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Plan for remaining sessions

6) GR, Cosmology and Black Holes
7) Hot topics in Cosmology

8) The Search for Gravitational' Waves

+— -+
9) Einstein and the Qilargfurrf Revolution
T +

10) The post-Einstein Universe



Relativity: the Twins Paradox

Cae )
O 1. Twins, Terence and Stella, on Earth, aged 20

Cae
ﬁo 2. Stella sets off on spaceship to Pollux
(distance 33.73 l.y.) travelling at 0.999c

v 3. From Terence’s point of view, Stella’s
journey takes 33 years and 9 months

while from Stella’s point of view it takes
only 18 months

http://nobelprize.org/educational _games/physics/relativity/paradox-1.html



Relativity: the Twins Paradox

2@
ﬁ 4. After a few days (from her point of view) at
Pollux, Stella heads for home. When she arrives

back, she is 23 years old. There she greets her

i @ ‘twin’ Terence, who is now 87%: years old.

http://nobelprize.org/educational _games/physics/relativity/paradox-1.html



Relativity: the Twins Paradox

ﬁ@?@

i

4. After a few days (from her point of view) at
Pollux, Stella heads for home. When she arrives
back, she is 23 years old. There she greets her
@ ‘twin’ Terence, who is now 872 years old.

~N

The ‘paradox’ Is the argument that says:

“Why can’t we think about Stella as being the
‘'stay at home’ twin, and Stella as the traveller?

Wouldn’t that mean Stella is the twin that ages?”

\_ J

http://nobelprize.org/educational _games/physics/relativity/paradox-1.html




Resolving the Twins Paradox

The ‘paradox’ is resolved when we realise Return Event
that the roles of Terence and Stella are not
fully symmetrical.

Inbound Leg

 Terence remains in the same inertial
reference frame throughout Stella’s
journey

Turnaround

Terence

« Stella changes inertial frame between
the outbound and inbound legs.

Outbound Leg

Starl Event

http://math.ucr.edu/home/baez/physics/Relativity/SR/TwinParadox/twin_paradox.html



Resolving the Twins Paradox

The ‘paradox’ is resolved when we realise Return Event
that the roles of Terence and Stella are not
fully symmetrical.

Inbound Leg

 Terence remains in the same inertial
reference frame throughout Stella’s
journey

Turnaround

Terence

« Stella changes inertial frame between
the outbound and inbound legs.

« The relativity of simultaneity between Quibound Leg

these three inertial frames results in the
difference between the elapsed proper
time for Terence and Stella. Siart Evenl

http://math.ucr.edu/home/baez/physics/Relativity/SR/TwinParadox/twin_paradox.html



Stella sends
pulses to Terence

blueshift ﬂm
e
/ 3

redshift

Starl

Terence sends

pulses to Stella

Return

emitted




Making Sense of Einstein's Universe

Spacetime diagrams t Light

cone
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Causal future

Space

Causal past



Stella sends Terence sends
pulses to Terence pulses to Stella

blueshift

Pulses are sent at
equal proper time
Intervals in the
sender’s frame.

These pulses don’t
arrive at equal time
Intervals in the
receiver’s frame.

redshift

emitted

.
y

Legend received

N
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We can also look at this in terms of
spacetime events which are
simultaneous.

We see that, from Stella’s point of
view, Terence does most of his
aging close to Stella’s ‘turnaround’,
when she changes inertial frame
(i.e. she changes velocity).

Change in velocity = acceleration.

This makes it a GR problem!

Terence

“gravitational™ tim e dilation

Return Event

Inbvund Leg

Siart Event

Turnarvund

Qutbvund Leg



o Return Event .
We can also look at this in terms of . el

spacetime events which are Y e 2

simultaneous.
_ Inbound Leg
We see that, from Stella’s point of
view, Terence does most of his
aging close to Stella’s ‘turnaround’,
when she changes inertial frame

&
(i.e. she changes velocity). :” ; )
IE uronarvun
Change in velocity = acceleration.
This makes it a GR problem! _
QOulbound Leg
But we can make the ‘turnaround’
as sharp as we like, so that the o : &
maths of SR will be enough. § 172
E !

