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Preface

This book is an expanded and reorganized version of the lecture notes for a course
taught (in German) at the Ludwig-Maximilians University, Munich, in the spring
semester of 2003. The course is an elementary introduction to the basic concepts of
quantum field theory in classical backgrounds. A certain level of familiarity with gen-
eral relativity and quantum mechanics is required, although many of the necessary
results are derived in the text.

The audience consisted of advanced undergraduates and beginning graduate stu-
dents. There were 11 three-hour lectures. Each lecture was accompanied by exercises
that are an integral part of the exposition and encapsulate longer but straightforward
calculations or illustrative numerical results. Detailed solutions were given for all
exercises. However, students could skip the solutions while still being able to follow
the lectures. Exercises marked by an asterisk * are more difficult or cumbersome.

The book covers limited but essential material: quantization of free scalar fields;
driven and time-dependent harmonic oscillators; mode expansions and Bogolyubov
transformations; particle creation by classical backgrounds; quantum scalar fields in
the de Sitter spacetime and growth of fluctuations; the Unruh effect; the Hawking
radiation; the Casimir effect; quantization by path integrals; energy-momentum ten-
sor for fields; effective action and backreaction; regularization of functional determi-
nants using zeta functions and heat kernels. Topics such as quantization of higher-
spin or interacting fields in curved spacetime, direct renormalization of the energy-
momentum tensor, and the theory of cosmological perturbations are left out.

The emphasis of this course is rather heavily on concepts and not on computational
results. Most of the required calculations have been simplified to the barest possi-
ble minimum that still contains all relevant physics. For instance, only free scalar
fields are considered for quantization; background spacetimes are always chosen to
be conformally flat; the Casimir effect, the Unruh effect and the Hawking radiation
are computed for massless scalar fields in suitable 1+1-dimensional spacetimes. Thus
a fairly modest computational effort suffices to explain important conceptual issues
such as the nature of vacuum and particles in curved spacetimes, thermal effects of
gravitation, and backreaction. This should prepare students for more advanced and
technically demanding treatments suggested below.

The selection of the material and the initial composition of the lectures are due to
Slava Mukhanov whose assistant I have been. I reworked the exposition and added
many explanations and examples that the limited timespan of the spring semester
did not allow us to present. The numerous remarks serve to complement and extend
the presentation of the main material and may be skipped at first reading.

vii
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I'am grateful to Andrei Barvinsky, Josef Gafiner, and Matthew Parry for discussions
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who worked through the text, corrected a number of mistakes, provided a calculation
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1 Overview. A taste of quantum fields

Summary: The vacuum state of classical and quantum oscillators. Particle
interpretation of field theory. Examples of particle creation by external
fields.

We start with a few elementary observations concerning the description of vacuum
in quantum theory.

1.1 The harmonic oscillator and its vacuum state

The vacuum is the physical state corresponding to the intuitive notions of “the ab-
sence of anything” or “an empty space.” Generally, the vacuum is defined as the
state with the lowest possible energy. However, the classical and the quantum de-
scriptions of the vacuum state are radically different. To get an idea of this difference,
let us compare a classical oscillator with a quantized one.

A classical harmonic oscillator is described by a coordinate ¢(t) satisfying

§+w?q=0. (1.1)

The solution of this equation is unique if we specify initial conditions ¢ (¢¢) and ¢ (o).
We may identify the “vacuum state” of the oscillator as the state without motion,
i.e. ¢(t) = 0. This lowest-energy state is the solution of Eq. (1.1) with the initial condi-
tions ¢(0) = ¢(0) = 0.

When the oscillator is quantized, the classical coordinate ¢ and the momentum p =
¢ (for simplicity, we assume a unit mass of the oscillator) are replaced by operators
4(t) and p(t) satisfying the Heisenberg commutation relation

[4(2), p(t)] = i

Now the solution §(t) = 0 is impossible because the commutation relation is not
satisfied. The vacuum state of the quantum oscillator is described by the normalized

wave function ) )
_[v] v
vla) = erj eXp( oh ) '

Generally, the energy of the vacuum state is called the zero-point energy; for the
harmonic oscillator, it is Ey = %hw In the vacuum state, the position ¢ fluctuates
around ¢ = 0 with a typical amplitude ¢ ~ +/A/w and the measured trajectories
q(t) resemble a random walk around ¢ = 0. Thus a quantum oscillator has a more
complicated vacuum state than a classical one.

To simplify the formulae, we shall almost always use the units in which i = ¢ = 1.



1 Overview. A taste of quantum fields

1.2 Free quantum fields and vacuum

A classical field is described by a function of spacetime ¢ (x,t), where x is a three-
dimensional coordinate in space and ¢ is the time (in some reference frame). The
function ¢ (x, t) takes values in some finite-dimensional vector space (with either real
or complex coordinates).

The simplest example of a field is a real scalar field ¢ (x, t); its values are real num-
bers. A free massive classical scalar field satisfies the Klein-Gordon equation

%0~ 0% ;
W*;@ﬁLmQ(bz(bfA(ber%:O. (1.2)
If the initial conditions ¢ (x,t) and ¢ (x,ty) are specified, the solution ¢ (x,t) for
t > to is unique. The solution with zero initial conditions is ¢ (x,¢) = 0 which is the
classical vacuum state (“no field”).

To simplify the equations of motion, it is convenient to use the spatial Fourier de-
composition,

3
6 (x,t) = / ﬁeikwk(w, (1.3)

where we integrate over all three-dimensional vectors k. After the Fourier decompo-
sition, the partial differential equation (1.2) is replaced by infinitely many ordinary
differential equations, with one equation for each k:

b + (k* + m?) ¢ = 0.

In other words, each complex function ¢x (¢) satisfies the harmonic oscillator equation

with the frequency
wr = VEk2+m?2,

where k& = |k|. The functions ¢y (t) are called the modes of the field ¢ (abbrevi-
ated from “Fourier modes”). Note that the replacement of the field ¢ by a collection
of oscillators ¢ is a formal mathematical procedure. The oscillators “move” in the
configuration space (i.e. in the space of values of the field ¢), not in the real three-
dimensional space.

To quantize the field, each mode ¢ () is quantized as a separate harmonic oscilla-
tor. We replace the classical coordinates ¢x and momenta m, = d)l*( by operators qgk,
7k and postulate the equal-time commutation relations

[qu(t), e (t)} =6 (k + k). (1.4)

Quantization in a box

It is useful to begin by considering a field ¢ (x,t) not in the entire infinite space but
in a box of finite volume V, with some conditions imposed on the field ¢ at the box



1.2 Free quantum fields and vacuum

boundary. The volume V should be large enough so that the artificially introduced
box and the boundary conditions are physically irrelevant. For instance, we might
choose the box as a cube with side L and volume V = L? and impose the periodic
boundary conditions,

¢(x=0,y,2t)=¢(x=L,y,21)

and similarly for y and z. The Fourier decomposition can be written as

P (t) = % / d3x ¢ (x,t) e K>,
b (x,t) = L > drlt)e™, (1.5)
4 k

where the sum goes over three-dimensional wave numbers k with components of the

form
27N,
key = ”L" ng = 0,+1,+2, ...

and similarly for k, and k.. The normalization factor v/V in Eq. (1.5) is a mathematical
convention chosen to simplify some formulae (we could rescale the modes ¢y by
any constant). Indeed, the Dirac § function in Eq. (1.4) is replaced by the Kronecker
symbol 0k ks 0 without any normalization factors, and the total energy of the field ¢
in the box is simply the sum of energies of all oscillators ¢y,

=3 3] + et nk].
k

Vacuum wave functional

Since all modes ¢y of a free field ¢ are decoupled, the vacuum state of the field can
be characterized by a wave functional which is the product of the ground state wave
functions of all modes,

2
U [¢] o Hexp <—LC |;bk| ) = exp [—% Zwk |q§k|21 ) (1.6)
Kk k

Strictly speaking, Eq. (1.6) is valid only for a field quantized in a box as described
above. (Incidentally, if the modes ¢x were normalized differently than shown in
Eq. (1.5), there would be a volume factor in front of wy,.)

The wave functional (1.6) gives the quantum-mechanical amplitude for measuring
a certain field configuration ¢ (x,?) at some fixed time ¢. This amplitude is time-
independent, so the vacuum is a stationary state. The field fluctuates in the vacuum
state and the field configuration can be visualized as a random small deviation from
zero (see Fig. 1.1).
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Figure 1.1: A field configuration ¢(z) that could be measured in the vacuum state.

In the limit of very large volume of the box, we replace sums by integrals,

Ay P2
k

and the wave functional (1.6) becomes

widl e |5 [ @il 18)

Exercise 1.1
The vacuum wave functional (1.8) contains the integral

I= /d?’k |pr|® VK2 + m2, (1.9)

where ¢ are the field modes defined by Eq. (1.3). The integral (1.9) can be expressed
directly through the function ¢ (x),

I:/dgxdqub(X)K(XJ)(b(Y)A

Determine the required kernel K (x,y).

1.3 The zero-point energy

We now compute the energy of the vacuum (the zero-point energy) of a free quantum
field quantized in a box. Each oscillator ¢y is in the ground state and has the energy
wy, so the total zero-point energy of the field is

E() = Z %wk.
k
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Replacing the sum by an integral according to Eq. (1.7), we obtain the following ex-
pression for the zero-point energy density,

Eo Pk 1

v =] Gop 5 Wh- (1.10)
This integral diverges at the upper bound as ~ k*. Taken at face value, this would
indicate an infinite energy density of the vacuum state. If we impose a cutoff at the
Planck scale (there is surely some new physics at higher energies), then the vacuum
energy density will be of order 1 in Planck units, which corresponds to a mass den-
sity of about 10%g/cm3. This is much more per lcm? than the mass of the entire
observable Universe (~ 10°°g)! Such a huge energy density would lead to strong
gravitational effects which are not actually observed.

The standard way to avoid this problem is to postulate that the infinite energy den-
sity given by Eq. (1.10) does not contribute to gravitation. In effect this constant in-
finite energy is subtracted from the energy of the system (“renormalization” of zero-
point energy).

1.4 Quantum fluctuations in the vacuum state

1.4.1 Amplitude of fluctuations

From the above consideration of harmonic oscillators we know that the typical am-
plitude of fluctuations J¢i in the mode ¢y is

5o = ([ (Iowl”) ~ 2. (1.11)

Field values cannot be observed at a point; in a realistic experiment, only averages of
field values over a region of space can be measured. The next exercise shows that if
¢, is the average of ¢(x) over a volume L3, the typical fluctuation of ¢, is

Sor ~ i . kp=L"1 (1.12)

Exercise 1.2
The average value of a field ¢ (x) over a volume L? is defined by the integral over a
cube-shaped region,

1 L2 L/2 L/2
d)LEE/ dx/ dy dz ¢ (x).

—L/2 —L/2 —L/2

Justify the following order-of-magnitude estimate of the typical amplitude of fluctuations
6¢Ll

1/2

Spr ~ [(6¢1)* k] k=L"",
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where k = |k| and d¢y, is the typical amplitude of vacuum fluctuations in the mode ¢x.
Hint: The “typical amplitude” éx of a quantity « fluctuating around 0 is 0z = /(x?).
The wave number k; ~ L~! characterizes the scale L. As a function of L, the
amplitude of fluctuations given by Eq. (1.12) diverges as L~ " for small L < m~! and

decays as L~3/2 for large L > m™~ 1.

1.4.2 Observable effects of vacuum fluctuations

Quantum fluctuations are present in the vacuum state and have observable conse-
quences that cannot be explained by any other known physics. The three well-known
effects are the spontaneous emission of radiation by hydrogen atoms, the Lamb shift,
and the Casimir effect. All these effects have been observed experimentally.

The spontaneous emission by a hydrogen atom is the transition between the elec-
tron states 2p — 1s with the production of a photon. This effect can be explained only
by an interaction of electrons with vacuum fluctuations of the electromagnetic field.
Without these fluctuations, the hydrogen atom would have remained forever in the
stable 2p state.

The Lamb shift is a small difference between the energies of the 2p and 2s states
of the hydrogen atom. This shift occurs because the electron clouds in these states
have different geometries and interact differently with vacuum fluctuations of the
electromagnetic field. The measured energy difference corresponds to the frequency
~ 1057TMHz which is in a good agreement with the theoretical prediction.

The Casimir effect is manifested by a force of attraction between two parallel un-
charged conducting plates. The force decays with the distance L between the plates as
F ~ L~*. This effect can be explained only by considering the shift of the zero-point
energy of the electromagnetic field due to the presence of the conductors.

1.5 Particle interpretation of quantum fields

The classical concept of particles involves point-like objects moving along certain tra-
jectories. Experiments show that this concept does not actually apply to subatomic
particles. For an adequate description of photons and electrons and other elemen-
tary particles, one needs to use a relativistic quantum field theory (QFT) in which
the basic objects are not particles but quantum fields. For instance, the quantum the-
ory of photons and electrons (quantum electrodynamics) describes the interaction of
the electromagnetic field with the electron field. Quantum states of the fields are
interpreted in terms of corresponding particles. Experiments are then described by
computing probabilities for specific field configurations.

A quantized mode ¢ has excited states with energies E,, ;. = (3 +n) wy, where
n = 0,1,.. The energy F, y is greater than the zero-point energy by AE = nwy =
nv k? + m? which is equal to the energy of n relativistic particles of mass m and mo-
mentum k. Therefore the excited state with the energy E,, x is interpreted as describ-
ing n particles of momentum k. We also refer to such states as having the occupation
number n.
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A classical field corresponds to states with large occupation numbers n > 1. In
that case, quantum fluctuations can be very small compared with expectation values
of the field.

A free, noninteracting field in a state with certain occupation numbers will forever
remain in the same state. On the other hand, occupation numbers for interacting
fields can change with time. An increase in the occupation number in a mode ¢ is
interpreted as production of particles with momentum k.

1.6 Quantum field theory in classical backgrounds

“Traditional” QFT deals with problems of finding cross-sections for transitions be-
tween different particle states, such as scattering of one particle on another. For in-
stance, typical problems of quantum electrodynamics are:

1. Given the initial state (at time t — —o0) of an electron with momentum k; and

a photon with momentum kj, find the cross-section for the scattering into the
final state (at ¢ — +00) where the electron has momentum k3 and the photon
has momentum kj4.
This problem is formulated in terms of quantum fields in the following man-
ner. Suppose that ¢ is the field representing electrons. The initial configuration
is translated into a state of the mode v, with the occupation number 1 and all
other modes of the field ¢) having zero occupation numbers. The initial configu-
ration of “oscillators” of the electromagnetic field is analogous—only the mode
with momentum k; is occupied. The final configuration is similarly translated
into the language of field modes.

2. Initially there is an electron and a positron with momenta k; ». Find the cross-
section for their annihilation with the emission of two photons with momenta
ks 4.

These problems are solved by applying perturbation theory to a system of infinitely
many coupled quantum oscillators. The required calculations are usually quite te-
dious.

In this book we study quantum fields interacting with a strong external field called
the background. It is assumed that the background field is adequately described by
a classical theory and does not need to be quantized. In other words, our subject is
quantum fields in classical backgrounds. A significant simplification comes from consid-
ering quantum fields that interact only with classical backgrounds but not with other
quantum fields. Such quantum fields are also called free fields, even though they are
coupled to the background.

Typical problems of interest to us are:

1. To compute probabilities for transitions between various states of a harmonic
oscillator in a background field. A transition between oscillator states can de-
scribe, for instance, the process of particle creation by a classical field.
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2. To determine the shift of the energy levels of an oscillator due to the presence of
the background. The energy shift cannot be ignored since the zero-point energy
of the oscillator is already subtracted. It is likely that the additional energy shift
can contribute to gravity via the Einstein equation.

3. To calculate the backreaction of a quantum field on the classical background.
For example, quantum effects in a gravitational field induce corrections to the
energy-momentum tensor of a matter field. The corrections are of order R?,
where R is the Riemann curvature scalar, and contribute to the Einstein equa-
tion.

1.7 Examples of particle creation

1.7.1 Time-dependent oscillator

A nonstationary gravitational background influences quantum fields in such a way
that the frequencies wy, of the modes become time-dependent, wy,(t). We shall examine
this situation in detail in chapter 6. For now, let us consider a harmonic oscillator with
a time-dependent frequency w(t). Such oscillators usually exhibit transitions between
energy levels. As a simple example, we study an oscillator ¢(¢) which satisfies the
following equations of motion,

§(t) +wiq(t) =0, t<0ort>T;
G(t) —Qq(t) =0, 0<t < T,

where wqy and () are real constants.

Exercise 1.3
For the above equations of motion, take the solution ¢(t) = ¢1 sinwot for ¢ < 0 and
show that for ¢ > T the solution is of the form

q(t) = g2 sin (wot + ) ,

where « is a constant and, assuming that Q07" > 1,

Nl 1+w—gex (Q0T)
qQ~2q1 Q(Q) p(déod ).

The exercise shows that for 7" > 1 the oscillator has a large amplitude ¢2 > ¢
at late times ¢ > 7. The state of the oscillator is then interpreted as a state with many
particles. Thus there is a prolific particle production if Qo7 > 1.

Exercise 1.4

Estimate the number of particles at ¢ > 7" in the problem considered in Exercise 1.3,
assuming that the oscillator is in the ground state at ¢ < 0.

10



1.7 Examples of particle creation

1.7.2 The Schwinger effect

A static electric field in empty space can create electron-positron (e*e™) pairs. This
effect, called the Schwinger effect, is currently on the verge of being experimentally
verified.

To understand the Schwinger effect qualitatively, we may imagine a virtual e™e™
pair in a constant electric field of strength E. If the particles move apart from each
other to a distance /, they will receive the energy leF from the electric field. If this
energy exceeds the rest mass of the two particles, leE > 2m,, the pair will become
real and the particles will continue to move apart. The typical separation of the virtual
pair is of order of the Compton wavelength 27 /m.. More precisely, the probability of
separation by a distance [ turns out to be P ~ exp (—mm.l). Therefore the probability
of creating an ee™ pair is

2

P ~ exp (—mg) : (1.13)
e

The exact formula for the probability P can be obtained from a full (but rather lengthy)
consideration using quantum electrodynamics.

Exercise 1.5

Suppose that the probability for a pair production in an electric field of intensity F is
given by Eq. (1.13), where m. and e are the mass and the charge of an electron. Consider
strongest electric fields available in a laboratory today and compute the corresponding
probability for producing an e e pair.

Hint: Rewrite Eq. (1.13) in the SI units.

1.7.3 Production of particles by gravity

Generally, a static gravitational field does not produce particles (black holes pro-
vide an important exception). We can visualize this by picturing a virtual particle-
antiparticle pair in a static field of gravity: both virtual particles fall together and
never separate sufficiently far to become real particles. However, a time-dependent
gravitational field (a nonstationary spacetime) generally leads to some particle pro-
duction. A nonstationary gravitational field exists, for example, in expanding uni-
verses, or during the formation of a black hole through gravitational collapse.

One would expect that a nonrotating black hole cannot produce any particles since
its gravitational field is static. It came as a surprise when Hawking in 1973 discov-
ered that static black holes nevertheless create particles with the blackbody thermal
distribution at temperature

hic?
- 8rGM’

where M is the mass of the black hole and G is Newton’s constant.

We can outline a qualitative picture of the Hawking radiation using a consideration
with virtual particle-antiparticle pairs. One particle of the pair may happen to be just
outside of the black hole horizon while the other particle is inside it. The particle
inside the horizon inevitably falls onto the black hole center, while the other particle

11



1 Overview. A taste of quantum fields

can escape and may be detected by stationary observers far from the black hole. The
existence of the horizon is crucial for particle production; without horizons, a static
gravitational field does not create particles.

1.7.4 The Unruh effect

This effect concerns an accelerated particle detector in empty space. Although all
fields are in their vacuum states, the accelerated detector will nevertheless find a dis-
tribution of particles with a thermal spectrum (a heat bath). The temperature of this
heat bath is called the Unruh temperature and is expressed as T' = a/(27), where a is
the acceleration of the detector (both the temperature and the acceleration are given
in Planck units).

In principle, the Unruh effect can be used to heat water in an accelerated container.
The energy for heating the water comes from the agent that accelerates the container.

Exercise 1.6
A glass of water is moving with a constant acceleration. Determine the smallest accel-
eration that makes the water boil due to the Unruh effect.

12



2 Reminder: Classical and quantum
mechanics

Summary: Action in classical mechanics. Functional derivatives. Lagrangian
and Hamiltonian mechanics. Canonical quantization in Heisenberg pic-
ture. Operators and vectors in Hilbert space. Dirac notation. Schrodinger
equation.

2.1 Lagrangian formalism

Quantum theories are built by applying a quantization procedure to classical theories.
The starting point of a classical theory is the action principle.

2.1.1 The action principle

The evolution of a classical physical system is described by a function ¢(t), where ¢
is a generalized coordinate (which may be a vector) and ¢ is the time. The trajectory
q(t) is determined by the requirement that an action functional’

to
ST = [ L0400, ) eRY
ty
is extremized. Here t;  are two fixed moments of time at which one specifies bound-
ary conditions, e.g. ¢(t1) = ¢ and ¢(t2) = g2. The function L (t,q,4,...) is called
the Lagrangian of the system; different Lagrangians describe different systems. For
example, the Lagrangian of a harmonic oscillator with unit mass and a constant fre-
quency w is
N

L(g,4) =5 (¢ —w’a%). (22)

This Lagrangian does not depend explicitly on the time ¢.

2.1.2 Equations of motion

The requirement that the function ¢(t) extremizes the action usually leads to a differ-
ential equation for ¢(t). We shall now derive this equation for the action

Slq = / Lt q.q) dt. (2.3)

t1

ISee Appendix A.1 for more details concerning functionals.
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2 Reminder: Classical and quantum mechanics

Remark: Our derivation does not apply to Lagrangians involving higher derivatives such
as . Note that in those cases one would need to impose more boundary conditions than
merely ¢(t1) = ¢1 and q(t2) = go.

If the function ¢(t) is an extremum of the action functional (2.3), then a small per-
turbation dq(t) will change the value of S [g] by terms which are quadratic in d¢(¢). In
other words, the variation

S [g,0q] = S[g+ dq] — S|q]

should have no first-order terms in ég. To obtain the resulting equation for ¢(t), we
compute the variation of the functional S:

68 [q; 0q) = Sq(t) + 0q(t)] — S[q(t)]
_ / ’ [L :0.9) 54 1 210D 6q’(t)} dt + 0 (6¢°)

dq dq
aL|® [ [8L d oL )

To satisfy the boundary conditions ¢ (t1,2) = ¢i1,2, we must choose the perturbation
dq(t) such that d¢ (t1,2) = 0. Therefore the boundary terms in Eq. (2.4) vanish and we
obtain the variation ¢S as the following functional of ¢(t) and dq(t),

2 aL (tv q, q) d aL (tv q, q) 2
5S/tl [ & o }5q(t)dt+0(5q ). (2.5)

The condition that the variation is second-order in ¢ means that the first-order
terms should vanish for any d¢(¢). This is possible only if the expression in the square
brackets in Eq. (2.5) vanishes. Thus we obtain the Euler-Lagrange equation

OL(t.¢.q) dOL(tq.4)

=0. 2.
dq dt aq 0 26)

This is the classical equation of motion for a mechanical system described by the
Lagrangian L (t, g, §).

Example: For the harmonic oscillator with the Lagrangian (2.2), the Euler-Lagrange
equation reduces to
j+w?q=0. (2.7)

Generally the path ¢(t) that extremizes the action and satisfies boundary conditions
is unique. However, there are cases when the extremum is not unique or even does
not exist.

Exercise 2.1
Find the trajectory ¢(t) satisfying Eq. (2.7) with the boundary conditions ¢(t1) = qi,
q(t2) = g2. Indicate the conditions for the existence and the uniqueness of the solution.

14



2.1 Lagrangian formalism

2.1.3 Functional derivatives

The variation of a functional can always be written in the following form:

58S = / t)dt + O (6¢%) . (2.8)

The expression denoted by §5/d¢(t) in Eq. (2.8) is called the functional derivative (or
the variational derivative) of S [¢] with respect to ¢(t).

If the functional S [¢] is given by Eq. (2.3), then we compute the functional deriva-
tive 0.5/dq(to) at an intermediate time ¢y from Eq. (2.5), disregarding the boundary
terms:

68 [0L(t,q,4) dOL(tq,q)
oq (to) dq 94

Here the functions ¢(t) and ¢(¢) must be evaluated at ¢ = ¢ after taking all derivatives.
For brevity, one usually writes the above expression as

t=to

68 _ 0L(t,q,q) d OL(t,q,9)

= 2.
dq (t) dq dt aq 29)
Example: For a harmonic oscillator with the Lagrangian (2.2) we get
08 2 .
——=—wq(t)—q(t). 2.10
S =~ —d) (2.10)

It is important to keep track of the argument ¢ in the functional derivative 6.5/dq(t).
A functional S [g] generally depends on all the values ¢(t) atall ¢ = ¢4, ¢2, ..., and thus
may be visualized as a function of infinitely many variables,

S[Q(t)] =*“S (Q1aq27q35 "')777

where ¢; = ¢(t;). The partial derivative of this “function” with respect to one of its
arguments, say ¢1 = ¢(t1), is analogous to the functional derivative 65/0¢(t1). Clearly
the derivative 6.5/dq(t1) is not the same as 65/0q(t2), so we cannot define a derivative
“with respect to the function ¢” without specifying a particular value of .

For a functional of S [¢] of a field ¢(x,t), the functional derivative with respect to
¢(x,t) retains the arguments x and ¢ and is written as §.5/d¢(x, t).

Remark: boundary terms in functional derivatives. While deriving Eq. (2.9), we omitted
the boundary terms
ta

oL
a9q |,

However, the definition (2.8) of the functional derlvative (if applied pedantically) requires
one to rewrite these boundary terms as integrals of dq(t), e.g.

/6t—t1 OL{t.4,4) 3y
- 9q

dq(t) ==

qaq

15



2 Reminder: Classical and quantum mechanics

and to compute the functional derivative as

6S _0L(t,q,4) d 9L(t.q,q)

0q(t) dq dt Ioli}
+[6(t —t2) — 0 (t—t1)]

OL(t,q,9)
8¢
The omission of the boundary terms is adequate for the derivation of the Euler-Lagrange
equation because the perturbation d¢(t) vanishes at ¢ = ¢ > and the functional derivatives
with respect to ¢(t1) or ¢(t2) are never required. For this reason we shall usually omit the
boundary terms in functional derivatives.
To evaluate functional derivatives, it is convenient to convert functionals to the
integral form. Sometimes the Dirac § function must be used for this purpose. (See
Appendix A.1 to recall the definition and the properties of the ¢ function.)

Example 1:  For the functional

Alg) = / ¢ dt

the functional derivative is

Example 2: The functional
Blq] =3+/q(1) + sin[q(2)]
- / {35@ —1)\/q(t) + 8(t — 2)sing(t)| dt
has the functional derivative

6Blq] 30(t—1)
sq(t) 2 q(1)

+6(t —2) cos [q(2)] .

Example 3: Field in three dimensions. For the following functional S [¢] depend-
ing on a field ¢ (x, ),

1
Siel =5 [ éxar(ver.
the functional derivative with respect to ¢ (x, t) is found after an integration by parts:

55 [¢]
09 (x,1)
The boundary terms have been omitted because the integration in S [¢] is performed

over the entire spacetime and the field ¢ is assumed to decay sufficiently rapidly at
infinity.

=—A¢(x,t).
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2.2 Hamiltonian formalism
Remark: alternative definition. The functional derivative of a functional may be equiva-
lently defined using the § function,

dA[qg]
dq (1)

=2 Alg@+ -],

As this formula shows, the functional derivative describes the infinitesimal change in the
functional A [¢] under a perturbation which consists of changing the function ¢(t) at one
point ¢t = ¢1. One can prove that the definition (2.8) of the functional derivative is equiva-
lent to the above formula.

The § function is not really a function but a distribution, so if we wish to be more rigor-
ous, we have to reformulate the above definition:

§Alq . d
Sqt) A 5| Al

where ¢, (t), n = 1,2, ... is a sequence of functions that converges to ¢(t) + sd (t —t1) in
the distributional sense. Most calculations, however, can be performed without regard for
these subtleties by formally manipulating the § function under the functional A [g].

Second functional derivative

A derivative of a function with many arguments is still a function of many arguments.
Therefore the functional derivative is itself again a functional of ¢(¢) and we may
define the second functional derivative,

s 6 {55}
6q (t1) dq (t2) — 0q(t2) 0q(t1) )~

Exercise 2.2
The action S [¢(t)] of a harmonic oscillator is the functional

1 .
Sla =5 / (¢* — w?¢®) dt.
Compute the second functional derivative

5°S [q]
dq (t1) 6q (t2)

2.2 Hamiltonian formalism

The starting point of a canonical quantum theory is a classical theory in the Hamilto-
nian formulation. The Hamiltonian formalism is based on the Legendre transform of
the Lagrangian L (¢, ¢, ¢) with respect to the velocity g.

17



2 Reminder: Classical and quantum mechanics

Legendre transform

Given a function f(x), one can introduce a new variable p instead of x,

_df
p=" (2.11)

and replace the function f(z) by a new function g(p) defined by

g(p) = px(p) — f.

Here we imply that = has been expressed through p using Eq. (2.11); the function
f(z) must be such that p, which is the slope of f(x), is uniquely related to z. The
new function ¢(p) is called the Legendre transform of f(z). A nice property of the
Legendre transform is that the old variable x and the old function f(z) are recovered
by taking the Legendre transform of ¢g(p). In other words, the Legendre transform is
its own inverse. This happens because = = dg(p)/dp.

The Hamiltonian

To define the Hamiltonian, one performs the Legendre transform of the Lagrangian
L (t,q,q) to replace ¢ by a new variable p (the canonical momentum). The variables
t and ¢ do not participate in the Legendre transform and remain as parameters. The
relation between the velocity ¢ and the momentum p is

_9L(t,4,9)
P 90

The ubiquitously used notation 9/9¢ means simply the partial derivative of L (¢, ¢, §)
with respect to its third argument.

(2.12)

Remark: If the coordinate ¢ is a multi-dimensional vector, ¢ = g, the Legendre transform
is performed with respect to each velocity ¢; and the momentum vector p; is introduced.
In field theory there is a continuous set of “coordinates,” so we need to use a functional
derivative when defining the momenta.

Assuming that Eq. (2.12) can be solved for the velocity ¢ as a function of ¢, ¢ and p,

qg=v(p;qt), (2.13)
one defines the Hamiltonian H (p, ¢, t) by
H(p7 q) t) = [pq - L (t7 q) q’)]q:u(p;q_’t) . (2'14)

In the above expression, ¢ is replaced by the function v (p; ¢, t).

Remark: the existence of the Legendre transform. The possibility of performing the Leg-
endre transform hinges on the invertibility of Eq. (2.12) which requires that the Lagrangian
L (t,q, q) should be a suitably nondegenerate function of the velocity ¢. Many physically
important theories, such as the Dirac theory of the electron or Einstein’s general relativity,
are described by Lagrangians that do not admit a Legendre transform in the velocities.
In those cases (not considered in this book) a more complicated formalism is needed to
obtain an adequate Hamiltonian description of the theory.
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2.2 Hamiltonian formalism

2.2.1 The Hamilton equations of motion

The Euler-Lagrange equations of motion are second-order differential equations for
q(t). We shall now derive the Hamilton equations which are first-order equations for
the variables ¢(t) and p(t).

Rewriting Eq. (2.6) with the help of Eq. (2.12), we get

dp _ OL(l,4,9)
dt dq ’

G=v(p;q,t)

(2.15)

where the substitution ¢ = v must be carried out after the differentiation 9L/9q. The
other equation is (2.13),
dgq
— = 1q,t). 2.1
o = v(mast) (2.16)
The equations (2.15)-(2.16) can be rewritten in terms of the Hamiltonian H (p, ¢,t)
defined by Eq. (2.14). After some straightforward algebra, one obtains

OH 0 v  OL OLOv oL
e (L) =p— — — = ,
90 _ 0q (pp—L)=p 3¢ 9q 9104 g’ (2.17)
OH 0 dv 0L v
_— = — — L — = . .
op Op (po=L)=vtp dp  0q¢ Op v (2.18)
Therefore Egs. (2.15)-(2.16) become
q_aﬂ' __oH 2.19)

_8—p’ p g

These are the Hamilton equations of motion.

Example: For a harmonic oscillator described by the Lagrangian (2.2), we obtain
the canonical momentum p = ¢ and the Hamiltonian
1

1
H@A%ﬂw—L:§ﬁ+§ﬁf. (2.20)

The Hamilton equations are
g=p, p=-wq

Derivation using differential forms. The calculation leading from Eq. (2.14) to Eq. (2.17)
is more elegant in the language of 1-forms in the two-dimensional phase space (g, p). The
time dependence of L and H is not essential for this derivation and we omit it here. The
Lagrangian is expressed through p using Eq. (2.13), and its differential is the 1-form
oL oL oL
L = - —_— = — .

d 9 dq + 0 dv 94 dq + pdv
Here dv is the 1-form obtained by differentiating the function v (p; ¢, t); here we do not
need to expand v (p; ¢, t) in dg and dp, although such expansion would pose no technical
difficulty. The differential of the Hamiltonian is

dH =d(pv— L) = vdp — a—qu, (2.21)

dq
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2 Reminder: Classical and quantum mechanics

which is equivalent to Egs. (2.17)-(2.18).

It would be incorrect to say that H is a function of p and ¢ and not of the velocity v
because the differential dv does not appear in Eq. (2.21). In fact, any function of v, e.g. the
Lagrangian L(t,q,v), would become a function of (p, g,t) once v is expressed through
p and ¢q. The Hamilton equations can be obtained using the Lagrangian L, as Eq. (2.17)
shows, but the Hamiltonian H (p, g, t) is more convenient.

2.2.2 The action principle

The Hamilton equations can be derived from the action principle

S la(t), p(t)] = / lpi — H(p,q.t)] dr. (2.22)

In this formulation, the Hamiltonian action Sy is a functional of two functions ¢(t)
and p(t) which are varied independently to extremize Sy.

Exercise 2.3

a) Derive Egs. (2.19) by extremizing the action (2.22). Find the appropriate boundary
conditions for p(t) and ¢(t).

b) Show that the Hamilton equations imply dH/dt = 0 when H (p, q) does not depend
explicitly on the time ¢.

¢) Show that the expression pg — H evaluated on the classical trajectories p(t), ¢(t) sat-
isfying Eqs. (2.19) is equal to the Lagrangian L (g, ¢, 1) .

2.3 Quantization of Hamiltonian systems

To quantize a classical system, one replaces the canonical variables ¢(¢), p(t) by non-
commuting operators ¢(t), p(t) for which one postulates the commutation relation

[4(t), p(t)] = iR 1. (2.23)

(We shall frequently omit the identity operator 1 in such formulae.) The operators g, {
may be represented by linear transformations (“matrices”) acting in a suitable vector
space (the space of quantum states). Since Eq. (2.23) cannot be satisfied by any finite-
dimensional matrices,” the space of quantum states needs to be infinite-dimensional.

It is a standard result in quantum mechanics that the relation (2.23) expresses the
physical impossibility to measure the coordinate and the momentum simultaneously
(Heisenberg’s uncertainty principle). Note that commutation relations for unequal
times, for instance [§ (1) ,p (t2)], are not postulated but derived for each particular
physical system from its equations of motion.

2This is easy to prove by considering the trace of a commutator. If A and B are arbitrary finite-
dimensional matrices, then Tr [A, B] = TrAB — TrBA = 0 which contradicts Eq. (2.23). In an infinite-
dimensional space, this argument does not hold because the trace is not defined for all operators and
thus we cannot assume that TrAB = TrBA.

20



2.3 Quantization of Hamiltonian systems

It is not always necessary to specify a representation of ¢ and p as particular oper-
ators in a certain vector space. For many calculations these symbols can be manipu-
lated purely algebraically, using only the commutation relation.

Exercise 2.4
Simplify the expression ¢

%G — p*¢° using Eq. (2.23).

Heisenberg equations of motion

Having replaced the classical quantities ¢(¢) and p(t) by operators, we may look for
equations of motion analogous to Egs. (2.19),

dg _ 4 _
= =

The classical equations must be recovered in the limit of # — 0. Therefore the quan-
tum equations of motion should have the same form, perhaps with some additional
terms of order / or higher,

dg OH ,, . dp OH ,, .
— = t n, —=-— t h). 2.24
i~ ap (p:4,t) + O(h),  — 24 (B,4,t) + O(h) (224)
In these equations, the operators p, § are substituted into 0H/dq, 0H/0p after taking
the derivatives.

To make the theory simpler, one usually does not add any extra terms of order 7 to
Egs. (2.24) and writes them as

dj  OH

OH . . db__OH
dt_ap Y4y Y )

)
3

Of course, ultimately the correct form of the quantum equations of motion is decided
by their agreement with experimental data. Presently, the theory based on Egs. (2.25)
is in excellent agreement with experiments.
By using the identity
L Of
ot p o —in2d 5 g
4. f (. )} = ih g0 (P, d)

and the analogous identity for p (see Exercise 2.5), we can rewrite Eqs. (2.24) in the
following purely algebraic form,

These are the Heisenberg equations of motion for the operators §(t) and p(t).

Exercise 2.5
a) Using the canonical commutation relation, prove that

A A A ~m an—1

(¢,¢"p"] = ihng"'p
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2 Reminder: Classical and quantum mechanics

Symbolically this relation can be written as

0.075") = i (4"5").

Derive the similar relation for p,

A AT AN s 8 AT ATV
[B,9p"q"] = Z"Zaé(p )

b) Suppose that f(p, ¢) is an analytic function with a series expansion in p, ¢ that con-
verges for all p and ¢. The operator f (p, §) is defined by substituting the operators p, ¢
into that expansion (here the ordering of § and p is arbitrary but fixed). Show that

(4, f (5,d)] = iﬁa%f 5,4). 2.27)

Here it is implied that the derivative 9/0p acts on each p with no change to the operator
ordering, e.g.

O o aon o
P (5°ap*q) = 3p°ap°q + 25" dpd.

Exercise 2.6 X
Show that an observable A = f (p, §), where f (p, ¢) is an analytic function, satisfies the
equation
d ; i
ZA=—2 [A, H] . (2.28)

The operator ordering problem

The classical Hamiltonian may happen to be a function of p and ¢ of the form (e.g.)
H(p,q) = 2p?q. Since pg # ¢p, it is not a priori clear whether the corresponding quan-
tum Hamiltonian should be p?¢ + Gp?, or 2pgp, or perhaps some other combination
of the noncommuting operators p and ¢. The difference between the possible quan-
tum Hamiltonians is of order # or higher, so the classical limit # — 0 is the same
for any choice of the operator ordering. The ambiguity of the choice of the quantum
Hamiltonian is called the operator ordering problem.

The choice of the operator ordering needs to be physically motivated in each case
when it is not unique. In principle, only a precise measurement of quantum effects
could unambiguously determine the correct operator ordering in such cases.

All examples considered in this book admit a unique and natural choice of operator
ordering. For example, frequently used Hamiltonians of the form

. 1 .
H(p,q) = %PQ +U(q),

which describe a nonrelativistic particle in a potential U, obviously do not exhibit the
operator ordering problem.
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2.4 Dirac notation and Hilbert spaces

2.4 Dirac notation and Hilbert spaces

Quantum operators such as p and ¢ can be represented by linear transformations in
suitable infinite-dimensional Hilbert spaces. In this section we summarize the proper-
ties of Hilbert spaces and also introduce the Dirac notation. We shall always consider
vector spaces over the field C of complex numbers.

Infinite-dimensional vector spaces

A vector in a finite-dimensional space can be visualized as a collection of components,
e.g. d = (a1, a2, as,as), where each ay, is a (complex) number. To describe vectors in
infinite-dimensional spaces, one must use infinitely many components. An important
example of an infinite-dimensional complex vector space is the space L? of square-
integrable functions, i.e. the set of all complex-valued functions (¢) such that the

integral
o0 5
/ [¥(g)” dq

— 00

converges. One can check that a linear combination of two such functions, A1%1(g) +
X212 (g), with constant coefficients A o € C, is again an element of the same vector
space. A function ¢ € L? can be thought of as a set of infinitely many “components”
1y = ¥(q) with a continuous “index” g.

It turns out that the space of quantum states of a point mass is exactly the space
L? of square-integrable functions ¢ (g), where ¢ is the spatial coordinate of the par-
ticle. In that case the function (q) is called the wave function. Quantum states of
a two-particle system belong to the space of functions ¢ (g1, ¢2), where ¢; » are the
coordinates of each particle. In quantum field theory, the “coordinates” are field con-
figurations ¢(x) and the wave function is a functional, ¢ [¢(z)].

The Dirac notation

Linear algebra is used in many areas of physics, and the Dirac notation is a convenient
shorthand for calculations with vectors and linear operators. This notation is used for
both finite- and infinite-dimensional vector spaces.

To denote a vector, Dirac proposed to write a symbol such as |a), |z), |\), that is,
a label inside the special brackets |). Linear combinations of vectors are written as
2 |v) — 3i|w).

A linear operator A : V — V acting in the space V transforms a vector |v) into the
vector A |[v). (An operator A is linear if

A(|v) + Mw)) = A |v) + N |w)

for any |v) , |w) € V and A € C.) For example, the identity operator 1 that does not
change any vectors, 1 [v) = |v), is obviously a linear operator.
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2 Reminder: Classical and quantum mechanics

Linear forms acting on vectors, f : V' — C, are covectors (vectors from the dual
space) and are denoted by (f|. A linear form (f| acts on a vector |v) and yields the
number written as (f|v).

Usually a scalar product is defined in the space V. The scalar product of vectors
|v) and |w) can be written as (|v) , |w)) and is a complex number. The scalar product
establishes a correspondence between vectors and covectors: each vector |v) defines
a covector (v| which is the linear map |w) — (|v), |w)). So the Dirac notation allows
us to write scalar products somewhat more concisely as (|v) , |w)) = (v|w).

If A is a linear operator, the notation (v| A [w) means the scalar product of the vec-
tors |[v) and A |w). The quantity (v|A|w) is also called the matrix element of the
operator A with respect to the states [v) and |w).

The Dirac notation is convenient because the labels inside the brackets |...) are ty-
pographically separated from other symbols in a formula. So for instance one might
denote specific vectors by |0), |1) (eigenvectors with integer eigenvalues), or by |¢),
la;bj), or even by ](Out)nl, na, >, without risk of confusion. Note that the symbol |0)
is the commonly used designation for the vacuum state, rather than the zero vector;
the latter is denoted simply by 0.

If |v) is an eigenvector of an operator A with eigenvalue v, one writes

Alw) = o).

There is no confusion between the eigenvalue v (which is a number) and the vector
|v) labeled by its eigenvalue.

Hermiticity

The scalar product in a complex vector space is Hermitian if ((v|w))” = (wv) for all
vectors |v) and |w) (the asterisk * denotes the complex conjugation). In that case the
norm (v|v) of a vector |v) is a real number.

A Hermitian scalar product allows one to define the Hermitian conjugate A of an
operator A via the identity

(o] AT Jw) = ((wl ),

which should hold for all vectors |v) and |w). Note that an operator AT is uniquely
specified if its matrix elements (v| AT |w) with respect to all vectors |v), |w) are known.

For example, it is easy to prove that 1T = 1.
The operation of Hermitian conjugation has the properties

(A+B) = AT+ B, (M\A)f = AT, (AB)t = BT AT
An operator A is called Hermitian if At = A, anti-Hermitian if AT = — A, and unitary

if ATA=AAT =1.
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2.4 Dirac notation and Hilbert spaces

According to a postulate of quantum mechanics, the result of a measurement of
some quantity is always an eigenvalue of the operator A corresponding to that quan-
tity. Eigenvalues of a Hermitian operator are always real. This motivates an im-
portant assumption made in quantum mechanics: the operators corresponding to all
observables are Hermitian.

Example: The operators of position ¢ and momentum p are Hermitian, " = gand p" = p.
The commutator of two Hermitian operators A, B is anti-Hermitian: [A, B]T = —[A, B].
Accordingly, the commutation relation for ¢ and p contams the 1mag1nary unit i. The
operator pq is neither Hermitian nor anti-Hermitian: (pq) = Gp = pg + ikl #+ +pq.

Eigenvectors of a Hermitian operator corresponding to different eigenvalues are
always orthogonal. This is easy to prove: if [v1) and |v;) are eigenvectors of a Hermi-
tian operator A with eigenvalues v1 and v, then vy o are real, so (v1]| A= (v1], and
<’Ul| A |’L)2> = V2 <’Ul|’02> = V1 <’U1|’U2>. Therefore <’U1|’l)2> =0if U1 7& V2.

Hilbert spaces

In an N-dimensional vector space one can find a finite set of basis vectors |e1), ..., |en)
such that any vector |v) is uniquely expressed as a linear combination

N
= Z Un |en)
n=1

The coefficients v,, are called components of the vector |v) in the basis {|e,)}. In an
orthonormal basis satisfying (e,,|en) = 0mn, the scalar product of two vectors |v), |w)
is expressed through their components v,,, w, as

N

(vjw) = Z VW

n=1

By definition, a vector space is infinite-dimensional if no finite set of vectors can
serve as a basis. In that case, one might expect to have an infinite basis |e1), |e2), ...,
such that any vector |v) is uniquely expressible as an infinite linear combination

oo

[v) =D valen). (229)

n=1

However, the convergence of this infinite series is a nontrivial issue. For instance, if
the basis vectors |e,,) are orthonormal, then the norm of the vector |v) is

(vfv) = (Z Uy, <en|> (Z Un |en>> = Z |Un|2- (2.30)

m=1 n=1 n=1

This series must converge if the vector |v) has a finite norm, so the numbers v,, can-
not be arbitrary. We cannot expect that e.g. the sum Y2 | n? |e,,) represents a well-
defined vector. Now, if the coefficients v,, do fall off sufficiently rapidly so that the
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2 Reminder: Classical and quantum mechanics

series (2.30) is finite, it may seem plausible that the infinite linear combination (2.29)
converges and uniquely specifies the vector |v). However, this statement does not
hold in all infinite-dimensional spaces. The required properties of the vector space
are known in functional analysis as completeness and separability.®

A Hilbert space is a complete vector space with a Hermitian scalar product. When
defining a quantum theory, one always chooses a separable Hilbert space as the space
of quantum states. In that case, there exists a countable basis {|e,,) } and all vectors can
be expanded as in Eq. (2.29). Once an orthonormal basis is chosen, all vectors |v) are
unambiguously represented by collections (vy, vz, ...) of their components. Therefore
a separable Hilbert space can be visualized as the space of infinite rows of complex
numbers, |[v) = (v, v, ...), such that the sum >_ % | |v,, B converges. The convergence

requirement guarantees that all scalar products (v|w) = >"°° | v w, are finite.

Example: The space L? [a,b] of square-integrable wave functions ¢(g) defined on
an interval a < ¢ < b is a separable Hilbert space, although it may appear to be
“much larger” than the space of infinite rows of numbers. The scalar product of two
wave functions 1 2(q) is defined by

b
(rlapn) = / 1 (@)2(q)da.

The canonical operators p, § can be represented as linear operators in the space L?
that act on functions (q) as

P (g) — —mg—j §:9(g) — ab()- (2.31)

It is straightforward to verify the commutation relation (2.23).

Remark: When one wishes to quantize a field ¢(x) defined in infinite space, there are
certain mathematical problems with the definition of a separable Hilbert space of quantum
states. To obtain a mathematically consistent definition, one needs to enclose the field in a
finite box and impose boundary conditions.

Decomposition of unity

If {|e,)} is an orthonormal basis in a separable Hilbert space, the identity operator
has the decomposition

1= Z |en> <€n| .

3A normed vector space is complete if all Cauchy sequences in it converge to a limit; then all norm-
convergent infinite sums always have an unique vector as their limit. The space is separable if there
exists a countable set of vectors {|e,)} which is everywhere dense in the space. Separability ensures
that that all vectors can be approximated arbitrarily well by finite combinations of the basis vectors.
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2.4 Dirac notation and Hilbert spaces

This formula is called the decomposition of unity and is derived for Hilbert spaces
in essentially the same way as in standard linear algebra. The combination |e,,) (|
denotes the operator which acts on vectors |v) as

[v) = (len) (enl) [v) = {en]v) en) -

This operator describes a projection onto the one-dimensional subspace spanned by
len). The decomposition of unity shows that the identity operator 1 is a sum of pro-
jectors onto all basis vectors.

Generalized eigenvectors

We can build an eigenbasis in a Hilbert space if we take all eigenvectors of a suitable
Hermitian operator. The operator must have a purely discrete spectrum so that its
eigenbasis is countable.

In calculations it is often convenient to use the eigenbasis of an operator with a
continuous spectrum, for example the position operator §. The eigenvalues of this
operator are all possible positions ¢ of a particle. However, it turns out that the oper-
ator ¢ cannot have any eigenvectors in a separable Hilbert space. Nevertheless, it is
possible to consider the basis of “generalized vectors” |g) that are the eigenvectors of
¢ in a larger vector space. A vector [¢) is expressed through the basis {|¢)} as

m:/@w@m.

Note that [1)) belongs to the Hilbert space while the generalized vectors |¢) do not.
This situation is quite similar to distributions (generalized functions) such as §(z — )
that give well-defined values only after an integration with some function f(x).

We define the basis state |¢1) as an eigenvector of the operator ¢ with the eigenvalue
q1 (here g1 goes over all possible positions of the particle). In other words, the basis
states satisfy

dlar) = a1 lar) -

The conjugate basis consists of the covectors (gi| such that (¢1|§ = ¢1 (¢1].
Now we consider the normalization of the basis {|¢)}. Since the operator ¢ is Her-
mitian, its eigenvectors are orthogonal:

(q1]g2) = O for 1 # qo.

If the basis |¢) plays the role of an orthonormal basis, the decomposition of unity
should look like this,
1= [ dg la)ta.

Hence for an arbitrary state |¢)) we find

Javia = 16) = 1101 = | [ datar @l 19) = [ aatalon o,
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2 Reminder: Classical and quantum mechanics

therefore ¢/(q) = (g|y). Further, we compute

(o) = tal [ a0y wia') = [ da'oia) ().
The identity ¢(q) = [ dq'¢(¢") {g|¢’) can be satisfied for all functions 1(q) only if

(dld") = d(¢ — ).

Thus we have derived the delta-function normalization of the basis |¢). It is clear
that the vectors |¢) cannot be normalized in the usual way because (¢|q) = 6(0) is
undefined. Generally, we should expect that matrix elements such as (g| Al are
distributions and not simply functions of g and ¢'.

The basis |p) of generalized eigenvectors of the momentum operator p has similar
properties. Let us now perform some calculations with generalized eigenbases {|p) }

and {|[q)}.
The matrix element (¢ | |¢2)

The first example is a computation of (¢i|p |g2). At this point we only need to know
that |¢) are eigenvectors of the operator ¢ which is related to p through the commuta-
tion relation (2.23). We consider the following matrix element,

(@1]1q, D] lq2) = ihd (g1 — q2) = (g1 — q2) (q1| P |q2) -

It follows that (g1| p|q2) = F (g1, g2) where F is a distribution that satisfies the equa-
tion
ihd (g1 — q@2) = (1 — @2) F (41, 42) - (2.32)

To solve Eq. (2.32), we cannot simply divide by ¢; — g2 because both sides are dis-
tributions and z~'4(x) is undefined. So we use the Fourier representation of the §
function,

™

6(q) = %/eimdp,

denote ¢ = g1 — g2, and apply the Fourier transform to Eq. (2.32),

: » g y
’h:/qF(qh‘h*(J)G pqdq:la—p/F(ql,qu)e Padg.

Integrating over p, we find

hp +C(q1) = /F(ql,ql —q) e g,

where C(q1) is an undetermined function. The inverse Fourier transform yields

1 - 0
Flonm) = 5 [+ Cocrtdp = |=ing+.C (@) 51— ).
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2.4 Dirac notation and Hilbert spaces

so the result is
(1] pla2) = —ihd" (1 — q2) + C (q1) 0 (@1 — q2) - (2.33)

The function C(¢;) cannot be found from the commutation relations alone. The
reason is that we may replace the operator p by p + ¢(§), where ¢ is an arbitrary
function, without changing the commutation relations. This transformation would
change the matrix element (1| p |g2) by the term ¢(¢1)d(q1 — g2). So we could redefine
the operator p to remove the term proportional to 6(¢1 — ¢2) in the matrix element
(q1| P |q2), so as to obtain

(1] Plg2) = —ihd" (g1 — q2) - (2.34)

Remark: If the operators p, § are specified as particular linear operators in some Hilbert
space, such that Eq. (2.33) holds with C(¢) # 0, we can remove the term C(q1)d(q1 —
¢2) and obtain the standard result (2.34) by redefining the basis vectors |¢) themselves.
Multiplying each vector |¢) by a g-dependent phase,

lg) = eV q),

we obtain
(@1|plaz) = he'(@)8 (@1 — q2) — ihd" (@1 — q2) + C (@) 6 (@1 — q2) -

Now the function ¢(q) can be chosen to cancel the term C'(q1)d(q1 — ¢2).

The matrix element (p|q)

To compute (p|q), we consider the matrix element (p| p |¢) and use the decomposition
of unity,

01910 = 6lo) = 01 | [ ) o] 510) = [ o tlan) Gl 1
It follows from Eq. (2.34) that
(pla) = i (pla
p\plq) = g plq; -
Similarly, by considering (p| § |¢) we find

q(plg) = iﬁ(% (plg) -

Integrating these identities over ¢ and p respectively, we obtain

(plg) = C1(p) exp [i%q] » (pla) = Calg) exp [i%q] :
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2 Reminder: Classical and quantum mechanics

where C (p) and Cs(q) are arbitrary functions. The last two equations are compatible
only if Cq(p) = C2(q) = const, therefore
0]
(plg) = Cexp {%} . (2.35)

The constant ' is determined (up to an irrelevant phase factor) by the normalization
condition to be C' = (27h)~'/2. (See Exercise 2.7.) Thus

* 1 ipq
(o))" = o) = exw (). .36

Exercise 2.7
Let |g), |p) be the é-normalized eigenvectors of the position and the momentum opera-
tors in a one-dimensional space, i.e.

plpy) =pulpy),  (pilp2) = 6 (p1 —p2),
and the same for §. Show that the coefficient C' in Eq. (2.35) satisfies |C| = (2rh) /2,

2.5 Evolution in quantum theory

So far we considered time-dependent operators (t), p(¢) that act on fixed state vectors
|); this description of quantized systems is called the Heisenberg picture. For an

observable A = f (p, G), we can write the general solution of Eq. (2.28) as

A(t) = exp [% (t — to) H] A (t) exp [

7

- (t—to) H] . (2.37)

If we set t = 0 in Eq. (2.37), the expectation value of A(t) in a state [¢)) is

(A(8)) = (o] A(t) [tho) = (o] eF Tt Age™F1 Jahy) .

This relation can be rewritten using a time-dependent state

[ (t)) = e~ 51 [hg) (2.38)

and the time-independent operator A as

(A() = (w(6)] Ao (1))

This approach to quantum theory (where the operators are time-independent but
quantum states are time-dependent) is called the Schrédinger picture. It is clear that
the state vector (2.38) satisfies the Schrédinger equation,

0 A
iha [9(1) = H[p(2)) . (2.39)
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2.5 Evolution in quantum theory

Example: the harmonic oscillator. The space of quantum states of a harmonic os-
cillator is the Hilbert space L? in which the operators p, ¢ are defined by Egs. (2.31).
Since the Hamiltonian of the harmonic oscillator is given by Eq. (2.20), the Schrédinger
equation becomes

h? 92 15
_?a_qu(q) T 5w ¥(q).

The procedure of quantization is formally similar in nonrelativistic mechanics (a
small number of particles), in solid state physics (a very large but finite number of
nonrelativistic particles), and in relativistic field theory (infinitely many degrees of
freedom).

0
ihal/](Q) =

Remark: Schrodinger equations. The use of a Schrodinger equation does not imply non-
relativistic physics. There is a widespread confusion about the role of the Schrodinger
equation vs. that of the basic relativistic field equations (the Klein-Gordon equation, the
Dirac equation, or the Maxwell equations). It would be a mistake to think that the Dirac
equation and the Klein-Gordon equation are “relativistic forms” of the Schrodinger equa-
tion (although some textbooks say that). This was how the Dirac and the Klein-Gordon
equations were discovered, but their actual place in quantum theory is quite different. The
three named field equations describe classical relativistic fields of spin 0, 1/2 and 1 respec-
tively. These equations need to be quantized to obtain a quantum field theory. Their role is
quite analogous to that of the harmonic oscillator equation: they provide a classical Hamil-
tonian for quantization. The Schrodinger equations corresponding to the Klein-Gordon,
the Dirac and the Maxwell equations describe quantum theories of these classical fields.
(In practice, Schrodinger equations are very rarely used in quantum field theory because
in most cases it is much easier to work in the Heisenberg picture.)

Remark: second quantization. The term “second quantization” is frequently used to refer
to quantum field theory, whereas “first quantization” means ordinary quantum mechan-
ics. However, this is an obsolete terminology originating from the historical development
of QFT as a relativistic extension of quantum mechanics. In fact, a quantization procedure
can only be applied to a classical theory and yields the corresponding quantum theory.
One does not quantize a quantum theory for a second time. It is more logical to say “quan-
tization of fields” instead of “second quantization.”

Historically it was not immediately realized that relativistic particles can be described
only by quantized fields and not by quantum mechanics of points. At first, fields were re-
garded as wave functions of point particles. Old QFT textbooks present the picture of (1)
quantizing a point particle to obtain a wave function that satisfies the Schrédinger equa-
tion, (2) “generalizing” the Schrédinger equation to the Klein-Gordon or the Dirac equa-
tion, and (3) “second-quantizing” the “relativistic wave function” to obtain a quantum
field theory. The confusion between Schrodinger equations and relativistic wave equa-
tions has been cleared, but the old illogical terminology of “first” and “second” quantiza-
tion persists. It is unnecessary to talk about a “second-quantized Dirac equation” if the
Dirac equation is actually quantized only once.

The modern view is that one must describe relativistic particles by fields. Therefore
one starts right away with a classical relativistic field equation, such as the Dirac equation
(for the electron field) and the Maxwell equations (for the photon field), and applies the
quantization procedure (only once) to obtain the relativistic quantum theory of photons
and electrons.
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3 Quantizing a driven harmonic
oscillator

Summary: Driven harmonic oscillator. Quantization in the Heisenberg pic-
ture. “In” and “out” states. Calculations of matrix elements. Green’s func-
tions.

The quantum-mechanical description of a harmonic oscillator driven by an external
force is a computationally simple problem that allows us to introduce important con-
cepts such as Green’s functions, “in” and “out” states, and particle production.

3.1 Classical oscillator under force

We consider a unit-mass harmonic oscillator driven by a force J(t) which is assumed
to be a known function of time. The classical equation of motion

j=—-wq+J(t)

can be derived from the Lagrangian

) 1. 1
L(t,q.q) = 50" — 5w°a" + J(t)q,
The corresponding Hamiltonian is
2 2.2
p w g
H(p,q)= 5 +———J(t)a .1)

and the Hamilton equations are
i=p, p=-wig+J().

Note that the Hamiltonian depends explicitly on the time ¢.
Before quantizing the oscillator, it is convenient to introduce two new (complex-
valued) dynamical variables a™(¢) instead of p(t), q(t):

=2 a0+ 2], o= 0] = /2 a0 - Lpi0)].
The inverse relations then are

p=£(a_—a+)7 q=

iv2

(a_ + a+) . (3.2)
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3 Quantizing a driven harmonic oscillator

The equation of motion for the variable a~ (¢) is straightforward to derive,

d _ o

50 = —wa + \/T—wJ(t). (3.3)
(The conjugate variable o™ (¢) satisfies the complex conjugate equation.) The solution
of Eq. (3.3) with the initial condition a~|,_, = a;,, can be readily found,

. t
. 1 . ’
a (t) =a, e ™ + / J(t)e =t gy 3.4

Exercise 3.1
Derive Eq. (3.4).

3.2 Quantization

We quantize the oscillator in the Heisenberg picture by introducing operators p, §
with the commutation relation [, p] = i. (From now on, we use the units where i =
1.) The variables a* are also replaced by operators ¢~ and a* called the annihilation
and creation operators respectively. These operators satisfy the commutation relation
[a=,at] = 1 (see Exercise 3.2) and are not Hermitian since (a~)" = a* and (a*)" = 4.
Exercise 3.2
The creation and annihilation operators " (¢), @~ () are defined by
~t N R b
o) = /% [0 = Lo

z
w
Using the commutation relation [¢, p] = i, show that [a™ (t),a"(t)] = 1 for all ¢.

