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Measuring Cosmological Parameters

* Redshift: easy to measure from galaxy spectrum

e Distance:
“Luminosity distance” dj

_ L
/= dnd,?

f =flux (ergls-cm?)
L =luminosity  (ergls) 6 6

e Measure f, “know” L
— NOT SO EASY !
— Need a ““standard candle”

-
C
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Iyperiar-Supermova

White Dwart

An explosion resulting from the thermonuclear
runaway of a white dwart star at M(Chandra).




Absolute Magnitudes of Supernovae

CuarrLes T. Kowar

(1968)

Charles
Kowal:

SN I are
relatively
good
“standard
candles”
with

o~ 50% in
distance
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Spectra of SNe near
maximum light (~ 1 week)

SN 1994D (Ia)
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Cahbratmg the Nearly Standard Candle

e Phillips (93), Riess et
al. (95), Hamuy et al.
(95): established L vs.
light-curve shape
correlation with ~ 10
nearby SN Ia.

e Use it to standardize
other SN Ia.

e Measured colors give

reddening and extinction.

e Accurately calibrate
individual SN!

Absolute light curves of
SN Ia in galaxies of
known distance

Luminous
SN Ia have
slower light
curves!

luminosity L

time t

MLCS: Multi-color Light-Curve Shape (Riess et al.)
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Standard Candle

3.0

+.5

35 +0
Log v (km/s)

(Riess et
al. 1995,
1996,
1999)



K

the Katzman
Automatic
Imaging
Telescope;
0.76 m mirror.

Lick Observatory,
near San Jose, CA

(AF & Weidong Li)







Discovered over 600 SNe with KAIT

http://astron.berkeley.edu/~bait/kait.html




New image NGC 523 Template

Difference (after
much processing) Underg raduate
students
SN 2001en (-) carefully

. examine the
Cosmicray |  gN candidates!




KAIT Supernova Search & Analysis Team, May 2005
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Age:
-6 days

Maximum

+26 days

+47 days

+102 days

SN 1998dh



Number of SNe
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20 30 40
Number of Observations

L l T

W 125 Type la SNe
W 48 Type ll SNe
B 10 Type Ib/c SNe
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Template subtraction; SN photometry

(Automatic pipeline)



KAIT (U)BVRI foIIow -up of brlght SN Ia
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Chris Stubbs (UW)

JohnTonry Brian Barris (University of Hawaii)
Adam Reiss (Space Telescope)
AlejandroClocchiattiCatolicaChile)

Jesper SollermanfStockholm)

The Supernova
Cosmology Project

S. Perimutter, G. Aldering, S. Deustuq, S. Fabbro, G. Goldhaber, D. Groom,
A. Kim, M. Kim, R. Knop, P. Nugent, (LBL & CfPA)
N. Walton (Isaac Newton Group)

A. Fruchter, N. Panagia (STSci)

A. Goobar (Univ of Stockholm)

R. Pain (IN2P3, Paris)

I. Hook, C. Lidman (ESO)

M. DellaValle (Univ of Padova)

R. Ellis (CalTech)

R. McMahon (lofA, Cambridge)

B. Schaefer (Yale)

P. Ruiz-Lapuente (Univ of Barcelona)

H. Newberg (Fermilab)
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Searching by Subtraction

Epoch 2 Epoch 2 - Epoch 1




Cheular Ne. 6190

Central Burean for Astronomical Telegrama
INTEANATIONAL ASTAHONOMICAL UNION

Fortal Addreme Contml Brrean for Antonomieal Td ﬁ
thhmim Artraphpnkal Qmenetory, Cambridge, BA 1, T R.A

TAUSUBIRCFAHARVARDEDD ar RAX 6174 55-7‘231;& IJI,")'[
BMARIDENQCFA FARVARTLEDT ar DAREEN&CFAHARVARD {ndenee)

Phane 617485 7344 /7440/7444 {br cmergency oae anly)

