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1978 Nobel Prize
INn Physics
= Arno Penzias and Robert
Wilson

= For the discovery of cosmic

microwave background
radiation

A MEASUREMENT OF EXCESS ANTENNA TEMPEEATURE
AT 4080 Mc/s

free from seasonal variations (July, 1964-April, 1965). A possible explanation for the

observed excess noise temperature is the one given by Dicke Vilkinson

(1965) 1n 2 companion letter in this 1ssue,

E.W. WiLson
May 13, 1965

BELL TerEppoNe Lasoratories, Inc The Astrophysical Journal 142(1965)419

Crawrorp Hine, Horupern, New Jenrsey




2006 Nobel Prize in Physics

P

Cosmic Background Explorer

= John Mather and George Smoot



2011 Nobel prize in Physics

= Saul Perlmutter, Brian P. Schmidt and
Adam G. Riess

= for the discovery of the accelerating expansion of the
Universe through observations of distant supernovae

# Sl
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= Sidney van den Bergh: The curious case of
Lemaitre’s equation 24, arXiv:1106.1195
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SRR TIXHIBRSN TLVSEFT (1

période de la lumiére regue et df, peut encore étre considéré comme la
période d’une lumiére émise dans les mémes conditions dans le voisinage
de Pobservateur. En effet, la période de la lumiére émise dans des condi-
tions physiques semblables doil étre partout la méme lorsqu'elle est
exprimée en temps propre.

v _ A, _ Ry :

¢ ~n 1= R, 1 (22
mesure donc I'effet Doppler apparent di 4 la variation du rayon de 'uni-
vers. It est égal @ Uexcés sur Punité du rapport des rayons de U'univers a
Uinslant o la lumiére est recue el & Uinslant ot elle est émise. v est la
vitesse de I'observateur qui produirait le méme effet. Lorsque la source est
suffisamment proche nous pouvons écrire approximativement

v _R,—R, _dR _R R

2 =8 = T dte=

e R, R R R
ou r est la distance de la source. Nous avons donc

R" "
R e (23)
Les vitesses radiales de 43 nébuleuses extra-galacliques sont données

— 6 —

_par Stromberg (1)

La grandeur apparente m de ces nébuleuses se trouve dans le travail de
Hubble. Il est possible d’en déduire leur distance, car Hubble a montré
que les nébuleuses extra-galactiques sont de grandeurs absolues sensible-
ment égales (grandeur — 15,2 4 10 parsecs, les écarts individuels pouvant
atteindre deux grandeurs en plus ou en moins), la distance » exprimée
en parsecs est alors donnée par la formule log 7 = 0,2m - 4,04.

On trouve une distance de I'ordre de 10° parsecs, variant de quelques
dixiémes a 3,3 millions de parsecs. L'erreur probable résultant de la
dispersion en grandeur absolue est d’ailleurs considérable. Pour une
différence de grandeur absolue de deux grandeurs en plus ou en moins,
la distance passe de 0,4 4 2,5 fois la distance calculée. De plus, Perreur &
craindre est proportionnelle 4 la distance. On peut admettre que pour une
distance d’un million de parsecs, 'erreur résultant de la dispersion en
grandeur est du méme ordre que celle résultant de la dispersion en

vitesse propre de 3000 Km. égale  la vitesse propre du soleil par rapport
aux uébuleuses. On peut espérer éviter une erreur systématique en

donnant aux observations un poids proportionnel & - e = ot 7 est la
V r

distance en millions de parsecs.

_{'1 Analysis of radial velocities of globular clusters and non galactic nebulae. Ap. J.
Yol. 61, p. 433, 1925. M* Wilson Contr, Ne 292.

Utilisant les 42 nébuleuses figurant dans les listes de Hubble et de
Stromberg (), et tenant compte de la vitesse propre du soleil (300 Km.
dans la direction « = 315°, b = 62°), on trouve une distance moyenne de
0,95 millions de parsecs et une vitesse radiale de 600 Km./sec, soit
625 Km./sec a 10° parsecs (*).