The classical Hamiltonian (3.1) is replaced by the operator H=H (P, ¢,t). Using
the relations (3.2), the operator [ can be expressed through the creation and annihi-
lation operators a* as

at+a

H=
V2w

| &

(ata~ +a-at) — J(t) = g (2ata~ +1) —

3.2.1 The “in” and “out” regions

To simplify the calculations, we consider a special case when the force J(t) is nonzero
only for a certain time interval 0 < ¢ < 7. Thus the oscillator is unperturbed in
the remaining two intervals which are called the “in” region, ¢ < 0, and the “out”
region, t > T (see Fig. 3.1). It is interesting to find the relation between the states of
the oscillator in the “in” and the “out” regions (the evolution of the oscillator in the
intermediate region 0 < t < T is less important for our present purposes).

The solution for the “in” region with the initial condition ¢~ (0) = a;,, is

a=(t) = a; e ™"
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3.2 Quantization

J(1)

in out
0 \/T t

Figure 3.1: The external force J(t) and the “in”/“out” regions.

For consistency, the operator a;,, must satisfy the commutation relation [a;,,a, | = 1.
The solution for the “out” region is found from Eq. (3.4) and can be written as
0 () = ague ",

where a,,,

is the time-independent operator defined by

: T
~— ~— ¢ iwt’ IN gl A—
Qoyy = Gy + —F=—= et J(t)dt = a,, + Jo. 3.5
t m /0 ( ) 0 ( )
Substituting the operators a* (t) into the Hamiltonian, we obtain

w(ata;, +3), t<0,

inin

H:{ W (Al +3), t>T.

It is clear that the Hamiltonian is time-independent in the “in” and “out” regions.

(3.6)

3.2.2 Excited states

Quantum states of the oscillator correspond to vectors in an appropriate Hilbert space.
The construction of this Hilbert space for a free (unforced) oscillator is well-known:
the vacuum state |0) is postulated as the eigenstate of the annihilation operator ™
with eigenvalue 0, and the excited states |n), where n = 1,2, ..., are defined by
1
— At+\n
n) =—=(a 0). 3.7
n) \/H( )" 10) (3.7)

(The factors v/n! are needed for normalization, namely (m|n) = &,,,.) The Hilbert
space is spanned by the orthonormal basis {|n)}, where n = 0, 1, ...; in other words,
all states of the oscillator are of the form

n=0 n=0
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3 Quantizing a driven harmonic oscillator

Remark: why is {|n)} a complete basis? A description of a quantum system must in-
clude not only the algebra of quantum operators but also a specification of a Hilbert space
in which these operators act. For instance, the Hilbert space (3.8) cannot be derived from
the commutation relation [¢, p] = ¢h without additional assumptions. In fact, if one as-
sumes the existence of a unique normalized eigenvector |0) such that @~ |0) = 0, as well as
the diagonalizability of the Hamiltonian, then one can prove that the vectors {|n)} form
a complete basis in the Hilbert space. This is a standard result and we omit the proof.
Details can be found e.g. in the book by P. A. M. DIRAC, Principles of quantum mechanics
(Oxford, 1948). Ultimately, it is the agreement of the resulting theory with experiments
that determines whether a particular Hilbert space is suitable for describing a particular
physical system; for a harmonic oscillator, the space (3.8) is adequate.

In the present case, there are two free regions (the “in” and the “out” regions) where
the driving force is absent, and thus there are two annihilation operators, a;,, and a_,,,.
Therefore we can define two vacuum states, the “in” vacuum |0;,,) and the “out”
vacuum |0,y¢), by the eigenvalue equations

d;n |0m> =0, d;ut |Oout> =0.

It follows from Eq. (3.6) that the vectors |0;,,) and |0,,:) are the lowest-energy states
fort < 0 and for ¢t > T respectively. We can easily check that the states |0;,) and |0ou)
are different:

gt [0in) = (5, + J0) [0in) = Jo [0in) -

The state |0;,,) is an eigenstate of the operator &
d;n |Oout> == *JO |Oout>-
Remark: coherent states. Eigenstates of the annihilation operator with nonzero eigenval-

ues are called coherent states. One can show that coherent states minimize the uncertainty
in both the coordinate and the momentum.

out

with eigenvalue Jy. Conversely,

Using the creation operators a;, and a.,;, we build two sets of excited states,

Inan) = % (@5)" 100) s [nous) = % (

The factors v/n! are needed for normalization, namely (nn| nin) = 1 and (Rout| Nout) =
1 for all n. It can be easily verified that the vectors |n;,) are eigenstates of the Hamil-
tonian (3.6) for ¢ < 0 (but not for ¢ > T), and similarly for [nyy:):

atur) 100wy, n=0,1,2,..

out

. 1
H(t) |nin) =w (n + 5) [nin), t<0;

. 1
H(t) [nout) = w <n + 5) [nout), t>T.

Therefore the vectors |n;,,) are interpreted as n-particle states of the oscillator for ¢ <
0, while for ¢ > T the n-particle states are |1ut).

Remark: interpretation of the “in” and “out” states. We are presently working in the
Heisenberg picture where quantum states are time-independent and operators depend on
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3.2 Quantization

time. One may prepare the oscillator in a state [¢)), and the state of the oscillator remains
the same throughout all time ¢. However, the physical interpretation of this state changes
with time because the state |¢)) is interpreted with help of the time-dependent operators
H(t), a~ (t), etc. For instance, we found that at late times (t > T') the vector |0;,) is not the
lowest-energy state any more, and the vectors |n;,) are not eigenstates of energy which
they were at early times (¢t < 0). This happens because the energy of the system changes

with time due to the external force J(t). Without this force, we would have a;, = a,,,
and the state |0;,,) would describe the vacuum at all times.

3.2.3 Relation between “in” and “out” states

The states |nout), where n = 0, 1,2, ..., form a complete basis in the Hilbert space of
the harmonic oscillator. However, the set of states |n;,) is another complete basis.
Therefore the vector |0;,) must be expressible as a linear combination of the “out”
states,

|Ozn> = Z Ap |nout> ; (39)
n=0

where A,, are suitable coefficients. One can show that these coefficients A,, satisfy the

recurrence relation J
0

vn+1

Apit = Ay (3.10)

Exercise 3.3
Derive Eq. (3.10) for all n > 0 using Eq. (3.5).

The solution of the recurrence relation (3.10) is easily found,

Jo'
A, = ﬁAO.

The constant Ay is fixed by the requirement (0;,, | 0;,) = 1. Using Eq. (3.9), we get

s 1

n=0

The only remaining freedom is the choice of the phase of Ay.
We found that the vacuum state |0;,,) is expressed as the linear combination

- & .
|0in) = exp _*5 |Jo] ] 7;0 ﬁ [Mout) (3.11)

or equivalently

- A
|0in) = exp 3 | Jol® + Joajut} [00ut) -

This formula is similar to the definition of a coherent state of the harmonic oscillator.
Indeed, one can verify that |0;,) is an eigenstate of a_,, with eigenvalue Jy.
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3 Quantizing a driven harmonic oscillator

The relation (3.11) shows that the state describing the early-time vacuum is a super-
position of excited states at late times, having the probability |A,,|” for the occupation
number n. We thus conclude that the presence of the external force J(t) leads to
particle production.

3.3 Calculations of matrix elements

An expectation value of an operator, such as (0;,| A(t) |0;,,), is an experimentally mea-
surable quantity. As before, we are interested only in describing measurements per-
formed either for times ¢t < 0 (the “in” region) or for t > T' (the “out” region).

Unlike expectation values, an “in-out” matrix element (0| A(t) [0;,,) is not a di-
rectly measurable quantity (and is generally a complex number). As we shall see in
Chapter 12, such matrix elements are nevertheless useful as intermediate results in
some calculations. Therefore we shall now compute various expectation values and
matrix elements using explicit formulae for the operators a;:

in,out"®

Example 1: Consider the expectation value of the Hamiltonian H(t) in the “in” vac-
uum state |0;,,). For ¢t < 0, the state |0,,,) is an eigenstate of H (¢) with the eigenvalue
1o h

5w, hence

(O] H(t)|0i) = =, t<0.

[\

Fort > T, we use Egs. (3.5) and (3.6) to find

- 1 1
Ol A1) = Ol (5 + i) 0 = (5 + 158 ), 02T,

It is apparent from this expression that the energy of the oscillator after applying
the force J(t) becomes larger than the zero-point energy sw. The constant |Jo|? is
expressed through J(t) as

) 1 T T _
|Jol =2—/ dtl/ dtoe™ B =82) T (1)) T (t2) .
w Jo 0

Example 2. The occupation number operator
N(t)=at(t)a (t)
has the expectation value
- 0, t<0;
Ol ¥ 1000 ={ [ =0 612)
Example 3. The in-out matrix element of N(t) is

(Oput| N(£) |05n) =0, t<0ort>T.
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3.3 Calculations of matrix elements

Example 4. Let us calculate the expectation value of the position operator,

(a=(t)+a*(t)), (3.13)

in the “in” vacuum state. For ¢ < 0 this expectation value is zero,
(Oinl4(t < 0)[0in) = 0.

Fort > T, we use Eq. (3.5) together with
a (t>T)=a,,e “!

and obtain

T o
(Oin] Q(£) [00n) = % (Joe=i% 1 Jeiet) = / st =) ;g @4
w

0 w

Green’s functions

It follows from Eq. (3.14) that the expectation value of §(t) is the solution of the driven
oscillator equation

j+w’q=J(t)

with initial conditions ¢(0) = ¢(0) = 0. Introducing the retarded Green’s function of
the harmonic oscillator,

3 _ 4/
Gret(t7 t/) = we(t - t/)7 (315)
the solution (3.14) can be rewritten as
+oo
q(t) = / J()Grer(t, 1)l . (3.16)

Example 5: The in-out matrix element of the position operator g is

<Oout| ‘i(t < 0) |0m> o et <Oout| d;;z |0m> - _J et
<00ut|0in> B \/% <Oout|0in> B 0 \/ﬂ7

(0out| 4t > T)|04n) _ et (Oout| Gout [0in) —J et
<Oout|0in> - \/% <Oout|0in> - \/Z

In general, these matrix elements are complex numbers since

1 : R
J e—zwt — _/ e—zw(t—t )J dt'.
V2w 0 2w Jo ( )
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3 Quantizing a driven harmonic oscillator

This expression can be rewritten in the form (3.16) if we use the Feynman Green'’s

function
ie—iw|t—t’ |

Gr(t,t') (3.17)

2w
instead of the retarded Green’s function G ;.

Other matrix elements such as (0;,|§ (t1) G (t2) |0in) can be computed in a similar
way. In Chapter 12 we shall study Green’s functions of the harmonic oscillator in
more detail.

Exercise 3.4

Consider a harmonic oscillator driven by an external force J(¢). The Green'’s functions
Gret(t, ') and Gp(t,t') are defined by Egs. (3.15) and (3.17). For ¢1,2 > T, show that:

(a) The expectation value of § (¢1) ¢ (t2) in the “in” state is

(0in| G (t1) G (t2) [Oin

)
1 T T
_ L it +/ dty / dtsJ (t1) J (t3) Gret (t1,t1) Gret (t2,15) .
2w 0 0
(b) The in-out matrix element of § (¢1) § (¢2) is

(Oout| G (t1)  (2) |Oin)
{Oout| Oin)
1

T T
_ ﬂew(tmw/o dt'l/o dth] (1)) T (83) Gr (01, 81) Cr (t2,1))
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4 From harmonic oscillators to fields

Summary: Collections of quantum oscillators. Field quantization. Mode
expansion of a quantum field. Zero-point energy. Schrodinger equation
for quantum fields.

4.1 Quantization of free fields

A free field can be treated as a collection of infinitely many harmonic oscillators. To
quantize a scalar field, we shall generalize the method used in quantum mechanics
for describing a finite set of oscillators.

The classical action describing N harmonic oscillators with coordinates ¢, ..., gx is

N N
1 .
S[qz]—§/ § q§—§ M;;qiq; | dt, (4.1)
1=1

4,j=1

where the symmetric and positive-definite matrix M;; describes the coupling be-
tween the oscillators.

By choosing an appropriate set of normal coordinates . that are linear combina-
tions of ¢;, the oscillators can be decoupled (see Exercise 4.1). The matrix M is diago-
nal in the new coordinates, M,3 = d,pw?2 (here no summation over « is implied).

Exercise 4.1
Find a linear transformation

N
(fa = Z Oaz’Qi
i=1

leading to the new decoupled coordinates g, and reducing the action (4.1) to the form

Slda) = 5 /Z o — wada) dt,

where w, are the eigenfrequencies.

The variables ¢, are called the normal modes. For brevity, we shall omit the tilde
and write ¢, instead of .

The modes ¢, are quantized (in the Heisenberg picture) by introducing the opera-
tors 4o (t), P (t) and imposing the standard commutation relations

[qAaaﬁﬁ] = ié‘aﬁa [Cjaanﬁ] = [ﬁa’ﬁﬁ] = 0.
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4 From harmonic oscillators to fields

The creation and annihilation operators a;: (¢) are defined by

Wa

AN L I
it =% (007 2.0
and obey the equations of motion similar to Eq. (3.3),

d . -

Eaf(t) = +iwaak(t).
Their general solutions are

dfac (t) — (O)dfaceiiwat,

where (Vg are operator-valued integration constants satisfying the commutation
relation

[<0>a;, (%ﬂ = bup.

Below we shall never need the time-dependent operators a;: (t). Therefore we drop
the cumbersome superscript (*) and denote the time-independent creation and annihi-
lation operators simply by az.

Using these operators a2, we can define the Hilbert space of states for the oscillator

system by the usual procedure. The vacuum state |0, ...,0) is the unique common
eigenvector of all annihilation operators a, with eigenvalue 0,

iy 10,...,0) =0fora=1,...,N.

The state |n1,ng, ...,ny) having the occupation number n, in the oscillator ¢, is de-
fined by

N (/iJr Ne
Ing,...,ny) = l]‘[ ( an) ' ] 0,0, ...,0). (4.2)
a=1 a

The Hilbert space is spanned by the states |nq,...,ny) with all possible choices of
occupation numbers 7.

4.1.1 From oscillators to fields

A classical field is described by a function of spacetime, ¢ (x,t), characterizing the
local strength or intensity of the field. To visualize a field as a physical system anal-
ogous to a collection of oscillators ¢;, we might imagine that a separate harmonic
oscillator ¢«(t) is attached to each point x in space. (Note that the oscillators ¢« (t)
“move” in the configuration space, i.e. in the space of values of the field ¢.) The spa-
tial coordinate x is an index labeling the oscillators ¢«(t), similarly to the discrete
index i for the oscillators g;. In this way one may interpret the field ¢ (x,t) = ¢«(t) as
the coordinate of the oscillator corresponding to the point x.

Using this analogy, we treat the field ¢ (x,¢) as an infinite collection of oscillators.
In the action (4.1), sums over ¢ must be replaced by integrals over x, so that the action
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4.1 Quantization of free fields

for ¢ is of the form

S[¢] = %/dt [/ d*x §? (x,1) — /d3xd3y¢(x, )¢ (y,t) M (x,y)] . (4.3)

Here the function M is yet to be determined.

A relativistic theory must be invariant under transformations of the Poincaré group
describing the time and space shifts (translations), spatial rotations, and Lorentz trans-
formations (boosts). The simplest Poincaré-invariant action for a real scalar field

o (x,t)is
Sigl= 3 [ d's [0 (9.0) (0,0) ~ m*6*
- % / Px dt [q'a? — (V) — m%ﬂ : (4.4)

where 9" = diag(1, —1, —1, —1) is the Minkowski metric (in this chapter we consider
only the flat spacetime) and the Greek indices label four-dimensional coordinates:
¥ = tand (2!, 22, 23) = x. The action (4.4) has the form (4.3) if we set

M (x,y) = [-Ax + mQ} d(x—y). (4.5)

The invariance of the action (4.4) under translations is obvious; its Lorentz invari-
ance is the subject of the following exercise.
Exercise 4.2
Show that the scalar field action (4.4) remains unchanged under a Lorentz transforma-
o ot — it =AY, p(x,t) — ¢ (x,t) = b (X,1), (4.6)
where the transformation matrix A} satisfies 1,, AL AL = 1as.
To derive the equation of motion for ¢, we calculate the functional derivative of the
action with respect to ¢ (x, ),

08

36 (x,0) 6 (x,1) = Ag (x,1) + m* (x,1) = 0. (4.7)

Exercise 4.3
Derive Eq. (4.7) from the action (4.4).
The equation of motion (4.7) shows that the “oscillators” ¢ (x,t) = ¢« (t) are cou-
pled. This can be intuitively understood as follows: The Laplacian A¢ contains sec-
ond derivatives of ¢ that may be visualized as

d2¢$ ~ ¢z+69; - 2¢z + ¢z—6z
da? (0x)? ’

so the evolution of the oscillator ¢, depends on the oscillators at adjacent points = +
ox.
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4 From harmonic oscillators to fields

To decouple the oscillators ¢, we apply the Fourier transform,

3
i(t) = / (Q‘iﬁeik.x 6(x.1)., (4.8)
3 .
¢ (x,1) = / ﬁezkwk(w. (4.9)

As in Chapter 1, the complex functions ¢ (¢) are called the modes of the field ¢. From

Egs. (4.7)-(4.9) it is straightforward to derive the following equations for the modes:
d2
—Eo(t) + (k* +m?) ¢k(t) = 0. (4.10)

These equations describe an infinite set of decoupled harmonic oscillators with fre-

quencies
wr = Vk?+m2.

Using Eq. (4.9), one can also express the action (4.4) through the modes ¢x,
1 31 (4 2
S =5 [ dta’k (b~ wioo ). (4.11)

Exercise 4.4
Show that the modes ¢« (t) of a real field ¢ (x, ¢) satisfy the relation (¢x)" = ¢—x.

4.1.2 Quantizing fields in flat spacetime

To prepare for quantization, we need to introduce the canonical momenta and to
obtain the classical Hamiltonian for the field ¢. Note that the action (4.4) is an integral
of the Lagrangian over time (but not over space), S[¢] = [ L[¢] dt, so the Lagrangian
Llg]is
1 1
Lol = [ Lx L= 5000, - smPe

where £ is the Lagrangian density. To define the canonical momenta and the Hamil-
tonian, one must use the Lagrangian L[¢], not the Lagrangian density £. Hence the
momenta 7 (x,¢) are computed as the functional derivatives

_ O6L[g] _
7 (x,t) = ot o (x,t),
and then the classical Hamiltonian is
H= /w (x,t) ¢ (x,t)d®x — L = % /d3x [7* 4+ (Vo)® + m*¢?] . (4.12)
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4.1 Quantization of free fields

Remark: Lorentz invariance. To quantize a field theory, we use the Hamiltonian formal-
ism which explicitly separates the time coordinate ¢ from the spatial coordinate x. How-
ever, if the classical theory is relativistic (Lorentz-invariant), the resulting quantum theory
is also relativistic.
To quantize the field, we introduce the operators ¢ (x, ) and 7 (x, t) with the stan-
dard commutation relations

[(& (X7 t), 7 (y, ﬁ)] = i0 (X -Y¥); [¢ (Xa t) ¢ (Ya t)] = [ﬁ- (X7 t), 7 (y, ﬁ)] =0. (413)

The modes ¢y (t) also become operators ¢y (t). The commutation relation for the
modes can be derived from Eq. (4.13) by performing Fourier transforms in x and
y. After some algebra, we find

[G1, (1), 7y (£)] = 0 (k1 + k) .

Note the plus sign in §(k; + ks): it shows that the variable which is conjugate to ¢y is
not mx but m_x = mj;. This is also evident from the action (4.11).

Quite similarly to Sec. 4.1, we first introduce the time-dependent creation and an-
nihilation operators:

ag (1) = \/g (¢k + f—:) apf(t) = \/g (qg_k - lz;k) .

The equations of motion for the operators i (t),

et NP
pri” (t) = tiwgay (t),
have the general solution ;- (t) = (V) a;-e**!, where the time-independent operators

0 satisfy the relations (note the signs of k and k')
ay, i) =0 (k—X);  [ag, ag] = [af, af] = 0. (4.14)

In Eq. (4.14) we omitted the superscript (*) for brevity; below we shall always use the
time-independent creation and annihilation operators and denote them by a;’.

Remark: complex oscillators. The modes ¢x(t) are complex variables; each ¢x may be
thought of as a pair of real-valued oscillators, ¢ = qﬁfj) + iqbl(f). Accordingly, the operators
1 are not Hermitian and (¢x)" = ¢_i. In principle, one could rewrite the theory in terms
of Hermitian variables, but it is mathematically more convenient to keep the complex
modes ¢.

The Hilbert space of field states is built in the standard fashion. We postulate the
vacuum state |0) such that , |0) = 0 for all k. The state with occupation numbers n,
in each mode with momentum k, (where s = 1,2, ... is an index that enumerates the
excited modes) is defined similarly to Eq. (4.2),

)™
ny, na, ) = |]] |0). (4.15)

|
; ng!
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4 From harmonic oscillators to fields

We write |0) instead of |0, 0, ...) for brevity. The vector (4.15) describes a state with
ng particles having momentum k, (where s = 1,2, ...). The Hilbert space of quantum
states is spanned by the vectors |n, na, ...) with all possible choices of the numbers
Ng.

The quantum Hamiltonian of the free scalar field can be written as

. 1 P
= / @k [+ wRded k]

which yields
= / PREE (ap o) +afay) = / ks 2afag +590)] . @16)

Exercise 4.5
Derive this relation.
Thus we have quantized the scalar field ¢ (x, t) in the Heisenberg picture. Quantum
observables such as ¢ (x,t) and H are represented by linear operators in the Hilbert
space, and the quantum states of the field ¢ are interpreted in terms of particles.

4.1.3 A first look at mode expansions

We now give a brief introduction to mode expansions which offer a shorter and com-
putationally more convenient way to quantize fields. A more detailed treatment is
given in Chapter 6.
The mode operator ¢y (t) can be expressed through the creation and annihilation
operators,
. 1 , ,
Oll) = o= (e ATy ™)

Substituting this into Eq. (4.9), we obtain the following expansion of the field operator

¢ (x1), ;
- d’k 1 o b
o ~— —idwptt+ik-x ~+
¢ (Xa t) - / (27T)3/2 \/m [a’ke + a_g
which we then rewrite by changing k — —k in the second term to make the integrand
manifestly Hermitian:

ezwktJrzk-x} ,

~ dgk 1 A G ttikex At dwpt—ik-x
¢(X’t)/(27r)3/_21/2w_k [ AT (4.17)

This relation is called the mode expansion of the quantum field ¢.

It is easy to see that the commutation relations (4.13) between ¢ and 7 are equiva-
lent to the relations (4.14), while the equations of motion (4.7) are identically satisfied
by the ansatz (4.17) with time-independent operators d;-. Therefore we may quantize
the field ¢ (x, t) by simply postulating the commutation relations (4.14) and the mode
expansion (4.17), without introducing the operators ¢ and 7y explicitly. The Hilbert
space of quantum states is constructed and interpreted as above.
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4.2 Zero-point energy

Mode functions

Note the occurrence of the functions e~**! in the time dependence of the modes

¢ These functions are complex-valued solutions of the harmonic oscillator equation
with frequency wy. In chapter 6 we shall show that for quantum fields in gravitational
backgrounds the “oscillator frequency” w;, becomes time-dependent. In that case, we
need to replace e~ by mode functions vx(t) which are certain complex-valued
solutions of the equation

Uk + wﬁ(t)vk =0.

The mode expansion is written more generally as

A~ 3 . .
b (x,1) = / ﬁ% [ag v (£)e™™ + avie (£)e =] | (4.18)

(The commutation relation for the operators ;5 remains unchanged.) From Eq. (4.17)

we can read off the mode functions of a free field in flat space,
vg(t) = Lei“”“t, wrp =V k2 +m?2. (4.19)

In this case the mode functions depend only on the magnitude of the wave number
k, so we write v, and not vy.

Remark: quantitative meaning of mode functions. Equation (4.18) relates b to df and vy.
Since the operators @ are dimensionless and normalized to 1 through the commutation
relation, the order of magnitude of ¢ is the same as that of v;,. We shall show in chapter 7
(Sec. 7.1.2) that |v| characterizes the typical amplitude of vacuum fluctuations of the field
¢. For instance, the mode functions (4.19) indicate that the typical fluctuation in the mode
¢ is of order 1/,/ws. This result is already familiar from Eq. (1.11) of Sec. 1.4.

4.2 Zero-point energy

It is easy to see from Eq. (4.16) that the vacuum state |0) is an eigenstate of the Hamil-
tonian with the eigenvalue

Eo = (0| H|0) = %5@) (0)/d3kwk. (4.20)

This expression, which we expect to describe the total energy of the field in the vac-
uum state, is obviously divergent: the factor §(*)(0) is infinite, and also the integral

/d3kwk :/ Ank?\/m? + k2dk
0

diverges at the upper limit.
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4 From harmonic oscillators to fields

Explaining the presence of 5 (0)

The origin of the divergent factor §(3)(0) is relatively easy to understand: it is the
infinite volume of all space. Indeed, the factor §(*)(0) arises from the commutation
relation (4.14) when we evaluate §*) (k — k) at k = Kk’; note that §(3) (k) has the
dimension of 3-volume. For a field quantized in a finite box of volume V' (see Sec. 1.2),
the vacuum energy is given by Eq. (1.10),

1 1V
Ey= = ~-——— | Pkuwg.
0 221(:“”“ 2(27r)3/ ok

Comparing this with Eq. (4.20), we find that the formally infinite factor 6¢*)(0) arises
when the box volume V' grows to infinity. Dividing the energy Ey by the volume V'
and taking the limit V' — oo, we obtain the zero-point energy density

E, 1 [ &k
lim =2 — = [ 22X, 421
vEe TV 2 / (2n)s " (421)

Renormalizing the zero-point energy

The energy density (4.21) is infinite because the integral [ d°k wy, diverges at [k| — oc.
This is called an ultraviolet divergence because large values of k correspond to large
energies. The formal reason for this divergence is the presence of infinitely many
oscillators ¢ (t), each having the zero-point energy Swy.

This is the first of several divergences encountered in quantum field theory. In
the case of a free scalar field in the flat spacetime, there is a simple recipe to circum-
vent this problem. The energy of an excited state |n;, ng, ...) can be computed using
Egs. (4.14)-(4.16). Since

[age» (ag0)") = n(a)" "0 (k = X),

we obtain

E(nl,ng, ) = EQ + /dgk <Z7’L55 (k — k5)> WE = EO + Z?’LSWkS.

Thus the energy of a state is always a sum of the divergent quantity Fy and a fi-
nite state-dependent contribution. The presence of the zero-point energy Ey cannot
be detected by measuring transitions between the excited states of the field. So the
divergent term ) can be simply subtracted away.

The subtraction is conveniently performed by modifying the Hamiltonian (4.16) so
that all annihilation operators a, appear to the right of all creation operators a;; (this
form is called normal-ordered). For the free field, we set

H= /dgkwkd:d;.
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4.3 The Schrédinger equation for a quantum field

After this redefinition, the vacuum state becomes an eigenstate of zero energy:
(0| H |0) = 0.

The resulting quantum theory agrees with experiments.

4.3 The Schroédinger equation for a quantum field

So far we have been working in the Heisenberg picture, but fields can be quantized
also in the Schrodinger picture. Here we first consider the Schrodinger equation for
a collection of harmonic oscillators and then generalize that equation to quantum
fields.

The action describing a set of N harmonic oscillators is given by Eq. (4.1). In the
coordinates ¢;, p; = ¢;, where i = 1, 2, ..., N, the Hamiltonian is

1 1
=5 E pi+ 3 E M;;q:q;.
7 ©,J

To quantize this system in the Schrodinger picture, we introduce time-independent op-
erators p;, ¢; which act on time-dependent states |1(¢)). The Hamiltonian becomes an
operator H = H (j;, ;). The Hilbert space is spanned by the basis vectors |g1, ..., )
which are the generalized eigenvectors of the position operators ¢;. A state vector
|1(t)) can then be decomposed into a linear combination

|’l/)(t)> = /dQ1qu1/} (Q1a an7t> |Q1a "'an>7
where the wave function ¢ (¢1, ..., qn, t) is

w (qla an7t) = <q17 7qN|1/J(t)> .

The momentum operators p; in this representation act on the wave function as deriva-
tives —i0/dq;, and the Schrodinger equation takes the form

2~ - 22( S +Muqij)w (@22)

To generalize the Schrodinger equation to quantum fields, we need to replace the
oscillator coordinates ¢; by field values ¢ (x) and the wave function ¥ (¢1, ..., gn, t)
by a wave functional ¥ [¢ (x) ,t]. Note that the spatial coordinate x plays the role of
the index ¢, so ¥ is a functional of ¢ (x) which is a function only of space; the time

dependence is contained in the functional ¥. The probability for measuring a field

configuration ¢ (x) at time ¢ is proportional to |¥ [¢ (x) , #]|>.
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4 From harmonic oscillators to fields

The partial derivative 9/0¢; is replaced by the functional derivative 6/d¢ (x) and
the sum over i by an integral over space, [ d*x. Thus we obtain the following equa-
tion as a direct generalization of Eq. (4.22):

0 1 520 ¢, 1]
Vel =—3 [ Exgi

+%/dgxdgyM(X,Y)¢(X)¢(Y)‘1’[¢7t]-

This is the Schrodinger equation for a scalar field ¢; the kernel M (x,y) is given by
Eq. (4.5).

We wrote the Schrodinger equation for a relativistic quantum field rather as a proof
of concept than as a practical device for calculations. It is rather difficult to solve this
equation directly (a formal solution may be found as a path integral). Usually one
needs additional insight to extract information from this equation. The Schrodinger
picture is rarely used in quantum field theory.
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5 Overview of classical field theory

Summary: Action principle for classical fields. Minimal and conformal
coupling to gravity. Internal symmetries and gauge invariance. Action
for gauge fields. The energy-momentum tensor for fields. Conservation
of the EMT.

5.1 Choosing the action functional

Classical field theory is based on the action principle: the field equations are the con-
ditions of extremizing the action functional,

S[p] = /d4$£(¢izau¢)i,...) (5.1)

where the Lagrangian density £ depends on the field and its derivatives. (For brevity,
spacetime derivatives are denoted by commas, e.g. 0,¢ = ¢,,,.) The main focus of this
section is the choice of an appropriate action functional for a classical field. The field
under consideration may be a scalar field with one or more components ¢;, a vector
field, a spinor field, and so on. For instance, the gravitational field is described by the
metric g,3(z) which is a tensor of rank 2.

Remark: fermions. A classical theory of fermionic fields can be built by considering
spinor fields ¥ (z) with values in an anticommutative (Grassmann) algebra, so that " ¢" =
—p”1p#. The assumption of anticommutativity is necessary to obtain the correct anticom-
mutation relations in the quantum theory. Consideration of fermionic fields is beyond the
scope of this book.

5.1.1 Requirements for the action functional
To choose an action for a field, we use the following guiding principles:

1. The action is real-valued and has an extremum.
Without this condition, one cannot formulate the action principle as “the classi-
cal trajectory is an extremum of the action.”

2. The action is a local functional of the fields and their derivatives.
A local functional is one of the form (5.1) where the Lagrangian density L is
a function of all fields at one and the same point. An example of a nonlocal
functional is

/d4$ d*a' ¢t (x — 2" )i . (2).
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5 Overview of classical field theory

This functional directly couples the values of the fields ¢ and ¢ at distant points
xand z'.

Local theories have so far been successful in describing experiments, so there
was no need to consider nonlocal theories which are much more complicated.

3. The equations of motion for the fields contain derivatives of at most second or-
der.
This requirement means that it is sufficient to specify initial values of the fields
and their first derivatives, or alternatively initial and final values, to fix the so-
lution uniquely. In the next section we shall show that this requirement is sat-
istied when the Lagrangian contains only the fields and their first derivatives,

L=£(¢.61,)

4. When the background spacetime is flat (i.e. if gravity is negligible), the action is
Poincaré-invariant.
The Poincaré group of transformations encompasses four shifts of the coor-
dinates «#, three spatial rotations and three Lorentz transformations (boosts).
This requirement constrains possible Lagrangians quite strongly. The Poincaré
invariance enforces the Lorentz invariance, the rotational invariance, and addi-
tionally prohibits Lagrangian densities £ that explicitly depend on x or ¢.

5. For an arbitrary curved background spacetime, the action has a generally co-
variant form (invariant under arbitrary coordinate transformations).
This requirement comes from general relativity: A field theory is compatible
with general relativity if it is formulated in a coordinate-independent manner.

6. If the fields have additional physical symmetries, the action should respect
them.
Fields can have internal symmetries such as gauge symmetries. For example,
the conservation of electric charge in electrodynamics can be viewed as a con-
sequence of an internal symmetry of the complex-valued spinor field 1" which
describes the electrons. Namely, the Lagrangian of electrodynamics is invariant
under the gauge transformations

P (@) — et (x),

where « is a real constant. These transformations form the U(1) gauge group.
Another example is the theory of electroweak interactions where the action is
invariant under transformations of the SU(2) x U (1) gauge group. (See Sec. 5.2
for more details on gauge symmetry.)

Quantization of multicomponent fields with gauge symmetries is complicated,
and in this book we shall quantize only scalar fields.

5.1.2 Equations of motion for fields

The action principle states that a classical field ¢*(z) must be an extremum of the
action functional. The variation of the action under a small change §¢*(z) of the field
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5.1 Choosing the action functional

¢'(x) is

12
6S = [ d'z d¢' do'|” ).
5= [dtazssoi@ + 0 ([T°)
This yields the Euler-Lagrange equation of motion for the field,
08
d¢*(x)

The currently established field theories (electrodynamics, gravitation, weak and

strong interactions) are described by Lagrangian densities which depend only on the

fields and their first derivatives, £ = £ (¢', ¢',). For such Lagrangians, the variation
of the action is given by the formula

65 = /d4 (‘% ) 0 L(E0,) ¢Z)>6¢j(x>+0([6¢i]2),

=0.

07  Oan a(bfﬂ
where the summations over . and j are implied. The boundary terms vanish if

oL
Oy

which is the usual assumption. Thus we obtain the following equations of motion for
the fields ¢°,

5¢’ — 0 sufficiently rapidly as |x| — oo, [t| — oo,

0S[¢] _ OL(¢.¢%,) 9 OL(¢.¢)
0pi(x) 9 a9,
These equations conform to the third requirement section 5.1.1 because they contain
¢', ¢',,and ¢',,, but no higher derivatives.
The formula (5.2) holds for all Lagrangians that depend on fields and their first
derivatives. If a Lagrangian for a field ¢ contains second-order derivatives such as

¢.uv, the corresponding equations of motion will generally contain derivatives of
third and fourth order.

— 0. (5.2)

5.1.3 Real scalar field

The Lagrangian density for a real-valued scalar field ¢(x) in the Minkowski spacetime
is
L(¢,0u9) = —77“”¢ ub = V(9), (5.3)

where n"*” = diag(1, —1, —1, —1) is the Minkowski metric and V' (¢) is a potential that
describes the self-interaction of the field. A free (i.e. noninteracting) field has the

potential
1
V() = §m2 ¢*.
This is the simplest nontrivial potential; an additional linear term A¢ can be removed

by a field redefinition ¢(x) = ¢(x) + ¢o. The parameter m is the rest mass of the
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5 Overview of classical field theory

particles described by the field ¢. The Lagrangian density (5.3) satisfies all conditions
of Sec. 5.1.1 except the requirement of general covariance.

To make a Poincaré-invariant action generally covariant, we need to adjust it in
several ways:

1. Replace 7, by the general spacetime metric g,,,,.

2. Replace spatial derivatives by covariant derivatives, e.g. ¢ , — ¢,,. (This makes
no difference for a scalar field since covariant derivatives of a scalar function are
the same as ordinary spacetime derivatives.)

3. Replace the Minkowski volume element d*x dt by the covariant volume element
d*z\/=g, where g = det g,,, is the determinant of the covariant metric tensor.

Covariant volume element

The expression d*z does not give the correct volume element if the coordinates x are
not Cartesian or if the spacetime is curved. Here is a simple calculation to motivate
the choice of d*z./—g as the volume element.

We consider a two-dimensional Euclidean plane with Cartesian coordinates z, y
and introduce arbitrary curvilinear coordinates #, § and a metric g;;(x) (here i,j =
1,2). Infinitesimal increments dZ, dy of the coordinates define an area element cor-
responding to the infinitesimal parallelogram spanned by vectors (dz,0) and (0, dg).
The lengths of the sides of this parallelogram are Iy = /11 |dZ| and l> = /922 |d|,
while the angle § between the vectors is found from the cosine theorem, I;/5 cos =
g12dZdy. Thus the infinitesimal area dA of the parallelogram is equal to

dA = lilasing = \/ g11922 — (912)° |dZ| |dg| = \/det gi; |d| |dg| -

It is not difficult to show that the volume element in any number of dimensions is
given by the formula dV = d"x+/|g(x)|. If uy, ..., u,, are some vectors in a Euclidean
space and let G;; = u; - u; be the n x n matrix of their pairwise scalar products.
Then the volume of the n-dimensional parallelepiped spanned by the vectors u; is
V = /|det G|. To prove this statement, we consider the matrix U of coordinates of
the vectors u; in an orthonormal basis e;, i.e. u; = ; Uij e;. A standard definition
of the determinant of a linear transformation is the volume of the image of a unit
parallelepiped after the transformation. This gives the volume V' as det U. Then we
observe that G = UTU, therefore det G = (det U)? = V2 and V = /|det G]|.

In general relativity, the spacetime has a metric with signature (+, —, —, —) and the
determinant det g,,,, is always negative (except at singular points where it may be
zero or infinite). Therefore we change the sign of g and write the volume element as

d*x/—g.
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5.1 Choosing the action functional

Minimal coupling to gravity

Above we listed the three modifications of the action which are necessary to enforce
general covariance. These modifications produce a generally covariant action out
of a Poincaré-invariant action. The new action explicitly depends on g,, and thus
describes a field coupled to gravity. For instance, a generally covariant action for a
scalar field is

5= [atev=g Eg%m,y V(@) (5.4)

This form of coupling is called the minimal coupling to gravity; it describes the min-
imal required interaction of a field with gravitation which necessarily follows from
the requirement of compatibility with general relativity. There are other forms of cou-
pling to gravity, for example, the conformal coupling (see below). These couplings
are called nonminimal and are usually expressed by additional terms in the action.
These additional terms couple fields to the curvature tensor R,,,, and violate the
strong equivalence principle (“all local effects of gravity are equivalent to accelerated
coordinate systems in a flat spacetime”) because the field is directly influenced by the
curvature which, if nonzero, cannot be imitated by an accelerated reference frame in
the flat spacetime. One needs a justification to introduce nonminimal terms into the
Lagrangian; nonminimally coupled field theories are usually more complicated.

Conformal coupling

A frequently used nonminimally coupled model is the conformally coupled scalar
field described by the action

Lo £
5= [ aev=a| 506 ,0. -V 0) - §r? 65
where R is the Ricci curvature scalar and ¢ is a constant parameter chosen as ¢ = %
In effect, the additional term describes a “mass” that depends on the curvature of the
spacetime. With £ = { the theory has an additional symmetry, namely the action (5.5)
is invariant under conformal transformations of the metric,

Juv — gul/ = 92(1;)9”1/7 (56)

where the conformal factor 2% () is an arbitrary nonvanishing function of spacetime.!
The importance of conformal transformations comes from the fact that several im-
portant spacetimes, such as spatially flat Friedmann-Robertson-Walker (FRW) space-
times used in cosmology, are conformally flat. A spacetime is conformally flat if in
some coordinates its metricis g,, = 0? ()N, where ), is the flat Minkowski metric
and Q?(x) # 0 is some function. These spacetimes can be mapped to the flat space-
time by a conformal transformation. If a field theory is conformally invariant, this

1Verifying the conformal invariance of the above action takes a fair amount of algebra. We omit the details
of this calculation which can be found in chapter 6 of the book Aspects of quantum field theory in curved
space-time by S. FULLING (Cambridge, 1989).
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5 Overview of classical field theory

transformation reduces the action to that of a field in the flat Minkowski spacetime.
In effect, a conformal field in a conformally flat spacetime is totally decoupled from
gravity.

The equation of motion for a conformally coupled field ¢ follows from the ac-
tion (5.5),

oL oL oV
== (= gq™P ov — _
%8¢a Do (V=99 ¢ﬂla+a¢+§Rm/g 0. (5.7)
This equation can be rewritten in a manifestly covariant form as
o OV B
Vot 5g TERO=0. (5.8)

This is similar to the Klein-Gordon equation,

6 +m’e =0,
except for the covariant derivatives and the nonminimal coupling term {R¢ which
can be interpreted as a curvature-dependent mass.

Gauss’s law with covariant derivatives

When computing the variation of a generally covariant action such as the action (5.4),
one needs to integrate by parts. A useful shortcut in such calculations is an analog of
Gauss’s law with covariant derivatives. The covariant divergence of a vector field A*
can be written as

wo— L o maan
A;u_\/jgau(\/_gA)'

Assuming that the contribution of the boundary terms vanishes, we obtain
/d":c\/—gA‘fﬂB =— /d"x\/—gA”B,u. (5.9)

This formula can be used to integrate by parts: we set A* = ¢ ,g“*, B = ¢ and find

[ eV T0u000" = [ d0vTG(600°) 50

Note that the covariant derivative of the metric is zero, g aoé = 0, so we may lower or
raise the indices under covariant derivatives at will; for example, A*j# =A i

5.2 Gauge symmetry and gauge fields

Gauge fields naturally appear if the action for a field is invariant under a group of
internal symmetry transformations and this symmetry is made local, i.e. when differ-
ent symmetry transformations are applied at different spacetime points x. We shall
now study this construction on some examples.
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5.2 Gauge symmetry and gauge fields

5.2.1 The U(1) gauge symmetry

Let us consider a complex scalar field ¢(z) with the action

S[gl = / d'z/=g Bga%,mj‘g —V (69| . (5.10)

Itis clear that the action (5.10) is generally covariant and describes a minimal coupling
to gravity. This action is also invariant under the gauge transformation

d(x) — p(x) = e“¢(x), (5.11)

where « is an arbitrary real constant. These transformations form the U(1) symmetry
group which is the gauge group in the theory of a complex scalar field.

The symmetry transformation (5.11) is called internal because it only changes the
value of the field ¢(x) within its space of values but does not change the point x.
Other symmetry transformations such as Lorentz rotations or mirror reflections in-
volve also the spacetime coordinates and are not called internal.

Remark: conservation of charge. According to Noether’s theorem, the invariance under
transformations (5.11) leads to the conservation of total charge,

d [ s (00 06"\ _

The transformation (5.11) is called global because the values ¢(z) are transformed
in the same way at all points . An important discovery was that this global symme-
try can be made local, with an arbitrary function a(z) instead of a constant «a:

$(z) — p(x) = (). (5.12)

The action (5.10) is not invariant under local gauge transformations because the deriva-
tive ¢ , transforms as

G ulz) — éu(z) = ¢l (0, +ic,ud)

instead of ¢, = ¢**(*)¢ ,. To achieve the invariance under local gauge transfor-
mations, one introduces an additional vector field A* called the gauge field which
compensates the extra term in the derivative ¢ ,. Namely, all derivatives of the field
¢ in the Lagrangian are replaced by the modified derivatives D,,,

G — Dud = ¢ +iAue, (5.13)

which are called gauge-covariant derivatives, in analogy with the covariant deriva-
tive in general relativity,
S = T Tl
One then postulates that the gauge transformation of the field A* is given by the
following special rule,
Ay — A =4, —ay. (5.14)
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5 Overview of classical field theory

Then it is straightforward to verify that the covariant derivative of ¢ transforms ac-
cording to the local transformation law:

Db = (0 +i4,) (2)6) = @ Dy0,
and that the modified action
1 . ‘
S16.41= [ a'ay/=7 | 33 (Da6) (Dso)" = V (66" (5.15)

is invariant under local gauge transformations (5.12)-(5.14). Note that the transfor-
mation law for A, can be chosen at will since all we need is some transformation law
for the fields which makes the action invariant.

Remark: minimal coupling. The introduction of the gauge field A,,, the covariant deriva-
tive D, and the transformation law (5.14) may appear arbitrary at this stage. In fact, it
follows from geometric considerations (based on the theory of fiber bundles) that this is
the minimum necessary modification of the action (5.10) that ensures local gauge invari-
ance. Therefore the coupling of the field ¢ to the gauge field manifested in the action (5.15)
is called minimal coupling.

Building a gauge-invariant action is quite similar to building a generally covariant ac-
tion. This is so because gravity may be also viewed as a gauge field that arises in a field
theory after localizing the symmetry of coordinate transformations. One can derive the
minimal coupling to gravity from the equivalence principle as the minimum necessary
modification of the flat-space action.

Remark: elementary particles. In QFT, each field describes a certain family of particles.
The present picture of fundamental interactions divides all elementary particles into “mat-
ter” and “gauge” particles. Namely, “matter particles” interact by forces mediated by
“gauge particles,” i.e. particles that correspond to gauge fields. For example, electrons
are matter particles while photons are gauge particles that transmit the electromagnetic
interaction between electrons. Similarly, quarks are matter particles that interact through
gluons (gauge particles of the SU(3) symmetry group). It is also remarkable that that all
presently known matter particles are fermions, while all gauge particles are bosons.

5.2.2 Action for gauge fields

The action (5.15) describes a scalar field ¢ coupled to the vector field A* and to grav-
ity. To obtain the total action of the system, we need to add to Eq. (5.15) some fur-
ther terms describing the dynamics of the gauge field A, itself and the dynamics of
gravitation. As before, we need to find an action that is generally covariant and in-
variant under local gauge transformations. For instance, one cannot add a mass term
m?g,, A" A" because this term is not invariant under the gauge transformation (5.14).

The standard form of a gauge-invariant action for the field A, is built using the
antisymmetric field strength tensor

Fuw = App — Ay = Ay — Ay (5.16)
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5.2 Gauge symmetry and gauge fields

The Christoffel symbols in the covariant derivatives in Eq. (5.16) cancel because of an-
tisymmetrization. One can check that the tensor F),, is invariant under gauge trans-
formations. So any scalar quantity built from £}, would be an acceptable (gauge-
invariant and generally covariant) term in the action.
The simplest such quantity is the Yang-Mills term, F,, F** = g* gV F,,,Fj,. The
action
1

~ o d*o/=gF,, F" (5.17)

S1A =
describes classical electrodynamics coupled to gravity (in vacuum); the field A4, is
proportional to the electromagnetic 4-potential. It is a standard result that Maxwell’s
equations follow from this action. The combined action (5.15) and (5.17) describes
a field of charged relativistic particles of spin 0 (scalar mesons) interacting with the
electromagnetic field (photons) and with gravity.

Remark: conformal invariance of electrodynamics. The action (5.17) describes the dy-
namics of photons as well as the interaction between photons and gravity. We notice that
a conformal transformation (5.6) leaves the action invariant since /=g changes by the fac-
tor Q* while g*? is multiplied by the factor Q2. Therefore the evolution of electromag-
netic field in any conformally flat spacetime is exactly the same as in the flat Minkowski
spacetime (after a conformal transformation). In particular, the gravitational field does not
produce electromagnetic waves in conformally flat spacetimes.

The action for gravity is not as straightforward to derive. The simplest theory of
gravity is Einstein’s general relativity defined by the Einstein-Hilbert action,

1
grav 4
S = e /d T/ g(R + 2/\). (518)

Here G is Newton’s gravitational constant, R is the Ricci curvature scalar and A is a
constant parameter (the cosmological constant). The Einstein equations are obtained
by extremizing this action with respect to g*.

Exercise 5.1
Derive the Einstein equations in vacuum (“pure gravity”) from the action

1
grav __ — 4
S5 = 1671'G/R\/ gd x

using the Palatini method, namely by varying the action with respect to the metric g,
and the Christoffel symbol T, ; independently, as if they were unrelated functions.
Hint: Write the curvature scalar through the Ricci tensor,

R=g""Rag = g*" (0.T% 5 — 05Tk, + TV Tk, —T%,T4H). (5.19)

(We use the sign convention of Landau and Lifshitz.) First find the variation of R\/—g
with respect to I' and establish the standard relation between I" and g, assuming that I'., ;
is symmetric in o, 3:

1w
Top = 59" (Gav.s + govia = Gap) - (5.20)
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5 Overview of classical field theory

Then compute the variation of R\/—g with respect to ¢*? (note the variation of the deter-
minant) and finally obtain the vacuum Einstein equation as

§.58rav B /—_g 1 B
(590‘5 = 167G (Rag QQQBR) =0. (5.21)

Remark: alternative theories of gravity. At the moment, general relativity agrees with
available gravitation experiments. However, we cannot probe strongly curved spacetimes
and it is natural to expect that general relativity may be an approximation to a more ac-
curate theory. For instance, the action might contain terms of the form R?, R, RM, or
R0 RM*P7. The effect of these terms would be to modify the Einstein equations in the
high-curvature regime. Such terms greatly complicate the theory and may be introduced
only with sufficient justification. All such theories must necessarily agree with Einstein’s
general relativity in the Newtonian limit of small curvature (weak gravity). Therefore any
differences between the alternative theories of gravity can be manifested only when the
gravitational field is extremely strong. Such experiments are presently impossible.

5.3 Energy-momentum tensor for fields

The main result of this section is that the energy-momentum tensor (EMT) of a field
is related to the functional derivative of the action with respect to the metric g,
We consider a generally covariant action

S W)ia gul/] = gy [guu] + 5™ [¢u guu]

describing a set of matter fields ¢; coupled to gravity. Here 58" is the gravitational
action (5.18) and S™ is the action for the matter fields. (The coupling to gravity does
not have to be minimal.) The equations of motion for the gravitational field are ob-
tained by varying the action S with respect to g?,

05 [$irgu) _ 6
69‘15 69045

4]
grav m .. _
SE (g ] + 548 S™ [bi, 9] = 0.
We know that the result must be the Einstein equation:
1
Rag - §ga5R = 87TGTQ5, (5.22)

where T3 is the combined energy-momentum tensor of the fields ¢;. As shown in
Exercise 5.1 (p. 59), the functional derivative of S&2" with respect to g* gives (up to
a factor) the LHS of Eq. (5.22). Therefore we expect Eq. (5.22) to coincide with

V=g 1 o 08™m
167G \fap = 39a8R | = =555
This requirement immediately leads to the relation

2 §5m
N

Top (5.23)
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5.3 Energy-momentum tensor for fields

Equation (5.23) can be viewed as a convenient definition of the EMT of matter fields.
The resulting tensor 7,3 is symmetric and covariantly conserved (see the next sec-
tion),

T,3=0. (5.24)

Remark: Strictly speaking, the above derivation shows only that if the Einstein equa-
tion follows from the action of matter fields combined with the Einstein-Hilbert action for
gravity, then the total EMT of all matter must be given by Eq. (5.23).

Example: The energy-momentum tensor for the field ¢ with the action (5.4) is

2 0S

1 v
T aagen(n) et e |9 Onw = VIO

Top() 5

5.3.1 Conservation of the EMT

In this section we show that the tensor T},5 defined by Eq. (5.23) is covariantly con-
served, T; = 0, as long as the matter action S™ is generally covariant and the field
¢; satisfies its equation of motion,

08™ [

05" lei] 0. (5.25)
The requirement (5.25) is natural: in mechanics, the energy is conserved only when
the equations of motions are satisfied.

To derive the conservation law, we consider an infinitesimal coordinate transfor-

mation

& 5O = p® +§-a(z),

where £%(z) is the generator of the transformation. (Note that the transformation
depends on the point 2.) The matter fields ¢; are transformed according to

¢i(x) — di(x) = ¢i(x) + dpi (),

where 0¢;(z) is determined for each field according to its spin. The metric (being a
field of spin 2) is transformed according to

g7 = 50 = g+ € 4 P10 (I¢).

We know that the total action is invariant under this transformation, therefore the
variation 4S must vanish:

e 5S™ 0B L ey 5S™
055/5gaﬁ(x) (6P +¢ )d$+/—6¢i(x)5q§z(x)d . (5.26)
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Since the field ¢; satisfies Eq. (5.25), the second term vanishes. Expressing the first
term through the tensor 7,3, we get

/Taﬁﬁﬁ;“\/—_gd4$ / [(Taﬁﬁﬁ);a - ngsﬁ} V—gd'z

— / T 5¢%=gd'z = 0. (5.27)

Here we used the relation (5.9) and assumed that £* vanishes at infinity sufficiently
quickly. Since Eq. (5.27) must be satisfied for arbitrary £*(x), we conclude that the
conservation law 7,5 = 0 holds.

Remark: The absence of the covariant volume factor /—g in Eq. (5.26) is not a mistake; the
result is nevertheless a covariant quantity. The derivative with respect to £ is calculated

using the chain rule, e.g.
mo__ o8™ af 4
0S™ = 5977 () 0" (z)d"z,
and the rule requires a simple integration over x. The correct covariant behavior is sup-
plied by the functionals S#*' and S™.

In a flat spacetime, the laws of energy and momentum conservation follow from
the invariance of the action under spacetime translations. In the presence of grav-
itation the spacetime is curved, so in general the spacetime translations are not a
physical symmetry any more. However, the action is covariant with respect to ar-
bitrary coordinate transformations. The corresponding conservation law is the co-
variant conservation of the EMT, Eq. (5.24). Because of the presence of the covariant
derivative in Eq. (5.24), it does not actually express a conservation of energy or mo-
mentum of the matter field ¢;. That equation would be a conservation law if it had
the formd,, (v/—gT*"") = 0, but instead it can be shown that

Oy (V=gTH) = —/=gLl\ T # 0. (5.28)

The energy of the matter fields alone, described by the energy-momentum tensor
T, is not necessarily conserved; the gravitational field can change the energy and
the momentum of matter.
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6 Quantum fields in expanding
universe

Summary: Scalar field in a FRW universe. Mode functions. Bogolyubov
transformations. Choice of the vacuum state. Particle creation.

The principal task of this chapter is to study the influence of time-dependent gravita-
tional backgrounds on quantum fields. To focus on the essential physics and to avoid
cumbersome calculations, we shall consider a free scalar field in a homogeneous and
isotropic universe.

6.1 Scalar field in FRW universe

A minimally coupled real scalar field ¢(z) in a curved spacetime is described by the
action (5.4),

1
5= [ v=ats [§ga%,a¢,ﬁ - V(o). 6.)
The equation of motion for the field ¢ is Eq. (5.7) with £ =0,
1 ov
g L+ ny /_ v+ —= 0. 6.2
9" b \/jg(g V=9) ,0nt 5o (6.2)

For a free massive field, one sets V(¢) = 1m?¢?.

In this chapter we consider an important class of spacetimes—homogeneous and
isotropic Friedmann-Robertson-Walker (FRW) spacetimes with flat spatial sections
(called for brevity flat FRW) characterized by metrics of the form

ds? = gudatds” = dt* — a?(t)dx?, (6.3)

where dx? is the usual Euclidean metric and a(t) is the scale factor. Note that it is only
the three-dimensional spatial sections which are flat; the four-dimensional geometry
of such spacetimes is usually curved.

A flat FRW spacetime is a conformally flat spacetime (this notion was discussed in
Sec. 5.1.3). To explicitly transform the metric (6.3) into a conformally flat form, we
replace the coordinate ¢ by the conformal time 7,

n(t)z/t %
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6 Quantum fields in expanding universe

where ty is an arbitrary constant. The scale factor a(t) expressed through the new
variable 7 is denoted by (7). In the coordinates (x, ) the line element takes the form

ds* = a*(n) [d772 - dxﬂ , (6.4)

so the metric tensor is g, = a1, g"¥ = a~*n*, and we have \/—g = a*. The field
equation (6.2) in the coordinates (x, ) with V(¢) = $m?¢* becomes

!
o 2%¢’ — Aé +mZa%p =0, (6.5)

where the prime ' denotes derivatives with respect to 7. It is convenient to introduce
the auxiliary field x = a(n)¢ and to rewrite Eq. (6.5) as

"

X' = Ax + <m2a2 — ;) x = 0. (6.6)

Exercise 6.1
Derive Eq. (6.6) from Eq. (6.5).
Comparing Egs. (6.6) and (4.7), we find that the field x(z) obeys the usual equa-
tion of motion of a field in the Minkowski spacetime, except for the time-dependent

effective mass .

a
meg(n) = m*a® — o (6.7)

The action (6.1) can be rewritten in terms of the field Yy,

s=3 / dixdn (x? = (Vx)? = m2a(n)x?) 68)

and is analogous to the action (4.4).

Exercise 6.2
Derive the action (6.8) from Eq. (6.1) with V (¢) = %m2¢2 and the metric (6.4).

Thus the dynamics of a scalar field ¢ in a flat FRW spacetime is mathematically
equivalent to the dynamics of the auxiliary field x in the Minkowski spacetime. All
information about the influence of the gravitational field on ¢ is encapsulated in the
time-dependent mass meg(n) defined by Eq. (6.7). Note that the action (6.8) for the
field x is explicitly time-dependent, so the energy of the field x is generally not con-
served. In quantum theory this leads to the possibility of particle creation; the energy
for new particles is supplied by the gravitational field.

6.1.1 Mode functions

Expanding the field x in Fourier modes,

3
xten) = [ e, (69)
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6.1 Scalar field in FRW universe

we obtain from Eq. (6.6) the decoupled equations of motion for the modes xk(7),

al/

X + |k +ma®(n) — — | xe= i+ wi(n)xx = 0. (6.10)

Remark: other spacetimes. The decoupling of the field modes hinges on the separation
of the time coordinate in the Klein-Gordon equation and on the expansion of the field x
through the eigenfunctions of the spatial Laplace operator at a fixed time. In flat space,
these eigenfunctions are exp (ikx); another solvable case is a static, spherically symmetric
spacetime with a metric gos(r) that depends only on the radial coordinate r. However,
the field equations in a general spacetime are not separable. In such cases, the mode
decoupling cannot be performed explicitly and quantization is difficult.

We now need a few mathematical facts about time-dependent oscillator equations
such as Eq. (6.10),
&+ w?(t)x = 0. (6.11)

This equation has a two-dimensional space of solutions. Any two linearly indepen-
dent solutions 1 (t) and z2(t) are a basis in that space. The expression

w [.1‘1, wg] = .1‘1.1‘2 — .1‘1,@2

is called the Wronskian of the two functions 1 (¢t) and x2(t). Standard properties of
the Wronskian are summarized in the following exercise.

Exercise 6.3

Show that the Wronskian W [z1, z2] is time-independent if x1,2(¢) satisfy Eq. (6.11).
Prove that W [z1,z2] # 0 if and only if z(t) and z2(t) are two linearly independent
solutions.

If {x1(t), z2(t)} is a basis of solutions, it is convenient to define the complex func-
tion v(t) = x1(t) + iz2(t). Then v(t) and v*(t) are linearly independent and form a
basis in the space of complex solutions of Eq. (6.11). It is easy to check that

Im (90*) = % = Qliw [v,0%] = =W |21, 22] # 0,
and thus the quantity Im (9v*) is a nonzero real constant. If v(t) is multiplied by a
constant, v(t) — Av(t), the Wronskian W [v, v*] changes by the factor ||, therefore
we may normalize v(t) to a prescribed value of Im (¢v*) by choosing the constant \.

A complex solution v(t) of Eq. (6.11) is called a mode function if v(t) is normalized
by the condition Im (9v*) = 1. It follows from Exercise 6.3 that any solution v(t) nor-
malized by Im (9v*) = 1 is necessarily such that v(¢) and v*(t) are a basis of linearly
independent complex solutions of Eq. (6.11).

Remark: How to find a mode function. There exist infinitely many mode functions for
Eq. (6.18). For instance, the solution v(¢) with the initial conditions v (o) = 1, ¥ (to) =% at
some t = to is a mode function since it satisfies the normalization condition Im (vv*) = 1.
If exact solutions of Eq. (6.11) are not available in an analytic form, mode functions v(¢)
must be found by approximate methods (e.g. numerically).
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6 Quantum fields in expanding universe

If some complex solution f(¢) of Eq. (6.11) is known, one can compute the Wronskian of
fand f* which is always a pure imaginary number. If W [f, f*] = 0, the solution f(¢) can-
not be used to produce a mode function. If, on the other hand, W [f, f*] = 2iX # 0, then
a mode function is obtained from f(t) by an appropriate rescaling, namely v(t) = fA~'/2
if A > 0and v(t) = f* |A|7*/2if A < 0. There still remains the freedom of multiplying v(t)
by a phase e'® with a real constant a.

6.1.2 Mode expansions

All modes xk(n) with equal |k| = k are complex solutions of the same equation (6.10).
If a mode function v (n) of that equation is chosen, the general solution xk(7) can be
expressed as a linear combination of v;, and v; as

1 — %
xx(n) = E [a‘k v (n) + afkvk(n)} ) (6.12)
where a;° are complex constants of integration that depend on the vector k (but not
on 7). The index —k in the second term of Eq. (6.12) and the factor \/ig are chosen for

later convenience.
Since  is real, x; = Y« and it follows from Eq. (6.12) that a,” = (a;)*. Combining
Egs. (6.9) and (6.12), we find

3
X (x,m) = /ﬁ% lax vi(n) + atyop(n)] ™

dsk 1 — x ik-x + —ik-x
= /WE [ag vi (m)e™™ + ayfvr(n)e "] . (6.13)

Note that the integration variable k was changed (k — —k) in the second term of
Eq. (6.13) to make the integrand a manifestly real expression.

