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* Launched on 24 April 1990

Refurbished 1n 1993, 1996, 1999, 2002, 2009

Refurbished instruments: ACS, STIS, [NICMOS]

Newest instruments: WFC3, COS
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‘4. - What is HST best for...=". -

* Observations in the UV and Near IR
(at wavelengths where the Earth atmosphere
1S opaque)

» High angular resolution observations
(diffraction limited)
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STS-31, Discovery
Launch on 24 April 1990

HST deploy mission L
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4. Cosmology with HST. + =~

Expansion and Acceleration of the Universe
Dark Matter

Supermassive Black Holes in Galactic Nucleil
Gamma-ray Bursts

Primordial Galaxies and their Evolution
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i Cosmology Wlth Type Ia Supernovae

Type Ia Supernovae (SNe Ia)

* Very bright
My(peak) = -19.5

o Very homogeneous class ’ ’
oy ~ 0.15 mag |

Hence, 1deal standard
candles for cosmological
studies
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and the value of H,

Series of HST Studies
Sandage et al 1992 -2006
Freedman et al 1994-2001
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"4 Classical Steps to H; Determindtion * -

* Cepheid P-L-C relations calibration:

LMC Cepheid light curves 1n various bands

LMC distance

Detectable up to about 25 Mpc (m-M=32, v=1600 km s'!)

« Calibrate intrinsically very bright standard candles

(SNIa!) and reach much larger distances (z>1)
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' Summary. of Sandag’:ef.’et al. reSlllts i

» Metal dependent Cepheid P-L relations
 LMC Distance Modulus 18.54 +0.02
o Mecor(SNIa, max) =-19.46 £ 0.04

H,= 62.3 £1.3+5.0 km s Mpc!

29 May 2012 Nino Panagia
Cosmology with HST




~4Summaryof Freedman ef al. results > -

Udalski et al. (1999) Cepheid P-L relations

—> higher reddening corrections — shorter distances

LMC Distance Modulus 18.50 £ 0.02

Meorry,(SNIa, max) =-19.16 = 0.06

H,= 72+ 3+ 7 km s! Mpc!
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62+ 1+5kms! Mpc! Sandage et al.

72 +£3+7 km s Mpc! Freedman et al.

64+ 1+5kms! Mpc! isacompromise
that the Universe could take! Could you?
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The Accelerating Universe
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ngh-z SNIa and the qllest for -the
decelemtzon of the Unl'verse

« Early attempts to discover and measure SNIa at high z lead to
the discovery of one SNIa at z=0.31 1n the late 1980’s
(Nordgaard-Nielsen et al. 1989)

e The LLNL team lead by Perlmutter (Supernova Cosmology

Project, SCP) started in 1991 with an efficient technique to discover
high-z SNIa (first discovery: SN 1992bi at z=0.46), and perfected
their methods for “SNIa-on-demand” discovery in 1994

* The CfA team, originally lead by Kirshner (High-Z Supernova

Search, HZSS), and later by Schmidt, and Riess (Higher-Z SN

Search team), joined the race in the mid ‘90




MODELS OF EXPANDING UNIVERSE - circa 15 YRS AGO

Bi
Crur?ch

Densely, rapidly Sparse, slowly
decelerating decelerating
universe universe




Ground Based Searches: Observing Strategy

—IIF Scheduled follow-up spectroscopy
! at Keck and ESO telescopes
___——‘_ Scheduled fo]low-up

. Hubble Cerro

Tololo WIYN, Isaac
Newton and ESO telescopes

Almost 1000

galaxies per
fidd 7\

Hubble

Brightness

TIME

A dozen type 1la supernovae
discovered while still
brightening
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ngh Redshlft Supernovae

By 1999 mote than-100 SNIa had been dlscovered and Studied
at redshifts higher than 0.3 by two independent groups (SCP:
Permutter et al 1998, 1999; HizSS: Riess et al 1998)

