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This article aims at discussing the cosmological constant problem at a pedagogical but
fully technical level. We review how the vacuum energy can be regularized in flat and
curved space-time and how it can be understood in terms of Feynman bubble diagrams. In
particular, we show that the properly renormalized value of the zero-point energy density
today (for a free theory) is in fact far from being 122 orders of magnitude larger than
the critical energy density, as often quoted in the literature. We mainly consider the case
of scalar fields but also treat the cases of fermions and gauge bosons which allows us
to discuss the question of vacuum energy in super-symmetry. Then, we discuss how the
cosmological constant can be measured in cosmology and constrained with experiments
such as measurements of planet orbits in our solar system or atomic spectra. We also
review why the Lamb shift and the Casimir effect seem to indicate that the quantum
zero-point fluctuations are not an artifact of the quantum field theory formalism. We
investigate how experiments on the universality of free fall can constrain the gravitational
properties of vacuum energy and we discuss the status of the weak equivalence principle in
quantum mechanics, in particular the Colella, Overhauser and Werner experiment and the
quantum Galileo experiment performed with a Salecker-Wigner-Peres clock. Finally, we
briefly conclude with a discussion on the solutions to the cosmological constant problem
that have been proposed so far.

© 2012 Published by Elsevier Masson SAS on behalf of Académie des sciences.

RESUME

Cet article traite du probléme de la constante cosmologique d’'une maniére pédagogique
aussi bien que technique. Nous passons en revue comment I'énergie du vide peut étre
régularisée en espace temps plat et courbe, et comment son calcul peut étre compris en
termes de diagrammes de Feynman en bulles. En particulier, nous montrons que la valeur
correctement renormalisée de I'énergie de point zéro maintenant (pour une théorie libre)
en en fait bien au dessous des 122 ordres de grandeur de I'énergie critique de l'univers.
Nous nous concentrons sur le cas des champs scalaires bien que nous considérions le
cas des fermions et des bosons de jauge également afin de traiter I'énergie du vide
en supersymétrie. Nous discutons aussi comment la constante cosmologique peut étre
mesurée cosmologiquement et contrainte par la mesure de I'orbite des planétes du systéme
solaire ou encore des spectres atomiques. Nous passons aussi en revue pourquoi la mesure
du Lamb shift et de I'effet Casimir semblent indiquer que les fluctuations quantiques de
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I'énergie du vide ne sont pas un artefact du formalisme de la théorie des champs. Nous
montrons ensuite comment les expériences sur l'universalité de la chute libre peuvent
aider a contraindre les propriétés gravitationnelles de I'énergie du vide et nous discutons le
statut du principe d’équivalence faible en mécanique quantique, en particulier I'expérience
de Colella, Overhauser et Werner ainsi que I'expérience de Galilée quantique faite avec une
horloge de Salecker-Wigner-Peres. Enfin, nous concluons briévement avec une discussion
sur les différentes solutions au probléme de la constante cosmologique qui ont été
proposées jusqu'a présent.

© 2012 Published by Elsevier Masson SAS on behalf of Académie des sciences.

1. Introduction

This review article aims at discussing the cosmological constant problem [1-15]. This question is central in modern
physics because its resolution would certainly mean a very important step forward in our attempts to understand physics
beyond the current standard model.

The history of the cosmological constant problem is a long and rich one [5]. Its premises were in fact already present
immediately after the birth of quantum field theory. Indeed, from the Heisenberg uncertainty principle, we know that the
ground state energy of the quantum mechanical oscillator cannot be zero because the potential and the kinetic energies
cannot vanish at the same time. Since a (free) quantum field can be viewed as an infinite collection of harmonic oscillators,
it immediately comes that its ground state energy must be infinite. Of course, this is not yet the cosmological constant
problem because gravity does not enter the stage. But, clearly, potentially, a very severe problem is already present.

The infinity mentioned above is the first infinity that one encounters in quantum field theory [16-22]. However, the
presence of this infinity did not prevent the founding fathers of quantum field theory to develop the theory since, in
absence of gravity (a working assumption of quantum field theory justified by the weakness of gravity), only differences in
energies are observable. Therefore, in this context, this infinity can be merely ignored and the rest of the formalism can
be worked out without any problem. As is well known, other types of infinities appear and, this time, there is no way to
get around them. Treating and taming them is the goal of renormalization. The very impressive agreement between high
precision measurements in accelerators and the predictions of quantum field theory in presence of radiative corrections is
the proof that renormalization is able to correctly regulate these infinities.