Nous adopterons done

R’ v 625 < 10° ]
RT 7¢ 10°x3,08x 107" x 310" |

0,68 x10-%em—'  (24)

Cette relation nous permet de calculer Ro. Nous avons en effet par (16)

R’ —_ 1 - ,__:_- 2 .q : 95
R RV3 \/1 3y*+ % (25)
ol nous avons posé
R, o
V=R (26)
D’autre part, d’aprés (18) et (26),
RI=R.y @7).

et donc

g R\ pe _1—38y°+2° |
"\H) R, = 1= (28)

Introduisant les valears numeériques de }[:j (24) et de Rg (19), il vient:
y =10,0465.
On a alors :
R =ReVy=0215Reg=1,83 x 10 ecm. =06 x 10° parsees
Roe=Ry=Re y; =85 x 10® cm. = 2,7 x 1(F parsecs

=9 x {10 années de lumiére.

vitesse. En elfet, une différence d’éclat d’une grandeur correspond 4 une -

(') 1l n’est pas tenu compte de N. G. C. 5194 qui est associé a N. 6. G. 5195. L'introduc-
tion des nuées de Magellan serait sans influence sur Je résultat.

(*) En ne donnant pas de poids aux observations, on trouverait 670 Km./sec &
1,46 ¢ 10° parsees, 575 Km./sec 4 105 parsecs. Cerlains auteurs ont cherché a mettre en
évidence la relation entre v et » et n’ont oblenu qu’une trés faible corrélation entre ces
deux grandeurs. L'erreur dans la détermination des distances individuelles est du méme
ordre de grandeur que I'intervalle que couvrent les observations et la vitesse propre des
nébuleuses (en toute direction) est grande (300 Km./sec. d'aprés Stromberg), il semble
dunc que ces résultats négatifs ne sont ni pour ni contre 'interprétation relativistique de
I'effet Doppler. Tout ce que I'imprécision des observations permet de faire est de supposer
v proportionnel & 1* et d'essayer d'éviter une erreur systématique dans la détermination
du rapport v/r. Cf. LunpMaRk. The determination of the curvature of space time in de
Sitter's world M. N., vol. 84, p. 747, 1924, et STROMBERG, L. ¢.




= ERhR TIXHIFRS N TLSEFRT (2)

Les vitesses radiales de 43 nébuleuses extra-galactiques sont données
par Stromberg (*).

La grandear apparente m de ces nébuleuses se trouve dans le travail de
Hubble. Il est possible d’en déduire leur distance, car Hubble a montré
que les nébuleuses extra-galactiques sont de grandeurs absolues sensible-
ment égales (grandeur — 15,2 4 10 parsecs, les écarts individuels pouvant
attemndre deux grandeurs en plus ou en moins), la distance r exprimée
en parsecs est alors donnée par la formule log v =0,2m -+ 4,04.

On trouve une distance de Pordre de 10° parsecs, variant de quelques
dixiemes & 3,3 millions de parsecs. L’erreur probable résultant de la
dispersion en grandeur absolue est d’ailleurs considérable. Pour une
différence de grandeur absolue de deux grandeurs en plus ou en moins,
la distance passe de 0,4 4 2,5 fois la distance calculée. De plus, Perreur a
craindre est proportionnelle & 1a distance. On peut admettre que pour une
distance d’un million de parsecs, 'erreur résultant de la dispersion en
grandeur est du méme ordre que celle résultant de la dispersion en
vitesse. En effet, une différence d’éclat d’une grandeur correspond a une
vitesse propre de 300 Km. égale 4 la vitesse propre du soleil par rapport
aux nébuleuses. On peut espérer éviter une erreur systématique en

donnant aux observations un poids proportionnel 4 \/T:i—_? ou r est la
/ a

distance en millions de parsecs.

