
耿朝強

	
 國立清華大學物理系
	
 	
 (2011年5月18日)	
 

宇宙之光明與黑暗面 
Dark and Visible Sides of the Universe                     



Outline

• 暗物質與暗能量

• 引言
• 可見物質，基本粒子及交互作用力 

• 大統一場理論， 超對稱，TOE

• 尚未解決之問題
• 未來展望與結束語



American Association for the 
Advancement of Science (AAAS)

July 1, 2005

Science Magazine 

125th anniversary

☞#1

☞

• 引言

http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl
http://www.sciencemag.org/index.dtl


What do we know about our Universe?

What is the Universe made of ?
宇宙是由什麼組成的？

它是我們所看到
的物質世界嗎？



95% of the cosmic 
matter/energy is a 
mystery. It has never 
been observed even in 
our best laboratories

暗能量

暗物質
普通物質
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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 history of the Universe.  

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. The enormous 
concentration of energy leads to the 
creation of new matter just as when matter 
was first created in the initial instants after 
the Big Bang with which the Universe 
began.  

Studies of the smallest structures in the Universe, in high energy particle physics are 
therefore intimately linked with observations in astronomy of the largest structures. This 
meeting point between particle physics and cosmology is one of the most fascinating 
aspects of modern physics. Indeed, through the scenario of the Big Bang, observations in 
astronomy have testable consequences in particle physics and vice versa.  

高能粒子物理  ←→ 天體物理 
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古代中國文明：世界是由五種星組成 
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物質世界是由什麼組成的？

• 可見物質，基本粒子及交互作用力 



ordinary matter       普通物質 cosmic matter       宇宙物質

High-energy matter   高能物質

Antimatter          反物質

So to understand the matter that exists
as cosmic rays, we need more
components than we need to make
atoms. In addition to the electron,
electron-neutrino, up quark and down
quark, we need the muon, the muon-
neutrino and the strange quark.

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.

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.

已知（標準）物質:“可見”的物質



Is the Atom Fundamental ?  
People soon realized that they could could 
categorize atoms into groups that shared 
similiar chemical properties (as in the Periodic 
Table of the Elements). This indicated that 
atoms were made up of simpler building 
blocks, and that it was these 

simpler building blocks in different combinations that determined which 
atoms had which chemical properties. 

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?  
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.  

What is Fundamental? � ���������  
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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! 



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

是什麼結合它在一起？

Particles are stuck together by forces: four kinds of forces  
                gravity  重力        weak 弱作用力    electromagnetic 電磁作用力   strong  強作用力

ordinary matter       普通物質

up-quarks and down-quarks 上和下夸克
electrons and electron-neutrinos 電子和電子中微子



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



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.  

已知的物質是由什麼組成的？



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

So why do we have generations of matter at all? Why three of them?  
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Broken Symmetry
破缺的對稱性

「發現對稱破缺的起源，預測自然界存在三代夸克」



Substructure ����	����
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本人1987年的博士論文 
導師：R.Marshak （弱作用理論的創造者之一） 
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F. Zwicky 1933

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.

• 暗物質與暗能量
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Spiral galaxy

v∼constant

Stars would be moving too fast 
if there were only luminous matter

A spherical dark 
matter halo









Gravitational Lensing



Gravitational Lensing









artists’ rendition

Merging Clusters



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

Cosmic Microwave Background (CMB)     



(1965)

If you had microwave eyes:

Cosmic Microwave Background      



(1992)

(2010)



White points:
WMAP (2010)
7-year data

Red curve: Theoretical prediction for a universe made of

70% dark energy,  25% dark matter,  5% atoms



The Acceleration Universe: Dark Energy



Distant supernovae          

   After                  

   Before                  



Distant supernovae Standard candles
Their intrinsic luminosity is know 
Their apparent luminosity can be measured



Distant SN as standard candles 



More data over the past 10 years!

Luminosity distance:
Ls the absolute luminosity of the source
F  observed flux



Dark Energy & Dark Matter

SNe Ia

LSS

CMB

The current universe 
is accelerating!

