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,Astro” Nobel Prizes in Physics

1936 Victor F. Hess, Carl D. Anderson

1967 Hans A. Bethe

1974 Martin Ryle, Antony Hewish

1978 Kapitsa, Arno Penzias, Robert W. Wilson
1983 S. Chandrasekhar, William A. Fowler

— w1993 Russell A. Hulse, Joseph H. Taylor

2002 R. Davis, M. Koshiba, R. Giacconi
2006"3oith C. Mather, George F. Smoot



http://nobelprize.org/nobel_prizes/physics/laureates/1936/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1936/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1936/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1983/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2002/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2006/index.html
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Saul Perimutter Brian P. Schmidt Adam G. Riess

The Nobel Prize in Physics 2011 was divided, one half awarded to Saul Perlmutter,
the other half jointly to Brian P. Schmidt and Adam G. Riess "for the discovery of
the accelerating expansion of the Universe through observations of distant
supernovae”.
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Hubble time and the age of the Universe

Hubble const. Hubble time  Universe’s age

H 1/H 2/3H
km/sMpc Gyr Gyr
50 19.5 13.04
65 15 10.0
70 9.3
75 8.7
100 9.8 6.52

500 2 1.3
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1948: Gamow and Alpher: Big Bang theory of the Universe
Remaining radiation about 5 Kelvin. (now called CMB)
Penzias and Wilson found it. Nobel Prize 1978!
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COBE (November 18, 1989)

The CGBE Jatellice
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http://en.wikipedia.org/wiki/November_18
http://en.wikipedia.org/wiki/1989

April 23, 1992,
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Standard Cosmology.

ITk=0 and A =0 the critical density
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Different Universe models

[
Ou=030,=07 X

Fams”

Average distance between galaxics

Ly : . . ' i
-137 0 -10 -5 0 5 10 15
Billions of years from now
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»History” 1.

1938 Walter Baade: SN as distant indicator

1983 Nobel Prize
Chandrasekhar limit (1.4 Solar mass)
Fowler nuclear reactions (SN 1a)

80" British-Danish 1.5 m telescope
2 high-z SN for two years, one iIs la z=0.31
For a good statistics, 200 years needed

11. Zimanyi Winter School
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la supernova

The progenitor of a Type la supernova

o0 N ..

...which spills gas onto the
Two normal stars The more massive secondary star, causing it to
arein a binary pair. star becomes a giant... expand and become engulfed.

The secondary, lighter star | The common envelope is

pe T —— = - :
star spiral toward within between the core and the the giant collapses and - .

and the core of the giant | ejected, whilethe separation  The remaining core of
a common envelope. secondary star decreases. becomes a white dwarf.

The aging companio ihe white g4
star starts swelling, spilling’ increases until it freaches a
gas onto the white dwarf. critical mass and explodes... star to

...causing the companion
e ejected away.
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,»History” 1l.

1988 Saul Perlmutter (Lawrence Berkeley National Laboratory)
Supernova Cosmology Project (first high z 1992)

1993 Hamuy and Mark Phillips standardization

1994 Schmidt and Robert Kirshner
High-z Supernova Search Team

., The HZT article 1s based on observations of 16
SNe la mainly analyzed by Adam Riess”
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20-100 _ gy M— %
fields I Scheduled follow-up spectroscopy
H at Keck and ESO telescopes

#

galaxies per

field d Scheduled follow-up

C mmETE
- o [ Hubble, Cerro

Tololo, WIYN, Isaac

Almost 1000 /‘III

S g Newton and ESO telescopes
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R A dozen type la supernovae Keck

discovered while still
brightening

Cerro Tololo
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THE ASTROPHYSICAL JOURNAL, 517:565-586, 1999 June 1
@ 1999. The Amercan Astronomical Society. All rights reserved. Printed in U.S.A.

