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In 1998: SCP+ High-Z Team
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By now many dark energy "detections™

L 2
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L

Tvpe Ia supernovae

CMB power spectrum
Large Scale Structure
Barvon Acoustic oscillations
Weak gravitational lensing
Cluster abundances

Cluster X-ray observations (f,_)

Integrated Sachs-Wolfe effect
Age of Universe

Sunyaev-Zeldovich effect
Strong eravitational lensing

Core-collapse SNe

dark energy signal

Around the corner

Tomography a 21-cmn f'wam,;ft‘w\r Potential tools for the future

Gravitational wave "sirens”
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SNIa & cosmological parameters:
the luminosity distance
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*  where F(x) = sin(x) for a closed universe, sinh(x) for an open universe and x for a
flat universe. In the latter case the () terms are set to 1.

H* =H}[Q,(1+2) +Q.(1+2) + ()2, ]

where

J(z)=xp
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SN-cosmology tutorial
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SN-cosmology tutorial

Search
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SN-cosmology tutonrial o

Search Lightcurve
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SN-cosmology tutorial e s

Search Lightcurve
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SN-cosmology tutorial
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Statistical uncertainty:
Redshift dependence

1o bands at each redshift for Am=0.02 mag
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Statistical uncertainty: 4
Redshift dependence

1o bands at each redshift for Am=0.02 mag
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Large ongoing SNIa projects: 0.2<z<1

« ESSENCE at CTIO 4-m: to collect ~200 SNla

« CFHT (3.7-m) SuperNova Legacy Survey: 5 yvear "rolling
search”in (u)griz. By 2008 ~500 spectroscopically confirmed
SNIa.
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CFHT-SNLS: 40 CCDs, 4 times bigger!




SNLS: Current status o -

}
S %
e L
T
T, =
"1-'}-?1_5.*:"

* Survey running for nearly 4 vears
* ~400 confirmed distant SNe Ia
— La rgest single telescope sample of SNe

— *On track” for 500 spectroscopically contirmed SNe Ia by survey
end (>1000/>2000 total SNIa/All SN light-curves)
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SNLS
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SNLS: Current status
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SNLS

Jan05 Feb05

Novi4

Date

SNLS real-time light-curves

May04 Jung4 Julos Aug04 Sep04 Oct04

Jan0s

Nov04

Jung4

N i

1}

SR ANRAOSNRAAS RRRANS

epriiubep | apnjiubep aprjiLbeyy B

Page 27/139

Pirsa: 07090046

16



SuperNova Legacy Survey (SNLS) it

Imaging Spectroscopy
CFHT Legacy Survey Types, redshifts )
Deep program from 8m-class A\
telescopes sk
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First Year Results (Astier et al. 2006):
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First Year Results (Astier et al. 2006):
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Baryon Acoustic Peak o
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First Year Results (Astier et al. 2006):
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SNLS l -}'l" + B;AO ])l‘iOl‘ (Astier et al .
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SNLS 1-vr + BAO prior:
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SDSS-SN SR

®" Rolling search completed for two vears — third
one started last week!

® 300 sq.deg, 3 months/vear
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Very-high redshift supernovae from o,
ACS/HST bt

1 7 Nov 2006
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New Hubble Space Telescope Discoveries of Type Ia Supernovae at
> > 1: Narrowing Constraints on the Early Behavior of Dark
Energy’

Adam G. Riess™, Louis-Gregory Strolger?, Stefano Casertano®, Henry C. Ferguson®
Bahram Mobasher®, Ben Gold”, Peter J. Challis”, Alexei V. Filippenko®. Saurabh Jha®,
Weidong L1, John Tonrv’. Rvan Folev®. Robert P. Kirshner’, Mark Dickinson®. Emily
MacDonald®, Daniel Eisenstem®. Mario Livio®. Josh Younger®. Chun Xu®. Tomas Dahlén®.

and Daniel Stern™

ABSTRACT
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Veryv-high redshift supernovae from
ACS/HST

2006

| 7 N Oy

Pirsa: 07090046

New Hubble Space Ielescope Discoveries of Type la Supernovae at
~ > 1: Narrowing Constraints on the Early Behavior of Dark

Energyv'

Supemova SN2002dd in the Hubble Deep Field
Hubble Space Telescope - WFPC2 = ACS
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The easy part...