(') Analysis of radial velocities of globular clusters and non galactic nebulae. Ap. J.
Vol. 61, p. 353, 1925. M Wilson Contr. No 292,




R ERMR TIXHIFRSN TLSEFRT (3)

Utilisant les 42 nébuleuses figurant dans les listes de Hubble et de
Stromberg (1), et tenant compte de la vitesse propre du soleil (300 Km.
dans la direction o = 315°, b = 62°), on trouve une dislance moyenne de
0,95 millions de parsecs et une vitesse radiale de 600 Km./sec, soit
625 Km./sec 4 10° parsecs (*).

Nous adepier@ns donc

¢ 107 x 3,08 > 10" x 3 X 10"

() 1l v’est pas tenu compte de N. G. U, 5194 qui est associé a N. . C. 5195, Lintroduc-
tion des nuées de Magellan serait sans influence sur le résultat. |

(*) En ne donnant pas de poids aux observations, on trouverait 670 Km.jsec &
1,46 3 105 parsees, 575 Km./sec 4 108 parsees. Certains auteurs ont cherché & mettre en
évidence la relation entre v et 1 et n’ont oblenu qu'une trés faible corrélation entre ces
deux grandeurs. L'erreur dans la détermination des distances individuelles est du méme
ordre de grandeur que I'intervalle que couvrent les observations et la vitesse propre des
nébuleuses {en toute direction) est grande (500 Km./sec. d’aprés Stromberg), il semble
dunc que ces résultats négatifs ne sont ni pour ni contre U'interprétation relativistique de
I'effet Doppler. Tout ce que I'imprécision des observations permet de faire est de supposer
v proportionnel & r et d’essayer d’éviter une erreur systématique dans la détermination
du rapport v/r. Cf. Lunpuark. The determination of the curvature of space timen de
Sitter’s world M. N., vol, 84, p. 747, 1924, et STROMBERG, L. c.
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FIGURE 1

Un Univers homogene de masse constante et de rayon croissant
rendant compte de la vitesse radiale des nébuleuses extra-
galactigues, I'Abbé G. Lemaitre Annales de la Societe
Scientifigue de Bruxelles, A47, pp.49-59 : A homogeneous
universe of constant mass and increasing radius accounting
for the radial velocity of extra-galactic nebluae, MNRAS
91(1931)483



http://adsabs.harvard.edu/abs/1927ASSB...47...49L
http://adsabs.harvard.edu/abs/1927ASSB...47...49L
http://adsabs.harvard.edu/abs/1927ASSB...47...49L
http://adsabs.harvard.edu/abs/1931MNRAS..91..483L

Stigler's law of eponymy

= No scientific discovery Is named after its
original discoverer (1980 by University of
Chicago statistics professor Stephen Stigler)

= Aharonov-Bohm effect, Alzheimer's disease, Bode's
Law Cardano's formula, Curie point, Dyson spheres
Euler's number, Euler's formula, Fermi's golden
rule, Gauss's Theorem, Gaussian distribution,
Halley's comet, Hubble's law, Kuiper belt, Snell's
law of refraction, Stigler’s Law, attributed by
Stigler himself to Robert K. Merton,
Wheatstone bridge, Yagi antenna
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Astro2010: decadal survey

m Cosmic Dawn
s New Worlds
n Physics
of the Universe

August 13, 2010

http://sites.nationalacademies.org/bpa/BPA 049810



http://sites.nationalacademies.org/bpa/BPA_049810

The Science Frontier:
discovery areas

and principal questions (1)
= Discovery areas

m ldentification and characterization of
nearby habitable exoplanets w— pin

= Gravitational wave astronomy
. BARRXF
= Time-domain astronomy zess- sz x4k

ST Hh R HE S R AR
m AStrometry sz -smorsElsE

= The epoch of reionization =&EnEEH

Tl




The Science Frontier:

discovery areas and principal qguestions (2)
= Questions:

How did the universe begin?

What were the first objects to light up the universe and
when did they do it?

s How do cosmic structures form and evolve?

What are the connections between dark and luminous
matter?

What is the fossil record of galaxy assembly and evolution
from the first stars to the present?

How do stars and black holes form?

= How do circumstellar disks evolve and form planetary

systems?

How do baryons cycle in and out of galaxies and what do
they do while they are there?

