T he Black Hole Conundrum
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SPIRITED DISAGREEMENTS




MOTIVATION

* Black holes are:
= real
= extreme testing sround for ideas.

= forcing deep re-thinking about well-
established principles of physics.

= ojving clues how physics of particles
and physics of gravity are connected.
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PILLARS OF MODERN PHYSICS

* Principles that should always be obeyed:

world of atoms.

= General Relativity: spacetime, gravity

g = Quantum Mechanics: microscopic
s
E
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S OF RELATIVITY

[ HEOR

= Speed lmit is ¢
* General Relativity (1915):
= (sravity Is curvature of spacetime

* Special Relativity: (1905)
= F = mc?
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FQUIVALENCE PRINCIPLE OF
ENERAL RELATIVITY

3 | amon
| am on O~ : }  Earth?
Earth! : ' 3

|. hovering above massive body =
acceleration In empty space

2. free-fall = floating In empty

latrest on
Farth's surface



CLASSICAL BLACK HOLE
HE KIND YOUR GRANDMO




BLACK HOLES

* Created by complete gravitational collapse of object.
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ANATOMY OF A NON-ROTATING

=7d. IS
ABANDON ALL HOPE
Y€W ENTER H

Event Horizon is
a one-way door! —__
Vesc — C

dingularity Is a point

OT INTINitely curved

) LJ
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BLACK HOLE

Stuff in here is
trapped and will
be destroyed at

singularity.




INFORMATION




INFORMATION

* Particle properties (posrition, speed,
spin, etc) are information.

* Information Is encoded In brts (like
computers)

* Information has physical reality and is
associar




INFORMATION

* Objects are huge globs of brts of information.
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= oenerally hidden due to huge number and tiny size of
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CONSERVATION OF INFORMATION

* Required by quantum
mechanics.
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CPHEN HAWKING'S BIG QUESTION

* What happens to information if it is tossed Iinto a
black hole!?

* According to GR, information is lost forever behind

Event Horizon



INFORMATION PARADOX

* Laws require that information be conserved.

* Laws seem to conspire to prevent information from being
conserved.

* Hence, the "information paradox''...and triple facepalm!
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ENTROPY EXAMPL

(low entropy)

e Clean room

(high entropy)

* Messy room




ENTROPY

* Swimming Pool

= |nteresting In temperature and volume.

= No knowledge of position & speed of each atom-lots of
nidden information.




ENTROPY

* Entropy (5) is a measure of how may ways the positions and
speeds of atoms could be arranged to yield same temperature
and volume.

=» A measure of the amount of hidden information.




FIRST LAW [ HERMODYNAMICS

dE=TdS-W

* Basically a statement of the conservation of energy.




BLACK HOLE [ HERMODYNAMICS

g black hole piece at a time
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imagine

e Bekenstein




BLACK HOLE ENTROPY
dE{W M A’Z W

* Work (W) has same meaning in both equations

e Mass & Energy are equivalent (E = mc?).
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nation, in bits) of black hole Is
e area (In Plank-areas)!



HAWKING RADIATION




HAWKING RADIATION

e Black holes must radiate.

* Quantum fluctuations spontaneously create particles and
radiation outside event horizon that radiate out into

2
space.

» Comes at cost of gravitation energy of black hole.

* Black hole slowly evaporates away!

Event Horizon






INFORMATION LOSS IN HAWKING RADIATION

* Hawking argues that the radiation contains NO
information of anything that is tossed In.

* Black hole evaporates with that information trapped
inside.

= Information is irretrievably destroyed!




PILLARS OF MODERN PHYSICS

. Principles that should alwaysbe obeyed:

Clrantnes Me  seppleroccopie
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= Geheral Relatlwty spacetime, gravity




BLACK HOLE COMPLIMENTARITY

L eonard Susskind, Larus Thorlacius, and John Uglum, 1995 -
Ihe stretched horizon and black hole complementarity

Juan Maldacena, 199/ - AdS/CFT Correspondance

i)/ I

l Leonard
¥ Susskind

Juan
Maldacena




UNRU =@

* Unruh Effect: An accelerating observer will observe
thermal radiation even when a non-accelerating observer
would observe none.




HOT "STRETCHED HORIZON”

* Hovering = Acceleration

Event Horizon



NO HOT “STRETCHED HORIZON”

* Free-fall = Empty space

Event Horizon



VWHAT OBSERVER SEES

* Hot stretched horizon | Plank-length above event horizon.

* Information (astronaut) gets thermalized and scrambled,
but not destroyed!

= Nlever sees Information cross horizon!

