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RECAP

m Einstein’s postulates

e Laws of physics look the same in any
inertial frame of reference.

e The speed of light is the same in any inertial
frame of reference

m Strange consequences
e Time dilation and length contraction

e Relativity of simultaneity and ordering of
events... need to have ultimate speed limit

e Equivalence and conversion of mass and
energy... reason for ultimate speed limit

= We have been carefully avoiding gravity



This class

m Finally talk about gravity
m Affect of gravity on light
m Affect of gravity on time
m Strong equivalence principle

m HW 3 due Feb 20

m Alex D's office hours for Monday Feb 17
are 12:00-1:00 - ONLY FOR THIS WEEK



HW 3

Homework 3 : The Theory of Relativity
(Due 20h February 2020)

1. Read the New York Times article on Einstein
https://www.nytimes.com/2015/11/24/science/a-
century-ago-einsteins-theory-of-relativity-changed-
everything.html

2. Read/listen to NPR story on atomic clocks at
http://www.npr.org/2014/11/03/361069820/new-
clock-may-end-time-as-we-know-it

For each of these pieces, submit via ELMS one
question that came to your mind, and one issue that

you found particularly interesting.



XX

Ebe New York Times

WEDNESDAY, DECEMBER 3, 1919

THE NEW

EINSTEIN EXPOCNDS
HIS NEW THEORY,

1t Discards Absoluté Time and

+ Space, Recognizing Them Only

'IMPROVES

)
Bociety,

>

as Related to Moving Systems,

ON  NEWTON

Whose Approximations Hold for |,

Most Motions, but Not Those
of the Highest Velocity. ’

INSPIRED AS NEWTON WAS

But by the Fall of a Man from a
Roof Instead of the Fall
of an Apple.

Saprisht, 1919, by The New York Times Company
Spectal Cable to T NEw YORK Tiups.

BERLIN, Dec. 2.—Now that the Royal
at its meeting in London on
Nov. 6, ha8 put the stamp of its official
wuthorlty on Dr. Albert Einstein's much
debated new ‘' theory of relativity,”
¥nan's conception of the universe seems
Mkely to undergo radical changes. In-
deed, there are German savants who be-
$ieve that sincy the promulgation of
Newton's theory of gravitation ‘no dia-
covery of such Importance has been
tnade In the world of sclence.

When THE Negw York TIMES corre-
&pondent called at- his home to gather
from his own lips an interpretation of
what to laymen must appear the hook
with the seven seals, Dr. Einstein him-
melf modestly put aslde the suggestion

“that his theory might have the same

yevolutionary effect on the human mind
n3 Newton's theses. The doctor lives on
the top floor of a fashionable apart-
ament house on one of the few elevated
@poty In Berlin—so to say, close to the
etars which he studies, not with a tele-
#cope, but rather with the mental eye,
und so far only as they come within the
range of his mathematical formulae; for
Be 13 not an astronomer but a physicist.

It was from his lofty library, in which
this conversation took place, that he ob-
served years-ago a man dropping from
® nelghboring- roof—luckily on a pile of
soft rubbish—and escaping almost .with-
out injury. This man told Dr. Einstein
that In falling he experienced no sensa-
tion commonly consldered as the effect
of gravity, which, according to Newton's
theory, would pull him down violently
toward the earth. This incident, fol-
Jowed by further researches along tue
me line, startel In his mind a com-
plicated chain  of thoughts leading
finally, as he expressed it, “not to a
dieavowal of Newton's theory of gravi-
tation. but to a sublimation or supple-
ment of .

‘When he rcad in the nmessage from
T TIMES requesting the Imterview a
referencc to Dr. Einsteln’s statement to
his publishers on the submission of Nis
last boois that not more than twclve per-

eane fn all tha warld eanld nndaratund

Large Neasure of Home Rale
for Ireland Believed in View

LONDON, Wednesday, Dec. 3.—
The Irisk sltuation was the prluclpal
subject discussed by the Cabinet at
its meethg yesterday forenoon.