Therefore, we see that these two types of infinities are treated very differently. The problem of the zero-point energy
is just avoided while the problem of the radiative corrections is directly and explicitly addressed. Clearly, one cannot help
thinking that the first problem is in fact swept under the carpet. And, indeed, as soon as gravity is turned on, it badly
strikes back.

At this point, it is worth noticing the following. One should not get the impression that the zero-point energy cannot be
renormalized. As a matter of fact, as will be discussed in this review, it can be made perfectly finite. However, this finite,
renormalized, value of the zero-point energy seems to be too large to be compatible with the observations. Again, this
is very different from the usual case of quantum field theory where the finite part extracted from a divergent expression
always leads to a good agreement with the experiments. At first sight, the cosmological constant problem is therefore
neither the presence of a new infinity nor our inability to regularize it but rather the apparent failure of the renormalization
scheme to produce, at the quantitative level, a finite vacuum energy compatible with the observational data.

In fact, a failure of renormalization is not the only logical possibility. The vacuum fluctuations could also be a mathe-
matical artifact of the quantum field theory framework and/or their gravitational properties could be abnormal. However,
when one tries to test (theoretically or experimentally) these ideas, it seems that one never encounters a problem of the
kind mentioned above. This fact must also be considered as a part of the cosmological constant problem which, therefore,
appears to have many different ramifications. We see that this problem is in fact a very deep problem which lies at the
cross roads between different branches of physics (gravitational physics, quantum field theory, cosmology etc., ...). In brief,
it has to do with the gravitational properties of the quantum vacuum.

The importance of this question has recently been reinforced by the discovery that the expansion of our Universe is
accelerated [23,24]. According to standard lore, this could be the first observational evidence that the quantum vacuum
is able to curve space-time. On the other hand, the effect of a cosmological constant is visible only on large scales and,
therefore, it seems to be problematic to check this result elsewhere than in cosmology. But, if true, the cosmological con-
stant problem represents a unique situation where some aspects of quantum gravity are at play and where, at the same
time, corresponding observational signatures are not hopelessly beyond our technical capabilities. This makes it a valuable
opportunity to go beyond our current understanding of theoretical physics. The only other situation where the three above
mentioned aspects (quantum mechanics, gravity and the possibility to detect sizable observational effects) are mixed is the
theory of cosmological inflation [25-34] (for a review, see Refs. [35-37]) where the Cosmic Microwave Background (CMB)
anisotropies, first detected by the COBE (COsmic Background Explorer) satellite [38], are supposed to originate from the
quantum fluctuations of the inflation and gravitational fields (for the observational status of inflation, see Ref. [39]).

In this review article, we go through all the issues mentioned before. Our prejudice is to present the question at the
technical level, in full details, in order for the article to be reasonably self-contained. The price to pay for this approach
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is that, sometimes, we are led to consider problems that are well treated in standard textbooks and/or are not, strictly
speaking, directly concerned with the cosmological constant problem. On the other hand, this is also an opportunity to
review many different subjects belonging to different types of physics.