Type la Supernovae

26 Perimutter, Physics Today (2003)

| o Supernova Cosmology Project
I~ ® High-Z Supernova Search

e SNIa at redshifts
0.3-0.8 appeared to
be systematically 0.3
mags dimmer than

expected for an
empty Universe - g -

o'.4 . 0..6
redshift

o
o
o
—

;I
3
W

j ® Calan/Tololo
Supernova Survey

Relative brightness

o
TN

—_

I Accelerating
Universe

magnitude

0.7

Scale of the Universe
[relative to today's scale]
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Th‘le two teams: cons1stently found th‘at SNIa at redshlfts
:2.~10.5; zippear dlmmer than expected by ~O 3 mags

[t we assume that SNla properties
are the same at ALL redshifts

*This suggests that the expansion
of the Universe 1s accelerating,

propelled by “dark energy”,
with €, ~(.75.

*This conclusion 1s also
consistent with measurements
of the Cosmic Microwave
Background fluctuations.

27 May 2008 Nino Panagia
Supernovae and Cosmology

Supernova Cosmology Project

II|IIII|IIII|III\\\I\II
' No Big Bang

Supernovae




.. The Evidéncefrom . -
-7 Type Ta Supernovae: .

constrainision equationofstaies

Weak Prior Strong Prior Strongest Prior

BAO,WMAP 1L BAO,WMAP

w(1089>2>1.8)=-1 w(1089>2>1.8)=w,-(1-a)w,

dw/dz

A(m-M) (mag)

Wa

Empty (Q=0)
-- 9,70.29, Q,=0.71

A ?‘o L A A 0:5 A A
0.5 1.0
4
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‘ - The GOODS ACST_reasﬁl_"Sf Programalld o

ASA

'

The Hubble Higher-z Supernova Search Team

Riess (STScI)
Strolger (STScI)
Tonry (UH)
Filippenko (UCB)
Kirshner, (CfA)
Challis, (CfA)
Casertano, (STScI)
Dickinson (STScI)
Giavalisco (STScI)
Ferguson (STScI)

A piggyback project

134 orbits ToO
for 6-8 SNe la
at 1.2<z<1.8

399 orbits
of deep imaging
for extragalactic

studies




. ’Scp -sézirched f(jr ,SNIﬁ“ih._.::l

i rhighZz rich Galaxy Clusters’ . .~ .

Thus finding SNIa in quite a
variety of galaxies which are
all at one and the same
distance
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The UmonZ Comp atlon (S(;P)

Union2 Compilation
I

Amanullah et al. (2010)
Supernova Cosmology Project

Hamuy et al (1996)
Riess et al (1996)

Kowalski et al (2008)
Hicken et al (2009)
Holtzman et al (2009)
t ] HZT
Perimutter et al (1999)
Barris et al (2003)

v‘|' ] ]‘ et l‘ A“"V ) )
Knop et al. (2003)
Astier et al (2006)
Miknaitis et al (2007)

%)
=
S
S
=
o 40
5]
=
8
L
a

Amanullah et al. (2009)
| | |

Redshift

29 May 2012 Nino Panagia
Cosmology with HST




THE ASTROPHYSICAL JOURNAL, 716:712—738, 2010 June 10 doi:10.1088/0004-637X/716/1/712
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SPECTRA AND HUBBLE SPACE TELESCOPE LIGHT CURVES OF SIX TYPE Ia SUPERNOVAE AT
0.511 < z < 1.12 AND THE UNION2 COMPILATION*

R. AManuLLAH'2, C. LipManZ, D. RuBiN®#, G. ALDERING?, P. AsTIER’, K. BARBARY>*, M. S. BURNS®, A. CONLEY,
K. S. Dawson®, S. E. DEustua?, M. Do1'?, S. FaBero!!, L. FaccioLr?''2, H. K. FAkHOURI?#, G. FoLATELLI"?, A. S. FRUCHTER’,
H. Furusawa'!?, G. Garavint!, G. GoLDHABER?*, A. GooBar!2, D. E. Groom?>, I. Hook'?'!¢, D. A. HowgLr!-!%,

