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§Amer/can Association for the
Advancement of Science (AAAS )

evws staff on 25 big
questions facing science over the next
quarter-centurys
<= Ywhatls the Universe hlade OFT I #l C@D
vwhatis tl"ll—'ﬁl__lllll_:ll*:il Basis of
Consciousness*?
vwhy Do Humans Have So Few Genes™?
= Towvwwhat Extent &Are Geneetic ™
Fersonal Health Linked™?
July 1, 2005 = Can the Laws of Physics Be Unitfied™”?
Howw hMiuch Can Human LitTe Span B
Extended™??
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s WHAT DON WE KNOW?

Sariation anmnd
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Science Magazme = vwhat Controls Organ Regeneration?
= Howw Can a Skin Cell Become a Nerve
125th anni e
annlversary = Howw Does a Single Somatic Cell Become
a vYwhaole FPlant™?
Howw Does Earth's Interior Ywork
Are Ywe Alone in the Universe 2
= Howw and Yhere Did Llite aon Earth Arise ?

':‘
= vYwhat Determines Species Diversity™?

= Ywhat Genetic Changes hvilade Us
UnNniquely Human?
= Howw Are Memories Stored and

Retrieved ™

Howw Did Cooperative Behavior Evolve ™
Howw YWill Big Ficitures Emerge from a Se3
of Biological Data“?
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What 1s the Universe made of ?
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What do we know about our Universe?




We know much,
we understand
very little.

959% of the cosmic
matter/energy iIs a

mystery. It has never
been observed even in
our best laboratories

25% of the universe:
a mysterious new particle
(dark matter)

70% of the universe:
the energy of empty space

5% of the
universe:
ordinary matter




Radiation:
| 0.005%

Chemical Elements:
(other than H & He)0.025%

0.47%

Cold Dark Matter:
(CDM) 25%

Dark Energy (A):

+ inflationa rturbations
Al 70%

+ baryo/lepto genesis
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Invisible Atoms
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Cold Dark Matter
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Looking into outer space means looking back in
time. When you look at a galaxy a million light

years away, you are looking at it as it was a million
years ago. Looking at the sky at night is like
reading the .

The Andromeda galaxy

Looking into inner space - into the
structure of matter - also provides a view
back in time. Experiments today collide
together particles at the highest possible
energies in order to penetrate into the
deepest layers of matter.

in the initial instants after
the Big Bang with which the Universe
began.

observations
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To study high energy particle collisions under
more controlled conditions, particle
physicists use laboratories such as CERN,
where high-energy particle colliders mimic
the actions of cosmic rays in the atmosphere.
Nowadays, these experiments reach energies
that were common in the Universe only in the
first instants of its existence.

Antimatter RYE

For each of the basic particles of
matter, there also exists a "mirror

version - or antiparticle - in which
properties such as electric charge
are reversed.
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Is the Atom Fundamental ?

| |
Periodic Table of Q

o fheElements o People soon realized that they could could

I"Li_H categorize atoms into groups that shared
I similiar chemical properties (as in the Periodic =
Table of the Elements). This indicated that =4
atoms were made up of simpler building %
blocks, and that it was these

: . g c - - - . . (| 2 the Ver
simpler building blocks in different combinations that determined which i

atoms had which chemical properties. MOGeIT Wiajor ALom)

Moreover, experiments which "looked" into an atom using particle probes indicated that atoms had
structure and were not just squishy balls. These experiments helped scientists determine that atoms
have a tiny but dense, positive nucleus and a cloud of negative electrons (e’).

Is the Nucleus Fundamental?
2

Because it appeared small, solid, and dense, scientists
originally thought that the nucleus was fundamental.
Later, they discovered that it was made of protons (p*),
which are positively charged, and neutrons (n), which
have no charge.




So, then, are protons and neutrons fundamental?

Physicists have discovered that protons and neutrons are
composed of even smaller particles called quarks.

As far as we know, quarks are like points in geometry. They're not
made up of anything else.

After extensively testing this theory, scientists now suspect that
quarks and the electron (and a few other things we'll see in a
minute) are fundamental

The Modern Atom Model

Electrons are in constant motion around
the nucleus, protons and neutrons jiggle
within the nucleus, and quarks jiggle
within the protons and neutrons.

