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SU(2), SO(3), and SU(3)

● These three groups play a
large role in physics, 
particle physics in particular 
● SO(3) is used to describe 
and calculate external rotations
● SU(2) and SU(3) are used to describe and 

calculate internal rotations, while SU(2) deals with 
systems with two states, and SU(3) deals with 
systems with three states
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The Standard Model
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Electroweak Theory

   ➢ The existence of left-handed weak-isospin doublets 

➢ The universal strength of the weak interactions

➢ The idealization that neutrinos are massless

takes three crucial clues from experiment
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                                                    a weak isoscalar ☛

To incorporate electromagnetism into theory 

 we add to the weak-isospin family symmetry 

 a weak-hypercharge phase symmetry

The electroweak theory then implies two sets of gauge bosons

a weak isovector ☛

Electroweak Theory
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 Symmetry Breaking 
The free energy of a ferromagnet is related to its magnetization     

The free energy is symmetric under rotation in space
G = ↵M2 + �M4

M

↵ > 0 & � > 0 ↵ < 0 & � > 0
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 is symmetric under rotations in      space

       

�

V (�) = µ2�⇤�+ �(�⇤�)2 µ2 < 0 & � > 0

 Mexican Hat Potential 
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Electroweak Symmetry Breaking
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Yukawa Interactions
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The Standard Model Strong Interaction

Beware of quantum ducks: quark, quark, quark...
Development of successful gauge theory of strong interaction

which is unique to hadrons
cannot not be undertaken

until inherent property about the hadrons is understood:
they are not elementary particles

Hadron + made up of quarks according to two archetypes
Binding together three quarks leads to a baryon
class of hadrons that includes neutron and proton

Combining one quark and one antiquark makes a meson
class typified by pions

Keystone of any theory of strong interactions
explain peculiar rules for building hadrons out of quarks

L. A. Anchordoqui (CUNY) Modern Physics 12-3-2015 4 / 11
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The Standard Model Strong Interaction

Baryons and Mesons
Structure of meson is not so hard to account for:
since meson is made out of quark and antiquark
assume quarks carry some property analogous to electric charge

Binding of quark and antiquark
explained on principle that opposite charges attract

just as they do in
electromagnetism

Structure of baryons is far profound enigma

To describe how three quarks can produce bound state
we must assume that three like charges attract

L. A. Anchordoqui (CUNY) Modern Physics 12-3-2015 5 / 11
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The Standard Model Strong Interaction

Color
Analogue of electric charge is property called color
Rules for forming hadrons

require combinations of quarks to be “white” or colorless
Quarks are assigned the primary colors + red, green, and blue
Antiquarks have complementary “anticolors”

cyan, magenta and yellow
Each of the quark flavors comes in all three colors

introduction of color charge triples number of distinct quarksStrong Interaction

© 1980 SCIENTIFIC AMERICAN, INC
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The Standard Model Strong Interaction
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The Standard Model Strong Interaction

QCD
Non-Abelian gauge theory responsible for strong interactions
Gauge symmetry:
invariance with respect to local transformations of quark color
Easy to imagine global color symmetry

Quark colors + like isotopic-spin states of hadrons
indicated by arrow orientation in some imaginary internal space
Successive rotations of 1

3 of turn
would change quark from red to green to blue and back to red again
Baryon + 3 arrows with 1 arrow set to each of 3 colors
Global symmetry transformation + by definition

must affect all 3 arrows in same way and at same time
E.g. + all 3 arrows might rotate clockwise 1

3 of turn
Result of transformation + all 3 quarks would change color
but all observable properties of the hadron would remain as before
Particularly + there would still be one quark of each color
and so baryon would remain colorless

L. A. Anchordoqui (CUNY) Modern Physics 12-3-2015 8 / 11
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The Standard Model Strong Interaction

Local symmetry
QCD requires that invariance be retained

even when symmetry transformation is local
In absence of forces or interactions invariance is obviously lost
Local transformation can change color of one quark

but leave other quarks unaltered
which would give hadron a net color

As in other gauge theories
way to restore invariance wrt local symmetry operations

+ introduce new fields
In QCD fields needed are analogous to electromagnetic field

but are much more complicated
have 8 times as many components as electromagnetic field has
It is these fields that give rise to the strong force

L. A. Anchordoqui (CUNY) Modern Physics 12-3-2015 9 / 11
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The Standard Model Strong Interaction

Gluons
Quanta of color fields are called gluons

(because they glue the quarks together)
There are 8 of them: they are all massless

they have a spin angular momentum 1
they are massless vector bosons like the photon

Also like photons + gluons are electrically neutral
but they are not color-neutral

Each gluon carries one color and one anticolor
There are nine possible combinations of a color and an anticolor
but one of them is equivalent to white and is excluded

leaving eight distinct gluon fields

Strong Interaction

© 1980 SCIENTIFIC AMERICAN, INC
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The Standard Model Strong Interaction

Gluons preserve local color symmetry in following way...

