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BHs are among the most awe-inspiring objects in the Universe

They imply the end of space-time as we know 1t, and appear to
imply deep paradoxes when we try to meld with quantum
mechanics

There has been significant progress, both observational and
theoretical in BH physics in the past few years!



Classical BHs

We that astrophysical BHs exist and behave, to a
very good approximation, the way that Einstein's classical
General Relativity says they should (at least the exterior)

w#y  Schwarzschild wrote down first & simplest BH
~ solution while fighting & dying in WW1
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Classical BHs

We that astrophysical BHs exist and behave, to a
very good approximation, the way that Einstein's classical
General Relativity says they should (at least the exterior)

Schwarzschild wrote down first & simplest BH
solution while highting & dying in WW1

Schwarzschild radius
of BH event horizon

§ Karl Schwarzschild

Solar-mass BH: r; = 2.93 km
Galactic centre BHs of 1069 solar masses: rs~ 1069 km
Hypothetical BH of Earth mass: rs=0.84 cm



Classical BHs
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Modern understanding of classical

BHs due to Wheeler (who coined the
name), Kruskal, Kerr, Thorne,

Hawking, and especially Penrose

Roger Penrose



Classical BHs

What do these awe-inspiring objects look like?
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Classical BHs

space-time itself
1S not static
inside horizon
("r becomes a
temporal
coordinate")

Singularity

Credit: Andrew Hamilton (JILA)

space-time "ends"
at singularity, but
classical solution

(and GR 1itself)

not reliable here



Classical BHs

At r=rs horizon the "light cones" tip
so far over that avoidance of r=0
singularity 1s impossible ("forward

singularity

in time" becomes "radial inward")
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BUT, a freely falling observer feels

3 as she falls through

: 2 the horizon (just usual, finite, tidal

| § forces). To such an observer the

' 5 region around the horizon is just like

19 3 .

g normal, empty Minkowski space!
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| The singular behaviour of
I\ the Schwarzschild metric at horizon
g 1s just a bad choice of coordinates
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Adapted from: Droz, Israel, Morsink



Classical BHs

We know to a high degree of confidence that supermassive
astrophysical BHs exist in galactic centres
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Classical BHs

Recently we have a direct image of a supermassive BH

Event Horizon Telescope, M87,2019



Classical BHs

Also detected gravitational waves from mergers of smaller BHs
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Quantum BHs

The classical theory of BHs is'extraordinarily rich, but the
world 1s really quantum mechanical

The OM of BHs 1s even rﬁore remarkable and leads to

apparent deep paradoxes whose resolution 1s guiding us
towards a better understanding of aspects of quantum gravity

Significant progress 1n last few years....!



Hawking Radiation

In relativistic QM empty space the "vacuum") is full of

quantum fluctuations of all fields and particles
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Hawking Radiation

‘r\ r\ positive & negative energy

'virtual' particle (and anti-
N ] particle) fluctuations are
> everywhere being created

and annihilating




Hawking Radiation

in vicinity of horizon a QM
tunnelling process allows a positive
energy particle or anti-particle to
(rarely) escape to infimity while a
negative energy (from perspective of
distant observer) particle or anti-

particle 1s captured by BH, reducing
BH mass

(Note for experts: This tunnelling picture of Hawking
radiation can be made precise and gives correct reduction tn

mavss of BH - see papers of Wilczek etal)




Hawking Radiation

Physical BHs are never truly black!
They produce thermal radiation in
all kinematically allowed modes.




Hawking Radiation

Physical BHs are never truly black!
They produce thermal radiation in
all kinematically allowed modes.

Amazing end result 1s BH

1s a thermal system with
temperature (as seen by a
static observer far away) TH

hc? 1.2 x 10K M
THawking = - o~ X. ~ 10 TK =Y
8nGnkpM M(m kg) M

Observed astrophysical BHS are very cold but as mass of BH gets

smaller temperature goes up!