Mintsters attending included . Vis-
count Franch, thé Lord Lieutenant of
Ireland; Earl Curzon, the Forelgn
Secretary; A. J. Ealfour, Lord Presi-
dent of tie Council; Winston Church-
ill, Secrctary for War, und Edwin
S. Montegu, Secretary for Indla.

There'ls reason to believe that the
Govcrnmem's original Home Rule

SAYS TEN MILLIONS
FACE HUNGER DEATH™

Norgenthau Urges America to
Try to Save Dying Nations
of the Old World,

DESCRIBES SCENES HE SAW

1

Ex-A [+] d Notiing

Is are
bie alteration; says The Daily Mall
this moraing, particularly with refer-
ence to the proponed -executive unit-
ing of the two provinclal Leglslat-
ures. Itis also believed that a con-
siderably larger measure of fome
Rule Is contemplated.

“It s significant,” the newspaper
adds, " thut o strong body of young
Unlonist Members of Parllament are
preasing the Government to adopt a
very forward polley with regard to
Ireland.”

electrodyramics, as well as mechanlcs,
hitherto irreducible by the old {ormulu.e
—and there are m\llllludu-—\vere satis-
facturlly saplalned.

“THL now it was helle\ed that time
and space existed by tnemselves, even
It there was nothing else—no sun, no
oarth, no stars—while now we know that
time and space Are not the vessel for the
universé. but could not exist at wl it
there wers no contents, namely, no stn,
carth, and other celestial bodles.

“This special relativity, forming the
first part of my theory, relates to all
eystems moving with uniform motion ;
that le, moving in @ stralght line with
equal velecity.

“ Gradually 1 wae led to the idea,
seeming 8 very paradox In science, that
it might epply equally to alt moving sys-
tems, over of difform motlon, and thus
1 developed the conception of general
relativity whigh forms the second part
of my theory.

“ It was during the development of the
formulas for difform motions that the
incident >f the man falling from the
roof gave me the tdea that gravitation
might be explained by difform motion .

*1f thee Is no absolute time, or space,
supposedly forming the vessel of the
universe,” the correivundenl asked,

what, becomes of the ether?

There 13 no ether, as hitherto con-
celved by sclence, which is proved by
the weil known experiment of the cele-
bratéd American savant, Michelson,
showing that no influence by the motion
of the earth on the ether in perceptible
through chunge in velocity of light, such
as ought to be produced if the old con-
ception were true.’”

“ Are you yourself absolutely con-
vinced of the correctness of this revolu-
tlonary theory of relativity, or are there
still any reservations? ™

** Yes, . am,” Dr. Einsteln anawered.
{y theory is confirmed by the two
cruelal eases mentioned before. But
there is still one test outstanding, name-
Iy, the spectroscople. According to my
theory, the lines of the spectru of fixed
stars must be slightly shifted through
the influence of gravitation exeried by
the very itara from which they cmanate.
So far, fowever, the results of the ex
aminatlons have been contradictory;
1 have 1o doubt ot firm. confir:nation,
even throagh this test.””

Just then an old|
in theltbrary. chim
reminding Dr. Eins|

Except Miracle Can Prevent Great
Horror Winter Holds in Store.

Special to The New York Times.
WASHINGTON, Dec. 2.—In an adiress
here tonight, Henry Morgenthau, former
Amerle assador to Turkey, sdid
ttat ** nothing on earth except u miracle
trom hesven can prevent the death by
freezing and starvation of from 5,000,000
te 10,000,000 people In BEurope anc the
Near East this Winter.”

Many prominent officlals were in the
aidience that heard Mr. Morgenhau,
who recently returned to this cowntry
fiom an official mission to Polani.