Quark is free to change its color
and can do so independently of all other quarks

but every color transformation
must be accompanied by gluon emission

just as electron can shift its phase only by emitting a photon
Gluon propagating at speed of light

is then absorbed by another quark
which will have its color shifted
in exactly the way needed to compensate for the original change
Assume red quark changes its color to green and
in the process emits gluon that bears colors red and antigreen
Gluon is absorbed by green quark and in the ensuing reaction
green of quark and antigreen of gluon annihilate each other
leaving second quark with a net color of red
In final state as in initial state
there is one red quark and one green quark

L. A. Anchordoqui (CUNY) Modern Physics 12-3-2015 13 / 16
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The Standard Model Strong Interaction

Because of the continual arbitration of the gluons
there can be no net change in the color of a hadron

even though quark colors vary freely from point to point
All hadrons remain white and the strong force is nothing more
than the system of interactions needed to maintain that condition

© 1980 SCIENTIFIC AMERICAN, INC
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The Standard Model Strong Interaction

Gluon exchange

© 1980 SCIENTIFIC AMERICAN, INC
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Despite the resilience of the Standard Model

it seems clear that there is more to the story...
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The Standard Model is not enough
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Relative  strength  of the 4 forces for two protons inside  a nucleus

Planck scale

Hierarchy Problem

Why is the weak force 1032 times stronger than gravity?

Type Relative Strength Field Particle

Strong 1 gluons

Electromagnetic 10

�2
photon

Weak 10

�6 W±
and Z

Gravitational 10

�38
graviton

E = GM2
Pl/r = ~c/r

MPl ⇠ 1019 GeV
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Neutrino Oscillations

April 2013, ScientificAmerican.com 43Graphic by Jen Christiansen

fied theory describing all particles and forces, except gravity, in 
a consistent mathematical framework. The Standard Model of 
particle physics, the best theory of particles and forces to date, 
cannot accommodate all the complexities of the neutrino. It 
must be extended.

LIGHTWEIGHT BUT PRESSING
THE MOST POPULAR WAY to build on the neutrino segment of the 
Standard Model is to introduce new entities called right-handed 
neutrinos. Handedness is a variant of electrical charge that 
determines whether a particle feels the weak interaction, the 
force responsible for radioactive decay; a particle must be left-
handed to feel the weak force. These hypothetical right-handed 
particles would thus be even slipperier than their left-handed 
fellows, the experimentally proved neutrinos of the Standard 
Model. All neutrinos are classified as leptons—the extended 
family of particles that also includes the electrons—meaning 

that they do not feel the strong force holding together the pro-
tons and neutrons in the atomic nucleus. Lacking electrical 
charge, neutrinos do not directly feel electromagnetic forces, 
either. That leaves only the force of gravity and the weak inter-
action for the three known neutrino flavors, but a right-handed 
neutrino would be impervious even to the weak force.

If a right-handed neutrino exists, it would provide a very rea-
sonable explanation for another neutrino puzzle: the reason the 
three left-handed varieties—the electron, muon and tau neutri-
nos—all have such tiny masses. 

Most elementary particles gain their mass by interacting 
with the ubiquitous Higgs field. (Higgs became a household 
name last year when physicists at the Large Hadron Collider, or 
LHC, at CERN near Geneva announced they had identified a 
new particle matching the description of the long-sought Higgs 
boson. That boson is the particle counterpart to the Higgs field, 
just as the photon is the counterpart to the electromagnetic 

B A S I C S

Changing Identities on the Fly
As neutrinos propagate, at nearly the speed of light, through space, the earth or your body, they change identities often, oscillating  
between three known neutrino types. Their behavior is odd but not entirely random—the properties of neutrinos allow physicists  
to predict the probability of their oscillation over various distances.  
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Neutrino Oscillations
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Lookback Time

Wednesday, March 5, 2014
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Lookback Time

29Thursday, November 16, 23



Lookback Time
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Lookback Time
Cl =

1

2l + 1

lX

m=�l
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Lookback Time

The lesson is that the multiverse theory can be tested and
falsified even though we cannot see the other universes. The key
is to predict what the ensemble of parallel universes is and to
specify a probability distribution, or what mathematicians call
a “measure,” over that ensemble. Our universe should emerge
as one of the most probable. If not—if, according to the multi-
verse theory, we live in an improbable universe—then the the-
ory is in trouble. As I will discuss later, this measure problem
can become quite challenging.