MEASUREMENTS OF @ AND A FROM 42 HIGH-REDSHIFT SUPERNOVAE

S. PERLMUTTER,' G. ALDERING, G. GOLDHABER,' R. A. KNoP, P. NUGENT, P. G. CAsTRO,? S. DEUSTUA, S. FABBRO,?
A. GooBar,* D. E. GrooMm, I. M. Hook,® A. G. Kim,® M. Y. Kiv, J. C. Leg,” N. J. NUngs,? R. Pan,?
C. R. PENNYPACKER,® AND R. QuUIMBY
Institute for Nuclear and Particle Astrophysics, E. O. Lawrence Berkeley National Laboratory, Berkeley, CA 94720

C. LIDMAN
European Southern Observatory, La Silla, Chile

R < Frprss, M. IRwIN, AND R, G. McMAHON
AND ute of Astronomy, Cambridge, England, UK

W. J. CoucH P. RUiz-LAPUENTE
Unjversity of New South Wales, S]’dﬂﬂjf, Australia Astronomy, University of Barcelona, Barcelona, Spain

N. WALTON
(THE SUPERNOVA COSMOLOGY PROJECT)  |q.c Newton Group, La Palma, Spain
Received 1998 September 8 ; accepted 1998 December 17 B. SCHAEFER

THE ASTRONOMICAL JOURNAL, 116:1009-1038, 1998 September
© 1998, The American Astronomical Society. All rights reserved. Printed in U.S.A.

OBSERVATIONAL EVIDENCE FROM SUPERNOVAE FOR AN ACCELERATING UNIVERSE
AND A COSMOLOGICAL CONSTANT

ADAM G. RiEss,! ALEXEI V. FILIPPENKO," PETER CHALLIS,”> ALEJANDRO CLOCCHIATTL® ALAN DIERCKS,*
PETER M. GARNAVICH,> RON L. GILLILAND,? CRAIG J. HOGAN,* SAURABH JHA,> ROBERT P. KIRSHNER,?
B. LEBUNDGUT,® M. M. PHILLIPS,” DAVID REISs,* BRIAN P. ScHMIDT,®® ROBERT A. SCHOMMER,’

R. CHris SmrtH,”*'? J. SPYROMILIO,® CHRISTOPHER STUBBS,*
NIcHOLAS B. SUNTZEFF,” AND JOHN TONRY'!
Received 1998 March 13 ; revised 1998 May 6



THE ASTROPHYSICAL JOURNAL, 507 :46—63, 1998 November 1
(© 1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE HIGH-Z SUPERNOVA SEARCH: MEASURING COSMIC DECELERATION AND GLOBAL
CURVATURE OF THE UNIVERSE USING TYPE Ia SUPERNOVAE!

BriaN P. SCHMIDT,?> NICHOLAS B. SUNTZEFE,” M. M. PHILLIPS,” ROBERT A. SCHOMMER,® ALEJANDRO CLOCCHIATTI,
ROBERT P. KIRSHNER,” PETER GARNAVICH,” PETER CHALLIS,” B. LEIBUNDGUT.,® J. SPYROMILIO,” ADAM G. RIESS,”"’
ALExE1 V. FILIPPENKO,” MaARIO HaMuy,? R. CHris SMiTH,*® CrAIG HoGAN,!” CHRISTOPHER STUBBS,!”
ALAN DiERCKS,'? DaviD REiss,'? RoON GILLILAND,!! JOHN TONRY,!? JOSE Maza,!?
A. DRESSLER,'* J. WALSH,® AND R. CIARDULLO'?
Received 1997 December 30 ; accepted 1998 June 10

ABSTRACT

The High-Z Supernova Search 1s an international collaboration to discover and monitor Type Ia
supernovae (SNe Ia) at z > 0.2 with the aim of measuring cosmic deceleration and global curvature. Our
collaboration has pursued a basic understanding of supernovae in the nearby universe, discovering and
observing a large sample of objects and developing methods to measure accurate distances with SNe Ia.
This paper describes the extension of this program to z > 0.2, outlining our search techniques and
follow-up program. We have devised high-throughput filters that provide accurate two-color rest frame
B and V light curves of SNe Ia, enabling us to produce precise, extinction-corrected luminosity distances
in the range 0.25 < z < 0.55. Sources of systematic error from K-corrections, extinction, selection effects,
and evolution are investigated, and their effects estimated. We present photometric and spectral obser-
vations of SN 1995K, our program’s first supernova (SN), and use the data to obtain a precise measure-
ment of the luminosity distance to the z = 0.479 host galaxy. This object, when combined with a nearby
sample of SNe, yields an estimate for the matter density of the universe of Q,, = —0.27}-2 if Q, = 0. For
a spatially flat universe composed of normal matter and a cosmological constant, we find Q,, = 04703,
Q, = 0.670%. We demonstrate that with a sample of ~30 objects, we should be able to determine rela-
tive luminosity distances over the range 0 < z < 0.5 with sufficient precision to measure Q,, with an
uncertainty of +0.2.

