Black Holes Introductory AstrophysicsA113

Black Holes

e Goals:

— Why doesn’t Newtonian Gravity hold
at high velocities?

— How does Special Relativity help solve
these problems.

— How do we observe black holes.

e Black Holes

— A conseguence of gravity

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

 Thestrength of the gravity on the surface
of the star increasesdramatically.

 Thegravitation fields can no longer be
described by Newtonian mechanics (it is
not a complete theory).

« Werequireanew theory (special and
general relativity).

 Thesetheoriesdo not always appear very
Intuitive.
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 Why Special Relativity?
— Thevelocity addition problem.

* Imaginewehave2 cars (A, B)

e Intherestframe of car A.
— Car B ismoving at a velocity U

— Car B throwsa ball out of the window
with avelocity V

* Intherestframeof car B
— Car A ismoving at velocity -U
— Car B throws a ball with velocity V’
* Using Newton’s Laws
V=U+V
— Interms of distance and time

e Intherestframeof car B
— IntimeT the ball moves a distance
Xoa= V' T
e Intherestframeof car A
— IntimeT Car B movesadistance
Xear g=UT
— Theball movesatotal distance
X=X + Xy = UT +V'T

car B
— AsX =VT then
VT =UT+V'T

— What if car B moves at the speed of
light and firesa laser?
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o Postulates of Special Relativity

— Thelaws of physicsarethe samein
every inertial frame
* Thelawsof physicsapply in any inertial
frame without modification regar dless of
position or velocity.

 Thismeansboth the formsof the laws and
the numerical values of the constants. Y ou
can not distinguish between inertial
frames using the laws of physics.

— Space and time form a 4D continuum

» Space and time used to be considered as
separate 3 dimensional and 1 dimensional
continua (Galileo).

 Thisisageneralization of that description.
* |t holdsfor General Relativity aswell.

— The speed of light is constant in any
Inertial frame.

» |f wemoverapidly (closeto the speed of
light) light will still have the normal speed
of light in our referenceframe (e.g. the
runner with amirror experiment).
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e Timeisredative

— Bouncing Light off Mirrors

e Imaging 2 setsof mirrorswith light
bouncing between them.

U

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

o For thestationary mirrorsthetimefor the
reflection of light is given by

2L

T c

e Thestationary mirror seesthe moving
mirror assaysthetimefor reflection is

1o
C

 Thetimecan only bethe sameif the
distances are the same (clearly not true).
But both inertial frames believethey are
measuring the sametime.

T’
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— Bouncing Light off Mirrors
 From Pythagorus’ rule we can measure D

DZ:L2+B—UTg
020
e Substituting for D
L L
(cT) =4an?+ ngtl
g G0210g

e Expressing L interms of T’
T) =(cT) +(uT)’

 Which simplifiesto

T=— ! 2
i
[] C
— Thestationary and moving mirrorsdo

not measurethe sametime!

o Thiseffect isreativistic timedilation. The
stationary mirror seesthe clock in the
moving mirror running slower .

e Timeisrdative.
« AsU-0(muchlessthanc) T - T’

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

— Moving cars
 Car B movesat velocity U relativeto car A

—> 4+—>
U L

e Suppose car B measures her carslength as
L’. She sees car A moving at velocity -U
towards her and it takes time T’ for the
front of A to pass from the front to the back.

L' =UT’

e L': Measured length of A (measured by B)
T’: Time for front to back to pass by
U: velocity of A relative to B.

A now measuresthetimeT that it takes car
B to pass her front bumper.

L =UT
« Wenow relatetheratio of lengthsto time

(which we know from before).
L T

L1 _ T1
» Therdation between the distancesisthen

oo

5 OcOf
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— Thelength of thecar isrelative

* Note that the time T/T’ is the opposite way
around than before as the car A is now
measuring time relative to a fixed point.

 Thiseffect iscalled relativistic length
contraction.

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

 Both timeand distance arerelative (they
depend on theinertial frame of the
observer). Measuring distances and time
Intervalsis no longer independent of the
Inertial frame.

— Lorentz Transfor mation

e Combing these effects we get a set of
transformationsthe Lorentz
transformations (Hendrik Lorentz) that
enable usto move from oneinertial frame
to the next.

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

— Twin Paradox

e | magine two twins one sets off in a space
snip travelling at 80% the speed of light
(to Proxima Centauri). In the space ship
framethetwin experiencesatravel time
(there and back) of

4.3y

= X—
pace 0.8

=10.75yrs

e On earth the second twin findsthat the

gpace ship clocks have been ticking slower

than the earth clocks.
Tspace
Tern = 1-(0.8)°
_ =29.86yrs
 Thetwinsarenow different ages!

— Muon decay

* Protonsfrom interstellar space collide
with the atmospher e producing muons.
These particles have a decay time of
2.2x10°sand a velocity of 99.9% of light.

e Thetimetoreach theearthis
10,000m

~ 299700000m s
=3.3x10°s

e Yet wedetect them!