The relation (6.13) is called the mode expansion of the field x (x,7n) w.r.t. the mode
functions vy (7). At this point the choice of the mode functions is still arbitrary.

The coefficients ai° are easily expressed through yi (1) and v (1):

! !
_ W \
a, = \/iivkxk Uk Xie \/57[%’ X, ayt (a;) . (6.14)

VU — URvy W [vg, vf]’ k —
Note that the numerators and denominators in Eq. (6.14) are time-independent since
they are Wronskians of solutions of the same oscillator equation.

Remark: isotropy of mode functions. In Eq. (6.12) we expressed all xx(n) with |k| = &
through the same mode function vy (n), written with the scalar index k. We call this the
isotropic choice of the mode functions v (7). This convenient simplification is possible
because wy, depends only on k = |k|. (The modes xx and the coefficients af must have the
vector index k.) Of course, the mode functions vk (1) can also be chosen anisotropically;
below we shall discuss this in more detail.
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6.2 Quantization of scalar field

6.2 Quantization of scalar field

The field x(x) can be quantized in the standard fashion by introducing the equal-time
commutation relations,

(X (x,n), 7 (y,n)] =id (x—y), (6.15)
where 7 = dx/dn = X' is the canonical momentum. The quantum Hamiltonian is

i) = 5 [ @ (7 + (70 + mE i), (6.16)

Then the modes x«k(t) and the creation and annihilation operators &f are defined as
in chapter 4.

However, a quicker way to quantize the field is based on the mode expansion (6.13)
which can be used for quantum fields in the same way as for classical fields. The
mode expansion for the field operator ¥ is found by replacing the constants a;" in
Eq. (6.13) by time-independent operators a;",

3 . .
o) = [ G i+ i) . 617

where v (1) are mode functions obeying the equations
vp +wi(moe =0,  wi(n) = \/k2 +mZ(n). (6.18)

The operators a;° satisfy the usual commutation relations for creation and annihila-
tion operators,

o, ] =0 (k—K),  [ag, ] = [&, &) = 0. (6.19)

The next exercise shows that the commutation relations (6.15) and (6.19) are consistent
if the mode functions v (n) are normalized by

. vivr —ugvys W ug, v
Im (vjvf) = 2E 57 ko= [Qi il =1. (6.20)

Therefore, quantization of the field x can be accomplished by postulating the mode
expansion (6.17), the commutation relations (6.19) and the normalization (6.20). (The
choice of the mode functions vk (7) will be made later on.) The technique of mode
expansions is a shortcut to quantization which avoids introducing the canonical mo-
mentum 7 (x, 7) explicitly.!

'One can also show, by using the operator analog of Eq. (6.14), that the commutation relations (6.15)
follow from (6.19) and (6.20).
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6 Quantum fields in expanding universe

Exercise 6.4
Use the mode expansion of the scalar field in the form

3 . .
% = —= [ s [ + e ] (621)

to show that Egs. (6.15) and (6.19) require the normalization condition
ViU — ViU = 24. (6.22)

Isotropy of modes is not to be assumed (the mode functions vk have the vector index k).

The mode expansion (6.17) can be visualized as the general solution of the field
equation (6.6), where the operators a;- are integration constants. The mode expan-
sion can also be viewed as a definition of the operators a;- through the field operator
¥ (x,7m). Explicit formulae relating ;5 to ¥ and # = X’ are analogous to Eq. (6.14).
Clearly, the definition of 4;- depends on the choice of the mode functions vy (7).

Remark: complex scalar field. If x were a complex field, then (xk)* # x-«x and Eq. (6.12)
would give (ay )" # a. In that case we cannot use Eq. (6.12) but instead introduce two
sets of creation and annihilation operators, e.g. ¢ and b, satisfying (a, )" = @, and
(b)" = b, and the mode expansion would be

~ _ dsk 1 ik-x ~”— —ik-x 7+
X (x,m) = / CRENG (6 vi(n)ay + e Uk(n)bk) .
This agrees with the picture of a complex field as a set of two real fields. The operators

a;- and b describe the creation of respectively particles and antiparticles. (A real field
describes particles that are their own antiparticles.)

6.2.1 The vacuum state and particle states

Once the operators ;- are determined, the vacuum state |0) is defined as the eigen-
state of all annihilation operators a,. with eigenvalue 0, i.e. a,_ |0) = 0 for all k. An
excited state |my,,nk,, ...) with the occupation numbers m,n, ... in the modes xx,,
Xk, ---, i constructed by

1 +

i, s Ny s --) = T (@)™ (

We write |0) instead of |Ox,, Ok,, ...) for brevity. An arbitrary quantum state |¢) is a
linear combination of these states,

)= > Conee Imiey 1y ) -

m,n,...

ar )"0y (6.23)

2

If the field is in the state [1)), the probability for measuring the occupation number m

in the mode xy,, the number n in the mode xx,, etc., is |Cpn. . |2
Let us now comment on the role of the mode functions. Complex solutions v (n)
of a second-order differential equation (6.18) with one normalization condition (6.20)
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6.2 Quantization of scalar field

are parametrized by one complex parameter. Multiplying vy (n) by a constant phase
¢’ introduces an extra phase ¢*'* in the operators a;-, which can be compensated by
a constant phase factor e’™ in the state vectors |0) and |my, , nk,, ...). There remains
one real free parameter that distinguishes physically inequivalent mode functions.
With each possible choice of the functions v (1), the operators G- and consequently
the vacuum state and particle states are different. As long as the mode functions
satisfy Egs. (6.18) and (6.20), the commutation relations (6.19) hold and thus the oper-
ators ;- formally resemble the creation and annihilation operators for particle states.
However, we do not yet know whether the operators a;- obtained with some choice
of v (n) actually correspond to physical particles and whether the quantum state |0)
describes the physical vacuum. The correct commutation relations alone do not guar-
antee the validity of the physical interpretation of the operators a;- and of the state
|0). For this interpretation to be valid, the mode functions must be appropriately se-
lected; we postpone the consideration of this important issue until Sec. 6.3 below. In
the rest of this section we shall formally study the consequences of choosing several
sets of mode functions to quantize the field ¢.

6.2.2 Bogolyubov transformations

Suppose two sets of isotropic mode functions uy(n) and v (n) are chosen. Since uy
and uj are a basis, the function vy, is a linear combination of v, and uj,

vi(n) = agug(n) + Bruk(n), (6.24)

with n-independent complex coefficients oy, and fj. If both sets vi(n) and uy(n) are
normalized by Eq. (6.20), it follows that the coefficients oy, and g, satisfy

o |* = |Bkl* = 1. (6.25)

In particular, |ag| > 1.

Exercise 6.5
Derive Eq. (6.25).

Using the mode functions uy(n) instead of v (1), one obtains an alternative mode
expansion which defines another set bljf of creation and annihilation operators,

3 . A . ~
(%) = / ﬁ% (e™=upmby + e~ ™ )by ) - (6.26)

The expansions (6.17) and (6.26) express the same field x (x,7) through two different
sets of functions, so the k-th Fourier components of these expansions must agree,

eikx {u;;(n)é; + uk(n)?)fk} = ™ [op(may +ve(n)at,].

A substitution of v, through u, using Eq. (6.24) gives the following relation between
the operators b; and d;’:

b = anly + Bpaty, b = agayd + Bl (6.27)
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6 Quantum fields in expanding universe

The relation (6.27) and the complex coefficients ay, () are called respectively the Bo-
golyubov transformation and the Bogolyubov coefficients.”

The old operators i are expressed through the new operators b in a similar way.

Exercise 6.6

Suppose that the two sets a;°, b of creation and annihilation operators for a real scalar
field are related by the Bogolyubov transformation

b = iy + 7Ty, b = akdy + BTy (6.28)
Isotropy of Bogolyubov coefficients is not assumed, so ax and i depend on the vector k.

Express the operators a5 through bf.
Hint: First show that for a real scalar field, ax = a_x and Bk = B_xk.

Remark: Quantum states defined by an exponential of a quadratic combination of creation
operators acting on the vacuum, as in Eq. (6.29), are called squeezed vacuum states. The
b-vacuum is therefore a squeezed vacuum state with respect to the a-vacuum. Similarly,
the a-vacuum is a squeezed b-vacuum state.

The two sets of annihilation operators a, and b, define the corresponding vacua
|()0) and |(;)0) which we call the “a-vacuum” and the “b-vacuum.” Two parallel
sets of excited states are built from the two vacua using Eq. (6.23). We refer to these
states as a-particle and b-particle states. So far the physical interpretation of the a-
and b-particles remains unspecified. In chapters 7-9 we shall apply this formalism to
study specific physical effects and the interpretation of excited states corresponding
to various mode functions will be fully explained.

The b-vacuum can be expressed as a superposition of a-particle states (Exercise 6.7):

1 G .
|0 = [H e (_ . a;cﬁkﬂ [0} (6.29)

k

A similar relation expresses the a-vacuum as a linear combination of b-particle states.
From Eq. (6.29) it is clear that the b-vacuum state contains a-particles in pairs of op-
posite momentum k and —k.

Exercise 6.7
The b-vacuum state |(;)Ox, - ) of the mode x is defined by
81: |(b)0k’—k> =0, i’:k !(b)ok,—k> =0.

Show that the b-vacuum is expanded through a-particle states |(,)mi, n_x) as

|50, —x) = L i (*&)n | (), M)
, |ak| ot ax ;

and derive Eq. (6.29). The Bogolyubov coefficients cic and (x in Eq. (6.28) are known.
Note that the b-vacuum state (6.29) is normalized by the infinite product ], |/
This product converges only if |ay| rapidly tends to 1 at large |k|, or more precisely if
|8k|> — 0 faster than k=3 at k — oo. If this is not the case, the vacuum state ](b)0> is
not normalizable and the Bogolyubov transformation is not well-defined.

2The prononciation is close to the American “bogo-lube-of” with the third syllable stressed.
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6.2 Quantization of scalar field

Computing the Bogolyubov coefficients

To determine the Bogolyubov coefficients ay, and [y, it is necessary to know the mode
functions vk (1) and uy (n) and their derivatives at only one value of 7, say n = 19. From
Eq. (6.24) and its derivative at ) = 19, we find

vr, (m0) = aug, (110) + Brwk (10) ,
vi’ (m0) = aui! (mo) + Brui (o) -
This system of equations can be solved for a;, and g, using Eq. (6.20):

!,k */
_ UpUp — UKy * _
ap = 2% B ﬁk -

i /
UV — UV,

o 21 o

(6.30)

These relations hold at any time 7y (note that the numerators are Wronskians and
thus are time-independent). For instance, knowing only the asymptotics of v (1) and
u(n) at n — —oo would suffice to compute oy, and S

Remark: Anisotropic mode expansions. In this book we always use isotropic mode func-
tions v () because in all cases under consideration the modes xix with constant |k| satisfy
the same equation. An anisotropic choice of mode functions would be an unnecessary
complication. However, anisotropic mode functions are needed in some cases, so it is
useful to know which relations depend on the assumption of isotropy. Here we list the
relevant changes to the formalism for anisotropic mode functions. Note that the results of
Exercises 6.4 to 6.8 below are valid without the assumption of isotropy.

For a real scalar field y with anisotropic mode functions vk (), the relation (6.12) is

replaced by
k() = 5 [ogric(n) + ano)]. (©31)

The identity vk (n) = v_k () must still hold, as follows from the relations (xk)* = x—x,
(a;)* = a; and Eq. (6.31). [For a complex field, (xx)* # x—k and mode functions may
be chosen with vk () # v_x (n).] The mode expansion is Eq. (6.21). The coefficients
ax, Pk that relate vk (n) to uk(n) also depend on the vector k, namely vy, = awuy + Pk.
The Bogolyubov transformation is given by Eq. (6.28). The normalization condition is un-
changed, |ax|* — |Bk|* = 1. The formulae expressing the Bogolyubov coefficients through
the mode functions at a fixed time 1 = 7o are the same as Eq. (6.30) but with the vector
index k.

6.2.3 Mean particle number

Here we calculate the mean number of b-particles of the mode xy in the a-vacuum

state. The expectation value of the b-particle number operator ngb) = b by in the
state |(4)0) is found using Eq. (6.27):

(@O0 N [(0)0) = {(0)0] bif by |(a)0)
= <(a)0} (agay + BraZy) (away + Braty) |(a)0>

= (0] (BraZy) (BraTy) |(@)0) = 18x|* 6(0). (6.32)
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The divergent factor 6(*) (0) is a consequence of considering an infinite spatial volume.
As discussed in Sec. 4.2 (p. 48), this divergent factor would be replaced by the box
volume V' if we quantized the field in a finite box. Therefore we can remove this
factor and obtain the mean density of b-particles in the mode xx,

ny, = |6l (6.33)

The Bogolyubov coefficient 3, is dimensionless and the density 7y, is the mean num-
ber of particles per spatial volume d*x and per wave number d’k, so that [ n,d*k d*x
is the (dimensionless) total mean number of b-particles in the a-vacuum state.

The combined mean density of particles in all modes is [ d*k |3y, |*. This integral is
finite if |3;|> — O faster than k3 at large k. Note that the same condition guarantees
the normalizability of the b-vacuum in Eq. (6.29). In other words, the Bogolyubov
transformation is well-defined only if the the total particle density is finite.

6.3 Choice of vacuum

In the theory developed so far, the particle interpretation depends on the choice of the
mode functions. For instance, the a-vacuum |(a)0> defined above is a state without
a-particles but with b-particle density n; in each mode xx. A natural question to
ask is whether the a-particles or the b-particles are the correct representation of the
observable particles. The problem at hand is to determine the mode functions that
describe the “actual” physical vacuum and particles.

6.3.1 The instantaneous lowest-energy state

In chapter 4 the vacuum state was defined as the eigenstate with the lowest energy.
However, in the present case the Hamiltonian (6.16) explicitly depends on time and
thus does not have time-independent eigenstates that could serve as the vacuum.

One possible prescription for the vacuum state is to select a particular moment of
time, n = 7, and to define the vacuum [,,,0) as the lowest-energy eigenstate of the
instantaneous Hamiltonian H (). To obtain the mode functions that correspond to
the vacuum |,,,0), we first compute the expectation value ((,)0| H(no) |(,)0) in the
vacuum state |(,)0) determined by arbitrarily chosen mode functions vy, (7). Then we
shall minimize that expectation value with respect to all possible choices of v, (7). (A
standard result in linear algebra is that the minimization of (x| A |z) with respect to
all normalized vectors |z) is equivalent to finding the eigenvector |z) of the operator
A with the smallest eigenvalue.)

We start with Eq. (6.21) with so far unspecified mode functions vk () that depend
on the vector k. (Isotropy of mode functions is not assumed in this calculation.) The
mode functions vk(n) define the operators df through which the Hamiltonian (6.16)
is expressed as follows (see Exercise 6.8):

1

fi(n) = 1 / dk [agas, B+ afat B+ (200 ag +89(0)) Bl (6.34)
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where the coefficients Fx and Ey are defined by

Ex = i) + wi(n) vkl (6.35)
Fyx = v + wi(n)vp. (6.36)

Exercise 6.8
Use the mode expansion (6.21) to obtain Egs. (6.34)-(6.36) from Eq. (6.16).
Since ay, |(,)0) = 0, the expectation value of the instantaneous Hamiltonian in the
state |(,,)0) is

. 1
{0 H (m0) [()0) = 15(3)(0)/d3k Bl

As discussed above, the divergent factor §*)(0) is a harmless manifestation of the
infinite total volume of space. We obtain the energy density

1 1 ) )
e=7 /d3k Exlyeyy = 1 /d3k (|v{(| + wi(no) v ) , (6.37)

and the task is to determine the mode functions vy () that minimize e. It is clear that
the contribution iEk of each mode yx must be minimized separately.
At fixed k, the choice of the mode function vk () may be specified by a set of initial
conditions at n = 7,
Uk(770) =4q, U{((UO) =D

where the parameters p and g are complex numbers satisfying the normalization con-
straint which follows from Eq. (6.22),

q'p—p q=2i. (6.38)

Now we need to find such p and ¢ that minimize the expression | o>+ w? . If some
p and ¢ minimize |p|> + w? |¢|?, then so do ¢?*p and ei*q for arbitrary real ); this is
the freedom of choosing the overall phase of the mode function. We may choose this
phase to make ¢ real and write p = p; + ip> with real p; ». Then Eq. (6.38) yields

21 1 w?
i= 2L g gy ) (639)
p—p b2 V25

If w,% (no) > 0, the function Ex (p1,p2) has a minimum with respect to p; 2 at p; = 0
and ps = \/wi(no). Therefore the desired initial conditions for the mode function are

vk (10) = ¥, Vi (10) = i/ wi (o) = iwrv(no). (6.40)

wi(10)

On the other hand, for w(n) < 0 the function Ex in Eq. (6.39) has no minimum
because the expression p3 +w? (10)p, > varies from —oo to +o0. In that case the instan-
taneous lowest-energy vacuum does not exist.

73



6 Quantum fields in expanding universe

Discussion and remarks

The main result of the above calculation is Eq. (6.40). A mode function satisfying the
conditions (6.40) defines a certain set of operators ;- and the corresponding vacuum
n,0). For this mode function one finds Ey|,_, = 2wy and Fx[,_, = 0, so the

Hamiltonian at time 7 is related to the operators ;- by

H (no) = / d*k wi(no) {&Idk + %5@)(0) : (6.41)

Therefore the instantaneous Hamiltonian is diagonal in the eigenbasis of the occu-
pation number operators N, = a,} a, (this eigenbasis consists of the vacuum state
lno0) and the excited states derived from it). Accordingly, the state |,,0) is sometimes
called the vacuum of instantaneous diagonalization.

Since the initial conditions (6.40) are the same for all k such that |k| = k, the result-
ing mode functions vy (1) are isotropic, vx = vi. This isotropy has a physical origin
which can be understood as follows. The vacuum mode functions were chosen by
minimization of the instantaneous energy. Since the Hamiltonian of the scalar field
in a FRW spacetime is isotropic (invariant under spatial rotations), the lowest-energy
state of the field in that spacetime is isotropic as well.

It also follows that the instantaneous vacuum states at different times are related
by isotropic Bogolyubov coefficients a;, and ;. Therefore, if particles are produced,
the occupation numbers are equal in all modes with fixed |k| = k. In situations with
a preferred direction, for example in the presence of anisotropic external fields, one
may find that wy(n) depends on the vector k and the lowest energy is achieved by
a vacuum state with anisotropic mode functions vk (). The Bogolyubov coefficients
ax, Pk and thus the rate of particle production can be anisotropic in those cases.

Remark: zero-point energy. As before, the zero-point energy density of the quantum field
in the vacuum state |,,0) is divergent,

1 1
Z/d3kEk(no) = §/d3kwk(n0).

This quantity is time-dependent and cannot be simply subtracted away because the zero-
point energy at one time generally differs from that at another time by a formally infinite
amount. A more sophisticated renormalization procedure (beyond the scope of this book)
is needed to obtain correct values of energy density.

For a scalar field in the Minkowski spacetime, wy, is time-independent and the pre-
scription (6.40) yields the standard mode functions (4.19) which remain the vacuum
mode functions at all times. But this is not the case for a time-dependent gravita-
tional background, because then wy. (7)) # const and the mode function selected by
the initial conditions (6.40) imposed at a time 7 will generally differ from the mode
function selected at another time 1, # 179. In other words, the state |,,,0) is not an
energy eigenstate at time 7. In fact, there are no states which remain instantaneous
eigenstates of the Hamiltonian at all times. This statement can be derived formally
from Eq. (6.34). A vacuum state annihilated by G,  could remain an eigenstate of the
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Hamiltonian only if Fix = 0 for all n, i.e.
Fic = (v})” + wi(m)vi = 0.

This differential equation has exact solutions of the form

vg(n) = Cexp [ii / Wk(n)dn} :

However, for wy (1) # const these solutions are incompatible with Eq. (6.18), therefore
an all-time eigenstate is impossible.

We can compare the instantaneous vacuum states |,, 0) and |,,,0) defined at two
different times 7); # 1. There exists a Bogolyubov transformation with some coeffi-
cients «;, and [, that relates the corresponding creation and annihilation operators.
Then Egs. (6.32), (6.41) yield the expectation value of energy at time n = 7 in the
vacuum state |,, 0):

(001 () 10) = 8%0) [ i) |5+ 10

This energy is larger than the minimum value unless i, = 0 for all £ (this would be
the case in the Minkowski spacetime). This shows once again that for a general FRW
spacetime the vacuum state |, 0) is normally an excited state at another time 7 = n,.

Remark: minimized fluctuations. One might try to define the vacuum state by minimiz-
ing the amplitude of quantum fluctuations of the field at a time 7, instead of minimizing
the instantaneous energy. But such a prescription does not yield a definite vacuum state.
The expectation value of the mean squared fluctuation is

(w0l [ @' |0) = 500) [ d'k o)l

Now the quantity |vx(10)|> must be minimized separately for each k. However, the value
of the mode function v (7o) at one time 1 = 7o can be made arbitrarily small without vio-
lating the normalization condition (6.20). The Heisenberg uncertainty principle disallows
small uncertainties in both x and 7 at the same time, so there exist quantum states with
arbitrarily small (but nonzero) fluctuations in the field x and a correspondingly large un-
certainty in the canonical momentum # = . There is no state with the smallest amplitude
of fluctuations.

6.3.2 The meaning of vacuum

Minimization of the instantaneous energy is certainly not the only possible way to
define the vacuum state. For example, we could instead minimize the average en-
ergy for a certain period of time or the number of particles with respect to some other
vacua. There is no unique “best” prescription available for a general curved space-
time.

The physical reason for this ambiguity is explained by the following qualitative ar-
gument. The usual definitions of the vacuum and of “particles with momentum k” in
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the Minkowski spacetime are based on the decomposition of fields into plane waves
exp (tkx — iwit). In quantum theory, a particle with momentum p is described by a
wavepacket which has a certain spread Ap of the momentum. The spread should be
sufficiently small, Ap < p, for the momentum of the particle to be well-defined. The
spatial size A of the wavepacket is related to the spread Ap by AAp ~ 1, therefore
A > 1/p. However, the geometry of a curved spacetime may significantly vary across
a region of size A\. In that case, the plane waves are a poor approximation to solu-
tions of the wave equation and so particles with momentum p cannot be defined in
the usual way. The notion of a particle with momentum p is meaningful only if the
spacetime is very close to Minkowski on distance and time scales of order p~*.

Spatial flatness alone is not sufficient for the applicability of the particle interpre-
tation; the relevant quantity is the four-dimensional curvature. Even in a spatially
flat FRW spacetime it is quite possible that the vacuum and particle states cannot be
reasonably defined for some modes. An example is a nonstationary metric with the
scale factor a(n) such that at some time 7 the square of the effective frequency

"
W) = B+ mPa - =

is negative, wi < 0 (i.e. the frequency wy, is imaginary). In this case the modes xx ()
do not oscillate but behave as growing and decaying exponents, so the analogy with
a harmonic oscillator breaks down. Formally, with w? < 0 one can still define a
mode expansion with respect to a set of normalized mode functions vy () and obtain
the creation and annihilation operators a;°, the vacuum state, and the correspond-
ing excited states. But the interpretation of such states in terms of physical particles
is not justified. For instance, some “excited” states defined in this way will have a
lower mean energy than the “vacuum” state. This happens because the expectation
value (6.37) of the energy density is not necessarily positive when w} < 0. As we have
seen, the state with the lowest instantaneous energy does not exist in that case; there
are states with arbitrarily low energy. In fact, for w? < 0 the condition Fi (1) = 0
leads to v;, = cvy, with real ¢, which contradicts Eq. (6.20). Thus there are no instan-
taneous eigenstates |0) of the Hamiltonian satisfying a,  |0) = 0. The prescription of
instantaneous lowest-energy vacuum completely fails when w?(n) < 0.

Even in cases when a well-defined vacuum is available, one cannot simply postu-
late some prescription of the vacuum state as the “correct” one. The reason is that
in general relativity a non-inertial coordinate system is equivalent to the presence of
gravitation, while the field ¢ is coupled to gravity. Therefore the result of any pre-
scription of the vacuum state, defined in terms of some physical experiment with the
field ¢, depends on the coordinate system of the observer. As we shall see in Chap-
ter 8, an accelerated observer in the Minkowski space detects particles in an inertial
observer’s vacuum state. In a general spacetime, no preferred coordinate system can
be selected and therefore no naturally defined “true” vacuum state can be found.

The absence of a generally valid definition of the vacuum state does not mean that
we are unable to make predictions for specific experiments. For instance, we may

consider a hypothetical device that prepares the field ¢(z) in the lowest-energy state
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6.3 Choice of vacuum

within a box of finite volume. We may assume that the device works by extract-
ing energy from the field in the box instantaneously (as quickly as possible). In the
Minkowski spacetime this device prepares the field in the standard vacuum state.
The same device may be used in an FRW spacetime to prepare the field in an instan-
taneous lowest-energy vacuum state (assuming that w? > 0 for all relevant modes
Xk). The resulting quantum state depends on the time and place where we run the
device, as well as on the reference frame in which the device is at rest; this reflects
the ambiguity of the vacuum state in a curved spacetime. However, if the vacuum
preparation device is known to move along a certain trajectory, one can compute the
quantum state of the prepared field and make predictions about any experiments
involving this field.

We conclude that “vacuum” and “particles” are approximate concepts that are in-
herently ambiguous in the presence of gravitation. One observer’s particle may be
another observer’s vacuum. In contrast, quantities defined directly through the field
¢, e.g. expectation values (| $(x) [¢)) in some state |¢)), are unambiguous. In this
sense, field observables are more fundamental than particle occupation numbers.

6.3.3 Vacuum at short distances

We have seen that the instantaneous vacuum state at time 1 cannot be defined when
wi(n) < 0. But since wi (n) = k* + mZ(n), there always exist large enough wavenum-
bers k for which w? > 0 even if m2; < 0, namely

"
K > ki (n) = —mly(n) = — —m*a” (6.42)
Therefore the instantaneous vacuum is well-defined for modes xx with wavelengths
shorter than the scale Ly.x ~ ki (large values of k correspond to short distances).
In cosmological applications, the relevant scales L,.x are usually larger than the size
of the observable universe (~ 10??cm), and the absence of an adequate vacuum state
for larger-scale modes is unimportant.

A natural length scale in a curved spacetime is the radius of curvature; on much
shorter scales, the spacetime looks approximately flat. The field modes with wave-
lengths much shorter than the curvature radius are almost unaffected by gravitation.
These are the modes i with large k such that |meg(n)| < k and thus wy, ~ k. Then
the mode functions are approximately those of Eq. (4.19),

vp(n) = %eik". (6.43)

This gives a natural definition of the vacuum for modes with sufficiently short wave-
lengths, L < Linax ~ |meff|71.

6.3.4 Adiabatic vacuum

There are situations where the lowest-energy vacuum prescription fails in such a way
that we must doubt the physical interpretation of the instantaneous vacuum states.
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6 Quantum fields in expanding universe

If a lowest-energy state |,),0) is defined at some time 7, this state will generally be a
state with particles with respect to the vacuum |,,0) defined at another time 7,. At
first sight this may not look problematic because some particle production is expected
in a gravitational background. However, it turns out that in some anisotropic space-
times the total density of such “ne-particles” is infinite when all modes are counted,
even when the geometry changes slowly with time and the interval (7, 72) is small.
This outcome is generic and occurs in a broad class of spacetimes.> Thus, particle
states defined through the vacuum |,,0) are not always an adequate description of the
actual physical particles at time 7. This motivates us to consider another prescription
for vacuum that does not exhibit infinite particle production.

Often the frequency wy(n) is a slowly-changing function for some range of 7. This
range is called the adiabatic regime* of wy,(n). It is assumed that w?(n) > 0 within
the adiabatic regime. Then the WKB approximation for Eq. (6.18) yields approximate
solutions of the form

S T S Py L 6.44
p () wk(n)e p[/ﬁo k(1) 77} (6.44)

A quantitative condition for wy(n) to be a slowly-changing function of 7 is that the
relative change of wy (1) during one oscillation period An = 27 /wy, is negligibly small,

wi(n) W

wh
Wi
This inequality is called the adiabaticity condition. The adiabatic regime is precisely
the range of 1 where this condition holds. Note that according to this definition, a
slowly-changing function does not need to be approximately constant; e.g., the func-
tion wx(n) = cn? has an adiabatic regime for || > lc|~* where w(n) is growing.
The mode functions vy () of the adiabatic vacuum |,,,04q) at time n, are defined by

the requirement that the function v (n) and its derivative vj, (1) should be equal to the
value and the derivative of the WKB function (6.44) at n = 1y, i.e.

(, 1 wi) 1
n="no 2 Wk VWh
It is easy to check that the normalization (6.20) holds.

In general, the adiabatic vacuum |,,0,4) is not an eigenstate of the Hamiltonian
and does not minimize the energy Eyx in the modes xx at n = 9. However, the

expectation value of energy in the mode xx at time 7 = 7 in the state |,,,044) is only
slightly higher than the minimum value § Ex|,;, = swx (n0):

velmo) = ———, Ok
kAL Wk (770), dn

=10

1 L/, 2 o 2y 1 Lw? 1

3More details are given in S. A. FULLING, Aspects of quantum field theory in curved space-time (Cambridge
University Press, 1989), chapter 7, section “Particle observables at finite times.”

“In the physics literature, the word regime stands for “an interval of values for a variable.” It should be
clear from the context which interval for which variable is implied.
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6.4 A quantum-mechanical analogy

We would like to stress that the mode functions vy (1) must be computed as exact
solutions of Eq. (6.18) that match the WKB functions at one point n = 9. The WKB
formula (6.44) is merely an approximation to the exact mode functions and the preci-
sion of that approximation is insufficient for some calculations. For instance, the WKB
approximation does not yield the correct Bogolyubov coefficients between vacua de-
fined at different times = 1, and 1 = 12, even if the adiabaticity condition (6.45)
holds. (A method of computing the Bogolyubov coefficients in the adiabatic regime
is presented in Appendix B.)

All vacuum prescriptions agree if wy(n) is exactly constant, wy(n) = w,g,o), in some
range 71 < 1 < 72. In that case, it is easy to verify that the natural definition of
the vacuum with the mode functions (4.19) is also the result of the lowest-energy
prescription. The same mode functions are found in the RHS of Eq. (6.44) because the
WKB approximation is exact in the range 171 < 1 < 7.

Besides a time-independent wy, another interesting case is when the frequency
wi(n) has a strongly adiabatic regime at early times, i.e. the LHS of Eq. (6.45) tends to
zero at n — —oo for all k. In that case we can define the mode functions of the adi-
abatic vacuum by imposing the condition (6.40) at g — —oo. The resulting vacuum
state is the naturally unique state that minimizes the energy in the infinite past.

Remark: the “in-out” transition. We may consider the case when wy(n) tends to a con-
stant both in the distant past and in the far future. This happens if a non-negligible grav-
itational field is present only for a certain period of time, e.g. 71 < 7 < 72. In that case,
there are natural “in” (at n < 71) and “out” (at n > 72) vacuum states. The relation
between the corresponding mode functions is described by a certain set of Bogolyubov
coefficients ax and fk. Since the choice of the “in” and “out” vacuum states is unique, we
obtain an unambiguous prediction for the total number density of particles, nix = | Bre|?.
This is the density of particles produced by gravity in the spacetime where the field was
initially (at 7 < 71) in the natural vacuum state. The created particles are observed at late
times 1 > 72, when gravity is inactive and the definition of particles is again unambigu-
ous. However, the choice of vacuum states at intermediate times 7 between 7; and 72 is
ambiguous and particle numbers at these times are not well-defined.

6.4 A quantum-mechanical analogy

The oscillator equation for the mode functions, Eq. (6.18), is formally similar to the
stationary Schrodinger equation for the wave function ¢ (x) of a quantum-mechanical
particle in a one-dimensional potential V' (),

&y E-V

S+ (B=V(@) ¥ =0,
The two equations are related by the replacements n — z and wi(n) — E — V().

To illustrate the analogy, we may consider the case when the potential V' (z) is al-
most constant for © < x; and for © > x5 but varies in the intermediate region (see
Fig. 6.1). Anincident wave i(x) = exp(—ipx) comes from large positive = and is scat-
tered off the potential. A reflected wave ¢r(x) = Rexp(ipz) is produced in the region
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6 Quantum fields in expanding universe

V()
R
T incoming
2‘71 .;I/'Q x

Figure 6.1: Quantum-mechanical analogy: motion in a potential V().

x > 9 and a transmitted wave ¢ (x) = T exp(—ipz) in the region z < x1. For most
potentials, the reflection amplitude R is nonzero. The conservation of probability
gives the constraint |R|* 4 |T'|> = 1.

The solution (z) behaves similarly to the mode function vy () in the case when
wk(n) is approximately constant at n < 7; and at > 7. If we define the mode func-
tion v (n) by the instantaneous vacuum condition v}, = iwy v, at some 1y < 71, then at
n > 12 the function vy (1) will be a superposition of positive and negative exponents
exp (+iwyn). The relation between R and T is similar to the normalization condition
(6.25) for the Bogolyubov coefficients. We have seen that a nontrivial Bogolyubov
transformation (with G, # 0) signifies the presence of particles. Therefore we come
to the qualitative conclusion that particle production is manifested by a mixing of
positive and negative exponentials in the mode functions.

We emphasize that the analogy with quantum mechanics is purely mathematical.
When we consider a quantum field, the modes xx(7) are not particles moving in real
space and 7 is not a spatial coordinate. The mode functions v (1) do not represent
reflected or transmitted waves. The quantum-mechanical analogy can be used only
to visualize the qualitative behavior of the mode functions vy (7).

Remark: “positive” and “negative” frequency. The function v, () x exp (iwxn) is some-
times called the positive-frequency solution and the conjugate function vy, (n) o exp (—iwxn)
the negative-frequency solution. Alternatively, these solutions are called positive-energy
and negative-energy. This terminology historically comes from the old interpretation of
QFT as the theory of quantized wave functions (the “second quantization”). The classical
field ¢ (x,t) was thought to be a “wave function” and the Schrodinger equation

0¢

’LE = E(b
was used to interpret the functions ¢(t) « exp(tiwt) as having positive or negative
energy. Particle creation was described as a “mixing of positive- and negative-energy
modes.” However, Eq. (6.6) does not have the meaning of a Schrédinger equation and the
mode functions vy (1) are not wave functions.
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7 Quantum fields in de Sitter
spacetime

Summary: Correlation functions. Amplitude of quantum fluctuations. Par-
ticle production and fluctuations: a worked-out example. Field quantiza-
tion in de Sitter spacetime. Bunch-Davies vacuum. Evolution of quantum
fluctuations.

7.1 Amplitude of quantum fluctuations

In the previous chapter the focus was on particle production. The main observable
to compute was the average particle number (N) in a certain quantum state. Now
we consider another important quantity—the amplitude of field fluctuations. This
quantity is well-defined even for those quantum states that cannot be meaningfully
interpreted in terms of particles.

7.1.1 Correlation functions

To characterize the amplitude of quantum fluctuations of a field x (x,7) in some quan-
tum state 1)), one may use the equal-time correlation function

(WX (x,m) X (y,n) [¥) -

For simplicity, we consider correlation functions in a vacuum state [¢)) = |0). (The
choice of the vacuum state will be discussed below.)

If the vacuum state |0) is determined by a set of mode functions vy (n), the correla-
tion function is given by the formula

. . * k2dk sinkL
O e 2y 00 = [ S5 oulol® 7.)

where L = |x — y]|.
Exercise 7.1
Derive Eq. (7.1) from the mode expansion (6.17).
We can perform a qualitative estimate of the RHS of Eq. (7.1). The main contribu-
tion to the integral comes from wave numbers k ~ L~!, therefore the magnitude of
the correlation function is estimated as

1

(O (1) X (y,m) [0) ~ 2 [oel*, -k~ 7 (7.2)
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7 Quantum fields in de Sitter spacetime

Note that the quantity L in Egs. (7.1)-(7.2) is defined as the difference between the
coordinate values, L = |x —y|, which is not the same as the physically observed
distance L, between these points, L, = a(n)L. The scale L is called the comoving
distance to distinguish it from the physical distance L,,.

7.1.2 Fluctuations of averaged fields

Another way to characterize fluctuations on scales L is to average the field x (x,7)
over a region of size L (e.g. a cube with sides L x L x L). The averaged operator xr,

such as
1
W=z [ R dx
( L3 LxLxXL ( )

can be used to describe measurements of the field x with a device that cannot resolve
distances smaller than L. The amplitude dx 1, () of fluctuations in x,(n) in a quantum
state [¢) is found from

X3 (n) = (W] [xe () [¥) -

A convenient way to describe spatial averaging over arbitrary domains is by using
window functions. A window function for scale L is any function W (x) which is
of order 1 for |x| < L, rapidly decays for |x| > L, and satisfies the normalization
condition

/W (x) d*x = 1. (7.3)

The prototypical example of a window function is the Gaussian window

We () = G ew (5 )

which selects [x| < 1. A given window function can be easily modified to select
another scale, for instance if W, (x) is a window for the scale L, then

L3 L

yields a window that selects the scale L'.
The basic use of window functions is to integrate 1 (x) with an x-dependent quan-
tity f(x). The result is the window-averaged quantity

fr= /f(x)W(x) d*x.

By construction, the main contribution to the averaged quantity f; comes from the
values f(x) at |x| < L. The normalization (7.3) guarantees that a spatially constant
quantity does not change after the averaging.
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7.1 Amplitude of quantum fluctuations

Vacuum fluctuations of a spatially averaged field

We define the averaged field operator x(n) by integrating the product of ¥ (x,7)
with a window function that selects the scale L,

Ro(n) = / &% % (%, 1) Wi, (x).

The amplitude of vacuum fluctuations in x, () can be computed as a function of
L. The calculation is similar to that of Exercise 7.1. It is natural to suppose that the
window function W, (x) is of the form

=5 (3).

where W (x) is a fixed (L-independent) window profile. Then it is convenient to in-
troduce the Fourier image w (k) of this window profile,

w (k) = /dng (x) e,

The function w (k) satisfies w|,_, = 1 and decays rapidly for [k| 2 1. (Self-test
exercise: prove these statements!) It follows that the Fourier image of W, (x) is

/dgx Wy (x)e™™* = w (kL) .

We now use the mode expansion (6.17) for the field operator x (x,7), assuming that
the mode functions vy, (1) are given. After some straightforward algebra we find

. ° 1 [ Pk 2
o | [ exwieas o] o) =5 [ 555 ol o (o).
Since the function w (kL) is of order 1 for |k| < L~! and almost zero for |k| > L7,
we can estimate the above integral as follows,

1 d3k 2 2 L 2 2 1 2
e kL)|” ~ k dk ~ — .
2 / (27’(’)3 |Uk| |w( )l /0 |Uk| L3 |Uk|

Thus the amplitude of fluctuations dx, is (up to a factor of order 1)
ox2 ~ k% |ug|®, where k ~ L™, (7.4)

The results (7.2) and (7.4) coincide, therefore the correlation function at a distance L
and the mean square fluctuation §x?% (for any choice of the window function W) are
both order-of-magnitude estimates of the same characteristic of the field x. We call
this characteristic the amplitude of fluctuations on scales L and denote it by dxr, (7).
This quantity is defined only up to a factor of order 1 and is a function of time 7
and of the comoving scale L. Expressed through the wavenumber k = 2rL~!, the
fluctuation amplitude is usually called the spectrum of fluctuations.
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7 Quantum fields in de Sitter spacetime

ox

~ k372

/

Figure 7.1: A sketch of the spectrum of fluctuations ¢x, in the Minkowski space; L =
2mk~t. (The logarithmic scaling is used for both axes.)

Remark: dependence on window functions. It is clear that the result of averaging over
a domain depends on the exact shape of that domain, and thus the fluctuation amplitude
0x L depends on the particular window profile W (x). However, the qualitative behavior
of dxr. as a function of the scale L is the same regardless of the shape of the window. To
remove the dependence on the window profile, we first perform the calculations with an
arbitrary window W (x). The resulting expression contains a window-dependent factor of
order 1 which is discarded, as we have done in the derivation of Eq. (7.4). The rest is the
window-independent result we are looking for.

7.1.3 Fluctuations in vacuum and nonvacuum states

Intuitively one may expect that quantum fluctuations in an excited state are larger
than those in the vacuum state. To verify this, let us now compute the spectrum of
fluctuations for a scalar field in the Minkowski space.

The vacuum mode functions are vy, (n) = wk_l/Q exp (iwgn), where wi, = Vk? + m2.
So the spectrum of fluctuations in vacuum is

/9 k3/2
oxr(n) =k / luk(n)| = W- (7.5)

This time-independent spectrum is sketched in Fig. 7.1. When measured with a high-
resolution device (small L or large k), the field shows large fluctuations. On the other
hand, if the field is averaged over a large volume (L — o0), the amplitude of fluctua-
tions tends to zero.

Now we consider the (nonvacuum) state |b) annihilated by operators b, which
are related to the initial annihilation operators @,. by Bogolyubov transformations of
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7.2 A worked-out example

the form (6.27). Instead of performing a new calculation, we use the mode expan-
sion (6.26) with the new mode functions uy. The result is the same as Eq. (7.4) with
the mode functions u(n) instead of vy (n):

S = k32 ug ()] = K32 |oawor(n) — Bio(n)] .

Substitution of the expression (4.19) for vy (n) gives

3/2 , 1/2
(b) — k 2 2 _ 2iwgn
OXJ, Ve [|Oék| + Bl — 2Re (o Bre )} : (7.6)

Comparing this result with the spectrum (7.5) in the vacuum state, we obtain

2
(‘”‘(b))
14237 - 2R 2ok 7.7
5 = k e (akﬂke ) ( . )
(0xz)

The oscillating term Re (ay8xe?**") in Eq. (7.7) cannot be ignored in general. How-
ever, if the quantity (7.7) is averaged over a sufficiently long time An > w; !, the
oscillations cancel and the result is simply 1 + 2 |3,|*

This calculation shows that fluctuations in a nonvacuum state are typically larger
than those in the vacuum state. Nevertheless, at a particular time 7 the oscillating

term may be negative and the fluctuation amplitude ¢ Xg)) (n) may be smaller than the
time-averaged value dxr,(7).

7.2 A worked-out example

To illustrate the relation of quantum fluctuations and particle production, we now ex-
plicitly perform the required calculations for a scalar field in a specially chosen FRW
spacetime. To make the computations easier, we choose the effective mass me(7) as
follows,
2
2 [ mg, n<0and n > n;
meff(n) - { _m%, 0< n<n. (78)
In the two regimes 7 < 0 and n > 7, the vacuum states are defined naturally; these
states are called the “in” vacuum |0;,,) and the “out” vacuum |0,,:). We assume that
the field is initially (n < 0) in the “in” vacuum state. Our present goals are:

1. To compute the mean particle number at n > 7;.
2. To compute the mean energy in produced particles.

3. To estimate the amplitude of quantum fluctuations.

We work in the Heisenberg picture where the field x is at all times the “in” vacuum
state. Note that the correct physical vacuum at late times 1 > 7, is the “out” vacuum.
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7 Quantum fields in de Sitter spacetime

Mode functions

The mode functions vy (n) are solutions of the time-dependent oscillator equation
d2
d—nka + wi(n)vx = 0.

The “in” vacuum is described by the standard Minkowski mode functions,

o) = g

Ve
(in)

Atn > 0 the functions v, "’ (7)) are given by more complicated expressions (as we will
see below). The mode functions of the “out” vacuum can be chosen as

n<0. (7.9)

ou 1 i(n— w
v} “(77)*—@6(" Mk >

k

The task at hand is to represent the “in” mode functions at > n; as linear combina-
tions of the “out” mode functions.
Since the frequency wy(n) is discontinuous at n = 0 and = 7, the mode func-

tions v,(cm) (n) and their derivatives must be matched at these points. The resulting
expression is (see Exercise 7.2)

. 1 . .
v](cm) (n) = [azewk(n*m) + ﬂzefwk(n*m)} . >,

N

where the Bogolyubov coefficients oy, (i are given by the formulae

. 2 . 2
B efz(lmn ﬂ n \/@ B 61(2;&71 Wk _ \/@
W=y Q W 4 0 we)

Q. w

1 Qk Wi iQen —iQn 1 k .
= [ ZE TR ) (e ey — — (228 TR Qun).
6k 4 (wk Qk) (6 ¢ ) 2 WE Qk Sln( knl)

Here we have denoted wy, = \/k2 + m?2 and Q;, = /k? — m2.

Exercise 7.2

Consider a real scalar field with the effective mass (7.8). Verify that the mode func-

tions (7.9) are expressed through the “out” mode functions vl(f“t)(n) at n > m1 with the

Bogolyubov coefficients given above.

Particle number density

At late times n > n; the physical vacuum is |0,,) while the field is in the state |0;,,).
Therefore the mean particle number density n; in a mode xx atn > 7, is

sin (771\/k2 — m%)

4 2

m
ng = |Bk|2 = 704|
0

o (7.10)
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7.2 A worked-out example

Note that this expression remains finite at & — my.

We now distinguish two limiting cases: k& > myg (ultrarelativistic particles) and
k < mg (wavelengths much larger than the curvature scale).

When k > myg, one may approximate wy ~ €. Assuming that mon; is not large,
we expand Eq. (7.10) in the small parameter (mg/k) and obtain, after some algebra,

4 5
mgy . m
= s’ (k) + O <k_> |
It follows that n;, < 1; in other words, very few particles are created.

The situation is different for k < mg because 2, = iy/m3 — k? is imaginary and
therefore |sin(7: )| in Eq. (7.10) may become large. Since Q, ~ iwy, we get

Bk & sin (imgn1) = isinh (mon) .

The leading asymptotic of n;, can be found (assuming mon; < 1) as

2
ny = sinh? (mom) [1 +0 (k—2)} . (7.11)
mo
If mgn: > 1, the density of produced particles is exponentially large. In that case,
Eq. (7.11) is valid only when k£ < y/mq/n1, since it is based on the approximation
exp (1 [Q2k]) ~ exp(mom).-

Remark: normalization of Bogolyubov coefficients. In highly excited quantum states,
both || and |Bx| may be large but they still remain normalized by |ax|* — |3]* = 1.

Particle energy density

The energy density in produced particles (after subtracting the zero-point energy) is

g0 = /d?’knkwk = / dk Ank*ng\/ k2 +md. (7.12)
0

Since ny ~ k=% at large k, the above integral logarithmically diverges at the upper
(ultraviolet) limit. This divergence is a consequence of the discontinuity in the fre-
quency wyi(n) and would disappear if we chose a smooth function for wy (7). For the
purposes of qualitative estimation, we may ignore this divergence and assume that
the integral is cut off at some k = knax. For large mgn; > 1, the main contribution to
the integral comes from small k£ < mg for which wy, ~ mg. The value of ny, at these k
is given by Eq. (7.11) and therefore we obtain the following rough estimate,

mo
€o ~ mo/ dk k? exp (2mom) ~ mg exp (2mom) -
0

87



7 Quantum fields in de Sitter spacetime

ox

Figure 7.2: A sketch of the spectrum Jy, after particle creation; L = 27k~!. (The
logarithmic scaling is used for both axes.) The dotted line is the spectrum
in the Minkowski space.

Exercise 7.3*

Derive a more precise asymptotic estimate for 9. Assuming that the integral in Eq. (7.12)
is performed over 0 < k < Kmax, show that for men: > 1 the dominant contribution to
the integral comes from k =~ \/mo/n and then obtain the leading asymptotic

4

€0 X exp (2mom) .

Mo
(mom)*/?

Amplitude of fluctuations
The amplitude of fluctuations at late times 1 > ), is found from Eq. (7.6),
3/2

oxr(n) = f/w—k

) _ 1/2
[1 +2|6,% - 2Re (akﬂkem‘”’“”)} .

This function rapidly oscillates with time 7. After an averaging over time, the value
of o, is of order

k312 A2 [k k> mo
Sx1L ~ 142 ~ Yy '
XL N ( + 216 ) { k3/2m 12 exp (mom), k< mg.

Comparing with the spectrum (7.5) of fluctuations in the Minkowski space, we find
an enhancement by the factor exp (mgn1) on large scales (see Fig. 7.2).
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7.3 Field quantization in de Sitter spacetime

7.3 Field quantization in de Sitter spacetime

The de Sitter spacetime is the solution of the vacuum Einstein equations with a pos-
itive cosmological constant A. This is a cosmologically relevant spacetime in which
(as we shall see) the particle interpretation of field states is usually absent, while the
amplitude of fluctuations is an important quantity to compute.

To describe the geometry of this spacetime, we use the spatially flat metric

ds* = dt* — a*(t)dx> (7.13)
with the scale factor a(t) defined by
a(t) = age!’. (7.14)

The Hubble parameter H = a/a > 0 is a fixed constant. For convenience, we redefine

the origin of time ¢ to set ap = 1, so that a(t) = exp(Ht). The de Sitter spacetime has

a constant four-dimensional curvature characterized by the Ricci scalar R = —12H2.
Remark: derivation of a(t) o« exp(Ht). The de Sitter metric (7.13)-(7.14) can be derived
from the Einstein equation for a universe filled with homogeneous matter with the equa-
tion of state p = —e. The presence of matter with this equation of state is equivalent to a
cosmological constant because the conservation of energy,

de a

— = —3(e - =0

i (e+p) =0,

forces ¢ = const, and then the energy-momentum tensor of matter is
nv

™ = (e + p)ut'u” — pg"” = eg

The 0-0th component of the Einstein equation for a flat FRW spacetime yields the equation
@\’ _ 8nG_
a) 37

a(t) = ap exp <t 87T3G€> = ap exp(Ht),

which has the solution

where
8nGe

3

H =

is the (time-independent) Hubble parameter.

Incompleteness of the coordinates (¢, x)

The coordinates ¢ and x used in the metric (7.13) vary from —oo to +oo and yet do
not cover the entire de Sitter spacetime. To show this, one may consider a timelike
trajectory x(t) of a freely falling observer and compute the observer’s proper time
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7 Quantum fields in de Sitter spacetime

along that trajectory. One finds that the infinite interval (—oo, 0) of the coordinate ¢
corresponds to a finite proper time interval of the moving observer. In a spacetime
without boundaries, an observer should be able to move for arbitrarily long proper
time intervals. Therefore the coordinates (¢,x) cover only a portion of the observer’s
worldline.

Here is an explicit derivation of this result. A freely falling observer moves along a
timelike worldline x(¢) that extremizes the proper time functional 7 [x],

7 [x(t)] = /dt 1 —a?(t)%2.
The variation of the functional 7 [x] with respect to x(t) must vanish, therefore

ot [x(1)] d a?(t)x d
R vl 2 _—— = —p = = t.
ox(t) 0 = o O dtp 0 = p = cons

The integral of motion p is equal to the momentum of a unit-mass observer. The
trajectory x(t) can now be found explicitly. However, we need only the relation

a X" = Lv p= |p| .
p2 + a2
If the observer’s initial velocity is nonzero, x(0) # 0, then p # 0 and it follows that
the proper time 7 elapsed for the observer during the interval —oo < t < 0 is finite:

0
1
To = dt\/1 — a?(t)%x? = / — H 'sinh™! = < .
J W b

An event at the proper time 7 = —7g in the observer’s frame corresponds to the val-
ues t = —oo and |x| = oo; events encountered by the observer at earlier proper times
T < —7p are not covered by the coordinates (¢, x). These coordinates cover only a part
of the whole spacetime as shown in Fig. 7.3. However, the incompleteness of this co-
ordinate system is a benign problem. In cosmological applications, only a relatively
small portion of the de Sitter space (shaded in Fig. 7.3) is used as an approximation
to a certain epoch in the history of the universe. The coordinate system (t, x) is com-
pletely adequate for that task, and the inability to describe events in very distant past
is unimportant. At the same time, a different choice of the coordinate system would
significantly complicate the calculations.

Horizons

Another feature of the de Sitter spacetime—the presence of horizons—is revealed by
the following consideration of trajectories of lightrays. A null worldline x(t) satisfies
a®(t)x%(t) = 1, which yields the solution

1

(1)) = 7 (e — 1)
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7.3 Field quantization in de Sitter spacetime

/ our history

Figure 7.3: A conformal diagram of the de Sitter spacetime. The flat coordinate sys-
tem (t,x) covers only the left upper half of the diagram. Dashed lines are
surfaces of constant .

for trajectories starting at the origin, x(t9) = 0. Therefore all lightrays emitted at the
origin at t = ¢, asymptotically approach the sphere |x| = ryax(to) = H ' exp(—Hty).
This sphere is the horizon for the observer at the origin; the spacetime expands too
quickly for lightrays to reach any points beyond the horizon. Similarly, observers at
the origin will never receive any lightrays emitted at ¢ = ¢, at points x| > 7yax.

It is easy to verify that at any time ¢y the horizon is always at the same proper
distance a(to)rmax(to) = H ! from the observer. This distance is called the horizon
scale.

7.3.1 Quantization of scalar fields

To describe a real scalar field ¢ (x, t) in the de Sitter spacetime, we first transform the
coordinate ¢ to make the metric explicitly conformally flat:

ds* = dt* — a*(t)dx* = a*(n) (dn® — dx?) ,
where the conformal time 1 and the scale factor a(n) are

1 1
n= € ’ a(77) - Hn

The conformal time 1 changes from —oco to 0 when the proper time ¢ goes from —oo
to +o00. (Since the value of 7 is always negative, we shall sometimes have to write |7
in the equations. However, it is essential that the variable 7 grows when ¢ grows, so
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7 Quantum fields in de Sitter spacetime

we cannot choose —7 as the time variable. For convenience, we chose the origin of 7
so that the infinite future corresponds to = 0.)

The field ¢(x,7) can now be quantized by the method of Sec. 6.2. The action for the
scalar field is given by Eq. (5.4) with V (¢) = $m?¢*. We introduce the auxiliary field
X = a¢ and use the mode expansion (6.17)-(6.18) with

" 2
200\ — 1.2 2.2 & 42 m 1
From this expression it is clear that the effective frequency may become imaginary,
ie wi(n) <0,if m? < 2H? In most cosmological scenarios where the early universe
is approximated by a region of the de Sitter spacetime, the relevant value of H is much
larger than the masses of elementary particles. Therefore below we shall assume that
m < H.

7.3.2 Mode functions

When the definition (7.15) of the effective frequency, Eq. (6.18) becomes

2

m 1
vy + [sz — (2 — ﬁ) ?] vy =0, (7.16)

which can be reduced to the Bessel equation (see Exercise 7.4). The general solution
is expressed through the Bessel functions J,, () and Y}, (z),

9 m?2
o) = VR AT (ki) + BYa (k)] n=1/5 - 7.
The normalization of the mode function, Im (v;v;,) = 1, constrains the constants A
and B by
AB*—A*B="
k
Exercise 7.4
Assume that m < H and transform Eq. (7.16) by a change of variables into the Bessel
equation
f  df
2 2 2
s @+s$+(s fn)fZO
which has the general solution

f(s) = Adn(s) + BYn(s),

where A and B are constants. Use the asymptotics of the Bessel functions J,, (s), Yx(s) at
large and small s to determine the asymptotics of the mode functions vy (n) for k |n| > 1
and k |n| < 1.
In the preceding exercise, the asymptotics of the mode functions vy (n) at very early
and very late times were obtained from the Bessel functions. This can also be done
using the following elementary considerations.
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7.3 Field quantization in de Sitter spacetime

At very early times (large negative 1)), we may neglect =2 and approximately set
wy ~ k. This is the same as the short-distance limit considered in Sec. 6.3.3. The
approximation is valid when

"

1

~ —,

Ui

a
k2> |— —m?%a®
a

In this limit the field modes X are not significantly affected by gravity. The vacuum
is defined as in the Minkowski space, with the mode functions

L
v ~—e",  kinl > 1. 7.17
k() 7 [l (7.17)
At very late times (1 — 0) the term k? becomes negligible and we obtain

m2\ 1

It follows that for small masses, m < H, the frequency wy, is imaginary. The equation

for the mode functions is
m2 1

This equation is homogeneous in 7, so the general solution can be written as

ve(n) = Aln|™ + Bn|™, kn| <1, (7.18)

1 9 m? 1
=-+y/o-2 -1
M2=5 1 @2 27"

The dominant asymptotic at late times (n — 0) is the term with the larger negative
exponent,

where

v(n) ~ Bn|™*.

We found that the asymptotic forms of the mode functions depend on the value of
k|n|. A wave with the wave number k has the comoving wavelength L ~ k' and
the physical wavelength L, = a(n)L, therefore

RIS o
" Tem =~ L,

This suggests the following physical interpretation of the parameter & |7)|. Large val-
ues of k|n| correspond to wavelengths which are much shorter than the horizon
distance H~! at time 7 (the subhorizon modes). These modes are essentially unaf-
fected by the curvature of the spacetime. On the other hand, small values of k |7
correspond to physical wavelengths L, > H ™' stretching far beyond the horizon.
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7 Quantum fields in de Sitter spacetime

These superhorizon modes are significantly affected by gravity. A mode with co-
moving wavenumber k is subhorizon at early times and becomes superhorizon at a
k-dependent time 7 = 7, at which the physical wavelength L, is equal to the horizon
scale, i.e. k|ni| = 1. The time n = 7 is conventionally referred to as the moment
of horizon crossing for the mode yx. Note that the existence of horizon crossing is
due to an accelerated expansion of the de Sitter spacetime (i > 0); there would be no
horizon crossing if the expansion were decelerating (i < 0).

7.3.3 The Bunch-Davies vacuum

Quantum fields in the de Sitter spacetime have a preferred vacuum state which is
known as the Bunch-Davies (BD) vacuum, defined essentially as the Minkowski vac-
uum in the early-time limit (1 — —o0) of each mode.

Before introducing the BD vacuum, let us consider the prescription of the instan-
taneous vacuum defined at a time n = 1. If we had w}(n9) > 0 for all &, this pre-
scription would yield a well-defined vacuum state. However, since m < H, there
always exists a small enough £ such that k|ny| < 1 and thus wi(no) < 0. It was
shown in Sec. 6.3.2 that the energy in a mode yx cannot be minimized when w? < 0.
Therefore the instantaneous energy prescription cannot define a vacuum state of the
entire quantum field (for all modes) but only for the modes xx with k& || 2 1, i.e. for
the subhorizon modes at 7 = ng. This “partial” definition of the vacuum is adequate
if the time 7 is chosen to be sufficiently early such that all observationally relevant
modes yx are subhorizon at = 7.

The motivation for introducing the BD vacuum state is the following. The effective
frequency wy(n) becomes constant in the early-time limit » — —oo, and thus each
mode yx has a strongly adiabatic regime in that limit (see Sec. 6.3.4 for a discussion of
adiabatic regimes). Physically, the influence of gravity on each mode x is negligible
at sufficiently early (k-dependent) times. So it is natural to define the mode func-
tions vy () by applying the Minkowski vacuum prescription in the limit n — —oo,
separately for each mode yi. This prescription can be expressed by the asymptotic
relations . ,

ve(n) — \/—w_kew’“”, SZ—EZ; — wg, as n — —oo. (7.19)
The vacuum state determined by the mode functions vy (n) satisfying Eq. (7.19) is
called the Bunch-Davies vacuum. From the result of Exercise 7.4 we can read the

mode functions of the BD vacuum,
) =\ ) = i, ()], =y - 2 (720)
Ve\N) = B n n 1rn n, n 1 H? .

The Bunch-Davies vacuum prescription has important applications in cosmology.
The de Sitter spacetime approximates the inflationary stage of the evolution of the
universe. However, this approximation is valid only for a certain time interval, for
instance 7; < 1 < 7y, while at earlier times, n < 7;, the spacetime is not de Sitter.
Therefore the procedure of imposing the adiabatic conditions at earlier times 1 < #;
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7.4 Evolution of fluctuations

cannot be justified, and the BD vacuum state can be used only for modes xx such
that k|n;| > 1. The modes xx with k|n;| < 1 were superhorizon at n = n; and
their quantum states are determined by the evolution of the spacetime at n < 7;.
Unless this evolution is known, one should refrain from making predictions about
the quantum state of those modes.

Remark: interpretation of superhorizon modes. For m < H, all modes xx with k || < 2
have imaginary effective frequencies wy(n) at time n. Hence, quantum states of these
superhorizon modes do not have a particle interpretation. However, field modes with
superhorizon wavelengths are real and their influence can be quantitatively investigated,
for instance, by computing the spectrum of fluctuations. This is another illustration of the
fact that field observables such as (0| ¢(z)¢(y) |0) are more fundamental than a description
of quantum states in terms of particles.

7.4 Evolution of fluctuations

We now study the fluctuation amplitude d¢r,(n) in the BD vacuum state as a function
of time 7 and scale L.

According to the formula (7.4), the amplitude of fluctuations is determined by abso-
lute values of the mode functions. Up to now we have been mostly working with the
auxiliary field ¥(z) = a¢(z). The mode expansion for ¢(z) is simply a~' (1) times the
mode expansion for . Therefore, the mode functions of the field ¢ are a~*(n)vx (n),
where vy (n) are the mode functions of the field x, and the amplitude of fluctuations
of ¢ on a comoving scale L is

Sor(n) =a (k> lue(n)|, k=L7" (7.21)

To compute the time dependence of the fluctuations, we could use the exact expres-
sion (7.20). However, the correct order or magnitude of the mode function vy (n) can
be found without cumbersome calculations.