Level II: Other Postinflation Bubbles
I F THE LEVEL I MULTIVERSE was hard to stomach, try
imagining an infinite set of distinct Level I multiverses, some
perhaps with different spacetime dimensionality and different
physical constants. Those other multiverses—which constitute
a Level II multiverse—are predicted by the currently popular
theory of chaotic eternal inflation.

Inflation is an extension of the big bang theory and ties up
many of the loose ends of that theory, such as why the universe
is so big, so uniform and so flat. A rapid stretching of space long
ago can explain all these and other attributes in one fell swoop
[see “The Inflationary Universe,” by Alan H. Guth and Paul J.
Steinhard; Scientific American, May 1984; and “The Self-Re-
producing Inflationary Universe,” by Andrei Linde, November
1994]. Such stretching is predicted by a wide class of theories
of elementary particles, and all available evidence bears it out.
The phrase “chaotic eternal” refers to what happens on the very
largest scales. Space as a whole is stretching and will continue
doing so forever, but some regions of space stop stretching and
form distinct bubbles, like gas pockets in a loaf of rising bread.
Infinitely many such bubbles emerge. Each is an embryonic Lev-
el I multiverse: infinite in size and filled with matter deposited by
the energy field that drove inflation.

Those bubbles are more than infinitely far away from Earth,
in the sense that you would never get there even if you traveled
at the speed of light forever. The reason is that the space be-

tween our bubble and its neighbors is expanding faster than you
could travel through it. Your descendants will never see their
doppelgängers elsewhere in Level II. For the same reason, if cos-
mic expansion is accelerating, as observations now suggest,
they might not see their alter egos even in Level I.

The Level II multiverse is far more diverse than the Level I
multiverse. The bubbles vary not only in their initial conditions
but also in seemingly immutable aspects of nature. The prevail-
ing view in physics today is that the dimensionality of spacetime,
the qualities of elementary particles and many of the so-called
physical constants are not built into physical laws but are the
outcome of processes known as symmetry breaking. For in-
stance, theorists think that the space in our universe once had
nine dimensions, all on an equal footing. Early in cosmic histo-
ry, three of them partook in the cosmic expansion and became
the three dimensions we now observe. The other six are now un-
observable, either because they have stayed microscopic with a
doughnutlike topology or because all matter is confined to a
three-dimensional surface (a membrane, or simply “brane”) in
the nine-dimensional space.

Thus, the original symmetry among the dimensions broke.
The quantum fluctuations that drive chaotic inflation could
cause different symmetry breaking in different bubbles. Some
might become four-dimensional, others could contain only two
rather than three generations of quarks, and still others might
have a stronger cosmological constant than our universe does.

Another way to produce a Level II multiverse might be
through a cycle of birth and destruction of universes. In a sci-
entific context, this idea was introduced by physicist Richard C.
Tolman in the 1930s and recently elaborated on by Paul J. Stein-
hardt of Princeton University and Neil Turok of the University
of Cambridge. The Steinhardt and Turok proposal and related
models involve a second three-dimensional brane that is quite
literally parallel to ours, merely offset in a higher dimension [see
“Been There, Done That,” by George Musser; News Scan, Sci-
entific American, March 2002]. This parallel universe is not
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Lookback Time
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lowed up. This approach also made it possible to use the
Hubble Space Telescope for follow-up light-curve observa-
tions, because we could specify in advance the one-square-
degree patch of sky in which our wide-field imager would
find its catch of supernovae. Such specificity is a require-
ment for advance scheduling of the HST. By now, the
Berkeley team, had grown to include some dozen collabo-
rators around the world, and was called Supernova Cos-
mology Project (SCP). 

