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The Cosmic Food Pyramid

Radiation (~ 0.01%)
Luminous Matter (~ 0.1%)

Baryonic Matter (~ 5%)

Dark Matter (~ 30%)

Dark Energy (~ 70%)
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The time series of spectra is a “CAT Scan” of the Supernova

i -20F T ]
/ = E
I C |
I = ]
Wl B as measured E
> (TG -191 =
- i1\ E E
UNITEERVAN

| V™ E ]
o L) N a ]
A St £ st E
&0 C 1
5] £ B
. w C ]
maximum.----- I F E
P N o -17- ° —
S = F °® o E
s N os = ) ° 3
Sl (@)= > : %, ]
\ ' S 16— =
R o £ Calan/Tololo SNela ¢ g
- -15E I I 1 . ]
20 0 20 40 60

JUPEE .. %000 2000 5000 8000 70000 days

. . N N
.
[ \ \
i ' o8
Do ; >
.

. ™ -19
v .o o8

v N . ’

N \\ v v

light-curve timescale
“stretch-factor” corrected

Mg - 5 log(h/65)

/l' ‘\‘
\
\
Q .
P
ll .
\ S
. o
~ . ’
N . .
N . .
Lo 5
N
=}
o
N
=}
°e
N
Sr ) .t
L]
a.
[ )
L]
[}
S

p days
. B /,: %0 000 00 o0 o000 Kim, et al. (1997)




Discovering SNe la

Supernova 1998ba
Supernova Cosmology Project
(PerImutter, et al., 1998)

(as seen from
Hubble Space
Telescope)

Supernova
Discovery |.

* (as seen from
* telescopes
on Earth)

Difference
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=0
o QDE — ,ODE(Z ) w — p—DE

perit(z = 0) PDE

s H2(z) = H? [QM(1 23 4 Qpp (14 2)30+w) ] (flat)

A dZ,
® dr(z)=(1+z
L() ( ) . H(Z’)
a ArG
< a:—T(PMﬂLPDEﬂL?)pDE)




(1 + z)3(1-|—w)

yA dZ,
dr(z)=(1+z
L) =42 [ 5
a 47(G
o _T(PM + ppE + 3PDE)

w may be varying:

exp [3 [ (1 +w(z'))dIn(1 + 2')]

(flat)




Supernova Cosmology Project
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Assuming constant w

With limits from;

2dFGRS (Hawkins et al. 2002)

and CMB (Bennet et al. 2003,
Spergel et al. 2003)

w=-1.05 0 (statistical)

+0.09 (systematic)




DE Is important only at > < 2, since

(2
,ODE/,OM ~ ﬂ (1 + Z)3w and w 5 —0.8

Qg

/\ dominates




A
» Refers to the vacuum energy, pp = ——.
817G

(recall G + A g = 871G T,)
» PN =~ (10_3 eV)4 <L (MPL — 10-|—19 GGV)4

» = 50 — 120 orders of magnitude discrepancy!




d+3Hp+V 4=0

Equation-of-state (w,)

Peebles & Ratra 1987, Caldwell, Dave & Steinhardt 1998
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» Goals:
» Measure Qpg, w

» Measure w(z) — equivalently, ppg(z)
s Measure any clustering of DE

» Difficulties:

z dzl
o H(Z')

H?(z) = H; [QM(l + 2)° + Qpgexp (3 /0 (1 +w(z'))dIn(1 + z’))]

DE may cluster at scales ~ H;*
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Weak Gravitational Lensing

DEFLECTION OF LIGHT RAYS CROSSING THE UNIVERSE, EMITTED BY DISTANT GALAXIES

SMWULATION: COURTESY NIC GROUP, 5. COLOMBIL AP,
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Number Counts
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(1+1)C, / (2m) (uK")

Peak locations are sensitive to dark energy (but not much):
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nrec
ATV (h) = —2 / dn’
0
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CMB-LSS cross-correlation

d®(n')
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rong Gravitational Lensing
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Light leaves a young, : N gravity

star-forming klue galaxy near
the edge of the vigible universe.

