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Standard Model recap

Fundamental particles Fundamental Forces Strength

Quarks (u, d, ¢, s, t, b) Strong 30
fractional electric charge (2/3, -1/3) ?::]c;r; nucleus
bound by strong force: -

qqq (baryons: proton, neutron)

aq (mesons: m, K) Weak )
W, Z
range: 10 m
Leptons (e, y, 7, v, v, v.) -
Don't feel the strong force
Electromagnetism
Gauge bosons (y, W, Z, g, G) v photon 1
Mediate forces range: infinity
Electroweak: y, W, Z
Strorjgr gluon_s \Gravity 077 :
Gravity: gravitons ' graviton 10-40

' Higgs boson
. Gives mass to all particles
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The physics of nothing

P Classical view of the vacuum:
@ A passive “stage” where forces and motions are played
@ Space is static and unchanging
@ Geometry is Euclidean
@ Time marches according to an absolute universal clock
P Special relativity view:

@ The speed of light is constant, independent of the motion
of the source or the observer

@ Space and time are intertwined: spacetime
» Quantum mechanical view (quantum fields):
@ Relativity + Quantum mechanics

@ Minimum possible energy of quantum oscillations (zero
point energy): E=Y2hf

@ Each type of particle (photon, electron) is described by a
field that fills all space

@ At each point in space, the field has the ability to oscillate
at any frequency

@ Imagine a 3D lattice of connected springs
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Quantum field analogy

» Empty space: oscillators move with their random
quantum fluctuations

» Particle present: a traveling disturbance in the lattice
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The quantum vacuum

P Filled with fields corresponding to each particle
P Think of the field as describing the potential for particles to exist

P Quantum fluctuations of the field, even when no particles are
present, mean that the vacuum contains a sea of “virtual particles”

@ Particles arise from the vacuum: you can borrow energy for a
period of time by Heisenberg's uncertainty principle

@ Virtual particle-antiparticle pairs are continuously created and
annihiliated: the quantum vacuum is full of activity

o O -
Heisenberg:
AEAt ~ h

P There is a temporary violation of the law of conservation of
mass/energy, but this violation occurs within the timescale of the
uncertainty principle and, thus, has no impact on macroscopic laws

PHY100



The Theory of General Relativity

» Between 1907 and 1915,
Einstein developed a new
theory of gravity based on

two observations:

@ Inertial mass (F=ma)
appeared to be equal to
the gravitational mass

(F=Gm,m.,/r?)

@ Effect of gravity is
mimicked by acceleration

P Special relativity relates
observations in one reference
frame with another moving at

constant speed

P General relativity deals with
accelerated reference frames
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Gravity = acceleration

» Accelerated reference frames
are identical to a gravitational
field

If you are in a closed box, you B
can't tell if you are at rest on
Earth's surface or accelerating

in a rocket at 1 g = 9.8 m/s? U

1g accel. rocket Earth

Nasa's 20g centrifuge




Equivalence Principle in GR

P Every accelerated observer experiences the same laws of
Nature. In other words, no experiment inside a sealed room can

tell you whether you are accelerating in the absence of gravity,
or at rest in the presence of gravity

@ These two o 3
situations yield 3 X
identical results...

@ Trajectory of stone & * § N

. . - e e e _
inside rocketatlg ~ w t
IS exactly the same |

as in Earth

@ Jumping up & down,
etc... all the same!

# 'Fﬁ fﬁ
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Acceleration bends light

» Imagine you were accelerating upwards very rapidly and you
shined a beam of light what would you see?

Hoacketahy __-"h- Light heamn's
w:calmrabal 3 - g paih reahve e
—~— 1 " e, a3 b Yol
P S - o — ]

ey '__- -
e _ "
" o -
e __.-v-- e
B _—
‘- L - -
- T b LT :
-
]

] =
ﬁ' iy i
] pOinm
4 Rashlight C
‘ i L]_"_'~|'-|,.."| . :- e ot g ies

[N |1= =&

P
F|\ AN 13 Dackligts

|l:I|

= e
TN AN

AN AN AN

» You would observe that the light beam would appear to bend, since the
light beam would hit lower on the wall than expected

P This is because during the time that the light is moving to the right, the
floor is accelerating upward

P But if this happens in an accelerated system, it must also happen
wherever there is gravity
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Gravity bje

From outside /I\

P\

RN

VAN

AN

Wiew of our accelerating elevator. The beam af light travels in a straight line [as respresented by the red ling; it iz the elewvataor
that iz accelerating. The time interval between each view of the elevator iz the zame. We can thus imagine that if we were
ztanding in the elevator, the beam of light would thus appear to follow a curved path, as show below [lower left).