Evolution of mode functions

The mode functions (7.20) describing the BD vacuum possess the asymptotic forms
(7.17) and (7.18). We assume that the earliest available time is 7; and do not consider
modes with k |n;| < 2; their quantum state is considered to be unknown.

For a mode xx with a wavelength which at n = 7; was much smaller than the
horizon so that k |n;| > 1, the adiabatic regime lasts from 7, until the horizon crossing
time 7y, such that k|n;| ~ 1. Therefore within the time interval n; < n < n; the BD
mode function is approximately equal to the Minkowski mode function,

1 . 1
vk (n) = ﬁedm, m <<y = (7.22)
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7 Quantum fields in de Sitter spacetime

|
il

Figure 7.4: The imaginary part of the mode function a~'vj(n) for the Bunch-Davies

vacuum (massless field). The time 7 is plotted in logarithmic scale. The
magnitude of fluctuations is constant at late times.

At n = n;, we match the asymptotic solution (7.18) to this function and find
n n2

s N> Nk,

() ~ Ay 1+Bl‘"
v ~ r— _— | —
K k\/E k\/Enk

where the coefficients A, and Bj, must be both of order 1 to match the value and the
derivative of vy (7). (Exact expressions for Ay and By, are not needed for the present
estimate.) Finally, for % [n| < 1 the term multiplied by Ay, is negligible, therefore

A
Nk

1
PR 9 m2 .

ok () ~ —=

Vk

The mode functions of the field ¢ are a~'vy, and at late times (k In| < 1) we have

A
Tk

_ 3/2—n
a~ op(n) o< |nlvk(n) o [n]2".

For m < H, Eq. (7.23) gives n =~ 2 and it follows that the mode function a v (n)
tends to a constant at late times. The exact mode function for m = 0 is plotted in

Fig. 7.4 where one can see the transition from the oscillatory regime at early times to
the late-time behavior.

Spectrum of fluctuations

Now we can compute the amplitude of fluctuations according to Eq. (7.21). The
asymptotic forms (7.22)-(7.23) of the Bunch-Davies mode functions yield the corre-
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Figure 7.5: The asymptotic regimes of 6¢, (left) from Eq. (7.24) and d¢ 1, (right) from
Eq. (7.25). Question marks indicate undetermined spectra.

sponding asymptotic estimates of d¢r,(n) in various regimes of L and #:

unknown, n<mn; or L 2 |n;
Spr(n) =4 H !L‘ln\é/Q_L <[nl <|m| (regimeI); (7.24)
] ", L>|n (regimeTI).

By assumption m < H, therefore 3/2 — n is a small positive number,

3_,.3_ 8. m _1m® o (m'
2 "T2 Vi H T 3E? HY)"
The relevant domains of the (1, L) plane are shown in Fig. 7.5, left.

It is useful to express the function d¢r, () through the physical distance L, = a(n)L
measured at time 7), instead of the comoving scale L. We find a simpler set of results,

unknown, n<mn; or L, 2> H*l%;
6o, (n) = Ly, L,<H™!' (regimel); (7.25)
H|L,H|"™? L, >H (regimell).

As a function of the physical length L,, the fluctuation spectrum is independent of the
time 7 and only the domain of applicability of the “regime II” moves with n toward
larger scales (see Fig. 7.5, right).

The fluctuation spectrum ¢, , (7)) at a fixed time 1 can be visualized using Eq. (7.25).
The spectrum for L, < H~! is the same as in the Minkowski spacetime, while for su-
perhorizon scales L, > H~! the spectrum becomes almost flat (scale-invariant) and
shows much larger fluctuations than the Minkowski spacetime spectrum, §¢ ~ L
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oo

regime I | regime II

H-1 Liax Ly

Figure 7.6: The fluctuation amplitude ¢y, (n) as function of L, at fixed time 7. The
dashed line shows the amplitude of fluctuations in the Minkowski space-
time. (The logarithmic scaling is used for both axes.)

(see Fig. 7.6). The growth of fluctuations is due to the influence of gravity on the su-
perhorizon modes of the field qg Beyond the scale Ly.x = H -1 17771 the quantum state
of the field is unknown.

The scale Lyax grows with time as Lax ~ exp(Ht), so the region L,, > Lax where
the spectrum is unknown quickly moves toward extremely large scales. We can there-
fore picture the evolution of the spectrum as a gradual “ironing” of unknown fluctua-
tions into the almost flat regime H ! < L, < Ly,ax. At sufficiently late times, fluctua-
tions on all cosmologically interesting scales are independent of the initial conditions
at n = n; and coincide with the fluctuations in the Bunch-Davies vacuum state. We
find that the effect of the de Sitter expansion is to bring an arbitrary initial quantum
state into the Bunch-Davies vacuum state at late times.

The growth of quantum fluctuations is used in cosmology to explain the formation
of large-scale structures (galaxies and clusters of galaxies) in the early universe. The
theory of cosmological inflation assumes the existence of a de Sitter-like epoch dur-
ing which quantum fluctuations of the fields were amplified and at the same time all
information about previous quantum states was moved to unobservably large scales.
The resulting large quantum fluctuations act as seeds for the inhomogeneities of en-
ergy density, which then grow by gravitational collapse and eventually cause the for-
mation of galaxies. This theory is a practical application of QFT in curved spacetime
to astrophysics.
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8 The Unruh effect

Summary: Uniformly accelerated motion. The Rindler spacetime in 1+1
dimensions. Quantization of massless scalar field. The Rindler and the
Minkowski vacua. Density of particles. The Unruh temperature.

The Unruh effect predicts the detection of particles in vacuum by an accelerated ob-
server. In this chapter we consider the simplest case when the observer moves with
a constant acceleration through the Minkowski spacetime. Even though the field is
in the vacuum state, the observer finds a distribution of particles characteristic of a
thermal bath of blackbody radiation.

8.1 Kinematics of uniformly accelerated motion

First we consider the trajectory of an object moving with a constant acceleration in
the Minkowski spacetime. A model of this situation is a spaceship with an infinite
energy supply and a propulsion engine that exerts a constant force (but moves with
the ship). The resulting motion of the spaceship is such that the acceleration of the
ship in its own frame of reference (the proper acceleration) is constant. This is the
natural definition of a uniformly accelerated motion in a relativistic theory. (An object
cannot move with dv/dt = const for all time because velocities must be smaller than
the speed of light, |v| < 1.)

We now introduce the reference frames that will play a major role in our consider-
ations: the laboratory frame, the proper frame, and the comoving frame. The labo-
ratory frame is the usual inertial reference frame with the coordinates (¢, z, y, z). The
proper frame is the accelerated system of reference that moves together with the ob-
server; we shall also call it the accelerated frame. The comoving frame defined at a
time ¢ is the inertial frame in which the accelerated observer is instantaneously at rest
att = to. (Thus the term comoving frame actually refers to a different frame for each
to.)

By definition, the observer’s proper acceleration at time ¢ = ¢y is the 3-acceleration
measured in the comoving frame at time #o. We consider a uniformly accelerated
observer whose proper acceleration is time-independent and equal to a given 3-vector
a. The trajectory of such an observer may be described by a worldline z#(7), where
T is the proper time measured by the observer. The proper time parametrization
implies the condition

utu, =1, w''=—. (8.1)

99



8 The Unruh effect

It is a standard result that the 4-acceleration in the laboratory frame,

dut A2zt
at = — =

dr — dr?’

is related to the three-dimensional proper acceleration a by
ata, = — la|®. (8.2)

Derivation of Eq. (8.2). Let u”(7) be the observer’s 4-velocity and let ¢. be the time vari-
able in the comoving frame defined at 7 = 7o; this is the time measured by an inertial
observer moving with the constant velocity u*(79). We shall show that the 4-acceleration
a*(7) in the comoving frame has components (0,a', a*,a”), where a’ are the components
of the acceleration 3-vector a = d”x/dt? measured in the comoving frame. It will then
follow that Eq. (8.2) holds in the comoving frame, and hence it holds also in the laboratory
frame since the Lorentz-invariant quantity a”a, is the same in all frames.

Since the comoving frame moves with the velocity v (70), the 4-vector " (7o) has the
components (1,0, 0, 0) in that frame. The derivative of the identity v* (7)u,(7) = 1 with
respect to 7 yields a*(7)u,(7) = 0, therefore a”(79) = 0 in the comoving frame. Since
dte = u®(7)dr and u® (9) = 1, we have

a1 d {1 dx“] Pt dat d 1

A2~ wOdr (w0 dr | dr2 T dr drud

It remains to compute

—2 du®

d 1 .
):—[u (To)] I

dr u0 (7o

= _ao (TO) = 07

T=Tg

and it follows that d*z* /dr* = d*az* /dt? = (0,a',a”, a®) as required. (Self-test question:
why is a" = du” /dT # 0 even though u" = (1,0, 0,0) in the comoving frame?)

We now derive the trajectory z*(7) of the accelerated observer. Without loss of
generality, we may assume that the acceleration is parallel to the = axis, a = (a,0,0),
where ¢ > 0, and that the observer moves only in the « direction. Then the coordi-
nates y and z of the observer remain constant and only the functions x(7), ¢(7) need to
be computed. From Egs. (8.1)-(8.2) it is straightforward to derive the general solution

1 1 1
x(r) =29 — — + —coshar, (1) =ty9+ —sinhar. (8.3)
a a a
This trajectory has zero velocity at 7 = 0 (which implies x = o, t = tg).

Derivation of Eq. (8.3). Since a* = du" /dt and w? =u® =0, the components u?, ut of the
velocity satisfy

7N
o | &
ﬂ‘ﬁo
~—
[ V]
|
7N
‘&
s
~—
[ V]
Il
|
Q
QNJ
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8.1 Kinematics of uniformly accelerated motion

We may assume that uo > 0 (the time 7 grows together with ¢) and that du' /dr > 0, since
the acceleration is in the positive  direction. Then

1
W =1 ) G a1 ),
The solution with the initial condition «*(0) = 0 is
1 dx . 0 dt
= — = h = — = har.
u (7) -, = sinhat, v () 7, = coshat

After an integration we obtain Eq. (8.3).

The trajectory (8.3) has a simpler form if we choose the initial conditions z(0) = a™*

and #(0) = 0. Then the worldline is a branch of the hyperbola z? — t* = a2 (see
Fig. 8.1). At large |t| the worldline approaches the lightcone. The observer comes in
from z = +o0, decelerates and stops at x = a~!, and then accelerates back towards
infinity. In the comoving frame of the observer, this motion takes infinite proper time,
from 7 = —oco to 7 = +o0.

From now on, we drop the coordinates y and z and work in the 1+1-dimensional
spacetime (t, x).

8.1.1 Coordinates in the proper frame

To describe quantum fields as seen by an accelerated observer, we need to use the
proper coordinates (1, &), where 7 is the proper time and ¢ is the distance measured
by the observer. The proper coordinate system (7, {) is related to the laboratory frame
(t,x) by some transformation functions 7(¢, z) and £(¢, ) which we shall now deter-
mine.

The observer’s trajectory ¢(7), z(7) should correspond to the line { = 0in the proper
coordinates. Let the observer hold a rigid measuring stick of proper length &, so
that the entire stick accelerates together with the observer. Then the stick is instanta-
neously at rest in the comoving frame and the far endpoint of the stick has the proper
coordinates (7,&y) at time 7. We shall derive the relation between the coordinates
(t,z) and (r,¢) by computing the laboratory coordinates (¢, z) of the far end of the
stick as functions of 7 and &.

In the comoving frame at time 7, the stick is represented by the 4-vector S?c om) =
(0, &o) connecting the endpoints (7,0) and (7, §). This comoving frame is an inertial
system of reference moving with the 4-velocity u*(7) = dz* /dr. Therefore the coor-
dinates s‘(‘lab) of the stick in the laboratory frame can be found by applying the inverse

Lorentz transformation to the coordinates s‘(‘c om)*

S?lab) _ 1 ( 1w ) Sgcom) _ ( U(l) U(l) ) Sgcom) _ |: u(l)é :|

5 (1ab) Vi—02\v 1 5 (com) uou 5 (com) u¢ |’
where v = u!/u" is the velocity of the stick in the laboratory system. The stick is
attached to the observer moving along z*(7), so the proper coordinates (7,&) of the
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8 The Unruh effect

Figure 8.1: The worldline of a uniformly accelerated observer (proper acceleration
a = |a|) in the Minkowski spacetime. The dashed lines show the light-
cone. The observer cannot receive any signals from the events P, () and
cannot send signals to R.
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8.1 Kinematics of uniformly accelerated motion

far end of the stick correspond to the laboratory coordinates

0 0 0 dzl(T)

t(T, é-) =X (T) + S(lab) =T (T) + dr 6, (84)
1 1 1 dz” (1)

2(1,8) =2 (7) + Sy = @ (7) + i 13 (8.5)

Note that the relations (8.4)-(8.5) specify the proper frame for any trajectory 2%!(7) in
the 1+1-dimensional Minkowski spacetime.

Now we can substitute Eq. (8.3) into the above relations to compute the proper
coordinates for a uniformly accelerated observer. We choose the initial conditions
z%(0) = 0, 21 (0) = o~ for the observer’s trajectory and obtain

Hr€) = X *aaf sinh ar, (8.6)
2(r€) = & *aaf cosh ar. (8.7)
The converse relations are
T(t,x) = 2—1(11 ii—i,

The horizon

From Egs. (8.6)-(8.7) it can be seen that the coordinates (7,¢) vary in the intervals
—0 < 7 < 40 and —a! < £ < 4o0. In particular, for £ < —a~! we would
find 0t/01 < 0, i.e. the direction of time ¢ would be opposite to that of 7. One can
verify that an accelerated observer cannot measure distances longer than a~! in the
direction opposite to the acceleration, for instance, the distances to the events P and
@ in Fig. 8.1. A measurement of the distance to a point requires to place a clock
at that point and to synchronize that clock with the observer’s clock. However, the
observer cannot synchronize clocks with the events P and ) because no signals can
be ever received from these events. One says that the accelerated observer perceives
a horizon at proper distance a1

The coordinate system (8.6)-(8.7) is incomplete and covers only a “quarter” of the
Minkowski spacetime, more precisely, the subdomain = > [t| (see Fig. 8.2). This
is the subdomain of the Minkowski spacetime accessible to a uniformly accelerated
observer. For instance, the events P, (), R cannot be described by (real) values of =
and &. The past lightcone © = —t corresponds to the proper coordinates 7 = —oo
and ¢ = —a~'. The observer can see signals from the event R, however these signals
appear to have originated not from R but from the horizon ¢ = —a~! in the infinite
past T = —o0.

Another way to see that the line £ = —a ™" is a horizon is to consider a line of
constant proper length £ = & > —a™'. It follows from Egs. (8.6)-(8.7) that the line

1
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8 The Unruh effect

¢ = & is a trajectory of the form z? — t? = const with the proper acceleration

1 -1
w = —=—= = (o +a”
= (6o +a™)
The observer cannot hold a rigid measuring stick longer than a~! because the point
¢ = —a~! of the stick would have to move with an infinite proper acceleration, which

would require an infinitely large force and is thus impossible.

8.1.2 The Rindler spacetime
The Minkowski metric in the proper coordinates (7, &) is
ds* = dt? — daz* = (1 + a&)*dr? — d€?. (8.8)

The spacetime with this metric is called the Rindler spacetime. The curvature of the
Rindler spacetime is everywhere zero since it differs from the Minkowski spacetime
merely by a change of coordinates.
Exercise 8.1
Derive the metric (8.8) from Egs. (8.6)-(8.7).
To develop the quantum field theory in the Rindler spacetime, we first rewrite the
metric (8.8) in a conformally flat form. This can be achieved by choosing the new

spatial coordinate ¢ such that d¢ = (1+ag )d€, because in that case both dr2 and d€2
will have a common factor (1 + a&)?. The necessary replacement is therefore

ISH N

£==In(1 + a&).

Since the proper distance ¢ is constrained by ¢ > —a™!, the conformal distance 3
varies in the interval —oco < £ < +00. The metric becomes

ds® = 2% (dr? — dé?). (8.9)
The relation between the laboratory coordinates and the conformal coordinates is

t(r, &) = a~1e® ginh ar, (T, 5) = a~1e% coshar. (8.10)

8.2 Quantum fields in the Rindler spacetime

The goal of this section is to quantize a scalar field in the proper reference frame of
a uniformly accelerated observer. To simplify the problem, we consider a massless
scalar field in the 1+1-dimensional spacetime. All physical conclusions will be the
same as those drawn from a four-dimensional calculation.

The action for a massless scalar field ¢(¢, x) is

1
St =3 [ 960,05
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8.2 Quantum fields in the Rindler spacetime

R

Figure 8.2: The proper coordinate system of a uniformly accelerated observer in the
Minkowski spacetime. The solid hyperbolae are the lines of constant
proper distance &; the hyperbola with arrows is ¢ = 0, or z? — ? = a™ 2
The lines of constant 7 are dotted. The dashed lines show the lightcone
which corresponds to ¢ = —a~!. The events P, Q, R are not covered by
the proper coordinate system.
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8 The Unruh effect

Here 2+ = (t, z) is the two-dimensional coordinate. It is easy to see that this action is
conformally invariant: indeed, if we replace

Jap — gaﬁ = Q2(t, :E)gaﬁa

then the determinant \/—g and the contravariant metric are replaced by

V=g— /=g, ¢*" — Qg (8.11)

so the factors 2 cancel in the action. Therefore the minimally coupled massless scalar
field in the 1+1-dimensional Minkowski spacetime is in fact conformally coupled. The
conformal invariance causes a significant simplification of the theory in 1+1 dimen-
sions. (Note that a minimally coupled massless scalar field in 3+1 dimensions is not
conformally coupled!)

In the laboratory coordinates (¢, x), the action is

S[¢] = 1/ [(3t¢)2 - ((9z¢)2 dtdz.

2
In the conformal coordinates, the metric (8.9) is equal to the flat Minkowski metric
multiplied by a conformal factor Q%(7, ) = exp(2a&). Therefore, due to the conformal
invariance, the action has the same form in the coordinates (7, &):

1 -
st = 5 [ [(@0)" - @e] ar dé.
The classical equations of motion in the laboratory frame and in the accelerated
frame are
P¢ 0% _ P ¢ _

@ oY e e Y

with the general solutions

o(t,x) = A(t —2) + B(t +2), ¢(1,€) = P(r = &) + Q1 + ).

Here A, B, P, and ( are arbitrary smooth functions. Note that a solution ¢(t, x)

representing a certain state of the field will be a very different function of 7 and &.

8.2.1 Quantization

We shall now quantize the field ¢ and compare the vacuum states in the laboratory
frame and in the accelerated frame.

The procedure of quantization is formally the same in both coordinate systems
(t,z) and (7, €). The mode expansion in the laboratory frame is found from Eq. (4.17)
with the substitution wy, = |k|:

. oo dk 1 ltgi elt—i
d)(t,l‘):/ [671|k|t+zk1d;+ez|k\t71kmdz ) (812)

—eo (2m)12 . /2]K]
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8.2 Quantum fields in the Rindler spacetime

The normalization factor (27)'/? is used in 1+1 dimensions instead of the factor (27)3/2
used in 3+1 dimensions. The creation and annihilation operators a;° defined by
Eq. (8.12) satisfy the usual commutation relations and describe particles moving with
momentum £ either in the positive = direction (£ > 0) or in the negative = direction
(k <0).

Remark: the zero mode. The mode expansion (8.12) ignores the k = 0 solution, ¢(t,z) =

co + cit, called the zero mode. Quantization of the zero mode in the 1+1-dimensional

spacetime is a somewhat complicated technical issue. However, the zero mode does not

contribute to the four-dimensional theory and we ignore it here.

The vacuum state in the laboratory frame (the Minkowski vacuum), denoted by

|0ar), is the zero eigenvector of all annihilation operators a,,

ay |0ar) =0 forall k.

The mode expansion in the accelerated frame is quite similar to Eq. (8.12),

<

~ ~ +OO . . = A . . = A
(7_75) :/ ( dk 1 [efz\k\'wﬂkgb;Jrez\k\‘rfzkfb;- ) (813)

)2 2R

Note that the mode expansions (8.12) and (8.13) are decompositions of the operator
¢(x, 1) into linear combinations of two different sets of basis functions with operator-
valued coefficients ai and b. So it is to be expected that the operators @i and b;" are
different, although they satisfy similar commutation relations.

The vacuum state in the accelerated frame |0z) (the Rindler vacuum) is defined by
b, [0g) =0 forall k.

Since the operators l;k differ from ay, the Rindler vacuum |0g) and the Minkowski
vacuum |0p) are two different quantum states of the field ¢3

At this point, a natural question to ask is whether the state |0a/) or |0g) is the
“correct” vacuum. To answer this question, we need to consider the physical inter-
pretation of the states |057) and |Og) in a particular (perhaps imaginary) physical ex-
periment. In Sec. 6.3.2 we discussed a hypothetical device for preparing the quantum
field in the lowest-energy state. If mounted onto an accelerated spaceship, the device
will prepare the field in the quantum state [0z). All observers moving with the ship
would agree that the field in the state |0z) has the lowest possible energy, while the
Minkowski state |057) has a higher energy. Thus a particle detector which remains at
rest in the accelerated frame will register particles when the field is in the state [0x/).
However, in the laboratory frame the state with the lowest energy is |057) and the
state |0r) has a higher energy. Therefore, if the field is in the Rindler state |0z) (the
vacuum prepared inside the spaceship), it will appear to be in an excited state when
examined by observers in the laboratory frame.

Neither of the two vacuum states is “more correct” if considered by itself, without
regard for realistic physical conditions in the universe. Ultimately the choice of vac-
uum is determined by experiment: the correct vacuum state must be such that the
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8 The Unruh effect

theoretical predictions agree with available experimental data. In an inertial refer-
ence frame in the Minkowski spacetime, we observe empty space that does not create
any particles by itself. By virtue of this observation, we are justified to assume that
fields in the empty Minkowski spacetime are in the vacuum state |0,,) and that any
excitations in the field modes are always due to external sources. In particular, an
accelerated observer moving through empty space will encounter fields in the state
|0as) and therefore will detect particles. This detection is the manifestation of the
Unruh effect.

The rest of this chapter is devoted to a calculation relating the Minkowski frame
operators d; to the Rindler frame operators b through the appropriate Bogolyubov
coefficients. This calculation will enable us to express the Minkowski vacuum as a su-
perposition of excited states built on top of the Rindler vacuum and thus to compute
the probability distribution for particle occupation numbers observed in the acceler-
ated frame.

8.2.2 Lightcone mode expansions

It is convenient to introduce the lightcone coordinates’

u=t—x, v=t+ x; uET—é,’UET—I—é.

The relation between the laboratory frame and the accelerated frame has a simpler
form in lightcone coordinates: from Eq. (8.10) we find

U=—a"te ™, T=ate", (8.14)

so the metric is
ds® = diudv = e*"~ " du dv.

The field equations and their general solutions are also expressed more concisely in
the lightcone coordinates:

0? o o
5250 (u,9) =0, ¢(u,v)=A(u)+ B(v);
82
M¢(%“) =0, oé(u,v)=Pu)+Q(v). (8.15)

The mode expansion (8.12) can be rewritten in the coordinates @, v by first splitting
the integration into the ranges of positive and negative %,

0
2 dk 1 iktike n— | —ikt—ika
f,ZE — ez +1 wa + e 7 7 zaJ’r
ot ) /_OO (2m)1/2 | /2 || [ k k}

oo dk 1 —ikt4ikz a— | _ikt—ikz A+
* o (2m)/2 ok [e a e ag ]

IThe chosen notation (u, v) for the lightcone coordinates in a uniformly accelerated frame and (4, o) for
the freely falling (unaccelerated) frame will be used in Chapter 9 as well.
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8.2 Quantum fields in the Rindler spacetime

Then we introduce w = |k| as the integration variable with the range 0 < w < +oc0
and obtain the lightcone mode expansion

Qg(* 5 /-l-oo dw 1 [ —iwlg =y Wit o —iwDg— o+ w5+ ] (8.16)
,0) = —_— e a, +e“tal +e e“rar . .
ARCTS e

Lightcone mode expansions explicitly decompose the field ¢ (@, %) into a sum of
functions of @ and functions of v. This agrees with Eq. (8.15) from which we find

that A () is a linear combination of the operators a2 with positive momenta w, while
B () is a linear combination of a* , with negative momenta —w:

¢ (u,0) = A(a) + B (v);
A= e dw 1 — Wl A — [IBLTIEN
A(U):/O WE [6 anre a:}_},
L oo dw 1
B ('U) :/0 (271')1/2 \/T_UJ [

The lightcone mode expansion in the Rindler frame has exactly the same form ex-
cept for involving the coordinates (u, v) instead of (@, ©). We use the integration vari-
able 2 to distinguish the Rindler frame expansion from that of the Minkowski frame,

— WV A — wv A+
e a_, t+e a_w] .

$(u,v) = Plu) + Q()

/ 2 1/2 Q[_m“b?z+€“’“b$+e‘“’”bisz+e""”big- (8.17)

As before, P(u) is expanded into operators b with positive momenta Q and Q(v)

into the operators b*, with negative momenta —. (Note that in all lightcone mode
expansions, the variables w and €2 take only positive values.)

8.2.3 The Bogolyubov transformations

The relation between the operators 4T, and Big, which we shall presently derive, is a
Bogolyubov transformation of a more general form than that considered in Sec. 6.2.2.
Since the coordinate transformation (8.14) does not mix v and v, the identity

d(u,v) = A(u(u)) + B (0(v)) = P(u) + Q(v)

entails two separate relations for u and for v,

A(a(w)) = Pu), B (2(v)) = Q(v).
Comparing the expansions (8.16) and (8.17), we find that the operators ¢ with posi-
tive momenta w are expressed through b3 with positive momenta ©, while the oper-

+

ators a*, are expressed through negative-momentum operators b~,. In other words,
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8 The Unruh effect

there is no mixing between operators of positive and negative momentum. The rela-
tion A (@) = P(u) is then rewritten as

. T dw 1 - -
A 7)) — 7zqu7+ WU A+
(1) /0 7(271_)1/2 —m [e a, +e aw}
T4 1
—P(u) = L
W=/ @yEvm

Here @ is understood to be the function of u given by Eq. (8.14); both sides of Eq. (8.18)
are equal as functions of w.

We can now express the positive-momentum operators aZ;
nations of b3. To this end, we perform the Fourier transform of both sides of Eq. (8.18)
in u. The RHS yields

|7 b + ey (8.18)

as explicit linear combi-

T du g A 1 by, Q>0;
—— M P(u) = ———=1{ ¥ ’ 8.19
/_OO V2 () V219 | b 2<0. (8.19)

(The Fourier transform variable is denoted also by (2 for convenience.) The Fourier
transform of the LHS of Eq. (8.18) yields an expression involving all 4%,

+oo du O 3 0w +oo du o o o o
ez uA ) = - ez u—zwud; +€z u+zwud:
—oo V2T @ /0 V2w J 0o 27r[ ]
< dw
= — [F(w, V), + F(~w,Q)at], 8.20
| 7o [F. i + Fw, 0] (8.20)
where we introduced the auxiliary function?
oo du - oo g
F(w,Q) = / A giu—iwa _ / o exp {zﬂu + igefa“} . (8.21)
Lo 2m oo 2T a

Comparing Egs. (8.19) and (8.20) restricted to positive €2, we find that the relation
between at and by is of the form

bg = / dw [awoay, + Buodl] (8.22)
0

where the coefficients a,, and 3, are

Q [Q
QO = \/;F(wv Q)a ﬂwQ = ;F(*W, Q)a w > 07 Q>0 (823)

2Because of the carelessly interchanged order of integration while deriving Eq. (8.20), the integral (8.21)
diverges at u — +o00 and the definition of F'(w, 2) must be understood in the distributional sense. In
Appendix A.3 it is shown how to express F'(w, ) through Euler’s gamma function, but we shall not
need that representation.
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8.2 Quantum fields in the Rindler spacetime

The operators b, can be similarly expressed through &= using the Hermitian conju-
gation of Eq. (8.22) and the identity

F*(w,Q) = F(—w, —Q).

The relation (8.22) is a Bogolyubov transformation that mixes creation and annihi-
lation operators with different momenta w # . In contrast, the Bogolyubov trans-
formations considered in Sec. 6.2.2 are “diagonal,” with o and f.q proportional to
d(w — Q).

The relation between the operators 4=

—w

and b%, is obtained from the equation

B (7) = Q(v). We omit the corresponding straightforward calculations and concen-
trate on the positive-momentum modes; the results for negative momenta are com-
pletely analogous.

General Bogolyubov transformations

We need to briefly consider the properties of general Bogolyubov transformations,

—+oo
bg = / dw [awoiy, + Buadl] . (8.24)
— 00
The relation (8.22) is of this form except for the integration over 0 < w < +o0 which
is justified because the only nonzero Bogolyubov coefficients are those relating the
momenta w, {2 of equal sign, i.e. «_,, o = 0 and f_,, o = 0. But for now we shall not
limit ourselves to this case.
The relation for the operator b, is the Hermitian conjugate of Eq. (8.24).
Remark: To avoid confusion in the notation, we always write the indices w, 2 in the Bo-
golyubov coefficients in this order, i.e. aw,o, but never aq. . In the calculations throughout
this chapter, the integration is always over the first index w corresponding to the momen-
tum of a-particles.

Since the operators a2, b satisfy the commutation relations

lag.al,] = d(w—w'), [bg,bh]=08(Q—Q), (8.25)

W w

the Bogolyubov coefficients are constrained by

+oo
This is analogous to the normalization condition |y |* — |fk|* = 1 we had earlier.

Exercise 8.2
Derive Eq. (8.26).

Note that the origin of the § function in Eq. (8.25) is the infinite volume of the entire
space. If the field were quantized in a finite box of volume V, the momenta w and €2
would be discrete and the § function would be replaced by the ordinary Kronecker
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8 The Unruh effect

symbol times the volume factor, i.e. Viqoq:. The § function in Eq. (8.26) has the same
origin. Below we shall use Eq. (8.26) with Q@ = Q" and the divergent factor §(0) will
be interpreted as the infinite spatial volume.

Remark: inverse Bogolyubov transformations. The commutation relation [bg,, 55,] =0
yields another restriction on the Bogolyubov coefficients,

+oo
/ dw (an/BwQ’ - awﬂ’ﬁwﬂ) =0. (827)

It follows from Egs. (8.26), (8.27) that the inverse Bogolyubov transformation is
+oo R R
ag = / o (a;Qb5 - ﬁwgbg) .

This relation can be easily verified by substituting it into Eq. (8.24). One can also derive
orthogonality relations similar to Eqgs. (8.26), (8.27) but with the integration over 2. We
shall not need the inverse Bogolyubov transformations in this chapter.

8.2.4 Density of particles

Since the vacua |07) and |0z) corresponding to the operators & and b, are different,
the a-vacuum is a state with b-particles and vice versa. We now compute the density
of b-particles in the a-vacuum state.

The b-particle number operator is N = bg;bg,, so the average b-particle number in
the a-vacuum |0,s) is equal to the expectation value of N,

(Na) = (0nr] b |021)
= (Oum| /dw labqal + Bhaas | /dw' lawaay, + Buaal,] [0ar)
_ / dw |Buol?. (8.28)

This is the mean number of particles observed in the accelerated frame.

In principle one can explicitly compute the Bogolyubov coefficients 3, defined by
Eq. (8.23) in terms of the I" function (see Appendix A.3). However, we only need to
evaluate the RHS of Eq. (8.28) which involves an integral over w, and we shall use a
mathematical trick that allows us to compute just that integral and avoid cumbersome
calculations.

We first note that the function F'(w, ) satisfies the identity

Q
F(w,Q) = F(—w,Q)exp (L) , forw>0,a>0. (8.29)
a

Exercise 8.3*
Derive the relation (8.29) from Eq. (8.21). Hint: deform the contour of integration in the
complex plane.

112



8.2 Quantum fields in the Rindler spacetime

We then substitute Eq. (8.23) into the normalization condition (8.26), use Eq. (8.29)
and find

+oo / /
(- = /0 dw ?}Q [F(w, Q) F*(w, Q) — F(—w, Q) F*(—w, Q)]

- [exp (M) - 1] /O+OodeF*(—w,Q)F(—w,Q).

a w

The last line above yields the relation

o -1
/+ deF(—w, D F*(~w, Q) = [eXp (m) - 1} 5(Q— Q). (8.30)
0 a

w

Setting ' = Q in Eq. (8.30), we directly compute the integral in the RHS of Eq. (8.28),

. oo Hoo T -t
(Ng) :/0 dw |Bual? :/0 dw%|F(fw,Q)|2 = [exp <¥> 1] 5(0).

As usual, we expect (Ng) to be divergent since it is the total number of particles in
the entire space. As discussed in Sec. 4.2, the divergent volume factor §(0) represents
the volume of space, and the remaining factor is the density ng of b-particles with
momentum €:

+oo
/ dw |Bual® = nad(0).
0

Therefore, the mean density of particles in the mode with momentum €2 is

= o (22) 1] -

This is the main result of this chapter.
So far we have computed nq only for positive-momentum modes (with 2 > 0). The
result for negative-momentum modes is obtained by replacing 2 by |2| in Eq. (8.31).

8.2.5 The Unruh temperature

A massless particle with momentum (2 has energy £ = [Q], so the formula (8.31) is
equivalent to the Bose distribution

0-[en(5)-]

where T is the Unruh temperature

113



8 The Unruh effect

We found that an accelerated observer detects particles when the field ¢ is in the
Minkowski vacuum state |0p;). The detected particles may have any momentum
(1, although the probability for registering a high-energy particle is very small. The
particle distribution (8.31) is characteristic of the thermal blackbody radiation with
the temperature T' = a/2m, where a is the magnitude of the proper acceleration (in
Planck units). An accelerated detector behaves as though it were placed in a thermal
bath with temperature T'. This is the Unruh effect.

Remark: conformal invariance. Earlier we said that a conformally coupled field cannot
exhibit particle production by gravity. This is not in contradiction with the detection of
particles in accelerated frames. Conformal invariance means that identical initial condi-
tions produce identical evolution in all conformally related frames. If the lowest-energy
state is prepared in the accelerated frame (this is the Rindler vacuum |0z)) and later the
number of particles is measured by a detector that remains accelerated in the same frame,
then no particles will be registered after arbitrarily long times. This is exactly the same pre-
diction as that obtained in the laboratory frame. Nevertheless, the vacuum state prepared
in one frame of reference may be a state with particles in another frame.

A physical interpretation of the Unruh effect as seen in the laboratory frame is the
following. The accelerated detector is coupled to the quantum fields and perturbs
their quantum state around its trajectory. This perturbation is very small but as a
result the detector registers particles, although the fields were previously in the vac-
uum state. The detected particles are real and the energy for these particles comes
from the agent that accelerates the detector.

Finally, we note that the Unruh effect is impossible to use in practice because the
acceleration required to produce a measurable temperature is enormous (see Exer-
cise 1.6 on p. 12 for a numerical example). The energy spent by the accelerating agent
is exponentially large compared with the energy in detected particles. The Unruh
effect is an extremely inefficient way to produce particles.

Remark: more general motion. Observers moving with a nonconstant acceleration will
generally also detect particles but with a nonthermal spectrum. For a general trajectory
x* (7) itis difficult to construct a proper reference frame; instead one considers a quantum-
mechanical model of a detector coupled to the field ¢(z) and computes the probability for
observing an excited state of the detector. A calculation of this sort was first performed by
W. G. Unruh; see the book by Birrell and Davies, §3.2.
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9 The Hawking effect.
Thermodynamics of black holes

Summary: Quantization of fields in a black hole spacetime. Choice of vac-
uum. Hawking radiation. Black hole evaporation. Thermodynamics of
black holes.

In this chapter we consider a counter-intuitive effect: emission of particles by black
holes.

9.1 The Hawking radiation

Classical general relativity describes black holes as massive objects with such a strong
gravitational field that even light cannot escape their surface (the black hole horizon).
However, quantum theory predicts that black holes emit particles moving away from
the horizon. The particles are produced out of vacuum fluctuations of quantum fields
present around the black hole. In effect, a black hole (BH) is not completely black but
radiates a dim light as if it were an object with a low but nonzero temperature.

The theoretical prediction of radiation by black holes came as a complete surprise.
It was thought that particles may be produced only by time-dependent gravitational
fields. The first rigorous calculation of the rate of particle creation by a rotating BH
was performed in 1974 by S. Hawking. He expected that in the limit of no rotation the
particle production should disappear, but instead he found that nonrotating (static)
black holes also create particles at a steady rate. This was so perplexing that Hawk-
ing thought he had made a mistake in calculations. It took some years before this
theoretically derived effect (the Hawking radiation) was accepted by the scientific
community.

An intuitive picture of the Hawking radiation involves a virtual particle-antiparticle
pair at the BH horizon. It may happen that the first particle of the pair is inside the
BH horizon while the second particle is outside. The first virtual particle always falls
onto the BH center, but the second particle has a nonzero probability for moving
away from the horizon and becoming a real radiated particle. The mass of the black
hole is decreased in the process of radiation because the energy of the infalling virtual
particle with respect to faraway observers is formally negative.

Another qualitative consideration is that a black hole of size R cannot capture ra-
diation with wavelength much larger than R. It follows that particles (real or virtual)
with sufficiently small energies £ < fic/R might avoid falling into the BH horizon.
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9 The Hawking effect. Thermodynamics of black holes

This argument indicates the correct order of magnitude for the energy of radiated par-
ticles, although it remains unclear whether and how the radiation is actually emitted.

The main focus of this section is to compute the density of particles emitted by a
static black hole, as registered by observers far away from the BH horizon.

9.1.1 Scalar field in a BH spacetime

In quantum theory, particles are excitations of quantum fields, so we consider a scalar
field in the presence of a single nonrotating black hole of mass M. The BH spacetime
is described by the Schwarzschild metric,!

r — oM
ks

2
ds? — (1 _ ﬂ) d? — T2 (46 4 dy? sin?6).

This metric is singular at » = 20/ which corresponds to the BH horizon, while for
r < 2M the coordinate ¢ is spacelike and r is timelike. Therefore the coordinates (t, )
may be used with the normal interpretation of time and space only in the exterior
region, r > 2M.

To simplify the calculations, we assume that the field ¢ is independent of the angu-
lar variables 6, ¢ and restrict our attention to a 1+1-dimensional section of the space-
time with the coordinates (¢, 7). The line element in 1+1 dimensions,

ds? = gepdz®dz®, 2% =t 2t =1,

involves the reduced metric

[ _2M 0 ]
Gab = " -1 .
0 —(-

T

The theory we are developing is a toy model (i.e. a drastically simplified version) of
the full 3+1-dimensional QFT in the Schwarzschild spacetime. We expect that the
main features of the full theory are preserved in the 1+1-dimensional model.

The action for a minimally coupled massless scalar field is

Se) =5 [ a6ty s

As shown in Sec. 8.2, the field ¢ with this action is in fact conformally coupled. Be-
cause of the conformal invariance, a significant simplification occurs if the metric
is brought to a conformally flat form. This is achieved by changing the coordinate
r — r*, where the function r*(r) is chosen so that

dr = (1 - ﬂ) dr*.
r

1n our notation here and below, the asimuthal angle is ¢ while the scalar field is ¢.
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9.1 The Hawking radiation

From this relation we find r*(r) up to an integration constant which we choose as 2\
for convenience,

r'(r)y=r—2M +2M1In (ﬁ *1) . 9.1)

The metric in the coordinates (¢, 7*) is conformally flat,

ds* = (1 — %) [dt* — dr*?], 9.2)

where r must be expressed through r* using Eq. (9.1). We shall not need an explicit
formula for the function r(r*).

The coordinate *(r) is defined only for » > 2M and varies in the range —oo < 7* <
+o00. It is called the “tortoise coordinate” because an object approaching the horizon
r = 2M needs to cross an infinite coordinate distance in r*. From Eq. (9.2) it is clear
that the tortoise coordinates (¢,7*) are asymptotically the same as the Minkowski
coordinates (t,r) when r — +oo, i.e. in regions far from the black hole where the
spacetime is almost flat.

The action for the scalar field in the tortoise coordinates is

1

sil=3 [ [@0) - 00 arar.

and the general solution of the equation of motion is of the form
pt,r ) =Pt —r")+Q({t+1r"),

where P and @ are arbitrary (but sufficiently smooth) functions.
In the lightcone coordinates (u,v) defined by

u=t—r", v=t+r", (9.3)
the metric is expressed as
5 2M
ds*=(1—— ) dudv. (9.4)
T

Note that r = 2M is a singularity where the metric becomes degenerate.

9.1.2 The Kruskal coordinates

The coordinate system (¢, 7*) has the advantage that for 7* — +oo it asymptotically
coincides with the Minkowski coordinate system (t,r) naturally defined far away
from the BH horizon. However, the coordinates (¢, 7*) do not cover the black hole in-
terior, » < 2M. To describe the entire spacetime, we need another coordinate system.

It is a standard result that the singularity in the Schwarzschild metric (9.4) which
occurs at r — 2M is merely a coordinate singularity since a suitable change of co-
ordinates yields a metric regular at the BH horizon. For instance, an observer freely
falling into the black hole would see a normal, finitely curved space while crossing
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9 The Hawking effect. Thermodynamics of black holes

the horizon line r = 2M. Therefore one is motivated to consider the coordinate sys-
tem (¢, 7) describing the proper time ¢ and the proper distance 7 measured by a freely
falling observer at the moment of horizon crossing. This coordinate system is called
the Kruskal frame.

We omit the construction of the Kruskal frame? and write only the final formulae.
The Kruskal lightcone coordinates

t—7, v=t+

=

U

are related to the tortoise lightcone coordinates (9.3) by

u v
=AM (——) 5= 4M (—) .
U exp |~ o7 v exp (o7 (9.5)
The parameters @, ¥ vary in the intervals
—co<u<0, 0<v<+o0. (9.6)

The inverse relation between (i, 7) and the tortoise coordinates (t,r*) is then found
from Egs. (9.1) and (9.5):

t=2MIn (73),
u

* 1— 5% 16M2
exp | — ! = _exp( TQM) =—— (9.7)
2M 1— bYW uv

The BH horizon r = 2M corresponds to the lines & = 0 and v = 0. To examine the
spacetime near the horizon, we need to rewrite the metric in the Kruskal coordinates.
With the substitution

w=—4M1In (—L) . v=4MIn——
AM AM

the metric (9.4) becomes

1602 oM
ds® = — (1 — —) du db.

uv r
Using Egs. (9.1) and (9.7), after some algebra we obtain

2M r
2 _ e o — —
ds® = _— eXp (1 QM) du dv, (9.8)
where it is implied that the Schwarzschild coordinate r is expressed through % and ©
using the relation (9.7).
It follows from Eq. (9.8) that at r = 2 the metric is ds* = du dv, the same as in the
Minkowski spacetime. Although the coordinates u, v were defined in the ranges (9.6),

2A detailed derivation can be found, for instance, in §31 of the book Gravitation by C.W. MISNER, K.
THORNE, and J. WHEELER (W. H. Freeman, San Francisco, 1973).
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there is no singularity at « = 0 or at = 0 and therefore the coordinate system may
be extended to @ > 0 and ¥ < 0. Thus the Kruskal coordinates cover a larger patch of
the spacetime than the tortoise coordinates (¢,r*). For instance, Eq. (9.7) relates r to
@, v also for 0 < r < 2M, even though 7* is undefined for these r.

The Kruskal spacetime is the extension of the Schwarzschild spacetime described
by the Kruskal coordinates ¢, 7.

Remark: the physical singularity. The Kruskal metric (9.8) is undefined at » = 0. A
calculation shows that the spacetime curvature grows without limit as  — 0. Therefore
r = 0 (the center of the black hole) is a real singularity where general relativity breaks
down. From Eq. (9.7) one finds that 7 = 0 corresponds to the line v = £* — 7> = 16~ M>.
This line is a singular boundary of the Kruskal spacetime; the coordinates ¢, 7 vary in the
domain |f| < V72 + 16e-1 M2,

Since the Kruskal metric (9.8) is conformally flat, the action and the classical field
equations for a conformally coupled field in the Kruskal frame have the same form
as in the tortoise coordinates. For instance, the general solution for the field ¢ is
¢ (u,v) = A(u)+ B ().

We note that Eq. (9.5) is similar to the definition (8.14) of the proper frame for a
uniformly accelerated observer. The formal analogy is exact if we set a = (4M)~*.
Note that a freely falling observer (with the worldline 7 = const) has zero proper ac-
celeration. On the other hand, a spaceship remaining at a fixed position relative to the
BH must keep its engine running at a constant thrust and thus has a constant proper
acceleration. To make the analogy with the Unruh effect more apparent, we chose the
notation in which the coordinates (u, v) always refer to freely falling observers while
the coordinates (u,v) describe accelerated frames.

9.1.3 Field quantization

In the previous section we introduced two coordinate systems corresponding to a
locally inertial observer (the Kruskal frame) and a locally accelerated observer (the
tortoise frame). Now we quantize the field ¢(z) in these two frames and compare the
respective vacuum states. The considerations are formally quite similar to those in
Chapter 8.

To quantize the field ¢(x), itis convenient to employ the lightcone mode expansions
(defined in Sec. 8.2.2) in the coordinates (u, v) and (@, v). Because of the intentionally
chosen notation, the relations (8.16) and (8.17) can be directly used to describe the
quantized field ¢ in the BH spacetime.

The lightcone mode expansion in the tortoise coordinates is

~ +oo dQ 1 iQui i >
u,v) = — e ®ups L Hoee 4+ e Wy 4 He ,
¢( ) 0 \/ﬁ m |: Q Q

where the “H.c.” denotes the Hermitian conjugate terms. The operators Bi(z corre-
spond to particles detected by a stationary observer at a constant distance from the
BH. The role of this observer is completely analogous to that of the uniformly accel-
erated observer considered in Sec. 8.1.
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9 The Hawking effect. Thermodynamics of black holes

The lightcone mode expansion in the Kruskal coordinates is

Q/;(— —) e dw 1 [ —twU s — + H 4 —iwv A — + H ]
u,v) = — (& aw .C. e a_w .C.| .
0 V21 A 2w

The operators a7, are related to particles registered by an observer freely falling into

the black hole. .
It is clear that the two sets of creation and annihilation operators a7, b=, specify
two different vacuum states, |0x) (“Kruskal”) and |0r) (“tortoise”),

iy, |0x) = 0;  biq|0r) =0.
The state |0r) is also called the Boulware vacuum.

Exactly as in the previous chapter, the operators Big can be expressed through a1 |
using the Bogolyubov transformation (8.22). The Bogolyubov coefficients are found
from Eq. (8.23) if the acceleration a is replaced by (4M)~1.

The correspondence between the Rindler and the Schwarzschild spacetimes is sum-

marized in the following table. (We stress that this analogy is precise only for a con-
formally coupled field in 1+1 dimensions.)

Rindler Schwarzschild
Inertial observers: vacuum |0,7) | Observers in free fall: vacuum |0x)
Accelerated observers: |0r) Observers at rr = const: |0r)
Proper acceleration a Proper acceleration (4M)~!
= —a"lexp(—au) = —4Mexp [—u/(4M)]
7 = atexp(av) 0 =4M exp [v/(4M)]

9.1.4 Choice of vacuum

To find the expected number of particles measured by observers far outside of the
black hole, we first need to make the correct choice of the quantum state of the field
¢. In the present case, there are two candidate vacua, |0x) and |07). We shall draw on
the analogy with Sec. 8.2.1 to justify the choice of the Kruskal vacuum |0k ), which is
the lowest-energy state for freely falling observers, as the quantum state of the field.
When considering a uniformly accelerated observer in the Minkowski spacetime,
the correct choice of the vacuum state is |0,,) which is the lowest-energy state as mea-
sured by inertial observers. An accelerated observer registers this state as thermally
excited. The other vacuum state, |0r), can be physically realized by an accelerated
vacuum preparation device occupying a very large volume of space. Consequently,
the energy needed to prepare the field in the state |0z) in the whole space is infinitely
large. If one computes the mean energy density of the field ¢ in the state [0z), one
finds (after subtracting the zero-point energy) that in the Minkowski frame the en-
ergy density diverges at the horizon.> On the other hand, the Minkowski vacuum

3This result can be qualitatively understood if we recall that the Rindler coordinate £ covers an infinite

range when approaching the horizon (¢ — —oc as ¢ — —a~!). The zero-point energy density in
the state |0g) is constant in the Rindler frame and thus appears as an infinite concentration of energy
density near the horizon in the Minkowski frame. We omit the detailed calculation.
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9.1 The Hawking radiation

state |0a7) has zero energy density everywhere.

It turns out that a very similar situation occurs in the BH spacetime. At first it
may appear that the field ¢ should be in the Boulware state |07) which is the vacuum
measured by observers remaining at a constant distance from the black hole. How-
ever, the field ¢ in the state |07) has an infinite energy density (after subtracting the
zero-point energy) near the BH horizon.* Any energy density influences the metric
via the Einstein equation. A divergent energy density indicates that the backreaction
of the quantum fluctuations in the state |07) is so large near the BH horizon that the
Schwarzschild metric is not a good approximation for the resulting spacetime. Thus
the picture of a quantum field in the state |07) near an almost unperturbed black hole
is inconsistent. On the other hand, the field ¢ in the Kruskal state [0x) has an every-
where finite and small energy density (when computed in the Schwarzschild frame
after a subtraction of the zero-point energy). In this case, the backreaction of the quan-
tum fluctuations on the metric is negligible. Therefore one has to employ the vacuum
state |0k ) rather than the state |07) to describe quantum fields in the presence of a
classical black hole.

Another argument for selecting the Kruskal vacuum |0x) is the consideration of a
star that turns into a black hole through the gravitational collapse. Before the collapse,
the spacetime is almost flat and the initial state of quantum fields is the naturally
defined Minkowski vacuum. It can be shown that the final quantum state of the field

¢ after the collapse is the Kruskal vacuum.

9.1.5 The Hawking temperature

Observers remaining at » = const far away from the black hole (r > 2M) are in an
almost flat space where the natural vacuum is the Minkowski one. The Minkowski
vacuum at r > 2M is approximately the same as the Boulware vacuum |07). Since
the field ¢ is in the Kruskal vacuum state |0x), these observers would register the
presence of particles.

The calculations of Sec. 8.2.4 show that the temperature measured by an acceler-
ated observer is T' = a/(27), and we have seen that the correspondence between the
Rindler and the Schwarzschild cases requires to set a = (4M)~'. It follows that ob-
servers at a fixed distance r > 2M from the black hole detect a thermal spectrum of
particles with the temperature

1
- 8TM’
This temperature is known as the Hawking temperature. (Observers staying closer
to the BH will see a higher temperature due to the inverse gravitational redshift.)

Similarly, we find that the density of observed particles with energy E = k is

np = {exp (%) - 1}1.

4This is analogous to the divergent energy density near the horizon in the Rindler vacuum state. We again
omit the required calculations.

Ty (9.9)
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This formula remains valid for massive particles with mass m and momentum #, after
the natural replacement £ = v/m? + k2. One can see that the particle production is
significant only for particles with very small masses m < Tp;.

The Hawking effect is in principle measurable, although the Hawking temperature
for plausible astrophysical black holes is extremely small.

Exercise 9.1

Rewrite Eq. (9.9) in the SI units and compute the Hawking temperature for black holes
of masses M1 = Mg = 2-10*°kg (one solar mass), Mz = 10'°g, and M3 = 10~>g (of order
of the Planck mass).

Exercise 9.2

(a) Estimate the typical wavelength of photons radiated by a black hole of mass M and
compare it with the size of the black hole (the Schwarzschild radius R = 2M).

(b) The temperature of a sufficiently small black hole can be high enough to efficiently
produce baryons (e.g. protons) as components of the Hawking radiation. Estimate the
required mass M of such black holes and compare their Schwarzschild radius with the
size of the proton (its Compton length).

9.1.6 The Hawking effect in 3+1 dimensions

We have considered the 1+1-dimensional field ¢(t, r) that corresponds to spherically

symmetric 3+1-dimensional field configurations. However, there is a difference be-

tween fields in 1+1 dimensions and spherically symmetric modes in 3+1 dimensions.
The field ¢ in 3+1 dimensions can be decomposed into spherical harmonics,

B(t,7,0,0) =Y dum(t,7)Yim (6, 0).
lm

The mode ¢ (, 7) is spherically symmetric and independent of the angles 6, . How-
ever, the restriction of the 3+1-dimensional wave equation to the mode ¢qo is not
equivalent to the 1+1-dimensional problem. The four-dimensional wave equation
4)0¢ = 0 for the spherically symmetric mode is

2M N\ 2M
[(Q)D + (1 - —) —3] boo(t,r) = 0.
r r
This equation represents a wave propagating in the potential

V(r) = (1 - %) 20

73
instead of a free wave ¢(t, ) considered above. The potential V() has a barrier-like
shape shown in Fig. 9.1, and a wave escaping the black hole needs to tunnel from
r & 2M to the potential-free region r >> 2M. This decreases the intensity of the wave
and changes the resulting distribution of produced particles by a greybody factor

Ig(E) <1, B
or =) o (£) 1]

r
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0 2M r

Figure 9.1: The potential V' (r) for the propagation of the spherically symmetric mode
in 3+1 dimensions.

The computation of the greybody factor I'y,(E) is beyond the scope of this book.
This factor depends on the geometry of the radiated field mode and is different for
fields of higher spin. (Of course, fermionic fields obey the Fermi instead of the Bose
distribution.)

9.1.7 Remarks on other derivations

We derived the Hawking effect in one of the simplest possible cases, namely that of
a conformally coupled field in a static BH spacetime restricted to 1+1 dimensions.
This derivation cannot be straightforwardly generalized to the full 3+1-dimensional
spacetime. For instance, a free massless scalar field is not conformally coupled in
3+1 dimensions, and spherically symmetric modes are not the only available ones.
Realistic calculations must consider the production of photons or massive fermions
instead of massless scalar particles. However, all such calculations yield the same
temperature Ty of the black hole.

It is also important to consider a black hole formed by a gravitational collapse of
matter (see Fig. 9.2). Hawking’s original calculation involved wave packets of field
modes that entered the collapsing region before the BH was formed (the dotted line
in the figure). The BH horizon is a light-like surface, therefore massless and ultra-
relativistic particles may remain near the horizon for a very long time before they
escape to infinity. Since the spacetime is almost flat before the gravitational collapse,
the “in” vacuum state of such modes is well-defined in the remote past. After the
mode moves far away from the black hole, the “out” vacuum state is again the stan-
dard Minkowski (“tortoise”) vacuum. A computation of the Bogolyubov coefficients
between the “in” and the “out” vacuum states for this wave packet yields a thermal
spectrum of particles with the temperature 7.

This calculation implies that the radiation coming out of the black hole consists of
particles that already existed at the time of BH formation but spent a long time near

123
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Figure 9.2: Black hole (shaded region) formed by gravitational collapse of matter
(lines with arrows). The wavy line marks the singularity at the BH cen-
ter. A light-like trajectory (dotted line) may linger near the horizon (the
boundary of the shaded region) for a long time before escaping to infinity.

the horizon and only managed to escape at the present time. This explanation, how-
ever, contradicts the intuitive expectation that particles are created right at the present
time by the gravitational field of the BH. The rate of particle creation should depend
only on the present state of the black hole and not on the details of its formation in
the distant past. One expects that an eternal black hole should radiate in the same
way as a BH formed by gravitational collapse.

Another way to derive the Hawking radiation is to evaluate the energy-momentum
tensor 7),, of a quantum field in a BH spacetime and to verify that it corresponds to
thermal excitations. However, a direct computation of the EMT is complicated and
has been explicitly performed only for a 1+1-dimensional spacetime. The reason for
the difficulty is that the EMT contains information about the quantum field at all
points, not only the asymptotic properties at spatial infinity. This additional informa-
tion is necessary to determine the backreaction of fields on the black hole during its
evaporation. The detailed picture of the BH evaporation remains unknown.

There seems to be no unique physical explanation of the BH radiation. However,
the resulting thermal spectrum of the created particles has been derived in many
different ways and agrees with general thermodynamical arguments. There is little
doubt that the Hawking radiation is a valid and in principle observable prediction of
general relativity and quantum field theory.
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9.2 Thermodynamics of black holes

9.2.1 Evaporation of black holes

In many situations, a static black hole of mass M behaves as a spherical body with
radius r» = 2M and surface temperature Ty;. According to the Stefan-Boltzmann law,
a black body radiates the flux of energy

L =~0THA,

where v parametrizes the number of degrees of freedom available to the radiation,
o = 72 /60 is the Stefan-Boltzmann constant in Planck units, and

A =47 R?> = 167 M?

is the surface area of the BH. The emitted flux determines the loss of energy due to
radiation. The mass of the black hole decreases with time according to

dM y
— =-L=——. .
dt 153607 M2 ©-10)

The solution with the initial condition M|,_, = My is

1/3 3

t M,

M(t) =My (1-— , tp =5120m—2.
tr v

This calculation suggests that black holes are fundamentally unstable objects with
the lifetime ¢;, during which the BH completely evaporates. Taking into account the
greybody factor (see Sec. 9.1.6) would change only the numerical coefficient in the
power law ¢, ~ M.
Exercise 9.3
Estimate the lifetime of black holes with masses M1 = Mg = 2 - 1030kg, M,y = 10%° g,
Mz =10""g.

It is almost certain that the final stage of the BH evaporation cannot be described
by classical general relativity. The radius of the BH eventually reaches the Planck
scale 10~%*cm and one expects unknown effects of quantum gravity to dominate in
that regime. One possible outcome is that the BH is stabilized into a “remnant,”
a microscopic black hole that does not radiate, similarly to electrons in atoms that
do not radiate on the lowest orbit. It is plausible that the horizon area is quantized
to discrete levels and that a black hole becomes stable when its horizon reaches the
minimum allowed area. In this case, quanta of Hawking radiation are emitted as a
result of transitions between allowed horizon levels, so the spectrum of the Hawking
radiation must consist of discrete lines. This prediction of the discreteness of the
spectrum of the Hawking radiation may be one of the few testable effects of quantum
gravity.
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Remark: cosmological consequences of BH evaporation. Black holes formed by collapse
of stars have extremely small Hawking temperatures. So the Hawking effect could be ob-
served only if astronomers discovered a black hole near the end of its life, with a very high
surface temperature. However, the lifetimes of astrophysically plausible black holes are
much larger than the age of the Universe which is estimated as ~ 10'° years. To evapo-
rate within this time, a black hole must be lighter than ~ 1015g (see Exercise 9.3). Such
black holes could not have formed as a result of stellar collapse and must be primordial,
i.e. created at very early times when the universe was extremely dense and hot. There is
currently no direct observational evidence for the existence of primordial black holes.

9.2.2 Laws of BH thermodynamics

Prior to the discovery of the BH radiation it was already known that black holes
require a thermodynamical description involving a nonzero intrinsic entropy.

The entropy of a system is defined as the logarithm of the number of internal
microstates of the system that are indistinguishable on the basis of macroscopically
available information. Since the gravitational field of a static black hole is completely
determined (both inside and outside of the horizon) by the mass M of the BH, one
might expect that a black hole has only one microstate and therefore its entropy is
zero. However, this conclusion is inconsistent with the second law of thermodynam-
ics. A black hole absorbs all energy that falls onto it. If the black hole always had
zero entropy, it could absorb some thermal energy and decrease the entropy of the
world. This would violate the second law unless one assumes that the black hole has
an intrinsic entropy that grows in the process of absorption.

Similar gedanken experiments involving classical general relativity and thermody-
namics lead ]. Bekenstein to conjecture in 1971 that a static black hole must have an
intrinsic entropy Spy proportional to the surface area A = 167M?. However, the
coefficient of proportionality between Sgpy and A could not be computed until the
discovery of the Hawking radiation. The precise relation between the BH entropy
and the horizon area follows from the first law of thermodynamics,

dE = dM = THdSBH, (911)

where T’y is the Hawking temperature for a black hole of mass M. A simple calcula-
tion using Eq. (9.9) shows that

1

To date, there seems to be no completely satisfactory explanation of the BH entropy.
Here is an illustration of the problem. A black hole of one solar mass has the entropy
Se ~ 1076 A microscopic explanation of the BH entropy would require to demon-
strate that a solar-mass BH actually has exp(107%) indistinguishable microstates. A
large number of microstates implies many internal degrees of freedom not visible
from the outside. Yet, a black hole is almost all empty space, with the exception of a
Planck-sized region around its center where the classical general relativity does not
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apply. It is not clear how this microscopically small region could contain such a huge
number of degrees of freedom. A fundamental explanation of the BH entropy proba-
bly requires a theory of quantum gravity which is not yet available.

The thermodynamical law (9.11) suggests that in certain circumstances black holes
behave as objects in thermal contact with their environment. This description applies
to black holes surrounded by thermal radiation and to adiabatic processes of emission
and absorption of heat.