A community effort
Meanwhile, the whole supernova community was making
progress with the understanding of relatively nearby su-
pernovae. Mario Hamuy and coworkers at Cerro Tololo
took a major step forward by finding and studying many
nearby (low-redshift) type Ia supernovae.7 The resulting
beautiful data set of 38 supernova light curves (some
shown in figure 1) made it possible to check and improve
on the results of Branch and Phillips, showing  that type
Ia peak brightness could be standardized.6,7

The new supernovae-on-demand techniques that per-
mitted systematic study of distant supernovae and the im-
proved understanding of brightness variations among
nearby type Ia’s spurred the community to redouble its ef-
forts. A second collaboration, called the High-Z Supernova
Search and led by Brian Schmidt of Australia’s Mount
Stromlo Observatory, was formed at the end of 1994. The
team includes many veteran supernova experts. The two
rival teams raced each other over the next few years—oc-
casionally covering for each other with observations when
one of us had bad weather—as we all worked feverishly to
find and study the guaranteed on-demand batches of 
supernovae.

At the beginning of 1997, the SCP team presented the
results for our first seven high-redshift supernovae.8 These
first results demonstrated the cosmological analysis tech-
niques from beginning to end. They were suggestive of an
expansion slowing down at about the rate expected for the
simplest inflationary Big Bang models, but with error bars
still too large to permit definite conclusions.

By the end of the year, the error bars began to tighten,
as both groups now submitted papers with a few more su-
pernovae, showing evidence for much less than the ex-
pected slowing of the cosmic expansion.9–11 This was be-
ginning to be a problem for the simplest inflationary
models with a universe dominated by its mass content.

Finally, at the beginning of 1998, the two groups pre-
sented the results shown in figure 3.12,13

What’s wrong with faint supernovae? 
The faintness—or distance—of the high-redshift super-
novae in figure 3 was a dramatic surprise. In the simplest
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Exploding White Dwarfs

Aplausible, though unconfirmed, scenario would explain
how all type Ia supernovae come to be so much alike,

given the varied range of stars they start from. A lightweight
star like the Sun uses up its nuclear fuel in 5 or 10 billion
years. It then shrinks to an Earth-sized ember, a white dwarf,
with its mass (mostly carbon and oxygen) supported against
further collapse by electron degeneracy pressure. Then it
begins to quietly fade away.

But the story can have a more dramatic finale if the white
dwarf is in a close binary orbit with a large star that is still
actively burning its nuclear fuel. If conditions of proximity
and relative mass are right, there will be a steady stream of
material from the active star slowly accreting onto the white
dwarf. Over millions of years, the dwarf’s mass builds up
until it reaches the critical mass (near the Chandrasekhar
limit, about 1.4 solar masses) that triggers a runaway ther-
monuclear explosion—a type Ia supernova.

This slow, relentless approach to a sudden cataclysmic
conclusion at a characteristic mass erases most of the orig-
inal differences among the progenitor stars. Thus the light
curves (see figure 1) and spectra of all type Ia supernovae
are remarkably similar. The differences we do occasionally
see presumably reflect variations on the common theme—
including differences, from one progenitor star to the next,
of accretion and rotation rates, or different carbon-to-oxy-
gen ratios.

Figure 3. Observed magnitude
versus redshift is plotted for

well-measures distant12,13 and
(in the inset) nearby7 type Ia su-
pernovae. For clarity, measure-
ments at the same redshift are

combined. At redshifts beyond
z = 0.1 (distances greater than
about 109 light-years), the cos-

mological predictions (indi-
cated by the curves) begin to

diverge, depending on the as-
sumed cosmic densities of

mass and vacuum energy. The
red curves represent models

with zero vacuum energy and
mass densities ranging from the
critical density rc down to zero
(an empty cosmos). The best fit

(blue line) assumes a mass 
density of about rc /3 plus a

vacuum energy density twice
that large—implying an accel-

erating cosmic expansion.
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stant, with the goal of solving the coincidence problems.
(See the Reference Frame article by Michael Turner on
page 10 of this issue.) 