The outline of the article is the following one. In Section 2, we discuss how the cosmological constant A is introduced
in the Einstein field equations and we explain why the vacuum energy also participates in the value of A. In Section 3,
we treat the classical cosmological constant problem, i.e. we show that, in the presence of gravity, it is no longer true
that only differences of energy are observable. We illustrate this discussion by means of the electro-weak phase transition.
In Section 4, we demonstrate that, even if the classical ground state is tuned to zero, the quantum vacuum fluctuations
still give a contribution to the cosmological constant. We discuss how the corresponding quantum vacuum energy can
be calculated and argue that the method often used in the literature and which consists in introducing a cut-off, is not
appropriate. We also investigate how the quantum vacuum energy can be expressed in terms of Feynman diagrams (bubble
diagrams) and investigate the case where interactions are present. In Section 5, we focus on the so-called bubble diagrams.
We discuss them in the context of quantum field theory but also in ordinary quantum mechanics. We then show that they
have very different properties than the other loop diagrams. In Section 6, we use the Gaussian effective potential approach
to calculate the vacuum energy in a situation where non-perturbative effects are present. Since all the calculations are
carried out in the case of a scalar field, we treat in Section 7 the case of other types of fields (spinor and vector fields). This
also gives us the opportunity to discuss the idea of super-symmetry. In Section 8, we present the cosmological constant
problem in a more rigorous way. In particular, we show that a flat space-time calculation is a good approximation although
a fully consistent approach should be formulated in curved space-time. One concludes the first part of this review article
with Section 9 where we estimate the vacuum energy and find a value very far from the often quoted “122 orders of
magnitude”. In Section 10, we explain, from a theoretical point of view, how the value of the cosmological constant was
recently measured in cosmology. In particular, we discuss the hypothesis that are implicitly assumed in order to obtain this
result. In Section 11, we discuss whether the cosmological constant can be measured elsewhere than in cosmology and
argue that no other experimental context can compete with cosmology. However, we also show that other experiments can
put constraints on the vacuum energy that are interesting from the point of view of the cosmological constant problem.
In Section 12, we review the experiments (Lamb shift, Casimir effect) that seem to prove the existence of the vacuum
fluctuations. In Section 13, we investigate whether there are observations that can probe their gravitational properties. In
Section 14, we discuss whether the weak equivalence principle still holds in quantum mechanics since this has obvious
implications for the question of the vacuum weight. Finally, in Section 15, we present our conclusions and very briefly
review the solutions to the cosmological constant problem that have been proposed so far. Let us mention that this article
is part of a more general review on the dark energy question, see Refs. [40-43].

Before concluding this introduction, we would like to make the following remark. This article aims at discussing what
the cosmological constant problem is. This article does not aim at discussing what solutions to this problem have been
proposed even if, as already mentioned, in Section 15, we say a few words on this topic (and choose, in a totally arbitrary
way which only reflects the author prejudices, to focus more on some of them). The justification for the above mentioned
choice is that the question of the gravitational properties of vacuum zero-point fluctuations is already a highly non-trivial
one as the variety of the subjects listed above demonstrate. Therefore, it seems to us better to deeply understand what is
at play before trying to propose a way out. Of course, it is because this problem is very difficult and has many different
ramifications in many different branches of physics that it is so interesting.

2. The cosmological constant

In this first section, we introduce the cosmological constant as a free parameter in the classical action of the gravitational
field. This action, together with the action describing matter, can be expressed as

1
S = ﬂ / d4X\/ —g(R—2Ap) + Smatter[g,uw V] (1

where k¥ =87 G/c* = 871/m§l = l/Mgl, mp; and Mp; being the Planck mass and the reduced Planck mass, respectively. The
first term is the standard Einstein-Hilbert action and represents the gravitational part of the total action given by Eq. (1).
The cosmological constant appears in the second term of the above expression. As announced, at this level, it is merely
a new parameter of the total action and for this reason we write it as Ap for “bare cosmological constant”. It has the
dimension of the inverse of a square length. It is compatible with general covariance and is of course compatible with a
conserved energy momentum tensor since V# g, = 0. Therefore, this term appears to be totally natural from the relativistic
point of view and there is a priori no reason to discard it. Since, according to the standard lore of field theory, everything
which is not forbidden should be considered, the cosmological constant should clearly be included in our description of the
gravitational field. Finally, the third term in the above equation denotes the matter action where ¥ represents a generic
matter field that we do not need to specify at this stage. Variation of the total action with respect to the metric tensor leads
to the Einstein equations of motion which read

1
Ry — iRg;w + Apguy =k Ty (2)
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where the stress—energy tensor is defined by

T, — 2 §Smatter
W =T ==
7E og

As already mentioned, Ap appears to be just a parameter of the model. At this level, the only thing that can be done is to
try to constrain it using various observations. But, clearly, in the present framework, there is no way to calculate its value
from more fundamental considerations.

However, as originally shown by Sakharov [44], the nature of the discussion is crucially changed when one takes into
account quantum field theory. The point is that the stress-energy tensor of a field placed in the vacuum state must be given
by

(3)

(O|T14v10) = — Pvacguv (4)

where py,c is the constant energy density of the vacuum. This equation is valid for all the fields present in the Universe, as
will be shown below. There are several ways to prove the above result. Firstly, one can use the fact that, in flat space-time
(in Minkowski space-time), the only invariant tensor is 7,,. Since the vacuum state must be the same for all observers,
one necessarily has (T;) oc7,y. In curved space-time, this means that

(Tuv) = —pvac(t, X)guv (5)

and from the fact that the stress-energy tensor must be conserved, we reach the conclusion that py,c must be a constant.
Therefore, one obtains the formula shown above.