Remark: rotating black holes. A static black hole has no degrees of freedom except its
mass M. A more general situation is that of a rotating BH with an angular momentum
J. In that case it is possible to perform work on the BH in a reversible way by making it
rotate faster or slower. The first law (9.11) can be modified to include contributions to the
energy in the form of work.

For a complete thermodynamical description of black holes, one needs an equation
of state. This is provided by the relation

1
E(T)=M=——.
) 8T
It follows that the heat capacity of the BH is negative,
£ 1
Cpg = 0 = 0.

oT — 8rxT2 <

In other words, black holes become colder when they absorb heat.
The second law of thermodynamics now states that the combined entropy of all
existing black holes and of all ordinary thermal matter never decreases,

6Stotal - 6Smatter + Z 55%}{ Z 0.
k

Here Sgl)i is the entropy (9.12) of the k-th black hole.

In classical general relativity it has been established that the combined area of all
BH horizons cannot decrease (this is Hawking’s “area theorem”). This statement ap-
plies not only to adiabatic processes but also to strongly out-of-equilibrium situations,
such as a collision of black holes with the resulting merger. It is mysterious that this
theorem, derived from a purely classical theory, assumes the form of the second law
of thermodynamics when one considers quantum thermal effects of black holes.

Moreover, there is a general connection between horizons and thermodynamics
which has not yet been completely elucidated. The presence of a horizon in a space-
time means that a loss of information occurs, since one cannot observe events beyond
the horizon. Intuitively, a loss of information entails a growth of entropy. It seems to
be generally true in the theory of relativity that any event horizon behaves as a surface
with a certain entropy and emits radiation with a certain temperature.” For instance,
the Unruh effect considered in Chapter 8 can be interpreted as a thermodynamical
consequence of the presence of a horizon in the Rindler spacetime.

5See e.g. the paper by T. Padmanabhan, Classical and quantum thermodynamics of horizons in spherically
symmetric spacetimes, Class. Quant. Grav. 19 (2002), p. 5378.
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9.2.3 Black holes in heat reservoirs

As an application of the thermodynamical description, we consider a black hole in-
side a reservoir of thermal energy. The simplest such reservoir is a reflecting cav-
ity filled with radiation. Usual thermodynamical systems can be in a stable thermal
equilibrium with an infinite heat reservoir. However, the behavior of black holes is
different because of their negative heat capacity.

A black hole surrounded by an infinite heat bath at a lower temperature T’ < Tpy
would emit heat and become even hotter. The process of evaporation is not halted
by the heat bath whose low temperature 7" remains constant. On the other hand, a
black hole placed inside an infinite reservoir with a higher temperature 7" > Ty
will tend to absorb radiation from the reservoir and become colder. The process of
absorption will continue indefinitely. In either case, no stable equilibrium is possible.
The following exercise demonstrates that a black hole can be stabilized with respect
to absorption or emission of radiation only by a reservoir with a finite heat capacity.

Exercise 9.4

(a) Given the mass M of the black hole, find the range of heat capacities C; of the
reservoir for which the BH is in a stable equilibrium with the reservoir.

(b) Assume that the reservoir is a completely reflecting cavity of volume V filled with
thermal radiation (massless fields). The energy of the radiation is E,. = oVT*, where
the constant o characterizes the number of degrees of freedom in the radiation fields.
Determine the largest volume V' for which a black hole of mass M can remain in a stable
equilibrium with the surrounding radiation.

Hint: The stable equilibrium is the state with the largest total entropy.
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Summary: Zero-point energy for a field with boundary conditions. Regu-
larization and renormalization.

The Casimir effect is an experimentally verified prediction of QFT. It is manifested by
a force of attraction between two uncharged conducting plates in vacuum.

This force cannot be explained except by considering the zero-point energy of the
quantized electromagnetic field. The presence of the conducting plates makes the
electromagnetic field vanish on the surfaces of the plates, which changes the struc-
ture of vacuum fluctuations and causes a finite shift AE of the zero-point energy.
This energy shift depends on the distance L between the plates. As a result, it is ener-
getically favorable for the plates to move closer together, which is manifested as the
Casimir force

F(L) = fdiLAE(L).

This theoretically predicted force has been confirmed by several experiments.!

10.1 Vacuum energy between plates

A realistic description of the Casimir effect requires to quantize the electromagnetic
field in the presence of conducting plates. To simplify the calculations, we consider
a massless scalar field ¢(¢, x) in the flat 1+1-dimensional spacetime and impose the
following boundary conditions which simulate the presence of the plates,

¢(t, )] ,—o = Ot 2)[,—p =0.

The equation of motion for the classical field is 97¢—02¢ = 0, and the general solution
for the chosen boundary conditions is of the form

- —iWn TWn : _nm
o(t,x) = ; (Ane t 4+ Bpe t) sinwpx, w, = T (10.1)

To quantize the field ¢(t, ) in flat space, one normally uses the mode expansion

N dk 1
= [ g |

1For example, a recent measurement of the Casimir force to 1% precision is described in: U. MOHIDEEN
and A. ROY, Phys. Rev. Lett. 81 (1998), p. 4549.

dlzefiwktJrikz + &zeiwkt*ikf] )
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However, in the present case the only allowed modes are those in Eq. (10.1), so the
mode expansion for ¢ must be

bt.2) \/7Z Sm;; it | g eiont] (10.2)

We need to compute the energy of the field only between the plates, 0 < # < L. After
some algebra, the zero-point energy per unit length is expressed as

T oo
50——<0|H|O QLZ = F;n (10.3)

Exercise 10.1

(a) Show that the normalization factor 1/2/L in the mode expansion (10.2) yields the
standard commutation relations [d,,, ;| = dmn.

(b) Derive Eq. (10.3).

Hint: Use the identities which hold for integer m, n:

L L
/ dz sin 772 gin M _ / dz cos T2 cos 2L £5mn. (10.4)
o L o L 2

L

As always, the zero-point energy density ¢y is divergent. However, in the presence
of the plates the energy density diverges in a different way than in free space because
g0 = eo(L) depends on the distance L between the plates. The zero-point energy
density in free space can be thought of as the limit of e¢(L) at L — oo,

ngree) = hm eo (L).

When the zero-point energy is renormalized in free space, the infinite contribution

£{™®) is subtracted. Thus we are motivated to subtract £ from the energy density

£0(L) and to expect a finite difference Ac between these formally infinite quantities,

Ac(L) =¢eo (L) — el = eo (L) — lim £ (L). (10.5)

L—oo

In the remainder of the chapter we shall calculate this energy shift Ac(L).

10.2 Regularization and renormalization

Taken at face value, Eq. (10.5) is meaningless because the difference between two in-
finite quantities is undefined. The standard way to deduce reasonable answers from
infinities is a regularization followed by a renormalization. A regularization means
introducing an extra parameter into the theory to make the divergent quantity finite
unless that parameter is set to zero. Such regularization parameters or cutoffs can
be chosen in many ways. After the regularization, one derives the asymptotic form
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of the divergent quantity at small values of the cutoff. This asymptotic will usually
contain divergent powers and logarithms of the cutoff as well as finite terms. Renor-
malization means removing the divergent terms and leaving only the finite terms in
the expression. (Of course, a suitable justification must be provided for subtracting
the divergent terms.) After renormalization, the cutoff is set to zero and the remaining
terms yield the final result. If the cutoff function is chosen incorrectly, the renormal-
ization procedure will not succeed. It is usually possible to motivate the correct choice
of the cutoff by physical considerations.

We shall now apply this procedure to Eq. (10.5). As a first step, a cutoff must be
introduced into the divergent expression (10.3). One possibility is to replace ¢g by the
regularized quantity

eo (L) = T Znexp {*T} , (10.6)

where « is the cutoff parameter. The regularized series converges for o > 0, while the
original divergent expression is recovered in the limit o — 0.

Remark: choosing the cutoff function. We regularize the series by the factor exp(—na/L)
and not by exp(—na) or exp(—nLa). The motivation is that the physically significant
quantity is w, = wn/L, therefore the cutoff factor should be a function of wy,.

Now we need to evaluate the regularized quantity (10.6) and to analyze its asymp-
totic behavior at o« — 0. A straightforward computation gives

L r 00X [nma m ep(-%)
Eo(Lya)*72LaaZexp|: :|72L2 [1_eXp(— )]2

n=

SR [~

At a — 0 this expression is expanded in a Laurent series,

T 1 T T
L; L ——— g Y A 10.7
fo(lie) = g oo o 202 24L7 +0 (o) (107)

The series (10.7) contains the singular term gon, a finite term, and further terms
that vanish as o — 0. The crucial fact is that the singular term in Eq. (10.7) does not
depend on L. (This would not have happened if we chose the cutoff as exp(—na) or
in some other way!) The limit L — oo in Eq. (10.5) is taken before the limit o — 0, so
the divergent term Za~? cancels and the renormalized value of Ac is finite,

T
2412

A€ren(L) = 1imo [50 (L; o) — Llim o (L; a)} = (10.8)
The formula (10.8) is the main result of this chapter; the zero-point energy density
is nonzero in the presence of plates at z = 0 and + = L. The Casimir force between
the plates is
d 7r

d
F = *d—LAE = *d—L (LAETen) = 724L2

Since the force is negative, the plates are pulled toward each other.
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10 The Casimir effect

A similar calculation for a massless scalar field in 3+1 dimensions gives the Casimir
force per unit area of the plates as

2
F ™y

A 240

Remark: negative energy. Note that the zero-point energy density (10.8) is negative.
Quantum field theory generally admits quantum states with a negative expectation value
of energy.

10.3 Renormalization using Riemann’s zeta function

An elegant way to extract information from infinities is to use Riemann’s zeta (¢)

function defined by the series

1
((z) = — (10.9)
n=1 "
which converges for real z > 1. An analytic continuation extends this function to all
(complex) = except x = 1 where ¢((z) has a pole.

The divergent sum Y -, n appearing in Eq. (10.3) is formally equivalent to the

series for ((z) with x = —1. However, after an analytic continuation the ¢ function
has a finite value at x = —1 which is 2
1
~1)=——.
¢(=1) 15

This motivates us to replace the sum > " | n in Eq. (10.3) by the number —5. After
this substitution, we immediately obtain the result (10.8).
The general “recipe” of renormalization using the ¢ function is the following:

1. Rewrite the divergent quantity as a series of the form )  n~* and formally
express this series through ((z).

2. The analytic continuation of ¢(z) to that value x is a finite number which is
interpreted as the renormalized value of the originally divergent quantity.

This procedure seems to always work (if the calculations can be performed), although
its success may appear miraculous and lacking explanation, unlike the results of
other, more straightforward renormalization approaches. However, the Casimir ef-
fect and several other QFT predictions obtained by the ¢ function method have been
experimentally verified. Thus there are grounds to expect that the mathematical trick
involving an analytic continuation of the ¢ function yields correct physical results.

2This result requires a complicated proof. See e.g. H. BATEMAN and A. ERDELYI, Higher transcendental
functions, vol. 1 (McGraw-Hill, New York, 1953).
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11 Path integral quantization

Summary: The propagator as a path integral. Path integrals with Hamilto-
nian and Lagrangian action.

In the first part of this book, we used canonical quantization which is based on re-
placing the canonical variables (the coordinate ¢ and the momentum p) by Hermitian
operators ¢, p acting in a suitable Hilbert space. The path integral formalism provides
a powerful alternative method of quantization. In this chapter we introduce path
integrals by considering the evolution of simple quantum-mechanical systems.

11.1 Evolution operators. Propagators

We recall that in the Schrodinger picture of quantum mechanics, state vectors [¢(t))
evolve according to the Schrodinger equation,

0 A
ih [0(0) = 7 [0(1)).

For simplicity, we focus on Hamiltonians which do not explicitly depend on time,
H=H (P, §). Then a formal solution of the Schrodinger equation is
i .
1h(t)) = exp [—ﬁ (t —to) H} o) »
where [¢g) = [1)(to)) is the initial state at time ¢ = ¢,.

Remark: The term formal solution indicates that the above expression does not actually
provide an explicit formula for the solution ¢ (t)). Moreover, the infinite series
1 (t —to) 1 (t —to)

exp [ 4 = t0) 8] b = o) — 2t g 4 2 [ g

does not necessarily converge for all |). In this book we shall not discuss the subtle issue
of convergence of such series.

The operator transforming |1 (o)) into |¢(¢)) is called the evolution operator

U (t,to) = exp {—% (t —to) H} : (11.1)

This operator is unitary if A is Hermitian. It is also clear that a composition of evolu-
tion operators is equal to the evolution operator for the combined timespan, i.e.

U (t1,t2) U (ta,t3) = U (t1, 3) .
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11 Path integral quantization

Since U(t, to) = U(t — to) is a function only of (¢ — t,), we find
U (At) U (Aty) = U (At + Aty) = U (Aty) U (Aty)

therefore all evolution operators U (At) for all At commute.’
In the coordinate representation, the quantum state |¢(t)) is described by a wave-
function (g, t),

blat) = ey ) = / $(a.t) ) d

The evolution operator transforms an initial wavefunction v (g, ty) into ¢ (¢, t) which
can be expressed as

B(a.t) = (g ¥(t) = / dgo (g0 to) (a| U (£, to) o)
E/dqmﬂ (q0,t0) K (q,q0:t,t0) ,

where the function K (q, qo; t, t0) = (q| U (t, ) |q0), called the propagator, is the coor-
dinate representation of the evolution operator. The propagator is interpreted as the
quantum-mechanical amplitude of the transition between an initial state |gy) at time
to and a final state |¢) at time ¢.

11.2 Propagator as a path integral

The propagator can be expressed as an integral over all trajectories connecting the
initial and the final states (a path integral).

To derive the path integral representation of the propagator, we consider the evo-
lution of a quantum-mechanical system during a time interval (¢o,t;) and choose n
intermediate time moments ¢4, ..., ¢, so that the range (¢o,ty) is divided into n + 1
subranges (to,t1), ..., (tn,ts). For convenience, we denote ¢, 1 = t;. Eventually we
shall take the limit n — oo and Aty = ty41 — ¢t — 0, so it is assumed that n is large
and At;, are small.

The evolution operator for the range (to,¢s) is equal to the product of evolution
operators for all intermediate ranges (¢, tk+1),

n

U(tg,to) = U (tg,tn) .U (tr,t0) = [ U (brsr, ta).
k=0

Therefore the propagator

K (g7, 903, t0) = (a5 U (t,t0) [q0) = (gl H U (trt1, k) |90)
k=0

!1f the Hamiltonian is explicitly time-dependent, the evolution operators are not expressed by Eq. (11.1)
and do not commute because U (t1,t2) is not a function only of t; — 2.
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11.2 Propagator as a path integral

to t s iy

Figure 11.1: A “constrained transition” with fixed intermediate points ¢, ..., ¢,. The
multiple lines connecting the points ¢; indicate that the motion of the
quantum particle between the specified points is not described by a sin-
gle classical path.

can be expressed through the propagators for the intermediate ranges by inserting n
decompositions of unity of the form [ |q) (q| dg,

(0 TL0 ot o) = (0710 oot | [ 1) ]|
k=0

XU (tn,tn—1) - [/|CI1> (Q1|dQ1} U (t1,t0) q0) »

where the n auxiliary integration variables are denoted by ¢y, ..., ¢1. We find that the
propagator is the n-fold integrated product of the propagators of all the subranges:

K (g5, q05tr.t0) = / (H ko> I & (@rsr. anstoga t) (11.2)

k=1 k=0

The product of (n + 1) intermediate propagators [, K (qx+1, r; tkt1, tr) is equal
to the quantum-mechanical amplitude for a chain of transitions |go)—|g1)—...—|qy)-
This amplitude describes a certain class of “constrained transitions” for which the
particle passes from ¢ to ¢y while visiting the intermediate points g; at the times ¢,
(see Fig. 11.1). So the formula (11.2) shows that the total amplitude for the transition
from the initial state |go) to the final state |g;) is found by integrating the constrained
transition amplitude over all possible intermediate values gy, ..., gy.

The propagator K (g, qo; tr, to) is thus reduced to propagators for short time inter-
vals Aty. In the limit of small Atj, we can expand the evolution operator,

U (thsr, ts) = exp [—%Atkf{} —1- %Atk H+0(A8), (11.3)
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11 Path integral quantization
and express the short-time propagator (neglecting terms of order At?) as
7 A
K (q', g ter,te) = (q'| 1 — 7Ot Hq).

The matrix element of the Hamiltonian, (¢'| I |¢), can be calculated by using the de-
composition of unity in the momentum representation,

(d'| H |q) = (¢/| /dp p) (p| H |q) -

For convenience, let us reorder all operators p in the Hamiltonian to the left of all
operators ¢, so that H(p,q) acquires the form H=% ; 17(P)g;(q) with suitable func-
tions f; and g;. The reordering must be performed using the commutation relations,
e.g. the term §p?§ would be rewritten as p2¢* + 2iipg. When the operator ordering in
the Hamiltonian is chosen in this way, we find

(pl Hlg) =315 () gj (@) (plg) = H (p,q) pla) ,

where H (p, ¢) is the c-number function corresponding to the reordered Hamiltonian;
for example, H = ¢p?q yields H(p,q) = p*q* + 2ihpq. The matrix element (¢'| H |q) is
now computed using Eq. (2.36),
N o / o dp i(ql —q)p
(dHlg)= [ dp(d'Ip) pla)H(p,q) = | 5—H(p.q) exp —————. (114)
From Egs. (11.3)-(11.4) we express the propagator K (qi+1,qx;tk+1,tx), once again
neglecting terms of order At3, as follows,

1Aty -
Hlax
h |qn)

dpk (7AN i (qr+1 — qr) Pk
_ ey Py \9k+1 — k) Pk
/ 57 [ - (pk,qk)] exp >

~ [ e 1AL (1 — Gk
2mh h Atk

K (Gt @ittt te) = (@1 | U (bests ) |ai) = (G| 1 —

Pr — H(Pk,%)ﬂ :

For later convenience, the integration variable p was renamed to py.
The same calculation is repeated for each short-time propagator (setting k = 0, ..., n)
and the results are substituted into Eq. (11.2), which yields

n

dqrdpy | dpo
K(qf7q07tfat0):/lHW %GX
k=1

— Aty [qhi1 — g
P> “h [ZTPIC - H(meJk)H :
k=0
(11.5)
Note that Eq. (11.5) involves n integrations over gi but (n + 1) integrations over py.

Now we consider the limit n — co and At — 0. When the number of intermediate
points ¢;, becomes infinitely large, one is motivated to introduce auxiliary functions
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11.3 Lagrangian path integrals

q(t), p(t) such that ¢, = ¢(tx) and px = p(tx), and to replace the sum in Eq. (11.5) by
an integral over ¢,

n . ty d
. ? Qk+1 — qk ? Q(t)
lim Y Al [ — H = [ —dt|—“p(t)-H
Jim 2 5 tk [ A%, Pk (pkan)} /to ﬁdt [ dt p(t) (p(t),q(t))

The integration over infinitely many intermediate values g, py in Eq. (11.5) is then
naturally interpreted as integration over all functions q(t), p(t) such that ¢(t9) = qo,
q(tr) = q;. An integral of this kind is called a functional integral or a path integral.
In the limit n — oo, the (2n + 1)-fold integration over dpj and dg; becomes an
infinite-dimensional integration measure which is symbolically denoted by DpDq,

. “r daidpy, | dp
DpDq = n11—>Ir<>lo lH Sy ?%. (11.6)
Then Eq. (11.5) is rewritten as
q(ty)=qy i (v
K (qr,q0;ts,t0) :/ DpDq exp {ﬁ/ (pqg — H(p,q))dt| . (11.7)
q(to)=qo0 to

This is the propagator in the path integral formalism. Note that the expression in the
exponential is the classical Hamiltonian action (2.22) and the boundary conditions for
q(t), p(t) are the same as those needed for the Hamiltonian action principle (Sec. 2.2.2).

The path integral is in fact a method of quantization since it defines” the quantum-
mechanical amplitudes of transitions |qo, to) — |qr,tr) directly through the classical
Hamiltonian H (p, ¢), without need for the Schrodinger equation or the operators p, §.

Remarks:

e A path integral expression always needs to be complemented by a specification of
the integration measure as a limit of a suitable finite-dimensional measure, such as
Eq. (11.6). Different finite-dimensional measures lead to different results in the con-
tinuous limit. Similarly, one must specify the way the action [(p¢ — H)dt is rep-
resented by a finite sum (11.5). For instance, there is a difference between writing
H(pk, qk) and H(pk, qk+1) in Eq (115)

e For systems with more than one degree of freedom, one needs to replace pg by
>_; pjd; where j enumerates the generalized coordinates. If there are uncountably
many degrees of freedom, the sum over j becomes itself an integral.

11.3 Lagrangian path integrals

If the Hamiltonian is a quadratic function of the momentum, e.g.

]32

2m

ZFormulating a rigorous definition of integration over all paths in Eq. (11.7) is an open mathematical
problem. We shall however ignore this issue and manipulate path integrals as if they are well-defined.
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11 Path integral quantization

the path integral has a simpler form (see Exercise 11.1). The integration over Dp can
be eliminated and the result is

q(tr)=qs

Dq exp F /tf L(d,q) dt] , (11.9)

K (qy,q05tf,t0) :/ 5
to

qa(to)=q0
where L (¢, ) is the Lagrangian. This was the original form of the path integral intro-
duced by R. Feynman.

Exercise 11.1*
For the Hamiltonian (11.8), express the propagator as a path integral

a(ty)=qy

(ar| U (1 0) |a0) = /

q(to)=aq0

Dy exp (35 lasts 1) (11.10)

where the functional S [¢; ¢, to] is the classical Lagrangian action,

tf
Slg;ts, to] =/

to

-2

{m% - V(Q)} dt,

and the integration measure Dgq is defined by the following limit,

Dy = lim (5-5)

n+

1 n
* T4 Ar= Ul 11.11
qr, = . (11.11)
Pt n+1

Hint: Substitute the Hamiltonian (11.8) into the path integral derived in the chapter and
explicitly evaluate the Gaussian integral over the momenta p, using the formula

Fee ar® 2m b2
exp |——— +ibx|dr =4/ —exp |——| .
o 2 a 2a

(This identity holds also for complex a, b as long as the integral converges.)

If the Hamiltonian contains terms that are not quadratic in p, for example p*, then
the Lagrangian path integral (11.9) is impossible to derive. The Hamiltonian path
integral formulation (11.7) is the only one available in such cases.

So far we considered only systems with time-independent Hamiltonians, but the
path integral formalism also applies to time-dependent Hamiltonians.

Exercise 11.2

Derive the path integral expression for the propagator (gs| U (ty, to) |qo) for an explicitly
time-dependent Hamiltonian H (P, q,1t).

Hint: Operators H (P, G, t) at different times ¢ do not commute and one should manip-
ulate them more carefully. The explicit form (11.1) of the evolution operator which holds
only for time-independent Hamiltonians is not actually needed for the derivation of the
path integral; only the approximation (11.3) is important.
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12 Effective action

Summary: Green’s functions of a harmonic oscillator. Euclidean oscillator.
Euclidean path integrals. Effective action of a driven harmonic oscillator.
Calculating matrix elements from path integrals. Backreaction and the ef-
fective action. Backreaction of quantum fields on the metric. Polarization
of vacuum. Semiclassical gravity.

12.1 Green’s functions of a harmonic oscillator
In Chapter 3 we considered an oscillator driven by an external force J(t) which acts

only during the time interval 0 < ¢ < T'. The vacuum states |0;,,) att < 0 and |0,;) at
t > T are related by

1 R
00) = o5 (= 1l + ol ) 0

where .Jy is defined by Eq. (3.5). For late times ¢t > 7', we computed the expectation
value

T . /
t—t
Ol 00 100) = [ T g yar (12.1)
0 w
and the in-out matrix element
ou ] t mn ) T —i —¢
Lol ) _ L [ emisto 0. (122)
<Oout|0in> 2w 0

We have related these results to Green’s functions which will now be discussed in
greater detail.

12.1.1 Green’s functions

The standard use of Green’s functions is to express solutions to inhomogeneous linear
differential equations. For instance, the inhomogeneous equation describing a driven
oscillator,

d2
S0 () + g (1) = T (1), (123)
is solved for arbitrary J(¢) by the following expression,
+oo
q(t) = / J ()G (t,t")dt, (12.4)

141



12 Effective action

where G(t,t') is a Green’s function which satisfies

2

@G(t, t) + W2 G(t, 1) = 5(t — t). (12.5)

It is straightforward to verify that the formula (12.4) provides a solution to Eq. (12.3).
The Green’s function can be interpreted as the oscillator’s response to a sudden jolt,
that is to a force J(t) = d(t — t’) acting only at time ¢t = t' and conferring a unit of
momentum to the oscillator.

Since Eq. (12.3) is second-order, its solution is specified uniquely if two conditions
are imposed on the function ¢(t). For instance, a typical problem is to compute the
response of an oscillator initially at rest to a force J(¢) that is absent until a time
t = to,i.e. J(t) = 0 fort < ty. In that case, the relevant conditions on ¢(t) are ¢(to) =
4(to) = 0. However, instead of specifying conditions on ¢(t), appropriate constraints
can be imposed on the function G(t,t"). In other words, the Green’s function can be
chosen such that the formula (12.4) will always yield solutions ¢(t) satisfying the
desired boundary conditions, for any J(¢). Different boundary conditions will specify
different Green’s functions that are appropriate in various contexts.

The response of an oscillator at rest to an external force is described by the retarded
Green’s function Gy (t,t") which is defined as the solution of Eq. (12.5) with the
boundary condition G, (t,t') = 0 for all t < ¢'. If the driving force J(t) is absent
until ¢ = ty, then Eq. (12.4) with G = G, yields ¢(t) = 0 for all ¢ < ¢, i.e. the
oscillator remains at rest until the force is switched on.

Exercise 12.1
Show that the retarded Green’s function Gy (t,t') for a harmonic oscillator is

nsinw(t —t)

Gret(t, ) =0(t — 1) " (12.6)
The Feynman Green'’s function,
Gr(t,t) = —e =t 12.7)

2w

is the solution of Eq. (12.5) which is symmetricin ¢t and ¢/, i.e. selected by the condition
Gr(t,t') = Gr(t',1).
Using these Green’s functions, we may rewrite the results (12.1)-(12.2) as

“+oo
(0in] G () [0in) = [ Gret(t, t/)J(t/)dtlv (12.8)

~ ) —+o00
W _ [ Gr(t,t)J(t)dt. (12.9)

Note that these relations hold for all £ and not only for ¢ > T". Other matrix elements
can also be expressed through the Green’s functions (see Exercise 3.4 on p. 40).
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12.1 Green’s functions of a harmonic oscillator

Interpretation of Green’s functions

The retarded Green'’s function describes the familiar causal effect of an external force
that influences the future evolution of the system but cannot change its behavior in
the past. The Feynman Green’s function, however, corresponds to a time-symmetric
effect, namely a perturbation 6(t — t') at time ¢t = ¢ affects the future and the past
evolution of the system in equal measure. This acausal relation between perturbation
and response obviously does not occur in nature. If the Feynman Green'’s function
were used to compute the influence of a force, one would arrive at an unphysical
“Feynman solution” ¢ (t) that is affected by a force even before that force is switched
on. Nevertheless, the fact that the Feynman Green’s function appears in quantum-
mechanical matrix elements between different states is not problematic since the “in-
out” matrix elements are unobservable quantities. On the other hand, expectation
values (which are observable) always involve the retarded Green’s function.

12.1.2 Wick rotation. Euclidean oscillator

Many calculations in quantum field theory are easier if one performs an analytic con-
tinuation in the time variable and considers pure imaginary times ¢ = —i7, where
T is a real parameter. This procedure is called the Wick rotation, and T is called the
Euclidean time. The picture is that of “rotating” the real axis in the complex ¢ plane
by 90 degrees to transform it into the imaginary axis. Having obtained a solution
using the Euclidean time 7, one then performs the analytic continuation back to real
(Lorentzian) time t.

The names “Euclidean time” and “Lorentzian time” are motivated by the transfor-
mation of the Lorentzian metric

ds* = dt* — dx*

under the Wick rotation. If we substitute pure imaginary times ¢t = —i7, the metric
becomes

ds? = —dr? — de,

which has a Euclidean signature (apart from an irrelevant overall sign).

The transition to complex time is motivated primarily by mathematical conve-
nience. Complex values such as t = — (4i) sec and the Euclidean time 7 are intro-
duced formally and cannot be interpreted as moments of time; only real values of ¢
signify time.

In this chapter we study some basic applications of the Wick rotation, such as the
construction of the Euclidean action and Euclidean path integrals. To make the under-
lying ideas more transparent, we shall perform all calculations for a very simple sys-
tem, namely a driven harmonic oscillator with the equation of motion (in Lorentzian
time)

d*q

=t wiq = J(t). (12.10)
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12 Effective action

Assuming for the moment that the function J(t) is analytic in a sufficiently large
domain of the complex ¢ plane, we can treat Eq. (12.10) as a differential equation
in complex time. Then ¢(t) and J(t) become complex-valued functions that satisfy
Eq. (12.10) for all complex ¢ within the mentioned domain. Substituting pure imagi-

nary values t = —i7 (with real 7), we thus obtain the equation of the Euclidean driven
oscillator,
d*q(7) 2
> +wq(7) = J(1). (12.11)

Since this equation does not explicitly involve complex numbers, one may consider
only real-valued J(1) and ¢(7). We call a real function ¢ (7) a Euclidean trajectory or
Euclidean path.
Remark: A real-valued function ¢(7) may become complex-valued after an analytic con-
tinuation back to the Lorentzian time ¢. Similarly, a real analytic function ¢ (¢) is in general
not real-valued at ¢ = —i7. Below we shall show that a Euclidean path ¢ (7) cannot be
interpreted as an analytic continuation of the physically relevant solution ¢ (¢). For our
purposes, the path ¢ (7) is a formally introduced real-valued function which will not enter
the final results.
As before, we assume that the driving force J(7) is nonzero only for a finite period
of Euclidean time 7. In that case it is natural to require that the response ¢(7) to that
force does not grow at large |7}, i.e. that there exists a number C' such that

lg(T — £00)| < C' < 0.

Since at sufficiently large | 7| there is no force and the solutions of the free equation are
exp(£wr), the only possibility for ¢(7) to remain bounded is when ¢(7) x exp(FwT)
for 7 — 4oo. This is equivalent to the boundary condition
liril q(1) =0, (12.12)
which indicates that the Euclidean oscillator is in the “vacuum state” at large |7|.
Thus, Eq. (12.12) is the natural boundary condition for Euclidean trajectories.
The general solution of Eq. (12.11) can be expressed through the Euclidean Green'’s

function Gg(r,7'),
—+oo

q(t) = / dr'Gg(r, ) J (). (12.13)

To satisfy the boundary condition (12.12), the Euclidean Green’s function must be

selected by
lim Gp(r,7) =0.
This condition specifies Gg(7,7') uniquely (see Exercise 12.2),
1 —wl|r—7'
Gp(r,7') = 5-e 1. (12.14)

With the above Green’s function, the solution (12.13) satisfies the boundary condi-
tion (12.12) for any force J(7) acting for only a finite period of Euclidean time.
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12.2 Introducing effective action

Exercise 12.2
Derive the/formula (12.14) by solving the equation

{78_2 + wﬂ Gp(r, ') =6(r—1") (12.15)
or2 EALT = '

with the boundary conditions |Gg(7,7")] — 0 at 7 — +oo.

Connection between G and G

The similarity between the Euclidean and the Feynman Green’s functions is apparent
from a comparison of Egs. (12.7) and (12.14). Performing the substitution 7 = it in
Eq. (12.13), one can verify that the analytic continuation of the solution ¢(7) back to
real times ¢ yields the unphysical solution ¢z (t) discussed in Sec. 12.1.1 (p. 143),

+o0 ) +oo
q(t) = / dr'Ge(r,7)J(7) =% ¢p(t) = / dt'Gp(t,t")J(t).

— 00 — 00

Both the Feynman and the Euclidean Green’s functions are symmetric in their two
arguments. One might be tempted to say that they are analytic continuations of
each other, except for the fact that neither of the two Green'’s functions Gg(7,7") and
Gp(t,t') are analytic in ¢ or ¢'. Strictly speaking, only the restrictions of Gg(¢,t') to
t > t' or tot < t’ are analytic functions such that Gr(t,t') for t > ¢’ is the analytic
continuation of iGg(7,7') for 7 < 7’ and vice versa.

Note that the retarded Green’s function Gr(¢,t') is also not analytic. Generally, a
Green'’s function cannot be an analytic function of ¢ or ¢’ in the entire complex plane.
This can be explained by considering the requirements imposed on Green’s functions.
From physical grounds, we expect that if the force J(¢) is active only during a finite
time interval 0 < ¢t < T, then the influence of J(t) should not grow as [t| — oo.
However, there are no nonzero analytic functions that remain uniformly bounded
for all complex ¢. Thus one has to consider only real ¢ or only pure imaginary ¢ and
determine suitable Green'’s functions in each case.

12.2 Introducing effective action

Effective action is widely used in quantum field theory as a powerful method of cal-
culation. An extensive development of the formalism and applications of effective
action is far beyond the scope of this textbook. We employ effective action only as
a tool to describe the interaction of quantum systems with classical external fields
(backgrounds).

The method of effective action is based on Euclidean path integrals which we shall
now discuss, using a driven harmonic oscillator as the main example.
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12.2.1 Euclidean path integrals

In Chapter 11 we showed that the propagator for a quantized system can be written
as a path integral over trajectories ¢(¢) connecting the initial and the final points,

a(ty)=ay »
K (qf,q03tf,to) =/ Dq 519, (12.16)

q(to)=qo

where S[q] is the classical Lagrangian action (see Sec. 11.3). A driven harmonic oscil-
lator is described by the action

ts 1 w?
Slql = / dt {542 - 7(12 + J(t)q} : (12.17)
to
If we perform the Wick rotation t = —ir, the action (12.17) is expressed as the follow-

ing functional of the Euclidean path ¢(7),

. i 1., w?
iSlgt)],—_,, = —/ dr {5(12 + 7(12 - J(T)q] = —Sglq(1)], (12.18)
where we have denoted ¢ = dg/dr. In a sense, the functional Sg [¢(7)] is the analytic
continuation of the functional 15 [¢(t)] to pure imaginary values of ¢; the factor (—i) is
introduced for convenience. One then considers the Euclidean path integral

a(Tp)=ay
/ Dq e Srla(n] (12.19)
q

(T0)=q0

in which the integration is performed over all real-valued Euclidean trajectories ¢(7)
constrained by the specified boundary conditions at 79 and 7¢. The expression (12.19)
can be viewed as the analytic continuation of the Lorentzian-time path integral (12.16).

One expects to obtain a useful result by computing the Euclidean path integral and
performing the analytic continuation back to the real time ¢. However, the correspon-
dence between the Lorentzian and the Euclidean path integrals is not a mathematical
equality because normally the integration contour in Eq. (12.17) cannot be deformed
from real ¢ to the imaginary line. Also, the path integral involves trajectories ¢(7)
that are not necessarily analytic functions. So a straightforward analytic continuation
back to the Lorentzian time cannot directly yield physical results. Below we shall see
how the expressions obtained from Euclidean calculations are related to the correct
answers found in Chapter 3.

Remark: While the path integral (12.16) involves a rapidly oscillating exponential, its Eu-
clidean analog (12.19) contains a rapidly decaying expression and can be expected to con-
verge better. In fact, a mathematically rigorous definition of functional integration is cur-
rently available only for Euclidean path integrals. It is also easier in practice to perform
calculations with the Euclidean action. These are the main reasons for introducing the
Wick rotation.
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12.2 Introducing effective action

Calculation of the Euclidean path integral

Unlike the Lorentzian action, the Euclidean action S is often bounded from below’
and the minimum of the action is achieved at the classical Euclidean trajectory q.;(7).
For instance, the action (12.18) of the Euclidean oscillator has a lower bound:
1, 1, 1., 1 J\? 1.2 1.2
== - —Jg== - )

Spldl = 50"+ 5w'a —Ja= 54"+ 5 (wa— = 5.7 2 5.5
Therefore the dominant contribution to the path integral in Eq. (12.19) comes from
paths ¢(7) with the smallest value of the action. These are the paths near a solution
q¢e1(7) of the classical Euclidean equation of motion,

0SE [Q] _
dq(T)

Evaluating the functional derivative of the action (12.18), we obtain

d2
— gl + Wi = J(7). (12.20)

This is of course the same as Eq. (12.11). We impose the natural boundary condi-
tions (12.12),
lim g¢q(7) =0, (12.21)

T—+o00

and then the Euclidean classical path g.;(7) is expressed by Eq. (12.13),

+oo
qa(T) = / dr'Gg(r,7")J(T").

The path integral (12.19) contains contributions not only from ¢.;(7) but also from
neighbor paths whose action Sg is only slightly larger than the minimum value
SE [¢e]. To evaluate the path integral over all ¢(7), it is convenient to split the function
q(7) into the sum of ¢.;(7) and a deviation ¢(7),

q(7) = ga(7) +4(7).

It is clear that the deviation ¢(7) should satisfy the boundary conditions ¢ (+00) = 0.
The path integral over all paths ¢(7) can now be rewritten as an integral over all
paths g(7), with
Dq =D [gu(r) + ¢(7)] = Dg.

This operation can be visualized as follows. The measure Dy is the limit of a product
of the form dq(71) ... dq(7,,). Each integration variable ¢(7;) can be shifted by a constant
amount ¢.(7x), and then

dq(tx) = d g () + q(7i)] = dq(7y)

This is not always the case. For instance, the Euclidean action for general relativity is bounded neither
from below nor from above.
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because q.(7x) is a fixed number. In other words: the function ¢(7), which is the
“variable” of path integration, is shifted by a fixed, g-independent function g.;(7).
Thus we can rewrite Eq. (12.19) as

q(400)=0 (400)=0 _
/ DgeSrlam] = / D e~ Selae(M)+a(m)] (12.22)
a(=00)=0 4(—00)=0

The action Sg [¢i(7) + G(7)] is then transformed using integration by parts,

N 1, a2, WP 2 _
SE[qcl+q]:/ 5(qd+q) +?(ch+q) *(qcl‘i’q)J dr

1 N S B A y
= |:§qclqcl+qclq:| +§/(q2+w2q2) dT*/qchdT

.. - 1. w?
+ / (*QCl + W2qcl - J) qd’f +/ [5%1%1 + ?qfl] dr

1

— 5/(§2+w2§2) dr — %/quJdT.

The last line was obtained using the boundary conditions for ¢ and ¢ as well as the
equation of motion (12.20) to eliminate ¢.;. The resulting expression is substituted
into Eq. (12.22) which yields

45 (+60)=0 ) §(+00)=0 o
/ Dq e*SE[Q(T)] = exp (—chleT) / Dq’e_%f(q2+w2q2)d7'- (1223)
qo(—00)=0 2 G(—o00)=0

Note that the remaining path integral in Eq. (12.23) is independent of J(7) and is a
function only of w. We shall denote that function by IV,,; an explicit expression for N,
will not be necessary since we are interested only in the effect of the external force J
on the oscillator. Therefore the final result is

q(+oo):0 1 —+00
[ e < Noe 3 [t
q

(—o00)=0 —o0

= N, exp B / J(7)J ()G p(r, T’)der’] . (12.24)

12.2.2 Definition of effective action

For a quantum system with a coordinate ¢ interacting with a classical field J (the
background), we define the Euclidean effective action as the functional I'g [J(7)] de-
termined by the relation

q(+00)=0
o—TElI()] _ / Dy e=Sela().I()] (12.25)
a(—00)=0
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where Sg [g, J] is the Euclidean classical action for the variable ¢ including its inter-
action with the background J. Note that I'g[J] is a functional of J but not of ¢. We
shall see below that the effective action I' [J] indirectly describes both the influence of
the background on the quantum system ¢ and the effect of the quantum fluctuations
of ¢ on the classical field J (the backreaction).

The effective action for the driven oscillator can be read off from Eq. (12.24):

Te[J(T)] = —% / J(1)J(")GEg(r, 7" )drdr" — In N,,. (12.26)

As we said before, a Euclidean quantity such as ¢(7) has no direct relation to the

observable value of ¢(t). To obtain Lorentzian-time quantities, one needs to perform

an analytic continuation that involves replacing 7 = it. The Lorentzian effective ac-

tion I'1,[J(t)] is defined as the analytic continuation of the Euclidean effective action
T'g[J(7)] with an extra factor i:

Uy ()] =i [J(7)] (12.27)

T=it *
Formally, we may replace the Euclidean path integral in Eq. (12.25) by the correspond-
ing Lorentzian one and write

4 q(+00)=0
e TLlI(D)] — / eiSla).Jlpg. (12.28)
q(—00)=0

This equation should be understood merely a symbolic representation of the ana-
lytic continuation of the Euclidean path integral, since the Lorentzian path integral
is ill-defined. However, it is intuitively easier to manipulate the Lorentzian path in-
tegral (12.28) directly, as if it were well-defined; for instance, we may compute func-
tional derivatives of I';, or change variables in the path integral. These operations
should be understood as the analogous manipulations on the Euclidean path integral,
followed by the analytic continuation to the Lorentzian time. Below we shall perform
such formal manipulations of Lorentzian path integrals without further comments.

To compute the Lorentzian effective action for the oscillator, we set drdr’ = —dtdt’
and replace the Euclidean Green’s function G in Eq. (12.26) by its analytic continu-
ation, 1Gp. The result is

()] = % / TG (t, t)dtdt — iln N,

sinw |t — /|

= % | Jol +/J(t)J(t’)Tdtdt’ —ilnN,, (12.29)

where Jj is defined by Eq. (3.5).
We note that the expression

q(400)=0 ;
/ Dy ezS[q(t)vJ] = exp (iFL [JD
q(=00)=0
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almost coincides with the matrix element (04,+]0:5,),

1
<Oout|0in> = exp (5 |J0|2) 5

up to a phase factor that can be absorbed into the definition of |0,.+), and a normal-
ization factor N,, (which is J-independent). So we conjecture that a matrix element
such as

<Oout| q (tl) |0m>
might be related to the path integral

q(+00) )
/ Dqq (t,) S, (12.30)
q(—00)=0

To test this conjecture, we now compute this path integral and compare the result
with the known expression (12.9).
Since the external field J enters linearly into the action,

S0, 7] = Sola] + / J(B)q(b)dt,

the functional derivative of S with respect to J(¢) is

05 (g, J]
8J (t1)

=q(t1),
and thus we may formally write

; 1 6 .
Daa(t)eSlad] — = /D iS[q,J]
/ qq(ti)e ) qe

For brevity, we shall omit the boundary conditions g(+occ) = 0 that enter all path
integrals. Substituting the definition (12.28), we find

Jqt) el Ipg 5 6J(t1) exp (il' [J]) g [J]

= = . 12.31
[ eiSla-1Dg exp (iT'z [J]) 0J (t1) (123
For the driven oscillator, Eq. (12.29) yields
SI'p[J]
5Tt /J(t)GF (t1,1) dt, (12.32)

where we used the symmetry of the Feynman Green'’s function, Gr(t,t') = Gr (', t).
Since Eq. (12.32) coincides with Eq. (12.9), the conjecture is confirmed; the relation
between the “in-out” matrix element and the Lorentzian effective action is

f q tl lS q’J]Dq 6FL [J] <Oout| @ (tl) |Ozn>

= . 12.33
felS[QaJ]Dq 5J (tl) <Oout|0in> ( )

Below we shall see to what extent this relation can be generalized to other matrix
elements.
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12.2 Introducing effective action

Effective action as a generating functional

Generating functions are a standard mathematical tool. For example, to compute
statistical averages (z), (2?), ... with respect to some probability distribution of z, one
defines a generating function as a series in an auxiliary variable p,

)= (Z:,)
n=0 ’

Once the generating function is computed, one can evaluate all the averages as fol-
lows,

n

(™) = <eipz>.

1 ar

ey {2™) = g9(p).

_ldg
" dpn p=0

N ;dp

()

p=0
In case of many variables z;, the generating function depends on several arguments
pi, one for each z;. For uncountably many variables x;, where ¢ is a continuous index,
one introduces a generating functional that depends on a function p; = p(t) and uses
functional derivatives with respect to p(t).

This method can be applied to path integrals of the form

[at)at)a () ) 59Dy (12.34)

We define the generating functional G/[.J] by the path integral

Gl = / exp [iS [q] + i [q(t) T (t)dt] Da, (12.35)

where J(t) is an auxiliary function. Functional derivatives of G[J] with respect to
J(t) yield the required results, e.g.

1 6 1 6

t ) eSldpg = = -
[atta(t)esing T T 576 e

GlJl.

More generally, for arbitrary J(t) we have

1 6 1 6

Gl

Note that the action (12.17) of a driven oscillator is already in the form (12.35), where
J(t) is the external force. Thus the functional G[J] = exp (iI'z, [J]) can be viewed as
the generating functional for path integrals of the form (12.34).

12.2.3 The effective action “recipe”

Comparing Egs. (12.8) and (12.9), we find that the only difference between the “in-
out” matrix element and the “in-in” expectation value is the presence of the retarded
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Green’s function G, instead of G. Replacing G by G, in the final expression for
the matrix element, we get

VAR
I () |lap—a,., '

(0inl g (t) |0in) = (12.36)

Note that the replacement Gy — Gy is to be performed after computing the func-
tional derivative. The expression (12.36) is again a functional of J(¢) as it should be
since the expectation value of § depends on the force J. In this way the effective
action I'[J] describes the influence of the external force on the quantum system ¢,
under the assumption that g is initially in the vacuum state.

We formulate our findings as a recipe for computing “in-out” matrix elements and
“in-in” expectation values for a quantum system coupled to a classical background:

1. Perform the Wick rotation ¢t = —i7 to determine the Euclidean action Sg. Com-
pute the Euclidean effective action I'g [J(7)] from Eq. (12.25). The Euclidean
effective action will involve the Euclidean Green’s function Gg.

2. By an analytic continuation to the Lorentzian time ¢ according to Eq. (12.27),
obtain the Lorentzian effective action
e [J@] =i Te ()]l
replacing the Euclidean Green’s function Gz by the Feynman Green’s function,
namely Gg — %GF.

3. Using formal manipulations with the Lorentzian path integral, express the de-
sired matrix element as a combination of functional derivatives of I';[J] with
respect to J. For example, if J enters linearly into the action as [ Jgdt and we
need a matrix element of G(¢1), the required functional derivative is simply that
in Eq. (12.33).

4. Compute the functional derivatives, keeping the Feynman Green’s function G .
The result is the “in-out” matrix element. Then replace G by G, to obtain the
“in-in” expectation value.

Remark: There is no known method to obtain expectation values directly from the effec-
tive action. Without replacing Gr — G+ by hand, the analytic continuation from the
Euclidean time cannot be used to produce observable quantities.

Example: correlation functions of the oscillator

To test the recipe, we now compute the correlation function

(Oin] G (t1) G (t2) [0in) - (12.37)
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According to the effective action method, we first replace the “in-out” matrix element
by a path integral and then rewrite it using functional derivatives:

] (t1) q (t2) e51271D
(Oout| 4 (t1) G (t2) [0in) fq 1) q (12.38)

<Oout|01n> fels ‘LJ]Dq

1 5 1 6
= i it 1 T
o0 ) 557y 157 () 2 e )
oTL  oT 52T

S - (12.39)

T 0T () 0T () 0T ()6 (ta)”

The functional derivatives are evaluated as in Eq. (12.32),

UGF (t,tl)J(t)dt} [/GF (t' ta) J(t')dt' | —iGp (t1,t2) . (12.40)

However, this result does not coincide with the answer of Exercise 3.4b (see p. 40) be-
cause of the J-independent term which should be proportional to exp (—iw(t1 — t2)),
while we computed it as

1
—’iGF (tl, tg) = 2— exp (—iw |t1 — t2|) . (1241)
w
Replacing G by G in Eq. (12.40), we also obtain an expression which disagrees
with the “in-in” expectation value found in Exercise 3.4b in the J-independent term.
However, the J-dependent terms are correct.

Exercise 12.3*
Compute the expectation value (0;,,| ™ (t)a~ (¢)|0;») using the path integral ratio

fa zS[q J]Dq
fezS'[q ]Dq

and the Lorentzian effective action I'., [J], by following the recipe described in the text.
Compare the results with Eq. (3.12).
Hint: First consider the (Lorentzian) action with two auxiliary external forces J*(t),

Slg, g 7] = / (;qQ - —q +J et + J_a_> dt.
Here a™(t) are the variables introduced in Sec. 3.1 and J~ = (JT)" are complex conju-
gates. An integration by parts transforms this action into S [g, J] of this chapter with an
appropriately chosen J. The J-dependent terms should coincide with the result (3.12).

Why is are the results of these calculations not entirely correct? We note that the
path integral (12.38) is symmetric in ¢; and ¢, while the matrix element (12.37) cannot
be a symmetric function since ¢(¢1) does not commute with §(t2). Thus one cannot
hope to compute the correct matrix element of a product such as §(t1)(t2) by calcu-
lating a path integral. Sometimes one even finds divergent spurious terms (see Exer-
cise 12.3). However, the J-dependent terms are always correct. This phenomenon can
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be informally explained as follows: The wrong terms are the result of neglecting the
quantum nature of the system ¢ manifested by the noncommuting operators. How-
ever, an interaction of § with a classical external field J cannot depend on the order
of quantum operators; one may say that the classical field is “unaware” of the quan-
tum noncommutativity. Therefore one could expect to obtain the correct J-dependent
terms by this method. For the applications of the effective action considered in this
book, the J-dependent terms are the only important ones.

Remark: One can show that the result of using the path integral (12.38) is the vacuum
expectation value of the time-ordered product

(t2), t1 2> ta;
(tl) , t1 < ta.

coy Ay — oa(t)

Ti( i) ={ 40

The letter T" signifies the ordering of time-dependent operators by decreasing time. We

see from Egs. (12.40)-(12.41) that the result obtained from the path integral calculation is

indeed time-ordered, with |t; — t2| instead of (t1 — t2) in the exponential. The appear-

ance of the time-ordered product can be understood as follows. The path integral is a
representation of an infinite product of propagators for infinitesimal time intervals,

ESNESHN

[0 Dq = tim [ (st st @bl to) dareodan. (1242)

It can be shown that
7 5J(tk:) Qr+15 tht11Gk, Uk dk 7tk+1 q(lk)|qk, LK) -

Therefore, evaluating a functional derivative of both sides of Eq. (12.42) with respect to
J(t) will insert the operator §(¢1) at the k-th place in that expression,
1 Ky eiF L
i 0J (tr)

=/<Qf7tf|qn,tn>m<Qk+17tk+1|fi(tk)|%tk>~~<q17t1|QO7t0>dq1~~dqn4

A second functional derivative with respect to J(t;) inserts the operator ¢(¢;) at the I-th
place. It is clear that if ¢, > t; then ¢(¢;) will appear to the right of §(tx). Now we can
remove the decompositions of unity and obtain

isledlpy, . L_0 1 0 irp _ PR,
[ atta)e S Dg = £ st = (g () a0 to) . >t

If t, < t1, the sequence of the operators would be §(¢;){(tx), in accordance with the time
ordering prescription.

It follows that the effective action method applied to the correlation function (12.37)
actually yields (0in| T'G(t1)¢(t2) |O0in). The difference between the time-ordered and the
usual products is precisely the deviation of the answer we obtained from the correct ex-
pression.

12.3 Backreaction

As we can see from the computation of matrix elements in the previous section, the
effective action allows one to compute the influence of an external classical force on
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a quantum system ¢, assuming that § is initially in the vacuum state. Another impor-
tant application of the effective action is to determine the backreaction of the vacuum
fluctuations of ¢ on the classical background.

In realistic situations the background J(t) is itself a dynamical field described by a
classical action Sg[J]. In the absence of interactions between ¢ and J, the equation of
motion for the background would be

6Sp [J]

IO

The combined classical action for the total system (g, J) is
Stotal = S[Qa J] +SB [J] :

When the subsystem g is quantized while .J remains classical, the modified dynamics
of J can be characterized by a “reduced action” S,..4[J] which is a functional only of J
that reflects the influence of the quantum variable ¢ (assuming that § is in the vacuum
state).

If ¢ were a classical system, the reduced action would be obtained by substituting
the vacuum trajectory ¢(¢) into the total action. However, in the present case § is a
quantum variable and its behavior in the vacuum state is not described by a single
trajectory. Therefore we are motivated to perform a path integration of exp(iS|q, J])
over appropriate paths ¢(¢) and to define the reduced action by the relation

exp (iSreq [J]) = /Dq exp (iS[q, J| +iSp [J]) = exp (il'L [J] +iSp []]),

where I'; [ J] is the effective action (12.28). Then the modified equation of motion for
the background is

65’!‘6(1 [J] _ 5FL [J]

555 ]
5T 8I(0) *

GroCor dJ(t)

As explained in the previous section, the replacement Gr — G, is necessary to
obtain physically meaningful results.

The new equation of motion (12.43) describes the dynamics of the background J(t)
influenced by the backreaction of the quantum system ¢ in the “in” vacuum state.
Note that the choice of the “in” vacuum state has been implicit in our derivation of
the effective action, and the results would have to be modified if the subsystem ¢ is
in a different quantum state.

= 0. (12.43)

Remark: visualizing the backreaction. In the case of the driven oscillator, Eq. (12.36)
shows that the backreaction term in Eq. (12.43) is equal to the vacuum expectation value
(G(t)). Classically, the background J interacts with ¢ as Jg, which means that .J is the
external force for the oscillator while ¢ is the external force for the system J. Thus we
may interpret the backreaction term as the vacuum expectation value of the “backreaction
force” §.
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12.3.1 Gauge coupling

A similar picture of the backreaction holds for quantum fields interacting with clas-
sical gauge fields. For instance, a matter field ¢ interacting with the U(1) gauge field
A, (the electromagnetic field) can be described by a U (1)-invariant action S(™[4, A4,,].
The invariance with respect to local U(1) transformations (5.12) leads to the conser-
vation law for the classical current j#,

o a8m)
A,

The dynamics of the electromagnetic field alone is determined by the action S¥M[4,,].
The functional derivative of the total classical action with respect to the field A, yields
the Maxwell equations,

EM (m) 1
6§A + 5{‘; =0 = P =, (12.44)
i n

where F),, = A, — A, , is the field strength tensor.

Assuming that the quantum field ¢ is in the vacuum state, we can compute the
effective action I' . [A,,] and write the modified classical equation of motion as

BSTM Oy [4,] 1 STL[A,]

~0 L 0.
oA, oA, - v A,

dm Gr—Ghres

Gr—Gret

At the same time, the functional derivative of the effective action is related to the
vacuum expectation value of the current j#,

J 3*(@) exp (iSU™) [y, A,]) Dy

(G*(2)) = (Oin| 7 (2) |0s0) = i
[exp (iS(m) [, A,]) Dy GG
= exp (—il'L[AL]) <%> % exp (il'L[AL]) = — i}jéﬂ)} o

This expectation value can be interpreted as the “effective current” contributed by
the quantum field ¢ due to the presence of the background A,,; without the electro-
magnetic field, the expectation value of 7" would vanish in the vacuum state. The

effective current is conserved, (j ) .« = 0,and acts as a source to the classical equation
of motion (12.44) for the background field A4,,

Ty

This is the vacuum Maxwell equation modified by the backreaction of the quantum

field 7). (Note that both sides of this equation involve only A, since (j#) is a func-
tional of A,,.)
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12.3.2 Coupling to gravity

An important problem is to compute the backreaction of quantum fluctuations of

matter fields on gravitation. For a quantum field ¢ in a curved spacetime, the metric
tensor g*” plays the role of the classical background .J. The backreaction of the field

¢ on the metric may be found using the effective action I'z, [g,., ],
xp (T2 [g,0)) = [ exp (1™ [g,0.0]) Do,

where S(™) (90, @] is the action for the matter field ¢ in the presence of gravitation.
If 58"V([g,,,] is the Einstein-Hilbert action for gravity, then the vacuum Einstein equa-
tion (5.21),

§.g8rav B /=g 1 B
SgoB 167G <R°‘ﬁ B 29aﬁR> =0,

is modified by a backreaction term in the following way,

088" T [gw] /=g 1 orr [gw]
557 b = T16nG Rag — 5905R | + g0 =0. (12.45)

(Here and below the replacement of Feynman Green’s functions by retarded Green'’s
functions is implied.) Using the formula (5.23) for the classical EMT,

2 05" (g, ¢l
V=g 09°°(x)

we can express the vacuum expectation value of the quantum EMT through the ef-
fective action as

; _ [ Tap(z) exp (iS[g, ¢]) D¢

Tup(z) =

Tanl?)) = T w6519, ) Do
T,)— . 2 oTs (9]
= exp (—il'r) 2\/——_9697(35) exp (il') = \/——_gégiiﬁg(ac)

Then Eq. (12.45) is rewritten as the semiclassical Einstein equation,
1 A
Rap — §gagR = 871G (Twp)- (12.46)

In other words, vacuum fluctuations of ¢ contribute to gravitation by the expectation
value of the quantum EMT as if it were the EMT of a classical field. The semiclassical
Einstein equation approximately describes the backreaction of quantum fields on the
classical metric.
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12.3.3 Polarization of vacuum and semiclassical gravity

The presence of gravity changes the properties of the vacuum state of quantum fields.
Whether or not particles are produced, the local field observables such as the vacuum
expectation value (T}, (z)) of the EMT at a point z are different from their Minkowski
values. This modification of the vacuum state due to the influence of the classical
background is called the polarization of vacuum.

The standard measure of the vacuum polarization is the expectation value (T}, (z))
of the EMT of quantum fields. It is natural that the polarization of vacuum is de-
scribed by a local function of spacetime. We would like to constrast this with the
number density of produced particles, which is an essentially nonlocal quantity that
depends on the entire history up to the present time. The concept of “particle” in-
volves nonlocality, and it is impossible to define a generally covariant and local func-
tion of quantum fields that would correspond to the number density of particles at a
point.

The expectation value of the EMT also describes the backreaction of the quantum
fields on the metric via the semiclassical Einstein equation (12.46). Once the metric
changes due to this backreaction, the vacuum polarization also changes. So a self-
consistent theory of quantum fields in a curved spacetime may be formulated in the

following way. A quantum field ¢ has a nonzero vacuum expectation of the EMT
induced by the metric. One computes the value of (7},,) in a fixed metric g, (z)
and then requires that this g, (z) should satisfy the semiclassical Einstein equation
sourced by the same effective EMT (7},,,). The theory formulated in this way is known
as semiclassical gravity.

Solving the self-consistent equations of semiclassical gravity is a challenging task.
For instance, it is not straightforward to compute the EMT of a quantum field even in
simple spacetimes.? Also, self-consistent solutions are not always physically relevant:
there are known cases of “runaway” solutions when gravity generates a large value
of (T},,,) which gives rise to a more curved spacetime and to an even stronger vacuum
polarization, ad infinitum. Semiclassical gravity is an approximate theory applicable

only to weakly curved spacetimes where the vacuum polarization is small.

2Calculations of the EMT occupy much of the book by N. D. BIRRELL and P. C. W. DAVIES, Quantum
fields in curved space (Cambridge University Press, 1982).
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13 Functional determinants and heat
kernels

Summary: Euclidean effective action as a functional determinant. Zeta
functions and renormalization of determinants. Computation of ¢ func-
tions using heat kernels.

The subject of this and the following chapters is the application of the method of
effective action to the description of a quantum scalar field in a gravitational back-
ground. In this chapter we introduce the formalisms of functional determinants and
heat kernels, which are powerful and elegant tools used in many branches of math-
ematics and physics. In Chapters 14 and 15 these tools will be applied to the task of
computing the generally covariant effective action.

Below we shall often work with spacetimes of dimension two and four, so for con-
venience we now denote the number of dimensions by 2w. However, it will not be
assumed that w is integer. The (Greek) spacetime indices, such as x in “0,,¢”, range
from 0 to 2w — 1.

13.1 Euclidean action for fields

We consider a scalar field ¢ described by the classical action

Sovgu) = 5 [ VTP (06,0, - VIe)?) (13.)

where g,,,(z) is the spacetime metric and the potential V' (z) is an external field that
plays the role of the effective mass of the field ¢. (This general form of the action
can represent both minimally coupled and conformally coupled fields.) We assume
that the metric g, (x) and the potential V' (z) are fixed and known functions of the
spacetime.

It is convenient to rewrite the action as a quadratic functional of ¢,

Slovgu) = 3 [ VI [0 Fo(o)]. (132)

where F is a suitable differential operator. An explicit form for F' is easy to derive
from Eq. (13.1) using integration by parts. Assuming that ¢(z) — 0 sufficiently
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13 Functional determinants and heat kernels

rapidly as  — oo, we omit the boundary terms and find
1
b gu] = 5 /dQ‘”x 0 (V=99"6.), — V=9V¢*
1
—5 [ VEateale(-0, - V)4, (13.3)

This form of the action is reminiscent of Egs. (4.3) and (4.5). Thus the operator Fis
F=-0,-V(x),

where the symbol [J, denotes the covariant D’Alembert operator for scalar fields in
the metric g,

006 = <=0, [V=54"0,4].

