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The context in the 70’s

Black hole thermodynamics vs black hole mechanics
Christodoulou 1 irreducible mass and Hawking 2 second law;
Bekenstein’s 3 entropy for black holes: Sbh ∝

A+

Ap
;

Bardeen, Carter and Hawking 4: relation between black hole mechanics and
thermodynamics is pure analogy.

Quantum field theory in curved spacetime
Leonard Parker and Stephen Fulling 5: particle production in expanding
universes.

1D. Christodoulou, Phys. Rev. Lett. 25, 1596 (1970).
2S. W. Hawking, Commun. Math. Phys. 25, 152 (1972).
3J. D. Bekenstein, Lett. Nuovo Cimento 4, 737 (1972).
4J. M. Bardeen, B. Carter and S. W. Hawking, Commun. math. Phys. 31, 161 (1973).
5L. Parker, Phys. Rev. 183, 1057 (1969). L. Parker and S. Fulling, Phys. Rev. D 7, 2357

(1973).
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Hawking radiation
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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 fi with “positive frequency” such that

(□−m2)fi = 0,

(fi , fj) =−i
∫
Σ
fi

↔
∇a f

∗
j n

adΣ= δij , (fi , f
∗
j ) = 0 , (f ∗i , f

∗
j ) =−δij .

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

Φ̂ = ∑
i

fiai + f ∗i a
†
i .

The vacuum in the Fock space is the state |0⟩a with ai |0⟩a = 0.
Minkowski - invariant under Poincaré Group → preferred vacuum.
Curved spacetime - several complete sets fi → ambiguity.
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Quantum field theory in curved spacetime
Bogoliubov transformations

I +

I −

Σ

Field operator with vacuum |0⟩a at I −

Φ̂ = ∑i fiai + f ∗i a
†
i with fi ∼ e−iωv

Field operator with vacuum |0⟩b at I +

Φ̂ = ∑i uibi +u∗i b
†
i with bi ∼ e−iωu

Relation between the algebra of operators
αij = (ui , fj) and βij =−(ui , f

∗
j )

bi = ∑j α∗
ijaj −β ∗

ija
†
j

a⟨0|b
†
i bi |0⟩a = ∑j |βij |2
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Particle creation in gravitational collapse

Penrose diagram of gravitational

collapse

Gravitational collapse scenario and m = 0
Φ̂ = ∑i fiai + f ∗i a

†
i ,

Φ̂ = ∑i uibi +u∗i b
†
i +gici +g∗

i c
†
i

fi |I − ∼ e−iωv , ui |I + ∼ e−iωu

High frequency, late times

a⟨0|b
†
i bi |0⟩a = ∑j |βij |2 = Γω

e
2πω

κ −1

Observers at I + detect thermal spectrum!
T = κ

2π
; Sbh =

A+

4Ap

Unruh vacuum state6 yields same result for a
patch of extended Schwarzschild.
Page7 computed absorption coefficients.

6W. G. Unruh, Phys. Rev. D 14, 870 (1976).
7D. N. Page, Phys. Rev. D 13, 198 (1976).
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Hartle-Hawking-Israel state

Schwarzschild penrose diagram

Hartle and Hawking8 vacuum in extended
Schwarzschild.
Israel built it more intuitively.
F I

ω ∼ e−iωt and F IV
ω ∼ e−iωt → related to

Boulware state9.

H I
ω = F I

ω√
1−e−

2πω
κ

+ F IV
ω e−

πω
κ√

1−e−
2πω

κ

H IV
ω = F IV

ω√
1−e−

2πω
κ

+ F I
ωe

− πω
κ√

1−e−
2πω

κ

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

8J. B. Hartle, S. W. Hawking, Phys. Rev. D 13, 2188 (1976).
9D. G. Boulware, Phys. Rev. D 11, 1404 (1975).

T. V. Fernandes Hawking radiation Dec 20, 2024 7 / 10



Further Developments

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

Semiclassical gravity - Gab = 8π <: Tab :>, 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 <: Tab :> in a general setting;

Thorough study of the effects of <: Tab :> 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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