Another way to obtain the same result is to consider a specific example, for instance a scalar field @. The corresponding
action reads

Sp =— [ d4x«/—g[%g’“’8u¢8u¢ + V(CD)] ©

where V(@) is the potential. Using the definition (3), the corresponding stress—energy tensor can be written explicitly as

1 o
Tiv = 0u PP — guv| 58 0 PP + V(@) (7)

From this expression, one sees that the scalar field is in fact a perfect fluid. Now, the vacuum state is the minimum energy
state. Clearly, in order to minimize the energy we have to consider a situation where the kinetic energy vanishes and where
the field sits at the minimum of its potential. In this case, the stress-energy tensor reduces to

(Tpy) = =V (Pmin)8uv (8)

which has exactly the expected form with pyac = V(@pin).

In fact what was shown before is that there are at least two sources for the vacuum energy. There is a “classical”
contribution given by Eq. (8) which originates from the value of the potential at its minimum. The corresponding vacuum
energy will be calculated in Section 3. There is also a “quantum-mechanical” source given by Eq. (5) which originates from
the zero point fluctuations of the ground state. This problem will be treated in Section 4.

Having established the form of the stress-energy-momentum tensor in the vacuum, one can now proceed with the
Sakharov argument. The next step consists in assuming that the equivalence principle applies to the zero-point fluctuations
(here, and from now on, we mean to the “classical” and “quantum-mechanical” contributions as discussed in the last para-
graph), that is to say that the zero-point fluctuations gravitate. Clearly, this is not a trivial step but, after all, the vacuum
fluctuations are just a specific type of energy and, in general relativity, all forms of energy gravitate. Therefore, a consistent
way of writing the Einstein equations when quantum field theory is taken into account seems to be

1
Ry — ERg;w + Aguv :KTlTStter"‘K(Tuv) (9)
where on the right-hand side the first contribution comes from ordinary matter while the second one represents the con-

tribution originating from the vacuum (of course, it is to be understood that we sum up the contributions coming form all
the fields present in the Universe). Using the form of (T,,) established before, one arrives at

1
Ryv — ERg;w + Aeff8py = KT,TStter (10)
where

Aeff = Ap + KPvac (11)
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Therefore, we conclude that the effective cosmological constant is the sum of the bare cosmological constant and of a
contribution originating from the vacuum fluctuations. The effective cosmological constant Aef is the quantity that one can
observe and constrain when tests of the Einstein equations are carried out.

As we now discuss, the problem is that xpyac is made of several terms which are all huge in comparison with the
observed value of Aeg.

3. The classical cosmological constant problem

The cosmological constant problem is in fact a multi facets question as the quantity Ag receives contributions from
different origins. As was demonstrated in the last section on the example of a scalar field, a classical contribution to Aeff
comes from the value of the potential at its minimum. If this is not zero, then it affects the value of the effective cosmolog-
ical constant. This point is discussed in this section and is exemplified with the electroweak transition. Another contribution
comes from the quantum zero point fluctuations but this will be discussed in the next sections.

3.1. Phase transition

It is possible to study the dynamics of a phase transition with the help of the following simple model. Let us consider a
scalar field @ in interaction with another scalar field ¥ such that

V(D, W)=V (®)+ %@24/2 (12)

where g is a dimensionless coupling constant and where the self-interacting potential is given by

V(<D)=Vo+%(q§2—v2)2 (13)

A being a coupling constant describing the self-interaction and v the value of the scalar field at the minimum of its potential
in absence of an interaction with ¥. The quantity Vo denotes the classical off-set. If the field ¥ is in thermal equilibrium,
then one is entitled to replace w2 with (¥2); where the average is taken in a thermal state with temperature T. Since
(W2)1 < T? [45], the effective potential becomes

A
Ver(®) = Vo + 5 (@2 = v2)? + £7202 (14)

where we have slightly redefined the coupling constant g in order to take into account the proportionality constant between
the thermal average and the temperature. This potential can also be expressed as