Flat Universe

Best fit: Q,=0.74
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Redshift
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The easy part...
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The easy part...
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The easy part...

0.5

Flat Universe

Best fit: Q,=0.74
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The easy part...

Flat Universe

Best fit: Q,=0.74
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The easy part...
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Flat Universe

Best fit: Q,=0.74
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Redshift

HST
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The easy part...

Flat Universe

Best fit: Q,=0.74
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The easy part...
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Flat Universe

16 Best fit: Q,=0.74
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Constant dark energy

SDSS

Flat Universe

Best fit: w,=-1
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Redshift
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Constant dark energy

eftt

SDSS
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Constant dark energy
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Constant dark energy
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Flat Universe
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Current limits on dvnamical DE are

extremly weak: w(a) =w, + w_(1-a)
Flat Universe
16 Best fit: w_=0
0.5 1.0 1.5
Redshift
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Current limits on dvnamical DE are
extremly weak: w(a) =w, +w_(1-a)

Flat Universe

16 Best fit: w_=0

0.5 1.0 L.5
Redshift
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Current limits on dvnamical DE are
extremly weak: w(a) =w, +w_(1-a)

Flat Universe

16 Best fit: w_=0

0.5 1.0 1.5
Redshift
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Current limits on dvnamical DE are sa,
extremly weak: w(a) = w, + w,(1-a) ot

Flat Universe

16 Best fit: w, =0
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Current limits on dvnamical DE are
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extremly weak: w(a) =w, + w_(1-a)

0.5

Flat Universe

Best fit: w_=0

1.0
Redshift

L.5

& )
~
e

oY

f”H“.j

RS
[}

Page 59/139

28



Multi-parameter problem

Flat Universe
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Multi-parameter problem s
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Multi-parameter problem sa

Flat Unmiverse
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Multi-parameter problem s

Flat Unmiverse
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Multi-parameter problem ey
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0.5 1.0 1.5
Redshift

Pirsa: 07090046
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Multi-parameter problem A%

Flat Universe
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Multi-parameter problem S&

Flat Universe
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Multi-parameter problem s
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Multi-parameter problem S
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Multi-parameter problem s
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Multi-parameter problem A%

Flat Universe
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Multi-parameter problem

Flat Universe
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Multi-parameter problem
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Multi-parameter problem 3;
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Braneworld cosmology e

» Use SNLS (Astier et al 2005) + Barvon

oscillations (Eisenstein et al 2005) to W I o
examine 5D extenction of Friedmann o J
eqn suggested by Dvali /1
Gabadadge.Porrati 2000 (DGP): F / i
Deffayet. Dvali, Gabadadze 2001. 431 &
L i 4
, H 8xG : :
H- i = p o - i _:
. 3 o 027 1
r [ :
7' = B {1+ + (i + R~ Ao o) | 5
We can compare this equation with the conventional Friedmann equation: 0.1 i i
B(z) = B} {1 + 2 + Quel(1 + 2> + Qp(1 + z50H=x}}
0.0 :
.0 0.6
- onb@irbairn & AG, 2005 N

30



& %
Braneworld cosmology
J"?, } Rﬁf
* Use SNLS (Astder et al 2005) + Baryon AR
oscillations (Eisenstein et al 2005) to  F oy
examine 5D extenction of Friedmann el _o® ﬂj
eqn suggested by Dvali. i . g

Gabadadge.Porrati 2000 (DGP):
Deffavet. Dvali, Gabadadze 2001.

