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The Fate of the Universe can be determined from its history:
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..And supernovae can be used as is measurement
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Expansion History of the Universe
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THE ABSOLUTE PHOTOGRAPHIC MAGNITUDE
OF SUPERNOVAE*

W. BAADE

ABSTRACT

A compilation of the photometnc data for the 18 supernovae known at the end of
1937 is given, Former estimates have been replaced by photometric magnitudes after a
redetermination of the magnitudes of comparison stars on the international system.
The mean absolute photographic magnitude of the supernovae, derived from this

material, is Mmax = —14.3 + 0.42 (m.e.) with a dispersion o3, . =~ 1.1 mag. This
result, together with the spectroscopic evidence, fully confirms the view that two classes
of novae, common novae and supernovae, exist. Attention is drawn to the curious
fact that 72 per cent of the known supernovae appeared in late-type spirals. B Cassio-
peiae and the Crab nebula, which may have been galactic supernovae, are discussed.
When, after Ritchey’s discovery of a nova in the spiral nebula
NGC 6946 in 1917, novae were discovered in rapid succession in
other extragalactic systems, a new way had been opened to settle
the old question as to the constitution and the distances of these
systems. The occurrence of novae in them afforded strong evidence
for their stellar constitution. Moreover, their distances could be
measured as soon as reliable values for the luminosities of the novae
of our own galaxy w°re availab” Neverthe' ss, the firt applice
tions of s methr v H. D tisand © ‘undmr  were r
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But supernovae were not quite good enough
“standard candles”




Mid - 1980’ s:

Two new developments

“Type Ia” supernovae:
a more standard candle
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Mid - 1980’ s:

Two new developments

CCD detectors
& computers fast enough for image analysis



CCD detectors

& computers fast enough for image analysis

SN +Galaxy Galaxy

MAY 8, 1986 MAY 17, 1986

SUPERNOVA IN M99 GALAXY IN VIRGO CLUSTER

Photo by : LBL SUPERNOVA SEARCH TEAM.

SN

Luis Alvarez suggests
to Rich Muller that
it is time to re-do
Stirling Colgate's
robotic SN search

R. Muller:

Berkeley Automated

Supernova Search
with C. Pennypacker
and S.P.



Why is the supernova measurement not easy?

1. Can they be found far enough -- and
enough of them -- for cosmology?
Can they be found early enough to measure
brightness over peak?




Problems

NB: Norgaard-Nielsen et al.
searched intensively for over
2 years, and found just 1
Type Ia supernova several
weeks past its peak.

Random

can't schet _
or plan discoveries at new moon

Rﬂ.pld difficult to catch on the rise



Pennypacker & Perlmutter 1987 proposal:

A novel F/1 wide-field CCD camera
for the Anglo-Australian 4-m telescope (AAT)

..A big enough
telescope with a
wide enough field
to search for
z>0.3 Type Ia
supernovae in
100s of galaxies
with each image.




855701

Pennypackoer & Perlmutter 1988 wide-field CCD camera
at AA
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Problems

with Type la Supernovae as a tool for cosmology
Rare ~1/ 500 years / galaxy

Random can't schedule telescope time
or plan discoveries at new moon

Rﬂpld difficult to catch on the rise



Hamuy et al. (Astronomical Journal 1993),
describing the Calan/Tololo Search for supernovae at much lower redshifts:

“Unfortunately, the appearance of a SN is
not predictable. As a consequence of this we cannot schedule
the followup observations a priori, and we generally have to
rely on someone else’s telescope time. This makes the
execution of this project somewhat difficult.”

Random can't schedule telescope time

or plan discoveries at new moon

Rﬂ.pld difficult to catch on the rise



Sea rCh Strategy Perimutter et al (1994)
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SUPERNOVAE

The Supernova Cosmology Project [S. Perlmutter, S. Deustua, G.
Goldhaber, D. Groom, I. Hook, A. Kim, M. Kim, J. Lee, J. Melbourne,
C. Pennypacker, and I. Small, Lawrence Berkeley Lab. and the Center
for Particle Astrophysics; A. Goobar, Univ. of Stockholm; R. Pain,
CNRS, Paris; R. Ellis and R. McMahon, Inst. of Astronomy,
Cambridge; and B. Boyle, P. Bunclark, D. Carter, and M. Irwin,
Royal Greenwich Obs.; with A. V. Filippenko and A. Barth (Univ. of
California, Berkeley) at the Keck telescope; W. Couch (Univ. of
N.S.W.) and M. Dopita and J. Mould (Mt. Stromlo and Siding Spring
Obs.) at the Siding Spring 2.3-m telescope; H. Newberg (Fermi
National Accelerator Lab.) and D. York (Univ. of Chicago) at the
ARC telescope] report eleven supernovae found with the Cerro Tololo
(CTIO) 4-m telescope in their 1995 High Redshift Supernova Search:

