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context in 70's

Black hole thermodynamics vs black hole mechanics
Christodoulou ! irreducible mass and Hawking 2 second law;
Bekenstein's 3 entropy for black holes: Spp, o ’i“—*;
P
Bardeen, Carter and Hawking #: relation between black hole mechanics and

thermodynamics is pure analogy.

Quantum field theory in curved spacetime
Leonard Parker and Stephen Fulling ®: particle production in expanding

universes.
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Hawking radiation

Black hole explosions?

QuaxTUM gravitational effects are usually ignored in calcu-
lations of the formation and evolution of black holes. The
justification for this is that the radius of curvature of space-
time outside the event horizon is very large compared to
the Planck length (G#/c#)1*2 = 103 cm, the length seale on
which quantum fluctuations of the metric are expected to be
of order unity. This means that the cnergy density of par-
ticles created by the gravitational field is small compared to
the space-time curvature. Even though quantum effects may
be small locally, they may still, however, add up to produee
& significant effect over the lifetime of the Universe = 101" s
which is very long compared to the Planck time = 1043 5.

Nature Vol. 248 March 1 1974

The purpose of this letter is to show that this indeed may
ms that any black hole will create and
emit particles such a5 newtriney or photons at just the rate
that one would expect if the black hole was a body with a
temperature of (x/2r) (A/2k) = 10 (Ma/M)K where x is
the surface gravity of the black hole 1. As a black hole emits
this thermal radiation one would expeet it to lose mass. This
in turn would increase the surface gravity and so inerease
the rate of cmission. The black holc would thercfore have a
finite life of the order of 107 (Mo/M)-t s. For a black hole
of solar mass this is much longer than the age of the Universe.
There might, however, be much smaller black holes which
wero formed by fluetuations in the early Universe?. Any
such black hole of mass less than 10 g would have cvapo-
rated by now. Near the end of its life the rate of emission
would be very high and about 10% erg would be released in
the last 0.1 s. This is o fairly small explosion by astronomical
standards but it is equivalent to about 1 million 1 Mton
hvdrogen boml
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Abstract. In the classical theory black holes can only absorb and not emit particles. However it
is shown that quantum mechanical cffects cause blm holes to create and emit particles as if they

e
were hot bodies with temperature - ~ 1076 (72| °K. where  is the surface gravity of the black

2k (5 M)
‘hole. This thermal emission leads 10 a slow decrease in the mass of the black hole and to its eventual
disappearance: any primordial black hole of mass less than about 101* g would have evaporaied by
now. Although these quantum effects violate the classical law that the area of the event horicon of
black hole cannot decrease, there remains a Generalized Second Law: § 444 never decreases where §
is the entropy of matter outside black holes and A i the sum of the surface arcas of the event horizons.
This shows that gravitational collapse converts the baryons and leptons in the collapsing body into
entropy. It is tempting to speculate that this might be the reason why the Universe contains so much
entropy per baryon.




Quantum field theory in curved spacetime

Canonical approach - Scalar field

The classical field obeys the Klein-Gordon equation. To quantize it, find a
complete set f; with “positive frequency” such that

(5.6) =~ [ £ G wam =85, (£.6) =0, (£.6) = 8.

One can construct an Hilbert space with the set f;, which allows one to
construct a Fock space (n-particle states). The field operator is “formally”

i
The vacuum in the Fock space is the state |0), with a;|0), =0.

Minkowski - invariant under Poincaré Group — preferred vacuum.
Curved spacetime - several complete sets f; — ambiguity.

T. V. Fernandes Hawking radiation Dec 20, 2024



Quantum field theory in curved spacetime

Bogoliubov transformations

Field operator with vacuum |0), at .~

=Y, fa+fra with f; ~ e 1o

Field operator with vacuum [0), at .+
Y as & =Y ujb; + utb] with b; ~ e~'®U

Yy Relation between the algebra of operators
Qjj = (U,’,f_}') and ﬁlj = —(U,‘,G*)

b; :Zj Ot,-j‘-aj B’J ;

2016} b;[0), = X1 1By
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Particle creation in gravitational collapse

Gravitational collapse scenario and m=20

b=y fa+fa
T . * T
event horizon CD - Zi U,b,' + u; bi +&iCi +gl G
g —iov . —iou
2 /—“/z:;:g;?\? gLuse f;|j7 ~ e ! U,|]+ ~ e
I High frequency, late times

2{01b]b:[0), = X[Bj[* = —e-

Observers at .# T detect thermal spectrum!

_ K. _ Ar
T =2 5bh*4A,,

Penrose diagram of gravitational

collapse Unruh vacuum state® yields same result for a
patch of extended Schwarzschild.
Page’ computed absorption coefficients.

5w, G. Unruh, Phys. Rev. D 14, 870 (1976).
’D. N. Page, Phys. Rev. D 13, 198 (1976).
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Hartle-Hawking-Israel state

h
N = const

Schwarzschild penrose diagram

Hartle and Hawking® vacuum in extended
Schwarzschild.

Israel built it more intuitively.

Fl ~ et and F!V ~ e7/®* — related to
Boulware state®.

H! = Fo + F(Q/e_%
o=
\/l—e’znTw \/l—e’MTw
HIV — FlY Fle= %

K
@ \/l—e’MTw \/l—e’MTw

Killing observers feel thermal bath with
redshifted Hawking temperature.
Black hole in thermal equilibrium.

8). B. Hartle, S. W. Hawking, Phys. Rev. D 13, 2188 (1976).
D. G. Boulware, Phys. Rev. D 11, 1404 (1975).
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Further Developments

Gibbons and Hawking's, York's canonical ensembles with Euclidean
approach to quantum gravity;

Semiclassical gravity - G, =871 <: T, :>, using Hadamard states (local
singular structure);

Renormalization techniques: Hadamard, De Witt-Schwinger,
Zeta-function;

Polyakov approximation;

More mathematically precise QFT (i.e. algebraic quantum field theory);
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Fifty years of Hawking radiation... What is to come?

Computing <: T,p > in a general setting;

Thorough study of the effects of <: T, :> in self-gravitating
configurations and black hole spacetimes;

Quantum nature of gravity:
- Resolving singularities;
- Nature of entropy.
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Thank You!
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