H(z)= H {mu +z) + (y’ﬂ—mhjﬂn + al1 +z)3)n},
B(z) = B3 {1 + 27 + Quel(1 + 2> + Qx(1 + z0H=x}}

.0 0.2 0.4 0.6

Pirsa: o7os§gir‘bﬂim & AG, 2005
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DGP: including ESSENCE + all data to date

&
_--:’:'w'
= :
Wy 4 5T
5 Davis et al. 2007 3]
2 ol .5 1.6
M
gy
FiG. 3

— The general DGP model (Sect 43.1) The dashed kne shows
the fat model Here the comtours fom the different chsermanonal constrmnis

dicapres and the moded 13 thoe swrongiy desfnored.

irsa: 07090046
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Braneworld cosmology e

» Use SNLS (Astier et al 2005) +~ Barvon
oscillations (Eisenstein et al 2005) to
examine 3D extenction of Friedmann
eqn suggested by Dvali.
Gabadadge.Porrati 2000 (DGP):
Deffavet. Dvali, Gabadadze 2001. 431

0.4

. H 8xG
H-if:_p ey

0.2}
7 3 : I

&

H(z)=H; {!h,(l +z) + (-/ﬂ:—&+g/ﬂﬂ +ﬂu{l+z)3)1},
B(z) = B} {1 + 2 + Quel(1 + 2> + Qp(1 + z50H=x))

0.1

D_Dh : i . I .l:' R i
.0 £ 2 0.4 0.6

Pirsa: o7osﬁgir‘bﬂim & AG, 2005
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DGP: including ESSENCE + all data to date
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& Davis et al. 2007 3]
Z g ! 15 1.5
N
Ligr
FiG. 3

— The general DGP model (Sect 43.1) The dashed kne chows
the fat model Here the comtours fom the different obserranonal constrmnts

disapres and the moded 13 thoe strongiy desfored.
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DGP: including ESSENCE + all data to date

L
l" s

515
14
ff;”“qn\’

S

6 Davis et al. 2007 2]

{h

FIG. 3.— The general DGP model (Sect. 4.3.1) The dashed hne shows
the fiat model Here the comtours from the daifferent cbservancoal constrmnts
disapres and the moded 13 thoe serongly desfaoored.

Pirsa: 07090046 R}_dbeCk" Fairba'irn & ._%G. 2007
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Need to worry about systematics!
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(Known) systematic effects S%

L

-
Pirsa: 07090046

SN brightness evolution
Shape-brightness relation - Astrophysics of supernovae
K-corrections and SN colors

Non-Type Ia contamination ] - _ .

AL - Selection effects,contamination
Malmgquist bias J
Host galaxy dust properties ey
Intergalactic dust

i ) ; Line of sight effects

Gravitational lensing S
Bulk motions

Exotica:axion-photon oscillations, etc

Instrumental corrections Measurement

Absolute calibration F issuwes

Lightcurve fitting technique/host galaxy subtraction _

Page 81/139
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Exploring the "Standard Candle”

Page 82/139
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Checking the standard candle: e
redshift dependence?

e Mos mz>0589 SNLS
: A 0.5
10k Z< 89 i
pod
=
o " i
'n‘ 0-5 - .
@ - i
-~ J
© !
g - & - i .
E 0.0 - - Jig ~" = T.
-05} _ | -
-40 -20 0 20 40 60
Effective Day
Conlev el al
_ 2006
irsa: 07090046 Page 83/139
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Log(F, )+const

Logl F;,chnﬁl
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Spectral diversity: could be used to

sharpen’ *standard candle
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Ongoing high-statistics low-z projects

" Fa
— o~
e =
o —
e =

¥y 4 58

« KATT/LLOSS: > 300 SNe (all types) discovered since 1998

Supernova Factory: search + optical spectrophotometry of a few
hundred SNe. (Search at Palomar, IFU follow-up at UH2.2m).
Spectrophotometry of up to 200 SNe (?)

Carnegie Supernova Project: high precision optical and NIR lightcurves
of ~200 SNe (z<0.07). About > SNIa.

* CfA Supernova Search (~100 SNe)

Pirsa: 07090046 Page 85/139
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Ongoing high-statistics low-z projects

sy
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« KATIT/LLOSS: > 500 SNe (all types) discovered since 1998

* Supernova Factory: search + optical spectrophotometry of a few
hundred SNe. (Search at Palomar, IFU follow-up at UH2.2m).
Spectrophotometry of up to 200 SNe (?)