The experimental physicist’s life, however, is domi-
nated by more prosaic questions: “Where could my meas-
urement be wrong, and how can I tell?” Crucial questions
of replicability were answered by the striking agreement
between our results and those of the competing team, but
there remain the all-important questions of systematic un-
certainties. Most of the two groups’ efforts have been de-
voted to hunting down these systematics.15,16 Could the
faintness of the supernovae be due to intervening dust?
The color measurements that would show color-dependent
dimming for most types of dust indicate that dust is not a
major factor.12,13 Might the type Ia supernovae have been
intrinsically fainter in the distant past? Spectral compar-
isons have, thus far, revealed no distinction between the
exploding atmospheres of nearby and more distant super-
novae.9,12

Another test of systematics is to look for even more
distant supernovae, from the time when the universe was
so much more dense that rm dominated over the dark en-
ergy and was thus still slowing the cosmic expansion. Su-
pernovae from that decelerating epoch should not get as
faint with increasing distance as they would if dust or in-
trinsic evolutionary changes caused the dimming. The first
few supernovae studied at redshifts beyond z = 1 have al-
ready begun to constrain these systematic uncertainties.17

(See PHYSICS TODAY, June 2001, page 17.) 
By confirming the flat geometry of the cosmos, the re-

cent measurements of the cosmic microwave background
have also contributed to confidence in the accelerating-uni-
verse results. Without the extra degree of freedom provided
by possible spatial curvature, one would have to invoke im-
probably large systematic error to negate the supernova re-
sults. And if we include the low rm estimates based on in-
ventory studies of galaxy clusters, the Wm–WL parameter
plane shows a reassuring overlap for the three independ-
ent kinds of cosmological observations (see figure 5).

Pursuing the elusive dark energy
The dark energy evinced by the accelerating cosmic ex-
pansion grants us almost no clues to its identity. Its tiny
density and its feeble interactions presumably preclude
identification in the laboratory. By construction, of course,
it does affect the expansion rate of the universe, and dif-
ferent dark-energy models imply different expansion rates
in different epochs. So we must hunt for the fingerprints
of dark energy in the fine details of the history of cosmic
expansion.

The wide-ranging theories of dark energy are often

characterized by their equation-of-state parameter
w ! p/r, the ratio of the dark energy’s pressure to its 
energy density. The deceleration (or acceleration) of an 
expanding universe, given by the general relativistic
equation

R!! /R = –4/3pGr(1 + 3w),

depends on this ratio. Here R, the linear scale factor of the
expanding universe, can be thought of as the mean dis-
tance between galaxy clusters not bound to each other.
Thus the expansion accelerates whenever w is more neg-
ative than –1/3, after one includes all matter, radiation,
and dark-energy components of the cosmic energy budget.

Each of the components has its own w: negligible for
nonrelativistic matter, +1/3 for radiation and relativistic
matter, and –1 for L. That is, L exerts a peculiar negative
pressure! General relativity also tells us that each compo-
nent’s energy density falls like R–3(1 + w) as the cosmos ex-
pands. Therefore, radiation’s contribution falls away first,
so that nonrelativistic matter and dark energy now pre-
dominate. Given that the dark-energy density is now about
twice the mass density, the only constraint on dark-energy
models is that w must, at present, be more negative than
–1/2 to make the cosmic expansion accelerate. However,
most dark-energy alternatives to a cosmological constant
have a w that changes over time. If we can learn more
about the history of cosmic expansion, we can hope to dis-
criminate among theories of dark energy by better deter-
mining w and its time dependence.

Unfortunately, the differences between the expansion
histories predicted by the current crop of dark-energy mod-
els are extremely small. Distinguishing among them will
require measurements an order of magnitude more accu-
rate than those shown in figure 3, and extending twice as
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Figure 5. In the cosmological parameter space of the nor-
malized mass and vacuum energy densities Wm and WL,

three independent sets of obervations—high-redshift super-
novae, galaxy cluster inventories, and the cosmic microwave

background, converge nicely near Wm = 0.3 and WL = 0.7.
The small yellow contour in this region indicates how well

we expect the proposed SNAP satellite experiment to further
narrow down the parameters. The inflationary expectation

constraint of a flat cosmos (Wm + WL = 1) is indicated by the
black diagonal. The red curve separates an eternally 