Black Hole Entropy

BH Hawking radiation has never.been observed, but we now
know many ways 1t can be theoretically derived & it solves some
otherwise troubling aspects of classical BHs

One of these 1s associated with the Second Law of
Thermodynamics, AS > 0, and the entropy of BHs

Bekenstein argued that to save 2nd Law one must assign a
to BHs, otherwise one could systematlcally reduce Sumverse

by throwing in matter with AS > 0 which then dlsappears




Black Hole Entropy

Hawking's calculation confirmed this since 1st Law says

dE = Th dS and using Thand E = Mph ¢? gives (in kp=1 units)
Area of BH

event horizon

h — 0

(cf. catastrophe of pre-Planck classical bla.ék body spegtruﬁl)

’0



Black Hole Entropy

Hawking's calculation confirmed this since 1st Law says

dE = Th dS and using Thand E = Mph ¢? gives (in kp=1 units)
Area of BH
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Black Hole Entropy

Hawking's calculation confirmed this since 1st Law says

dE = Th dS and using Thand E = Mph ¢? gives (in kp=1 units)

Entropy of a single
solar mass BH .
« roughly that of all

* the stars in the
Universe! #

#states ~ exp(Spy)




Black Hole Entropy

Some comments:

e Information content of the universe appears to be hugely

dominated by BHs!!!

® We don't understand well these "microstates" of BHs -

some progress from String Theory, but not complete...

® SpH 1s - 1t goes with not volume (or
mass). Leads to - which motivates
Maldacena's amazingly powerful holographic duality for
String Theory in AdS (negatively-curved) space“times:
AKA "AdS/CFT". We don t understand flatspace

holography... > °



Hawking Evaporation
Now turn to other implications of Hawking Radiation...

Since THincreases as M decreases,




Hawking Evaporation

Now turn to other implications of Hawking Radiation...

Since THincreases as M decreases,

Hawking evaporation 1s extraordinary: every particle in nature
with mass < Mp|/8st'can be produced even 1if it 1s completely

decoupled from Standard Model (nothing hides from gravity)! |



Hawking Evaporation

One can produce the dark matter this way, and even start the

hot phase of the Big Bang. .
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could be signatures of Hawking radiatior’g
-

hiding in DM and gravitational waves (would have
won Stephen Hawking his déserved Nobel....)



Hawking Evaporation

But there's more...!



Impossibility of Exact Global Symmetries

Hawking evaporation of BHs implies remarkable consequence
that,

So, eg,

can't be _equi-potential




Impossibility of Exact Global Symmetries

By Emmy Noether's great the6rem this means ,
in turn that all the associated would-be- i3
conserved

For example conservation of baryon number
associated with internal U(1)p global symmetry
be violated



Impossibility of Exact Global Symmetries
Why is this true? The basic idea (goes back to Zeldovich):

Binitial =N >1 Bfinal ~ VN <K Binitial
(at most)

BH formed by Hawking radiation 1s “
large 1nitial of whether baryon or anti-paryon emitted
number, N, (only cares about mass, spin, & charge)

of neutrons P

(Note for experts: here, for 51mphclty [ am.taking the BH to fully evaporate
- no remnants! - but argument can be sharpened to exclude this case)



Impossibility of Exact Global Symmetries

We don't yet tully understand exactly. what 1s the

:s that must be induced by quantum
gravitational effects, but progress is being made!
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Final Words

One 1ssue [ haven't spoken about 1s

This was view of Stephen Hawking for many years

(though not last 5), and might still be Roger's

Hawking evaporation of BHs appears to allow OM "pure states"

to evolve to "mixed-states" - if so this would violate a fundamental
axiom of QM and 1imply information loss



Quantum BHs hive..!

Entanglement wedge reconstruction and *
information paradox

Geoffrey Penington’
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Solving BH Information Paradox

Basic idea: Hawking's calculation of thermal density
matrix was never exact

pr = pe"ma (1 + loop effects) + O (e_A/@Dl)

All these usual local QFT  New tiny, non-perturbative
terms help and . effects




Quantum BHs

QM of BHs 1s even more remarkable and is guiding us towards
a better understanding of quantum gravity (& information!)