* Carnegie Supernova Project: high precision optical and NIR lightcurves
of ~200 SNe (z<0.07). About %2 SNIa.
* CfA Supernova Search (~100 SNe)

« THIS IS PROBABLY NOT ENOUGH FOR PRECISION
COSMOLOGY!

Rolling search with spectroscopy of signal + background events.

Pirsa: 07090046 Page 86/139
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High-z SNe

Potential svstematics

Page 87/139
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Could gravitational lensing affect the
very high-z SN results?
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Lensing (de)magnification in the S&n
GOODS SN survey: a study case s
. - .. o
L] * | [ ] .*
) — =1

41



e . QOWe found NO evidence
— for selection effects
i .2 due to lensing in the
GOODS SN
; | B sample . Negligible
e ~ corrections to Q's & w.
| JExpected lensing bias
e on SNLS results is also
) small:
& - | 158Qy| ~0.01 in Q,-Q,
plane. Added
s ot |F L mtonel uncertainty on wy is
L § i c,~0.014 for BAO prior
. I ' (SNOC simulation) ......
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Tentative detection of correlation with s

residuals in Hubble diagram N
2.9 R -— |
2 1 =
R |_ i s
- |
1.5 + 'y |
- |
h 2 T
|:_“e I |
. I = Complete
L [ =
L ! Nc Correlation r Positive ]
s !
I Correlation ]
0.5 - A
0 i L = T ' i : | i i i # |-y i —t
-1 —-0.5 O (2.5 1
Pirsa: 07090046 Correlation Coefficient Page 91/139
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Lensing PDFs for GOODS SN-sample < oo,

1.4

s . QOWe found NO evidence
- Core—catlopse for selection effects
S .72 due to lensing in the
| ..z 600DS SN
] | sample . Negligible
=8 ~ corrections to Q's & w.
| - QExpected lensing bias
B i BF 65 8 F 9 s s on SNLS results is also
) small:
. ke 15Qu] ~0.01 in Q,-Q,
1l B plane. Added
s o ey uncertainty on wgy is
VS c,~0.014 for BAQO prior
. O - - ~ (SNOC simulation) .......

TRevaover at al YOO E. .

|
—_—
i
|
A

%!
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Tentative detection of correlation with S
residuals in Hubble diagram WS
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Lensing PDFs for GOODS SN-sample
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Lensing (de)magnification in the

GOODS SN surveyv: a studyv case
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e .. OWe found NO evidence
for selection effects
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1 0 4 .5 600DS SN
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\\.’z Dust/reddening: a real problem!
AN T =l
RS B-V color * Dust in SN host galaxy (or along line of
o of low-z SNe sight)
Il
lll: 111 ]

04 02 0 02 04 06 03 1

Extinction:
AhIB:RB'E(B-XT) “_lth RB_“" 2 - 5

Extinction correction dominates
measurement error!

Pirsa: 07090046 Page 98/139
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\’z Dust/reddening:

ff a,m-jn\‘

< s
a real problem! e

: = .
iﬂlr— — Bl E2v vpe noes
2 =1
“ s
[ B-V color
6 of low-z SNe
4 1.

Extinction:
AM=Ry-E(B-V) with Ry~ 2 - 5

Extinction correction dominates
measurement error!

Pirsa: 07090046

* Dust in SN host galaxyv (or along line of
sight)

* (Correction assumes some reddening law,
tyvpically Galactic tvpe dust -or average fit
to any kind of reddening blueing (SNLS)

Page 99/139
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\’z Dust/reddening: a real problem!

?
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f.r' iH_ W ,]LW.‘?'
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E 1 ] Aahoss
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s | el
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B-V color

of low-z SNe

(]
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|IT'-|||11|
[
1

Extinction:
AMy=Ry-E(B-V) with Ry~ 2 - 3

Extinction correction dominates
measurement error!