This picture is quite distorted. If we drew the atom to
scale and made protons and neutrons a centimeter in
diameter, then the electrons and quarks would be less
than the diameter of a hair and the entire atom's
diameter would be greater than the length of thirty
football fields! 99.999999999999% of an atom's volume
is just empty space!




ordinary matter  EEEY)E

Molecule Atom Atom nucleus Proton/neutron Quark

Only four kinds of building block are needed to account for all of ordinary matter.

up-guarks and down-quarks Ff1 &5
electrons and electron-neutrinos &+ F1E FH il F

T ERmEEE R ?

Particles are stuck together by forces: four kinds of forces
gravity 2777  weak 55{EF /] electromagnetic EE/i{EHA /] strong 5H{ER 1)
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The Standard Model

Ilementary Particles
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The Standard Model is a good theory. Experiments
have verified its predictions to incredible precision.




1KY ?  Quarks and Leptons

As you have read, everything from galaxies to
mountains to molecules is made from quarks
and leptons. But that is not the whole story.
Quarks behave differently than leptons, and
for each kind of matter particle there is a

corresponding antimatter particle.
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T he Generations of Matter

In fact, when the muon was discovered physicist |l.I. Rabi asked,

| VWho ordered
THAT!?!1?

So why do we have generations of matter at all? Why three of them?

RATTEVEER IR ? RAAEXRE=A7
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»"'1’ The Nobel Prize in Physics 2008
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Why is there something instead of nothing? Why are there so many different elementary particles? This
year’s Nobel Laureates in Physics have presented theoretical insights that give us a deeper understanding
of what happens far inside the tiniest building blocks of matter.

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa
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COMA cluster

Evidences for Dark Matter:

Zwicky (1933) used the radial velocity
dispersion in the Coma cluster to conclude that
the M/L ratio was >100X larger than M/L for the
luminous matter near the Sun.

F. Zwicky 1933
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Orbital speed (km/s)

Solar System:

KE
ol Solar System:
“Keplerian orbits”
| | | | |
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Distance from the sun (AU) —»



1970 ApdJ 159, 379

SURVEY OF EMISSION REGIONS*

Vera C. RUBII\T D W. KexnT Forp, Jr.1

Department o fictism, Carnegie Institution of Wa‘hmgt(m and
Lowell ()hﬁcna ory, and Kitt Peak National Observatory}

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC

v~constant

Spiral galaxy 150

i —

halo

=7 100
/)]
&
=5
>U
50
C-I':\[ 'l'2 L#g L
(<r) 0 L
..I.Q 7

Stars would be moving too fast

if there were only luminous matter

A spherical dark
matter halo

Radius (kp¢)




Most -72%- large galaxies have spiral structures

@ Anglo-Australian Observatory

@ Anglo-Australian Observatory

M100 SABbc

« @ Angl-Australan Observatory




One way to
“weigh” things
in the universe:

Gravitational
lensing.

The gravitational field of a galaxy (or cluster of galaxies)
deflects passing light; the more mass, the greater deflection.

So we can infer the existence of matter even if we can't see it.



Gravitational lensing on extended source:
rngs and arcs

1)
= | v,» = deflection angle

Observed (lensed) image

.....

D4, D, D3 © angular distances : -
«Emstemn nngy»

R

Perfect source-lens-observer o

®

alignement




Gravitational Lensing
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Gravitational Lensing

-
CLUSTER OF
- GALAXIES

GRAVITATIONAL

LENSING:
A Distant Source t’eg,,';tby
Light leaves a young, gravity
star-lornming Blua galaxy near
the adgae of the visible univarse

‘) A Lens
<y Of ‘Dark Matter’
SO of the hght
passes through a large 5
clustiar of galax ncl sur- .
rounding dark matter, diractly in the Light =
hne of sight between Earth and 1he
axy. The K mattar's gravity
cming hght.

“2 Focal Point:
Earth
Mast af this hight s
scattaeraed, but some
locused and direcls ;
Earth Obsarvear 3 1Y “.lltilj!(:. . Tony Tyacn, Grog Koohamnski arad
) n el Antanin

i -~ ol - g - 22 - Pl 8 o ~ y
distartled mac the background / B AT e e
The New York Times

galaxy,




Bullet Cluster

[Clowe et al]



Bullet Cluster

[Clowe et al]



Bullet Cluster

[Clowe et al.]