SUPERNOVAE

The High-Z Supernova Seamh Team reporta the dicovery of eeventaen
supernovas on OCD 1mages taken at the Yictor Blamo 4-m telescope at,
Cerro Thlole Interamerkan Qbaervatory (CTIO) by N. Suntzeff, A. Cloochl-
att), axi B. Shommer (CTIQ); axi B Schmidt, (Mount, Stromle and Jding
Spring Obeervatories). Each supernova 1s within 2¥ of Ite hest, galaxy's mr
cleng, except, for SN 1996heg, whih 18 3*9 emth axd (M3 west, of 1tz host,
galmcy, and all obhjerta were obaeresd at. more than one epech. The fnlloeing
are glven for each enpernova: the date of thelr disnwery Image, pesition,
R magnitikle at, dirovery, redkhift, supernova type, axd telexnpe (T') that,
provided the rexdehift, and spectral-typhg Information.

an 1996 LT €200 o R ¥ type T
1996at.  Sept. 15 10871763 059255 205 009 I A
1996an  Sept. 15 3124779 4045119 225 052 Ia K
1996av 9ept. 15 1535122 4015306 224 051 Ia K
1996aw Oct. & 215347.10 4002473 217 021 Ia M
1996ax Oct. & 21535203 -002364 233 023 7 MK
1996ay Oct. & 0095741 +053379 239 062 Ia K
1996az Oct. & 0151081 +106316 210 084 7 K
1996ha Oct. & 1083987 056389 235 066 Ia K
1996bb Oct. & 2570606 -242174 236 056 Ia? K
1996be Oct. & 3120658 4038171 225 046 Ia K
1996bd Oct. 9 23592698 -056166 216 028 Ia M
1996be Oct. 9 2120283 +122391 222 02 O K
19968 Oct. 9 2121539 +127489 215 025 Ia M
1996hg Oct. 9 0525238 004311 220 012 O B/K
1996hh Oct. 9 1113153 057381 228 043 Ia K
1996 Oct. 9 1523581 4002433 230 060 Ia K
1996b] Oct. 9 2114953 +124510 226 057 Ia K

The Anglo-Australian Teleampe (A) obasrvations were macke by B. Statha-
Ks (Anglo-Australian Omfmyg on Oct. 9-10; The Keck Teleampe (K
obeerwations were made Oct. 11-12by A. Y. Rlippenkn, D. C. Leon
axi A. J. Barth ([ nlversity of Callfnrnis, Berh'lﬂy) and the Mult.lplp-
Mrrer Tekeanpe () obaervatlons were made on Oct. 10-12 by B. Klirsh-
ner, Harwand-9mithennlan Center for Astrophysics. Flnder charts may be
reriested by eexilng electronle mall 1o pgarnavich@efa  havvard . &du.

1996 October 14 & Copyright 1958 CBAT Dandel W. B. Grexn

17 SNe,
z =0.09-0.84

Schmidt,
Suntzeff, et al.

Mostly Keck
spectra.

Oct. 1996
IAUC 6490






Brightness + constant

Keck LRIS, 1 hour

20

15

10

SN la 1999ff

SN lo 19898
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B Magnitudsa

g

1997¢cj Vv

1997ck B

570 560 %90 800 €10 620 €30

{ B0 6BO 590

Julian Day (+24500{1)

600 610 820 B30

High-z SN la
light curves

(Garnavich et
al. 1998a)

Two filters:
get color, so
can deal with
reddening
and intrinsic
dimness.



o |Og dL ®High-Z SN Search Team 3 27 2l < 1 998

42} ¢ Supernova Cosmology Project i Ol J
: T ] .
S 4 / : data:
m B -
& - o ]
=
S

D=
o

38f A o osa0r ] Riess et al.
36;- S ) — 0,=0.3,Q,=0.0 ‘ (1998) -
aaf - 0,710,700 ] blue dots

Perimutter et
al. (1999)
— red dots

Conclude
A>0!

0.01 0.10 1.00



- Riess et al. 1998
— - Perlmutter et al. 1999 |

<1998 data:
Riess et al.
(1998)
Perimutter et

al. (1999)

A non-zero
cosmological
constant!?
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; Riess et al.

Ed N | (2004), using all

S published high-z

- '_._,.:j_'jfl'-- o5 SN la data.
2/ 7 1 (SNIla+LSS:
s 1 Qu=0.28, Q,
T =0.72, with
Cmseww | precision ~

e o CMB + LSS)

2,~1 ruled out
o‘ol B 10‘51 B ILol B I1.5| B Iz‘ol B 12‘5 at Vel'y many O’!