N. KasHikawa'4, A. G. Kiv?, R. A. Knor!'?27, M. Kowarski??, E. Linper'2, J. MEYERS® 4, T. MorokUMA 428, S. NoBiL1! 2,
J. NorpIN'"2, P. E. NUGENT?, L. OstMaN!"2, R. PAIN’, N. PaNaGIa?-21-22 , S. PERLMUTTER>?, J. RaUX’, P. RU1Z-LAPUENTE®,
A. L. SPADAFORA®, M. STROVINK>*, N. SUuzZUKT’, L. WANG?, W. M. Woob-Vasey?, AND N. YasupaZ®
(THE SUPERNOVA COSMOLOGY PROJECT)

ABSTRACT

We report on work to increase the number of well-measured Type Ia supernovae (SNe Ia) at high redshifts. Light
curves, including high signal-to-noise Hubble Space Telescope data, and spectra of six SNe Ia that were discovered
during 2001, are presented. Additionally, for the two SNe with z > 1, we present ground-based J-band photometry
from Gemini and the Very Large Telescope. These are among the most distant SNe Ia for which ground-based near-
IR observations have been obtained. We add these six SNe Ia together with other data sets that have recently become
available in the literature to the Union compilation. We have made a number of refinements to the Union analysis
chain, the mostimportant ones being the refitting of all light curves with the SALT? fitter and an improved handling of
systematic errors. We call this new compilation, consisting of 557 SNe, the Union2 compilation. The flat concordance

ACDM model remains an excellent fit to the Union2 data with the best-fit constant equation-of-state parameter w =
R £ L) Boaoigiz(stat +sys together) for a flat universe, or w = —1. 038*%%269(stat)*%%%;(stat + sys toge?he.r)
with curvature. We also present improved constraints on w(z). While no significant change in w with redshift is

detected, there is still considerable room for evolution in w. The strength of the constraints depends strongly on

redshift. In particular, at z > 1, the existence and nature of dark energy are only weakly constrained by the data.




A Blast from the Past_

. The two teams cons1stent1y found that SNIa at redshifts z ~ O 5
appear dimmer than expected by ~0.3 magnitudes.

Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010

This suggests that the expansion |

of the Universe 1s accelerating, - s
propelled by “dark energy”, o
with QQ, ~0.7.

This conclusion 1s also
consistent with measurements
of the Cosmic Microwave
Background fluctuations.
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THE ACCELERATING UNIVERSE

Lo

Uhi’verse now expandingA ~20% faster than 5 billion years ago
Models of the Expanding Universe

Photon  Our galaxy

; Supynova /./




Titles and authors of

the first THREE papers on the

Acceleration of the Universe




. THE ACCELERATING UNIVERSE

. 18 December 1998
SClence SCP,
}’2;;25"22141-?5}233; [ 42 HIGH-REDSHIFT SUPERNOVAE 1 999
THE

> oP, P. NuGenT, P. G. Castro.” S. DEUSTUA, S. FABBRO,”
f: - ;-“ M. Y. Kpg J. C. Lee,” N. J. Nunes® R Pamx,®
ACCELERATING = - Vi 7= i R Qunm

N mnce Berkeley Natiomal Laboratory, Berkeley, CA 947X
; "

UNIVERSE | f =
/ \

Breakthrough of the Year

: Unovessity, New Haven CT
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tory. Svdney, Australia

ND T. MATHESON

sity of California, Berkeley, CA
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stitute, Baltimore. MD
EWBERG

ratory, Batavia [L

D

DUCH
Vales. Svdmey, Australia
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, ' Frlendly competltlon L |
Brlan Schmidt and‘Saul Perimutter -
at 1999 Aspen Workshop
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“Theseresults ave truly-exciting, but...* °

Still SNIa at high redshifts may be
dimmer because of non-monotonic

luminosity evolution.