Thomson	 Reuters	 prediction	 of	 2010	 N.P.	 in	 Physics

Concordance region:
  70% dark energy
  25% dark matter
    5% atoms  

暗物質

暗
能
量



• Saul Perlmutter 
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 
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

• 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
http://science.thomsonreuters.com/scientific/nobel/laureates/riess-adam
http://science.thomsonreuters.com/scientific/nobel/laureates/riess-adam
http://science.thomsonreuters.com/scientific/nobel/laureates/schmidt-brian
http://science.thomsonreuters.com/scientific/nobel/laureates/schmidt-brian


邵逸夫奬
Note: Perlmutter, Riess, and Schmidt received 2006 Shaw Prize

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

US Decadal survey  
(Astro2010) 
2012-2021

The top-ranked projects in “New Worlds, New 
Horizons in Astronomy and Astrophysics’’ 
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


Dark matter 
cannot be the 
p a r t i c l e i n 
the standard 
model, which 
h a s t o b e 
WIMP

Supersymmetric neutralinos?

Dark Matter: 25%



How to observe dark matter?

4 H. Baer and X. Tata

amongst themselves, leading to the so-called “concor-
dance” model for the universe, the ΛCDM model.
(Here, Λ stands for Einstein’s cosmological constant,
which may be the source of the DE). In the ΛCDM
model, the universe is composed of about 70% DE, 25%
DM, 4% baryons with a tiny fraction of neutrinos and
radiation. The measured abundance of CDM in our
universe[ 5],

ΩCDMh2 = 0.111+0.011
−0.015 (2σ), (1)

where ΩCDM = ρCDM/ρc, with ρCDM the CDM mass
density, ρc the critical closure density and h is the scaled
Hubble parameter, serves as a severe constraint on all
particle physics theories that include a dark matter can-
didate. Since DM may well consist of more than one
component, strictly speaking the relic density serves as
an upper bound ΩXh2 ≤ 0.122 on the density of any
single component X . We now turn to a discussion of
some of the particle physics candidates for the DM par-
ticle X .

3. DM candidates

While the evidence for the existence of DM in the
universe is now very convincing, and while the density
of dark matter in the universe is becoming precisely
known, the identity of the dark matter particle(s) is
a complete mystery. None of the particles in the Stan-
dard Model have the right properties to make up CDM.
Many candidates, however, have been proposed in the
theoretical literature. To appreciate the variety of can-
didate particles proposed, we list a number of possibil-
ities. The range of masses and interaction strengths of
many of these candidates is shown in Fig. 2.• Neutrinos: Massive neutrinos are weakly inter-

acting neutral massive particles and so are nat-
ural candidates for the DM in the universe[ 6].
It is now known that the usual active neutrinos
are so light that they could not give rise to the
observed structure in the Universe because these
would move faster than the typical galactic escape
velocity, and so cannot cause the clumping that
large scale structure simulations require. They
are usually referred to as hot DM, or HDM, and
are likely to be a subdominant component of the
DM in the Universe. There are, however, pro-
posals for much heavier, cold dark matter gauge
singlet neutrinos that are not part of the Stan-
dard Model[ 8].

• Planck mass black hole remnants: It is possible
many tiny black holes (BHs) were produced in the
early universe. Ordinarily, these BHs would de-
cay via Hawking radiation. However, it has been
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Some Dark Matter Candidate Particles
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Figure 2. Dark matter candidates in the mass versus in-
teraction strength plane, taken from Ref.[ 7].

suggested that once they reach the Planck mass,
quantum gravity effects forbid further radiation,
making them stable, and hence good CDM can-
didates[ 9].

• Q-balls: These objects are topological solitons
that occur in quantum field theory[ 10, 11].

• Wimpzillas: These very massive beasts were pro-
posed to show that viable DM candidates could
have masses far beyond the weak scale[ 12].