Subjétt RERingy e S5 8ology : observations — galaxies: distances and redshifts — supernovae: generdl —
supernovae: individual (SN 1995K)
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Fig. 3—Light curves of high-redshift SNe Ia. B ( filled symbols) and V (ppen symbols) photometry in the rest frame of 10 well-obse
th B increased by 1 mag for ease of view. The lines are the empirical MLCS model fits to the data. Supernova age is shown relatiyg to Br




i é#, VETENSKAPS
&%/ AKADEMIEN

THF RITAAL S SR ACADERY OF SCIFRCES

by the success of the Supernova on Demand strategy and motivated by the
mmportance of the gquest for g, Bnan Schomdt of the Mount Stromlo Observatory m
Aunstraha orgamized, m 1994, a competmg collaboration, comsisting of supemova
experts, backed by the renowned scientist Fobert Kirshner — the High-z Supemova
Search Team (HZT). Ower the following years the two collaborations independently
searched for supemovae, often but not always at the same telescopes. Like S5CP, HZT
could successfully demonsirate the validity of the chosen sirategy, finding batches of

SNe at or close to maxmoum light that then could be followed up by spectroscopic
observations (see Fig. 1).

1997ck
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11, Zmaﬁ%er%cime of the high redshift supernovae of fype Ia for which the HZT

boration [27] could measure the magnitude, i.e, the luminosity, both before and
ﬂﬁﬂ'ﬂl‘ﬂﬁﬂkﬁﬂlﬂﬂﬂb‘
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Figure 2. The left-hand panel shows the results of fitting the SCP supernova data to
cosmol&gicer] medels) with arbitrary Qy and Qp [28]. The right-hand panel shows the
corresponding results from HZT [27].
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LINEAR SCALE OF UNIVERSE RELATIVE TO TODAY
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Fic. 4—MLCS SNe Ia Hubble diagram. The upper panel shows the
Hubble diagram for the low-redshift and high-redshift SNe Ia samples with
distances measured from the MLCS method (Riess et al. 1995, 1996a;
Appendix of this paper). Overplotted are three cosmologies: “low™ and
“high” €, with {2, = 0 and the best fit for a flat cosmelogy, £, = 0.24,
Q,=0. ?15 %&%W@Mz%ﬁ%lmﬁ difference between data and
models with 0, =020,Q, = 0. The open symbel is SN 1997ck (z = 0.97),
which lacks SpECtrOSEOplc classification and a color measurement. The
average difference between the data and the €@, = 0.20, €2, = { prediction

0.01 0.10 1.00
z

F1G. 5—Am .(B) SN Ia Hubble diagram. The upper panel shows the
Hubble dia Eram for the low-redshift and high-redshift SNe Ia samples with
distances measured from the template-fitting method parameterized by
Am, (B) (Hamuy et al. 1995, 1996d). Overplotted are three mec:lcames
“l-:m " and “high™ Q,, with £}, = 0 and the best fit for a flat cosmology,
Q= 020, 02, = 0.80. The bottom panel shows the difference befgreen
data and models from the £2,, = 0.20, £}, = 0 prediction. The open symbol
is SN 1997ck (z = 0.97), which lacks spectroscopic classification and a
color measurement. The average difference between the data and the



From |. Csabai. The SDSS team was asked.

THE ASTROPHYSICAL JOURNAL, 560:49-71, 2001 October 10
© 2001, The American Astronomical Society, All rights reserved. Printed in U.SA,

THE FARTHEST KNOWN SUPERNOVA: SUPPORT FOR AN ACCELERATING UNIVERSE AND A
GLIMPSE OF THE EPOCH OF DECELERATION!

ApAM G. Riess,? PETER E. NUGENT,® RONALD L. GILLILAND,? BRIAN P. ScHMIDT,* JOHN TONRY,” MARK DICKINSON,?