T
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— Muon Decay

» |f weconsider timedilation then the decay
time of the muon will increase. The
lifetime of the muon as observed from
Earthis

T 2.2x10™

= J1-(0.999)
=4.9x10° s

e |f weconsder thedistancetothe Earth as
measured by the muon.

L iy =10000X 4/1- (0.999)°
=447/ m

 Thistakesthe muon
o= 450m
e 0,099 x 3x10° m s
=1.5x10°s

* Relativity hasa measurable effect.
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 Event Horizon
— Distortion of Spacetime

Figure 24-7, 24-8

Asthe neutron star collapsesthe gravity at
the surface of the star increases.

This causesa distortion in the space and
time around the neutron star/black hole.

The star collapsesto a singularity ( infinitely
small point at the center of the black hole).

Light now follows a curved path (as opposed
to straight lines it usually follows).

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

— Schwar zschild Radius

For a non-rotating black hole we can
calculatethe distance to the event horizon.

Schwar zschild did this by solving the
General Relativity equations.

We define the escape velocity to be
1 2 _ GMm

= -
V: speed of particle
m: mass of particle

M: mass of star/black hole
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— Schwar zschild Radius

 Theradiusat which light does no have
enough velocity to escapeis
2GM

CZ

Thisderivation iswrong but getstheright
answer!

 For a 60M ¢ black hole

_ 2x6.67x10™ x (1.99x10® X 60)
(3x10°f

= 177x10° m

R =

R

* Closethan 177 km light cant escape

e Cant tranamit information to the outside
onceinsdethe 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 dsthe event horizon would appear
to approach the event horizon increasing
sowly.
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— Approaching the Event Horizon

Far from the event horizon space and time
are “flat”. They behave as we would
expect from Euclidean mechanics.

Aswe approach the event horizon space
becomes curved and time slows down
(timedilation).

|f we observed a person falling into a
black hole asthey approached the event
horizon their clocks appear to slow down
(they never reach the event horizon).

In their own frame of reference their
clocks seem to tick normally (at least for a
while).

The gravitational forceisso strong that
there aretidal forces between your head
and feet. Imagineyou arejust outsidethe
event horizon of a 60M g black hole.

BH — R2
BH

Os= SUrface gravity at event horizon.
Rgy=Event Horizon
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— Approaching the Event Horizon

 |f you were2m tall then what isthe
gravitational acceleration of your feet
relativeto your head.

1 1
gFeet gHead BH ERéH (RBH n 2)2 E
=5.7x10° m s@

Your feet feel 5.9x10°x the gravitational
pull of the Earth. You would beripped
apart by gravitational forces.

— Gravitational Redshift

» Light escaping from the surface of the BH
must overcomethisgravitational field. It
loses energy. Thisredshiftsthelight and is
called a gravitational redshift.

_A—k, _GM
° A R
* z, Gravitational redshift
A 1 2GM@?
)I__% R
* For whitedwarfs the Newtonian

approximation applies (0.6M 5 WD with
R=0.01Rq hasz,;=10").

Z (Newtonian)

(GR)

0]
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e Structureof aBlack Hole

— Shielding by the Event Horizon

» Aslight cant escape from a black hole
neither can information (we do not know
what a black holelookslikeinside nor
how it ar ose).

* \WWe can however measur e its mass
(Kepler's law), charge (should be
minimal) and angular momentum. These
numbers characterize a black hole.

* (Note: Todescribeastar weneed to
specify itsradius, its mass, its composition,
Its structur e etc).

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

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

» Dueto quantum physical processes a
Black Hole hasa finite temperature, and
thusemitsradiation. Thisradiation
ultimately comes from the Black Hole’s
mass, and so the BH “Evaporates.” The
evaporation times for solar mass objects is
extremely long.

 TheBH radiatesasa black body with a
temperature
hc
8n°k R
* h: Planck’s constant
k: Boltzmann’s Constant
R, Schwartzschild radius

 Theenergy radiated comesfrom therest
mass of the black hole. For a1 Mg BH the
temperatureis6x108 K. Asa
consequence, a 1 solar mass black hole
will take 1067 year sto disappear . Black
holes of larger massestake even longer!




Black Holes Introductory Astrophysics A113

— Observing Black Holes

* |f weweretowatch an entire star collapse
Into a black hole, we would ssimply see all of
Its electromagnetic radiation become
Infinitely redshifted, and then disappear, in
afraction of a second.

« At present the only methods used to detect
a black hole areindirect. We search for
matter orbiting around a candidate BH and
Identify binary systemswhich haveinvisible
companion starswith masses greater than
Mg,

o Extremey hot matter isexpected to orbit
around a black hole. Matter accreted by a
black holewill not fall in but will gointo
orbit around it (accretion disk). The orbital
motionswill be so energetic that friction
will heat the disk (X-ray emission).

» Thebest stellar black hole candidates are
In X-ray binarieswheretheinvisble
companion star hasa mass greater than
3Mg,,- Cygnus X-1isoneof the best
candidates.

« Gravitational Waves provide a possible
means of detecting theformation of a
Black Hole.