Could SNIa evolution be non monotonic?

maybe...
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Redshift
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a) Ra.te'é.'é's. - SNIa Rates

- afunction. - - jp various

of cosmic

Galaxy Types

age
Mannucci et al. 2006
b) Rates as
a function
of galaxy
color

¢) Rates 1n Ellipticals
as a function of their

radio emission




:..;'p'e'f*iv.iﬁ'g the. Delay Time Dlstrlbutlon (ﬁTD)
N - Single; gaussmn ﬁttlng SN rates VS, Z

_IIIIIIIIIIIIIIIIII_

E\
~
~

delay distrib

Time after star formation

Redshift
0.1 03 0507 1 152 34
| | T 1 T 11

[ x°.=0.39 b)

Faint
l

Radio Flux
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Derlvmg the DTD

Two populatlon scenarm
Two populatlons 50% prompt + 50% exp

delay distrib

10° 10° 10"
Time after star formation (yr)

Redshift

Faint
|

Radio Flux

Mannucci et al., 2006
29 May 2012 Nino Panagia 35
Cosmology with HST




-

.
L

TWO SNIa components,i.e. about
1/2 prompt and 1/2 tardy exploders,
are needed

e To account for a factor of 4 enhancement

of SNIa explosions 1n radio ellipticals
(Della Valle et al. 2005)

 To account for the SNIa rate behaviour as a
function of galaxy type and/or galaxy color
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Warmng

Dzmmer SNIa at z~0 5
and
Brighter SNla at z~1.5
may not be the conclusive proof
of an accelerated Universe.

“The final answer will be provided by many more
high-z SNla observations, which will confirm, revise
or reject the current conclusions.”

Freely adapted from “The Consultation of the 3 Doctors” at Pinocchio s sickbed
[Collodi: “Le Avventure di Pinocchio’]
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R - N, T : . 0% 8 &
BEERs =, - hTT .

(A 3

a pragmatic-conclusign-about ~ °

An Accelerating Universe...

Se non e vero...

E  ben trovato!
[talian saying
...1f it is not true,
it is well conceived...




“4_ hence... 2011 Nobel Prize} * =
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=....Saul Perlmutter ="
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:".".':.‘Adam Rless & Brlan Schmldt
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High-z
Supernova :
Search Team |
Members

] Supernova
Cosmology
Project

Members p
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R. Quimby
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43D Distribution of Dark Matter- "

» » ® »
- _ . 9 _ .

6.5 billion™

5 billion™ years ago
years ago

3.5 billion ™
years ago
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“%_Gravitational Lensing
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Observable
distant galaxy

Distant galaxy too
faint to detect

@ Relatively nearby galaxy

. Gravitational lensing

: influence of foreground

" galaxy

Distant galaxies will be biased to
appear near foreground galaxies
because of gravitational lensing.

Observed by Hubble

NASA, ESA, and Z. Levay and A. Feild (STScl)

STScl-PRC11-04

-

Effects

46

-
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»

#'@ravitational Lensing: CoSmic Magnifiers: »

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) » STScl-PRC00-08
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A galaxy bulldlng block at Zz6

Combmed HST—WFPC2 and Keck observatmns have
revealed the most distant dwart galaxy ever found

Gravitationally lensed
(x33) by the Abell 2218
galaxy cluster, the small
red galaxy 1s estimated
to be at a redshift z=5.6,
to have a mass of about
10° Mg and a young
stellar population as .

young as 2_3 Myrs ° Distant Object Gravitationally Lensed by Galaxy Cluster Abell 2218 HST ¢ WFPC2

R. Ellis et al. 2001
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’ Magnlﬁed Dwarf Ga-i;lxy atz~10

3.6um 4.5um

Wei Zheng, Marc Postman et al. 2012
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Supermassive Black Holes

in Centers of Galaxies
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Correlation Between Black Hole Mass
and Bulge Mass

One
billion
solar
masses

One
million
solar
masses

)
%)
@
S

L,
o
<
-
%)
L
(11]

>
Increasing

Mass of central bulge
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Gamma Ray Bursts
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- Most Distant GR
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Most Distant GRB Titleholders

GRB Date Distance Notes
GRB May 2011 — =514 The. GRB was observed in 2009, however its distance was not announced
0904298 until 2011. ¥
GRE 090423 |April 2009 — May 2011 7=8.2 [1:]1is was the first GREB to become the most distant object in the universe.

