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Black Holes

e Goals:
— Understand Special Relativity
— General Rdlativity
— How do we observe black holes.

e Black Holes
— A conseguence of gravity

Massive neutron (>3M, ) cannot be supported by degenerate
neutron pressure and collapses.

The strength of the gravity on the surface of the star
Increases dramatically.

The gravitation fields can no longer be described by
Newtonian mechanics (it isnot a completetheory).

Werequireanew theory (special and general relativity).
These theories do not always appear very intuitive.
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 Why Special Relativity?
— Thevelocity addition problem.
 Imaginewehave?2cars (A, B)

* Intherestframeof car A.
— Car Bismoving at avelocity U
— Car B throwsa ball out of the window with a velocity V

* Intherestframe of car B

— Car A ismoving at velocity -U

— Car B throwsa ball with velocity V'
e Using Newton’sLaws

V=U+V
— Intermsof distance and time

* Intherestframe of car B

— IntimeT theball movesadistance

Xoa= V' T

* |Intherestframeof car A

— IntimeT Car B movesadistance
Xcar B=UT

— Theball moves atotal distance
X=Xgpt X =UT+V'T

— AsX =VT then
VT =UT+V'T

— What if car B moves at the speed of light and firesalaser?



Black Holes Survey of AstrophysicsA110

Batter Runnmg
out 1elder

As seen by outfielder, ball is approaching her at
(30 m/s) + (10 m/s) = 40 m/s
a
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Astronaut Astronaut
with flashlight flying in
s spaceship

.ﬁr..m S =
«— ]

3 % 108 m/s 1 x 108 m/s

Incorrect Newtonian description:

As seen by astronaut in spaceship, light is approaching her at
(3 x 108 m/s) + (1 x 103 m/s) =4 x 108 m/s

Correct Einsteinian description:

As seen by astronaut in spaceship, light is approaching her at
3 x 108 m/s

b
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e Postulatesof Special Relativity
— Thelawsof physicsarethesamein every inertial frame

 Thelaws of physicsapply in any inertial frame without
modification regar dless of position or velocity.

* Thismeansboth the forms of the laws and the numerical values of
the constants. You can not distinguish between inertial frames
using the laws of physics.

— Space and time form a 4D continuum

» Space and time used to be consider ed as separ ate 3 dimensional
and 1 dimensional continua (Galileo).

 Thisisageneralization of that description.
* |t holdsfor General Relativity aswell.
— The speed of light isconstant in any inertial frame.

» |f wemoverapidly (closeto the speed of light) light will still have
the normal speed of light in our reference frame (e.g. therunner

with amirror experiment).
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« Timeisrelative

— Bouncing Light off Mirrors
e Imaging 2 setsof mirrorswith light bouncing between them.

D T

» Light movesat a constant speed in each inertial frame. Lets consider the
passage of time from the stationary point of view.

* For thestationary mirrorsthetimefor thereflection of light is given by

Ted
C
* Thestationary mirror seesthe moving mirror as saysthetimefor reflection
IS

_
Cc

 Thetimecan only bethe sameif the distances are the same (clearly not
true). But both inertial frames believe they are measuring the same time.
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— Bouncing Light off Mirrors
* From Pythagoras' rulewe can measure D 2
D?=L%+ ur
2

e Substituting for D

2

(cTf =417+ U—ZT

e ExpressingL intermsof T’

T )= (cto )* + (uT )

* Which simplifiesto T

— The stationary and moving mirrors do not measur e the sametime'!

Thiseffect isrelativistic time dilation. The stationary mirror seesthe clock
in the moving mirror running slower.

Timeisrelative.
AsU® O (much lessthanc) T® T’

Special relativity worksfor both high and low velocities. It extends
Newtonian mechanics.
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e Spaceisalsoreative

— Movingcars
» Car B movesat velocity U relativeto car A

- > < >
U L
e Supposecar B measuresA’slength asL’. She seescar A moving at velocity -U

towards her and it takestime T’ for the front of A to passfrom the front to the
back.

e L’: Measured length of A (measured by B) _
T': Timefor front to back to pass by LO = UTO
U: velocity of A relativeto B.

A now measuresthetimeT that it takes car B to pass, her front to bumper.
L = UT

« Wenow relatetheratio of lengthsto time (which we know from before).