RODGER 1. THOMPSON,® TAMAS BUDAVARI, STEFANO CASERTANO,- AARON S. EVANS,® ALEXEI V. FILIPPENKO,’
MARIO Livio,”? DAVID B. SANDERS,> ALICE E. SHAPLEY,'? HYRON SPINRAD,® CHARLES C. STEIDEL,?

DANIEL STERN,!! JASON SURACE,'? AND SYLVAIN VEILLEUX'®
Received 2001 March12; accepted 2001 May 18
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Broadhurst, T. J.; Ellis, R. S.; Koo, D. C.; Szalay, A. S.
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Fig. 2b. As Figure 2(a), but in x, and for a flat-model family with vacuum and dust.




INFLATION AND COMPACTIFICATION FROM GALAXY
REDSHIFTS?

G. PAAL
Konkoly Observatory of the Hungarian Academy of Sciences, Budapest, Hungary

[. HORVATH and B. LUKACS
Central Research Institute for Physics, Budapest, Hungary

(Received 9 July, 1991)

Abstract. The distribution of galaxies in the pencil-beam surveys of Broadhurst ez al. which proved periodical
across 8-10 consecutive steps in a flat dust model with g, = 0.5 is found to reveal extended periodicity up
to 16-17 phase-coherent steps, covering the total sample, in a flat, moderately inflationary model with
go = — 0.5 (vacuum/dust ratio 2/1). In the latter model the vacuum component helps to reach the critical
density and lengthens the expansion time-scale. It is shown that the explanation of the found periodicity
as a consequence of space compactification as suggested by G. Paal twenty years ago in connection with
apparent quasar periodicities is still possible.




lpwer density lensing
COSMOLOGICAL PARAMETERS AND REDSHIFT n ‘ . L
2.0 - ELgIng 65
PERIODICITY ’ P e T
, 1. T
AGNES HOLBA, I. HORVATH, B. LUKACS f | k=0 I
Central Research Institute for Physics, Budapest, Hungary f(:l ,‘ + ~
and i ‘ ' * g 1
00 0 ] / 'f % \
G. PAAL 4 | time 2/3 s
Konkoly Observatory of the Hungarian Academy of Sciences, Budapest, Hungary _ p 4 \ * ,,
- | '
) / \
(Received 21 January, 1992) 4 - I
-2.0 7 '
Abstract. This work is the continuation of the search for such a cosmological model using which the . LU I L R O B B L B B
redshift distribution of galaxies in the sample of Broadhurst et al. (1990) turns out to be maximally 0.0 1.0 2.
in the calculated spatial distance. In a previous work, Padl et al. (1992) have demonstrated that a
flat models with non-negative cosmological constant (i.e., vacuum density) the one with a vacuum:i QO

2: 1 provides the optimum. Now we extend that study to the case of arbitrary space curvature auw wuu
equally good periodicity in a surprisingly wide range of models. By use of the dimensionless parameters
Qg = Polfere and Ay = AJ3HZ acceptable periodicity is obtained for al/ points of the parameter plane within
the strip between the parallel lines 0.83Q, - 0.30 < 4,(Q,) < 0.83Q, + 0.85 (@, < 1.8), whilst the best
periodicities appear along the line A, = 0.83Q, + 0.39 fitting to the previous optimum at Q, = 1, A, = 2. Any
nonpositive value of 4, gives bad periodicity unless the space curvature is strongly negative and Q; < 0.4,
Fairly good periodicity is observed only in the range of the deceleration parameter -1.2 <g,<0.2,
corresponding to a small or even negative total gravitational attraction and an expansion time-scale longer
than usually expected.




ONCE MORE ON QUASAR PERIODICITIES

AGNES HOLBA, 1. HORVATH and B. LUKACS
Central Research Institute for Physics, Budapest, Hungary
and
G. PAAL
Konkoly Observatory of the Hungarian Academy of Sciences, Budapest, Hungary

{Received 5 April, 1994; accepled 20 June, 1994)

Abstract. In an earlier paper Arp, Bi, Chu and Zhu investigated various quasar samples and recog-
nized a periodicity of remarkable degree in them. Their conclusion was that the existence of such
a periodicity is a counterevidence against the cosmological origin of quasar redshifis. Since this
guestion is of great importance in a cosmological context, here we reanalyze some of the
together with a galaxy sample of the pencil-beam survey of Broadhurst er al. Our result is that on
the plane of cosmological parameters ({2, Ao) there is a non-negligible region where two quasar
samples and the galaxy sample are simultancously fairly periodic. Pure periodicity is still compatible
with cosmological principles, at least on length scales much longer than the period length. So the
regularities can fit into a cosmological context.