GRE 080913 |September 2008 — April 2009 |z=6.7 (81(10]
September 2005 — September

GRB 050904 | 2=6.29 |poj@)1]

GRE 000131 penuany 2000 =iSsplemues z=4.50 | [(MIM2)13]
2005

EREIGR 12 (4| e mRE R Al 2=3.42 | BIr21m3)

2000
GRB 970508 |May 1997 — December 1997  |z=0.835 |First GRB with its distance determined !

Valuable probes of star formation in the Universe
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Age of the Universe (billions of years)
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Credit: Edo Berger (Harvard/CfA)




The Evolution of Galaxies and

the Cosmic Star Formation Rate
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.. " ~"Hubble Probes the'Early Universe

. a 9 | g -.

| Ground-based Gbseivatories ® .

1 1995
Hubble Deep Field *

r
/|

2004

) Hubble Uttra Deep Field

o 5 Hubble Uttra Déep Field-R - - . .2  * ~ . ;.. SRR o S . S

o

o
R
T A
8 305
oo o

o
i/
S |
*

b

*%7 James Webb Spa ; k. ; N0 APl R R o O bt
Redshift (2): ) . _ R 4 7 8 10 >20
Time after  Present ; o e ¢ .15 = G s +%:.800 - " 480 200

the Big Bang ; TR e billion *- ° . billion ' .million - million: million

- years : Years - » ‘ o Years’ years  years
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T.he.'I.{ubblé Deep Fleld %

f‘e' " 2:1.01
z:5.34

.- ¢
HST WFPC2

Hubble Deep Field
phporgt it el S

STScl Science Project: R. Williams. et al. (1996)
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-+ More Cosmology Projects® * -

GOODS... COSMOS... etc
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. Farther is bet,t-er',.:'._-., P
““The Hubble Ultra-Deep*Field : +* -

Hubble Ultra Deep Field HST = ACS

HUBBLE
. ULTRA
DEEP FIELD

4 Endanus/ (HUDF)

)

/ L ]
]

Phoenix

Pictor o Tucana

. .. ; ‘ . ! ” R -
NASA, ESA, S. Beckwith {(STScl) and The HUDF Team STScl-PRC04-07a

- .

29 BbayhXtklstial Pole Nino Panagia 63
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The large number of z>6 objects opens
up the possibility of learning something
about the reionization of the Universe.
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-HUDF-JD2:-A Distant Galaxy,in the HUDF

Distant Galaxy in the Hubble Ultra Deep Field HST ACS NICMOS = SST IRAC

R Visible
; SN « HSFACS/WFC

”~

-

Near Infrared
. HST NICMOS

Infrared
SSTIRAC

~~\

-, ®
1 ..".

: L L]
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NASA, ESA, and B. Mobasher (STScl/ESA) STScl-PRC05-28
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Combined Visible+Infrared

(Hubble & Spitzer) |

Nino Panagia
Cosmology with HST




| HUI)F JD2, a Balmer Break Galaxy prototype
W A galaxy that did it in;the; past..., %

[Mobasher et al. 2005] *
Rest-frame [pum] 0.1

-
Zz=06.5

o =

5
Observed A [um
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_lfropertles of HUDF JD2

[Mobasher et al 2005 Panagla et al 2005]

Massive M/M 5 = 6 x 10!

Bright L/Lg = 1012

Evolved Age > 350-650 Myr
> 9

Zform
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. HUDEFJDZ . e = 6x10" erg™
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and low clumping

Easily if undetectable

Ly
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companions with 32 3 28 2 24
m, (A, =14004)

a reasonable LF Panagia et al. 2005
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' 1S HUDF-JD2 imjque?

* Inspecting the GOODS Deep-Field South, Wiklind et al.