What are the flows of matter and energy in the
circumgalactic medium?



The Science Frontier:
discovery areas and principal guestions (3)

= Questions:

= What controls the mass-energy-chemical cycles within
galaxies?

m How do black holes work and influence their
surroundings?

= How do rotation and magnetic fields affect stars?
s How do massive stars end their lives?

= What are the progenitors of Type la supernovae and how
do they explode?

= How diverse are planetary systems and can we identify
the telltale signs of life on an exoplanet?

= Why Is the universe accelerating?
s What is dark matter?
= What are the properties of the neutrinos?

= What controls the masses, spins and radii of compact
stellar remnants?



“1

Dark matter ¢
and dark energy: || BEEEE S

215t century clouds i; adt| 311 )2
over the universe? [|M*¥

http://www.physics.gla.ac.uk/Physics3/Kelvin_online/clouds.htm

= Lord Kelvin @ Royal society on April 27, 1900

m beauty and clearness of theory was overshadowed
by two clouds

= Dark matter and dark energy in the 215 century
= Two dark clouds in astronomy? — No !
= Two probes of new physics? — Yes (hopefully)
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The Unknown

As we know,

There arelknown knowns.
There arelrmngmmwl we
Know.
We also
There are|known unknowns.|
That is to say

We know there are some things
We do not know.

But there are also|unknown un- |
The ones we don't know
We don't know.

—PFeb. 12, 2002, Department of
Defense news briefing

2003 SLINEEE RES IS, TBIRKAFCRESFZZAHL. T2
EHGAROIAIZLKEIEVNETUOREFERAL-. HhHYIC <L\9&§ w,;a;ﬁ &
TAHEEBELTI IV MU I IR(BRFHLGESEIZ




Observational signatures of dark matter

(1% ] [#3) (%]
1431 ) wn

= Flat rotation curves
of galaxies

Orbital speed (km/s) —=
en

= Multiple images of
guasars due to
gravitational lensing




Gaffixy Cluster SDSS J1004+4112
HST AGS/WFC HEPRT Grawtational lens

. SDS‘S JlOO4+4112

3 . Jensed e :
. (33|El)(“'|,*r ’ e
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«> | /
' O Lensed & %3
Supernova Quasar ' A
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http:// hubble3|te org/newscenter/newsdesk/archive/releases/2006/23/

Light emitted from

quasar bends around

intervening galaxy cluster,
producing lensed images*

QSO at 10 billion
light years away

Galaxy cluster at 6 billion light
years away

Gravitational lens
SDSS J1004+4112
general relativistic mirage
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Implies collision/ess dark matter

Hydrodynamlcal merger simulation

red: baryon gas
blue: collisionless dark matter

2

Head-on collision of two galaxy clusters

4

Dark matter passes through, and gas interacts, shock-heated and emits X-ray




Dark matter: |
from astronomy to physics

= Astronomical observations unambiguously
proved the existence of dark matter

n Astronomy does not require any specific form of
Lagrangian of dark matter particles

m From unknown unknowns to known unknowns
= On-going/up-coming physics experiments will
identify the elementary particle responsible for

dark matter in the universe
m Particle physics will specify the Lagrangian
m From known unknowns to known knowns



Are there any unknown unknowns that
distribute homogeneously In the universe ?

= Objects are usually identified only through
differential measurements

= Visible matter: contrast between dark and bright
regions
= Dark matter: spatial clustering dynamically and
gravitationally traced by visible stars, galaxies
and quasars
= IS it possible to identify the existence of a
homogeneously distributed component ?

n differential measurements in time domain
(cosmic acceleration, structure growth)



Expanding the expanding universe
n Expand the “size” of the universe

da
a(t) =a(t,) o

m current size:

ty

1d°a
(t_to)+§F (t_to)2+'”

[

a(t,) < the value itself has no physical meaning
= current expansion rate: the Hubble constant

da/dt
d

H, =

ty

< unpredictable: basically
determined by the initial condition
(can be either negative or positive)

m current acceleration rate: the deceleration parameter

a d‘a/dt?
qo = )
(da/dt)