Composition of the Universe

7 39 DARK ENERGY

\23% DARK MATTER

o

3.6% INTERGALACTIC GAS
0.4% STARS, ETC.




inc 14
Ince “dark energy” seems
real..

A0S 7
Pcce\e/af -
- - /e\e(a(\“g
S e

Expands to Infinity

Recollapse>

Breakthrough of the Year

what is it?




Quantum fluctuations: virtual particles

neutring
uari -
Ntineutrin®
a"tiquar\‘
Time Positron



A, the Cosmological Constant?

* Not good
quantitative
agreement with q
theoretical m{? e
expectations! 2

* Way too small. / 8 D

“Why now?”’ R
e “A bone in the
throat.” — S.

Weinberg




Define w = P/(pc?)
 Equation-of-state parameter
e p « (volume)-1+»
w = ( for normal non-relativistic matter
w = 1/3 for photons
w=-1for A

w # —1 for *“‘quintessence,” etc. (rolling
scalar field, etc.; —1/3 for cosmic strings).

In GR, gravitational acceleration « —(pc? + 3P).

If w <-1/3, the Universe accelerates!
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From Space, a New View of Doomsday

By DENNIS OVERBYE

FPublished: Februarny 17, 2004

O nce upon a time, i1f you wanted tofalk about the end of the umverse
you had a choice, as Robert Frogf put it, between fire and ice.

Either the umiverse would collapsgfunder its own weight one day, in a fiery
"big crunch,” or the galaxies, ngf flying outward from each other, would go
on coasting outward forever, fgever slowing, but never stopping while the
cosmos grew darker and darlgr, colder and colder, as the stars gradually
burned out like tired bulbs,

Now there 1s the Big RiB.

Recent astronomical For a limited time,

measurements, scientists *
: pay only $9.99

say, cannot rule out the

possibility that in a few per trade.

billion years a mysterious
force permeating space-time
will be strong enough to
blow everything apart, shred
rocks, ammals, molecules

and finally even atoms in a
lact ceeminolyv mad inctant

Click Here @

Marty Katz for The New Yo1
Tim

HARRISdirect
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Difference in apparent SN brightness vs. z
Qa= 0.70, flat universe






ESSENCE (Miknaitis et al. 2007, Wood-
Vasey et al. 2007)

Determine w to 10%.

6-year project on CTIO 4m;
12 sq. deg.; MOSAIC II.

Wide-field images in 2 bands.
Same-night detection of SN.

Spectroscopy:

Keck, VLT, Gemini,
Magellan.

~200 SN Ia, 0.2 <z < 0.8
Data and SN Ia public.
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Apparent Brightness

R_CTIO4m magq (rest:B)

I_CTIO4m mag (rest:V)
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ESSENCE
Hubble
diagram

(Wood-Vasey et al/
2007, ApJ)

(For nearby SNe, see
Hamuy et al. 1996, AJ
Riess et al. 1999, AJ
Jha et al. 2006, AJ)
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Flat, isotropic,
constant-w

w=-1.05 +0.11 = 0.13

0.07

0.5

-1.5:—

-2.0L

llllllllllllll

iy SNela

BAO oo, Z
SNela+BAO —————— |}

0.2 0.4 0.6 0.8 1.0

(Wood-Vasey et al. 2007, ApJ)




CFHT: SN
Legacy
Survey

~ al. 2006)




ESSENCE
+SNLS
Hubble

diagram
(Wood-Vasey et al.

2007; Astier et al.
2006)

(For nearby SNe, see
Hamuy et al. 1996, AJ
Riess et al. 1999, AJ
Jha et al. 2006, AJ)

Residual

Distance modulus
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Flat, isotropic,

w=-1.07 + 0.09 = 0.13
constant-w
0.0 T
- fiE i SNela .
A BAO ..ol _
: SNela+BAO ————— |}
05_ Al

1.0} <—
= : :
“5: ESSENCE |
: + SNLS
X e
0.0 0.2 0.4 0.6 0.8 1.0

(Wood-Vasey et al. 2007, ApJ)




ESSENCE SNela From All 6 Years
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u (mag)

Previous ESSENCE Hubble Diagram
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Preliminary Current ESSENCE Hubble Diagram
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Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)
)
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Probing the era of
deceleration
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Cycle 11: GOODS ACS Treasury Program and

The Hubble Higher-z Supernova Search Tea

"A Higher-z Supernova Search Piggybacking on
the ACS Survey” 134 orbits ToO

Riess (STScl)

Strolger (STScl) for 6-8 SNe Ia
Tonry (UH)

Filippenko (UCB) at 1.2<z<1.8
Kirshner (CfA) .

