i g PeiegPoy mwhd} Fl-ﬂ ndl.nl:-u [ ]
e g, Liiciy so-h the de th 'i"“
wmilalHer S EETE 1] X il al_-.--: M} H nmahn
el
N4, Al 18 4, il H e : “,, = 4 wﬁ%‘; uu.;.-uu-n wn ki LM Gl el
b mdrhasdaiapdra whih bl wLcaodaoa chqrhﬂ.eslocmpmuctthtidenﬁﬂﬁsdf it hos changed plpsicistsintrat in  Khootpansion. H=H Thcraw ot dold @ e on ey Lo il aml Err
: ,n; ¥ "
R4 cam wadal [l i a3 paoth esdehad o pellen. T tertelizing oeports b shown  anthropic axplonstions of netups poscisdy Bjorken suggerm thet oIl finderrentsl mpd raceake [ < codr WAL -TH
mubar o rich = ldtlmb—u r wh ek pl.llc‘hl:lm thats ) quantitis ape padited to this drederd & lleela [ 1.T'] rh-l.hﬂill:..
vrom il predm g ol ind b e i i T- " a0 Jop——— | O COMSEqUENGES OF Thit g ey gty sl o i L LET Y L] KT f W o mamp PG
<l e W T e ﬂldﬂi}. Ell\’il [T Y] + Taits have been ChO®I S gy iy ke b HHarllL il b ] The xdnd gLy paobdd iy okl
el m by ol Bl e owdy o] ol B "l 1 s il Her ol o I Jul AL
H s I H R R e T HTAR | P |8 Adatican Fhiysical fociety 4 [T S HAH S Tha Mt il ol Pyl Ty




National Academy of Sciences

* Facilities

for the Future .
of Science

A Twenty- Year Outlook “" 5 d evolu

WOND EINSTEIN:

A 21T CENTURY FRONTIER FOR DISCOVERY

THE PHYSICS OF THE UNIVERSE

A STRATEGIC PLAN FOR FEDERAL RESEARCH
AT THE INTERSECTION OF

PHYSICS AND ASTRONOMY



DARK ENERGY TASK FORCE

DETF was jointly organized by 3 agencies: DOE, NSF and NASA
Charged to “advise the agencies on the optimum near and
intermediate-term programs to investigate dark energy and... to
advance the justification, specification and optimization of
LST and JDEM.”

“Prioritize approaches (not projects)”

Findings from preliminary report highlighted four techniques:

Baryon Acoustic Oscillations: “only recently established. Less
affected by astrophysical uncertainties than other techniques.
Galaxy Clusters: “least developed. Eventual accuracy very
difficult to predict.”
Type la

Weak Lensing: “also emerging technique... If the systematic
errors are at or below the level proposed by the proponents, it is
likely to be the most powerful individual technique and also the
most powerful component in a multi-technique program.”




A PRACTICAL POINT:

Light takes time to travel.




HOW LONG DOES LIGHT TAKE TO REACH US FROM...

The Sun

8
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10 billion
years




Arttst's Concept




Type la SNe as
Standard Candles

l apparent magnitude = distance = time




“STANDARD-IZABLE” CANDLES
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TYPE la SNE: THE BEST TOOL

e Accretion sends mass of white
dwarf star to Chandrasekhar limit
leading to gravitational core
collapse and a thermo-nuclear
explosion of its outer layers.

e Each one is a strikingly similar
explosion event with nearly the
same peak intensity.

e Other types of supernovae exist
but do not have same homogeneity
in progenitor

What makes the supernova
measurement special?

Can measure both intensity and spectra as
the supernova brightens and fades over
many days.




- DISCOYERING SUPERNOVAE

(as seen from
Hubble Space
Telescope)

Supernova
Discovery |

° (as seen from
telescopes
on Earth)

Difference




ONE AMAZING TRICK:

A supernova’s “redshift” tells us how
much the universe has stretched

since the supernova exploded.
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THE EXPANSION HISTORY OF THE UNIVERSE

Average Distance Between Galaxies

Relative to Today’s Average
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this region
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IT’s A SNAP! THE
SUPERNOVA/ ACCELERATION PROBE /

A large wide-field telescope with a state of the art camera and spectrograph
to measure:

» thousands of supernovae going back 10 billion years (z=1.7), with
exquisite control of systematic errors

 a high fidelity weak lensing map to study the growth of structure



SuperNova/Acceleration Probe (SNAP)
Collaboration Team



INSTRUMENT CONCEPT

Baffled Sun Shade

Solar Array, ‘Sun Side’

3-mirror anastigmat ______ |
2-meter Telescope
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Solar Array, ‘Dark Side’

Instrument Radiator




D=56.6 cm (13.0mrad) FOC AL PLANE

0.7 square degrees!
Focus star Fixed filters atop the sensors
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SNAP ORBIT

L2 Lagrange point
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OBSERVING

Step ‘n Stare — All Supernovae in all colors

* Repetitive imaging program
(SN discovery and light curve
measurement)

* Observe 15 square degrees
every three days in all filters
“mowing the sky”.

« ~50% of time devoted to
spectroscopy of individual SNe
near maximum light.

« Will discover and follow ~2000
selected Type la Supernovae
with redshifts out to z=1.7

« Wide field imaging program will cover
1000 square degrees in 9 filters
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LLAUNCH IN THE NEXT DECADE

1600 kg satellite can be lifted by a Delta IV [recent first
flight] to our orbit with margin.




LLAUNCH IN THE NEXT DECADE

1600 kg satellite can be lifted by a Delta IV [recent first flight]
to our orbit with margin. Can use equivalent Delta |V, Atlas, or
Sea Launch.




DON’T LET THE BRIGHT
LIGHTS FOOL YOU

KRR THE DARK SIDE
S CONTROLS THE
UNIVERSE

Our Universe:
Stars: 0.5%
Dark Matter: 25%
Dark Energy:  70%

Dark Matter holds it together
Dark Energy determines its destiny



THE END
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