expanding cosmos from one that ends in a “Big Crunch.” 
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(See the Reference Frame article by Michael Turner on
page 10 of this issue.) 
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nated by more prosaic questions: “Where could my meas-
urement be wrong, and how can I tell?” Crucial questions
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exploding atmospheres of nearby and more distant super-
novae.9,12
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ergy and was thus still slowing the cosmic expansion. Su-
pernovae from that decelerating epoch should not get as
faint with increasing distance as they would if dust or in-
trinsic evolutionary changes caused the dimming. The first
few supernovae studied at redshifts beyond z = 1 have al-
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(See PHYSICS TODAY, June 2001, page 17.) 
By confirming the flat geometry of the cosmos, the re-
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have also contributed to confidence in the accelerating-uni-
verse results. Without the extra degree of freedom provided
by possible spatial curvature, one would have to invoke im-
probably large systematic error to negate the supernova re-
sults. And if we include the low rm estimates based on in-
ventory studies of galaxy clusters, the Wm–WL parameter
plane shows a reassuring overlap for the three independ-
ent kinds of cosmological observations (see figure 5).
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The dark energy evinced by the accelerating cosmic ex-
pansion grants us almost no clues to its identity. Its tiny
density and its feeble interactions presumably preclude
identification in the laboratory. By construction, of course,
it does affect the expansion rate of the universe, and dif-
ferent dark-energy models imply different expansion rates
in different epochs. So we must hunt for the fingerprints
of dark energy in the fine details of the history of cosmic
expansion.

The wide-ranging theories of dark energy are often

characterized by their equation-of-state parameter
w ! p/r, the ratio of the dark energy’s pressure to its 
energy density. The deceleration (or acceleration) of an 
expanding universe, given by the general relativistic
equation

R!! /R = –4/3pGr(1 + 3w),

depends on this ratio. Here R, the linear scale factor of the
expanding universe, can be thought of as the mean dis-
tance between galaxy clusters not bound to each other.
Thus the expansion accelerates whenever w is more neg-
ative than –1/3, after one includes all matter, radiation,
and dark-energy components of the cosmic energy budget.

Each of the components has its own w: negligible for
nonrelativistic matter, +1/3 for radiation and relativistic
matter, and –1 for L. That is, L exerts a peculiar negative
pressure! General relativity also tells us that each compo-
nent’s energy density falls like R–3(1 + w) as the cosmos ex-
pands. Therefore, radiation’s contribution falls away first,
so that nonrelativistic matter and dark energy now pre-
dominate. Given that the dark-energy density is now about
twice the mass density, the only constraint on dark-energy
models is that w must, at present, be more negative than
–1/2 to make the cosmic expansion accelerate. However,
most dark-energy alternatives to a cosmological constant
have a w that changes over time. If we can learn more
about the history of cosmic expansion, we can hope to dis-
criminate among theories of dark energy by better deter-
mining w and its time dependence.

Unfortunately, the differences between the expansion
histories predicted by the current crop of dark-energy mod-
els are extremely small. Distinguishing among them will
require measurements an order of magnitude more accu-
rate than those shown in figure 3, and extending twice as

58 April 2003    Physics Today http://www.physicstoday.org

No Big Bang

Supernovae

CMB

Clusters

0 1 2 3

3

2

1

0

–1

VA
C

U
U

M
 E

N
E

R
G

Y
 D

E
N

SI
T

Y
W

L

MASS DENSITY Wm

Flat

Big
 B

an
g

to
o 

re
ce

nt

Cosmos expands forever

Recollapses eventually

Figure 5. In the cosmological parameter space of the nor-
malized mass and vacuum energy densities Wm and WL,

three independent sets of obervations—high-redshift super-
novae, galaxy cluster inventories, and the cosmic microwave

background, converge nicely near Wm = 0.3 and WL = 0.7.
The small yellow contour in this region indicates how well

we expect the proposed SNAP satellite experiment to further
narrow down the parameters. The inflationary expectation

constraint of a flat cosmos (Wm + WL = 1) is indicated by the
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The experimental physicist’s life, however, is domi-
nated by more prosaic questions: “Where could my meas-
urement be wrong, and how can I tell?” Crucial questions
of replicability were answered by the striking agreement
between our results and those of the competing team, but
there remain the all-important questions of systematic un-
certainties. Most of the two groups’ efforts have been de-
voted to hunting down these systematics.15,16 Could the
faintness of the supernovae be due to intervening dust?
The color measurements that would show color-dependent
dimming for most types of dust indicate that dust is not a
major factor.12,13 Might the type Ia supernovae have been
intrinsically fainter in the distant past? Spectral compar-
isons have, thus far, revealed no distinction between the
exploding atmospheres of nearby and more distant super-
novae.9,12