2 A Lens

Of ‘Dark Matter’
Somea of the hight
passes through a large
clustar of galaxies and sur-
rounding dark matter, directly in the
ling of sight betwaen Earth and the
clistant galaxy. The dark mattar's gravity
acts like a lens, bending tha incoming light.

Focal Point:
Earth

Mast of this lightis
scatterad, but some is
focused and directed toward
Earth. Obsarvars see multiple,
distorted images of the background
galaxy,

Ll T

Tomy Tyacs, Grég Kochanaki ard
fan DellAnionir

Frank O Connell and Jam Meblanus:

Thw Mew York Times
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Zg D 0
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Required input: 102

e N
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W9
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or mass function (all halos) =10"F 3

#» Density profile of lenses
e.g. SIS:  p(r) o< r—? 107
or generalized NFW:  p(r) oc 7P

# Magnification bias B(L, z;, z5) | B

Kochanek 1993, 1996, Cooray & Huterer 1999, Chae 2003,
Davis, Huterer & Krauss 2003, Kuhlen, Keeton & Madau 2003
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SCIENCE

e Measure M and A

e Measure w and w(z)

¢ | ¢

STATISTICAL SYSTEMATICS
REQUIREMENTS REQUIREMENTS
« Sufficient (~2000) Identifiec.l & proposed
numbers of SNe Ia systematics:
-

e Measurements to
eliminate / bound
e .outtoz<1.7 each one to +/-0.02mag

e ..distributed in redshift

\

DATA SET
REQUIREMENTS

* Discoveries 3.8 mag before max.
* Spectroscopy with S/N=10 at 15 A bins.
* Near-IR spectroscopy to 1.7 um.

Y

SATELLITE / INSTRUMENTATION
REQUIREMENTS

e ~2-meter mirror Derived requirements:

* l-square degree imager » High Earth orbit

* 3-channel spectrograph * ~5 Mb/sec bandwidth
(0.3 umto 1.7 um) .



SuperNova/Acceleration Probe
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INFLATION
PROBE

_}

space interferometry,
gravitational wave detection

big bang BIG BANG
physics OBSERVER

BLACK HOLE
IMAGER

gravitational
wave
detectors ’

optical imaging

space interferomet

DARK ENERGY
PROBE

CONSTELLATION-X

x-ray
imagi — l .

mega-channel electronics

dark matter physics
black hole physics

black hole
Census

BLACK HOLE
FINDER PROBE
GREAT

OBSERVATORIES PROBES VISIONS
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# Dark energy makes up ~ 70% of energy density in the universe.
It is smooth and has negative pressure.

» We describe it via Qpr and w.

» It affects cosmology by modifying the expansion rate H(z)
at recent times (z < 2).

#» SNe la, weak lensing and number counts are most promising probes;
variety of other methods can help.

# Bright prospects with future wide-field surveys (SNAP, LSST, SPT,...)

# But to understand DE, major insights will be needed from theorists.
This will be especially hard if w(z) = —1!




	The Cosmic Food Pyramid
	Type Ia Supernovae
	Discovering SNe Ia
	Recent Supernova data
	Parameterizing Dark Energy
	Current Supernova Constraints
	Fine-Tuning Problems I:hspace {0.2cm} ``Why Now ?''
	Fine-Tuning Problems II:hspace {0.2cm} ``Why so small ?''
	A candidate: Quintessence
	Classical Tests
	Wish List
	Cosmological Tests of Dark Energy
	Weak Gravitational Lensing
	Current Data and Constraints
	Weak Lensing and DE
	Deeper and Wider
	Number Counts
	Number Counts
	Cosmic Microwave Background Anisotropies
	CMB Sensitivity to Dark Energy
	SNe plus CMB
	CMB-LSS cross-correlation
	Strong Gravitational Lensing
	Strong Lensing Statistics
	Beyond $, w=const$
	Reconstruction of $w$
	Requirements
	SuperNova/Acceleration Probe
	
	Mirror and Focal Plane
	
	SNAP predicted constraints
	Weak Lensing with SNAP
	
	
	Conclusions