[

< related to the cosmic energy
density via the Einstein eq.
(should be positive)



Universe should not be accelerated !
= Newton’s inverse square law

475
=_T(p+3p+pDE +3Ppe)a

= Pressure contributes to gravity

= Negative pressure required for acceleration
= Cosmological constant: ppe=-0 ¢
= More generally, dark energy: ppe=w 0 ¢ With w<-1/3
= General relativity iIs inaccurate at cosmological
scales ? (modified gravity theories)




Cosmic acceleration vs. dark energy

dark energy
7121x1.5%

! atom (baryon)
 4.6+0.2%
23.3+1.3%

cosmic Implies something unknown !
. acceleration

Universal repulsion?
Cosmological constant?
Dark energy?

Modified gravity?

— time
13.7 Gyr

SIVRE!
CMB

Size of the
universe




Composition of the universe

known knowns unknown )
4.6% unknowns atom Ordlnal’y matter

2% makes up merely 5
known
unknowns (baryons) percent

23%

dark matter

galaxies and clusters are
surrounded by Invisible mass an
order-of-magnitude more massive
dark energy than their visible part

even more exotic component !

homogeneously fills the universe (unclustered component)
repulsive force (negative pressure; P=-0?)

Einstein’s cosmological constant ?

or just an illusion ...




Observational signatures of
dark energy

= cOosmic acceleration
= geometry of the universe
= evolution of structure

= 4 major probes

= Supernova Hubble diagram

= Cosmic Microwave Background ,
= Gravitational lensing (galaxy imaging-survey)
m Baryon Acoustic Oscillation (ga/axy rea’sh/ft surve y)

R a




Standard ruler: baryon acoustic
oscillation (BAO) Ienth

o e S

o Sound horizon length at recombination(=c % 0.37Myr)

m =147 (Q,, h*/0.13)"?° (O, h /0.024)'008 Mpc

= Estimate the distance to the CMB last-scattering
surface using the above as a standard ruler



Acoustic oscillations detected

CMB photons S Y P L :
WMAP 3yr z=0. 1 Eisenstein et al{ |
(Spergel et aI 2007) 3 \ (2005)

0.3

. z=1000 {z

= III'.

§ 3000 I"-t 0.1 ]
> L

S

g 2000 'lg\.l\-/.l”r\l\ { s \i

< b 0.04 -

== O ZG - SDSS  gal axy N

correla’ﬂon fun@tlon 156

Comoving Separation (h-! Mpe)

r, _147(0 13/Q_h?)***(0.024/Q, h*)’* Mpc



Required accuracy of the BAO
scale measurement to constrain w

= 3% accuracy of
W requires to
determine BAO
scale at z=1
within <1%

m = Needs
bigger surveys
of galaxies

3

Nishimichi et al. (2007)



Sub-percent level accuracy Is demanding
even for theoretical templates

= Best analytic model of nonlinear gravitational
evolution: Taruya et al. (2009 2010 2011)

- z=3 x N-body simulations

. % ]
|||I|I|I||IIII||I|I=I|I‘|||||I|I|I|II|I|I|I|I|I

AL L

P(k)/Pha—wiule(k)

[PN—body(k) - PP’F(k) ]/Pno—wiggle(k)

mproved PT 3
{—J]ci Jiorn} E

*‘«1“”
U 05 0.1 I'J 15 D 2 025 03
k [h Mpe-1]

015 02 025 03
k[h Mpc‘l]

o
s




International Research Network for Dark Energy
(JSPS, core-to-core program 2007-2012)

DENET

PrincetonU. 38 0 . —— = Institut
Dept. of = =

d’Astrophysique

Astrophys. Sci. Univ. of Tokyo L de Pari
phy Res. Center for the aris

coordinator Early Universe coordinator

Edwin Turner coordinator Jerome Martin
CMB Yasushi Suto

Gravitational lens Modified gravity

Baryon oscillation Extra-dimension

backreaction
Edinburgh U. o
dark energy
Royal Obs. 72.1+1.5%
coordinator Theoretical model  atom (baryon)