Another test of systematics is to look for even more
distant supernovae, from the time when the universe was
so much more dense that rm dominated over the dark en-
ergy and was thus still slowing the cosmic expansion. Su-
pernovae from that decelerating epoch should not get as
faint with increasing distance as they would if dust or in-
trinsic evolutionary changes caused the dimming. The first
few supernovae studied at redshifts beyond z = 1 have al-
ready begun to constrain these systematic uncertainties.17

(See PHYSICS TODAY, June 2001, page 17.) 
By confirming the flat geometry of the cosmos, the re-

cent measurements of the cosmic microwave background
have also contributed to confidence in the accelerating-uni-
verse results. Without the extra degree of freedom provided
by possible spatial curvature, one would have to invoke im-
probably large systematic error to negate the supernova re-
sults. And if we include the low rm estimates based on in-
ventory studies of galaxy clusters, the Wm–WL parameter
plane shows a reassuring overlap for the three independ-
ent kinds of cosmological observations (see figure 5).

Pursuing the elusive dark energy
The dark energy evinced by the accelerating cosmic ex-
pansion grants us almost no clues to its identity. Its tiny
density and its feeble interactions presumably preclude
identification in the laboratory. By construction, of course,
it does affect the expansion rate of the universe, and dif-
ferent dark-energy models imply different expansion rates
in different epochs. So we must hunt for the fingerprints
of dark energy in the fine details of the history of cosmic
expansion.

The wide-ranging theories of dark energy are often

characterized by their equation-of-state parameter
w ! p/r, the ratio of the dark energy’s pressure to its 
energy density. The deceleration (or acceleration) of an 
expanding universe, given by the general relativistic
equation

R!! /R = –4/3pGr(1 + 3w),

depends on this ratio. Here R, the linear scale factor of the
expanding universe, can be thought of as the mean dis-
tance between galaxy clusters not bound to each other.
Thus the expansion accelerates whenever w is more neg-
ative than –1/3, after one includes all matter, radiation,
and dark-energy components of the cosmic energy budget.

Each of the components has its own w: negligible for
nonrelativistic matter, +1/3 for radiation and relativistic
matter, and –1 for L. That is, L exerts a peculiar negative
pressure! General relativity also tells us that each compo-
nent’s energy density falls like R–3(1 + w) as the cosmos ex-
pands. Therefore, radiation’s contribution falls away first,
so that nonrelativistic matter and dark energy now pre-
dominate. Given that the dark-energy density is now about
twice the mass density, the only constraint on dark-energy
models is that w must, at present, be more negative than
–1/2 to make the cosmic expansion accelerate. However,
most dark-energy alternatives to a cosmological constant
have a w that changes over time. If we can learn more
about the history of cosmic expansion, we can hope to dis-
criminate among theories of dark energy by better deter-
mining w and its time dependence.

Unfortunately, the differences between the expansion
histories predicted by the current crop of dark-energy mod-
els are extremely small. Distinguishing among them will
require measurements an order of magnitude more accu-
rate than those shown in figure 3, and extending twice as
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it does affect the expansion rate of the universe, and dif-
ferent dark-energy models imply different expansion rates
in different epochs. So we must hunt for the fingerprints
of dark energy in the fine details of the history of cosmic
expansion.

The wide-ranging theories of dark energy are often

characterized by their equation-of-state parameter
w ! p/r, the ratio of the dark energy’s pressure to its 
energy density. The deceleration (or acceleration) of an 
expanding universe, given by the general relativistic
equation

R!! /R = –4/3pGr(1 + 3w),

depends on this ratio. Here R, the linear scale factor of the
expanding universe, can be thought of as the mean dis-
tance between galaxy clusters not bound to each other.
Thus the expansion accelerates whenever w is more neg-
ative than –1/3, after one includes all matter, radiation,
and dark-energy components of the cosmic energy budget.

Each of the components has its own w: negligible for
nonrelativistic matter, +1/3 for radiation and relativistic
matter, and –1 for L. That is, L exerts a peculiar negative
pressure! General relativity also tells us that each compo-
nent’s energy density falls like R–3(1 + w) as the cosmos ex-
pands. Therefore, radiation’s contribution falls away first,
so that nonrelativistic matter and dark energy now pre-
dominate. Given that the dark-energy density is now about
twice the mass density, the only constraint on dark-energy
models is that w must, at present, be more negative than
–1/2 to make the cosmic expansion accelerate. However,
most dark-energy alternatives to a cosmological constant
have a w that changes over time. If we can learn more
about the history of cosmic expansion, we can hope to dis-
criminate among theories of dark energy by better deter-
mining w and its time dependence.