Merging Clusters

1 2

1 '

artists’ rendition




Cosmic Microwave Background (CMB)

very cold (-270.275 C,2.725 K) and nearly uniform relic
radiation left over from the hot big bang

DiscoveErYy oF Cosmic BACKGROUND SpPpecTRUM OF THE Cosmic

MicrRowAVE BACKGROUND
Frequency (GHz)
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Cosmic Microwave Background

If you had microwave eyes:

(1965)






Multipole moment 1

10 100 500 1000

6000 - 1 | | I D I I | I | 1 | | | I 1 I e
X
'S 5000 £ \ E
7)) \
% - .{::3:;.. :
= Z10]0]0) 3 1 E
S g E
% g II::::i:- g
Z 3000 | :
2 : - i Tx {}} } .
£ 2000 AR £ Y
< : el ¥ 1 1 White points:
g 1000 14 WMAP (2010)
= : 7-year data

0 : | | ]
2° 0.5° 0.2°

Angular Size

Red curve: Theoretical prediction for a universe made of
70% dark energy, 25% dark matter, 5% atoms



The Acceleration Universe: Dark Energy

Big News
in 1998

High-Z Team

Riess et al.
(1998)

Supernova
Cosmology
Project

Perlmutter et

999)
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Distant supernovae

Higher-z SNe la from HST

After

Before

7=1 39 Z=0.46 Z=0.52 7=123 Z=1.03
“~
S e '
HST04Sas HSTO4Yow HSTO04Zwi HSTO5Lan HSTO5Str
\ R
- — o .
Host Galaxies of Distant Supernovae
Hubble Space Telescope » Advanced Camera for Surveys
50 SNe la, 25 at z>1 Riess, etal




Distant supernovae Standard candles

Their intrinsic luminosity is know
Their apparent luminosity can be measured




Distant SN as standard candles
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Luminosity distance: dr(z) = — + 1 (1 — 3wppQLl — ;};z) 22+ ﬂ{f}]
Hy apdip

d2 = L. Ls the absolute luminosity of the source

dmF  F observed flux

More data over the past 10 years

Flat Models (1)




Bl Concordance region:

70% dark energy

Dark Energy & Dark Matter
25% dark matter

SNe Ia 5% atoms

The current universe
is accelerating!

Dark energy is pushing galaxies apart.

0.0 0.5 1.0 1.5 2.0 2.9




THOMSON REUTERS
PREDICTS THE NOBEL PRIZE IN

« Saul Perimutter
Professor, Department of Physics, University of California Berkeley, | ,
Berkeley, CA USA, and Senior Scientist, Lawrence Berkeley National == ¥%
Laboratory, Berkeley, CA USA " &
WHY: for discoveries of the accelerating rate of the expansion of the
universe, and its implications for the existence of dark energy

« Adam G. Riess
Professor, Department of Physics and Astronomy, Johns Hopkins .
University, Baltimore, MD USA, and Senior Member, Space Telescope g ﬁ
Science Institute, Baltimore, MD USA . [
WHY: for discoveries of the accelerating rate of the expansion of the
universe, and its implications for the existence of dark energy

e Brian P. Schmidt
Australian Research Council Federation Fellow, Research School of
Astronomy and Astrophysics, Australian National University, Weston
Creek, Australia
WHY: for discoveries of the accelerating rate of the expansion of the
universe, and its implications for the existence of dark energy



http://science.thomsonreuters.com/scientific/nobel/laureates/perlmutter-saul
http://science.thomsonreuters.com/scientific/nobel/laureates/perlmutter-saul
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http://science.thomsonreuters.com/scientific/nobel/laureates/schmidt-brian
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Note: Petlmutter, Riess, and Schmidt received 2006 Shaw Prize

——— ———

Frank Hsu (2009 Shaw Prize), former president of NTHU :
Dark Energy > 10 Nobel Prizes

—— e —

US Decadal survey  The top-ranked projects in “New Worlds, New
(Astro2010) Horizons in Astronomy and Astrophysics”
2012-2021 include studies of dark energy and dark matter.


http://www.nap.edu/catalog.php?record_id=12951
http://www.nap.edu/catalog.php?record_id=12951
http://www.nap.edu/catalog.php?record_id=12951
http://www.nap.edu/catalog.php?record_id=12951

25%

Independent methods (using primordial
nucleosynthesis & the microwave
background) convince us that the dark
matter is a completely new kind of particle.

Dark matter
cannot be the
particle in
the standard
model, which
has to be Weakly Interacting
WIMP

Massive Particles

Supersymmetric neutralinos?