(2006) answer this question: “not quite”

 Actually, combining deep HST and Spitzer multi-band
photometry they detect about one bright BBG at z>5

every 9 square-arcmin field
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‘BBGs in the GOODS Deep-Field South *

Table 5. Median values from Monte Carlo simulations for z > 5 Balmer-break candidates

ID : Percentage!®) Ep_v tg log M. z5%m Confidence Comments
pbot >4 Tphee > Gyr Mo

40.5 235 0.9 i . 10.881 Broad z-distribuation
956 81.1 0.8 & d 11.105
29.6 . 0.6 i . 11.958 Blended in IRAC
73.5 . 0.4 i . 11.479
T6.8 0.9 i 2. 11.432
9.7 . 0.4 i i 11.508
63.5 .2 0.8 i . 11.631
80.0 i 0.5 g : 11.587 X-ray detected
2.7 0.8 4 . 10.785
. 0.9 i . 12.112 Blended in IRAC
942 1.0 . 11.506 Blended in IRAC
98.0 . 0.2 i . 10.933
. 0.8 . 10.797
89.1 0.3 i . 11.313
38.9 0.3 . 10.998
20.3 1.0 & 2. 11.343
90.9 . 0.9 e 10.830 Spectroscopically confirmed
63.5 . 0.5 . . 11.904 Blended /binary galaxy
0.5 i . 11.667 Mobasher et al. (2005)
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4 An example

10"

1 2
Observed A {um) Redshift

1 1 1 1 I 1 1 1 1 I 1 1 1 1

v b HHE
10 11

LOQ(M»/M)
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P Eyman Continuum Photon

‘Production: Hlstory

(o)}

BBG ionization is

most efficient in the
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txN,(t) [10™ photons]

lllll 1 1 lllllll 1

0.1 1
time [Gyrs]

4 reion
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Relonlzatlon° WHO dld 1t"

TWO bas1c poss1b111t1es

» Relatively few massive galaxies (BBGs)
— Pop 11
— Pop I stars

* A myrnad of dwartf galaxies
— Pop 111 stars

« Both of them...
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Recent results

from HST-WFC3

Slides borrowed from Garth Illingworth presentation

Galaxies in the first billion years [GDI firstgalaxies.org]
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galaxies in the first billion years GDI firstgalaxies.org




“WEFC3/IR - 16 orbits |

-
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»

ﬁrst galames at z"'8 from WFC_3/ IR

the two hlghest redshlft z~8 gaIaX|es

searches COnducted using the very
filters robust and well-tested photometric
“dropout” technique

redshift

~g 4 Dropouts verified spectroscopically

at z~2-6

extensive testing for contamination

from photometric scatter, spurious
sources, lower redshift sources....

WFC3/IR resolution helps separate
galaxies from (rare) faint stars

the other three z™~8 galaxies

all are H~28-29 mag sources!

24" x 2.4"




‘ﬁrst resu1ts HUDF09 team s 16 Z' ~7 and 5 z"'8 galaxues

HUDFO09
WFC3/IR

HUDFO09
image ~2.2'

boxes ~2.5"’

»

Py O

galaxies in the first billion years GDI firstgalaxies.org
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‘4 . luminosity functions

T[T 1T T r[rrrr[rrrr 1111 . : B S
luminosity functions at
z>7 are very important for
establishing role of

galaxies in reionization

I
o
N
¢
~2

excellent
agreement
now
between the
T scveral
M 600.48 groups

This Work

Bouwens et al. 2010d

Oesch et al. 2010a

McLure et al. 2010

Ouchi et al. 2009

Castellano et al. 2010
X Bouwens et al. 2008
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the new z~7 luminosity function indicates that the very steep slope (a
~ -1.75) seen at lower redshift persists to higher redshift
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new.results

Madau 1998 formulation
with Salpeter IMF
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what these new observatlons teII us

s ‘AN

Hubble snew Wide Field Infra Red Cﬁmera (WFC3/IR) has
revealed many galaxies 13 billion years ago (at redshifts z"'7
and z~8), just 600-800 million years from the big bang

these galaxies are small, low mass objects (half-light radii of just
0.7 kpc at z~7-8)

they are extremely blue in color and are probably quite deficient
in heavier elements

they give us estimates for the mass density and the star
formation rate density that extends from just ~¥5% of the age of
the universe

combining these results with Spitzer data suggests that these
galaxies were forming stars ~200-300 million years earlier, at
z>10-11 (with recent possible detections being found at z~10)




.. o eV W, v, X

i:4._ what we can look forward tousing, s

..’ .
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