The classical equation of motion for the field ¢(z) can be written as

F¢=[-0, - V(@)] ¢() = 0.

13.1.1 Transition to Euclidean metric

We now perform an analytic continuation of the action (13.3) to the Euclidean time
7 = it. According to the general procedure outlined in Sec. 12.2.1, the Euclidean ac-
tion Sg {qb(E ), g,(f)} is the functional of Euclidean trajectories ¢(*) (7, x) and gff:) (1,%)

defined by
1
SE |:¢(E)79L€):| = ;S[Qﬁaguu]t:_i.r .

While the Euclidean scalar field ¢” is determined straightforwardly,

¢(E) (7-7 X) = ¢ (t7 X)'tzfi'r ’

the metric g,,, () is a tensor and must be appropriately transformed under a change
of coordinates 7 = it. Let us examine this transformation in a little more detail. To
simplify the problem, we first consider a purely real change of coordinates

x=(t,x) > I = (f, x) = (M, x), (13.4)
where ) is a real constant; we shall afterwards perform an analytic continuation in A

andset\ =i, =r.
The transformed scalar field is

¢ (t,x) = ¢ (At,x).
The components g,,,, of the metric tensor transform as

NGoo Ajo1 Aoz Ados

PN Il Agio g1 G2 §i13
ap (6,X) = g (6,X) 57— = o P 5 G : 13.5
g ﬁ( X) m ( X) or® OB )\920 g21 g22 go3 ( )

Ag3o g3t G32 033
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13.1 Euclidean action for fields

It is easy to see that the determinant g = det g,,,, changes as g = A\?§ because one row
and one column of the matrix §,,,, are multiplied by A. Since

A%z = A\ di d*1x = \"1d> g,

the form of the covariant volume measure \/—gd**z remains unchanged under the
transformation (13.4),

Vogd®r = AN/ NG F = \/—gd* 7,

at least for real \. The action S[¢, g,..,/] is a generally covariant scalar, therefore we can

write
e A1 T+ ~
3[6.9m] =25 [ Va3 [5(-05- ) ).
Setting A\ = i and denoting t = 7, ¥, = xﬁtE), we now obtain the analytically
continued Euclidean field and metric,

¢(E) = QE‘A:H gff) = guv|,\:i’ V=9 = \/t: VB,

Thus the Euclidean action can be written as

1 1
Se [62. 98] = 18169l = 5 [ VIPIED [68) (O + V) 915)].

(13.6)

The Euclidean field ¢(*) and the Euclidean metric g,(f) are now chosen to be real-
valued functions of =(¥) despite the fact that the transformation (13.5) of a real metric
g With A = i will generally yield complex-valued components §,,,.. As we already
remarked in Sec. 12.1.2, the real-valued Euclidean fields do not have a direct physical

interpretation. The Euclidean variables ¢(*) and gffj) are introduced merely to obtain
the analytic continuation of the action functional to the Euclidean domain, S...] =
—iSg[...].

Now we shall bring the Euclidean action to a more convenient form. In our sign
convention, the Lorentzian metric g, (x) has the signature (+ — ——), and it is evi-
dent from Eq. (13.5) that the Wick rotation transforms g, to a metric gfff;) with the
signature (— — ——). For convenience, we now change the overall sign of the metric
and define a new metric variable,

- _(E
Vv (1,%) = _gfw) (1,x) = — Guv (t)x)lt:—i‘r .
The new metric v, is positive-definite with the standard Euclidean signature, namely
(+ + ++). Under this last change of variables, we have v = ¢®) and Uy = =Ly,
so the Euclidean action (13.6) is expressed through the new metric as

S [¢a7uu] _ %/ﬁdmx(m [¢(E) (_Dv + V(ac)) (b(E)} )
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13 Functional determinants and heat kernels

In the next two chapters, we shall perform all calculations exclusively with the
Euclidean metric 7,,, the field #'F) and the coordinates z(¥). Therefore it will be
convenient henceforth to denote the Euclidean quantities simply by g,..,, ¢ and x. We
shall keep the symbol [J, for the covariant Laplace operator,

1
Og¢ = %au (V9 9" 0u9],

as a reminder of the analytic continuation back to the Lorentzian time that shall be
eventually performed.
Thus the final form of the Euclidean action for the field ¢ is

S [, 9] = / V3d2z [p(z) (<0, + V(@) ¢(x)] (13.7)

The Euclidean field ¢(z) satisfies the equation of motion

[0, + V(x)] ¢(z) = 0. (13.8)

13.1.2 Euclidean action for gravity

To illustrate the construction of the Euclidean action on another example, we consider
the Einstein-Hilbert action (5.18) for pure gravity,

1
Sgrav [gw] = *m (R + 2A) RV4 7gd4$.

Performing the transformation x,, — zﬁtE), Juv — gfff;) similarly to the previous sec-

tion, we compute the Euclidean action functional as

SE™ )] = . / (R +20) VoPid'z.

167G

Now we express this functional through the positive-definite Euclidean metric 7, =

- gw). When we flip the sign of the metric, the Christoffel symbol I'jj, remains un-
changed, while the Riemann scalar changes sign,

RF [9,(5)} -R ['Yuu] .
Hence the Euclidean action for gravity is

S%rav ['Yul/] =

4
167TG v+ 2A) /yd
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13.2 Effective action as a functional determinant

13.2 Effective action as a functional determinant

According to Sec. 12.2, the Euclidean effective action I's[g,.,,] is found from

exp (~T'p [g0]) = / Do exp (— S [, gp]) - (13.9)

It is not straightforward to define a suitable measure D¢ in the space of functions ¢(z)
because the definition introduced in Sec. 11.3 is not generally covariant. One way to
define a generally covariant functional measure is to use expansions in orthogonal
eigenfunctions.

We consider the following eigenvalue problem (in Euclidean space),

[0y + V(@)] én(2) = Andn(2), (13.10)

where ¢, (z) are eigenfunctions with eigenvalues \,,. For mathematical convenience,
we impose boundary conditions on ¢(z) at the boundary of a finite box, so that the
spectrum of eigenvalues A, is discrete (n = 0,1,...) and the operator -0, + V' is
self-adjoint with respect to the natural scalar product

(f.9)= [ Vad=s f(@g(o) (13.11)
Under natural assumptions on g,,, and V(z), one can show that the eigenvalues \,,

are bounded from below and that the set of all eigenfunctions is normalized and
constitutes a complete orthonormal basis in the space of functions,

/\/§d2‘”$ O ()P () = Oy

Then an arbitrary function f(x) is expanded in this basis as

f@) =" cntn(x); (13.12)
n=0
Cn = / Vgd*x f ()b (). (13.13)

The coefficients ¢,, (Which are real numbers) are the coordinates of the function f(z)
in the basis {¢,,}. There are infinitely many coordinates since the space of functions
is infinite-dimensional.

Substituting Eq. (13.12) into the action (13.7), we find a particularly simple expres-
sion,

1 1
SE [¢7 gul/] = 5 / ﬁdexzcmanm¢m¢n = 5 Zci)‘n

This is to be expected since the action (13.7) is a quadratic functional of ¢ which is
diagonalized in the basis of eigenfunctions {¢,, }.
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13 Functional determinants and heat kernels

Once an orthonormal system of eigenfunctions {¢,, ()} is chosen, the coefficients
¢n, are independent of the spacetime coordinates since Eq. (13.13) expresses ¢, in
terms of generally covariant integrals. The action is a function of ¢, and A, and
the eigenvalues ), are also coordinate-independent quantities (eigenvalues of a gen-
erally covariant operator). Hence we are motivated to define the functional measure
in the path integral (13.9) through the quantities c¢,,, for example D¢ = [], f(cn)dcy
with some function f(c). The simplest choice for f(c) is a constant, and a comparison
with the usual path integral measure in flat space suggests the definition

Do =[] den (13.14)

Then the path integral (13.9) is evaluated as

[exp(-Se (0.9 D0 = [ fj[o e (et ) - lﬁo A"]

It is well known that the product of all eigenvalues [],, A, of a finite-dimensional
operator is equal to its determinant. Assuming that a suitable generalization of the
determinant can be defined also for infinite-dimensional operators, we can formally
rewrite the Euclidean effective action as

—1/2

1 o 1
Tz [gu] = 5 1o 1= 5 ndet -0y + V). (13.15)
n=0

The task of computing an effective action is now reduced to the problem of calculat-
ing the determinant of a differential operator (a functional determinant). However, it
is clear that a functional determinant is not a straightforwardly defined quantity. For
a differential operator such as —[J,, the eigenvalues \,, grow with n and their product
[1,, An diverges. A finite result can be obtained only after an appropriate regulariza-
tion and renormalization of the determinant. Below by a “functional determinant”
we shall always mean “a renormalized functional determinant.”

13.3 Zeta functions and heat kernels

To compute the functional determinant of the operator —[J,; + V, we shall first re-
formulate the problem in terms of linear operators in an auxiliary Hilbert space. If a
Hermitian operator M acting in some Hilbert space with vectors |¢/) is such that its
spectrum of eigenvalues {\, } coincides with {\,},

M |"/)n> = S\n |1/}n> ) S\n = >\na

then it is clear that the determinant of M is the same as the determinant of —(J, + V.
Such a Hilbert space and an operator M can be defined as follows. We postulate
an uncountable basis of “generalized vectors” |x), where the label x goes over the
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13.3 Zeta functions and heat kernels

2w-dimensional (Euclidean) spacetime, exactly as the coordinate = in Eq. (13.10). The
basis is assumed to be complete and orthonormal in the distributional sense, so that

(2]2') = 8(a — o),

where we use the ordinary, noncovariant § function in 2w dimensions. Vectors of the
Hilbert space are, by definition, integrals of the form

) = / Pz (z) |z)

The integration above is not covariant because x is simply a label. The function
1 (z) specifies the coordinates of the vector [¢) in the basis {|z)}; it follows that
Y(z) = (z[¢) and 1 = [d*x|z) (z|. The “generalized vectors” |z) do not belong
to the Hilbert space because they do not have a finite norm. This construction is
completely analogous to the usual coordinate basis in the Hilbert space of quantum-
mechanical wave functions.

The scalar product of vectors |¢;) and |t¢2) is defined by

(nlin) = (il [ ) ) o) = [ 0 in(aato) (13.16)

Again, note the noncovariant integration.

From a comparison of Egs. (13.11) and (13.16), one can see that the difference be-
tween the Hilbert space with vectors |1)) represented by functions ¢ (z) and the space
of functions ¢(z) is only in the extra factor /g in the scalar product. This suggests
a one-to-one correspondence between functions ¢(z) and vectors |¢) in the auxiliary
Hilbert space according to the formula

¢(x) < [¢) such that P(x) = (z]) = g"/*¢(x). (13.17)

This mapping between functions ¢(z) and vectors |¢) preserves the scalar product: if

¢1(x) is mapped to [11) and ¢2(x) is mapped to [t)2), then (¢1, p2) = (1 [1h2).
Using the map (13.17), the self-adjoint differential operator —J,; 4 V' can be trans-

formed into a Hermitian operator M acting in the Hilbert space. The required opera-
tor M must be such that for all vectors |1),

if [¢)) < ¢(z) then M |1)) & (=g + V) ¢(x).
It follows from Eq. (13.17) that M |¢)) is the vector with the coordinate function
(2] ML) = g4 (@) (~0, + V) |7 0(a)] (13.18)
The operator M is defined by Eq. (13.18) as a certain differential operator acting on
coordinate functions.

It is convenient to represent this operator by its matrix elements in the |z) basis:

(@] M |2y = g"/*(@) (~DOyay + V) [g*1/4(x)5(z - z/)] . (13.19)
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13 Functional determinants and heat kernels

This representation is easy to derive from Eq. (13.18) if we note that the vector |z’)
has the coordinate function (z|z’) = 6(x — 2’). One may use Eq. (13.19) as a definition
of the operator M. (We wrote g2y in Eq. (13.19) with the subscript ,(,) to show that
the derivatives implied by the symbol J are with respect to z and not z’.)

We have shown that the set of orthonormal eigenfunctions ¢,, (x) of the differential
operator —[], + V is in a one-to-one correspondence with the set of orthonormal
eigenvectors |i),,) of the operator M with the same eigenvalues \,,. Thus we replaced
a problem involving a partial differential equation by an equivalent problem with
linear operators in a Hilbert space.

Remark: Hilbert space # quantum mechanics. The appearance of a Hilbert space and of
the Dirac notation does not mean that the vectors |¢) are states of some quantum system.
We use the Hilbert space formalism because it makes calculations of renormalized deter-
minants easier. It is possible but much more cumbersome to derive the same results by
direct manipulations of the equivalent partial differential equations.

13.3.1 Renormalization using zeta functions

The method of zeta (¢) functions can be used to compute renormalized determinants
of operators. For an operator M with eigenvalues ), we define the zeta function of
the operator M, denoted ((s), by

o0 1 S
nts) =3 () (13.20)
The function (y(s) is similar to Riemann’s ¢ function (10.9) except for the summa-
tion over the eigenvalues )\, instead of the natural numbers. The sum in Eq. (13.20)
converges for large enough real s, and for all other s one obtains (/(s) by an ana-
lytic continuation. Usually the resulting function (a(s) is well-defined for almost all
complex values of s.
It follows from Eq. (13.20) that

dCy(s) d Ze—sln/\n - _Ze—sm’\” In A\,

ds  ds

n
and therefore

Indet N = n [ A =3 A, = — dggi(s)
S

After an analytic continuation, the function (a/(s) is usually regular at s = 0, so
the derivative d(ys/ds exists and is finite. Then the formula (13.21) is regarded as
a definition of the determinant det M. Of course, this definition coincides with the
standard one for finite-dimensional operators.

The formula (13.21) is the main result of the ¢ function method. We stress that
the derivations of Egs. (13.15) and (13.21) are formal (i.e. not mathematically well-
defined) because we manipulated sums such as ), In A, as if these sums were finite.

(13.21)

s=0
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13.3 Zeta functions and heat kernels

Lacking a rigorous argument, one should use such formal calculations with caution
as tools with an unknown domain of validity. In practice, Eq. (13.21) has a wide area
of application and seems to always give physically reasonable results. In many cases,
the answers obtained from the ¢ function method have been verified by other, more
direct regularization and renormalization procedures. For this reason the method of
¢ functions is considered a valid method of renormalization of divergences in QFT.

As an example, we compute the determinant of the Laplace operator M = —9? in
one-dimensional box of length L. (The minus sign is chosen to make the eigenvalues
positive.) The operator —9? is self-adjoint in the space of square-integrable functions
f(z) satisfying the boundary conditions f(0) = f(L) = 0. The eigenvalues and the
eigenfunctions are

0? ™ T™n

7@fn:>\nfn7 fn(x):SinTa )\n:— TL:1,2,...

The function ¢y (s) is computed as

where ((s) is Riemann’s zeta function. Therefore

LQS

d y | Zces)| =mezn),

ds

d

det(—82) = - =
S

Cm(s) =

2s
s=0 m

where we have used the properties (proved in the theory of the Riemann’s ¢ function)

C0)= 3. (0) =3 mn(2m)

Remark: another representation of ¢ function. If the operator M~ is well-defined for
some s, then the spectrum of eigenvalues of M ~° consists of {),,°} and the ¢ function of
the operator M can be expressed through the trace of M/ ~° as

Culs) = () > =Tr (M °). (13.22)

As long as Tr (M ~°) is well-defined, Eq. (13.22) is equivalent to the definition (13.20).

13.3.2 Heat kernels

The definition (13.20) of the function (/(s) requires one to know all eigenvalues A,
of the operator M. In practice it is more convenient to compute the ¢ function using
another mathematical construction called the heat kernel.

We assume that M is a Hermitian operator with positive eigenvalues A, and a
complete basis of the corresponding orthonormal eigenvectors |1,,). The heat kernel
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13 Functional determinants and heat kernels

of the operator M is the operator K /() which is a function of a scalar parameter 7,
defined by

Kp(r) =Y e [ih) (¥l - (13.23)

n

It is easy to see that K/(7)|,—o = 1 and that the operator K (7) is well-defined for
7 > 0. The real parameter 7 is sometimes called the “proper time” but has no im-
mediate physical significance as time. In the present context, the variable 7 is purely
formal and will eventually disappear from calculations.

Now we shall show that the trace of the heat kernel, Tr Koy (1), is related to the ¢
function of the operator M. The trace of an operator is the same in any basis, and
Tr K/ (7) is most easily expressed in the basis [¢),,):

TI'K]\/I(T) = Z (n] IA(M(T) 1) = Ze””.

n

Rescaling the definition of Euler’s I' function (see Appendix A.3) by a constant ,
I(s) = / e Tl dr = )\S/ e M7 ldr, Res >0,
0 0
one obtains the following representation for the function ¢y (s),

Grl(s) =Y (M) = FL) /O+OO [TIKM(T)} = Ldr. (13.24)

(s

The integral converges for the same range of s for which the sum (13.20) converges.
Thus the ¢ function of an operator can be computed if the trace of the corresponding
heat kernel is known.

At first it seems to be more difficult to compute K wm(7) than (az(s), since Eq. (13.23)
requires one to know not only all the eigenvalues ), but also the eigenvectors [1,,).
However, the heat kernel has a useful property: it is a solution of an operator-valued
differential equation. Evaluating the derivative of the heat kernel with respect to 7,
one finds

n

d - A
T EKn(r) = =D e A [Yn) (Un] = MK, (13.25)

n

The formal solution of Eq. (13.25) with the initial condition K m(0)=11is
K () = exp(—7M). (13.26)
The trace of the heat kernel is therefore expressed as

Tr K (1) = /d%x (z| exp(—TM) |z) .

In practice it is easier to solve the differential equation (13.25) in a conveniently cho-
sen basis than to evaluate the exponential of the operator M.
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13.3 Zeta functions and heat kernels

As an example, we shall compute the heat kernel of the Laplace operator M = —A
in one-dimensional space,

KM(T) =exp(TA,) = eXp(Tﬁg).

The matrix element (x| K, (7) |2') = K (x, 2/, 7) is a solution of

d

d—K(x, 7)) = A K(z,2',7) (13.27)
-

with the initial condition

K (z,2',7)|,_y = 6(x —2’).

A Fourier transform in z,
/ dk ikx 1o / - / —ikx /
K(z,z',7) = o e K (k,x',1); K(k,2',7)= [ dxe K(x,2', 1),
T

yields the equation
d -~ / 2 2% / —ika’
. K(k,a',7) = —k°K(k,2',7), K (k,a',7)| _,=e¢ ,
-

which has the solution

Kk, o' 7)=e ™" o K(za 7)=

1 [ (x — )2]
exp |[——| .
VarT 4T
The origin of the name “heat kernel” is that K M () with M = —A is a solution of
the heat equation (13.27) which describes the propagation of heat in a homogeneous
medium. However, the construction of the heat kernel has a much wider area of
application, from quantum statistical physics to differential topology.
Remark: exponentials of operators. Representations involving operator-valued exponen-
tials, such as Eq. (13.26), do not always help to obtain explicit solutions. For instance, it is
well known that the time-dependent Schrodinger equation cannot be explicitly solved for

general time-independent Hamiltonians /, although one always has the representation
of the solution in the form

[4(t)) = exp(—itH) [1)(0)) .
Also, such representations are formal because the exponential of an operator is not always
well-defined. The convergence of the series for exp M is certain only for finite-dimensional

spaces where all operators have bounded eigenvalues. Indeed, the operator exp M ap-
plied to a vector |1)) is equal to the series

=1
EZ;

which is generally not guaranteed to converge. For example, the action of the operator
exp(—A) = exp(—03) on the function ¢(z) = exp (—z”) is undefined. In contrast, the
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13 Functional determinants and heat kernels

action of exp(—i—@ﬁ), which is the heat kernel for M = —02 evaluated at 7 = 1, is well-
defined on exp (—z?). Moreover, this heat kernel has an integral representation

(z ZTZI)Q}

[fr)0] @) = e Roa(o) [ vl (o) = [ e |-

which is well-defined for all (not necessarily differentiable) square-integrable functions
(z). Thus the exponential representation exp(792) is too restrictive for this operator.

Keeping in mind that the literal interpretation of exp M as an infinite series may be
problematic, we shall nevertheless often write expressions such as exp(7A) as a symbolic
shorthand for the heat kernel and other similar operators.

13.3.3 The zeta function “recipe”

To summarize, we arrived at the following recipe for computing the renormalized
effective action I' g [J] for a classical background J interacting with a free quantum
field ¢:

1.

170

Write the classical Euclidean equations of motion for ¢ (at fixed J) as Fo =0
and formulate the eigenvalue problem, F¢,, (x) = A,y (x), with the appropri-
ate boundary conditions.

. Construct a Hermitian operator M with the same spectrum of eigenvalues, act-

ing in a suitable Hilbert space.

Compute the heat kernel K /(1) of the operator M by solving Eq. (13.25). Find
the trace of the heat kernel.

Determine the zeta function ¢y (s) from Eq. (13.24) and analytically continue to
s =0.

Find the Euclidean effective action from the formula

1 .14
Ip[J] = 5 det M = —3 C](\;S(S)

s=0



14 Calculation of heat kernel

Summary: Calculation of the trace of the heat kernel as a perturbative se-
ries. Comparison with the Seeley-DeWitt expansion.

We shall now perform a calculation of the heat kernel of a Euclidean scalar field in a
gravitational background. This is the first step toward computing the effective action
which is the subject of the next chapter. The calculation is long and will be presented
in detail.

According to the method developed in Chapter 13, the effective action is expressed
through the trace of the heat kernel K /() = exp(—7M) of the operator M defined
by Eq. (13.19),

M = g"%(2) (-0 + V() g~ /()

where [J, is the covariant Laplace operator corresponding to the metric g,,,, and V(z)
is an external potential. It is difficult to compute the heat kernel K, (7) for a general
metric g,,, () and a general potential V(). However, for small potentials |V| <« 1
and for metrics g,,, that are almost flat, the operator M is almost equal to —UJ, where
[ is the Laplace operator in flat space (with the metric J,,,). The heat kernel for the
flat space is easily found; below it will be denoted by K(7) and calculated explicitly.
Therefore we shall consider the case when the space is almost flat (weakly curved).

In that case, there exists a coordinate system in which one can decompose g,,,, into
a sum of the flat Euclidean metric 6,,, and a small perturbation £,

G (@) = By + by (), g () = " + W (). (14.1)

Note that h#" is the perturbation in ¢/ which is not the same as h,, with raised
indices, and in fact

9" gus = (6" + h*)(up + hup) =05 = W = —hapd" 6" + O [(hap)?] -

The decomposition (14.1) is not generally covariant, i.e. it depends on the choice of
the coordinate system: since ¢, is not a tensor but a fixed matrix, the components
of the perturbation h,, do not transform as components of a tensor under a change
of coordinates. The coordinate system must be chosen so that 4, (x) is everywhere
small; for an only slightly curved space, this choice is always possible. Assuming also
that [V| < 1, we can represent the heat kernel K /(7) as a sum of the flat-space kernel
Ko(7) and progressively smaller corrections,

Ky (1) = Ko(r) + K1 (1) + Ko(7) + ..., (14.2)
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14 Calculation of heat kernel

where K, (7) are operators of n-th order in the small parameters 5,,, and V. We shall
compute the heat kernel in this way (i.e. perturbatively).

In the leading order, the curvature of the space is proportional to second derivatives
of h,., so the perturbative expansion is meaningful if the curvature and the potential
V are small. We shall calculate only the initial term K(7) and the leading correction
K, (1) which is of first order in %, and V. Computations of higher-order corrections
are certainly possible but rapidly become extremely cumbersome.

14.1 Perturbative ansatz for the heat kernel

We begin with a calculation of the initial approximation to the heat kernel, Ky (7).
This operator satisfies
dK, N A
— = 0Ky, Ko(0) =1, (14.3)
dr
where [ is the flat Laplace operator. The formal solution is Ko(7) = exp(7[]), and the
matrix element of Ky(7) can be written as

(& Ko(7) ly) = (a] €™ |y) = €™ =6z —y),

where [J, indicates that the Laplace operator is acting on the = argument. (Recall that
ly) is a vector with the coordinate function ¢(x) = §(z — y), and that the operator
exp(70) acts on coordinate functions i (x) by differentiating with respect to x.)

Now we use the Fourier representation of the § function in 2w dimensions,

dek ik (o
5o =) = [ e

expand e""= in the power series and find

X Ak = (T0)" | ipoa
K, — 704 _ — €T ik-(x—y)
(al o) ) = oo =) = [ [2 )|
w > 2\" w
:/ d2 k Z (_Tk ) eik.(ziy) :/ d2 k e*‘l‘k2+ik-(zfy).
(2m)2w ~ n (2m)2w
The resulting Gaussian integral is easily computed:
: _ 1 (z—y)*
(el o) ) = gz e [~ (144)

This expression also coincides with the Green’s function of the heat equation in 2w
spatial dimensions.
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14.1 Perturbative ansatz for the heat kernel

Perturbative expansion for i, (7)

For a weakly curved space and small potentials || < 1, the operator —M can be
represented as a sum of the flat-space Laplace operator and a small correction which
we denote by 5 [h,,,, V]:

—M =0+ 5[, V].

The full heat kernel K,; = K 0+ Ki + ... is a solution of

d - . . .

Ky =O0+8 Ky,  Ku(0)=1 (14.5)
-

To find the first correction K, we substitute K /(1) = Ko(7) + K, () into Eq. (14.5),

use Eq. (14.3), and get

d - P X
EKli(D+S)K1+SK0, Kl(O):O
The operator 5 is considered to be a small perturbation, so we can neglect the higher-
order term §K; and thus obtain the equation that determines K (1),

d -~ N N N
— K =0K +3K),  Ki(0)=0. (14.6)

Similarly the second-order correction K, (1) can be found from

dinQ — Oy + K1,  Ka(0)=0.
In this way one could in principle calculate all terms of the expansion (14.2) consecu-
tively.

The small parameters of the perturbative expansion are h,, and V. For conve-
nience, we shall denote them collectively by h, writing e.g. O(h) for terms which are
first-order in h,,, and V.

Explicit form of s

By combining Egs. (13.19) and (14.1), the correction operator 5 can be represented as
a sum of three terms, o R

S=h+T+P, (14.7)
for which the following exercise derives the explicit formulae.

Exercise 14.1
The matrix elements of the operator M in the coordinate basis |z) are

(x| M |2") = g/t (—Ogz) + V) [9_1/45(30 — x')]

:_91/4%% |:guu\/§% (9—1/46(1,_30/))} +V(z)d(z — ).
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14 Calculation of heat kernel
Using the expansion (14.1) for the metric, show that the operator M may be rewritten as
~-M=0+h+T+P,

where the operators [, fL, I', P are defined by specifying their matrix elements as follows,

(z|O|2") = 6" 0,0,6(x — '), (14.8)
(x| h|2"y = B* 8,0,6(x — '), (14.9)
(x| T|z") = b 9,0(x — '), (14.10)
(z| P |2") = P(z)é(x — 2'). (14.11)

The partial derivatives are 9, = 9/9z" (not 9/0z"") and the auxiliary function P(z) is
defined by
af h

1 v 1 v «
P(z)=— 19# g aB,pr Zg# h,uﬁhaﬁ,v

1 1
Iy WS aﬁh ,— —g"
a1t g ap, 169 g

Hint: Use the identity (In g),, = ¢*’gag,u-

PG hag phrrw — V.

Again we note that the decomposition of M into [J and 5 is not covariant but de-
pends on the coordinate system. The operators [, h,T, P given by Egs. (14.8)-(14.11)
are also not covariantly defined. Nevertheless, the final result will be brought to a
generally covariant form.

The first correction, K, ()

Since Ko(7) is already known, we can solve Eq. (14.6) by the standard method of
variation of constants, keeping in mind that the operators [J, KO(T), and § do not
commute. We let K, (1) = Ko(7)C(7) where C(7) is an unknown function, substitute
into Eq. (14.6) and find

d -~

C(r) = 8Ko(1) = C(r) = / ' dr' Ky ' (t")3Ko (). (14.12)

Ko(T)—

The integral is performed from 7/ = 0 to satisfy the initial condition C'(0) = 0. It
follows from Eq. (14.3) that

Ko(r)Ko(r') = Ko(r +7'), 7>0,7 >0.
Therefore K, (1) = Ko(—7) and the solution is

Ki(r) = /OT dr' Ko(r — 7')8Ko(7'). (14.13)

Remark: inverting the heat kernel. Note that Eq. (14.12) involves the inverse heat kernel
Ky (1) = Ko(—7) which is undefined on most functions. Indeed, from Eq. (14.4) one
finds that the operator Ko (7) with 7 < 0 can be applied to a function only if that function
decays extremely quickly at large |z|. However, the potentially problematic operator C/(7)

does not enter the final formula (14.13) which contains only Ko(7 — 7') and Ko(7') with
T—7">0and 7 > 0.
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14.1 Perturbative ansatz for the heat kernel

Diagonal matrix element of K

Our next task is to compute the trace of the operator (14.13) with § given by Eq. (14.7).
Since K 1is linearin s and s = h+T+ P the result is also a sum that can be symboli-
cally written as
Ky =K'+ KT + KT
To compute the trace of the operator K, we need to determine the matrix element
(2| Ky |o) = (2] KT [a) + (] KT |2) + (2] KT |a) -

We start with the term K because it is the simplest one. Using Eqs. (14.4) and (14.11),
one finds

(x| KT |z) = / dr' (x| Ko(r — 7)PKo(7') |x)
0
- / dr' (a| Kolr — ') / Py ) (| P / 2 12) (2| Kol |2)

_ / " / 2y (z] f(O(T —7)|y) Py) {y] Ko(') |2)
- eXp Tiy‘r)/z) _ (354_:{)2}
/ dr / I — P

To convert the last integral to a more useful form, we use another mathematical trick.
Introducing the Fourier transform of the function P(y),

P(y) = / é;ﬁ e vp(k),

Y).

we can evaluate the Gaussian integral over d**y (see Exercise 14.2),

_@=y)? _ @=w)?® | g
|KP |$ / / d2wk/’ d2w exXp |: 4(777’) 47/ + Zk yi| p(k)
! [ (T — 7)) [dnT']*

_ W/o dT// (‘;Q:)Ii exp :—MW +ik - x} (k).

The result can be rewritten in an operator form which will be useful later:

[(7'(r—1")
T

(x| KT |z) = ﬁ /OT dr’ exp Dm} P(z). (14.14)

As before, the flat Laplace operator [, contains derivatives with respect to the coordi-
nate 2. Note that the operator exponential in Eq. (14.14) is to be understood formally,
i.e. as a shorthand representation of the corresponding integral operator; the function
P(z) does not need to be infinitely differentiable.
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14 Calculation of heat kernel

Exercise 14.2
Verify the following Gaussian integral over the 2w-dimensional Euclidean space:

/dex exp [-A|x — al> — Blx — b|* + 2c-x}

™ ABla—b|> 2c-(Aa+ Bb)+ [c|’
= €Xp | —
(A+ B)~ A+B A+B

Here A > 0, B > 0 are constants and a, b, ¢ are fixed 2w-dimensional vectors. The scalar
product of 2w-dimensional vectors is denoted by a - b.

Nondiagonal matrix element of A7

We shall see shortly that the remaining terms KT and K} can be expressed through
the nondiagonal matrix element (z| K |y). It is not difficult to compute this matrix

element by the same method as we used for (z| K{ |z). The calculation leading to
Eq. (14.14) needs to be modified:

W& = | e (] ol f)ﬁf(o(f) 1) (14.15)

)2 )2
/ dT /de exp 'r T)/) (43) i|P(Z)
[4m (T — )] [dmT']”

_exp / / ka _7_/(7_ _ T/)k2
B (4mT)w T

+;ik (e’ +y(r - T’))} (k). (14.16)

In the limit y — x we recover Eq. (14.14), as expected.

Remaining terms
We now consider the term KT,
Kl(r) = / dr' Ko(r — 7T Ko(7'),
0

where the operator I is defined by Eq. (14.10). The matrix element (z| KT (7)|y) can
be transformed as follows,

KT = [ ar’ [ @ el Rotr = 7) ) ()52 G| Kol )

= 8y“/ dr’ /d2‘” (x| Ko(r — 7' ) |z) h* (2) ) (2| Ko(7') |y) .
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14.2 The trace of the heat kernel

In the last line, we used the fact that (z| Ko(7) |y) is a function only of (z — y) and 7
to replace the derivative 0, by —d,. The formula we obtained is quite similar to the
expression (14.15) for the matrix element (z| K (1) |y), except for the function hty (2)
instead of P(z) inside the integral. Therefore we can use Eq. (14.16) to find

(e KT (r)|2) = — lim 2 (2| KF (7) |y)

y—e Oyt P(2)—h" (2)
1 T (1t —1") T—1
_ dr’ O, hHv .
R e

The diagonal matrix element of the operator K/ is computed in a similar way.

Exercise 14.3 .
Verify the following expression for the matrix element (x| K{'(7) |z),

el K 1) :/TdT/eXp [T’(T;T')Dz] {5whw(x) n (T TT’)2 h“ﬁy(x)} .

(4mT)w 27

Hint: Follow the computation of (x| KT |y) in the text.

14.2 The trace of the heat kernel
The trace of the heat kernel in the current approximation is
TrK(r) = /d2“’x (z| (f(o + fq) z) + O (h?).
Now the full expression for the first-order correction K; can be put together,

(ol B (7) |2) :@m%)“ /OT dr' exp {MDI}

1 (1t —71")

X {P(z) — 27_5Wh‘“’(x) — 5 h‘fﬁu(x)} , (14.17)

-

where we can ignore terms of higher order in h and set
1

P(z) = Zéwmh‘“’(z) —V(z)+ 0 (h?).

The exponential is expanded in series,

(r -1 s o= 1 (=T "
exp [%Dm} =1+ Z ~ (%Dz) 7
n=1

177



14 Calculation of heat kernel

and yields terms such as O"h*” and O™V with prefactors that can be integrated term
by term over dr’. After some algebra, we rewrite the expansion (14.17) as

) 1 L 1
(el Ra(r) o) = s { P = ™ (0) = G )
+20P — 6,00 (@) = SO, (2) + 07 (...)}
1 1 T
= @) {—§6Wh‘“’(ac) —7V(z) + G (6, OR* (z) — B ()] + 0 (...)} ,

where the omitted terms collected under the last Laplace operator [J (...) are functions
of x that contain at least a second derivative of h*.
The covariant volume factor /g and the Ricci scalar R are related to h*” by

1 v v v
VG = 1= 50" 40 (h*), R=6,00" —h4, +0 (h?). (14.18)

Exercise 14.4
Derive the relations (14.18) for the metric (14.1).

The formulae (14.18) yield

(2| Ki(7) |a) = (4;/f)w [~7V(@) + ZR(@) + D () + 0(h?)] .

Adding the initial term Ko, we compute the trace of the heat kernel to first order in A,

ek — /d% (ol (Ko + £ ) |2

_ ﬁ /d%z\/g [1 + <§ - v> T+ 0 (hQ)} . (14.19)

The terms we denoted earlier by [J(...) are total divergences and vanish after the
integration over d**z. The disregarded terms O(h?) involve R?, V2, V R, and higher-
order expressions. Equation (14.19), which has a manifestly covariant form, is the
main result of this chapter.

14.3 The Seeley-DeWitt expansion

Equation (14.19) provides the first two terms of the trace of the heat kernel as an ex-
pansion in the curvature. There also exists an expansion of the heat kernel in powers
of 7, called the Seeley-DeWitt expansion or the proper time expansion,

(z| K(7) |z) = (4;/f)w [1+ ai(z)T + az(2)7* + O (7%)] . (14.20)
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14.3 The Seeley-DeWitt expansion

Here the Seeley-DeWitt coefficients a;(x) are local, scalar functions of the curvature
Rz and V(z). The Seeley-DeWitt expansion is derived without assuming that the
curvature is small.

Although we cannot present a derivation of Eq. (14.20) here, we note that the inte-
grand of Eq. (14.19) coincides with the Seeley-DeWitt expansion in its first two terms;
the terms O(h?) in Eq. (14.19) are also of order O(72). The first Seeley-DeWitt coeffi-
cient is therefore

ai(x) = %R(m) —V(x).

The heat kernel enters Eq. (13.24) where we need to integrate from 7 = 0 to 7 = oo.
The Seeley-DeWitt expansion (14.20) is valid only for small 7 and so cannot be used
to compute the zeta function. The behavior of the heat kernel at small 7 corresponds
to the ultraviolet limit of quantum field theory. This can be informally justified by
noting that 7 has dimension of 22 and therefore small values of 7 correspond to small
distances. Effects of QFT at small distances, i.e. local effects, include the vacuum
polarization. On the other hand, large values of 7 correspond to the infrared limit
which is related to particle production effects.

To obtain the infrared behavior of the heat kernel, one needs a representation valid
uniformly for all 7, such as the expansion (14.19). It is possible to compute further
terms of this expansion, although the formulae rapidly become complicated at higher
orders. The second-order terms were found by Barvinsky and Vilkovisky.! We state
their result without proof:

Tr K (7) :/ d%x*/‘g{l +r [5 - V]

(4mr)e 6
+ %2 [V — %} fi (=m0, V + 72V fo (—0,) R

+ 7R3 (—0y) R+ 7° Ry fa (—70,) R* + O (R*, V3, ..)) } (14.21)

where the auxiliary functions f;(&) are

1
_ —tu(1—u) _ h©  AE-1
o= [ e an g =2 T, (14.22)
_ hi) -1+ ¢ _ fi§) | i) =1 fa(§)
o=t g =i DOZL RO

Since the functions f;(§) are analytic and have Taylor expansions that converge uni-
formly for all £ > 0, the application of functions f;(£) to operators, such as f;(—70,),
is well-defined. Expressions such as f;(—70,)V () can be also rewritten as certain
integrals of V' (z), but we shall not need explicit forms of these nonlocal expressions.
Note that nonlocal terms such as fi(—70,)V contain all (nonnegative) powers of
7. The Seeley-DeWitt coefficients can be reproduced by expanding these terms in 7,

TA.O. BARVINSKY and G. A. VILKOVISKY, Nucl. Phys. B333 (1990), p. 471.
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14 Calculation of heat kernel

up to total derivative terms which vanish under the integration over all z. Neglecting
the terms of order O(7%), one finds

Tr K (7) :/ ﬁ;ﬁ‘ﬁ% +r [% - V]

1 1 1 1
2 | 2y2 = 2 nz 3 3 3
+7 [2V 6VR+—120R +—60RWR ]+O(r LRV )} (14.24)

This agrees with the second-order Seeley-DeWitt expansion, up to a total divergence.

Exercise 14.5
To derive the coefficients at 72 in the above formula, show that

f1(0) =1, fQ(O):_%7 f3(0)=%7 f4(0):%

for the functions (14.22)-(14.23).
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15 Results from effective action

Summary: Divergences in the effective action. Renormalization of con-
stants. Nonlocal terms in the renormalized action. Polyakov action in 1+1
dimensions. Conformal anomaly.

The goal of this final chapter of the book is to complete the calculation of the effective
action for a scalar field in a weakly curved background and to interpret the results. As
we have seen in Chapter 12, the effective action describes both the influence of gravity
on the quantum field (the polarization of vacuum, characterized by the expectation
value (T},,)) and the backreaction of the vacuum fluctuations on the metric. We shall
explore both effects after we learn how to remove the divergences that appear in the

effective action.

15.1 Renormalization of effective action

In the previous chapter we computed the trace of the heat kernel Tr K m(T) as a per-
turbative expansion in the curvature. According to the method of Chapter 13, the
renormalized effective action is obtained by an analytic continuation of the suitable
zeta function,

1 d

Pelguwl =—5 = B Cm (s),
Cur (s) = ﬁ /0 1T Ry (7) dr (15.1)

Without analytic continuation, the above integral diverges at s = 0. The procedure
of analytic continuation provides a finite value for the effective action but does not
justify the removal of the divergences.

In this section we present a qualitative analysis of the divergent parts of the effec-
tive action and motivate the procedure of renormalization. More rigorous treatments
are possible but require much more cumbersome computations.

15.1.1 Leading divergences

To be specific, we consider a minimally coupled massless field (V' = 0) in the four-
dimensional Euclidean space (w = 2). The zeta function is obtained by substituting
the expression (14.21) into Eq. (15.1). The large-7 behavior of the heat kernel is such
that the integral (15.1) converges at the upper limit; thus the divergences are found
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15 Results from effective action

only at 7 — 0. The small-7 (ultraviolet) behavior of the integral can be analyzed with
help of the simpler Seeley-DeWitt expansion (14.24) which is valid only for small 7,
instead of using the full expression (14.21). To perform this analysis, we artificially
truncate the integral at large 7 by a cutoff at 7 = 7, and find at s = 0 the following
expression,

o0 =gy [ atev | [ a4 B [N

1 1 o
+(—R?2+ —R VRMV) / s ldr + (finite terms) | . (15.2)
(120 60" 0

The divergences we can study at this point arise at the 7 = 0 limit of integration when
we set s = 0. Further terms of the expansion in 7 contain 757" with n > 0 and are
finite at 7 = 0.

To examine the behavior of the divergences in Eq. (15.2), we introduce a cutoff
T = 19 at the lower limit and denote the resulting integrals for brevity by

T1

A (19) E/ 573dr, B (10) E/ 7 2dr, C (1) E/ 51

To To To
The leading divergences of the ¢ function at 7o — 0 are

) =15 [ T[4+

T(s) ) (4n)? g 5 ()

1o, 1 " -
+ <120R + 6ORWR ) C (19) + (finite terms)] .

The leading behavior of the auxiliary functions A4, B, C'at s = 0 and 79 — 0 is easily
derived,

1 _ _
A(TO)N 57_0 27 B(TO)NTO 17 C(TO)N|1I1T0|.

The I' function factor at s = 0 has the expansion (A.25),

1 2
m:S+O(S)

Therefore the effective action can be written as

1 d¢ dtz\ /g [ 1 1
Telgu]l=—5 7| =- 4R
elowl ==3 7 o / 3272|272 6rg
1o, 1 » .
+ (120R + GOR‘“’R ) [In 79| + (finite terms)| . (15.3)

This is a regularized form of the effective action that becomes infinite if the cutoff
parameter 7 is set to 0.

The divergent terms in the Lorentzian effective action I'z, [g,,,| are a straightfor-
ward analytic continuation of Eq. (15.3). Since no Green’s functions are present in the
divergent terms, we only need to replace ,/g by \/—g.
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15.1 Renormalization of effective action

15.1.2 Renormalization of constants

The backreaction of the quantum field on the gravitational background causes a mod-
ification of the Einstein equation. The total action for the gravitational background
is a sum of the free gravitational action (5.18) and the (Lorentzian) effective action
I'z, [g,v] induced by the quantum field. However, the effective action is divergent and
we need to renormalize it to obtain a finite total action.

The free action of general relativity, S8V [g,,,,], contains the cosmological constant
term A and the curvature term R that are similar to the divergent terms from Eq. (15.3).
One possibility of renormalization is to assume that the free gravitational action con-
tains certain infinite terms that cancel the infinities in the effective action, so that the
total action is finite. This renormalization procedure is implemented as follows.

We postulate that the free gravitational action (without backreaction of quantum
fields) has different constants and contains terms quadratic in the curvature,

(15.4)

167Gg 207 60

R+2A R? R, R"
g o) = [ o5 |2 b (13 + T )]
Here Ap, Gp, and ap are called the bare coupling constants of the theory; these con-
stants are never observable since the quantum field is always present and its backre-
action cannot be “switched off.” The modified action for gravity is the sum of the free

action and the effective action,

Lav A A (19)
g T _ 4 — o B o 0
Share 9] + T [90] /d T/ —g { [ S7Gn 592 ]

1 B(m0) C(ro)] [R* R R™ o
|:167TGB + 1927r2] R+ [O‘B 3972 120 + 60 + (flrute terms) .

If the bare constants were finite, the presence of the divergent factors A (1), B (1),
and C (7p) would make the total action infinite in the limit 79 = 0. The renormaliza-
tion procedure postulates that the bare constants are functions of 7y chosen to cancel
the divergences in the effective action, so that the remaining terms coincide with the
usual action (5.18). It is easy to see that with the choices

AB A A(TQ) 1 o 1 B (To) an — C(To)
B~ "3oq27

8s7Gp  8rG 3272’ 16nGp 167G 19272’

we obtain a finite total gravitational action at 79 = 0. After setting 7 = 0 (remov-
ing the cutoff), the renormalized constants are equal to the observed cosmological
constant A and Newton’s constant G.

The “bare” gravitational action (15.4) differs from the standard Einstein-Hilbert
action (5.18) by two extra terms that are quadratic in the curvature. These terms are
necessary to renormalize the backreaction of matter fields on gravity. If the curvature
is small, R < 1 (in Planck units), the extra terms are insignificant in comparison
with 58 which is linear in R. In this limit Einstein’s general relativity is a good
approximation that agrees with the available experiments. When the curvature is
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15 Results from effective action

large, R 2 1, the extra terms may become significant. However, we expect that in that

regime some as yet unknown effects of quantum gravity dominate and the theory of

quantum fields in classical spacetime breaks down.
Remark: “bare” constants and renormalization. The terms “bare constants” and “bare ac-
tion” are motivated by the following consideration. The free gravitational action Sg. v [g,..]
describes the gravitational field that does not interact with any other fields. However, vac-
uum fluctuations of various quantum fields are always present and their backreaction on
the gravitational background cannot be suppressed. Hence, the observed gravitational
field is always determined by the total (“dressed”) action and not by the “bare” action. So
the bare constants can have arbitrary values or be arbitrary functions of the cutoff param-
eter as long as the dressed constants agree with the experimental data.

The backreaction of the quantum field on the metric is described by the effective action
I'z [guv] which has divergences. Therefore the theory needs to be renormalized. One starts
with a Lagrangian containing bare coupling constants and introduces a cutoff parameter
to make the interesting quantities finite (regularization). The cutoff becomes a parameter
of the theory. The bare coupling constants are not directly observable, so one postulates
that the bare constants are certain functions of the cutoff. These functions are chosen to
cancel the divergences appearing in the results (renormalization), so that the cutoff may
be removed. The renormalized (“dressed”) values of the coupling constants are fixed by
the experimental data.

A field theory that does not lead to divergent quantities and does not involve cutoffs
would be more satisfying; however, such a theory is presently unavailable. Currently, the
most successful theory of fundamental interactions is QFT combined with renormaliza-
tion.

The divergences found in Eq. (15.3) result from the backreaction of one scalar field.
Other fields will give similar contributions, differing only in the numerical coeffi-
cients at the terms R? and R,, R*”. Therefore in general we need to introduce four
independent bare constants into the bare gravitational action, controlling the terms 1,
R, R?, and R,,, R" .

In dimensions other than four, the divergences contain other powers of 7y; the lead-

ing divergence is
T1 d
/ T - 7_571
s (47T)

and therefore in 2w dimensions we expect to find w + 1 divergent terms: 7, ..., 7,
and |ln |-

s=0

15.2 Finite terms in the effective action

We have found that the theory of quantum fields in a classical curved spacetime in-
cludes a formally infinite backreaction of the quantum fields in their vacuum state.
This divergent backreaction would be present even in an almost flat spacetime such
as the one we live in. It is clear that the divergence must be removed to obtain physi-
cally relevant results. To make the divergences disappear, we introduced some extra
terms into the bare gravitational action and renormalized the coupling constants. The
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15.2 Finite terms in the effective action

resulting renormalized action is the standard Einstein-Hilbert action with some addi-
tional finite terms that describe the actually observable backreaction. In the previous
section we have studied the structure of the divergences, and now we examine the
finite terms.

15.2.1 Nonlocal terms

The Seeley-DeWitt expansion is not adequate for extracting the finite terms because
it is not valid for large 7. Therefore we employ the expansion (14.21) with V' = 0 and
find

¢(s) :m/d%x\/ﬁ{/; dr o1 [1+ %R

+72Rfs (—70y) R + 12 Ry, f4 (—70,) R””} } . (15.5)

First we consider the two-dimensional spacetime (w = 1). In two dimensions, the
Ricci tensor is always proportional to the metric:

1
Rul/ = §guuR- (156)

Remark: The Einstein equation (in vacuum) is identically satisfied in two dimensions due
to Eq. (15.6). To obtain a nontrivial theory of gravity, the Einstein-Hilbert action needs to
be modified. The renormalized effective action provides one such modification.
We have seen that the renormalization of the effective action has the effect of re-
moving the first two terms in Eq. (15.5). Simplifying the resulting expression with
help of Eq. (15.6), we get

((s) = ﬁ/d%@/ﬁdwm [f3 (—r0,) + %ﬂ; (—TDQ)} R.

The renormalized effective action is then found as

~1d¢
I'e [QW] Y s -
1 [, > 1
=—— /d x\/ER/ dr | f3 (—=m0y) + = fa (—=70y) | R.
81 0 2
To compute the integral, we formally change the variable 7 to ¢ = —7[], and obtain'

the following expression,

1 _
Trlgw] = g10/d%c\/gzmglﬁz,

This rather unorthodox “change of the variable” can be justified by a more rigorous calculation which
we omit.
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15 Results from effective action

where [ is a constant computed in Exercise 15.1,

= [ de | O+ 5540 = 35

The resulting functional is called the Polyakov action:

1 _
L'k [guw] = 9% /d2$\/§RDg 'R (15.7)

= ﬁ d*z+/g(x) d*y+/g(y) R(x)R(y)GE(2,y),

where G is the (Euclidean) Green'’s function of the Laplace operator [J,. Since [,
is an integral operator, the Polyakov action is a nonlocal functional of g,,,, ().
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Exercise 15.1*
Verify the definite integral

0= [T a |50+ 3000] - 5

where the auxiliary functions f3(§) and f1(§) are defined by Eqgs. (14.22)-(14.23).

Hint: Rewrite Iy as a double integral over ¢ and u, regularize the integral over ¢ by the
factor exp(—a§) with a > 0, exchange the order of integration and take the limit a — 0 at
the end of calculation.

Remark: the four-dimensional result. In the four-dimensional case (w = 2), we omit the
calculations and only quote the result,

—J —J
29) R + terms with R, In < g) RM,
1 1

e guv] ~ /d4x\/§R In ( 3
where 1 is a mass scale introduced for dimensional reasons (the operator (], has dimen-
sion m?). The logarithm of the Laplace operator is defined by

-0 Foo 1 1
1 9 = 2 -
() = [ a0 [ )

where the second term in the brackets is the Green’s function of the operator —J, + m?.

Note that the parameter 4 is introduced formally for dimensional reasons. A change
in the parameter 4, for example y — fi = p/b, would add a term (Inb)R? to the action.
However, the bare action already contains the R? term with a bare coupling constant fixed
by the renormalization of the action. A different choice of the parameter ; can be com-
pensated by adding a finite term to this bare constant to remain in agreement with the
observable (“dressed”) value of the coupling constant. The actual value of u needed to
obtain specific predictions in this theory must be found from an experiment measuring
the coefficient at R” at a certain energy.




15.2 Finite terms in the effective action

15.2.2 EMT from the Polyakov action

Using the effective action (15.7), we can compute the vacuum expectation value of
the energy-momentum tensor of the quantum field.

The general procedure is to perform the analytic continuation of I'g[g,.. | back to
the Lorentzian time and to substitute the Feynman Green’s function instead of the
Euclidean one. The result will be the Lorentzian effective action I'y,[g,.]. After this,
the vacuum expectation value of the EMT will be expressed as

2 oy,
 V/gla) 99 ()

Before showing the detailed calculations, we quote the final expression,2

(Oin| T () |0in)

Gr—Gret

X 1 _ _ -
(Oin| Ty 103 ) @{w#vy (O;'R) + V,. (O;'R) V,, (O, 'R)

+ [23 - %VA (0,'R) V (DglR)] gw}. (15.8)

In the above equation, the operator Uy 1 represents the retarded Green’s function G.c.(z, y),
so that for any scalar f(z)

(O f) (@) = / Py "5 £(4)Grerl, ).

The expression (15.8) is nonlocal and contains information about particle produc-
tion as well as the complete description of the vacuum polarization at all points.
A similar technique has been applied to study spherically symmetric modes of the
Hawking radiation.’

Derivation of Eq. (15.8)

First we need to convert the Euclidean effective action I'g [g,,,| to the Lorentzian
one, I'z, [gu]. We recall that the Euclidean metric g, entering the effective action
I'elguv] is, in the notation of Sec. 13.1.1, the positive-definite metric v, related to the
Lorentzian metric by an analytic continuation with an additional sign change:

E
Vv = 79&1/) - g#l’|t~>7i'r :

Therefore we need to return to the original Euclidean variable gff:) before performing
)

the analytic continuation. The replacement v, = — gff entails
V= V", Rhl=—Rlg™), Oy =0y, (15.9)

2This expression agrees with the Barvinsky-Vilkovisky paper but the derivation in Sec. 15.3 produces an
extra minus sign. The reason for this mismatch is not yet clear to the authors!

3See the paper by V. F. MUKHANOV, A. WIPF, and A. I. ZEL'NIKOV, Phys. Lett. B332 (1994), p. 283.
This method originates from the paper by A. O. BARVINSKY and G. A. VILKOVISKY, Nucl. Phys. B333
(1990), p. 471.
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15 Results from effective action

and it is easy to see that the action (15.7) also changes the sign,

Tp (] = 56= >z /AR [ O;'R 1]

1
= E)\/gB)R]g D(;)R[ (&),

967

After the analytic continuation we have d?z(¥) = id%z and /g(¥) = \/—g, where =
and g, are now the Lorentzian quantities. Following the recipe outlined in Sec. 12.2.3,
we replace the Euclidean Green'’s function G g by the Feynman function Gy and ob-
tain the Lorentzian effective action,

s (9] = iTr [gff)} o

1 1
:—ZW id%zy id2x2\/—g(xl)R(xl);GF(xl,xg)\/—g(xg)R(acg)
1
96

d?x\/—gRO, 'R, (15.10)

where the symbol D;l in the last line involves the Feynman Green'’s function G’ of
the D’Alembert operator in the Lorentzian metric g,,,,.

It remains to compute the variation of the Lorentzian effective action (15.10) with
respect to the metric g,,. The following exercises provide a derivation of the re-
sult (15.8).

Exercise 15.2*
(a) Verify the formula for the variation of the Christoffel symbol,

(e} 1 @
0T3 = 59°7 (Vubgow + Vidgsu — Vodgur) -

(b) Show that the variation of [, ¢, where ¢ is a scalar function, is
80g¢ = (69"") ViV — g™ (6T7) Vad,
while the variation of the inverse D’Alembert operator is
o0, = -0, (60,0, ' ¢. (15.11)
(c) Derive the variation of the Riemann tensor in the form
SR%3, = V0I5, — V0T 5. (15.12)

Hint: perform all calculations in a locally inertial frame where I';;, = 0, and then gen-
eralize to arbitrary coordinates.

Exercise 15.3*
Compute the variation of the Polyakov action (15.10) with respect to g
Eq. (15.8).

pv

and derive
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15.3 Conformal anomaly

15.3 Conformal anomaly

Although the trace of the EMT vanishes for a classical conformally coupled field,
T,g"™ = 0, the vacuum expectation value of the trace (7}, )g"" for a quantum field
is in general nonzero. This phenomenon is called the conformal anomaly or trace

anomaly.

Trace of the classical EMT

For any classical field with a conformally invariant action, e.g. for conformally cou-
pled scalar fields or for the electromagnetic field, the trace of the EMT identically
vanishes, g**T),, = 0.

This can be shown by a simple calculation. If the action S [¢, g,..| of a generally
covariant theory is invariant under conformal transformations,

Sp, 9] =S¢, G| G (%) = G () = QQ(x)gW(x),

where Q(z) # 0 is an arbitrary smooth function, then the variation of the action with
respect to an infinitesimal conformal transformation must vanish. An infinitesimal
conformal transformation with Q(x) = 1 4 6€2(z) yields

0 () = 29, (x)6Q(x). (15.13)
Using Eq. (5.23), we find
0=405= /dQ‘”:E 05 g (x) = /dz‘*’x\/ng gt o (15.14)
dghv (z) ny ' ’

This relation should hold for arbitrary functions 6€2(x), therefore the integrand must
vanish for all z,
T[f(x) =T (x)g" (x) = 0.

The conclusion holds for any classical generally covariant and conformally invari-
ant field theory, but (as a rule) fails for quantum fields.

Trace of the quantum EMT

Now we compute the vacuum expectation value of the trace of the EMT of a quantum
field.

For simplicity, we work in two dimensions (w = 1). First, we can obtain the vacuum
expectation value (0| g** T}, |0s,) directly from Eq. (15.8) . Using the identities

9"V, (Og'R) =0, (07 'R) = R,
gﬂyguu =2w =2,

one finds R(x) (2)
) _ ai(z
o = o (15.15)

(0] " T () |0) =
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15 Results from effective action

where a; is the first Seeley-DeWitt coefficient.* It is clear that the trace of the EMT
does not vanish if R # 0.

Remark: The reason for conformal symmetry to be broken can be understood from the
path integral formulation of QFT. The quantum theory would be conformally invariant if

a path integral such as
/D¢6_5E[¢aguu]

were invariant under conformal transformations. However, this is impossible because one
cannot choose the integration measure D¢ to be conformally invariant and at the same
time generally covariant. For instance, the generally covariant integration measure (13.14)
is not conformally invariant since the eigenvalues and the eigenfunctions are not pre-
served by conformal transformations.

We conclude this chapter by presenting a more detailed derivation of the conformal
anomaly in two dimensions. The idea is to compute the variation of the effective
action under an infinitesimal conformal transformation (15.13) and to show that the
result is related to the expectation value of 7}, g"".

We shall perform all calculations with Euclidean quantities and convert the result
to the Lorentzian time at the end. The effective action is expressed through the zeta

function ¢, (s) of the operator M,,

e lgw] = 3 s

The operator M, and its zeta function are given by Eqgs. (13.18) and (13.22),
31, ) = 9719, [Vag™ (0574 100)]
Cos) = Tr [Mg_} .

Under an infinitesimal conformal transformation (15.13), the combination /gg"" is
invariant (see Eq. (8.11) on p. 106) while the operator M, becomes My g

Moz, = Q7' MQ 7" = (1 - 6Q) My (1 — 6Q) + O (593)
= M, — 0QM, — MyoQ + O (6Q2) .

The transformed zeta function is, up to terms O (6Q?),

Corsals) = Tr {(Mg — 50U, — M,69) _S]

= Tr [M; " + s+ (SQNT, + NpoQ) | = Tedl,* + 25Tr 5001,

“The connection with the Seeley-DeWitt coefficients is notable because in four dimensions the trace
anomaly involves the second coefficient az.
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15.3 Conformal anomaly

(The order of operators can be cyclically permuted under the trace, as long as all the
traces are finite.) Therefore the transformed effective action is

1 dCg+5g

I'g [g;w + 59W] = - 9 " ds

= — lim Tr (60N~ + T [g0].

s=0 s—0

Note that the limit s — 0 is be evaluated after computing the trace. We use the coor-
dinate representation of operators to get

Tr (mM—S) - /d% A2y (z] 6Q |y) (y| N[~* |z)
= /d2x 6Q(x) (x| M~*|z) .
The matrix element is computed with the help of the Seeley-DeWitt expansion (14.20),

~ JFOO ~
(] M |z) = % / dr 71 (2] R(7) |2)

g [t - 0 ()7 an ()72 3
47TF(5)/0 d [1+ai(@)r +az(z)r + O (7°)] . (15.16)

At first glance, the integral in Eq. (15.16) diverges at both the upper and the lower
limits. However, the upper limit divergence is spurious. The Seeley-DeWitt expan-
sion is only valid for small 7 and does not show that in fact the heat kernel decays at
large 7 and that the integral converges at 7 — +o00. The most important contributions
to the integral come from small 7, so the Seeley-DeWitt expansion actually provides
enough information to obtain the results. To simulate the correct behavior of the in-
tegrand, we artificially truncate the integration at large 7. Thus the procedure is to
multiply the integrand by exp(—ar) with a > 0, compute the limit s — 0 at fixed
a, and then set & — 0. The divergences at 7 = 0 are renormalized by the analytic
continuation in s using the gamma function, namely we replace

/ dr 757277 — o' T'(s — 1).
0

Then the terms of the expansion are

1 +::d 9 —or a7 T(s—1) al~®
T ‘e = :
) Jo

I(s) r(s)  s—1

—+oo
ai 1 — —s
—/ dr 77 e™ T = a1
I'(s) Jo

—+o0
ag _ e
—/ dr 757 = aqosa” 5!
L'(s) Jo

When s — 0 at fixed a > 0, only the first two terms in Eq. (15.16) give nonvanishing
contributions. Of these, the first term is proportional to a'~* and vanishes as o — 0.
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Hence

Jim (Hm (2| NI~ |$)) - ﬁ Gar(z) = VIR

a—+0 \ s—+0 = U [9]7

where R[g] is the Ricci scalar corresponding to the (Euclidean) metric g, .
The final result is that the variation of the effective action after an infinitesimal
conformal transformation is

1
e =Tgrl9gw +909u] —TElgu] = ~in d*z\/q0Q(x) R(x). (15.17)

Since Eq. (15.17) does not contain any Green’s functions, the analytic continuation to
the Lorentzian regime is straightforward. Thus the variation of the Lorentzian effec-
tive action under a conformal transformation is

ory = fﬁ d*z\/=g0Q(z) R(z). (15.18)

On the other hand, the expectation value of the EMT is related to 6I'y, by

or .
_ 2 L v _ 2 — n
ory /d ziégw(x)ég (x) /d x/—g(T}/)6Q (). (15.19)
Comparing Egs. (15.18) and (15.19), we obtain the result (15.15),
. R
mwy — Y
(T 247
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A Mathematical supplement

A.1 Functionals and distributions (generalized
functions)

This appendix is an informal introduction to functionals and distributions.