. he Starl E
[The ‘time gap’ is still clearly there ] rart Bvent




From Special to General Relativity...

How do we ‘stitch’
all the Local Inertial
Frames together?

Can we find a
mathematical
description that
makes sense for
any observer?




Gravity in Einstein's Universe: 1912

"Spacetime tells matter
how to move, and
matter tells spacetime
how to curve”







“Since the mathematicians
have invaded the theory of

relativity, | do not understand
It myself anymore.”

Abandoned geometric approach in 1913, but returned to it
In 1915. In October 1915 published field equations
relating geometry to matter-energy content.

Looked promising! Successfully predicted perihelion
advance



Le Verrier

Advance -
of perihelion

GR explained the advance of Perihelion of Mercury,
observed since the 19 Century.



Formulated correct field
equations in Nov 1915
paper. (Also published by
David Hilbert).

Very complicated!
Einstein thought there
were no exact solutions

844 Sitzung der physikalisch-mathematischen Klasse vom 25, November 1915

Die Feldgleichungen der Gravitation.

VYon A. Finsreiy,

]11 zwei vor kurzem erschienenen Mitteilungen' habe ich gezeigt, wie

man zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-
lat allgemeiner Relativitit entsprechen, d. h. die in ihrer allgemeinen
Fassung belichigen Substitutionen der Raumzeitvariabeln gegeniiber ko-
variant sind. .

Der Entwicklungsgang war dabei folgender. Zuniichst fand ich
Gleichungen, welche die Newronscne Theorie als Niherung enthalten
und beliebigen Substitutionen von der Determinante 1 gegeniiber ko-
variant waren. Hieraufl' fand ich, daB diesen Gleichungen allgemein
kovariante entsprechen, falls der Skalar des Energietensors der »Ma-
terie« verschwindet. Das Koordinatensystem war dann nach der ein-
fachen Regel zu spezialisieren, daB }/—g zu 1 gemacht wird, wodureh
die Gleichungen der Theorie eine eminente Vereinfachung erfahren,
Dabei muBite aber, wie erwilnt, die Hypothese eingefithrt werden,
dall der Skalar des Energictensors der Materie verschwinde.

Neuerdings finde ich nun, da man ohne Hypothese diber den
Energietensor der Materie auskommen kann, wenn man den Energie-
tensor der Materie in etwas anderer Weise in die Feldgleichungen
einsetzt, als dies in meinen beiden fritheren Mitteilungen geschehen
ist. Die Feldgleichungen fiiv das Vakuum, auf welche ich die Hr-
klirung der Perihelbewegung des Merkur gegrindet habe, bleiben von
dieser Modifikation unberiihrt, Ieh gebe hier nochmals die ganze Be-
trachtung, damit der Leser nicht gendtigt ist, die fritheren Mitteilungen
unausgesetzt heranzuziehen,

Aus der bekannten Rimassscnesy Kovariante vierten Ranges leitet

man folgende Kovariante zweiten Ranges ab:

Giw = Bip+ 8., (1)

?_{Em}
A bl (o
b +f{9 l

e ey
8“"—2]' i, !Z{I_H,{}

L Sitzungsber. XLIV, S, 778 und XLV, 8. 799, 1915,




Colleague: "Professor Eddington, you must be one of only three persons in the
world who understand relativity!"
Eddington: " oh, | don't know..."



Colleague:

Eddington:
Colleague:
Eddington:

"Professor Eddington, you must be one of only three persons in the
world who understand relativity!"

" oh, | don't know..."

" Don't be modest Eddington.”

" On the contrary, | am trying to think who the third person is."”



“...Joy and amazement at the
beauty and grandeur of this
world of which man can just
form a faint notion.”