4 2 \ 712

cri

vt av? T2 5 A4
Verr(@) =Vot+ — =+ ——| 5 — 1)o7+ @ (15)

where we have defined T = v /A/g. One sees on the above equation that the interaction with the field ¥ gives a temper-
ature dependence to the effective mass of the @ field, namely

2y = (L
me(T) =av?( 5 — 1 (16)

cri

As a consequence, when T > T, that is to say before the transition, the square of the effective mass is positive while,
after the transition, when T < T, it becomes negative. In the first situation, the minimum is located at ¢ =0 and the
corresponding value of the vacuum energy is Vo + Av?#/4, see Fig. 1. In the second situation, the minimum is located at
@ =v and the off-set is simply given by Vg, see Fig. 1. We now clearly see the problem. If we require the vacuum energy
to vanish before the transition, we must choose Vo = —Av?#/4. But, then, after the transition, the vacuum energy is no
longer zero and is given by the negative value py,c = —Av#/4. On the other hand, one can choose pyac to vanish after the
transition. In this case, one must choose Vo = 0. But this means that it was not zero before the transition, pyac = Av%/4.
This last option can maybe viewed as the preferred solution since we do not have direct observational constraints on the
matter content of the Universe prior to Big Bang Nucleosynthesis (BBN). Anyhow, we see that the choice of a parameter in
the potential allows us to change the vacuum energy at the classical level, hence the name “classical cosmological constant
problem”. But, clearly, the off-set cannot be zero before and after the transition. Of course, in order to really establish that
there is a problem, the question remains to estimate this vacuum energy for realistic phase transition and to compare it
with the observational constraints. In the next subsection, we turn to the first issue and consider the case of the electroweak
phase transition.
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Fig. 1. The effective potential given by Eq. (14). Before the transition, for T > T, the minimum of the potential is located at the origin and the vacuum
energy is given by Vo + Av*/4. After the transition, for T < T, the minimum is located at ® = v and the corresponding vacuum energy has changed and

now equals V. It is clear that V( can always be chosen such that the vacuum energy vanishes either before or after the transition. It is equally clear that
one cannot choose the parameters of the potential such that py,c is zero before and after the phase transition.

3.2. The electroweak phase transition

In this section, we calculate the vacuum energy “induced” by the electroweak phase transition. In order to achieve this
goal, we first must recall some basics facts about the standard model of particle physics, see Refs. [16-22].

The Higgs field is a doublet of complex scalar fields. It is charged under the group U(1)y x SU(2). characterized by two
coupling constant g’ and g. The Higgs field Lagrangian reads

Lhiiggs = —(D, 2)'DHE —v (2, ) (17)

where the covariant derivative can be expressed as

/

DuE =0 % +i5 YuB, T +igTaW 5 (18)

where a runs from one to three. The quantities B, and Wﬁ are the gauge bosons, Yy is the Higgs weak hyper-charge and
T, are the generators of the SU(2) group (see below for more details about these quantities). The potential is chosen to be

2
v(z, ET):%ETZ‘—F%(Z‘TZ)Z (19)

and clearly resembles Eqs. (14) and (15) for T < T;. Indeed, in this expression, the quantity m? is negative (as explained
before, m? is in fact the square of the effective mass). This also means that the minimum of the potential is not located at
(¥) =0 but at

m2
(X)y=v=4/—— (20)
A
obtained from the condition 8V /3(X¥X) = 0. The quantity v is in fact the new vacuum expectation value of the Higgs
after spontaneous symmetry breaking. In particle physics, one studies the theory after the transition, when the Higgs field
has stabilized at its new minimum. But, in reality, as explained before, we must consider that the transition is a dynamical
process. Before the transition we had m? > 0 and the minimum was located at (¥) =0 and after the transition, m? has
become negative and, consequently, the new vacuum is given by v. Returning to the minimum after the transition, it is easy
to show that the value of the potential at (¥') = v is given by

m4
4\
and is negative. Clearly, this is because we have chosen Vg =0 in Eq. (19). As already explained in Section 3.1, this means
that the vacuum energy vanishes before the transition and becomes negative after, see also Fig. 1. This means that we
have considered the situation corresponding to the left panel in Fig. 2. Of course, this is arbitrary and we could also have
considered the situation corresponding to the right panel in Fig. 2. Again, as explained in the previous subsection, in this
case, the vacuum energy would vanish after the transition but not before.

