CS-10, Spring 2016
Dr. Jatila van der Veen

CLASS 8:




Today:

Discussion of Zee, chapters 5 & 6 and a bit more

“Field Trip” to the KITP for a tour of the Physics
Art, led by the KITP Artist in Residence,
Jean-Pierre Hebert




*
Einstein’s Happy Thought
* *

*
*

* Push of floor on person

PR *

* apparent weight of person

In a small enough region of spacetime, such that the gravitational field strength
does not vary, a person accelerating at 1g “in outer space” cannot distinguish this
from standing still on the surface of the Earth, at sea level.



The laws of physics must preserve their structural
form under general coordinate transformation.

l.e., for something to be a law of physics,
coordinates must transform in the same way on both
sides when you apply a Lorentz transformation.

An accelerating observer and a non-accelerating
observer can interpret the different physical
realities that each perceives as being due to a
gravitational field.



Illustration on p. 110:
The Action of the Universe on a cocktail napkin:

11 _
S=|dxJg e F2+ Dy + (Do) +V(p)+ 7oy

4 8 Geer,

mmmwah! .

p. 111: To say that physics possesses a certain symmetry, is to
say that the Action is invariant under the transformation
associated with that Symmetry.




S = [ L(x,x,t)dt = T(T —V)dt

]

S iIs the Action.

L is called the Lagrangian.
L=T-V

T = kinetic energy

V = potential energy

¢ The Principle of Stationary Action:

The path of a particle is the one that yields a stationary value of the action.
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Trajectory of a thrown ball fol ows -
the Path of Least Action.in this
case a parabola (red path above)

The meandering dotted hypothetica
course would require maore Action,
which in physics, is defined as the tofal
gifference between potential and

G
S = j Ldt = const
1:1

Gravity kinetic energies (summmated) for the

antire path. In other words, Nature

takes ar finds' the most efficient path

~ perturbations.

l.e., his

. P .— Humpty Dumpty will always follow a geodesic in spacetime!
e ' That is, he will always follow a path such that the difference
G between his kinetic and potential energies is stable to small
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gh IS constant over his path.
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An attempt to visualize the principle of stationary action with soap
films.

Try this: Using soap solution and wire, show that for any shape of
wire you make, the soap film will always settle onto one stable
surface, and if you disturb this surface ‘a little’ — say, by blowing on
It very gently (without popping it!) —that it will return to its stable
position.
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(If ¢ # 1 then z° = ¢t.) This vector is an element of a 4-dimensional vector
space called Minkowski space. Then we have

dsz = (dIO)Z . (d:z:l )2 . (dx2)2 i (d.‘l,'3)2




defining the Lorentz (or Minkowski) metric

Guv =

many authors choose
the opposite: (-1, 1,1,1)

orentz
ransformation
S a rotation in
Inkowski space

S is the path of
stationary action



Gravity waves produced by two rotating massive objects

Meanwhile: in 2016 the detection of
gravity waves was announced!

disturbance of test particles due to passage of
gravity waves



test mass

light storage amm

test mass
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Progression of symmetry from obvious to subtle:

1. Rotation of coordinate axes in space ~ invariance of the length
of a line

2. Relative motion of inertial observers at slow speeds ~ Galilean
Invariance

3. Speed of light Is constant for all observers - Lorentz invariance

4. Equivalence of Mass & Energy — General Relativity - General
covariance, curvature of spacetime

5. Gauge theories — explain “internal” symmetries of particles

6. What’s next? Super symmetry? String theory? Something
else?




symmetry

( invariance with respect to automorphism groups)

/ =

discrete symmetry continuous symmetry

plane spatial PCT- global symmetry local symmetry
symmetry symmetry symmetry (space-time invariance) (gauge principle)

| /1 | |

ornamentic crystal parity charge time  conservation supersymmetry
symmetry symmetry laws (=unified theory)
GUT Poincaré symmetry
U(1) x SU(2) x SU(3)- (gravitation)

/ symmetry\
Ul x SU(2) - SU3)-

symmetry symmetry
(strong force)

U(1)-symmetry SU(2)-symmetry
(electromagnetic force) (weak force)

Figure 9. Classification of symmetry




A gauge theory is a type of field theory in which the
Lagrangian is invariant under a continuous group of
local transformations.

Yang-Mills Theory: a gauge theory in which a field is defined
everywhere in space, mediated by the exchange of virtual particles



First it was noticed that groups of particles were related
to each other in a way that matched the representation
theory of SU(3).

SU(3): transforms 3 objects into each other via
rotation and has n?-1 = 8 degrees of freedom



From that, it was inferred that there is an approximate
symmetry — an internal symmetry called “l,” or ISOSPIN
which is parametrized by the group SU(3).



Finally, this helped lead to the discovery of quarks, three
of which are interchanged by SU(3) transformations.



These are the three lightest: up, down, and strange.