SN 1995 UT R.A. (2000) Decl. R Offset

1995aq Nov. 19 0 29 04.26 + 7 51 20.0 22 .4 o".6 W, 1".4 S
1995ar Nov. 19 101 20.41 + 4 18 33.8 23.1 2".9 W, 0".5 s
1995as Nov. 19 101 35.30 + 4 26 14.8 23.3 o".7 W, O".7 N
1995at Nov. 20 1 04 50.94 + 4 33 53.0 22.7 o".3 W, 0".4 s
1995au Oct. 29 118 32.60 + 7 54 03.5 20.7 1".4 E, 3".3 N
1995av Nov. 20 2 01 36.75 + 3 38 55.2 20.1 0".2 W, 0O".0 N
1995aw Nov. 19 2 24 55.54 + 0 53 07.5 22.5 o".2 W, 0".2 8
1995ax Nov. 19 2 26 25.80 + 0 48 44.2 22.6 o".3 W, 0".2 S
1995ay Nov. 20 3 01 07.52 + 0 21 19.4 22.7 0".9 W, 1".4 s
1995az Nov. 20 4 40 33.59 - 5 30 03.6 24.0 1".6 W, 1".7 N
1995ba Nov. 20 8 19 06.46 + 7 43 21.2 22.6 O".1 E, 0O".2 N

~

The spectra (Keck, Nov. 26-28) are consistent with type-I supernovae
(except SN 1995av, a probable type II) at the redshift of the host
galaxy: z = 0.45, 0.46, 0.49 (preliminary type-I identification),
0.65, 0.16, 0.30, 0.4 (supernova redshift only), 0.61, 0.48, 0.45,
0.39. Photometry obtained on Nov. 21-23 at CTIO (A. Walker) and
Nov 23-27 at+ WIYN (D Harmer D Willmarth) indicatese that SNe



Why is the supernova measurement not easy?




And, in fact, the spectra do look like noise

..until you know what you are looking for.
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-spectrum
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Standard
K corrections

Leibundgut, A&A (1990)
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“Cross-Filter”

K corrections

Kim, Goobar, & Perlmutter (1995)
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Why is the supernova measurement not easy?
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more redshift —>
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Vaughan, Branch, Miller, & S.P. (1995)

Nearby Type Ia Supernova

Throw out red supernovae:
they are dimmed by dust
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‘Calan/Tololo Supernova Search”

A beautiful, well-measured set of nearby
supernova

now observed dispersion goes down to
~187% after color selection
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Type la Supernovae

Throw out red supernovae:
they are dimmed by dust
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Why is the supernova measurement not easy?




Sa/Sb E/So

Sc/Sd

1995ax E/SO

.

1997aj Salpec

1995az Sc

Sullivan, et al. (2002)
Supernova Cosmology Project

SN Ia Host Galaxies:
Morphological Classification
with HST/STIS Imaging
1996¢k E-IISOA - .1997I-1 EIS0 -15545 S0

1996¢cg Sab 1997f SBb

1997i Sb/c 1994an Scd

Irr

k.3

R

™,

1992bi Sm/Irr

1995as S/irr



Why is the supernova measurement not easy?

1.

Can they be found far enough -- and
enough of them -- for cosmology?

Can they be found early enough to measure
brightness over peak?

Can they be identified as Type Ia with
spectra, despite how faint they will be?

Can their brightness be compared with nearby
ones, despite greatly "redshifted” spectra?

. Are the supernovae standard enough?

And how can one eliminate possible dust from
diminishing their brightness?

Couldn’ t the supernovae evolve over
five billion years?



Why is the supernova measurement not easy?

5. What if Einstein’s “Cosmological Constant”
(A) exists? It will fight against gravity due
to mass (M) in the universe

-- how can you tell if there is less M or more A
or vice versa?
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Goobar & Perlmutter, ApJ (1995)
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Lunar Calendar

Scheduled Follow-Up
Spectroscopy at Keck

Scheduled Follow-Up

Imaging at Hubble,
m m m LA Cerro Tololo,

WIYN, Isaac Newton

50-100

Almost 1000
Galaxies per
Field

g
=
£
o
o
—
" Time
RESULT: ~12 Type la supernovae Keck
discovered while still brightening,
at new moon

Cerro Tololo

with Tony Tyson & Gary
Bernstein’s
“Big Throughput Camera”



Supernova Cosmology Project

redshift distribution of
Type Ia supernovae
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Dark Matter
24%

3 modification of Einstein’ s
Dark Energy beneral Relativity?