* Bits of information come out later as Hawking radiation.
= NO INFORMATION [LOSS!  Alitlack




VWHAT IN-FALLING ASTRONAUT SEES

* From General Relativity, notices “no drama’ as he passes
event horizon

LT LITL 5

Event Horizon



VWHAT IN-FALLING ASTRONAUT SEES

- MRS
-* '”. et a

* From General Relativity, notices “no drama’” as he passes
event horizon

* Information goes in with him.

e Cannot communicate his arrival inside to outside horizon.

Event Horizon

Hello!?...
HELLO?!!




COMPLIMENTARITY

* Stories seem contradictory, but are consistent In
observation.

* Nerther sees Information both places.

* Nerther sees information destroyed!
acts like particle here

acts like wave here



HOLOGRAPHIC PRINCIPL




—HOLOGRAMS

* 3-d volume of information can be entirely encoded on 2-
d surface.

= )-d encoding scrambles 3-d information

= Need to know rule to descramble 1t and create image.
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HOLOGRAPHIC EVENT HORIZON

* Observer sees in-falling iInformation scrambled &
stored on “stretched horizon”

* Like a 2-d hologram of everything that has fallen
in (later emitted as Hawking radiation)




ACCELERATING UNIVERS

* Expansion of universe Is accelerating!

* Creates point of no return around us (46.6 Bly).
= | ike event horizon of black hole inside-out.

e |s information about rest of 3-d universe somehow
encoded on this 2-d cosmic horizon!
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HOLOGRAPHIC UNIVERS

* We are outside cosmological horizon of.othertegions of ..
the universe. |

= Are we also encoded on a 2-d surfac R I

 Are we and the the whole universe a projection of a 2-c
surface! AR — K -~







QUANTUM WAVE FUNCTIONS

wave function 1 for a .
particle X lh g W P Hl//

x ot

* Quantum mechanics assigns a wave function () for
particles.




ENTANGLEMENT MONOGAMY
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ENTANGLEMENT MONOGAMY




ENTANGLEMENT MONOGAMY
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PROBLEM WITH COMPLEMENTARITY

* For Information to escape and obey “no drama’ rule,
Hawking radiation has to be multiply entangled!

Event Horizon



PILLARS OF MODERN PHYSICS

. Principles that should,ah@ye Bt obeyed:

g Clrantnes M o esemrlereseanie
-4
5
8

W@Fl—d— Arems-

= 'General Relativity: spacetime, gravity
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FIREWALLS

* Jo preserve information, entanglement broken at event
horizon.

= violently increases vacuum energy near event horizon!

= creates hot soup of particles and radiation just above
event horizon - rFirewalls!

cenveargbbet
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entangled

_broken entanglement
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Firewall

Event Horizon



JHE C AlC

* Both observer AND In-falling astronaut observe firewall.
* Astronaut thermalized just above event horizon.

* Hawking radiation carries away astronaut’s bits of
information

H5king Radiatio

Event Horizon






PROBLEM WITH FIREWALLS

* According to Equivalence Principle, astronaut should see
"no drama (.. no fire)!

* Astronaut sees no cause for firewall any more than he
would In empty spacel

Event Horizon



PILLARS OF MODERN PHYSICS

* Principles that should always be obeyed:

world of atoms.

g = Quantum Mechanics: microsa@pie
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VWORMHOLE




MICROSCOPIC VWORMHOLES

* Mathematics of wormholes seem to be mathematically
similar to quantum entanglement!

* In-falling particles and Hawking radiation are connected
by wormholes through additional dimension of space.

= Side-steps entanglement monogamy problem.
= Preserves information and equivalence principle.

NEW
WORMHOLE

_Photons of

iHawking

iradiation

‘emitted by
et Black holes




NO BLACK = INTERIORS!?




FEVENT HORIZONS AS END OF
SPACETIME

* Space & time may NOT be fundamental entity.

= Emergent property of quantum entanglement.

* Entanglement mechanism, and thus spacetime, may stop
. Deloreleventhorzon.
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AT | HIS RESEARCH [ ELLS US

* Finding apparent inconsistencies with existing laws.

= |5 information NOT conserved?!

= Does gquantum mechanics work differently than we
thought!

= |s the Equivalence Principle of General Relativity wrong?

wift

aster-than-light information transfer possible?
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SUGGESTED SOURCES

* Black Hole Wars by Leonard Susskind
* Entanglement by Amir D. Aczel

* Black holes, guantum information, and the foundations of
bhysics, Steven B. Giddings, Physics Today, 201 3

e | Junes/Youtube Interviews and talks
= Falling into a Black Ho

STy A

le (Google hangout discussion
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http://arxiv.org