Baryon oscillation dark matter J 4.6+0.2%
23.3+1.3%/
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Galaxy survey project: SuMIRe

Subaru Measurement of Imaging and Redshift of the universe

= Pl: Hitoshi Murayama (director of IPMU,
U. of Tokyo)

= Japanese Institutes in charge: IPMU, The
University of Tokyo, NAQOJ,,,

= lmaging survey with HSC (Hyper-
Suprime Cam)
= Japan + Princeton + ASIAA (Taiwan)

m Spectroscopic survey with PFS (Prime
Focus Spectrograph)

= Japan + US, Taiwan, France, Brazil,,,



HSC: Hyper-Suprime Cam

= Japan—+Princeton+ASIAA (2012-2016)
= Imaging galaxy survey (1.5deg FOV) q,r,i,z,Y
= 200 nights for 1500 deg? wide survey for weak lensing
= 100 nights for deep surveys of galaxies
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Presented at DENET-Princeton conference (2009) by Satoshi Miyazaki (NAOJ)



PFS: Prime Focus Spectrograph

s Japan+ (2016-2020 ???)
m Spectroscopic galaxy survey (1.3deg FOV)
= 2500 fibers, 10000 galaxy redshifts a night
s BAO, galactic evolution, Galactic archaeology

Angular Diameter Distance

) _ WFNMOS Prime Focus Instrument (PFI)
JPL/Caltech WFMOS
design on Subaru

BOSS 0.45<z<0.65
v=3.1h"3Gpc® (10000 deg®)

SuMIRe PFS z~1

SDSS LRGs 0.6<z< 1'63 s

o V=8.79h “Gpec

z~0.3 &
(2000 deg”)

Hubble Parameter
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presented at DENET summer school (2009) Courtesy of
by Mike Seiffert (JPL/Caltech) Masahiro Takada (IPMU)



Dark energy research is good
or bad for astronomy ?

Fundamentalist physics: why dark energy is bad for astronomy
Simon D.M. White, astro-ph/0704.2291

= Fundamentalist: high-energy experiments
= Pursuit of a single truth (LHC, WMAP)
= Huge international collaborations

= Universalist: astronomical observations
= Multi-purpose (Hubble Space Telescope, SDSS)
= Relatively small groups

= Different culture, personal perspective
and/or preference, a matter of taste



Two very successful

. but quite different !
" projects in astronomy. < ¢

HST (universalist) WMAP (fundamentalist)

An observatory An experiment
Designed for general tasks Designed for a specific task
Serving a diverse community Serving a single, coherent community
Programme bult through proposals Programme set at design
Many teams of all sizes A single moderately large team
Many results unanticipated Main results ‘planned’
Nourishes astrophysics skills Nourishes data-processing/

statistics skills
Public support as a facility Public impact through results

Simon D.M. White: astro-ph/0704.2291



Which is happier,
the town mouse or
the country mouse ?

Le Ratde Ville & le Rat des Champs.

Town mouse ? Country mouse ?

Large Hadron Collider

_ Desk-top experiments
experiments

High-energy physicists| Amateur astronomers

Germany in EU Greece In EU
dark energy extrasolar planet
cosmology hunting

Towards bigger science or downsizing ?



= no “night” on “Lagash” except the total eclipse due
to another inner planet every 2049 years

= People realized the true world for the first time
through the darkness full of “stars”

(egeH esiy)




Hopefully soon, we will recognize
that we didn’t know anything!

known knowns unknown
4.6%

unknowns

712%
known Ancient Indian picture
unknowns -

23%

= . . baryons
: s w1 === dark matter
Our current-best picture _h
of the universe “w.l. .. " darkenergy

Have we made progress at all ?



<PI>=1 MEH|? (Suto 2011)

= P: probability that a discovery/hypothesis

IS correct
= | Impact that

the discovery/hypothesis

has on science /f it Is correct
= <PI>: expectation value of the impact of

the discovery/

nypothesis
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