“1 wish that I could adequately de-
seribe o scene which I witnessed !
Pinsk last August,”” sald Mr. Mo'gen-
thau. ““It has haunted me ever since
nad has served as a complete expres-
slon of the miser i
{s prevalent ove
the world toda

such a large
A few months before
oy amval o parteularly | atracious
/len massacre had taken pla
X" polish officer with troops hal en-
tered an assembly hall where the leading
Jewish residents had gathered, arrested
them, and marched hurrledy
the public square. He took thirty-tive
wen, and, in the dim light of an auto-
nobile lamp, placed them agains: the
Gathedral and ahot, them in cold Moo
A somewhat hazy charge ha n made
that U ce Tnen_were Bolshevikl, bit na
tnal given them and indeel the
hirge was subsequently snown (0 be
untrue.
" Returning to the scene of the aecu;
tion the next morning the troops found
St e ictims wero el
{hese they  dispatohed witk
all the IniryEiva  capses
wn into a pit in a1 old
owis without an opportunity
nt bur ¢ religious execlscy
umx u un othing to mark the grav
roboeding to muke one shulder,
1 i true, yet ot u pirticulurly hor:
rble event compured with the eiimes
that have been verpetrated in Central
surope, In the isulks tn Aala
Ninor in the luat fiv
of only thirty '3 Werl
e in 4 few months new
Armenians were des
were
wa ene whith I whnessed 1 my
Vielt that 1 wish particularly to bring
» your minds.
Tp to the time 1 came ¢
had hoen tted to vis!
come ut L was uhu\\ul to limpeet
te xcﬂlc of thia-martyr and, when
P entored. n great crowd of mm v\hr
lnd followed me also went
they burlal pluce urm. i

o

ng

bullets and

Jew

upon ground, and wet up
hat \Ull Fings in my cars.
gujsh ety of # ternbly pu-..‘.-
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same evening 1 attended atvine
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First Newtonian mechanics (special
relativity), now his law of gravity
(general relativity)

m As we have just learned we have to
understand

e In whose frame do we measure ?

e Does the force depend based on your reference
frame?

e Can gravity information travel (communicate)
faster than c?

2/10/20



General Relativity

m Like special relativity, the general theory predicts
phenomena which differ significantly from those
of classical physics,

e especially concerning the passage of time,

e the geometry of space,

e the motion of bodies in free fall, and the propagation of
light.

m Examples of such differences include gravitational
time dilation, gravitational lensing, the
gravitational redshift of light, and gravitational
time delay



[: Einstein’s Tower

m Another thought
experiment... suppose
that light is not
affected by gravity.

m Consider a tower on
Earth

e Shine a light ray from
bottom to top

e When light gets to top,
turn its energy into
mass.

e Then drop mass to
bottom of tower.

e Then turn it back into
energy

Converter



Perpetual motion?

m So...

Suppose original photon energy E

By assumption, photons are is not affected by gravity so it has
energy E once it reaches top

Convert this energy into mass, mass created at top is m=E/c2

Then drop mass... at bottom of tower, it has picked up speed
due to the conversion of gravitational potential energ
(Egrav=mgh)*

grav

We have made energy! We're rich!!!! Infinite amount of
energy!

* A little physics.. the energy due to falling in a gravitational field is
Eq,.=mgh (h=height you fall, m is the mass falling, and g is the local
acceleration due to gravity)



m Clearly something is wrong with our assumptions...

e Only way we can_conserve energy is to suppose that
light 1s affected by gravity...

e We need the photon to lose energy as it climbs
upwards... at top of tower, we must have

h -1
EtOpE(l 92)

C

e This is known as gravitational redshift (?)