The numerical value of the vacuum energy given by Eq. (21) is fixed by the electroweak physics in particular by the
parameters m and A. Therefore, in order to compute py,c explicitly, we must explain how m and X are evaluated. For this

V((Z)y=v)=— (21)
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Fig. 2. Effective potential of the Higgs boson before and after the electroweak phase transition. The left panel corresponds to a situation where the vacuum
energy vanishes at high temperature. As a consequence pyac i negative at temperature smaller than the critical temperature. This is the situation treated
in the text where the quantity —m*/(4) is explicitly calculated. On the right panel, the off-set parameter Vg is chosen such that the vacuum energy is
zero after the transition. As a consequence, it does not vanish at high temperatures.

purpose, we now briefly recall the main features of the standard model of particle physics. Let us come back to the Higgs
Lagrangian given at the beginning of this section, see Eq. (17). In the expression of Lyjgs, the quantities T, are the generator
of SU(2). and are given by T, = 04/2 where o, are the Pauli matrices

0e(28) (8 F) o3 %)

Using the gauge invariance, one can always rewrite the complex doublet as

(- 5) (1)

where H is a real scalar field, the “Higgs boson”. Therefore, the covariant derivative (18) can be expressed as

ig(v+ %)(W; —iw2)
DuZ=\ , ; Hyg Syl (24)
ﬁauH +1(V + E)(inBM’ — TWM)
and the Higgs Lagrangian (17) becomes
1 1
Lhiges = —§8MH8“H -v(z, 2" - <v2 ++/2vH + 5HZ>
g 1 g 202 g 33 g” gg' 3
S ny & n S W e n_ 8S W
X < 1 W, Wi+ 7 W W+ 1 W, w2t + 3 Y{B.B > YuB, W ) (25)
where the scalar potential can be written as
awd o1 AV A
vz, 2 =—— 4 _av?H? + = —H? + —_H* 26
( ) 4 + 2 + 2.2 + 16 (26)
We now introduce the physical gauge bosons. As is well known, they are defined by
wWh—-w; Wi+ w;
B,=—sin0Z, +cosOA,, W3 =cos0Z,+sin0A,, wi=— _H —wl__HK K (37)
1 1 1 w 1 12 " l\/i I ﬁ

where 6 is the Weinberg angle, A;, represents the photon and Z,, Wﬁ the massive gauge bosons. Expressing the Higgs
Lagrangian (25) in terms of these new fields, one obtains the following expression

1 ) 1 5\[& w8
nggs=—§aﬂHaMH—v(2, ET)—<v +«/§vH+5H )[ngw “—l—IWMW“‘

2 /2 /
+ ZMZ/‘(gZ cos?6 + gTYEl sin® 6 + %YH sin@ cos@)

2 /12 /
+ A,LA"('% sin® 6 + gTY}Z{ cos®6 — %YH sin0cos(9>



J. Martin / C. R. Physique 13 (2012) 566-665 573
g g gg’ gg’
+Z, AH* (7 cosf sinf — TY&I cosf sinf — TYH cos? 6 + TYH sin? 9)] (28)
Of course Lpijggs is not the only term in the standard model Lagrangian. There are also the terms describing the kinetic

terms of the gauge fields

1 1

['K-Gauge = _ZB/LU BHY — Zwauu waeny
1 1 1 1
B _ZAMVAW B ZZMUZW B ZWﬂwWHw B ZWﬁwW_’w e (29)

where By, is the B field strength, namely B, =9, B, — d,B;, and where a similar definition applies to the other gauge
fields.

Finally, one must also specify how leptons are described. In the standard model of particle physics, a fermion is repre-
sented by a four-component Dirac spinor ¥, see also Section 7.1 where the zero-point fluctuations of spinors are calculated.
Let us now recall what chirality is. For this purpose, we introduce the matrix y° such that (y°)2 =1 and (y%)" = y°. This
allows us to define two chiral projectors by

_latys _L-ys
2 2

where 14 denotes the identity four by four matrix. We now define the Dirac matrices, see Section 7.1 for a more general
approach. In the chiral representation, they are given by

o (0 -Ip i_( 0 of
m=(5 ) ()
Ib O
y5=<02 _Hz) (31)

and the two projectors can be written as

we(3 8 n=(22)

