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The road to QFT, in a nutshell

Fundamental concepts emerge

1900− 1927

1 Extending classical mechanics becomes unavoidable
Black-body radiation
Photoelectric effect
The Bohr model for hydrogen

· · ·

2 Special Relativity needs to be incorporated
Relativistic quantum mechanics has severe issues

3 1927 ⇒ Quantum field theory
Particles can be created and annihilated by the vacuum
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Classical Mechanics

Deterministic
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Quantum Mechanics

Probabilistic
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Quantum Field Theory

Probabilistic with particle creation/annihilation
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Renormalization

The Standard model of particle
physics is a very successful QFT

Electrodynamics
Strong nuclear force
Weak nuclear force

+ ”loops”electron photon scatter =
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Renormalization

The Standard model of particle
physics is a very successful QFT

Electrodynamics
Strong nuclear force
Weak nuclear force

Renormalizability is a crucial
requirement

QFTs are plagued by infinities
that need to be consistently
dealt with

+ ”loops”electron photon scatter =
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F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1–110 19
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Fig. 10. The universal third order contribution to aµ . All fermion loops here are muon-loops. Graphs (1) to (6) are the light-by-light scattering diagrams.
Graphs (7) to (22) include photon vacuum polarization insertions. All non-universal contributions follow by replacing at least one muon in a closed loop
by some other fermion.

Fig. 11. Some typical eight order contributions to a` involving lepton loops. In brackets the number of diagrams of a given type if only muon loops are
considered. The latter contribute to the universal part.
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Issues with Quantum Gravity

A major problem in General Relativity as a QFT:
Non-Renormalizability

⇒ The ”usual” approach of QFT fails!

Non-perturbative theories are not well-behaved as loop
expansions

Questionable predictability

Currently many ideas are explored
String Theory
Loop Quantum Gravity
Supergravity
Non-commutative spacetime

· · ·
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Quantum field theory in curved space

A middle ground: Quantize everything except gravity
No issues with renormalization
The ”usual” QFT techniques are applicable

Example: a (quantized) scalar field with background gravity

S = −
∫

d4x
√
|g|
[

1
2
∇µφ̂∇µφ̂+

1
2

m2φ̂2 +
ξ

2
Rφ̂2 +

λ

4
φ̂4
]

(in flat space: g→ 1, ∇µ → ∂µ and R→ 0)

1 Allows the study of how curvature effects quantum
observables

2 Allows the study of backreaction
Semi-Classical Einstein equation (M2

P ≡ 1):

Gµν︸︷︷︸
classical

= 〈T̂µν〉︸ ︷︷ ︸
quantum
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General remarks

A lot of theoretical works in the 60’s, and 70’s and 80’s
Nowadays not so much...
Interactions were rarely discussed

Important applications
Black hole evaporation (70’s)

Early Universe physics
Inflation (quite recent)
Vacuum stability of the SM (very recent)

Textbooks:
1 Birrell & Davies:

Quantum Fields in Curved Space
2 Parker & Toms:

Quantum Field Theory in Curved Spacetime
3 Mukhanov & Winitzki:

Introduction to Quantum Effects in Gravity
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Cosmological particle creation

1 Introduction

2 Cosmological particle creation

3 Black hole evaporation

4 Electroweak vacuum stability

5 Summary
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General remarks

Assume a homogeneous and isotropic spacetime, but
which may expand or contract (FLRW)

The metric: gµνdxµdxν = −dt2 + a(t)dx2

The scale factor a(t)

Characterizes cosmic
expansion
l(t2)

l(t1)
=

a(t2)

a(t1)

The concepts of particle and vacuum are not global
i.e. they are observer dependent

First proper treatment in Parker (69)
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Cosmological particle creation (Example)

Example:

a(t) =
a1 + a2

2
+

a2 − a1

2
tanh

(
t

∆t

)
;

{
a(−∞) = a1

a(+∞) = a2

a1

a2

∆t t

a(t)

The ”in” quantum mode

f in
k (t) =

exp
{
−iω+t − i∆tω− ln [2 cosh(t/∆t)]

}√
2ωin

× 2F1

[
1 + i∆tω−, i∆tω−; 1− i∆tωin

;
1 + tanh(t/∆t)

2

]
t→−∞∝ e−iωin t

ω
2
in/out = k2

+ a2
1/2m2

; ω± =
ωout ± ωin

2
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Cosmological particle creation (continued)

Energy density changes from vacuum to thermal:

E(t→∞)

V
− E(t→ −∞)

V
=

∫
d3k

(2π)2 ωe−ω/T ; T ∼ ∆t

”Quantum friction”

Lenz’s Law:
The outcome is always such as to oppose the

change producing it.