Gravitational Redshift

e for light the energy of a photon is related to its
frequency,v, (alternatively its wavlength,\)

E=h*v=hc/\A— lower energy, longer wavelength-
redder

m The profound nature of gravitational redshift...
e Imagine a clock based on the frequency of light

e Place the clock at the base of the tower... observe it from
the top.

e Photons lose energy... so they decrease frequency
e Thus, we see the clock running slowly!

e Time passes at a slower rate in a gravitational field!
(units of v is cycles per sec, A is wavelength of light)

*h= Planck's constant (6.62606957 x 1034 m2 kg/s)



Properties of Waves

m Recall properties of waves:
m Waves characterized by
e Wavelength (\) = distance between crests- (units length)

e Frequency (f or v) = number of crests passing a given point
per second (units cycles/time)

m Speed of a crest; s_ = Av (this is generic to waves, for light s_=c)
m Energy of a wave is proportional to frequency v, E = hv.

2/10/20 12



To repeat....

m The profound nature of gravitational redshift...
e Imagine a clock based on the frequency of light
e Place the clock at the base of the tower...

gh\
Piop =2 (1 +%)

e observe it from the top.

e Photons lose energy... so their frequency
decreases

e Thus, we see the clock running slowly!

e Time passes at a slower rate in a gravitational
field!



Gravitational Redshift

m To work it out with equations
m For a photon Emc2=hv

m The gravitational potential energy (the energy gained
by falling in a gravitational field) PE=-GMm/r=(-GMh/
rc?)v,

m So as the photon rises up in the gravitational field

m hv=hvy {1-(GM/rc?)}; v=v, {1-(GM/rc?)}; Av/v=GM/
rc?

where Av is the change in frequency of the photon

Av=(v-vy)

Tthe photon is reduced in frequency (and thus lengthened

in wavelength) this is called the gravitational

redshift

14



Resolving the tower problem

m Now consider light ray aimed from top to
bottom of tower

m Free-falling(FF) observer sees light ray
travel unaffected by gravity,since freefall is
an inertial frame

Converter

’ 144

m From“Earth’ s”frame...

e Free-falling (FF) observer is traveling
faster and faster

e Falling observer would see an increasing
redshift of light source according to
special relativity (doppler effect)

e If FF observer is supposed to see a
constant frequency light beam,then
light must get relatively blueshifted
as it falls in a gravitational field, to

2019140
compensate

Light

15



Gravitational Redshift

m Free-falling (FF) observer sees
light ray travel unaffected by
gravity.

m From “Earth’s” frame...

e Free-falling (FF) observer
traveling faster and faster

e FF observer would an
increasing blueshift

e Since FF observer sees an
unaffected (I.e. constant
frequency) light beam, light
must get progressively
redshifted as it climbs up.

e Redshifting removes just
the right amount of energy
to solve tower paradox.

Converter



Maxwell and gravity

m Clearly,our assumption must be wrong...
e light must be affected by gravity.

e But gravity does not appear in Maxwell’ s
equations,which govern light

e Thus, Maxwell’ s equations are not complete*
and are not exactly valid in the reference
frame of Earth's surface,where there is
gravity.

e the Earth’ s surface must not be an inertial

frame of reference!
2/10/20 17



THE ELECGTROMAGNETIEC SPECTRUK

o Sherter
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Another Eftect of Gravity on Light

m Gravitational time delay- time it takes
for light to travel to a source is effected
by gravity (paths longer in curved
space)



Curved Space (more in next lecture)

m Curved space around the Earth looks
something like this...

From web site of UCSD



The Shapiro time delay effect, or
gravitational time delay

m the gravitational time delay effect, one of the
four classic solar-system tests of general
relativity.

m Radar signals passing near a massive object
take slightly longer to travel to a target and
longer to return than they would if the mass of
the object were not present

m bounce radar beams off the surface of Venus
and Mercury and measure the round-trip travel
time as a function of orbit.

m Results agree with GR to 20 parts per million



Shapiro Delay Geometry

m Estelle Asmodelle (UCLAN Honors

] Planet : i
GR view \\\\ f\\\\ Newtonian vie
\\\
p \v\
%\

The Sun

‘igure 8 The radar reflection of photons from the Earth to a planet and back. The left image is the
actual path, exaggerated. The right image is the Euclidean form. Illustration E. Asmodelle.