2 2

* Therelation between the distancesisthen U

LT L=LO1- E
LO TO©
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— Thelength of the car isrelative

 Notethat thetimeT/T’ isthe opposite way around than
before asthecar A isnow measuring timerelativeto a fixed
point.

* Thiseffect iscalled relativistic length contraction.

 Thelength of thecar B initsrest frameis measured to be
much smaller in therest frameof car A.

* Both timeand distance arerelative (they depend on the

inertial frame of the observer). Measuring distances and
timeintervalsisno longer independent of theinertial frame.

— Lorentz Transformation

o Combing these effectswe get a set of transfor mationsthe
L orentz transfor mations (Hendrik Lorentz) that enable usto
move from oneinertial frameto the next.

 They arederived by requiring that two people (one at rest
and another moving) must see an equivalent expanding
spherical shell of light.




Black Holes Survey of AstrophysicsA110

 Examples

— Twin Paradox
* Imagine two twins; one sets off in a space ship travelling at 80% the
speed of light (to Proxima Centauri). In the space ship framethe
twin experiences a travel time (there and back) of 43ly
space _ZXW
=10.75yrs

T

* On earth the second twin finds that the space ship clocks have been
ticking slower than the earth clocks.
-

T _ space

earth —
« Thetwinsare now different ages! J-(08),

— Muon decay =29.80yrs

* Protonsfrom interstellar space collide with the atmosphere
producing muons. These particles have a decay time of 2.2x106s

and a velocity of 99.9% of light.
e Thetimetoreach theearthis 10,000 m

~ 299700000m s
e Yet wedetect them! = 3.3x10°s
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— Muon Decay

* |f weconsider time dilation then the decay time of the muon
will increase. Thelifetime of the muon as observed from

Earthis 2 2%10°°
TEarth: >
J1- (0.999)
=4.9x10° s
» |f weconsider thedistanceto the Earth asmeasured by the
muon.
L cn = 10000 X /1 - (0.999) 2
= 447/ m

e Thistakesthe muon
_ 450m

T =
e 0.999x 3x10° ms?!
=1.5x10° s

» Relativity hasa measurable effect.
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e Event Horizon

— Distortion of Spacetime
Figure 24-7, 24-8

« Astheneutron star collapsesthe gravity at the surface of the star
INncr eases.

» Thiscausesadistortion in the space and time around the neutron
star/black hole.

» Light now follows a curved path (as opposed to the straight lineit
nor mally follows).

« Eventually the escape velocity exceeds the speed of light and light
can no longer escape from the star (a black hole).

— Schwar zschild Radius

« For anon-rotating black hole we can calculate the distance to the
event horizon.

» Schwar zschild did thisby solving the General Relativity equations.
 Wedefinethe escape velocity to be

. 1 , GMm
» V: speed of particle —MmyVv~: =
m: mass of particle 2 R
M: mass of star/black hole
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— Schwar zschild Radius
 Theradiusat which light does no have enough velocity to escapeis

2GM

C2

R =

 For a 60M, black hole

_ 2X6.67x10™ x (1.99x10® x 60)
(3x108)2
= 177x10° m

o Closer than 177 km light can’t escape
e Can’t transmit information to the outside onceinsde the event
horizon.
— Beyond the event Horizon

* Thestrong effects of general relativity only operate locally to the
black hole.

 Far from the event horizon Newtonian mechanicsworksfine.

* Through time dilation an object falling towar ds the event horizon
would appear to

R
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e The Structure of aBlack Hole

— A black hole can be completely described by 3 properties.

e (a) Itsmass.
* (b) Itsrotation rate (angular momentum).

* (c) Itseectric charge.

— (Note: To describe a star we need to specify itsradius, its mass, its
composition, its structur e etc).

— Wewill mainly consider a non-rotating black hole, asthisisthe ssmplest. We
expect, however, that areal black hole will rotate (since the progenitor star
rotates). Theelectric charge of a black holeisof academic interest only, since
we expect Black Holesto be electrically neutral.

* Non-Rotating Black Hole
— Two principal regions of interest in a non-rotating black holeare:

— i) The Singularity.
» Theory predictsthat no force can stop the gravitational collapse of a black hole.
Mathematically, all of the massis predicted toresidein an infinitely small point
at the black hole® center. Thispoint is called a singularity.
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— 11) The Event Horizon (Schwarzschild radius).