Challis (CfA) 399 orbits
Casertano (STScl) of deep imaging
Dickinson (STScl) .
Giavalisco (STScl) for extragalactic
Ferguson (STScl) studies



Searching for SN Ia with ACS

S z-band epochs, spaced by 45 days;
simultaneous v,1 band; 120 tiles

CDFS=08/02-02/03 HDFN=11/02-05/03
- GOODS:South

- GOODS-North
. ACS Tiling IDs
7. . , '
! ~ .
- .. '0 :\ 7 =

Sof;\ ] 2

2
B
6 ¥ 2 o




Our first higher-z SN Ia, Aphrodite

Aphrodite (1<z<1.5)

ACS F850lp

ACS grism spectrum

12010718

1.0-107 18}

3.0:10- 191

6.0.10° 17} w
',..";I'-‘IIC'MOS F110W g l
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401017} !
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Rich Field of 4 SN Ia

HDFN, tile ndz_26/29

> Vilas (z=0.86)

v ; ";“'Q,

Borg (z—l 37)

3000 3500 4000

‘ — l R— P T T 2500
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Distant Supernovae

Hubble Space Telescope = ACS

Before Supernova

Before Supernova

b

-

Before Supernova

o

i

e

NASA and A. Riess (STScl)

STScl-PRC04-12




SN Ia Hubble Diagram

[Dashed line: best fit, assuming €2 total = 11 o
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Residual Hubble Diagram (Riess et al. 2004, ApJ, 607, 665)
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THE NEW YORK TIMES NATI

A ‘Cosmic Jerk’ That Reversed the Universe

By DENNIS OVERBYE

CLEVELAND, Oct. 10 — Astrono-
mers said on Friday that they had
determined the time in cosmic histo-
ry when a mysterious force, “dark
energy,” began to wrench the uni-
verse apart.

Five billion years ago, said Dr.
Adam Riess, an astronomer at the
Space Telescope Science Institute in
Baltimore, the universe experienced
a “cosmic jerk.” Before then, Dr.
Riess said, the combined gravity of
the galaxies and everything else in
the cosmos was resisting the expan-
sion, slowing it down. Since the jerk,
though, the universe has been speed-
ing up.

The results were based on obser-
vations by a multinational team of
astronomers who used the Hubble
Space Telescope to search exploding
stars known as Type la supernovas,
reaching back in time three-quarters
of the way to the Big Bang, in which Marty Katz for The New York Times

the universe was born. The results py. Adam Riess, who reported yesterday on the speeding and expanding

should help quell remaining doubts universe, at the Space Telescope Science Institute in Baltimore.
that the expansion of the universe is 2




Probing Dark Energy (Riess et al. 2004)

Two clues to the nature of dark energy: strength now (w,),
and whether it is static or dynamic (is dw/dz=w" = 07?).
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We doubled our knowledge of w, and w” in 1 year with
HST; A looks better than ever, but still uncertain.



MIS: Probing Acceleration Aow with Supernovae

Awarded 270 orbits in Cycle 13 with HST.
Found >20 SNe Ia at z > (.8.




Most recent results
(Riess et al. 2007, ApJ,
659, 98 -- April)

We found and studied 19 of the
20 highest redshift SNe Ia
Known.
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Detect dark energy at z > (.7

Dark energy affected the
expansion of the Universe even
during the first 9 Gyr, when he
Universe was still decelerating.

Data remain consistent with
w’ =0 (e.g., cosmological const.)



Joint Dark Energy Mission (JDEM) ~2015?

Studying the dark energy of the Universe...

Systematic effects:
we will need to
control them to ~1%




Summary & Future

> The State of LCDM i1s Strong

> Tackle Extinction vs. Intrinsic Color

& UV - Optical - NIR data

> More nearby SNela: +300 from KAIT, CSP, CfA
> SDSS-II, ESSENCE, SNLS joint analysis

> Pan-STARRSI, Dark Energy Survey, LSST

> JDEM with supernovae