1 o y D
Baryon density {2gh-
0.01

3 4 > 6 7

Baryon-to-photon ratio 1 > 10-10



Some Dark Matter Candidate Particles

neutrino v — hot DM
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Search for Dark Matter: Indirect detection:

Direct detection: (cosmic-ray experiments)

(underground experiments)

lonization: i & 4T

Ge. S1

Bolonnm %, i

n . Ge. CaWo,,

Scintillation: *,
T Nal(TJ).

LXe.CaF.(En), ...

v, o
Indirect: -3

Fermi (GLAST
launched
June 11, 2008
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Dark Energy: ACDM model:

Cosmological constant A causes accelerating expansion.

= Action

. _ [ +DE
Cosmological 1 =8RG (Fow + Ty
constant: + Darkenergy T.F = —A"”’Lj. u
“biggest blunder” | 8
; 3H{ —47 4
This corresponds to the energy scale p) = S 10 GeV
T
If this originates from vacuum energy in particle physics, Pvac ~ my = 107 GeV*
obs
&= P =101 A difference of 120 orders of magnitude

P

Cosmological constant problem

Fine-tuning problem ol

(known even before the discovery of dark energy)

PR~ Py Coincidence problem &7



There are two approaches to dark energy.

| PFRSO wSENTURY

\l

G 1% — 87T GTM 1 (Einstein equations)

N

| (i) Modified matter
(i) Modified gravity Quintessence,
f(R) gravity models, K-essence,
Scalar-tensor models, Tachyon, ‘ w # —1
Braneworlds, Chaplygin gas,

‘ These models generally give the dynamically changing
equation of state w =p/p

The simplest candidate: Cosmological constant - = —]

B ——

Experimental Searches for Dark Energy: a very difficult task




| www.nsf.gov/mps/ast/detf.jsp (astro-ph/0 1) §

Dark energy appears to be the dominant component of the
physical Universe, yet there is no persuasive theoretical
explanation. The acceleration of the Universe is, along with
dark matter, the observed phenomenon which most directly
demonstrates that our fundamental theories of particles and
gravity are either incorrect or incomplete. Most experts believe
that nothing short of a revolution in our understanding of
fundamental physics will be required to achieve a full
understanding of the cosmic acceleration. For these reasons,
the nature of dark energy ranks among the very most
compelling of all outstanding problems in physical science. It
demands an ambitious observational program to determine the
dark energy properties as soon as possible.



http://www.nsf.gov/mps/ast/detf.jsp
http://www.nsf.gov/mps/ast/detf.jsp

Future Dark Energy Surveys

(an incomplete list)
Essence (2002-2007): 200 SNe Ia, 0.2 <z < 0.7, 3 bands, At~ 2d
Supernova Legacy Survey (2003-2008): 2000 SNe Ia to z=1
CFHT Legacy (2003-2008): 2000 SNe Ia, 100’s high z SNe, 3 bands, At ~ 15d
ESO VISTA (2005?-?): few hundred SNe, z < 0.5
Pan-STARRS (2006-?): all sky WL, 100’s SNe y!, z< 0.3, 6 bands, At = 10d
WiggleZ on AAT using AAOmega (2006-2009): 1000 deg? BAO, 0.5<z <1

ALPACA (?): 50,000 SNe Ia per yr to z=0.8, At=1d , 800 sq deg WL & BAO
with photo-z

Dark Energy Survey (?): cluster at 0.1<z<1.3, 5000 sq deg WL, 2000 SNe at
0.3<z<0.8

HETDEX (?): 200 sq deg BAO, 1.8 <z <3.
WEFMOS on Subaru (?): 2000 sq deg BAO, 0.5<z<1.3 and 2.5<z<3.5

LSST (2012?): 0.5-1 million SNe Ia y !, z< 0.8, > 2 bands, At=4-7d; 20,000 sq
deg WL & BAO with photo-z

JDEM (2017?): several competing mission concepts [ADEPT, DESTINY, JEDI,
SNAP]
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The theory which (we hope!) will unify the strong, weak, and electromagnetic
interactions is called the "Grand Unified Theory.” If a Grand Unification of all the

interactions is possible, then all the interactions we observe are all different aspect of
the same, unified interaction. However, how can this be the case if strong and weak and
electromagnetic interactions are so different in strength and effect? Strangely enough,

current data and theory suggest that these varied forces merge into one force when the
particles being affected are at a high enough energy.