72%




A sz result, this Cardsssian ecpans

1. INTROD UGTION

A rrejor devddopreent in rodern cosmalogy it he dissow-
ery of theaceleration of the universet hrough obsenEtions
of distant Type [asupernovas (Perd mutter etal. 1995, 1999;
Riezset al. 1928, 2001; Leibundgut 20071). 1t iswsl known
thizt =il knowin types of matter with postive pressiregsner-

oroesand o hon of the uni-
werss, conventionally, adaodaanonfa:mr xsa]weys u=ed
to deribe th of the p on (Sandzge
1082). Given this, the discovery from the high-redzhitt Type
|2 supernov=e indicates the evistenceof 2 new cormponent
with fairly negative prassure, whish is now generally called
dark energy, such === cosmological constant (Weinbeng
1989; Carroll, Press & Turner 1902; Kraus & Tumer 1995,
Cratriker & Steinbardt 1995) or an ewohing salar Yeld
freferred 1o by =0 me asquintesence Ratra & Pesbles 1955,
Watterich 1988; Frieman o al. 1995; Coble, Dodelaon, &
Frieran 1007, Caldwell, Dave, & Seinhamdt 1008 Gong
SO0 W hile cument meEsurerents of the cognic micro-
v bechgrou nd snisot rop ies fvor 2.spatially "=t universs
with cald dark matter (de Bernardis & al. 8000; Lange et al.
2001), both the deuterium sbundance mesured in four
high -redshift fydrogen clouds =en in sborption agminst
distant quasrs (Burles & Tytler 1008, 1008b) jcombined
with thebanwon fraction ingal=eoy ¢ lustersf mm X -ray datee
== W hite et 2l 1903 for the method) and the krgemale
structume in the distribution of gakcies (Baheall 2000;
Peacochk et al. 2001) hawe rmede 3 stmong cxse for & low-
density universs (for 3 recent sumnmany, S22 Tumer 2002a).
It s=rns that all thes observations can be corcordantly
acpl=ined by the hypothesisthat thene eccists, in addition 1o
oold dark rratter, 3 dark enengy component with negetie
pressure in our universe (Turper 2002b). The acistence of
thig component hes =l=o been independently indicated by
other ob®rvations such == the angular sire..medshift
relztions for compact radio sources 05 uivits, Kellermann,
& Frey 1000; Vistwakarra 2001; Lima & Aleaniz 2002;
Chen & Ratra 2003) and FR |Ib radio galcies (G uera,
Craby, & Wizn S000; Daly & Guema®002 Podariuet 2l 2003),
the =ge edtimates of old high-redshift gakcies (Dunlop
2t =l 1996; Krauss 1997, A kaniz & Lina 19990, and graw-
itational kersing (Koshaneck 1996; Ghiba & Yoshii 1999;

A0n proposal doss not s=em 1o
present Type lasu pernovaedata, unlest he universs contai ns primar by banyonic ratter.
Subject head ng=s cosmological pararmeters |, cosmology: theory |,

a2

Aurvivethe ragnitude redshift test forthe

distancesak |, supernovas genersl

Furarnzse & Hamans 1999; Jain)
Chymara et sl 2002; Sereno H005
Meither 2 cosmological const
prent candidatesfor the uni
howarer, void the cognic coincidence pmbla’n.. whiy the
densities of dark eremy and dark ratter ans compasblg
today (another rélated butdistinet di culty isthe " netun
ing pmblem; e Carnoll &t al. 1992 foradizusion of thig
point). A kbough the tracking “eid modsl (Zlanaf Wang =1
Srei nhardt 1999) powvides 2 posij
lerm, & corinzing dark energy
particke physics isstill far o .
acplore aternative possibilities)
(e =yet, Dvali, & Gabarzrize 23
an attered theony of grvitation (Behn e
recenthy, Freess & Lawis (2002) proposed the Cardﬁlan
acparsion serario  in which the #andard Friedrann
Robertzon -Walker (FRW ) equation izmod i ed asfollows