Postulate: There is an abstract three-dimensional vector space
in which the 3 quarks which make up spin %2 baryons can be described:

1
up —| 0 down —

0,

The laws of physics are

(0
1

0,

approximately invariant™ under

applying a unitary transformation
to this space, sometimes called a

flavor rotation:
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" because the quark masses are not exactly identical.

where A Is
In SU(3)



quark color
space
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Quarks as fundamental representation of the
3-dimensional color group SU(3)

color symmetry of quarks is
an exact symmetry : each
quark can be transformed
into a different ‘color’
quark with same mass,
same spin, same isospin

Quark wave function, y =
(space term) x (spin term) x (flavor term)x (color term).

Isospin




This led to the “eightfold way” -
almost symmetries of the spin 72 baryons

s=0 \ p




The Eightfold Way may be understood in modern terms as
a consequence of flavor symmetries between various
kinds of quarks.



http://en.wikipedia.org/wiki/Flavour_(particle_physics)
http://en.wikipedia.org/wiki/Quark

The Eightfold Way may be understood in modern terms as
a consequence of flavor symmetries between various
kinds of quarks.

Since the strong nuclear force affects quarks the same way
regardless of their flavor, replacing one flavor of quark
with another in a hadron should not alter its mass very
much.



http://en.wikipedia.org/wiki/Flavour_(particle_physics)
http://en.wikipedia.org/wiki/Quark
http://en.wikipedia.org/wiki/Strong_interaction

The Eightfold Way may be understood in modern terms as
a consequence of flavor symmetries between various
kinds of quarks.

Since the strong nuclear force affects quarks the same way
regardless of their flavor, replacing one flavor of quark
with another in a hadron should not alter its mass very
much.

Mathematically, this replacement may be described by
elements of the SU(3) group.



http://en.wikipedia.org/wiki/Flavour_(particle_physics)
http://en.wikipedia.org/wiki/Quark
http://en.wikipedia.org/wiki/Strong_interaction
http://en.wikipedia.org/wiki/Special_unitary_group

The Eightfold Way may be understood in modern terms as
a consequence of flavor symmetries between various
kinds of quarks.

Since the strong nuclear force affects quarks the same way
regardless of their flavor, replacing one flavor of quark
with another in a hadron should not alter its mass very
much.

Mathematically, this replacement may be described by
elements of the SU(3) group.

The octets and other arrangements are representations of
this group.



http://en.wikipedia.org/wiki/Flavour_(particle_physics)
http://en.wikipedia.org/wiki/Quark
http://en.wikipedia.org/wiki/Strong_interaction
http://en.wikipedia.org/wiki/Special_unitary_group
http://en.wikipedia.org/wiki/Representation_theory
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strangeness
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a property
of the strong
Interaction

SU(3)







(Real) Special Orthogonal Groups: SO(n) have
generators

n(n-1)

2
(Complex) Special Unitary Groups: SU(n) have I —1
generators
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(Real) Special Orthogonal Groups: SO(n) have n(n—1)

generators

2(2—-1) 1
SO(2): 2 degree of freedom
(rotation about z-axis)

33-1) _,

SO(3): 2 degrees of freedom
(rotation about X, y, or z axes)
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(Complex) Special Unitary Groups: SU(n) have n2 —1
generators

SU(Z) 22.1 = 3 degrees of freedom | > 3 force-Carrying bosons
weak force

> eight gluons
Strong Force

SU(3): 32— 1 =8 degrees of freedom ‘
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(Complex) Special Unitary Groups: SU(n) have n2 —1
generators

SU(Z) 22.1 = 3 degrees of freedom | > 3 force-Carrying bosons
weak force

> eight gluons
Strong Force

SU(3): 32— 1 =8 degrees of freedom ‘

U(1): 1 degree of freedom > one photon
electromagnetic force



n(n-1)

(Real) Special Orthogonal Groups: SO(n) have generators

(Complex) Special Unitary Groups: SU(n) have n2 L 1 generators

SO(2): 2(1)/2 =1 degree of freedom (rotation about z-axis)

SO(3): 3(2)/2 = 3 degrees of freedom (rotation about x, y, or z axes)

SU(2): 22-1 = 3 degrees of freedom | 3 force-carrying bosons
weak force

eight gluons
Strong Force

SU(3): 32— 1 = 8 degrees of freedom

U(1): 1 degree of freedom > one photon
| electromagnetic force



THE STANDARD MODEL AT THE
~_END OF THE 20™ CENTURY

Matter
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Quarks 2 Leptons

|
Quark-Lepton
comp lementarity

Hadrons

Mesons Baryons

Nuclei

Atoms
Molecules

Composite Particles

Elementary Particles

Force Carriers

Gluons

8
Strong

SU(3)

Quantum

W & Z bosons Photons Gravitons
3 1 1
Weak Electromagnetism Gravity
X |su@2)| x |U(1) ?
Quantum Quantum

Chromodynamics

Electrodynamics Gravity

|
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Grand Unified Theory

Electroweak Theory

Forces

Theory of Everything