Pirsa: 07090046

Dust in SN host galaxy (or along line of
sight)

Correction assumes some reddening law,
tyvpicallv Galactic tvpe dust -or average fit
to any kind of reddening blueing (SNLS)
Can only be estimated for individual SNe
with

a) accurate multi- wavelength data

b) good knowledge of intrinsic “color”™

of SNe

Extinction probabilty in a given galaxy
depends on where the SN explosion
happens

Page 100/139
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\’z Dust/reddening: a real problem!

o S -
iF
= B-V color * Dust in SN host galaxy (or along line of
. of low-z SNe sight)
; rain * Correction assumes some reddening law,
‘:" 1N tyvpically Galactic tyvpe dust -or average fit
o Ul to any kind of reddening blueing (SNLS)
: Inn - 0 * (Can only be estimated for individual SNe
%3432 o0 0z 04 06 03 1 with

a) accurate multi- wavelength data
EX"' inction: b) good knowledge of intrinsic "color”

AMg=Ry-E(B-V) with Rg~2 - 5 of SNe

* Extinction probabilty in a given galaxy
depends on where the SN explosion

Extinction correction dominates  happens
measurement error!
Exception: Elliptical galaxies (E S0)

havedittle star-tormation & dust. page 101/138
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Extinction laws

& W,
é‘i‘u ;E
?}4':"?1-5%-9
Fig 1. The Milky Way exninction laws by Cardell (solid black line) for
three datferent R (2. 3.1 and 4) where the mighest values of Ry corre- " p =
spond to the flartest curves. We also show the Firzpamck law (dotted {E
blue) with R; = 3.1. the SMC extinction law by Prévot (dashed green) —
with R = 3.1 and the starburst extinction law by Calzem (dashed dot- 7
ted red) wath Ry = 4.05. 4, 1s the exninctyon at wavelength i and 4y 1s / -
the visual extnction / =
4 =
2 =
- >
E 3
< 7
i | —
2 =
Pirsa: 07090046 : 2 A Pageg2/139
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But for high-z SNe it is

assumed all SNe hosts have
same dust properties! r.cuus
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What is the impact of various sources of
error on cosmological parameters for

- 9
any given data-set?

Code in prep: allows for study of correlared, non-gaussian
sources of error affecting groups of SNe.

Full chain of error propagation!

Page 104/139
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“Wish list™ for future SN projects

Large statistics — also to constrain svstematics: compare "like to
like”
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“Wish list” for future SN projects

* Large statistics — also to consirain svstematics: compare "like to
like”

* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (less dust)
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* Large statistics — also to constrain svstematics: compare "like to
like”

* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (less dust) S

*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections

4) Accurate photometric redshifts
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* Large statistics — also to consirain svstematics: compare "like to
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* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdusty

*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections

4) Accurate photometric redshifts
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* Large statistics — also to constrain svstematics: compare "like to
like”
* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdausty = —+ vy
*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for k-corrections
4) Accurate photometric redshifts
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* Large statistics — also to constirain svstematics: compare "like to
like”
* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdasty = ———
*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections

4) Accurate photometric redshifts
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“Wish list” for future SN projects S

* Large statistics — also to consirain svstematics: compare "like to
like”
* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdasty . —+——
*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections

4) Accurate photometric redshifts
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* Large statistics — also to consirain svstematics: compare "like to
like”

* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (less dust) B

*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections
4) Accurate photometric redshifts
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* Large statistics — also to constrain svstematics: compare "like to
like”
* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdausty —+ e
*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections
4) Accurate photometric redshifts
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* Large statistics — also to constrain svstematics: compare "like to
like”
* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdusty - —— =
*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for k-corrections

4) Accurate photometric redshifts
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* Large statistics — also to consirain svstematics: compare "like to
like”

* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (less dust)

*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for K-corrections

4) Accurate photometric redshifts
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* Large statistics — also to consirain svstematics: compare "like to
like”
* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (lessdusty - — ==
*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for k-corrections
4) Accurate photometric redshifts
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“Wish hist” for future SN projects %‘

* Large statistics — also to constrain svstematics: compare "like to
like”

* Ideally, build entire Hubble diagram with e.g. only SNe on
elliptical galaxies (less dust) —— —

*  Multi-wavelength coverage (UV-NIR):
1) cover wider range of redshift
2) fit extinction law in host and line-of- sight
3) Find optimal match for Kk-corrections

4) Accurate photometric redshifts

* Spectroscopic capability: hope to find a second parameter that
sharpens the "standarizable” candle.
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