1. Introduction

Four years ago Arp er al. (1990) called attention on some periodicity in quasar
redshifts. This periodicity seems quite significant, and appears in various samples
selected in different ways. The fact behind is some aggregations of quasars near
the redshifts 0.06, 0.30, 0.60, 0.96, 1.41, 1.96, 2.6 and 3.5; five of these peaks were
reported already in the earlier literature. In the variable In(1 + z) these peaks are
almost equidistant with the step length 0.206. Confidence levels have been reported
above 99%.

Arp et al. give an extensive analysis of the problem, and here we do not want
to question the existence of such a regularity, but would rather like to put it
into cosmological context. Recently we have analyzed a galaxy sample measured
by Broadhurst er al. (1990). The sample goes up to z = 0.4, and shows also
some regular peaks. Galaxy spectra are measured and interpreted much better
than quasar ones, and anyway, galaxies are seldom believed to be local objects.
Our question was: do such Universe models exist in which the peaks (“walls™)
are tendencionally equidistant? Otherwise the Universe would be anthropocentric:
growing or shrinking steps of a structure of thousand Mpc's would point to a
cenler near us. Such cosmologies are improbable. It have turned out that in a
fairly substantial (A, go} region the galaxy peaks are roughly equidistant, and the
parameter values are compatible with the well established observational constraints
(Padl et al., 1992; Holba et al., 1992),

Now, one may observe that for A = 2 = 0 (where 2 = p/p,,) in a collinear
sample the cosmological comoving distance is proportional to In(1 4 z), which

. 11. Ziménnginter School
Astrophysics and Space Science 223: 65-83, 1994,
© 1994 Kluwer Academic Publishers. Printed in Belgium.
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Fig. 8. The admissible region of regularity on the (€2, A¢) plane. Solid: 80% significance border
of regularity for galaxies. Long dash: Same for radio quasars. Short dash: Same for optical quasars.

Dotted: Lower density limit. Hatched: The admissible region.
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Fig. 8. The admissible region of regularity on the (€2, A¢) plane. Solid: 80% significance border
of regularity for galaxies. Long dash: Same for radio quasars. Short dash: Same for optical quasars.
Dotted: Lower density limit. Hatched: The admissible region.

N

08}

06

0.4

0.2}

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

0.%.

Qu

Union2 SN la
Compilation
&
BAO
A
%
0 0:2 04 0.6 0:8

1.0

0.0 0.5 1.0 1.5 2.0 2.5




‘lll!ll'lllllllll 3.llllIIIIIIIIIII.I_IA>III‘III,III-

_05
on o
2 N Q{Ox 71
- 1
e a 1 s
4 2092
j: Qo 22
expands forever -
------------------------------ gy A
recolla PS> VAU | Expands to Infinity
& OF Recollapses ¢ 1o -
o : i
A=0 0 j
-1r Universe 900 7 L
7] | Am(B)
111||||||||1||||||1|.' A -1-|||||||||||.|.|||. |
0 1 ) 3 0.0 0.5 1.0 1.5 2.0 2.5
QM £2M

Figure 2. The left-hand panel shows the results of fitting the SCP supernova data to
cosmol&gicer! medels) with arbitrary Qy and Qp [28]. The right-hand panel shots the
corresponding results from HZT [27].
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Photo: Roy Kaltschmidt. Courtesy
Lawrence Berkeley National Laboratory National University

Saul Perimutter Brian P. Schmidt Adam G. Riess

The Nobel Prize in Physics 2011 was divided, one half awarded to Saul Perlmutter,
the other half jointly to Brian P. Schmidt and Adam G. Riess "for the discovery of
the accelerating expansion of the Universe through observations of distant
supernovae”.
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