Functionals

A functional is a map from a space of functions into numbers. If a functional S maps
a function ¢(t) into a number a, we write S [¢] = a or S [¢(t)] = a. This notation is
intended to show that the value S [¢] depends on the behavior of ¢(¢) at all ¢, not only
at one particular ¢.

Some functionals can be written as integrals,

AM@H:iKZF%ﬂﬂ>ﬁ,

where F'(g) is an ordinary function applied to the value of g. For example, the func-
tional

yields A[t"] = (2n+1)"'and A [sint] = § — ] sin2.

A functional may not be well-defined on all functions. For example, the above
functional A [g] can be applied only to functions ¢(t) that are square-integrable on
the interval [0, 1]. Together with a functional one always implies a suitable space
of functions on which the functional is well-defined. Functions from this space are

called base functions of a given functional.

Distributions

Not all functionals are expressible in the form of an integral. For example, the delta
function denoted by §(t — o) is by definition a functional that returns the value of a
function at the point ¢y, i.e.

o(t —to) [f(1)] = £(to)-

This functional cannot be written as an integral because there exists no function
F(t, f) such that for any continuous function f(t),

fuwszmf@Mt
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However, it is very convenient to be able to represent such functionals as integrals.

So one writes
+oo

5 (t—to) [f(t)] = [ (to) = f(£)8 (¢ —to) dt (A1)
— 00

even though §(¢ — o) is not a function with numeric values (it is a “generalized func-

tion”) and the integration is purely symbolic. This notation is a convenient shorthand

because one can manipulate expressions linear in the § function as if they were nor-

mal functions; for instance,

/[a16 (x —x1) 4+ a2d (v — x2)] f () de = a1 f (1) + aaf (x2).

However, expressions such as 1/0(t) or exp [4(¢)] are undefined.

Note that the functional ¢ (¢ — ¢() is well-defined only on functions that are contin-
uous at t = ¢¢. If we need to work with these functionals, we usually restrict the base
functions to be everywhere continuous.

As an example, consider the functional

Blg(t)] =3vq(1) +sin[q(2)],

where ¢(1) and ¢(2) are the values of the function ¢(¢). This functional depends only
on the values of ¢(¢) att = 1 and ¢t = 2 and can be written in an integral form as

Bq(t)] = 3+/q(1) + sin[q(2)]
+oo
- / dt {35(t —1)\/q(t) + 6(t — 2) sin [q(t)]} . (A2)

— 00

Generalized function and distribution are other names for “a linear functional on
a suitable space of functions.” A functional is linear if

S[f() +eg®)] = Sf]+ Syl

for arbitrary base functions f, g and an arbitrary constant c. It is straightforward to
verify that d (¢ — t) is a linear functional.

The application of a linear functional A to a function f(z) is written symbolically
as an integral

Alf] E/f(:p)A(x)dx, (A.3)

where A(z) is the integration kernel which represents the functional. Note that there

may be no actual integration in Eq. (A.3) because A(x) is not necessarily an ordinary

function. For instance, there is no real integration performed in Egs. (A.1) and (A.2).
Remark: The § function is sometimes “defined” by the conditions d(x) = 0 for z # 0 and
5(0) = 400, while [§(xz)dz = 1. However, these contradictory requirements cannot be
satisfied by any function with numeric values. It is more consistent to say that § (z — xo)
is not really a function of  and to treat Eq. (A.1) as a purely symbolic relation.
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Distributions defined on a certain space of base functions build a linear space. An
ordinary function a(z) naturally defines a functional

and thus also belongs to the space of distributions if the integral converges for all
base functions f(z). For example, the function a(x) = 1 defines a distribution on the
base space of integrable functions on [—oo, +o0], although a(z) itself does not belong
to the base space.

Distributions can be multiplied by ordinary functions, and the result is a distribu-
tion. For example, suppose A(x) is a distribution and a(x) is an ordinary function,
then the action of Aa on a base function f(z) is

Awa(o) (] = [ Awa(e)f (@)de = A(2) af].

Sometimes two distributions can be multiplied, e.g. §(x — x¢)d(y — yo) is defined on
continuous functions f(z,y) and yields the value f(zo, yo).

Two distributions are equal when they give equal results for all base functions. For
instance, one can easily show that in the space of distributions (z — x¢) ¢ (x — x¢) =0
when applied to continuous base functions.

Derivatives of the § function are defined as functionals that yield the value of the
derivative of a function at a fixed point. If 6(z — zp) were a normal function, one
would expect the following identity to hold,

/f(:c)é’ (x — o) dx = —/f/(:c)cs (z —xo)dx = —f (z0) .
Therefore one defines the distribution ¢’(x — z¢) as the functional

0" (z = wo) [f ()] = =" (x0)-
More generally,
d™é (x — xp)
da™

n d"f
dx™

[f1=(=1)

T=T0
Derivatives of the ¢ function are functionals defined on sufficiently smooth base func-
tions.

Principal value integrals

Not all distributions arise from combinations of § functions. Another important ex-
ample is the principal value integral.

If the space of base functions includes all continuous functions, then the distribu-
tion
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is undefined on some base functions because the integral with a function f(z) di-
verges at the pole x = x if f (zo) # 0. The Cauchy principal value prescription helps
to define a [f] in such cases.

Definition

For integrals ff F(z)dz where F(z) has a pole at © = z( within the interval (4, B),
one defines the principal value denoted by P [ as

B xro—¢€ B
’P/ F(z)dr = lim / F(x)dx + / F(z)dx| ,
A e=+0 | /4 zote

when the limit exists. The idea is to cut out a neighborhood of the pole symmetrically
at both sides. If the integrand contains several poles, the same limit procedure is ap-
plied to each pole separately; if there are no poles, the usual integration is performed.
For example,

o0 dy My 1. M—1
i =-ln—, M>1.
P/ » =0 73/0 21 2 myr "7

— 00

We write )

r — X

P

to denote the distribution that acts by applying the principal value prescription to the

integral, i.e.
B
(7) : ) [f(x)] =P f(x)dx

T — X9 A T —Xo

This integral converges in a neighborhood of = = x¢ if f(x) is continuous there.

It is almost always the case that one cannot use the ordinary function 1/x as a
distribution and must use PL instead, because the base functions are typically such
that the ordinary integral [ % f(x) would diverge.

Example calculation with residues

A typical example is the principal value integral

+o0 etk —€ p—ikw +o0 e~k
P/ dr = lim {/ dx +/ dz] . (A4)
e T e—+0 |/ oz . x
Since the indefinite integral
—ikx
/ S dz (A.5)
x

cannot be computed, we need to use the method of residues. First we assume that
Re k > 0 and consider the contour C in the complex « plane that goes around the pole

198



A.1 Functionals and distributions (generalized functions)

Figure A.1: The integration contour C for Eq. (A .4).

at z = 0 along a semicircle of radius ¢ (see Fig. A.1). The contour may be closed in the
lower half-plane since Re k£ > 0. The integral around the contour C'is found from the
residue at = 0 which is equal to 1, so

—ikx
e " .
7{ dr = —2m1.
C T

This integral differs from that of Eq. (A.4) only by the contribution of the semicircle.
The function near the pole is nearly equal to 1/2 and one can easily show by an
explicit calculation that in the limit € — +0 the integral around the semicircle is equal
to —mi times the residue (a half of the integral over the full circle). Therefore,

+oo etk
P/ dx = —2mi — (—mi) = —mi, Rek > 0.
x

— 00

Analogous calculations give the opposite sign for £ < 0 and the final result is

“+o0 e—ikm
P/ dxr = —imsignk.

xT

We could have chosen another contour instead of C; a very similar calculation
yields the same answer for the contour with the semicircle in the opposite direction.
We would like to emphasize that the choice of a contour is a purely technical issue
inherent in the method of residues. The principal value integral is well-defined re-
gardless of any integration in the complex plane; one would not need to choose any
contours if we could compute the indefinite integral (A.5) or if there existed another
method for evaluating the two integrals in Eq. (A.4) separately.
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Convergence in the distributional sense

The § function may be approximated by certain sequences of functions, for example
(heren=1,2,...)

1
fn(z) — { 0, |‘T| > 2{1’

n, |:E| < o
n
gnlx) = \/;exp[—nJCQ];
1 sinnx
hn(z) = =
T T

The sequences f,, and g,, converge pointwise to zero at = # 0, while the sequence h,,
does not have any finite pointwise limit at any z. At first sight these three sequences
may appear to be very different. However, one can show that for any integrable
function ¢(x) continuous at « = 0, the identity

“+o0
lim dz fn(x)q(x) = q(0)

n—oo
— 00

and the analogous identities for g, (z) and h,(z) hold. This statement suggests that
all three sequences in fact converge to §(x). The mathematical term is convergence in
the sense of distributions.
A sequence of functionals F,,, n = 1,2, ..., converges in the distributional sense if
the limit
lim F, [q]
n—oo
exists for all base functions ¢(z). It is clear from our example that a sequence of
functions may converge in the distributional sense even if it has no pointwise limits.
Various statements concerning the § function can (and should) be verified by calcu-
lations with explicit sequences of ordinary functions that converge to the ¢ function
in the distributional sense.

The Sokhotsky formula
Another example of convergence to a distribution is the family of functions

1

—, >0.
xr +E

a-(x) =

As ¢ — 0, the functions a. (z) converge pointwise to 1/z everywhere except at z = 0.
The Sokhotsky formula is the limit (understood in the distributional sense)

1
lim — = —imd(x) + P—. (A.6)
e—=+0 x + 1€ x
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This formula is derived by integrating a.(z) f (z), where f(x) is an arbitrary continu-
ous base function,

/+OO : f@)m/mﬁ(ﬂi/mm "

; 2 2 2 2
oo T t1E oo I tE oo X HFE

and showing that in the limit ¢ — 0 the two terms in the RHS converge to

+oo
P[ @dl‘—iﬂf(()).

We omit the detailed proof.

Distributional convergence of integrals

The concept of convergence in the distributional sense applies also to integrals. For
example, consider the ordinarily divergent integral

a(x) = /0+°°dk sin ka. (A.8)

If we take Eq. (A.8) at face value as an equality of functions, then a(z) would be
undefined for any z except = 0 where a(0) = 0. However, if we interpret Eq. (A.8)
in the distributional sense, it yields a certain well-defined distribution a(z).

To demonstrate this, we attempt to define the functional

alf] = /dzf(x)a(z) - /dzf(x) /Omdk sin kz.

This expression is meaningless because of the divergent integral over k. If we now
formally reverse the order of integrations, we get a meaningful formula

alf] = /0 i / dx f(z) sin ka. (A.9)

The integrations performed in this order do converge as long as f(x) is sufficiently
well-behaved (continuous and decaying at infinity). Therefore it is reasonable to de-
fine the functional a[f] by Eq. (A.9).

We can now reduce the well-defined functional a[f] to a simpler form. To transform
the expression (A.9), it is useful to be able to interchange the order of integrations.
However, this can be done for uniformly convergent integrals, while the double in-
tegral (A.9) converges non-uniformly. Therefore we temporarily introduce a cutoff
into the integral over dk at the upper limit (large k). At the end of the calculation we
shall remove the cutoff and obtain the final result. Now we show the details of this
procedure for the functional (A.9).
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A simple way to introduce a cutoff is to multiply the integrand by exp(—ak) where
a > 0 is a real parameter; the original integral is restored when o = 0. It is clear that
for any sufficiently well-behaved function f(x),

lim Omdk / dz f(z)e~* sin kz = /O ik / do f(z)sinka = a[f].

a——+0,

The double integral
—+o00
/ dk/dx f(z)e™" sin ka
0

converges uniformly in k£ and z, so we can reverse the order of integrations before
evaluating the limit o — 0. In the inner integral we obtain the family of functions

“+o0
ao(z) = / dk sin kz exp(—ak) = %_’_xg-
0

At this point we can impose the limit « — 0, use Egs. (A.6)-(A.7) and find

alfl]= lim [ dzaq(z)f(z) = lim /M:'P/dz@_

a—+0 a——+0 2 + o?

This holds for any base function f(x), therefore we obtain the following equality of
distributions,

a—+

+oo
a(x) = / dk sinkx = lim aq(x) = 'Pl. (A.10)
o 0 x

We may say that the integral (A.8) diverges in the usual sense but converges in the
distributional sense.

The distributional limit of a divergent integral is usually found by regularizing the
integral with a convenient factor such as exp(—ak) and by removing the cutoff after
the integration. The way to introduce the cutoff in % is of course not unique. For in-
stance, we could multiply the integrand by exp (—ak?) or simply replace the infinite
upper limit in Eq. (A.8) by a parameter knax and then evaluate the limit kpax — +00.
The calculations are somewhat less transparent in that case but the result is the same.
We are free to choose a cutoff in any form, as long as the cutoff allows us to reverse
the order of integration.

Remark: We should keep in mind that there must be some base functions f(x) to which
both sides of Eq. (A.10) are applied as linear functionals. Only then the manipulations with
the artificial cutoff become well-defined operations in the space of distributions. Although
it is tempting to treat a(z) as an ordinary function equal to 1/z, it would be an abuse of

notation since e.g.
+o0 1
a(2) = dk sin2k = - 777
0 2
is a meaningless statement. Expressions such as Eq. (A.8) usually appear as inner integrals

in calculations, for example,

—+oo —+oo 2
/ dx dkxe™® sinkz,
—o0 0
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xT

which looks like an application of the distribution a(z) to the base function ze™ * Insuch

cases we are justified to treat the inner integral as the distribution (A.10).

Fourier representations of distributions

A well-known integral representation of the ¢ function is

+oo
0(x—x0) = / %eik(z*zo). (A.11)

— 00

The integral in Eq. (A.11) diverges for all  and must be understood in the distribu-
tional sense, similarly to the integral (A.8).

Distributions often turn up in calculations when we use Fourier transforms. If f(k)
is a Fourier transform of f(z), so that

f(z) = / F(kye e dk,

then f(k) may well be a distribution since the only way it is connected with real
functions is through integration. We shall see examples of this in Appendix A.2.

Solving equations for distributions

Distributions may be added together, multiplied by ordinary functions, or differenti-
ated to yield other distributions. For example, the distribution P-% multiplied by the
function 2z yields the distribution P2. Although such calculations are in most cases
intuitively obvious, they need to be verified more formally by analyzing explicit dis-
tributional limits.

A curious phenomenon occurs when solving algebraic equations that involve dis-
tributions, e.g.

(x —x0)a(z) = 1. (A.12)

Note that (z — z¢) 0 (x — x9) = 0. So the solution of Eq. (A.12) in terms of distribu-
tions is

a(x) =P

+ Ad (x — zp),

T — X9

where the constant A is an arbitrary number. This shows that one should be careful
when doing arithmetic with distributions. For instance, dividing a distribution by =
is possible but the result contains the term Ad(x) with an arbitrary constant A.
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A.2 Green’s functions, boundary conditions, and
contours

Green'’s functions are used to solve linear differential equations. The typical problem
involves a linear differential operator L, such as
d?

L, = s a’. (A.13)

A Green’s function of the operator L is a distribution G(z, 2') that solves the equation

L,G(z,2") = §(x — ). (A.14)

Because of this relation which can be symbolically represented by L,G = 1, the
Green’s function is frequently written as the “inverse” of the operator L,, i.e. G =
L;'. However, one should keep in mind that this notation is symbolic and the oper-
ator such as L, does not actually have an inverse operator.

The Green’s function must also satisfy a set of boundary conditions imposed usu-
ally at || = oo or perhaps at some finite boundary points, according to the particular
problem. For example, the causal boundary condition in one dimension (real z) is

Gret(z,2") =0 forz < 2’. (A.15)

This condition specifies the retarded Green'’s function.
Green’s functions can be used to solve equations of the form

Ly f(x) = s(x),

where s(x) is a known “source” function. The general solution of the above equation
can be written as

f(@) = fola) + / Gz, 2')s(2')d’,

where fy(z) is a general solution of the homogeneous equation, L fy = 0.

Equation (A.14) defines a Green’s function only up to a solution of the homoge-
neous equation. Boundary conditions are needed to fix the Green’s function uniquely.
Green’s functions obtained with different boundary conditions differ by a solution of
the homogeneous equation.

Using Fourier transforms

To find a Green’s function, it is often convenient to use Fourier transforms, especially
when G(z,2’) = G(xz — 2’). In that case we can use the Fourier representation in n
dimensions,

d"k
(2m)"

G(x —2') = G(Az) = / g(k)ekAr, (A.16)
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A.2 Green’s functions, boundary conditions, and contours

However, it often turns out that the Fourier transform of a Green’s function is a dis-
tribution and not an ordinary function.

As an example, we consider the Green'’s function G(x — z’) of the one-dimensional
operator (A.13). The Fourier image g(k) of G(Ax) defined by Eq. (A.16) satisfies

(a® — k*) g(k) = 1. (A.17)

Here we are forced to treat g(k) as a distribution because the ordinary solution

+oo
dk 1 ikAx
Gan) = [ it m

involves a meaningless divergent integral. In the space of distributions, the general
solution of Eq. (A.17) is

g(k)="P + g10(k — a) + g20(k + a), (A.18)

a2 _ k2
with arbitrary complex constants g; . Then the general form of the Green’s function
is found from Eq. (A.16) withn =1,

too dk ikAx ] )
G(Az) = 73/ 9L giear | 92 iada

o 2ma?— k2 o 27

The constants g > describe the general solution of the homogeneous equation,
ilm (gleiaAJ; + ng—iaAJ;) =0.

These constants can be found from the particular boundary conditions after com-
puting the principal value integral. We find, for instance, that the boundary condi-
tions (A.15) require

™

g2 ==+ (A.19)

2ia
(see Eq. (D.31) in the solution to Exercise 12.2) and the retarded Green’s function is
expressed by Eq. (D.32).

Contour integration and boundary conditions

We have shown that the boundary condition for G(z, ") determines the choice of the
constants g; » which parametrize the general solution of the homogeneous oscillator
equation, while the nontrivial part of Green’s function (a special solution of the inho-
mogeneous equation) is equal to a certain principal value integral. Instead of using
the principal value prescription, we could select a contour C' in the complex & plane
and express the Green’s function as

ikAx ~
dk e g_1 iaAx

o - 2 —iaAz
G(Azx) = /c P + ¢ + 5, ¢ . (A.20)
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In effect we replaced the principal value prescription P[ by a certain choice of the
contour. This alternative prescription adds some residue terms at the poles £ = +a,
so the constants g; » differ from those in Eq. (A.19). The resulting Green’s function is
of course the same because the change in the constants g, » — §1,2 cancels the extra
residue terms.

Example calculation with a contour

Let us select the contour C' shown in Fig. A.2, where both semicircles are arbitrarily
chosen to lie in the upper half-plane. The contour C' must be closed in the lower
half-plane if Az < 0 and in the upper half-plane if Az > 0. The integral along each
semicircle is equal to —mi times the residue at the corresponding pole. Therefore the
integral along the contour C'is

ethAe die — 0, Ax>0;
ca2—k2 | Esin(aAz), Az <O0.

a
To satisfy the boundary conditions (A.15), we must choose the constants as
T
gi2 = Et—.
1a

Note that this differs from Eq. (A.19). The resulting Green’s function is

inaA
Gret(Az) = 0(z — x’)w,
a
which coincides with Eq. (D.32). The same result is obtained from any other choice of
the contour in Eq. (A.20) when the constants g; 5 are chosen correctly.
Choosing the contour as in Fig. A.2 is equivalent to considering the limit

) +o0 dk etkAT
813110 oo @ — k% —ike’
since a replacement k — k + 3ie under the integral corresponds to shifting the inte-
gration line upwards.

We could choose the contour of integration in a clever way to make g; o = 0. This
is achieved if both semicircles in Fig. A.2 are turned upside-down. This is the cal-
culation often presented in textbooks, where one is instructed to rewrite the integral

as
+o00 dk eikAm +o00 dk eikAz

e S sy S R B B N (A21)
with small real € > 0 and to take the limit ¢ — +0. As we have seen, such limits with
a prescription for inserting ¢ into the denominator are equivalent to particular choices
of contours in the complex k plane. It is difficult to remember the correct prescription
of the contour or the specific ansatz with ¢ that one needs for each operator L, and
for each set of boundary conditions. These tricks are unnecessary if one treats the
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®

)

Figure A.2: Alternative integration contour for Green’s function, Eq. (A.20).

Fourier image g(k) as a distribution with unknown constants, as in Eq. (A.18). One
is then free to choose either a principal value prescription or an arbitrary contour in
the complex k plane, as long as one determines the relevant constants from boundary
conditions.

So far we considered only one-dimensional examples. In higher-dimensional spaces,
one often obtains integrals such as

/ d3k eik‘x
(2m)3 k2 — m?
in which the kernel 1/(k? — m?) must be understood as a distribution and rewritten

as
« 1 ” 1 2 2
- :PkQ—mQ +h(k)6 (k¥ —m?),
where h (k) is an arbitrary function of the vector k. To obtain an explicit principal
value formulation of such integrals, one first separates the divergent integration over

a scalar variable (in this case over dk),

d3k ik-x ™ +oo k/’Qdk/’ ikx cos 6
P/ c :/ d@smoP/ R

(2m)3 k2 — m?2 o o (2m)2 k2 —m2’

and then uses the principal value prescription. (In this particular case the integration
over df can be performed first.) The relevant arbitrary parameters such as h (k) must
be determined from the appropriate boundary conditions.

A.3 Euler’'s gamma function and analytic
continuations

Euler’s gamma function I'(x) is a transcendental function that generalizes the fac-
torial n! from natural n to complex numbers. We shall now summarize some of its
standard properties.

207



A Mathematical supplement

The usual definition is

—+o0
I'(z) = / t*~le~tdt. (A.22)
0

The integral (A.22) converges for real > 0 (and also for complex « such that Rez >
0) and defines an analytic function. It is easy to check that I'(n) = (n — 1)! for integer
n > 1; in particular, I'(1) = 1. The gamma function can be analytically continued to
all complex .

Analytic continuations

If an analytic function f(x) is defined only for some z, an analytic continuation can
be used to obtain values for other .
A familiar case of analytic continuation is the geometric series,

f(z) = Zx", |z < 1.
n=0

The series converges only for |z| < 1. One can manipulate this series and derive the
formula

fla)= 2=, el <1, (A23)

which defines the function f(z) for all z # 1 and coincides with the old definition for
|z] < 1. Therefore, Eq. (A.23) provides the analytic continuation of f(z) to the entire
complex plane (except for the pole at = = 1).

If a function f(z) is defined by an integral relation such as

f(a) = / F(x,y)dy,

where the integral converges only for some z, one might be able to transform the spe-
cific integral until one obtains some other formula for f(z) that is valid for a wider
range of x. According to a standard theorem of complex calculus, two analytic func-
tions that coincide in some region of the complex plane must coincide in the entire
plane (perhaps after branch cuts). Therefore any formula for f(z) defines the same
analytic function. The hard part is to obtain a better formula out of the original defini-
tion. Unfortunately, there is no general method to perform the analytic continuation.
One has to apply tricks that are suitable to the problem at hand.

The gamma function for all =

The analytic continuation of I'(x) can be performed as follows. Integrating Eq. (A.22)
by parts, one obtains the identity

ol(z) =T(x+1), x>0. (A.24)
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This formula determines I'(z) for Rez > —1, because I'(z + 1) is well-defined and one

can write

I(z+1)
x

[(z)

, Rexz>—1.

The point © = 0 is clearly a pole of I'(z), but at # # 0 the function is finite. Subse-
quently we define I'(z) for Rez > —2 by

I(xz+2)

—— R -2
x(erl)’ exr > )

I(x)

for Rez > —3 and so on. (Thus I'(z) has poles at z = 0, —1, —2, ...) The resulting
analytic function coincides with the original integral for Rex > 0.

Series expansions
One can expand the gamma function in power series as
I(l4+eg)=1-7+0 (%),

where

+oo
v = —/ dte 'Int ~ 0.5772
0

is Euler’s constant. From the above series it is easy to deduce the asymptotic behavior
at the poles, for instance

D(z — 0) = e+l _ % — v+ O(a). (A.25)

T

Product identity

A convenient identity connects I'(x) and I'(1 — z):

Mz)I(1—x) =

(A.26)

sinmx’
This identity holds for all (complex) ; for instance, it follows that I' (3) = /7. One
can also obtain the formula

(iz)D(—iz) = |D(iz)|* = ﬁ (A.27)

Finally, Eq. (A.26) allows one to express I'(x) for Rez < 0 through I'(1 — x), which is
another way to define the analytic continuation of I'(x) to all complex .
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Derivation of Eq. (A.26). We first derive the identity for 0 < Rexz < 1. Using
Eq. (A.22), we have

—+o0 —+o0
L(z)[(1 —x) = / ds/ dt s 1=e=(H0)
0 0

where the integrals are convergent if 0 < Rex < 1. After a change of the variables
(s:t) = (u,v),
u=s+t, v Elnf, dsdt = LQdudv,
b (e +1)

where 0 < u < 400 and —oo < v < 400, the integral over u is elementary and we get

+o00 ev du

D(z)(1 - z) = /

oo EVF T

The integral converges for 0 < Rexz < 1 and is evaluated using residues by shifting
the contour to v = 277 + ¥ which multiplies the integral by exp(2mix). The residue at
v = i7 is equal to — exp(imz). We find

(1—e™)I(z)[(1 — ) = —2mie™™,

from which Eq. (A.26) follows for 0 < Rex < 1.
To show that the identity holds for all x, we use Eq. (A.24) to find for integer n > 1

. ) = [(z)[(1 —x) )
Pz —n)l' (1 —( ) G—Dola—n) 1)_._(:6_”)(1 )--( )
— ()" ——=—"  _ 0<Rex<l,

sinmx  sinw(z —n)

Expressing integrals through the gamma function

Some transcendental integrals such as
+oo
/ 5 e M dy (A.28)
0
are expressed through the gamma function after a change of variable y = bz,

—+oo
/ ¥ te " dr = b5 (s).
0

However, complications arise when s and b are complex numbers, because of the
ambiguity of the phase of b. For example, i’ is an inherently ambiguous expression
since one may write

it = |:6Xp (% + 27T’L'7’L):| = exp (—g — 271'71) , nez.
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We consider Eq. (A.28) with a complex b such that Reb > 0. (The integral diverges
if Reb < 0, converges conditionally when Reb = 0, b # 0, and 0 < Res < 1, while
for other s the limit Reb — +0 may be taken only in the distributional sense.) The
integrand is rewritten as

25 le ™ = exp [—bx + (s — 1) Inz].

The contour of integration may be rotated to the half-line z = ¢*¢y, with a fixed angle

|¢| < %, and y varying in the interval 0 < y < +oc. Therefore, if Res > 0 we can
change the variable bz = y as long as Reb > 0. Then we should select the branch of

the complex logarithm function covering the region —3 < ¢ < 3,
B
In(A+iB) =1In|A+ iB| + i (sign B) arctan %, A>0. (A.29)
With this definition of the logarithm, the integral (A.28) is transformed to

—+oo +oo
/ e My = b_s/ y* " le Vdy = exp(—sInb)['(s). (A.30)
0 0

In the calculations for the Unruh effect (Sec. 8.2.4) we encountered the following
integral,

+ g

F(w,Q) = / o exp (zQu + ige_““) .
oo 2T a

This integral can be expressed through the gamma function. Changing the variable

to x = e~ ", we obtain

1 [T

Q) dwg

Fw,Q) =— Ta a .
(w, Q) 3ma /. dxx e (A.31)
which is of the form (A.28) with
b= 5= _i
a a

Since Re s = 0, the integral in Eq. (A.31) diverges at x = 0. To obtain the distributional
limit of this integral, we need to take the limit of s having a vanishing positive real
part. Since b also must satisfy Re b > 0, we choose

w €2
b=——+¢ s=——+¢, >0,
a a

and take the limit of ¢ — +0. Then we can use Eq. (A.30) in which we must evaluate

Inb= lim In (—E+5) zln‘f‘ —iZsign (2).
a a 2 a

e—+0

Substituting into Eq. (A.30), we find

F(w,Q) = L exp {ﬁ In ‘%} + g—Qsign (%)} r (—ﬁ) :

a
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Now it is straightforward to obtain the relation

€

F(w,Q)=F(—w,Q)exp <—> , w>0,0>0.
a
Finally, we derive an explicit formula for the quantity
2 0 2
ol = —|F(—w,Q
Boal” = —|F(-w, Q)]

which is related to the mean particle number by Eq. (8.28). Using Eq. (A.27), we get

, 0 0 \)° 1 2702 -
Bl T mate TP\ T r T a ~ orwa | TP\ g -1 '

2
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B Adiabatic approximation for
Bogolyubov coefficients

In this Appendix we present a method for computing the Bogolyubov coefficients in
the adiabatic approximation. This method has been widely used in calculations of
particle production by classical fields. We shall use the notation of Chapter 6.

The mode function v(n) for a mode xk of a quantum field is a solution of Eq. (6.18),

v (n) +w?(n)v(n) =0, (B.1)

where for brevity we omitted the index k in v, and wj. The adiabatic approxima-
tion can be applied to Eq. (B.1) if the effective frequency w(n) is a slowly-changing
function, i.e. when the adiabaticity condition (6.45) holds,

' ()] < lw(m)]*. (B.2)

We shall assume that the function w(n) satisfies this condition. In that case, the mode
function v;(n) describing the adiabatic vacuum at a time n = 7, is approximately
expressed by the WKB ansatz (6.44),

&
vi(n) =~ ! exp |:Z/ w(n)dn} . (B.3)
w(n) mn
The problem at hand is to compute the Bogolyubov coefficients relating the adiabatic

vacua defined at two different times n = n; and n = n,.
First we shall try to use the WKB approximation (B.3). The adiabatic vacuum
ln, 0aa) at n = 1 is described by the mode function v; (7)) satisfying the conditions

1 dvy 1 < 1w’>
= — |iw—=—
p= V@ 2 w

wlm)  dn

and a similar set of conditions specifies the mode function vs (n) of the vacuum |,,0qq).
However, the ansatz (B.3) exactly satisfies both conditions. Therefore both mode func-
tions v;(n) and v2(n) are expressed by the same formula (B.3) within the accuracy of
the WKB approximation. Since in fact v1(n) # wv2(n), we conclude that the WKB
approximation is insufficiently precise to distinguish between the vacua |,, 0,4) and
l120ad). It can be also shown that the Bogolyubov coefficients relating the instanta-
neous vacua |,, 0) and |,,,0) cannot be correctly computed using Eq. (B.3).

A more accurate approximation is based on perturbation theory. We shall consider
a simpler problem of computing the Bogolyubov coefficients between the instanta-
neous vacua |,, 0) and |,,,0). Essentially the same calculation can be applied also to
adiabatic vacua.

v (m) =

)

n=m

213



B Adiabatic approximation for Bogolyubov coefficients

As we have seen in Sec. 6.2.2, the instantaneous vacuum |,,0) defined at an interme-
diate time 7 > 7 is a squeezed state with respect to |,,,0). Let the functions «(n) and
B(n) be the “instantaneous Bogolyubov coefficients” relating the initial vacuum |,), 0)
and the state [,,0). These coefficients can be expressed through v(n) using Eq. (6.30)
where we need to replace wy = w, vk = v(n), and choose uk(n) according to the
conditions (6.40) for the mode function at time 7. After some algebra we find

—v* 4+ jwo* v* 4+ jwo*

It is convenient to introduce the function ¢(n) instead of v(n) as follows,

ar(n)  v'(n) +iw(nv(n)
The function ((n) satisfies the first-order equation

/
Z—g +2iw¢ = (1-¢?) ;’—w (B.4)
which straightforwardly follows from Eq. (B.1). Since v/(11) = iw(n1)v(n:), the initial
condition is {(71) = 0 and then it can be shown using Egs. (B.2) and (B.4) that ¢(n)
always remains small (of order w’/w?). The advantage of introducing the variable
( is that its smallness facilitates applying perturbation theory to Eq. (B.4). To a first
approximation we may replace 1 — ¢? by 1 and obtain the equation

d¢a)
dn

. W'
+ 2iw) = 2%’ C(1)}n:m =0,

which can be solved in the form of an integral

T, 1 dw(n [ N\ g 11
= [ D [ [ty |

1

Further approximations are computed similarly, for example ((,)(7) is the solution of

d¢(2) '

. w
. + 2iw((o) = (1 - C(21)) 2%’ <(2)’

n=n

The first approximation, ((1(n), is usually sufficiently precise in the adiabatic regime.
Using Eq. (6.25), the Bogolyubov coefficients are expressed through ¢(7) as

¢*(n) aln) = 1 _
1= <) V1=

This is the result of using the method of adiabatic approximation.

B(n) =
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C Mode expansions cheat sheet

We present a list of formulae relevant to mode expansions of free, real scalar fields.
This should help resolve any confusion about the signs k and —k or similar techni-
calities.

All equations (except commutation relations) hold for operators as well as for clas-
sical quantities. The formulae for a field quantized in a box are obtained by replacing
the factors (27)? in the denominators with the volume V of the box. (Note that this
replacement changes the physical dimension of the modes ¢x.)

3 pikx 3y p—ikex
¢(X7t)/d(21:rw¢k(t); ¢k(t)/d(27rw¢(xvt)

)= Lot T ()= Llo- o

a (t) +a® ) (t) [y, a (t) — a™ ) (¢)
Pi(t) = = me(t) = 4
V2w 2 7
’ +

Time-independent creation and annihilation operators a;_ are defined by
at(t) = ai exp (Fiwyt)

Note that all a;5 below are time-independent.

6'(@) = o(2); (@) =6 (ag) = asf

N A3k 1 P ) )
— T = [T e twittikex A+ dwpt—ik-x
d’(xat) / (277')3/2 \/m [a’ke + ag e }
Mode expansions may use anisotropic mode functions vy (t). Isotropic mode ex-
pansions use scalar k instead of vector k because vk = vy, for all k| = k.

N 3 . .
bx.t) = [ G s [0 + (e ]
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(Note: the factor v/2 and the choice of v instead of vk are for consistency with litera-
ture. This could have been chosen differently.)
V_g = vk # Uy Uk + wi(t)vk =0; kv — vk0p = 2
o | .
Pk(t) = NG [avie(t) + af ()] ;5 me(t) = NG [ay g () + aZ i (2)]

Here the aljf are time-independent although vk and ¢, T depend on time:

ap = —— [ (nt) — ve®me®)];  af = —= () ore(t) — v () mi(D)]

iv2

Free scalar field mode functions in the flat space:

1
V2
1.
t) = zwkt'
vg (1) —\/w_ke
Bogolyubov transformations
Note: a; are defined by v (17) and b are defined by uy (7).
v (n) = () + Breunc(n); - Jouel* — |B* = 1
b = oncly + ity b= ofaf + fidl,
ok =k, Pk=P«k

AT — of b — Brht N O -
e = iy — BibTy @y = axby — BibTy
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D Solutions to exercises

Chapter 1

Exercise 1.1 (p. 6)

Given ¢(z), the mode ¢y is

43 -
¢k/(2ﬂﬁelk'x¢(x)-

Substituting into Eq. (1.9), we get

713 3 3
I= / dxdlyd’k ’E;l;)’f K il v=) 4 (x) 6 (y) /B + 2.

Therefore

PPk
K (x,y) = / — k) JR2 42,

@)

This integral does not converge and should be understood in the distributional sense
(see Appendix A.1). Compare

3 B ;
[ et =500 [ e < <ivi ().

Exercise 1.2 (p. 7)

We substitute the Fourier transform of ¢(x) into the integral over the cube-shaped

region,
1 1 Pk
- d3 - d3 /7 ik-x )
oL= 13 /L3¢(X) T /L X | Gaprt 0%

The integral over d*x can be performed explicitly using the formula

Lz 2 koL
dx etk=* — in —— = (k).
/_L/2 xe 7 sin —5 I (kz)

Then the expectation value of ¢? is

31 A3 !
(03) = [ g (etne) Fhe) £ () F () FU) £ (1) F (). (D)
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If 6 ¢k is the given typical amplitude of fluctuations in the mode ¢y, then the expecta-
tion value of {¢x¢x/) in the vacuum state is

(prdwr) = (0n)* 3 (k + K.

So the integral over k, k' in Eq. (D.1) reduces to a single integral over k,

wi)=[ (;‘F'T‘)‘gwm)? 1 (ka) £ (k) S ()T (D2)

The function f(k) is of order 1 for |kL| < 1 but very small for |kL| > 1. Therefore
the integration in Eq. (D.2) selects the vector values k of magnitude k| < L' in all
directions. As a qualitative estimate, we may take d¢x to be constant throughout the
effective region of integration in k and obtain

k=L-1"

(¢7) ~ / &’k (5¢w)” ~ k* (3¢x)’
|k|<L-1t

Exercise 1.3 (p. 10)

The problem is similar to the Schrodinger equation with a step-like potential barrier
between two free regions. The general solution in the tunneling region 0 < ¢t < T'is

q(t) = Acosh Qot + Bsinh Qqt. (D.3)

The matching condition at ¢ = 0 selects A = 0 and B = qiw /2. The general solution
in the region ¢t > T'is

q(t) = qzsinfwo(t — T) + af .

The constant ¢» is determined by the matching conditions at ¢t = T'. The values ¢(T),
¢(T) must match ¢, sin o and gawy cos . Therefore we can find g2 from

(T2
&=y + |1
wo
Substituting the values from Eq. (D.3), we find
w2
@ =q¢ [1 + (1 + Q—g) sinh? QOT] . (D.4)
0

For Q¢T > 1 we can approximate this exact answer by

exXp (QoT) 1 i w_g

Q@2 ~=aq
2 Qg
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Exercise 1.4 (p. 10)

The “number of particles” is formally estimated using the energy of the oscillator. A
state with an amplitude g has energy E = 1 (¢°> + wiq?) = 3¢3w3. Therefore the

number of particles is related to the amplitude by

_ qiwo — 1

5 (D.5)

If the oscillator was initially in the ground state, then ¢; = w, /2 and Eq. (D.4) gives

1 wa\ . .o

n= 3 <1 + Q_%> sinh” Q7.

There are no produced particles if 7' = 0; the number of particles is exponentially
large in QoT".

Exercise 1.5 (p. 11)

To find the strongest currently available electric field, one can perform an Internet
search for descriptions of Schwinger effect experiments. The electric field of strongest
lasers available in 2003 was ~ 101V /m. There is a proposed X-ray laser experiment
where the radiation is focused, yielding peak fields of order 1017-10'V/m. (See A.
Ringwald, Phys. Lett. B510 (2001), p. 107; also arxiv.org/abs/hep-ph/0103185
on the Web.)

Rewriting Eq. (1.13) in the SI units, we get

mecd
Pexp( heE)'

The result for the electric field of a laser, £ = 10''V/m, is

(9.11-10731)% (3.00 - 10%)° 10
P~exp|— ~e .
(1.05 - 10-3%) (1.60 - 10-19) (1011)

Thus, even a strong laser field gives no measurable particle production. For the pro-
posed focusing experiment, P is between 107! and 1072, and some electrons could
be observed.

Exercise 1.6 (p. 12)
We need to express all quantities in the SI units. The equation T' = a/(27) becomes

_ha

kT .
c 2w

Here k ~ 1.38 - 10723] /K is Boltzmann’s constant. The boiling point of water is 7' =
373K. The required acceleration is a ~ 10*?m/s? which is clearly beyond any practical
possibility.
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D Solutions to exercises

Chapter 2

Exercise 2.1 (p. 14)

We choose the general solution of Eq. (2.7) as
q(t) = Acosw (t —t1) + Bsinw (t — t1).
The initial condition at ¢ = ¢; gives A = ¢;. The final condition at ¢t = ¢, gives

B = d2 — (@1 COSW (t2 — tl)
sin w (ﬁg — tl)

The classical trajectory exists and is unique if sinw (t2 — ¢1) # 0. Otherwise we need
to consider two possibilities: either g1 = g2 or not. If ¢; # g2, the value of B is formally
infinite; this indicates that the action does not have a minimum (there is no classical
trajectory). If 1 = g2, the value of B remains undetermined (there are infinitely many
classical trajectories).

Exercise 2.2 (p. 17)

The first functional derivative is

08 _ 0L doL
6q(tr)  dq dt dq

o (G (t1) +wq (t)] - (D.6)
q(t1

As expected, it vanishes on-shell. To evaluate the second functional derivative, we
need to rewrite Eq. (D.6) as an integral of some function over time, e.g.

G(t) +wiq(t) = / [4(t) + w?q(t)] 6 (¢t — t1) dt. (D.7)

For an expression of the form [ ¢(t) f(¢)dt, the functional derivative with respect to
q (t2) is f (t2). We can rewrite Eq. (D.7) in this form:

G(t1) +w?q(ty) = / (6" (t —t1) + WS (t — t1)] q(t)dt.
Therefore
528

m:_(S (ty —t1) —w?6 (t2 — t1) .

Exercise 2.3 (p. 20)

a) The Hamilton action functional

S la(t). p(t)] = / [pd — H(p.q)) dt
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is extremized when
oS 0S

q(t) 7 op(t)
Computing the functional derivatives, we obtain the Hamilton equations [Eq. (2.19)].
When computing 6.5/p(t) we did not have to integrate by parts because S does not
depend on p. Therefore the variation dp(t) is not constrained. However, to compute
05/dq(t) we need to integrate by parts and we obtain a boundary term

OLAGIH

which must vanish. Therefore the appropriate extremization problem is to specify
either ¢ (¢1) and ¢ (t2) without restricting p(t), or to specify p (t1) = 0 and fix ¢ (t2), or
vice versa.

b) A simple calculation using Eq. (2.19) gives

dH OH . OH

iy =0
dt 8qq+8pp

¢) The Hamiltonian H is defined as pg — L where ¢ is replaced by a function of p
that follows from Eq. (2.13). This equation is equivalent to the first of the Hamilton
equations (2.19). Therefore the function pg — H is equal to L on the classical paths.

Exercise 2.4 (p. 21)

We use the identity
[A,BC] = BIA,C] + A, B] C. (D.8)

Compute first the commutator

) A A A A PN

[4,9°] = [4,P] D + P[4, p] = 2ihp.

Then we obtain

Exercise 2.5 (p. 21)
a) See the solution for Exercise 2.4. First we find that
[G,") = ifp" " +p [G,0" ] -
Then we use induction to prove that
[G.p"] = ihnp" !

for n =1, 2, ... The statement of the problem follows since [¢, ¢™] = 0.
The analogous relation with p is obtained automatically if we switch ¢ < p and
change the sign of the commutator (i/ to —if).
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D Solutions to exercises

b) We can generalize the result of part a) to terms of the form §%p°¢° by using
Eq. (D.8),

~ Aq c an c 0 a b sc
[4,4°p"G"] = ihbg*p" ¢ _ma q“p"g-. (D.9)

Here we imply that the derivative 9/dp should act only on p where it appears in the
expression; the operator ordering should remain unchanged. To prove Eq. (D.9), it
is enough to demonstrate that for any two terms f (p, ¢) and g (p, §) of this form that
already satisfy Eq. (2.27), the product fg also satisfies this equation.

An analytic function f(p, ¢) is expanded into a sum of terms of the form ...G*p*¢°p?...
and the relation of Eq. (D.9) can be generalized to terms of this form. Each term of
the expansion of f (p, §) satisfies the relation; therefore the sum will also satisfy the
relation.

Exercise 2.6 (p. 22)
Note that § does not commute with dg/dt (coordinates cannot be measured together

with velocities). So the time derivative of e.g. ¢* must be written as

d
= §°G+ 444 +
-0 =4+ 44q + qd*.

It is easy to show that for any operators A, B, H (not necessarily Hermitian) that
satisfy

o PO 0 -~ P
& - [AaH]a % - [BvH]a
it follows that
0 . = N 0 44 OA -OB aa oA
8t(A B)=[A+ B, HJ; E(AB) EB—i_AE_[AB’H]'

By induction, starting from p and §, we prove the same property for arbitrary terms of

the form ...g*p"¢°p?... and their linear combinations. Any observable A(p, q) that can

be approximated by such polynomial terms will satisfy the same equation [Eq. (2.28)].

Exercise 2.7 (p. 30)

We insert the decomposition of unity, [ |¢) (¢|dg, into the normalization condition
(p1|p2) = 0 (p1 — p2) and obtain

5 (p1 — pa) = / (prla) (alp2) da. (D.10)

Since from our earlier calculations we know that

(plg) = C'exp (”;iq) :
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we now substitute this into Eq. (D.10) and find the condition for C,

+o0 ; _
5 (py — po) = |C|2/ dq exp {Z(MTPQ)‘]}

= 27h|C|? 6 (pr — p2) -

From this we obtain |C| = (27/)~!/2. Note that C is defined up to an irrelevant phase
factor.

Chapter 3

Exercise 3.1 (p. 34)
The differential equation
dy
7 = J@y+g()

with the initial condition y (z¢) = yo has the following solution,

y(x) = yo exp </z f(z')dz') + /Z da’ g(2') exp </ f(x”)dx”) .

The solution for the driven harmonic oscillator is a special case of this formula with
f(z) = —iwand g(x) = J.
Exercise 3.2 (p. 34)

The result follows by simple algebra.

More generally, if A(t) and B(t) are operators satisfying the equation
d - A

—A=[AB
SA= (4B

and A (o) is a c-number, i.e. A (to) = Aol, then A(t) = Aol for all other ¢. [This
follows because all derivatives d”A/dt", n > 1, vanish at ¢t = t¢y.] Therefore it is
enough to compute the commutator [a~ (), a™ (¢)] at one value of ¢.

Exercise 3.3 (p. 37)

Compute the matrix element

0= <nout| dz_n |Ozn> = <nout| dz_n (Z Ak |kout>> 5
k=0

since a;, = a,,, — C and d,,; |kout) = VE |k — 1,u¢), e obtain

0 = _CAn + vV n + 1An+1.
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D Solutions to exercises

Exercise 3.4 (p. 40)
+

in’

(a) Expanding ¢ (¢1) for t; > T in the “in” creation and annihilation operators a
find

we

1 | , ,
q(t) = Vo (a6 ™" +a;,e” ™" + 2Re (Joe ™))

and then we obtain

q A 1 iw(t2— 2 —iw —iw
(0in| G (t1) G (t2) |0in) = Ee (t2—t1) ;Re (Joe tl) Re (Joe tz) .

The first term is the expectation value without the external force. The second term
can be written as a double integral of J(t) as required, since

. T
7 .
Jo = wt 7 (t)dt.
) %/Oe (t)
+

(b) To compute this matrix element, we expand ¢ (¢1) in the “out” operators a;,,,
and ¢ (t2) in the “in” operators. Then we need to compute the following matrix ele-
ments:

<Oout| a‘o_ut |01n> = JO <Oout|0in> 5
A— A 2
(Oout| ey 10in) = (1= 10[* ) (Oourl0ua)

The final result is

<Oout| q (tl) q (t2) |0m> _ 1 iw(ta—t1) + ijge—iw(tl-l—tz).

<Oout | Ozn> B % ¢ 2w

Again, the last term

LJgefiw(tlthQ)

2w
is rewritten as a double integral as required.

Chapter 4

Exercise 4.1 (p. 41)

From linear algebra it is known that a positive-definite symmetric matrix A/;; can be
diagonalized using an orthogonal basis v, with positive eigenvalues w?, o = 1,..., N.
In other words, there exists a nondegenerate matrix v;, such that

g M;viq = WaVja, E VigVig = 0ag-
i

2

Here we do not use the Einstein summation convention but write all sums explicitly.
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Transforming ¢; into a new set of variables ¢, by
qi = Z ViaGa;
(63
we find that the quadratic form in the action becomes
D aiMijg; =Y GaviaMijvipds = Y wplapdads = Y wale
ij afij af «

This provides the required diagonalized form of the action.

Exercise 4.2 (p. 43)

We compute the action of the transformed field ¢(z) after a Lorentz transformation
with a matrix A%. Since the determinant of A is equal to 1, we may change the vari-
ables of integration d*z to the transformed variables d*z and the Jacobian is 1. The
action [Eq. (4.4)] has two terms, one with ¢* and the other with derivatives of ¢. The
field values ¢ (x) do not change, therefore the integral over d*# of ¢ is the same as
the integral in the old coordinates. But the field derivatives 0,,¢ change,

Oup — N,0u9.
The action contains the scalar term m?¢? that does not change, and also the term
nt” (au¢) (al/(b)
that transforms according to the Lorentz transformation of the field derivatives,
0" (9u0) (9u@) — 0" N (B $) A (D10).

But the Lorentz transformation leaves the metric unchanged [see Eq. (4.6)]. Therefore
this term in the action is unchanged as well. We obtain the invariance of the action
under Lorentz transformations.

Exercise 4.3 (p. 43)

Solution with explicit variation. From the action of Eq. (4.4) we obtain the varia-
tion 0.5 with respect to a small change d¢(x) of the field, assuming that 6¢ vanishes at
spatial and temporal infinities:

68 = / d*z [ (0,9) (0,6¢) — m>¢é¢)
- / d'x [ (9,0,0) — m*¢] 6¢

(the second line follows by Gauss’s theorem). The expression in square brackets must
vanish for the action to be extremized, so the equation of motion is

" (8,0,0) — mPp = —¢ + Ap — m?¢ = 0.
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D Solutions to exercises

Solution with functional derivatives. The equation of motion is 65/d¢ = 0. To
compute the functional derivative, we rewrite the action in an explicit integral form
with some function M (z, y),

Sio) = 5 [ dtad'ys(@)o()M (x.0). (D.11)

(The factor 1/2 is for convenience.) Integrating by parts, we find

M(z,y) = —m?6(x —y) + n“”i (Z 6(z —y). (D.12)

The functional derivative of the action (D.11) is

s [y
m = /d yo(y)M(z,y).
Substituting M from Eq. (D.12), we find
82
OxHoxVv

35S
3¢(x)

= —m?¢(x) — " o(x)

as required.

Exercise 4.4 (p. 44)

If ¢ (x) is a real function, then

3y
()" = [ e o) = o

Exercise 4.5 (p. 46)
We use the relations

. 1, L o L o
px = —— (A e +at ™M), Ak =iy = (™M — a e M) .

AV ka

Here 4" are time-independent operators.) Then we find
k P P
1/, 27 % Wk (a—ng JOT
5 TkT_k + WpPkP—k | = 5 (ak ay, + afkaik) .

When we integrate over all k, the terms with —k give the same result as the terms
with k. Therefore

H= /d%% (aifay +ayart) .
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Chapter 5

Exercise 5.1 (p. 59)

The computation is split into three parts: (1) the variation of the determinant \/—g
with respect to g*?; (2) the variation of the action with respect to I") 5o (3) the variation
of the action with respect to g*%.

1. To find the variation of the determinant \/—g, we need to compute the derivative
of g = det go3 with respect to a parameter. We can use the matrix identity (for finite-
dimensional matrices A)

det A=exp(Trin A).

Choosing A = A(s) as a matrix that depends on some parameter s, we get

d d B 1 dA
I det A = 75 &XP (Trin A) = (det A)Tr (A I >

Here A~! is the inverse matrix. We now set A = g,,,, (the covariant metric tensor in
some basis) and s = g, with fixed a and . Then

@E 99 = “”—ag#yzgg“'j(sa(s[j:ggaﬁ.
0s  0¢ap 09ap ol

The derivative with respect to components of the inverse matrix ¢g"” is computed
quickly if we recall that the determinant of g"* is g~ ':

0 0v/—

T e N (D.13)
(Note that \/—gy/—g = —g > 0.) We may also consider /—g(2’) with fixed 2’ to be a
functional of g®?(z). Its functional derivative is

0V/=9(@) _9v=g =" /
5goB(x) — DgoB 5(z*z)**Tgag5(:rfx)_

As a by-product, we also find the spatial derivatives of the determinant:

Oy = 99apu9”";  Ouv/—g = go‘ﬁgag " (D.14)

2. To compute 6.5/61") o, We rewrite the action as an integral of F;\U times some
function. This requires some reshuffling of indices and integrations by parts. For
example,

/\/—gd4xg°‘ﬁ1"gﬁ# = —/cl‘lyz:l"/’}(r (\/—ggp"),k,
—~ / V=gd'zg*’Th = / d*aT),(vV=99""63) 5
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D Solutions to exercises

The functional derivatives of these terms with respect to I'}, is read off from these
integrals. The terms bilinear in I' need to be rewritten twice, with I‘;}U at the first
place or at the second place:

n v o _ T\ TV o __ TP A so
Faﬁl—‘uu - Fpa )\1/65465 - Faﬁl—‘paé‘k’

v L _ A 7o __ 10 A <P
Iy, I, =T, T5,60 =I5, 8.

A

Ho from

The functional derivatives of these terms are then computed by omitting I'
the above expressions:

5 v « « 17 (e (e
5T, </ Lol V=99 Bd“x) =V=g9 "( w0605 +F255A),

J v « @ o o
(SFZ‘U <_/Faﬂrgy\/__gg Bd4x) = _\/__gg P (Fﬁké‘g +Fo¢)\6§) .

Therefore the equation of motion for I'), is

oS - -
=5 = (V=99") 5 + (V=99""63) 5
po

+ (D597 + 10597705 —T0,97 — Ting™ ) V=3.

0

It is now convenient to convert the upper indices p, o into lower indices ., v by mul-
tiplying both parts by g,,,9.- (before doing this, we rename the mute index v above
into ). The derivatives of \/—g are found in Eq. (D.14). The common factor /—g
cancels. We obtain the following equation for T, ;:

F?\Cag,uu + Fgﬁgupfhugaﬁ - Fg)\gup - FZ)\QVJ

1 1
= _g/\ugaﬁ (29au.ﬂ - gaﬁ,,u) + §g,uvgaﬁgaﬁ,/\ — Guv, -

2

This is a complicated (although linear) equation that needs to be solved for I'. One
way is to separate the terms on both sides by their index symmetry and by their
dependence on g,3. To make the symmetry in the indices easier to use, we lower the
index 1 in T} ; to obtain the auxiliary quantity I';, o defined by

Fg 8 =g" Vl—‘l,uﬁ
(the period after v is merely a typographical separator). Then we find

g/\ugaﬁru.aﬁ + gul/gaﬁl—‘ﬁ./\a - (Fu.uA + Fu.p/\)

1 1
= _g/\ugaﬁ (29au.ﬂ - gaﬁ,,u) + §g,uvgaﬁga[3,/\ — Guv, - (DlS)

2

Now we note that there are three pairs of terms at each side: terms with free gy,
terms with free g,,,, and terms without any free (undifferentiated) g. We notice that
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the second and the third pair of terms are symmetric in p, v. Therefore the first pair
of terms, which is not symmetric under ;1 < v, must match separately:
(

1
93wI T pap = 909" (2908 — Gop.p) -

2
This equation is obviously solved by
1
F,u.aﬁ = 5 (gau.ﬂ + 984,00 — gaﬁ,,u) ) (D16)

and this is equivalent to Eq. (5.20). [Here we identically rewrote

29aﬁgau,ﬁ = gaﬁ (Gap,p + 9Bu.0) »

to make I';, o3 symmetric in o, 5.] Then we need to check that the other two pairs of
terms also cancel. With the above choice of I';, og we find

F;,L.VA + Fl/.;,t)\ = Guv,\,

1
9T 5 aa = 590‘6%@,\-

Therefore Eq. (5.20) is a solution.
Finally, we must show that this solution is unique. If there are two solutions I, o3
and I'}, 5, their difference D), o5 satisfies the homogeneous equation

g/\ugaﬁD,u.aﬁ + g,ul/gaﬁDﬁ,)\a - (D,u.u/\ + DV.,LL)\) =0. (D17)

We need to show that this equation has no solutions except D,, o3 = 0 when g,3 is a
non-degenerate matrix. First we antisymmetrize in p, v and find gy, D). g’ =0.1If
we define d, = D, opg*? and raise the index A, we find that d, satisfies 6,d,, = d)\d,.
The only solution of this is d,, = 0 (take v = X # pu to prove this). So the first term
of Eq. (D.17) vanishes. Then we contract Eq. (D.17) with ¢*” and find ¢*’Dg », = 0.
Therefore Eq. (D.17) is reduced to D, ,» + D, ,» = 0. But a tensor D,, ,» which
is antisymmetric in the first two indices but symmetric in the last two indices must
necessarily vanish. Therefore the solution I';, 3 of Eq. (D.15) is unique.
3. The variation of R./—g with respect to g*” is now easy to find. We write

R\/T = guuRuV\/jv

where R, is treated as independent of g since it is a combination of the I symbols.
Then

J v 4
sy ([ R

y o/ —g(z’ 1
R+ [ S = (R = g0s) V=T

The last line gives the required expression.
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D Solutions to exercises

Remark: other solutions. Here we solved for I', ; straightforwardly by extremizing the
action, without choosing a special coordinate system. Another way to obtain the Einstein
equation is to vary the action directly with respect to g"”; calculations are very cumber-
some unless one uses a locally inertial coordinate system.

Chapter 6

Exercise 6.1 (p. 64)
Since a(n) depends only on time, Aa(n) = 0 and

"

/
a <¢// + 2a_¢/) — (a¢)// o a//¢ — X// - —x.
a a
The required equation follows.

Exercise 6.2 (p. 64)

We use the spacetime coordinates (x,7) and note that \/—g = a* and ¢ = a= 2",
Then

VTamIg = ma®,
V=99"0.00,5=a’ (6”7 — (V9)?) .
Substituting ¢ = x/a, we get

a a 2 a a /
a2¢? = 2 — 2L 2 (_> — 22 [Xz_] .
a a a a

The total time derivative term can be omitted from the action, and we obtain the
required expression.

Exercise 6.3 (p. 65)

The standard result dW/dt = 0 follows if we use the oscillator equation to express
i172 through x1,2,

d
— (£19 — T1d0) = #1009 — 2180 = W20 — TyW Ty = 0.

dt

The solutions z;(t) and x»(t) are linearly dependent if there exists a constant A such
that z2(¢) = Ax1(¢) for all ¢. It immediately follows that W [z1, x2] = &1 x1 — 21 A8 =
0. Conversely, W [x1, 2] = 0 means that the matrix

(G o)
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is degenerate for each ¢. Thus, at a fixed time ¢ = ¢, there exists Ao such that = (t¢) =
Aozt (to) and &2 (tg) = Ao#1 (to). The solution of the Cauchy problem with initial
conditions z (tg) = Aoz1 (to), & (to) = Aod1 (to) is unique, one such solution is z2(t)
and another is Aoz (t), therefore x5 (t) = Aoz (¢) for all .

Exercise 6.4 (p. 68)

We compute the commutation relations between x (x,7) and 7 (x, ) using the mode
expansion of Eq. (6.31) and the commutation relations for 4", to find

. R A3k vl vF 7’Ukvl* el
[x(x,n)mr(y,n)]/(%)3 — k gik-(x=y),

From the known relation

Pk
_v)= | 22 ik(x-y)
Y (X Y) / (271’)3 €
it follows that Eq. (6.22) must hold for all k.

Exercise 6.5 (p. 69)

We suppress the index k for brevity and write the normalization condition for u(7),
wu' — uu”™ = 2i.
Expressing u through v as given, we obtain
(|04|2 — |ﬁ|2) (v*v" — ™) = 2i.
The required relation follows from the normalization of v(n).

Exercise 6.6 (p. 70)

The relation between the mode functions is
vy = oy + Biuk.

From the identities vy = v_y, ux = u_x one has a_x = oy, B_x = Px. We use the rela-

tions (a )T =4, a_x = ax, Bk = Bk and rewrite the Bogolyubov transformations
as

b; = Oékd; + 6ltdtk7 btk = ﬂkaq: + Oéltdtk-
2
|

Now we solve this system of equations for a;. . Using |cu|”* — |f|* = 1, we find

A— k] — *7+
ak = akbk — Bkbfk'
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D Solutions to exercises

Exercise 6.7 (p. 70)

First we consider the quantum state of one mode dA)k. The b-vacuum |(b)0k_,,k> is
expanded as the linear combination

o0

[0k 1) = D Comn |(@micnx) (D.18)

m,n=0

where the state ](a)mk, n,k> is the result of acting on the a-vacuum state with m
creation operators a;; and n creation operators a ',

— |(2)0k,—k) - (D.19)

| (@), n-x) =

The unknown coefficients c,,, may be found after a somewhat long calculation by
substituting Eq. (D.18) into

(i + Braty)

)0k, —k) =0, } D2
(™ + By (020

)0k, —k) = 0.