(" )
G oy = dl .
1\ X y
Spacetime Matter

curvature (and energy)



18 A, Elretain. sraakn der Pk, Dand 4%, 191
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ANNALEN DER PHYSIK,
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1, FHe Grundiage
der allgemeinen Rolativitdisthecria;
o A, Kinstedn.

Dig im nechifolgenden dargelegie Theoise Dildet die denk:
or writgebendste Vorsllgrmeinorung der henle allgomwin xls
oHalabivitbistheorie" bezpiebnoten Theorie; die letrare nenpe
ich im felpenden zor Tntersshmidung von der crstarm | Fpessalls
Ralstivititetherbs'™ und asize fin sle mkanat voross, Die
Versllgemeinerung  der  Belablvilftathearls wurde emhr er
leichtert dureh die Gestalt, welches der apemellen Relstivitiis.
theorin dureh Minkowski gegoben wurde, weleher Mothe-
matiksr mmret din formels Gleichwertighedt der einmlichen
Evordimaten ued der Seltkoordinste klar erimpmte und. fr
demy Awlban der Theorie nolebar machte, Die fir de all-
gamaing Halativitbtstheorie noligen mathemabischer  Hilfs-
mittal Byran fertig Earedt in demn |, nbecloben Thiffrrendiallnliobl™,
walehar anl den Foreelongen we Ganee, Bismann und
Christoffe] iher nishienklidische Mammiglaltykslton robt wd
voin Kieei wnd Lewvi-Civila in ein Bwlem gebracht umd
tarnite anf Problama der theoreiisehen Fhysik anpewended
wurde, Il habe i Absebmitt B der worliegenden Abhend-
|_'|;||'|E alls fur une nﬁlilﬂlu_ bed demn Pu_'i'si.lis.'r nicht als bekmens
voransmssizenden malbemminohen Hiltamital o mogliches
pinfortar wnd derchoichiiger Weise enfwickslt, e dal sm
Btpfine Eatheatiseher Literatur fir das Verslindois der
'I.'ljf‘li!-gl_—nl]fu_ A bhind fang niekt erforderisel =i, Endleh soi
an dieser Fiells denkbar meine Froundses, dos Mathemstilkaors
{irossmann, gedscht, der mir durch seipe Hills nicht por
dae Stediom der sinschligigen mathemsbisthen Litarator ec-
aparis, somdarn weieh weeh boim Buchen neeh den Feldgleichan-
gen der Gravitation emferstitate.
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“The greatest feat of human thinking
about nature, the most amazing
combination of philosophical
penetration, physical intuition and
mathematical skill.”

Max Born



Schwarzschild solution for a spherical star

Karl Schwarzschild:
1873 - 1916

Einstein, on K.S.

“I have read your paper with
the utmost interest. | had not
expected that one could
formulate the exact solution of
the problem in such a simple
way. | liked very much your
mathematical treatment of the
subject. Next Thursday | shall
present the work to the
Academy with a few words of
explanation.”



Schwarzschild’ solution for the spacetime metric exterior to

a point mass, M

-

-

.?‘ *

g2 — ( - 2M

dr?

dt?
) e

oM
-

)

+ r2df? + r? sin? 6d¢*

~

J

Compare with the ‘flat’ spacetime of Minkowski (SR)

{ ds® = —dt® +dr® + r’d@” + r°sin’ 0d¢° J




Schwarzschild’ solution for the spacetime metric exterior to

a point mass, M

-

-

dr?

.?‘ *

\

ds? = — (1 _ QM) dt? + (

1 — 2M

T

)

+ r2d#? + r?sin? qubz

~

J

\

This term means spacetime isn’t flat close to the point mass

Compare with the ‘flat’ spacetime of Minkowski (SR)

{ ds® = —dt* + dr* +r°d@” + r°sin’ 8d¢°’ J




Four classical ‘tests’ of the Schwarzschild GR solution:
1) Advance of pericentre of orbits
2) Gravitational lensing
3) Gravitational redshift

Essentially the same effect

4) Gravitational time-delay




1) Advance of orbit pericentre

Newtonian solution:

Elliptical orbit

Fociat F, and F, p
Ox = g = semi-najor axis P defined by I P i p
. . € cos
Oy = b = semi-minor axis
b? = ng(l—ej) / _
[ = semi-latus rectum
e = eccenfricity

= b’/a



‘New Astronomy’
published in 1609

12 .