HE %A a4

b
where H  R=R is the Hubbl
of cosmic time, R isthe <alef
the energy dersity of matter
FRW equation, B W0, To be
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equation (1) areequal, =stha s=cond pammeterof the Car
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The paper is ofg=nized as follows. Section I intoduces
the basic equations of the rodel Section II exploms e
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= 1997, Akaniz & Lirna 1999), and grav-
K ochaneck 1996; Shiba & “oshii 1999;
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ABSTRAGCT
Thedigtant Type |2 supernovee data compiled by Perlmutter 2 @l ae usd o anahTe the Cardasian
escpansion seenari, whichwasreent b proposed by Fresse & Lavis=asan altemative o acosmologicsl con-
stant {or mo e generally adark enengy oo rmpa et ) in @cp Eining thecu rrent b scceslersting unvers. We show
that theallowed intenals far nand Zeg, the two parameters of the Gardassian rmodel, will give rie=to auni-
wers with 2 weny low ratter dersity, which can hardly be reeoneiled with the current valve derived from the
reEsurermnentsof tha cosmic microwswe bec kgro und anisotropy and gal=eay clusers (ol uster banyon fraction).
Asa reult, this Cardzssian acpansion proposal does not S=em to sunvivethe megnitude redshift test for the
presnt Type |asupernovaedata, unlessthe universe contai e primari by baryo nic matter.
cosmology:theony |,

distancealke |, supernovas general

Futamnzse & Hamara 1999; Jain etal. 2001; Dev et al. 2001;
O hymma et 2l 2002; Sereno 2002).

Meither 2 cosmnological constEnt nor = qulnhaaame the
prent candidatesfor ion
bowaver, =void the cognic coincidence problem,, why the
densities of dark epemy and dark matter are oo mpamb e
tod=y (another redated bt distinet i culty isthe * netun-
ing problern; se Carmoll &t al, 1902 fora disussion of this
point). A kbough thetracking “eld modd (Z l=tar, Wang, &
Sreinhardt 1999) provides a possible resolution 1o thisprob-
lern, = corinzing dark energy modd with 2 30lid basis in
particle physics isstill far o . Thergfore, it is desimble to
acplore atternative possibilities, such == higher dimersiore
(D myet, Dali, & Gabadsdye 2002; Gu b Hwang 2002) or
an atered theony of gewitation (Behnke st al. 2002). Wery
recenthy, Freess & Leawis (2002) proposed the  CandessiEn
acpansion erario i which the standard Friedmann-
Robertzon -Walker (FRW) equation izmod i ed ==follows

HZ%A pEB"; At

where H - R=R i= the Hubble pammater == 2 function
of cogmic time, R isthe alefactorof the universs and i
the energy dersity of matter and radistion. In the usml
FRW equation, B W0, To be condstent with the usml
FRW result, ore should take A W8 G=3. It is con-
wenient 1o use the redshift zeq, 3t which the two terms of
equation (1) are equal, asthe =cond pammeter of the Car-
damsian rodd. |n this pararnaerization of (n; Zag), it &0 be
shawen that (Freaa& Lewiz2002)B WH 261 1] z«-,,ﬁ”‘

Wh b P " where o iz the matter denst ofthe
universeat the praant timeznd Ho % 100 hkms Thipe !
isthe Hubble constant. This particular proposal is wery
intriguing becauss the sxpansion of the universs will b
axcelerated automaticalhy l=ter withomt amy dark enengy
cornponent,, thesseond term, which rey arise == a oo nee-
quence of brane world cognologies, dominates =t 2 ke
epochand drivesthe acceleration of the universs 1t isvalua-
ble to acplom the agreement of the Gard=esian acpansion
rodel with the currently =sailEble cosmological obena-
tion datm, == suggested by Freese & Lewis (2002), who
proposed this senario. |n =2 previous paper, the authors
henie u=ed the mocent messurenentsof the angular size of
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Everybody talks about the dark energy,

but nobody does anything about it.
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Matthew
SUPERNOVAE
The Supernova Cosmology Project [S. Perlmutter, S. D \ | 1
Goldhaber, D. Groom, I. Hook, A. Kim, M. Kim, J. Lee, J. : I Eatﬂ)ro"' Ivan R Klm
C. Pennypacker, and I. Small, Lawrence Berkeley Lab. and = . : .
for Particle Astrophysics; A. Goobar, Univ. of Stockholm; e {
CNRS, Paris; R. Ellis and R. McMahon, Inst. of Astronomy .'

Cambridge; and B. Boyle, P. Bunclark, D. Carter, and M. I " 'f-
Royal Greenwich Cbs.; with A. V. Filippenko and A. Barth (Univ. of & -
California, Berkeley) at the Keck telescope; W. Couch (Univ. of =
N.S.W.) and M. Dopita and J. Mould (Mt. Stromlo and Siding Spring

Obs.) at the Siding Spring 2.3-m telescope; H. Newberg (Fermi
National Accelerator Lab.) and D. York (Univ. of Chicago) at the
ARC telescope] report eleven supernovae found with the Cerro Tololo
(CTIO) 4-m telescope in their 1995 High Redshift Supernova Search:
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