» Gravity isinfinitely strong at the singularity, but becomesweaker at distancesfurther from the
singularity. If a3 Mg, black holeisconsidered, light hasno chance of escaping unlessit ismore
than 9 km from the singularity. Thislocation in the black holeis known asthe event horizon.

* Everything inside the Event Horizon is hidden from view!

o Karl Schwarzschild first calculated the size of the event horizon in 1916 using the
General Theory of Relativity, hencethe event horizon isalso known asthe
Schwarzschild radius.

 Thesizeof theevent horizon isdirectly proportional to the mass of the black hole.

 The Schwarschild radius can be derived (incorrectly!) using Newton’s Theory of
Gravity. Previously we discussed the escape velocity (V. ) for an object to escape
the gravitational pull of a body of mass M.

— V = (2GM/R)?
 Toderivethe Schwarschild radius (R), wereplace V. by the speed of light --- the
maximum velocity. Thisgives
— R=2GM/c?
« Thesameresult comesfrom morerigorous calculationsusing GTR.

 Becausereativistic effectsare so strong in thevicinity of a black hole, phenomena
like length contraction, and time dilation, which go against common sense, occur .
One way of investigating the properties of the space-time around a black holeisto
consider the pathsthat particlesor light follow.



Black Holes Survey of AstrophysicsA110



Black Holes Survey of AstrophysicsA110



Black Holes Survey of AstrophysicsA110



Black Holes Survey of AstrophysicsA110

- A Rotating Black Hole

e Event Horizon

— Theevent horizon of arotating black holeis smaller than for a non rotating black hole, but is
still spherical in shape. The event horizon is smaller because theinward tor ce of gravity is
diminished to some extent by the outward for ce caused by the spinning.

— Theevent horizon of a Black Holerotating at its maximum possible speed is a factor of 2
smaller than for a non-rotating Black Hole.

e A rotating black holeis much more complex than a non-rotating black hole. For
example, just outside the Event Horizon thereisaregion (the Ergosphere) in which
particles must rotate in the same sense as the hole (compar ed to the background
stars.)

 Theoretically, it ispossible to extract energy from a rotating black hole.

 Hawking Radiation
— Dueto quantum physical processes a Black Hole has a finite temperature, and thus emits

radiation. Thisradiation ultimately comes from the Black Hole's mass, and thus the Black
Hole " Evaporates.” The evaporation timesfor solar mass objectsis extremely long.

— For alsolar massblack holethe temperature, which isinversely proportional to the mass,
IS 6x108 K. Asa consequence, a 1 solar mass black hole will take 1067 year s to disappear .
Black holes of larger masses take even longer!
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 The Detection of aBlack Hole

|f we wereto watch an entire star collapse into a black hole, we would simply see all
of its electromagnetic radiation become infinitely redshifted, and then disappear, in a
fraction of a second. Thereislittle chance of observing such an event.

At thepresent timethe only methodsused to investigate the idea of a black holeare
to search for matter which may be orbiting around one and to identify binary
systems which contain invisible companion stars which have masses greater than
3M -

 Extremely hot matter isexpected to orbit around a black hole. Theideaisthat some
of the matter attracted (accreted) by a black hole will not fall in but will go into orbit
around it. Thisorbiting matter is called an accretion disk. The orbital motions will
be so energetic that friction between the various parts of the disk will causeit to heat
to high enough temperatures so that observable x-rays are emitted.

« Thebest stellar black hole candidates arein X-ray binarieswheretheinvisible
companion star hasa mass greater than 3My,,. Cygnus X-1isoneof the best
candidates.

e Gravitational Waves provide a possible means of detecting the formation of a Black
Hole.
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. Non-Stdllar Black Holes

 Sofar, theformation of black holesduring the late stages of
evolution of massive stars has been consider ed. Black holes may also
form in other ways, some of which will be considered later. For
example:

— 1. Mini black holes may have formed as aresult of great compressive
forcespresent in the early Univer se near thetime of the Big Bang. [A
black hole with the mass of an asteroid would be the size of a pin head.]

— 2. Supermassive black holes (with masses of 1 million to 1 billion
Mg, likely exist at the centers of quasars and some galaxies.

— 3. TheUniverseitself could be thought of astheinterior of a black
hole since light can not escape its boundaries and one day it may
collapse back in on itself to form a singularity.
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