Johannes Kepler
(1571-1630)







GR solution:
Precessing ellipse

| _E 14 1_3ﬂ-12 .
U = e € COoS 7 Q

Here
2T

P=Tsmne

2T

6m M

A= a(l — e?)

Perihelion

Planeat



GR solution:
Precessing ellipse

v ML s L 3MEY
u = 12 € COS 12 Q@

Here

Perihelion

2T

=T e Planet
6m M
A= a(l — e?)

If we apply this equation to the orbit of Mercury, we obtain a perihelion advance which

builds up to about 43 seconds of arc per century.




Le Verrier

Advance -
of perihelion

GR explained the advance of Perihelion of
Mercury, observed since the 19t Century.



GR solution:

Precessing ellipse

Seen much more
dramatically in the
binary pulsar
PSR 1913+16.

Periastron is
advancing at a rate of
~4 degrees per year!

Cetiter of Mlass

_|_

Cirbit 3

Dihit 1



The binary pulsar system PSR 1913+16

e pard oty Star

_|_ 250 Ilillion ¥ ears

Ciarmeter
ofthe sun




N
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Period shift in seconds

20 \!

-30 . | !
1970 1980 1990 2000

Year

Russell Hulse and Joe Taylor



2) Gravitational light deflection / lensing

Radial geodesic for a photon

dr\ 2 h2  2Mh2
(?):H—L+ :

d\ 2 3
d?u
o —stu= 3M u?
do
: Ao 2M
Solution reducesto u = —- + —
2'?'”111111 T hin
( ™
| AM AGM
So that Ao = = —
I"'min C=T'min
\- Y,




This is exactly twice the deflection angle predicted by a Newtonian treatment. If we take
Tmin to be the radius of the Sun (which would correspond to a light ray grazing the limb

of the Sun from a background star observed during a total solar eclipse) then we find that

. 4x1.5x10° ﬂ
Ap =~ =862 107 radians = 177 arcsec
toim e e

"#" posion of sla




True poettion B y
e s "11}" poston of star




1919 expedition, led by Arthur Eddington, to observe
total solar eclipse, and measure light deflection.

GR passed the test!






“He was one of the finest people | have ever known....but he didn’t really
understand physics. During the eclipse...he stayed up all night to see if it
would confirm the bending of light by the gravitational field. If he had really
understood general relativity, he would have gone to bed the way | did.”



ECLIPSE SHOWED
GRAVITY VARIATION

Diversion of Light Rays Ac-
cepted as Affecting New-
ton's Principles.

HAILED AS EPOCHMAKING

British Scientist Calls the Discov-
ery One of the Greatest of
Human Achlevements.

New York Times
Nov 9t 1919



We can use (fairly) simple mathematics to work out
the positions of the multiple images of a lensed source






If the observer, lens and source
are exactly aligned, images form
an Einstein Ring

_——__'"—.____
—T10
- 4%
0 T

Chwolson (1924), Einstein (1936), Zwicky (1937)



J073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0

-

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope « Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team STScl-PRC05-32
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Gallery of Gravitational Lenses

PRCS9-18 « STScl OPO « K. Ratnatunga (Carnegie Mellon University) and NASA

HST « WFPC2



"Einstein Cross" 2237+0305:
Foreground galaxy lensing distant quasar




Aug 14

1L ==
Cup
e

Gravitational microlensing of the Einstein Cross:

The individual images of the quasar change in brightness as
they are lensed by individual stars in the lensing galaxy

Lewis & Irwin (1994)