Forces Merge at High Energies
C L L e

0.15 l —
-~ E
— \\\ -
% 010 \\"‘\O- —
== - 2 :
—_ - \_\_—\‘ :
= 0.05 [ — :
0.05 [— - E
“C%- = - L boid eak s=— f;;:j::zt:ttrﬁ- .
— clectromagnetic  — E
o.00 L N D B I B NE

Energy in GeV

Contemporary work on GUT also suggests new force-carrier particles that could
cause the proton to decay. Such decays must be extremely rare; otherwise our
world would not exist today. Measurement tells us the lifetime of the proton is
greater than 1032 (10 to the power of 32) years!
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Supersymmetry 7@ ﬁj' %1%'-

Many physicists have developed theories of supersymmetry, particularly in
the context of Grand Unified Theories. The supersymmetric theories
postulate that every particle we observe has a massive "shadow™ particle
partner. For example, for every quark there may be a so-called "squark"

tagging along. Doarticd .
par- | I e e = '
Standard particles SUSY particles

Quarks o Loptons ‘ Force particles Squarks o’ Sleptons J SUSY !c rce
pasticle

No supersymmetric particle has yet been seen, but experiments
underway at CERN are searching for the partner of the W boson, and
experiments at Fermilab are looking for the partners of the quarks and
gluons. One of the supersymmetric particles (the "neutralino”) might
make up the missing dark matter in the universe.



The Theory of Everything (TOE)

The long range goal of physics is to unify all the forces, so that gravity would be combined
with the future version of the Grand Unified Theory. Then the gravitational interaction would be

thought of as quantized, like the other forces, so that the gravitational force is transmitted by
particles called gravitons.

This poses a formidable problem. Einstein showed us that the gravitational force arises due to
curvature in the fabric of spacetime. Thus, the task is to quantize spacetime to produce the

desired gravitons. Achieving this type of quantum field theory is quite a challenge both
conceptually and mathematically.

The HEP Experiment may guide us toward a Grand Unified Theory, so that ultimately
humankind will understand a complete, unified Theory of Everything.

- T Heory of
1 Everything

Darn! Almos+
had i, too.



Hnm..The LHC
Experiment will provide
SOMe answers.

WO The Higgs partzcle at the LH C?

LHC at CERN .

March 30 2010 ge= 7 TeV
 Why are there three types of quarks and leptons?

* Is there some pattern to their masses?

* Are there more types of particles andforces to be
discovered at yet higher energy accelerators?

» Are the quarks and leptons really fundamental,
or do they, too, have substructure?

* How to include the gravitational interactions in the SM?

* How to understand dark matter)and dark energy in the universe?
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1. 19452 i -- Pre-Modern Particle Physics Period

N

2. Startup Period (1945 -- 1960) - Early contributions to the

basic concepts of modern particle physics.

3. Heroic Period (1960 -- 1975): Formulation of the standard

model of strong and electroweak interactions.

4. Period of Consolidation and Speculation (1975 -- 1990):
Precision tests of the standard model and theories beyond

the standard model.
5. “Frustration” and “Waiting” Period (1990 -- 2005)

6. Super-Heroic Period (2005 —2020)

Neutrino oscillations
Cosmic microwave fluctuations
Dark energy




Heroic Period (1960 -- 1975):

Nobel Prizes in Particle Physics: [work done]

20xx:

20xx

2008:
2004:
1999:
1995:
1990:
1988:
1980:
1979:
1976:
1969:

How many Nobel Prizes in Particle Physics

?

. Goldstone, Higgs — Higgs particle [1961,1964]
Nambu,Kobayashi,Maskawa—broken symmetry [1961,1973]
Gross. Politzer, Wilczek—asymptotic freedom [1973]

t Hooft, Veltman—electroweak force [1972]
Perl.Reines—tau lepton [1975], electron neutrino [1953]
Friedman, Kendall, Taylor—quark model [1972]
Lederman.Schwartz.Steinberger -muon neutrino [1962]
Cronin, Fitch—symmetry breaking (CP violation) [1964]
Glashow, Salam, Weinberg—electroweak theory [1961,67]
Richter, Ting—charm quark (J/Psi) [1974]
Gell-Mann—classification of elementary particles [1964]
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http://nobelprize.org/nobel_prizes/physics/laureates/1990/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1990/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1980/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1980/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1969/index.html
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