Unfortunately, the differences between the expansion
histories predicted by the current crop of dark-energy mod-
els are extremely small. Distinguishing among them will
require measurements an order of magnitude more accu-
rate than those shown in figure 3, and extending twice as
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Figure 5. In the cosmological parameter space of the nor-
malized mass and vacuum energy densities Wm and WL,

three independent sets of obervations—high-redshift super-
novae, galaxy cluster inventories, and the cosmic microwave

background, converge nicely near Wm = 0.3 and WL = 0.7.
The small yellow contour in this region indicates how well

we expect the proposed SNAP satellite experiment to further
narrow down the parameters. The inflationary expectation

constraint of a flat cosmos (Wm + WL = 1) is indicated by the
black diagonal. The red curve separates an eternally 

expanding cosmos from one that ends in a “Big Crunch.” 
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Rotational Velocities of Stars in Spiral Galaxies

v2(R) = GM(R)/R

Stars and gas in the disk move in circular orbits

Newtonian approximation ☛

Gravitational field provides inward acceleration
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Gravitational Lensing
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Gravitational Lensing
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Bullet Cluster

1E 0657-558
42Thursday, November 16, 23



Bullet Cluster

1E 0657-558
43Thursday, November 16, 23



Bullet Cluster

1E 0657-558
44Thursday, November 16, 23



Bullet Cluster

1E 0657-558
45Thursday, November 16, 23



Bullet Cluster

1E 0657-558
46Thursday, November 16, 23



Dark Matter Search Strategies

6

an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the
financial sectors.

In this paper, we discuss the context for direct detection experiments in the search for dark matter and
describe briefly the current state of theoretical models for WIMPs. A brief review of the technologies
and experiments is presented, along with a discussion of facilities and instrumentation that enable such
experiments, and a description of other physics that these experiments can do. We end with a discussion
of how the field is likely to evolve over the next two decades, with a specific roadmap and criteria for new
experiments.

The international dark matter program is expected to evolve from currently-running (G1) experiments to
G2 experiments (defined as in R&D or construction now), to G3 experiments which will eventually reach
the irreducible neutrino background. Down-selection and consolidation will occur at each stage, given the
growing financial cost and manpower needs of these experiments. The DOE has a formal down-selection
process for one or more major G2 experiments. Since substantial NSF contributions are also expected,
XENON1T is considered to be a joint NSF/international US-led G2 experiment. Additional G2 experiments
may also move to construction in the coming year by either having relatively low overall cost or relatively
low cost to DOE/NSF. It is unclear when and how the U.S. funding agencies will select G3 experiments, but
such a stage is on their planning horizon. It is expected that only one or two U.S.-led G3 experiments at
the $100M range will be financially tenable.

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact
with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown
particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter

!6#(+'%
!('(+'612%

!&% !&%

A&% A&%

Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several di�erent ways.
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The concordance model of cosmology  

⇤ ⇠ 0.7 ⇢c ⇠ 0.7
3H2

0

8⇡GN
⇠ 10�47 GeV4

However 

In terms of Planck units and as a natural dimensionless quantity

⇤ ⇠ O(10�122)

if  universe is described by effective local QFT down to Planck scale 

then the natural value  is ⇤ ⇠ O(M4
Pl)

The Cosmological Constant Problem

the CMB (~ 380 Kyr)

provides a consistent description of BBN (~ 20 minutes)
with dark energy, DM, baryons, and three flavors of light neutrinos 

and the galaxy formation epochs of the universe (> 1 Gyr) 
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Across the Multiverse
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3/4/14 8:00 PMDoes The Multiverse Really Exist?, by George F. R. Ellis, Scientific American

Page 1 of 2http://www.relativitycalculator.com/articles/multiverse_exist_george_ellis/page_42.html

Across the Multiverse
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COBE WMAP PLANCK
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 Image: http://sci.esa.int/planck/43109-mapping-the-cmb-with-planck-hd-version
Image credit: ESA-NASA http://www.nasa.gov/mission_pages/planck/multimedia/pia16873.html
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Summary
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Good luck on the final...

58 CHAPTER 10. ACOUSTIC NEAR-RESONANCE

Figure 10.3: Einstein testing his theory of quanta to the resonance of his new
Razor Atomic Guitar
.

L. A. Anchordoqui (CUNY) Modern Physics 12-3-2015 4 / 16
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