L ecture 23
Black holes:

tie Univer se's ultimate lock
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Gravitational time dilation and
T edshift
e Can be measured by experiments on Earth
(challenging, but feasible)

o Better: White Dwarfs (very compact objects;
mass comparable to that of the Sun, radius

comparable to that of the Earth), because they
have a stronger gravitational field

e Even better: Neutron Stars and Pulsars (very
compact objects, mass comparable to that of
the Sun, radius only 10-100 km), because
they have avery strong gravitational field
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__Elash=back: Newtonian gravity

 \What velocity Isrequired to leave the
gravitational field of aplanet or star?

 Example: Earth
— Radius:
— Mass:
— escape velocity:
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__Elash=back: Newtonian gravity

 \What velocity Isrequired to leave the
gravitational field of aplanet or star?

 Example: Sun
— Radius:
— Mass:
— escape velocity:
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__Elash=back: Newtonian gravity

 \What velocity Isrequired to leave the
gravitational field of aplanet or star?

 Example: asolar mass White Dwarf
— Radius:
— Mass:
— escape velocity:
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__Elash=back: Newtonian gravity

 \What velocity Isrequired to leave the
gravitational field of aplanet or star?

 Example: a solar mass neutron star
— Radius:
— Mass:
— escape velocity:
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__Elash=back: Newtonian gravity

e Can an object be so small that even light
cannot escape ? — Black Hole

“*Schwarzschild Radius’

e Example: for a solar mass
—Mass: ' =2x10* kg
— Schwarzschild Radius, - = 3 km
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__Semedefinitions...

e The Schwarzschild radius - of an object of
mass M is the radius, at which the escape
speed Is equal to the speed of light.

* The event horizon is a sphere of radius
Nothing within the event horizon, not even
light, can escape to the world outside the
event horizon.

* A Black Holeisan object whose radiusis
smaller than its event horizon.
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__Sizesof 0DJ ects
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L et’ s doJt-within the context of
—general relativity — space-time

» gpace-time distance (flat space):

time Space

e Fourth coordinate;

 time coordinate has different sign than
spatial coordinates
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L et’ s doJt-within the context of
—general relativity — space-time

 space-time distance (curved space of a point
mass).
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_Whathappensif R - Rq

time space

everything o.k.: but
gravitational timedilation and length contraction

time - O space —» o«

signs change!!
—> “ gpace passes’, everything fallsto the center
= Infinite density at the center, singularity
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__Structtire of a Black Hole
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What happensto an astronaut
—who fallsinto a black hole?

* Far outside: nothing special

e Falling in: long before the astronaut reaches
the event horizon, he/she is torn apart by
tidal forces

e [or an outside observer:
— astronaut becomes more and more redshifted
— The astronaut’ s clock goes slower and slower

— An outside observer never sees the astronaut
crossing the event horizon.
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What happens, If an astr onaut
—tallsinto a black hole?

e For the astronaut:

— Helshe reaches and crosses the event horizon in
afinite time.

— Nothing special happens while crossing the
event horizon (except some highly distorted
pictures of the local environment)

— After crossing the event horizon, the astronaut
has 10 microseconds to enjoy the view before
he/she reaches the singularity at the center.

Astronomy 201 Cosmology - Lecture 23




__Coesmit censorsnip

« Singularity: apoint at which space-time
diverges
— Infinite forces are acting
— laws of physics break down

— guantum gravity may help ?

— no problem aslong as a singularity is shielded
from the outside world by an event horizon

* Hypothesis: Every singularity Is surrounded
by an event horizon.
There are no naked singularities
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_Near-a'black hole: bending of light

Ubserved position
during the eclipse

D ¢

Real posidon

{ same as the observed positic
when there & no eclipse)

The Sun during
an eclipse
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The Photoenssphere

The photon sphere Is a sphere of radius 1.5 R..
On the photon sphere, light orbits a black hole
on acircular orbit.

" The Schwarzschild Black Hole
_ Worldline Diagram
glelgrdely \ T
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singularity
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Horizon
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_Photon Sphere (1.9 Rs)
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_Structtire of arotating black hole

event h I:::II‘i;; s}

Within the ergosphere (or static sphere)
nothing can remain at rest. Space-time s
dragged around the hole
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__Ne-Hair theorem

e Properties of ablack hole:
— It hasamass
— It has an electric charge
— It has a spin (angular momentum)

— that’s it. Like an elementary particle, but much
more massive

Black holes have no hair
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_Questions:

 Dothey redly exist ?

 How do we observe something that does not
emit light?
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