Early work on cosmological particle creation laid the
foundation for Hawking’s calculation
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Black Hole evaporation

1 Introduction

2 Cosmological particle creation

3 Black hole evaporation

4 Electroweak vacuum stability

5 Summary
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Commun. math. Phys. 43, 199—220 (1975)
© by Springer-Verlag 1975

Particle Creation by Black Holes

S. W. Hawking
Department of Applied Mathematics and Theoretical Physics, University of Cambridge,

Cambridge, England

Received April 12, 1975

Abstract. In the classical theory black holes can only absorb and not emit particles. However it
is shown that quantum mechanical effects cause black holes to create and emit particles as if they

were hot bodies with temperature ;^10~6 —— °K where K is the surface gravity of the black
2πk \ M ,

hole. This thermal emission leads to a slow decrease in the mass of the black hole and to its eventual
disappearance: any primordial black hole of mass less than about 1015 g would have evaporated by
now. Although these quantum effects violate the classical law that the area of the event horizon of a
black hole cannot decrease, there remains a Generalized Second Law: S+^A never decreases where S
is the entropy of matter outside black holes and A is the sum of the surface areas 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.

1.

Although there has been a lot of work in the last fifteen years (see [1, 2] for
recent reviews), I think it would be fair to say that we do not yet have a fully
satisfactory and consistent quantum theory of gravity. At the moment classical
General Relativity still provides the most successful description of gravity. In
classical General Relativity one has a classical metric which obeys the Einstein
equations, the right hand side of which is supposed to be the energy momentum
tensor of the classical matter fields. However, although it may be reasonable to
ignore quantum gravitational effects on the grounds that these are likely to be
small, we know that quantum mechanics plays a vital role in the behaviour of
the matter fields. One therefore has the problem of defining a consistent scheme
in which the space-time metric is treated classically but is coupled to the matter
fields which are treated quantum mechanically. Presumably such a scheme would
be only an approximation to a deeper theory (still to be found) in which space-
time itself was quantized. However one would hope that it would be a very good
approximation for most purposes except near space-time singularities.

The approximation I shall use in this paper is that the matter fields, such as
scalar, electro-magnetic, or neutrino fields, obey the usual wave equations with
the Minkowski metric replaced by a classical space-time metric gab. This metric
satisfies the Einstein equations where the source on the right hand side is taken
to be the expectation value of some suitably defined energy momentum operator
for the matter fields. In this theory of quantum mechanics in curved space-time
there is a problem in interpreting the field operators in terms of annihilation and
creation operators. In flat space-time the standard procedure is to decompose





Black holes, classically

Bardeen et al. (73) & Bekenstein (73):
Black holes have entropy?

Dynamics similar to first law of thermodynamics
Area cannot decrease i.e second law of thermodynamics

A1 + A2 ≤ A12

Degradation of energy (cannot be transformed into work)
Information loss

S = −
∑

n

pn log pn

Bekenstein (73): Black hole entropy

S ∝ A

A crucial question:
How can a black hole have
temperature!?

δQ = T dS
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Hawking radiation

Hawking (74,75): Black holes radiate thermally
Calculationally similar to cosmological particle creation

T =
c3~

8πGMkB

Assuming thermodynamics this fixes the entropy

dU = TdS− pdV ⇒ S =
c3kBA
4~G

One of the few glimpses we have into quantum nature of
gravity

A complete microscopic description does not yet exist
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Important features

Common misconceptions

7 ”Particles that have once fell in can tunnel out.”
7 ”Antiparticles fall into the hole making it shrink.”

Energy conservation⇒ negative energy flux
Not trivial in General Relativity

Hawking (75):
Thus it will give positive energy flux out across
the event horizon or, equivalently, a negative

energy flux in across the event horizon.

The produced spectrum does not depend on the infallen
matter
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The information loss paradox

Introduced in Hawking (76)

Another misconception

7 ”Since the system contains a thermally
distributed particle number it is thermal.”

No(!) information paradox in cosmological particle creation

The key ingredient is the emergence of an event horizon

Implies non-Unitary evolution
Probability is not conserved
A pure states evolves into a
mixed one
Should not occur in QFT

|ψ〉 −→ ρ̂ ; ρ̂2 6= ρ̂
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Initially, complete information

The observable Universe

xy

|ψ〉 |ψ〉 |ψ〉 |ψ〉

|ψ〉 |ψ〉 |ψ〉 |ψ〉

|ψ〉 |ψ〉 |ψ〉 |ψ〉

|ψ〉 |ψ〉 |ψ〉 |ψ〉

State of the system:

|Ψ〉
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Information loss from the cosmological Horizon

Horizon

The observable Universe

xy

|ψ〉 |ψ〉

|ψ〉 |ψ〉 |ψ〉 |ψ〉

|ψ〉 |ψ〉

|ψ〉 |ψ〉 |ψ〉 |ψ〉

State of the system:

|Ψ〉
ρ̂ = TrIN

{
|Ψ〉〈Ψ|

}

Suggested resolutions
Remnants
Firewalls
Fuzzballs
Supertranslations
Quantum Gravity
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Cosmological implications: PBHs
Primordial black holes could be dark matter

The smaller a black hole the higher its temperature
⇒ Small black holes evaporate quickly
⇒ Minimum size bounded by the age of the Universe

Important relations to remember

T ∝ 1
M

⇒ lifetime ∝ M3

PBHs smaller than ∼ 1015g will
evaporate too early!