• Axions: The symmetries of the QCD Lagrangian
allow the term – L " θQCD

32π2 FµνF̃µν– which gives
rise to CP violation in the strong interactions.
However, measurements of the neutron electric

dipole moment (EDM) require θQCD
<∼ 10−10.

Why this parameter is so much smaller than its
natural value of ∼ 1 is referred to as the strong
CP problem. The most compelling solution
to the strong CP problem – the Peccei-Quinn-
Weinberg-Wilczek solution[ 13] – effectively re-
places the parameter θQCD by a quantum field,
and the potential energy allows the field to re-
lax to near zero strength. However, a remnant
of this procedure is that a physical pseudoscalar
boson – the axion a – remains in the spectrum.
The axion is an excellent candidate for CDM in
the universe[ 14]. Its favored mass range is ma ∼
10−5 − 10−3 eV, where the lower bound gives too
high a relic density, and the upper bound comes



Search for Dark Matter: 

Direct detection:
(underground experiments)

Indirect detection:
(cosmic-ray experiments)

Collider searches:  (LHC)



四川省锦屏山地形示意图  

CMDS-II 

DAMA, Xenon 

四川锦屏山隧道 
 

~2400m



☞  

 ΛCDM model:

☞  A difference of 120 orders of magnitude 

cc1: Why so small? 

cc2: Why now? 

This corresponds to the energy scale!
If this originates from vacuum energy in particle physics, !

Cosmological constant problem!

(known even before the discovery of dark energy)!

Coincidence problem ☞  

Cosmological
constant:

``biggest blunder’’

Fine-tuning problem

Dark Energy:



There are two approaches to dark energy.!

(Einstein equations)!

(i)  Modified gravity!
(ii) Modified matter!

f(R) gravity models,!
Scalar-tensor models,!
Braneworlds,!
…..!

Quintessence,!
K-essence,!
Tachyon,!
Chaplygin gas,!
…..!

These models generally give the dynamically changing !
equation of state w. !

The simplest candidate:  Cosmological constant !

=p/ρ

Experimental Searches for Dark Energy:  a very difficult task



 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.

From the Dark Energy Task Force report  (2006)
www.nsf.gov/mps/ast/detf.jsp (astro-ph/0690591)

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

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!  





Supersymmetry ����� 
 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.  

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.  



尚未解決之問題

• Why are there three types of quarks and leptons?

• Is there some pattern to their masses?

• Are there more types of particles and forces to be
  discovered at yet higher energy accelerators?
• Are the quarks and leptons really fundamental,
  or do they, too, have substructure?

• How to understand dark matter and dark energy in the universe? 

• How to include the gravitational interactions in the SM?

The Higgs particle at the LHC?

March 30,2010:能量 7 TeV

LHC



近代粒子物理之發展可分為六個階段「

1. 1945之前 -- Pre-Modern Particle Physics Period

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

未來展望與結束語



Nobel Prizes in Particle Physics: [work done]
20xx: ?
20xx: Goldstone, Higgs ﹣Higgs particle [1961,1964]
2008: Nambu,Kobayashi,Maskawa–broken symmetry [1961,1973]
2004: Gross, Politzer, Wilczek–asymptotic freedom [1973]
1999: ‘t Hooft, Veltman–electroweak force [1972]
1995: Perl,Reines–tau lepton [1975], electron neutrino [1953]
1990: Friedman, Kendall, Taylor–quark model [1972]
1988: Lederman,Schwartz,Steinberger -muon neutrino [1962]
1980: Cronin, Fitch–symmetry breaking (CP violation) [1964]
1979: Glashow, Salam, Weinberg–electroweak theory [1961,67]
1976: Richter,Ting–charm quark (J/Psi) [1974]
1969: Gell-Mann–classification of elementary particles [1964]

Heroic Period (1960 -- 1975):

more?

=10

How many Nobel Prizes in Particle Physics 
for the Super-Heroic Period?

>10

http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1999/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1999/index.html
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/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
http://nobelprize.org/nobel_prizes/physics/laureates/1969/index.html