From
inside
7

JAR
/1N

Planet surface

Dlue to the "equivalence principle,” if pou were to gtand inzide the elevator, it would not be pozzible to tell whether you
were accelerating [above left) ar whether you were instead placed in a gravitational field, on a planet's surfface [above
right]. Aind because we know that in an accelerating frame like that in the elevator on the left, a beam of ight would
appear to follow a bent path, we ought to obzerve the zame bending of light if we were on a planet's suface. [The effect
of bending iz extremely exaggerated here.] That's how we can conclude that gravity bends light!

nas

o

light
Light is not bent because of the

gravitational force 'per se'

Light moves on a geodesic
(=shortest distance between
two points)

So Einstein interprets
gravitation as a curvature of
spacetime

Gravity warps spacetime

Light just follows the curvature
of space
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Experimental evidence

» Our Sun distorts spacetime into a gravity
well

» As the Sun passes against the
background of stars, their position seem
to move slightly: 1/1000 of a degree

» Confirmed in 1919 eclipse

BENDING LIGHT

ITr' Le position
of the star
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tational lensing
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Pound-Rebka experiment

P Light loses energy fighting its way out of a
gravitational well

P Frequency shifts lower (wavelength becomes longer)
P Stronger gravity = more redshift

O 0 s T AT D AL e S EET

5 _- .u GHT ]l HjIII]

e — = REDEHIFTED

SINGULARITY —

F ¥ e detector A # In 1959 showed evidence for the

Fe source

gamma phmns gravitational redshift in the lab

dropped @ Used the Jefferson tower at Harvard (22.6 m
= expected energy shift AE/E=5-101>)

@ Need very short wavelength gamma rays

@ Source was placed in a loud speaker to scan
22.6 m gamma photons the source velocity

launched upward

. # When the velocity was right (compensated
@““E 57 for the gravitational redshift), the detector

JJ

rf

Fe detector

= absorbed the gamma rays
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Perihelion advance of Mercury

» GR is needed to understand fine details of planetary orbits

Animation

» The perihelion (distance of closest approach) of Mercury to the Sun
advances 2 degrees (120 seconds) every century

» 80 seconds are accounted for by perturbations from other planets,
etc... but the remaining 40 seconds were unaccounted for

» General relativity predicts an additional 43 seconds of arc and was
one of the first triumphs of Einstein's theory
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http://faraday.physics.utoronto.ca/PVB/Harrison/GenRel/Flash/Precession.html

GPS

GPS operations would fail if we didn't account for relativity
» Special relativity:

2 time dilation: clocks on satellites will tick more slowly than
clocks on the ground

@ 7 microsec per day

» General relativity: a clock closer to a massive object will tick
more slowly

2 Mass of Earth: clocks on satellites are faster than close to
the surface of Earth

@ 49 microsec per day
P Total shift of 38 microsec per day

P Or an error of 10 km per day would accumulate
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Gravitational waves

P Another fundamental prediction of GR is gravitational waves
» We saw that EM waves can be produced by accelerating charges

P Einstein’s theory of General Relativity predicts that gravitational waves
are emitted when a huge mass undergoes a rapid spatial change
(acceleration)

P One way this could happen is when a huge star dies, it eventually
collapses to form a super massive black hole, or when two massive
stars orbit each other
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LIGO

» Laser Interferometer Gravitational wave Observatory
» Experiment to observe gravitational waves from “out there”
» Gravitational wave has an amplitude of 1022 m

P Like observing the orbit of Saturn shifting closer to the sun by the
diameter of a single Hydrogen atom

-fl "
g n s @ The light bounces back
s N and forth on each arm
£ :l,f' @ If the lengths of the 2
* arms are exactly the

same, the light should
come back and
Light bounces 50 constructively interfere

recycling :
mirror &1 times betw een the @ If a gravitational wave
i mirrors on each arm
m e , passes, and stretches
N 1 one dimension and
spilitter/ ™ r T/ compresses the other,
R e | ee——— | | you will get destructive
laser ./ recycling \ '/ interference for a short
mrror  ~t——— = ®rrirro :
2.5 miles s time
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Hanford, Wa Livingston, La
Why 2.5 miles?

P The amount of stretching and compressing of space is a fraction of the
size (~ 1/102%2). So by making the arms bigger, one gets a larger
displacement.

Why 2 laboratories?

P If a gravitational wave passes by/through the earth, you should see the
expansion & contraction of space at both labs at ~same time. Useful for
Immediate rejection of events which are not at the same time (seismic

activity, for example)
PHY100 18



LISA

P Laser Interferometer Space
Antenna: ESA + NASA

» Launch in 2019-2020

» 3 satellites widely separated
In space

» Watch how the distance
between them varies as the
gravitational wave passes by

» Future gravitational wave
astronomy possible?
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Relativity and vacuum

» Famous equation of Einstein's General Relativity:

:8WGT

Uv 4 18Y%
C

G

Geometry = Matter + Energy

» Geometry refers to a measure of how curved space is
» General Relativity in a nutshell:

@ Matter determines the curvature of space

@ The space determines how matter will move in it...
» Special Relativity: Space and time are intertwined
P Space can change: static Universe is hard to achieve!
» Geometry can be non-Euclidean

» The dynamics of spacetime determines the fate of the
Universe

» We will see more about this in next lecture: Cosmology
PHY100 20
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