Gravitational Lens in Abell 2218 HST - WEPC2

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA




L

Distant Object Gravitationally Lensed by Galaxy Cluster Abell 2218

Hubble Space Telescope « WFPC2

NASA, ESA, R. Ellis (Caltech) and J.-P. Kneib (Observatoire Midi-Pyrenees) ® STScl-PRC01-32
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Background source
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Lensed image ——
of source
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Large Magellanig»q?yd

MACHO'’s gravity focuses R -+
the light of the backgroung

star on the Earth +

A MACHO

So the background star
briefly appears brighter

-29.8.2000
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Courtesy: B.S. Gaudi

T
_,—'—'—‘—~—\.\_\_\_\‘
\\-\_\_\_'_'_F-H-F‘f
|
Amplification
N
v

+.40-

a5

M L
Ln
LI T 11 T 1T 1

2.0

As the microlens crosses in front of the source, the brightness
of the source increases by a significant factor, then decreases
again.



Magnification
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Lightcurve of a microlensing event
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Detecting planets with microlensing

If the lensing star

has a planet which al/so
passes exactly between
us and the background
source, then the light
curve will show a second
peak.

Can in principle detect
Earth mass planets!

magnification

.

o

1

Magnification by
[ Stellar Lens

time in davs



Detecting plcme‘l's with microlensing
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OGLE-2005-BLG-390Lb
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1 TS| IR S S IR

—-20 0 20
days since 31.0 July 2005 UT

Beaulieu et al. (Jan 2006): 5.5 Earth mass planet,
2.6 AU from a 0.22 solar mass M-dwarf
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3) Gravitational time delay / redshift

GLOBAL POSITIONING SYSTEM
Serving the World

WWW.QgPS.goV

But the Earth Is rotating — which
leads to interesting additional effect:
frame-dragging

See links on course website.

B at time t=0

I Light path

B after time t=h/c




Gravitational time delay

200

— Theory

T (Il Experiment

120 -

80 -

Excess time delay A T (us)

Time (days)

Irwin Shapiro

Bounced RADAR echoes from .
Venus in 1968, to measure A.U. 1AU. = 92,958,329 miles

149,597,870 km

'Shapiro Effect’ time delay also
a test of General Relativity



Schwarzschild’ solution for the spacetime metric exterior to

a point mass, M

-

-

dr?

.?‘ *

\

ds® = — (1 — QM) dt® + (

1 — 2M

T

)

+ r2df? + r? sin? 6d¢*

~

J

\

Coordinate singularity at r=2M

Compare with the ‘flat’ spacetime of Minkowski (SR)

{ ds® = —dt® +dr® + r’d@” + r°sin’ 0d¢° J
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A Schwarzschild black hole. What happensat I =

Wecall r= ZGZM the Schwarzschild radius.

C




The Schwarzschild radius defines an event horizon
beyond which nothing (not even light) can escape,
according to General Relativity.

2GM

Forthe Sun I'=— = 3km

C

2GM
For the Earth I = 62

C

= /mm

But what if we could compress the Sun or the Earth
down to be smaller than the Schwarzschild radius?...



Making Sense of Einstein's Universe

Spacetime diagrams t Ligh

<b)
E
|_

. Causal future
Different observers

- C
see different
spacetime diagrams
However, the causal Space
structure of A.

spacetime Is always
preserved...

Causal past




Gravity 'tilts’ light cones

spaceﬁL
| %

s |7
X Pl

'‘World line' of a star



We can also look at this in terms of
spacetime events which are
simultaneous.

We see that, from Stella’s point of
view, Terence does most of his
aging close to Stella’s ‘turnaround’,
when she changes inertial frame
(i.e. she changes velocity).

Change in velocity = acceleration.

This makes it a GR problem!