Given a Dirac spinor ¥ (we denote the four-component spinors by a capital Greek letter and the two-component spinors
by an ordinary Greek letter)

PR , Py (30)

YR )
V= 33
(m (33)
one can thus define the two states of chirality (right- and left-handed) by means of the following two expressions:
wREPsz(‘/’R>, U/LEPLLII<O> (34)
0 YL

The quantities g | are two-component spinors known as Weyl spinors. They play a very important role in super-symmetry,

see Section 7.4. Notice that we also have ¥ = lI/TyO = —(wz, 101;)- This implies that the (mass-less) Dirac Lagrangian can be
expressed as

Loirac = =iy 9, W = —iy| 540,91 — iy o 0, yr (35)

where we have defined the covariant Pauli matrices o = (I, %) and &* = (I, —o'}).

After these brief reminders, we now consider the first family of the standard model leptons (the other two families can
be treated in the same fashion and the quarks must be considered separately), i.e. the electron and the neutrino. Following
the usual convention, we denote by er the right-handed electron Weyl spinor and by e; the left-handed one. With regards
to the neutrino, only the left-handed particle is present in the standard model and will be denoted as v;. Then, we have
the following properties. The particles e; and v are charged under U(1)y but also under SU(2)L, i.e. they are considered as
a complex doublet of two-component spinors

(N
= (2) o0

On the other hand, eg is charged under U(1)y but is postulated to be a SU(2); singlet. Therefore, concretely, the Lagrangian
can be written as
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i g
Lieptons = —iLeo* (B;L + i?YLBu + igTan,,>Le
g/
—iefoH (aM + iEYRB,L>eR (37)

where LZ means (UI, eI). Notice the factor 1/2 in front of the gauge boson B, which is the usual convention [this factor
was already present in Eq. (18)]. The quantities Y| and Yy are the leptonic weak hyper-charges. Let us focus on the first
term in the above expression. The term between the parenthesis is a two by two matrix that can be written in terms of the
physical gauge bosons, using the definitions (27). Similarly, the second term can be expressed in terms of the fields A, and
Z,,. Then, the Lagrangian for the leptons can be rewritten as

g g g g
Lieptons = —ivIE,L [3u - i(gYLsinH -3 cos@)Zu + i(iYLcose + 3 sin@)AM]vL

/ /
- ie{c?u[au - i(‘%YLsine +§cos€>2u +i<%YLcose - %sin@)AM]eL

/ /
+ %uﬁaﬂw;q + %e{&ﬂw;w — el (aﬂ - i‘%YR sin6z,, + i%YR cos 9AM>eR (38)

Therefore, the total Lagrangian is now given by £ = Lyjges + LK—Gauge + Lieptons. This Lagrangian depends on various free
parameters that we now discuss and choose. Firstly, the neutrino is not electromagnetically charged and from Eq. (38) one
has that

g'YLcos6 + gsing =0 (39)

Secondly, the electron carries the charge e. This means that one must recover the following Lagrangian,

Lem = —iWyH* (@, +iQA, )W (40)

where Q is the electromagnetic charge, Q =e in our case. Working out the interaction part of the above Lagrangian, one
obtains

Lt — _Qela, A el — Qehoy Auer, (41)
and, looking at Eq. (38), one deduces that

/ /

gYLCOSG—ESiHQZEYRCOSOZe (42)
2 2 2

As a consequence, comparing Eqs. (39) and (42), one can establish that 2Yy = Yg. It is conventional to choose Y = —1
and therefore Yg = —2. Then, Eq. (39) leads to g’ = gtané, from which one can write cosf = g//g? + g2 and sinf =

g'/v/ g%+ g’. Finally, Eq. (42) implies that gsin® = e. Everything can be summarized by the Gell-Mann formula

Y
Q=%h+§> (43)

if the leptonic isospin doublet is assigned a “weak isospin” I = 1/2 such that the neutrino has a third component I3 =1/2
while the electron is such that I3 = —1/2. Of course the right-handed particles are such that I = 0. Returning to Eq. (28)
and using the above equations, we see that the photons remains mass-less if Yy = 1. This also allows us to determine the
mass of the gauge bosons and one arrives at

2,2

mly = 5 (44)
2 2

2 2( & g . my,+

m%5 =2v*|[ = cosf + =sinf | = ———— 45

z (2 + 2 ) cos2 6 (45)