Hatele—Keating experiment

m Hafele & Keating
(1971) flew around

world with atomic
clocks...

m Clock on plane gained
time relative to one
on ground by...

e 273x7ns (Westbound)
e -59+10 (Eastbound)

e But TWO terms
= special relativity
= general relativity




nanoseconds gained

predicted
gravitational kinematic measured
total
(general relativity) (special relativity)
eastward 144+14 -184 + 18 -40+£23 -59+10
westward 179118 96+10 275+21 | 27347

Two terms are need- special and general relativity



I[I: Strong Equivalence Principle

m Recap of the weak equivalence principle
e All objects accelerate at the same rate in a given
gravitational field.

e In other words, inertial and gravitational masses are
the same for any object.

m Einstein introduced the strong equivalence principle
— when gravity is present, the inertial frames of Special
Relativity should be identified with free-falling frames

of reference.
m What does this mean???



EQUIVALENCE PRINCIPLES

m Recall the “weak” equivalence principle:

e All objects are observed to accelerate at the
same rate in a given gravitational field (Galileo
tower of Pisa experiment).

e Therefore, the inertial and gravitational masses
must be the same for any object.

e This has been verified experimentally, with
fractional difference in masses <10

m As a consequence, the effects of gravity and of
inertial forces (fictitious forces associated with
accelerated frames) cannot, locally, be distinguished

2/10/20 26



Accleration vs Gravity

Elevator in gravitational field Elevator accelerating upwards

1




m There is no way of telling the difference
between a free-falling frame in a gravitational
field and an inertial frame in no gravitational
field... the two are equivalent.

Free-falling elevator Elevator in deep space

RE
v




Interior of elevator free-falling on Earth is equivalent to
interior of elevator floating freely in deep space

a=9.8 m/s?



Back to the Astronauts...




What about gravity?

e Suppose that you decide that your frame of
reference is not inertial...

= Freely moving bodies change velocity

= [s it because of gravity or is the frame
accelerating?

= Einstein says that you cannot tell the
difference!

= Gravity is a “fictitious force” - i.e., a
force which appears to exist because we are
living in @ non-inertial frame of reference.



Elevator at rest on Earth equivalent to elevator
being pulled by accelerating rocket in deep space




What about light? It “falls”, too!

m Astronaut in inertial frame with flashlight
e |nertial frame, so light goes in straight lines
e |t doesn’ t matter whether this is free fall or far from masses

m What if we now put flashlight in a gravitational field (accelerated
frame)?

e Light beam will bend: it must accelerate at the same rate and
direction as the elevator

e Strong equivalence principle => frame with gravity acts the same

e Important conclusion - light “falls” due to gravity!- how can we test
this idea?

. Accelerating frame
Inertial Frame 9

or gravity

2/10/20 33




The Eddington Test

m 1919 - the first “accessible” total
Solar eclipse since Einstein
postulated the Strong Equivalence
Principle (SEP)

m Arthur Eddington

e Famous British Astronomer

e Lead expedition to South Africa to
observe eclipse

e Was looking for effects of gravitational
light bending by searching for shifts in
positions of stars just next to the Sun*.

e The shifts were exactly as Einstein
calculated! (1.75 seconds )

Extremely important

2.

*Einstein predicted that the magnitude of the shift depended on how large the
angle was between the sun and the background star and the mass of the sin



m Prior to this, the GR was
untested - just an
interesting, intelligent,
idea.

m After Eddington, Einstein
(and his science) was finally
be taken seriously, and even
the non-scientists of the
world somehow found
themselves standing in awe
of the genius of this Swiss-
German physicist.

+Can Gravity Bend Light?

+If light, does not have mass, how
could it possibly be affected by
gravity?

+After all, the force of gravity - - is
directly dependent upon the mass of
two objects.