Terence

“gravitational™ tim e dilation

Return Event

Inbvund Leg

Siart Event

Turnarvund

Qutbvund Leg



Gravity 'tilts' light cones Even light can't
Light cone Inside __— escape from here

wlZe
AN

A\

N
N

% Light cones just %

at the horizon

|7

~

N

e

. Horizon Horizon

‘World line' of a black hole



Do black holes really exist?

Evidence (so far) is indirect, but still strong...

(1) X-ray binary systems (stellar mass black holes)
(2) AGN and quasars (supermassive black holes)

(3) Intermediate mass black holes?

(4) Primordial black holes?

See also Week 8 discussion of Gravitational Waves
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Stars found on the

5 Main Sequence
T convert hydrogen
_ 10 0 Into helium.
[ =3  Stars like the Sun
E 2 .
- 2 can do this for
many billions of

years.

10 +15

05 B0 A0 FO GO KO MO M8
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Interior of a solar-type star

e

Fhotosphere

Hydrogen
burning in the core



When the fuel runs out: formation of a red giant

-~

. 1[.:'4,1
N,




Interior of a red giant star




Planetary Nebula NGC 6751
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<+—— Surface temperature (K)
25000 10000 8000 6000 5000 4000 3000

106 -10

Stars on the

s Main Sequence
i turn hydrogen
L : into helium.

+5

Blue stars are
much hotter
than the Sun,
and use up their
hydrogen in a
few million years

Luminosity (Sun
=
Absolute Magnitude

102

104

05 B0 A0 FO GO KO MO M8

Spectral Type



mMark A, Garlick

space-art.co.uk




Interior of a very massive star

€

H== He

He == C, 0
C == Ne, Mg
0= 5|,5%

i = — a




Crab Nebula: supernova of 1054




Supernova 1987A, In the
Large Magellanic Cloud




Neutron Stars

Very much smaller: (almost)
Invisible at optical, but can
be seen in X-Rays If their
surfaces are very hot



Neutron Star RX J185635-3754 HST e WFPC2

MNASA and F Walter (State University of New York at Stony Brook) * STScl-PRC00-35




Chandra has revealed many more X-ray binary sources in the Milky Way,
globular clusters and external galaxies.

X-ray Thread

SNR 0.9+0.1 _ 1E 1743.1-2843

1E 1740.7-2942

\

%

Y

Chandra (launched 1999): high-resolution X-ray map of the
Galactic Centre




Pulsars

Discovered by Jocelyn
Bell, in 1965.

Extremely accurate
‘clocks’

Rapidly rotating NS,
with beams of radiation




Pulsars

electron

magnetic field é X-ray

Synchrotron radiation



Evidence for stellar black holes from
binary systems: e.g. Cygnus X-1

Inferred mass far exceeds the
Oppenheimer-Volkov limit for NS



Active Galactic Nuclei {(AGN)

® Compact central region of a galaxy from which we
observe substantial amounts of radiation that is no?
the light of stars, or of gas heated directly by stars.

® Active galaxies emit strongly (compared with a normal

galaxy) over the whole E-M spectrum, from radio to X-
rays and gamma-rays.

® The most luminous AGN easily outshine their host

galaxies, and are generally found at high redshift -
i.e. in the distant past



The Unified Scheme
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Core of Galaxy NGC 426l

Hubble Space Telescope
Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

/

380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYEARS







Cosmological solutions of the field equations: Einstein 1917

Einstein assumed the
Milky Way to comprise
the entire Universe —
static and unchanging.

Introduced cosmological constant term in field equations
to maintain static Universe.

/\ — 472-6 Mean density of matter
— ‘— - -
p in the Universe

Consistent with Mach’s Principle (Einstein 1918)

(but de Sitter, 1917, found apparently static solution for empty Universe)

Later shown by Eddington (1933) to be unstable.



Edwin Hubble

Hubble (1924)



Hubble’s Law
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Distant galaxies are moving away from us
with a speed proportional to their distance

Hubble and Humason (1929)



Spacetime is expanding like
the surface of a balloon.

As the balloon expands,
galaxies are carried farther
apart
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