The recent LIGO discovery sparked renewed interest
30 M� BHs are astrophysically non-trivial

PBHs do not seem a robust candidate
for all DM

; see for example
Carr et. al. (17)
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Vacuum Stability of the Standard Model

1 Introduction

2 Cosmological particle creation

3 Black hole evaporation

4 Electroweak vacuum stability

5 Summary
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Motivation

One of the most profound implications of QFT is the
Renormalization Group

Parameters of the theory run

Example: The Yukawa theory

S =

∫
d4x
[

1
2
∂µϕ∂

µϕ− λ

4
ϕ4 + ψ̄∂/ψ − gϕψ̄ψ

]
.

Classically

V(ϕ) =
λ

4
ϕ4

But in QFT

V(ϕ) ≈ λ(ϕ)

4
ϕ4

Precise behaviour depends on the initial parameter values

λ0 ≶
2g2

0
3

⇒ λ(ϕ→∞)→ ±∞ .
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V(ϕ) ≈ λ(ϕ)

4
ϕ4

Precise behaviour depends on the initial parameter values

λ0 ≶
2g2

0
3

⇒ λ(ϕ→∞)→ ±∞ .
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Standard Model Higgs potential

V(φ) ≈ −m2

2
φ2 +

λ(φ)

4
φ4

Minimum at φ = v Sensitive to Mh and Mt

New minimum ⇔ λ(φ) < 0
A vacuum at φ 6= v incompatible with observations

What about the early Universe (inflation, reheating)?
New physics needed to stabilize the vacuum?
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Current status
Figure: Andreassen, Frost & Schwartz (18):
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Fate of the Standard Model

At the moment metastability is not an issue

Andreassen, Frost & Schwartz (18):
With 95% confidence, we expect our Universe
to last more than 1058 years.

In the Early Universe vacuum decay can occur
Provides a connection between the SM an inflation

During inflation the fluctuations of the Higgs can be
calculated from (Fokker-Planck)

Ṗ(t, φ) =
1

3H
∂

∂φ

[
P(t, φ)V ′(φ)

]
+

H3

8π2
∂2

∂φ2 P(t, φ)

Currently actively studied!

Needs QFT in curved space!

QFT in curved spacetime 32 / 35



Fate of the Standard Model

At the moment metastability is not an issue

Andreassen, Frost & Schwartz (18):
With 95% confidence, we expect our Universe
to last more than 1058 years.

In the Early Universe vacuum decay can occur
Provides a connection between the SM an inflation

During inflation the fluctuations of the Higgs can be
calculated from (Fokker-Planck)
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Ṗ(t, φ) =
1

3H
∂

∂φ

[
P(t, φ)V ′(φ)

]
+

H3

8π2
∂2

∂φ2 P(t, φ)

Currently actively studied!

Needs QFT in curved space!

QFT in curved spacetime 32 / 35



Stabilization from curvature corrections

The quantum corrected potential

Veff(φ) ≈ λ(µ)

4
φ4+

ξ(µ)

2
Rφ2
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Even if λ(µ) < 0, the potential can be stable due to ξ
ξ is generated by quantum effects on a curved background
Herranen et al. (14)
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Summary

1 Introduction

2 Cosmological particle creation

3 Black hole evaporation

4 Electroweak vacuum stability

5 Summary
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Summary

QFT in curved spacetime
A window into quantum gravity

However only an approximate approach

Can be used to show that black holes evaporate
From a theoretical point very important
Also relevant for cosmological applications

Crucial for studying the Standard Model in the early
universe

The electroweak vacuum may be destabilized

QFT in curved spacetime 35 / 35



Summary

QFT in curved spacetime
A window into quantum gravity

However only an approximate approach
Can be used to show that black holes evaporate

From a theoretical point very important
Also relevant for cosmological applications

Crucial for studying the Standard Model in the early
universe

The electroweak vacuum may be destabilized

QFT in curved spacetime 35 / 35



Summary

QFT in curved spacetime
A window into quantum gravity

However only an approximate approach
Can be used to show that black holes evaporate

From a theoretical point very important
Also relevant for cosmological applications

Crucial for studying the Standard Model in the early
universe

The electroweak vacuum may be destabilized

QFT in curved spacetime 35 / 35


	Introduction
	Cosmological particle creation
	Black hole evaporation
	Electroweak vacuum stability
	Summary