+http://isaacmmcphee.suite101.com
albert-einstein-and-bending-light-
a43865#ixzz1nboyQEaH



m Extraordinary claims require
extraordinary evidence, and
it's hard to think of Obsersed posion

. during the eclipse
something more
extraordinary than the idea
that massive objects warp
space and time.

b_¢

Real position

( same as the observed position
when there i no eclipse)

gl
.

The Sun during
an eclipse

Angle is very small ., angle of deflection of a light ray that just

grazes the surface of the Sun should be
6,=4GM_/c°R.= 8.5x10-%radians = 1.75
arcsec

http://sunearthday.nasa.gov/2006/events/einstein.php



Bending of lieht bv Gravitv

Oravity Bends Light

B vicw from view from
occe loratang froeme cutaido g
Rt rw
=rziw
é s ex! pathy
Pty of pds oo ok pArtw

by the equivalence poinciple. o photoa will also ""fall™” 1n a gravitaticnal faeld

The principle of equivalence renders the gravitational field

fundamentally different from all other force fields
encountered in nature.

37
httn://ahvss 11ioreaon _edii/~is/cosmao/lectiires/lec06 _html



Giant lenses in the sky

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl) * STScl-PRC00-08




Gravitational Lensing

m Einstein’ s prediction that gravity distorts space-time
was verified by observing a 1.7" deflection of star
close to the sun during a solar eclipse in 1919,

m The gravity from a foreground galaxy bends or images
the light from a background galaxy or quasar.

2/11/20



Light Is Bent On Cosmic
Scales

near
: calaxy o
Earth fa
galaxy

O

apparent ring of hght
from far galaxy

light from far galaxy




Source

light 'bending’ is a
consequence of the
bending of space itself

Deflector

Observer




Gravitationslinsen (I)

Quelle genau hinter der Linse

Matthias Bartelmann. MPA Garching




Remember the tower...

Converter

Light beam must lose energy
as it climbs up

e S0...frequency must
decrease-wavekength
increase

e i.e., light is redshifted.
e Gravitational redshifting

2/12/20 43



Remember the tower...

m Imagine a clock based on
frequency of laser light

e 1 “tick” = time taken for
fixed number of crests
to pass

e Gravitational redshifting
slows down the clock.

e Clocks in gravitational
fields must run slowly

i GM
grav - ZLspace

Converter

CI"

2 2/20 44
gravitational field 1s " weak"



How to live for a 1000 years!-

Interstellar the movie

Time runs very
< slowly at this point!

<o |

Go where gravity is very strong!
Observer on Earth would see astronaut’s clock running very slowly
when close to black hole - astronaut would age very slowly.

m (In fact, there are other discomforts from of being near a black hole!)

2/10/20 45



Gravitational time dilation has
practical importance!

m Global Positioning System (GPS)
e System of satellites that emit timing signals
e Detector on Earth receives signals

e Can figure out position on Earth’s surface by
measuring time delay between signals from different
satellite (light travel time gives distance to satellite)

o Neﬁc'i to measure time of signal from satellite very
well!

= 10m positioning requires ~30ns time accuracy

e Satellites are at varying heights; clocks run at varying
rates

= Satellite clocks drift by ~38us per day wrt Earth
clocks!

m If GReffects were not included, computed GPS positions
would drift from true position by kilometers per day!



GPS Geometry

Have both special
(velocity of satellites )
and GR effects (gravity)

|r—rj|:c(t—tj);
7=123.4.

distance = ¢ times At ﬁ,!

Figure 11: The positions of receivers are shown. Transmitted at t;, and at positions r;. The
values of GvT is found by solving four simultaneous equations. Courtesy: (Ashby, 2002).



Consequences of Strong Equivalent Principle

Gravity effects space-time itself !
Gravity can bend light
Gravitational redshift
Gravity can slow down time
Gravity can change lengths

see for more info
https://www.einstein-online.info/en/spotlight/equivalence_principle/