Here is a faster and more elegant method. Equation (D.19) implies that the b-

vacuum state is a result of acting on the a-vacuum by a combination of the creation

operators. We denote this combination by f (a;,a", ) where f(z,y) is an unknown

function. Then from Eq. (D.20) we get two equations for /,

(axdy + Baty) fa)0k,—x) =0, (D21)
(axaZy + Biay) f | (a)0k,—x) = 0. (D.22)

We know from Exercise 2.5b (p. 21) that the commutator [d; , f} is equal to the
derivative of f with respect to ;. Therefore Eq. (D.21) gives

of R
<04k—Ji + ﬁﬁfﬁkf) |(a)0k,~x) = 0.
Oay

Since the function f contains only creation operators, it must satisfy

af * A r
akﬁ + ﬁkafkf =0.
This differential equation has the general solution

PR, . G ...
f (@ ,6%) = C (a%) exp (—a—iagan) |
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where C is an arbitrary function of ¢ ", . To determine this function, we use Eq. (D.22)

to derive the analogous relation for 0f/ aafk and find that C must be a constant.
Therefore the b-vacuum is expressed as

| (0)0x, k) CZ <—> [ (@ymies ke -

The value of C is fixed by normalization,

S

()0k,—k |0)0k,—xk)=1 = C = —
() Ok, ke [ () Ok~ on? ol

Since |fk| < |axk], the value of C as given above is always real and nonzero. The final
expression for the b-vacuum state is

|(5) 0k, —k) = T Z( ) )M M) -

The vacuum state | ;)0) is the tensor product of the vacuum states |0k, k) of all

modes. Since each pair ¢y, ¢_x is counted twice in the product over all k, we need to
take the square root of the whole expression:

Exercise 6.8 (p. 73)

Similarly to the calculation in Sec. 4.2, we perform a Fourier transform to find

~ 1 N SN
H=3 /dgk( Xk + @i () XX k) -

Now we expand the operators yx through the mode functions and use the identity
vk (n) = v—x(n) and Eq. (6.31). For example, the term X X" , gives

1 34 s g Pk, . n s
2/d Xk X 7kf/ 1 (vkak+vka k) (vka kJrvkak)

d*k 2. N o
:/ 1 {k afaty 4 (v) " agaZ k+|vk| (akaltJratka—k)}'

Since we are integrating over all k, we may exchange k and —k in the integrand. After
some straightforward algebra we obtain the required result.
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D Solutions to exercises

Chapter 7

Exercise 7.1 (p. 81)

Using the mode expansion and the commutation relations for a;5, we find

3 .
O xn) () 10) = 0] | 5o 0

> |24k (! , k(> 1 [ 5 sinkL
— d 9 ikL cos @ — _/ dek )
/0 = dfeosp)ert oot L o | e o) S

Exercise 7.2 (p. 86)

We need to compute the mode function v,(:") (n) at n > n; and represent it as a sum

of v1°" and v{°*"*. To simplify the notation, we rename v\"™ = v; and v{""" = u.
The mode function and its derivative vy, v}, need to be matched at points = 0 and

1 = m. To simplify the matching, we use the ansatz
B .
ft) =Acosw (t —tg) + —sinw (¢t — o)
w

to match f (to) = A, [’ (to) = B. We find for 0 < n <y,

1 I/ WE .
UL = cos Qpm + sin Q1.
(n) N (Aren n
Then the conditions at = 7, are
(m) ! Qe + Y% n g
Vk 1) = COSYLET)1 S ALkT),
7 = m+ g 7
93
/ . .
v, () = — sin Qpny + iv/wg, cos Qpn1 .
k (1) N M+ iy/ n

So for n > n; the mode function is

() ezwi/(zj_km) [cos Qen1 + % <;}2—Z + %:) sin ka}
N e~ wr(n=m1) (ﬂ B %) isin Qg
\/w_k Qk WE 2
. etwr(n—n1) . e~ twr(n—m1)
=Qy, \/w_k +6k \/w_k

The required expressions for «, and 3, follow after a regrouping of the complex ex-
ponentials.
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Exercise 7.3 (p. 88)
The energy density is given by the integral

Emax sinn\/k? — m0’
g0 = mg/ AmkPdky/m3 + k2 .
0 k% — m

For convenience, we introduce the dimensionless variable s = k/m( and obtain

(D.23)
m,

0 _y /Sm"“‘ ’sm AVs? — ’
B 7
5 0 | —1|vV1+s?

where A = mgmn; > 11is a dimensionless parameter. The integral in Eq. (D.23) con-
tains the contributions from the intervals 0 < s < 1 and from 1 < s < Syax,

€0 1, sinh® AV1 smaxgin? Ay/s2 — 1
— =4 s‘ds———— s“ds
my 0

(H)m i CENET

The integrand in the first term in Eq. (D.24) is exponentially large for most s,

(D.24)

1
sinh? A ~ 1 exp(24),

while the second term gives only a power-law growth in A4,

sin? Av/s2 —

> 1.
— -7 =4 sz

(Note that [#22] < 1 for all 2 > 0.) This suggests that the first term is the asymptot-
ically dominant one for A > 1. Now we consider the two integrals in Eq. (D.24) in
more detail and obtain their asymptotics for A — oo.

1) The first integral in Eq. (D.24) can be asymptotically estimated in the following
way. We rewrite the integrand as a product of quickly-varying and slowly-varying
functions,

4 /1 24, 500" AVl — 8% sinh? Ay/1 —
i S
0 (1 — S ) V14 82
1— 267214\/1752 + 674A\/1752
(I-s2)V1+s?

The quickly-varying expression in the square brackets has the maximum at s = s¢
where

1
— / ds [526214“*52] (D.25)
0

1
s%A: 1-52 = so~ —= < 1.

VA

This maximum gives the dominant contribution to the integral. Near s = so the
slowly-varying factor is of order 1 + O (A™!) and can be neglected in the calculation
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D Solutions to exercises
of the leading asymptotic. By changing the variable sv/A = u we find
1 1
/ s2ds exp (QA\/ 1-— 52) = €2A/ s%ds e_A82+O(s4)
0 0
VA
—3/2 24 2 —u’ -1 VT 32 24 -1
= A2 /0 W (140 (47Y) = YEA224 (140 (47)
In the last integral we have approximated
\/Z 2 > 2
/ u?e™™ du %/ e du =
0 0

since the difference is exponentially small, of order exp (—%{“t ), whereas we have
already neglected terms of order A~L. Therefore the first contribution to ¢ is

4 3/2
T () o 0o lan)
4 \mom mon

2) It remains to prove that the first integral in Eq. (D.24) gives the dominant contri-
bution for A >> 1. This can be shown by finding an upper bound for the second inte-
gral. We split the range 1 < § < Smax into two ranges 1 < s < sy and 51 < § < Smax,
where s, is the first point after s = 1 where

SinA\/s%—lz().
2 2
s=VIt e R e

and the integrand can be bounded from above on each of the ranges using

sin? Av/s2 — 1 < A2 52
a1 =N T

2 4 2
sin? Ay/s?2 —1<1, 28 1<1+—2 for s > sq.
s T

)

_E

Then

<1l for0<s<sy,

So the integral satisfies the inequalities

s -2 s 2 s
max A 2 _ 1 1 414 max d
[ s AL e [T (10 45) [T L
1 (2 —1)V1+ s? 1 ™ 51 V14 52
2

4A
= A2 (s1—1)+ (1 + —2) (simhf1 Smax — sinh ™! sl)
™

2 4A2
< 3 + (1 + ?) In (smax +/82 .+ 1) ~ A%In Spax, A 1.

Therefore at large A and fixed smax the contribution of the second integral is subdom-
inant to that of the first integral.
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Exercise 7.4 (p. 92)

We change the variable k|| = s and express the mode function through the new
function f(s) by

ve(n) = Vsf(s) = VEnlf (knl]).

Then the equation for f(s) is the Bessel equation,

m2

H?

Il
=] ©

S2f//+5f/+(527n2)f:0, n

with the general solution f(s) = AJ,(s) + BY,(s), where A and B are arbitrary con-
stants and .J,,,Y;, are the Bessel functions. Therefore the mode function vy (n) is

vr(n) = vkl [Adn (kn]) + BYx (K |n])] - (D.26)

The asymptotics of the Bessel functions are known; see e.g. The Handbook of Math-
ematical functions, ed. by M. ABRAMOWITZ and I. STEGUN (National Bureau of Stan-
dards, Washington D.C., 1974):

—1T(n (%)n, s — 0,
Yals) ~ %Sin(87%7%),8*>00

Since by assumption m < H, the parameter n is real and n > 0. So the mode function
vg(n) defined by Eq. (D.26) has the following asymptotics:

oy | BRI (k)™ kol =0,
on(n) ~
o \/g[AcosAJrBsin/\], k|| — +oo.

Here we denoted

nwt o
A=kn — — ——.
=< -3
It is clear that the choice
s
A=/, B=-iA
2%’ !

will result in the asymptotic at early times & || — oo of the form

1 ) nmT AT
ve(n) = ﬁexp ikn + N Jrz .

This coincides with the Minkowski mode function (up to a phase).
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D Solutions to exercises

Chapter 8

Exercise 8.1 (p. 104)
The coordinates are transformed so that we get the 1-forms

dt = d7(1 + a&) coshar + d¢ sinhar,
dx = dr(1 + a&) sinhat + d€ coshar.

Then we obtain Eq. (8.8) after straightforward algebra.

Exercise 8.2 (p. 111)

We substitute the expression for b3 into the commutation relation and find
5(Q— Q) = [55, Bg,}
= {/dw (wady, + Bunal), /dw/ (abigral, + Bhaag)
= /dwdw’ (ol g d(w —w') — Buaflagd(w —w))

= /dw (OéwQCY:Q/ - BwQﬁ:vQ’) :

Exercise 8.3 (p- 112)
The function F'(w, 2) is reduced to Euler’s I" function by changing the variable u — ¢,

t — __e—au
a

The result is

F(w,Q) = Lexp (z’glnE + ﬂ) r <@) , w>0,a>0.
2ma a a 2a a

We now need to transform this expression taking w — —w, but it is not clear whether
to take In(—w) = Inw + im or some other phase instead of iw. To resolve this question,
we need to analyze the required analytic continuation of the I' function (a detailed
calculation is given in Appendix A.3).

A more direct approach (without using the I' function) is to deform the contour of
integration in Eq. (8.21). The contour can be shifted downwards by —ima~! into the

line u = —ima~! +t, where t is real, —co < t < +oo (see Fig. D.1). Then ¢~ = —¢ =9
and we obtain
oo dt Q i
Fw,Q) = / — exp (Z'Qt FILL l—we_at)
oo 2T a a

)
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Figure D.1: The original and the shifted contours of integration for Eq. (D.28) are
shown by solid and dashed lines. The shaded regions cannot be crossed
when deforming the contour at infinity.

It remains to justify the shift of the contour. The integrand has no singularities and,
since the lateral lines have a limited length, it is enough to show that the integrand
vanishes at u — +oo —ia for 0 < a < ma™'. Atu = M —ia and M — —oo the
integrand vanishes since

u——oo—ix t——o0 a

lim Re (Eea“) =~ lim Ze sinaa = —co. (D.27)

At u — 400 — i« the integral does not actually converge and must be regularized,
e.g. by inserting a convergence factor exp (—bu?) with b > 0:

F(w,Q) = bliTO/

— 00

—+oo

d
au exp (—bu2 +iQu + igefa“) . (D.28)
2 a

With this (or another) regularization, the integrand vanishes at u — +o0 — i« as
well. Therefore the contour may be shifted and our result is justified in the sense of
distributions.

Note that we cannot shift the contour to u = —i(m + 27n)a~! 4+ ¢ with any n # 0
because Eq. (D.27) will not hold. Also, with w < 0 we will be unable to move the
contour in the negative imaginary direction. The shift of the contour we used is the
only one possible.

Chapter 9

Exercise 9.1 (p. 122)

We need to insert the correct combination of the constants ¢, G, h, and k into the
equation. The temperature is derived from the relation of the type w = a/(27) where
a = (4M)~! is the proper acceleration of the observer and w the frequency of field
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D Solutions to exercises

modes. This relation becomes w = a/(27¢) in the SI units. The relation between a
and M contains only the constants ¢ and G since it is a classical and not a quantum-
mechanical relation. The Planck constant 7 enters only as the combination 7w and the
Boltzmann constant & enters as k7". Therefore we find

ct ha ke 1

“=qa MEhe=gn = Gk 87M

The relation between temperature in degrees and mass in kilograms is

T (1.05-107%) (3.00-10%9)° /1kg)  1.23-10%kg
°K ~ (667-10-1)(138-102)8x \ M ) M

Another way to convert the units is to use the Planck units explicitly: the Planck
mass M p; and the Planck temperature Tp; are defined by

A
Mpy = 567 kTp1 = Mpc®.

T 1 Mp

Tp 81 M

Then we write

and obtain the above expression for 7.
Numerical evaluation gives: T ~ 6 - 10~%K for M = Mg = 2 -10%%g; T ~ 10K
for M = 10%g; and T ~ 103K for M = 1075g.

Exercise 9.2 (p. 122)

(a) The Schwarzschild radius in the SI units is expressed by the formula

2GM

5 -

R:

C

The typical wavelength of a photon is

2m (2mc)?  16m2GM
A= —c= = DR
w a c

Note that the ratio of A to R is independent of M (this can be seen already in the
Planck units):

E = 871'2.

(b) The Compton wavelength of a proton is

_ 27h

mpcC

A
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The proton mass is m,, ~ 1.67-10~2"kg. Protons are produced efficiently if the typical
energy of an emitted particle,
hc?
8rGM’

is larger than the rest energy of the proton, m,c* = hw. The required mass of the BH
is

KT = hw =

_ he

- 87Gm,
The ratio of the Compton wavelength X to R is (we now use the Planck units, but the
dimensionless ratio is independent of units)

A2~ ga2,
R m,

~1.1-10"%g.

Note that this ratio is the same for the massless particles. So the required size of the
black hole is significantly smaller than the size of a proton.

Exercise 9.3 (p. 125)

The loss of energy due to Hawking radiation can be written as

dM 1
i T B
where B is a constant. Then the lifetime of a black hole of initial mass M, is
tr, = BMS.
3

In the SI units, this formula becomes

_ G® BM}

T het 3

The dimensionless coefficient B depends on +, the number of available degrees of
freedom in quantum fields. The order of magnitude of B is estimated as

1
5 lssoor o
Y
We find t;, ~ 10™s for M = Mg; t;, ~ 10Ys for M = 10'5g; t;, ~ 10~*s for M =
10~5g. For comparison, the age of the Universe is of order ~ 10'° years or ~ 3-10'7s;
the Planck time is tp; ~ 5.4 - 10~ *4s.

tr

Exercise 9.4 (p. 128)

(a) Here we consider the black hole as a thermodynamical system with a peculiar
equation of state. The results are essentially independent of the details of the Hawk-
ing radiation, of the kinds of particles emitted by the black hole, and of the nature of
the reservoir.
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D Solutions to exercises

Solution 1: elementary consideration of equilibrium. The equilibrium of a black
hole with a reservoir is stable if any small heat exchange causes a reverse exchange.
It is intuitively clear that in the equilibrium state the temperatures of the black hole
Ty and of the reservoir 7;. must be equal. Suppose that initially 7, = Tgy and the
black hole absorbs an infinitesimal quantity of heat, 6Q) > 0, from the reservoir. Then
the mass M of the black hole will increase by 6A/ = 0@ and the temperatures will
change according to

_ 1 S @) 5
0T, = —aéQ, 0Ty = 687rM =g’ 0 (6Q%).
This creates a temperature difference
Tom —Tp =~ — —— 5Q + 0 (6Q%)
B CR TIV E '

If0 < C, < 87tM?, then Ty > T, and the black hole will subsequently tend to give
heat to the reservoir, restoring the balance. However, for C,. > 87 M 2 the created tem-
perature difference is negative, Ty — T, < 0, and the situation is further destabilized
since the BH will tend to absorb even more heat.

Similarly, if Q) < 0 (heat initially lost by the BH), the resulting temperature differ-
ence will stabilize the system when C,. < 87M?. Therefore a BH of mass M can be in
a stable equilibrium with the reservoir at Ty = T’ only if the heat capacity C, of the
reservoir is positive and not too large, 0 < C, < 87 M 2,

Solution 2: maximizing the entropy. This is a more rigorous thermodynamical
consideration. If a black hole is placed inside a closed reservoir, the total energy of
the system is constant and the stable equilibrium is the state of maximum entropy.
Let the heat capacity of the reservoir be C, (T;), a known function of the reservoir
temperature 7. We shall determine the energy £, and the entropy S, of the reservoir
which maximize the entropy.

If the reservoir absorbs an infinitesimal quantity of heat 5@, the first law of thermo-
dynamics yields

0Q =dE, = C, (T,) dT, = T,.dS,.

Therefore

Er (Tr> = /OTT CT(T>dT, ST (Tr) _ /OTT 071(—‘T) dT.

The entropy of a black hole with mass M is

1
Spy =47M? = ———
BH =T 16772,
and the energy of the BH is equal to its mass,
Epy =M = !
BH = B 87TTBH '
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This indicates a negative heat capacity,

_ dEgy 1
T dr s

Cpu(T)

Now we have the following thermodynamical situation: two systems with temper-
atures 77 and 75 and heat capacities C4 (771) and C5 (T%) are in thermal contact and
the combined energy is constant, Ey (T3) + Es (T>) = const. We need to find the state
which maximizes the combined entropy S = Sy (11)+ Sz (1%). This problem is solved
by standard variational methods. The energy constraint gives 75 as a function of T}
such that

dl (Ty) Oy (Ty)

Ty Cs (1)

The extremum condition dS/dT; = 0 gives

dS  Cy(Ty)  Cy(Ty)dTy 11
dT, L 1, an T T, G (1) =0

Therefore T} = T5 is a necessary condition for the equilibrium. The equilibrium is
stable if d*S/dT} < 0 which yields the condition

d (1 1 Cy Cy + Cy
e (. T — i1 T2 _
. ﬂ}(ﬂ n)cﬂl) o 12

d*S

dT2

T,=

Usually heat capacities are positive and the thermal equilibrium is stable. However,
in our case Cy = Cpy < 0. Therefore the equilibrium is stable if and only if 0 < Cy =
C, < |Cppl. The condition for this is

0<C, < = 87 M2

87T2

We find that the equilibrium is stable only if the reservoir has a certain finite heat
capacity. A combination of a BH and a sufficiently large reservoir is unstable.
(b) The heat capacity of a radiation-filled cavity of volume V is

C, (T,) = 40VT2.
In equilibrium, 7} = Ty = T'. The stability condition gives

1
32701’

Cr =40VT® < = V < Vigax =

8712

A black hole cannot be in a stable equilibrium with a reservoir of volume V' larger
than Vijax.
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D Solutions to exercises

Chapter 10

Exercise 10.1 (p. 130)

a) We start with the normalization factor /2/L in the mode expansion and derive the
commutation relation. We integrate the mode expansion over x and use the identity
of Eq. (10.4) to get

’ dx é(x t)sinw,x = 1/L [(Afe*i“’"t + d+ei‘””t]
0 ) n 9 “n n n .

Then we differentiate this with respect to ¢ and obtain

L .
1 . .
/0 da’ 7 (y,t) sinw, 2’ = Y Lwy [—a, et + afent]
Now we can evaluate the commutator

L Ly
/ dx ¢(x,t) sinwyx, / dy —o(2' ) sinwya’ | =i

L L !l
nwr n'mx L
= d dz’ sin —— si i§(x —2') = i=0pn-
/0 x/o 2’ sin —— sin — i6(x — ') i3

L
2

In the second line we used [qg(x, t), 7, t)} = i0(x — a’). Therefore the standard

commutation relations hold for a;t.
b) The Hamiltonian for the field between the plates is

Lt (s (vden

. x, z,

e o | (M50) - (45)

The expression (0| H |0) is evaluated using the mode expansion above and the rela-

tions

ayy [0) = O, (0] @057 |0) = (0] iy, [0) = (0], 0) = 0.

m
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The second term gives the same result, and we find

(0| H|0) = an

Chapter 11

Exercise 11.1 (p. 140)

The propagator was found in the text to be

' dp dprdqr
K (qr,q03tf —to) = A%IBO/ 271-)7; ]-_-[ 27h

At - Qr+1 — Gk
h Z (Pk+1+T - H(Pkﬂ,%))} :

k=0

X exp

When H(p, q) is of the form (11.8), we can integrate separately over each pj11 using
the given Gaussian formula in which we set a = iAt/mhand b = (gp41 — qr) /I

dpi41 iAt Tkt1 — Gk
— S H(ps
/ onh exp 7 P41 Al (pk+17 Qk)

iAt — )’
__Vm exp |22y (4) — m(qkﬂ qr)
V2mihAt h 2ihAt

This integration is performed (n + 1) times over py; for k = 0, ..., n. Replacing

2
7(%“& W) _ Pat10(AP),

we get the following expression under the exponential,

% (%(12 - V(Q)) At.

Therefore we obtain the required path integral (11.10) and the measure (11.11).

Exercise 11.2 (p. 140)

In the case of a time-dependent Hamiltonian, the evolution operator U (¢ ¢, to) can still
be expressed as a product of evolution operators for time intervals,

Ultpto) = U (tp tn) U (tn,tn_1)..U (t1,t0),
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D Solutions to exercises

although these operators do not commute. The propagator can be rewritten as an
n-fold integration over ¢ as in Eq. (11.2). The evolution throughout a short time
interval Aty, is approximated as

. Aty ~ .
U(tk+17tk’) =1~ - kH(pv(Iatk) + 0 (Ati) )

since any corrections due to time dependence of H will be of higher order in At. Then
the derivation of the path integral proceeds as in the chapter.

Chapter 12

Exercise 12.1 (p. 142)

The general solution of an inhomogeneous equation such as Eq. (12.5) is a sum of a
particular solution and the general solution of the homogeneous equation. We need
to use the boundary conditions to select the correct solution.

Elementary solution. Fort¢ # t/, i.e. separately in the two domains ¢t > ¢’ and ¢ < ¢/,
the Green’s function satisfies the homogeneous equation

82
(@ + (.4}2) Gret(t, t/) =0.

The general solution is
Gret(t,t') = Asinw(t — a),
where A and « are constants that are different for ¢ > t' and for ¢ < t’. So we may
write
A_sinw(t—a_), t<t
N I
Gret(t, 1) = { Aysinw(t—ay), t>t
=A_sinw(t—a )0t —t)+ Aysinw (t —ay)0(t —t).

The boundary condition G,..(t,t') = 0 for ¢ < ¢’ forces A_ = 0. Therefore by con-

tinuity G, (t',t') = 0 and oy = ¢'. To find A, we integrate Eq. (12.5) over a small
interval of ¢t around ¢’ and obtain:

t'+At 92¢ . t' AL
/ { R +w20m} dt :/ S(t—t)dt = 1.
t—At ot At

For small At — 0 this gives
oG . 0G 1

lim — — lim — =
t—t/4+0 Ot  t—t'—0 Ot

Therefore A, = w™' and we find the required solution.
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Solution using Fourier transforms. A Fourier transform of Eq. (12.5) gives the
Fourier image ¢(f2),
+oo
g(Q) :/ dt Grer(t, t')e™SHE=E),

The function ¢(€2) must satisfy the equation
9(Q) (w2 — QQ) =1. (D.29)

Here ¢(€2) should be treated as a distribution (see Appendix A.1). The general solu-
tion of Eq. (D.29) in the space of distributions is

1

w2 — 02

g(Q)="P +ayd(w—Q)+ad(w+Q), (D.30)
where P denotes the Cauchy principal value and a+ are unknown constants.

The general form of Green’s function with arbitrary constants corresponds to the
freedom of choosing a solution of the homogeneous equation. The values a4 must
be determined from the boundary condition G,:(t,t') = 0 for ¢ < ¢’. The inverse
Fourier transform of Eq. (D.30) gives

1 oo , /
G’ret (t,t/) _ %/ dQe’LQ(tft )g(Q)

1 +oo LiQ(t—t") ) , ) ,
[’P/ eidﬂ + a+ezw(t—t ) + a_e—zw(t—t )

o w? — 2

— 00

This expression confirms our expectation that the terms with a1 represent the as-
yet unspecified solution of the homogeneous oscillator equation. Now the principal
value integral is computed using contour integration. For ¢ < ¢’ the contour must be
deformed into the lower half-plane I'm © < 0 while for ¢ > ¢’ one must use the upper
half-plane. We find

1 +oo if(t—t) ) sinw(t —t')
%'P/ mdQ :51gn(t7t’)7

= —sinw|t —t].
2w 2w

—0o0
To satisfy the boundary conditions, the constants must be chosen as

ay = £ (D.31)
21w

and then we obtain
sinw(t —t')

Gret(t,t') =0t —t)
w

(D.32)
Exercise 12.2 (p. 145)

An elementary solution (without using Fourier transforms) can be found similarly to
Exercise 12.1.
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D Solutions to exercises

Solution using Fourier transforms. Performing a Fourier transform of Eq. (12.15),

we obtain the equation
g(Q) (w2 + QQ) =1

for the Fourier image ¢(12) defined by
+oo ) ,
9(Q) = / dr Gp(r,7)e 7). (D.33)

Here we have already assumed that the Green'’s function Gg (7, 7’) tends to zero at large
|7| because otherwise the Fourier transform (D.33) would not exist. We obtain

1
0)=——
98 = G

and the inverse Fourier transform presents no special problems since there are no
poles on the real (2 line,

/ 1 +oo ,L-Q(TfT,) 1 “+o0 eiﬂ(‘l'f‘r/)
Gp(r,7') = —/m dSQe 9(Q) = %/m Qs

The integral is evaluated using contour integration and yields the answer (12.14). The
boundary condition Gg (1 — +oo, 7") = 0 is satisfied automatically.

Exercise 12.3 (p. 153)

According to the approach explained in the text, we expect to find the in-out matrix
element by considering the ratio of the path integrals
[a*(t)a=(t)eS1e71Dg

[ €i5la.7IDg

(D.34)

and by replacing the Feynman Green’s function Gr(¢,t') by the retarded Green'’s
function G, (t,t") in the effective action. To compute the path integrals in Eq. (D.34),
consider the action

1 2
Slg,JT,J7] :/(§q'2 - %qQ—l—J"'cﬁ—i—J—a_) dt,

where JT () and J~(t) are two external forces. This action is real-valued since J~ =
(J*)". The Lorentzian effective action is

exp (iTy, [JF,77]) = /Dq ¢isla 7]

where the integration is over all paths ¢(¢) satisfying ¢(t — £o0) = 0, as in the text. If
we compute this effective action, the path integral ratio of Eq. (D.34) will be

. 4] ) .
exp [—i'z)] BT -0 exp [il'z]. (D.35)
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We express a™ through ¢ and ¢ as

Then after integrations by parts we obtain

- -
/(J++ J a”)dt = /\/7< ZLJrJé%)q(t)dt,

and therefore the Lorentzian effective action can be copied from the text,

1
- / / T (t)J () G (t1, t2) dtrds, (D.36)
if we use for J(t) the expression
Cfw (o ddJt | id)T
J(6)=1/5 (J L AR B (D.37)

Now we should substitute Eq. (D.36) into Eq. (D.35), using J(¢) given by Eq. (D.37),
and then replace G r by G,..;. Then we will find the required matrix element according
to the recipe presented in the text.

First, the expression (D.35) is simplified to

0Ty, 8Ty . &y
ST 6T (t) ' SIT(t)eT (1)

The functional derivatives are evaluated like this,

Ty, / T[] 67 () .

SJH(t) 8J (t) 0J*(t)
Using Eq. (D.36) and the fact that G (¢, ') is a symmetric function of ¢ and ¢/, we find

g(i) - /J(fl)GF (t,t1) diy.

To compute the functional derivative §.J/§J ", we write J as a functional of J* in an

integral form:
J(t) = /J+ \/>[ tﬂ—é’(tﬂ]dt+cc

where we denoted the complex conjugate terms with J~ = (J*)" by “c.c.”. Then

5J+£) [ (=) - (t_ﬂ]’
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D Solutions to exercises

and we obtain

(Sj;E?ﬁ) = \/g/dtlj(tl) |:GF (t,tl) — é%GF (t,tl) .

Now replacing G by G; and simplifying

) iw(t—t1)
Gret (tvtl) - i267‘7"615 (tatl) =40 (ﬁ - tl) ¢

w Ot w

we get
6Ty, i /T »
=— dti1J (t1) e = —Jo.
S0~ Va Jy M=

The functional derivative 6I'y, /6.J (¢) is the complex conjugate of this expression, so

5T ory
5T (t) 6T (1)

The second functional derivative

= |Jo|*.

I
oJ+ (tl) 0J— (tg)

gives terms independent of J because I';, [J] is a quadratic functional of J. But the
expectation value we are computing cannot have any terms independent of J since
it should be equal to 0 when J = 0. Therefore any terms we get from this functional
derivative are spurious and we ignore them. Note that one of the ignored terms is
proportional to ¢ (t1 — t2) and would diverge for ¢; = to.
Finally, we obtain
(Ol @™ (8)a™ (1) |0in) = ||

This agrees with the answer obtained in Eq. (3.12).

Chapter 14

Exercise 14.1 (p. 173)

We omit the trivial term —V (z)d(z — 2’) from M, compute the generalized function
gt/*0y ()9 /46(x — 2’) and substitute gos = dag + hap into the result. Denoting
0, = 0/0z" and suppressing the arguments of 6(z — z’) for brevity, we find

1
Oy (9—1/45) =g /4 (% - Z(lng)#ﬁ) ;

g 4, [g“”\/ﬁau (9_1/45)} =g (du - i(lng),ﬁ)

vV

—_

1
+ <g,’f/y + Zgw(lng)’y) (5# - Z(lng)_ﬁé) .
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This expression splits into terms with different orders of derivatives of é(z — z/).
The derivatives of g, are replaced with the derivatives of h,g, but otherwise we
keep gap. (Therefore we do not actually need to make any approximations in this
calculation and in particular do not need to assume that h,g is small.) The term with
the second derivative is

98 = 6 0,0,0(x — ') + W 8,0,6(x — ).

This corresponds to the operator expression [1+ k. The term with the first derivative
of ¢ is

1 v 17 1 17 17
_Zg# (Ing) .o, —l—g,‘f, O+ Zg“ (Ing) .o, = hf; 0.

This corresponds to the operator I'. Finally, the term without derivatives of d(z — 2')
is P(x)d(z — 2’), where

1 1 1
P(x) =— Zg“”(lng)wu 1 (gff,” + Zgw(lng),l,) (Ing),,

1 v 1 174
= — Zgu gaﬁhaﬁ#u _ Zgu h?:fhozﬁ,u

1 1
- gh,“fgaﬁ hapu — Eg‘“’go‘ﬁ 9 hapuher.-

Here we substituted
(09) 4 = 9°gapu = 9" Pap i

It remains to add the omitted term —V (x)J(z — ) to P to obtain the required result.

Exercise 14.2 (p. 176)
Rewrite the argument of the exponential as a complete square,
—Alx—al* = B|x—b[*+2¢-x
= —(A+ B) |x° +2x- (Aa+ Bb +c) — (Ad® + Bb?)
= —(A+B)x—pP+Q.
Here we introduced the auxiliary vector p and the constant ):

Aa+ Bb+c
A+B

P Q = (A+ B)p® — (Ad® + Bb?).

The Gaussian integration yields the required expression:

/dQ‘*’x exp [f(AJrB) Ix — p|? +Q} = 7&%};}%’

Aa+Bb |
A+ B A+ B’

AB 2
= — — 2
Q R |a—Db|" +2c
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D Solutions to exercises

Exercise 14.3 (p. 177)
Following the method used in the text for the calculation of (x| KT |y), we find

2

- P
ay#ayy <ZC| Kl (T) |y>

(2| KT (7) ly) =

P(z)—hrv(z)

Now we use Eq. (14.16) to evaluate the second derivative and then substitute y = x.
We find

2 N2
RN I I
Oyroy” - 4t 2T

5 T—7 -7\ 5
hH <x+ . (yz)) ( = ) Rtz
y=x

The terms with first derivatives are proportional to (z* — y*) and vanish in the limit
y — x. Therefore we obtain the required expression.

82
Ayroy”

Exercise 14.4 (p. 178)

Note that " = —h,pg"*g""? + O(h?) and since we may omit terms of order O(h?),
we can convert covariant components h,,, to contravariant 2*” by a change of sign.
The first required identity is derived by

09 1 1 ,
Dghv = —5\/§gw = y/det (0pw + hpw) =1 — §5Whu +0(h?).

Expanding the metric according to Eq. (14.1), we get

14 1 v
aB = §gu (haw,s + hpa — hap,u) »
1
gaﬁaUFZﬁ = 50¢ﬁ5#l’ (hau7ﬁy — ihaﬁﬂmj> + O(h?)7
1
g0 05T Gy = 0% 0" by + OH?).
Using Eq. (5.19), we compute the scalar curvature as

R = g°%8,1% 5 — g*P9sT%, + O(h?)
= 5&B5,uu (ha#_ﬂu - haﬁ.,;w) + O(hQ)
= —Gapdu (ROHPY — hPH) 1 O(h2)
= 6ap0n® — i 4+ O(h?).

Here we have used the relation g*? = §*7 + O(h).
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Exercise 14.5 (p. 180)
The required values are found by computing the following limits:

1
f1(0) = lim e =Wy, = 1;

£—0 Jo
i 1O 21 dh /1 Cwdu = L
élg%) ¢ = i 520* ; u(l —u)du = 5
. fl(§)71+%§_1d2f1 _1 ! 2 2 _1
m 2 ~ 2 dg 6_0_2/0“(1_“”“_60'
Chapter 15
Exercise 15.1 (p. 186)
The task is to compute the integral
1 fi(z) =1 file) =1+gz\ 1
IO = 39 o dx <f1($) +4 - + 12 22 = 12°

where the function f (x) is defined by

1
fl(x)z/ dt e~ =t(1=1),
0

! 1
/ t(1 —t)dt = =,
0 6
we may rewrite Ij as

1 [ 1 —at(1—t) _ 1 —wt(l—t) _q t(1 —t
In = dw/ dt (et 445 +12° + ol ) :
32 0 0 x IL'2

Since

It is impossible to exchange the order of integration because of the nonuniform con-
vergence of the double integral at large x. Therefore we add a regularization factor
e~ % with ¢ > 0 and evaluate the limit ¢ — 0 at the end of the calculation,

1 1 00 —zt(1—t) _ 1
Iy = lim —/ dt dxe % <e_$t(1_t) + A ——
0 o x

et 1 4 at(1 — t)>
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D Solutions to exercises

Denote ¢ = t(1 — ¢). The integration over z can be performed using the auxiliary
integrals

(e —qr _ 1
Il(a,Q)E/ dre 0t =

0 x a+q

e _eT1 — 14 qx a
Ir(a,q) = dre ™ —— = —q—(a+¢)In .
2(a,q) /0 o q—(a+q) P

The functions I »(a, q) are easily found by integrating the equations

oI 1
e . I (a,q=0)=0;
9q P 1(a,q )
oI
a_;:_ll(a’aQ)a I (aanO):O
Then we express the integral I as
1
1 a
Iy = =1 dt| ———+4lhh ——
07T 32420 ), (a+t(1t)+ P )

+12(a+t(1 —t))In —12t(1 — t)) :

e
a+t(l—1)

The last integral is elementary although rather cumbersome to compute. While per-
forming this last calculation, it helps to decompose

1 /1
a+t(l—1t)=(a1 —t)(t—aa), a172£§:|: Z+a'

The limit a — 0 should be performed after evaluating the integral. The result is

1 8 9 n| 1
1073232% 3 16a — 32a 1na+0(a)]12.

Exercise 15.2 (p. 188)

In this and the following exercise, the symbol §g#” stands for the variation of the
contravariant metric g"”. Since g, g“* = 0¥, we have

0=10(9arg™) = gar 09" + g*"0gan -
Thus the variation dg,,,, of the covariant tensor g,,,, is
69;“/ = _gaugﬁuégaﬁ-

(a) First we prove that the variation 61"}, of the Christoffel symbol is a tensor quan-
tity even though I'j}, itself is not a tensor. Indeed, the components

1
Loy = §ga6 (Ougsv + Ovgpu — Oguv)
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change under a coordinate transformation according to a non-tensor law

o 02/ OxP da° 5 O’ D%l
- + =
we 9P Ozl v PT T QxB Ox'hOTV

(D.38)

However, it follows from Eq. (D.38) that the variation 6I'}, transforms as

ox'® dxP Ox° 3

loae - o= =
oy = 0xP Ox't Ox'v P

and is therefore a third rank tensor. )
We can always choose a locally inertial frame such that I'j, () = 0 at a given
spacetime point z. In that frame, the covariant derivative coincides with the ordinary

derivative, i.e. V,, = 9, where the tilde means that the quantities are computed in

the locally inertial frame at point x. Then the variation of the Christoffel symbol f‘fj,j
is

B 1 ~o 3 = 3 ~ 3~ 1 « 3 S~ Y 3 s~
ory, = 5057 (augﬁv + 0 gpu — aﬁgw) + 59" (@59/» +9,6gp, — aﬁ59uV)
1 S Lo e
§gaﬁ (au5gﬁv + 0,093 — aﬁégw) =3 (VMSQIJV +V.,6gsu — Vﬁégw)
(D.39)

because in the locally inertial frame we have
5ugﬁu + éugﬁu - éﬁgw/ = f‘gu-gaﬁ =0.

Since the last expression in Eq. (D.39) involves explicitly tensorial quantities, the ten-
sor 61"}, is equal to

af af

ory, = gT (Vidgsy + Vidgsu — Vpdgu) = gT (698w + 098vsn — 0guip) (DA40)
in all coordinate systems. (Here is a more rigorous argument: We first consider the
tensor (D.40) which happens to coincide with Eq. (D.39) in a particular coordinate sys-
tem and only at the point 2. However, two tensors cannot coincide in one coordinate
frame but differ in another frame. Therefore the tensor 6T',, () is given by Eq. (D.40)
in all coordinate systems. Since the construction is independent of the chosen point
x, it follows that the formula (D.40) is valid for all x.)

Note that an explicit formula for the covariant derivative Vgdg,,, is

V690 = 9509 — U'G,09an — F%‘uc;gm,.

The trick of choosing a locally inertial frame helps us avoid cumbersome computa-
tions with such expressions.
(b) Since
0,0,'=1

9—g ?
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D Solutions to exercises

we have
0=29 (nggl) =0y (5D;1) + (60g) D;1

and hence
§ (0,1 = -0, (60y) 05t (D.41)

g9
The covariant Laplace operator [, acting on a scalar function ¢ () is

D¢ = 9"V V¢ = 6" by = 9" (v — Thvb.a) -
The variation of this expression with respect to §g” is
6096 = (66" ) G + 9"6 [0 — T5y.0) = (69") Sipw — ¢ (T5,) ..
This can be rewritten as an operator identity
60, = (69") VYV, — " (0T,) Va. (D.42)

We emphasize that this identity holds only when the operators act on a scalar function
¢(x). For vector- or tensor-valued functions, the formula would have to be modified.
(c) To derive

0R%,,, = V,uol'g, — V.o, (D.43)

we again pass to a locally inertial frame in which f‘gy = 0and V,, = 9,. Then the
Riemann tensor (in the Landau-Lifshitz sign convention) is

R%,, = 0,15, — 0,15 (D.44)

Note that the RHS of this expression is not a tensor. Varying both hand sides of the

relation (D.44), we obtain
SR, = 0,018, — 0,061 = V0%, — V,6T%. (D.45)

Note that both sides of Eq. (D.45) are written in an explicitly covariant form and are
tensors. Therefore Eq. (D.45) holds in all coordinate systems and Eq. (D.43) follows.
Exercise 15.3 (p. 188)

Here we derive the energy-momentum tensor

2 Ty
V=g g

corresponding to the (Lorentzian) Polyakov effective action

<Tw> =

1 _
TLlgu] = %_ﬂ/d%f—gRDglR

- %iw/d%v _9(3”)/d2y\/—g(y)R(fc)Gg(w,y)R(y), (D.46)
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where G, (x,y) is the (retarded) Green’s function of the Laplace operator [J,. Recall

that we have
(@0) @)= [ /=56, )20,

where ® is a scalar field, and the Green’s function satisfies

1
“OyGy(z,y) = ——=0(x —y).
—g(x)
The variation of /—gR D;lR can be written as
1 _ 0N —9g . _ _ _ _
ﬁé (V=9gRO,'R) = ﬁRDQ 'R+ (6R)O, 'R+ RO, (6R) + R (600, ") R

(we have introduced the prefactor 1/,/—g for convenience). This expression is inte-
grated over d*z, while the operator [J;! is self-adjoint, which entails

/de\/—_g(éR) 0,'R = /d2x\/—_gRD;1 (6R).

Thus for our purposes it is sufficient to compute the auxiliary quantity

_0/—g _ _ _
61 = = RO;'R+2(0R)O, 'R+ R (60, ") R. (D.47)
The EMT is expressed through 41 using
1
2uy/=g (T,) 69" = 7/ 2uy/—g ol (). .
[ v 1159 e K (D.48)

Now we shall evaluate the expression (D.47) term by term. The variation of \/—g
is (see Eq. D.13 on p. 227)

0/— 1
Vo L g (D49)
/_g 2
In two dimensions, the Ricci tensor R, = R?,,, is related to the Ricci scalar as
1
RHV = §guuRa

therefore with help of Eq. (D.43) we get
1
OR = R, 6" + g"oR,, = §Rguyég’“’ + Vo (g"005, — g"ory,) . (D.50)

Using the formula (D.40) and the relation ¢*?dgs, = —gs-,69*?, we derive the nec-
essary expressions

v (e} @ 1 (e} v
gt 5F;w = *V#(Sg M‘Fig;wv agh,

1
greory, = *§QWV°“59“”-
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D Solutions to exercises
Thus the variation d R is reduced to
1 ng ap 1 o pv 1 oS pv
OR = §Rguyég + Vo | =V, 097" + §gWV ogh” + §gWV 0g
1
= (ERguu - VMVV + gHVDg) 5‘9””;
while the variation of the Laplace operator becomes
1 .
o0, = (6¢"") V.V, + <5gaf;t — 59#,,59“”’0‘) Va-
Now we can put all terms in 01 together,
5T =Yg 50" ROR +2 ( LRy sg — g2 O,0¢" ) O 'R
== 59w g 1T+ 5 1909 = 09"+ Gullgog g
— v — « 1 Vi —
- RrRO;! {55]“ VuV,O0, 'R+ (59 b — §gwagﬂ ; ) Vo, 13] .

It is now straightforward to compute the functional derivative (D.48). Keeping in
mind that for arbitrary scalar functions A (z) and B (z) we have

/dQ:c\/—gA 0,'B = /de«/_—gB 0, ' A,
and that integration by parts yields for arbitrary tensors X and Y the formula

/d%\/—ngay = —/de\/—gYVaX,

we compute (up to a total divergence)

ol 1 _ _
g =59 R, 'R-2(0;'R),,, + 20w R
-~ (') (O, '), + (@, 'R), 0, 'R) ~ 20, ((0;'R), 0, 'R)"
g g 2 g9 v 9 ” 2 24 g9 a9
_ _ _ 1 _ _ HeY
=-2(0, 1R);w + 29, R+ (O, 1R);u (o, 1R);V — Y (mp 1R);a (O, 'R)“.

Thus the final result is

(Ty) ﬁ{wuvymglﬂt + [V.O,'R] [V,.O, 'R]

1
+ 2g,, R — 59 (VQD;R) (VO‘DglR)},

which coincides with Eq. (15.8).
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Detailed chapter outlines

This section is intended to provide the lecturer with a snapshot of the key ideas of
each chapter.

Part I: Canonical quantization
Chapter 1: Overview. A taste of quantum fields

This first chapter is an introduction and overview. The material of this chapter will
be covered in much more detail later in the text.

The quantum theory of a free field is mathematically equivalent to a theory of in-
finitely many harmonic oscillators (field modes). Quantized fields fluctuate in the
vacuum state and have a nonvanishing energy (zero-point energy). Using the oscil-
lator analogy, we estimate the amplitude of zero-point fluctuations of a scalar field
on a given scale. Vacuum fluctuations of quantum fields have observable, experi-
mentally verified consequences, such as the spontaneous emission in hydrogen, the
Lamb shift, and the Casimir effect.

In quantum field theory, particles are represented by excited quantum states of
field modes. Particle production is a change of occupation numbers in the modes.
“Traditional” QFT considers interacting field theories and requires complicated cal-
culations. The focus of this book is on quantum fields interacting only with strong
classical fields (backgrounds) but not with other quantum fields. The main problem
of interest to us is to understand the behavior of quantum fields in a gravitational
background. Examples of particle production by the gravitational field are the Unruh
effect and the Hawking radiation of black holes.

Chapter 2: Reminder. Classical and quantum mechanics

In classical mechanics, equations of motion are obtained by evaluating functional
derivatives of the action. (We introduce the notion of functional derivative.) Both the
Lagrangian and the Hamiltonian formalisms are reviewed. The Legendre transform
is explained.

Canonical quantization in the Heisenberg picture is applied to a Hamiltonian sys-
tem to yield quantum equations of motion that govern the evolution of quantum
observables such as the coordinate ¢(¢) and the momentum p(¢). The commutation
relation between the operators ¢ and p is the central postulate of canonical quantiza-
tion.
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Detailed chapter outlines

Quantum operators act on vectors in a Hilbert space. We explain the Dirac notation
(“bra-ket”) and introduce the notion of separable Hilbert space by formalizing the
intuitive idea of a basis in an infinite-dimensional vector space. We consider the basis
{lg)} of the generalized eigenvectors of the position operator, the analogous basis
{lp)} for the momentum operator, and compute the matrix elements (¢|p|¢’) and
(p| ¢) using only the canonical commutation relations.

The Schroédinger picture of quantum mechanics involves time-dependent states
and time-independent observables. We note that the Schrodinger equation is not
particular to the nonrelativistic quantum mechanics and in principle can be used to
describe relativistic quantum fields.

Chapter 3: Quantizing a driven harmonic oscillator

We compute the classical trajectory z(¢) of a harmonic oscillator driven by an external
force J(t). Quantization is conveniently performed using the creation and annihila-
tion operators. For an external force acting only during a finite time interval, we
define the “in” and the “out” regimes and the corresponding creation and annihi-
lation operators and particle states. The “in” and “out” vacuum states are different
due to particle production by the external force. We derive the expansion of the “in”
vacuum state through the “out” excited states and perform direct computations of
matrix elements of various operators with respect to the “in” and “out” vacua.

Chapter 4: From harmonic oscillators to fields

A free field can be viewed as a collection of infinitely many harmonic oscillators. In
classical mechanics, a system of linearly coupled harmonic oscillators is decoupled
by a decomposition into proper oscillation modes. We use this analogy to represent a
scalar field ¢ (x,t) by a set of modes ¢k (t) that obey the harmonic oscillator equations
with frequencies wy,.

Each mode ¢y is quantized using creation and annihilation operators. We derive
the commutation relations and introduce the mode expansion for a free real scalar
field. The vacuum state and the excited states are defined using the annihilation
and creation operators. We compute the zero-point energy of the field. This energy
diverges for two reasons: First, it contains the infinite volume of space manifested by
the factor 63 (0). After separating this factor, we obtain the zero-point energy density
which is still infinite due to the ultraviolet divergence. This divergence is removed
by normal ordering.

Finally, we show how a quantum field can be described by a wave functional satis-
tying the functional Schrédinger equation.

Chapter 5: Overview of classical field theory

Action functionals for a classical field theory must satisfy several requirements such
as locality, Lorentz invariance, and general covariance. We derive the Euler-Lagrange
equations of motion from a Lagrangian of the form £ (¢, 0,,¢).
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As an example, we consider a real scalar field in the flat (Minkowski) spacetime
with a Poincaré-invariant action. To make the action generally covariant, one needs
to introduce covariant derivatives and the covariant volume element into the action.
The resulting action describes a scalar field with a minimal coupling to gravity. An
example of nonminimal coupling is the Lagrangian for a conformally coupled scalar
field.

Gauge fields arise when a global symmetry is localized. Using the example of a
complex scalar field with the global U(1) gauge symmetry, we introduce the gauge
field A,, and the gauge-covariant derivatives D,, into the action. The result is the ac-
tion for a scalar field with the minimal gauge coupling. The action for the gauge field
itself can be built using the Yang-Mills term F},, F*¥, where F),, is the field strength
tensor. We show that the action for the electromagnetic field is conformally invariant.

Einstein’s general relativity is described by the Einstein-Hilbert action. The Ein-
stein equations are derived in an exercise.

Finally, we show that the classical energy-momentum tensor (EMT) of matter in
generally covariant field theories can be defined through the functional derivative of
the action with respect to the metric g*”. The EMT defined in this way is conserved
in a generally covariant sense.

Chapter 6: Quantum fields in expanding universe

We consider a homogeneous FRW universe with flat spatial sections and define a
coordinate system (7),x) in which the metric is conformally flat. A free, minimally
coupled, massive scalar field ¢ (7),x) in this spacetime is quantized using a mode
expansion. The modes ¢k (7) are solutions of harmonic oscillator equations with time-
dependent frequencies wy(n). We define mode functions vx(n) as suitable complex-
valued solutions of these oscillator equations. The choice of the mode functions v (7)
is not unique unless the frequencies wy, are time-independent.

For a given set of mode functions vy(n), we define the creation and annihilation
operators a;. Different choices of the mode functions yield different sets a;- which
are related by Bogolyubov transformations. The vacuum state is annihilated by a,
and is thus determined by the choice of the mode functions. We derive equations
relating the Bogolyubov coefficients to the values of mode functions.

Excited states of modes are interpreted as states containing particles, and the ex-
pectation value of the particle number density in a mode ¢x is determined by the
Bogolyubov coefficient, nj, = | 6k|2.

In a general spacetime, the vacuum state is not uniquely defined. One prescrip-
tion for the vacuum state is to minimize the instantaneous energy. The instantaneous
lowest-energy state exists if wf > 0 and the corresponding mode functions are spec-
ified by appropriate initial conditions. We discuss the physical interpretation of the
ambiguity in the choice of the vacuum state and the approximate nature of the con-
cept of particles. The vacuum state can be defined for high-energy modes and, sepa-
rately, in spacetimes with a slowly changing metric (the adiabatic vacuum).
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Chapter 7: Fields in de Sitter spacetime

Besides the particle interpretation of fields, we are interested in field observables such
as (0] ¢(z)p(y) |0). Such correlation functions are related to the amplitude of quantum
fluctuations of the field gf; We introduce the formalism of window functions and use
it to define the amplitude of fluctuations on a scale L. A general formula for the
fluctuation amplitude in vacuum is derived as a function of L.

As an illustrative example, we choose a FRW spacetime with a special scale fac-
tor a(n) such that the effective frequency w (n) is a simple step-like function of the
conformal time 1. We compute the “in” and “out” mode functions, the Bogolyubov
coefficients, the density of produced particles, and the spectrum of quantum fluctua-
tions.

Then we consider a massive scalar field in the de Sitter spacetime. We derive the
metric of the de Sitter spacetime and demonstrate the presence of horizons. The field
is quantized using a suitable mode expansion. We construct the mode functions and
compute their asymptotic forms in the far past and far future.

The effective frequency wy(n) for any given k becomes imaginary at late times when
the wavelength of the mode exceeds the de Sitter horizon length H~'. This precludes
a particle interpretation of the superhorizon modes of the field. However, at early
times the frequencies wy, are approximately constant for all modes (a strongly adia-
batic regime), which allows one to define the Bunch-Davies vacuum.

Assuming the Bunch-Davies vacuum state, we study the evolution of quantum
fluctuations as a function of the time 1 and the scale L. We express this function
through the physical length L, = a(n)L and find that the spectrum of fluctuations
is approximately scale-independent, in contrast with the sharply falling spectrum in
the flat spacetime.

Chapter 8: The Unruh effect

We explicitly build a system of reference moving with a uniform acceleration a (the
Rindler frame). The Rindler spacetime is defined as the domain of the Minkowski
spacetime seen by an accelerated observer.

Then we consider a massless scalar field in a 1+1-dimensional section of the Rindler
spacetime. The formalism of mode expansions in the lightcone coordinates helps to
quantize the field more conveniently. We describe the natural vacua in the Minkowski
(inertial) and the Rindler (accelerated) frames of reference and argue that the correct
choice is the Minkowski vacuum. The Bogolyubov coefficients relating the two vacua
and the density of observed particles are computed. The particle energies obey the
Bose-Einstein thermal distribution with the Unruh temperature T' = a/(27).

Chapter 9: The Hawking effect. Thermodynamics of black holes

To derive the Hawking effect, we draw on a formal analogy with the Unruh ef-
fect studied in the previous chapter. We consider a 1+1-dimensional section of the
Schwarzschild spacetime with coordinates (¢,r), and we introduce two coordinate
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systems: the “tortoise” coordinates corresponding to static observers far away from
the black hole (BH) and the Kruskal coordinates that describe observers freely falling
into the BH. The two coordinate systems naturally define two vacuum states. The
relation between the coordinate systems is formally the same as that between the
Rindler and the Minkowski frames. Therefore the mode expansions and the Bo-
golyubov coefficients are found directly from the results of the previous chapter, with
the substitution a = (4M)~!. We obtain the Hawking temperature Ty = (87M)~1,
discuss physical interpretations of the Hawking radiation, and remark on other deriva-
tions.

Black holes can be described thermodynamically using the temperature 77 and the
entropy Spp = iA, where A is the horizon area (in Planck units). The heat capacity
of a black hole is negative. We consider adiabatic interactions between black holes
and heat reservoirs to show that a black hole cannot be in a stable equilibrium with a
heat bath unless the latter has a sufficiently small size.

Chapter 10: The Casimir effect

We consider a simplified version of the Casimir effectinvolving a massless scalar field
¢(x,t) in 1+1-dimensional spacetime. The plates are modeled by the boundary con-
ditions ¢|,_, = ¢|,_, = 0. We find that the zero-point energy of the quantum field
diverges in a different way than in the free (boundless) space. To quantify this dif-
ference, we introduce a regularization and perform a renormalization by subtracting
the zero-point energy in free space. The result is a finite and negative energy density
in the vacuum state. The energy density grows with the distance L, which indicates
a force of attraction between the plates.

The same result can be obtained by using the analytic continuation of Riemann’s
¢ function instead of the renormalization procedure. (This introduces the ¢ function
method which will be also used in Part II.)

Part Il: Path integral methods
Chapter 11: Path integral quantization

Evolution of quantum states in the Schrodinger picture can be expressed as the action
of an evolution operator on the initial state. The propagator is the coordinate repre-
sentation of the evolution operator. We derive the path integral representation of the
propagator. The path integral involves the Hamiltonian action and is performed over
all paths ¢(t), p(t) in the phase space. For Hamiltonians that are quadratic in the mo-
mentum, the path integral is simplified to an integral of exp (7S [¢]) over configuration
space paths ¢(t), where S [¢] is the Lagrangian action.

Chapter 12: Effective action

We derive the retarded (G,.;) and the Feynman (G'r) Green’s functions of a harmonic
oscillator. The analytic continuation to imaginary time (the Wick rotation) yields the
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corresponding Euclidean equation of motion and the Euclidean Green’s function G .

We define and compute the Euclidean analog of the path integral for a driven os-
cillator ¢(t) with an external force J(¢). The Euclidean effective action I'g [J] is de-
fined through the path integral over Euclidean trajectories ¢(7) connecting the vac-
uum states ¢ = 0 at 7 — +oo. The Lorentzian effective action I',[J(t)] is the analytic
continuation of I'g[J(7)] back to the real time ¢. We find that the “in-out” matrix ele-
ments computed in Chapter 3 are related to the functional derivatives of I'y, [J] with
respect to J. The “in-in” matrix elements can be obtained by replacing Gr by G,
after evaluating the functional derivatives. This motivates a “recipe” for computing
matrix elements through the effective action.

Besides describing the influence of a classical background on a quantum system,
the effective action characterizes the backreaction of the quantum system on the back-
ground. The classical equations of motion for the background J(t) acquire an ex-
tra term—the functional derivative 6I', /6. (t) of the effective action I'y, [J]. For the
driven oscillator, this term is the expectation value of the quantum variable (g(t)).

Another important application is to quantum field theory in a curved spacetime
where the gravitational field is treated as the classical background. The backreaction
of a quantum field on the gravitational background is described by the functional
derivative term 0I'y,/dg" which is related to the expectation value of the energy-
momentum tensor of the quantum field; this term is added to the Einstein equation.
The same term describes the influence of gravity on the vacuum state of quantum
fields (the polarization of vacuum). In this way one can formulate a self-consistent
theory of classical gravity coupled to quantum fields (semiclassical gravity).

Chapter 13: Functional determinants and heat kernels

We consider the Euclidean effective action for a free scalar field in a gravitational
background. The Euclidean action is a quadratic functional of the field and the Gaus-
sian path integral can be evaluated in terms of the determinant of a differential oper-
ator (a functional determinant). Such determinants are always divergent and need to
be renormalized.

We introduce the method of zeta (¢) function for computing renormalized func-
tional determinants. We define the function ¢,/(s) for an operator M. The functional
determinant is expressed through the derivative of {5/ (s) at s = 0 which is finite after
analytic continuation.

The method of heat kernels can be used to determine the ¢ function. We define the
heat kernel K, (1) of an operator M and show how the trace of Ky, (1) is related to
the ¢ function of the same operator. We formulate a “recipe” to calculate the effective
action for a quantum field in a classical background. The recipe involves a ¢ function
computed through the trace of a certain heat kernel.

Chapter 14: Calculation of heat kernel

We perform a detailed calculation of the heat kernel for a scalar field in a weakly
curved 3+1-dimensional spacetime. The result is a (nonlocal) perturbative expan-
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sion in the curvature R. This expansion can be used to compute the ¢ function of
the Laplace operator perturbatively. We compare this expansion with the standard
Seeley-DeWitt expansion of the heat kernel in powers of 7 and find agreement of the
computed terms. We derive the first-order terms and quote the second-order terms
of both expansions without derivation.

Chapter 15: Results from effective action

This final chapter builds upon the results of the entire Part II of this book.

We finish the computation of the effective action for a scalar field in a weakly
curved background, using the method of ¢ functions. Before the analytic continu-
ation, the method produces a divergent result. We analyze the structure of the di-
vergent terms in the effective action. These divergences are removed by renormal-
izing the cosmological constant (zero-point energy), the gravitational constant, and
the coupling constant at the R? term. The “bare” action for pure gravity can be cho-
sen to cancel all divergences, and the resulting action describes the standard Einstein
dynamics of gravity modified by the backreaction of the quantum field.

Then we analyze the finite terms in this modified action. In 1+1 dimensions, the
extra term in the gravitational action is the Polyakov action. (This is derived from the
second-order terms of the nonlocal expansion.) We quote the corresponding result in
3+1 dimensions.

Finally, we consider the energy-momentum tensor (EMT) of the quantum field
which characterizes the vacuum polarization. From the Polyakov action, we derive
a nonlocal formula for the polarization of vacuum in 1+1 dimensions. We use that
formula to compute the trace of the EMT for a massless conformally coupled field.
Unlike the prediction of the classical theory, the trace of the EMT does not vanish
(“conformal anomaly”). Another derivation of the conformal anomaly in 1+1 dimen-
sions is also presented, based on the ¢ function method and the first-order term of the
Seeley-DeWitt expansion.

Appendices
Appendix A: Mathematical supplement

This appendix contains a tutorial exposition of some mathematical constructions used
in the text.

Appendix A.1: Functionals and distributions (generalized functions)

We define functionals as maps from a function space into numbers. “Generalized
functions” or “distributions” are linear functionals. We define the frequently used
distributions: the Dirac § function and its derivatives, and the principal value inte-
grals such as P1. The notion of convergence in the distributional sense provides a
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rigorous basis for formulae such as

00 1
/ dr sinkx = —.
0 k

Appendix A.2: Green’s functions, boundary conditions, and contours

We define Green’s functions and consider the frequently used calculation with Fourier
transforms where one obtains an integral with poles. We use the formalism of distri-
butions and principal value integrals to show how to compute the Green’s function
for particular boundary conditions.

Appendix A.3: Euler’'s gamma function and analytic continuations

Euler’s gamma function is defined and some of its elementary properties are derived.
In particular, we justify the analytic continuation of the gamma function which was
mentioned in Sec. 8.2.4.

Appendix B: Adiabatic approximation for Bogolyubov coefficients

First we show that the WKB approximation is insufficiently precise to yield the Bo-
golyubov coefficients relating two vacua (instantaneous or adiabatic) defined at two
different moments of time. Then we present a method of computing the Bogolyubov
coefficients in spacetimes with a slowly changing metric, using the adiabatic pertur-
bation theory. This is a well-known method which is more accurate than the WKB
approximation.

Appendix C: Mode expansions cheat sheet

This is a collection of formulae related to mode expansions and commutation rela-
tions.

Appendix D: Solutions to exercises

Detailed solutions are given to each exercise appearing in the text.
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