One also easily proves that the coefficient of the cross-term Z,, A* vanishes. Finally, looking at Eq. (26), one establishes that
the Higgs mass is given by

mﬁ =v? (46)

and, from the expression of the potential (26), one finds the expression of its value at the minimum
4
my

4 4 47)
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in agreement with what we had before. Using the expression of the Higgs mass, one can re-write this expression as

1
pac=V((Z)=v) = - miv® (48)
We see that in order to calculate the vacuum energy, we need to know v and the Higgs mass. Let us first discuss how
the vacuum expectation value of the Higgs can be obtained. For this purpose, we focus on the term in the electroweak
Lagrangian describing the interaction between leptons and charged gauge bosons (the so-called charged currents). From the
above considerations, see Eq. (38), they are given by

g i= _ g i_
Lintl-w = EUIO’MWM eL + Ee{a“WIvL (49)
It is easy to verify by an explicit calculation that it can be re-expressed in terms of Dirac spinors! as
& = ul=Vvs
Lintl-w = E vy VM T W;L ¥,
g — 1-— V4 +
+ =y yH W, 50
ﬁ eV 2 n v ( )
which is similar to the Fermi theory for the weak interaction described by the following Lagrangian
Gr
Lfermi = EJ)J” (51)

with J, = ]f\e) + ];’” (i.e. an electronic and a muonic part) where the current is given by ]f) =T,y (1 — y5)¥, and

a similar definition for ]i”) . If, for instance we consider the decay of muon into an electron, a muonic neutrino and an
anti-electronic neutrino, described by the graph

(52)
the two theories will lead to the same leading contribution at small energies if the following identification is made
2
G
£ -t (53)
8my, 2

Indeed, the appearance of the gauge boson mass comes from the propagators of W. At small momenta compared to the
mass, only my remains and the above graph is in fact equivalent to the graph corresponding to the Fermi theory. Then,
using the expression of the W-bosons mass established before, m2W = g?v?/2, one arrives at

2 V2

vi=— 54
4G2 (54)

Notice that there is a factor +/2 difference with respect to the textbook [20] because we have defined the Higgs as v+ H/+/2
instead of (v + H)/+/2. The Fermi constant is given by Gr~ 1.16 x 10~ (GeV)~2. Therefore,
v >~175GeV (55)

or +/2v >~ 246 GeV. We see that we have been able to calculate the Higgs vacuum expectation value v. As a consequence,
Eq. (48) reads

2
V2my

- 56
16 G2 (56)

Pvac =

The mass of the Higgs boson is not known although, at the time of writing, there are reasons to believe that my < 129 GeV
at 95% CL [46] (there are even reasons to believe that my =~ 125 GeV but this is not yet established at a sufficient statistical
level at the time of writing). Therefore, we find that

T Let us recall that they are defined by the following expression

_(«
“-(a)

and a similar expression for ¥,,.
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PEN ~ 1.2 x 108 GeV* ~ —10° pyi (57)

where pqi =~ 10~47 GeV* is the critical energy density today. As will be discussed in the following, this result is in fact in
contradiction with various observations.

To conclude this section, let us recall that one can always adjust the vacuum energy today to zero by tuning the parame-
ter Vo. This is clearly not a very satisfactory method and this implies that the vacuum energy density was huge prior to the
electroweak phase transition. It is also worth noticing that this problem is not specific to the electroweak transition. Exactly
the same discussion could be presented for the Quantum Chromo Dynamics (QCD) transition [3,8] (for instance) and would
lead to the same problem since

P& ~ 1072 GeV* ~ 10% pyi (58)

Moreover, as we are now going to discuss in detail, even if we “solve” the classical cosmological constant by tuning the
vacuum energy to zero, see Eq. (8), the problem reappears at the quantum level. Indeed, we have seen that the zero-point
quantum fluctuations also give a contribution to the cosmological constant, see Eq. (5). The goal of the next section is to
estimate the corresponding energy density.

4. The quantum-mechanical cosmological constant problem

We have seen that, even if we solve the classical cosmological constant problem and find a convincing reason to put the
minimum of the potential to zero, pyac is a quantity which also receives contributions from the zero-point fluctuations of
all the quantum fields present in the Universe. We now discuss this “quantum-mechanical” cosmological constant problem.
In principle, the corresponding vacuum energy density can be estimated from first principles. The goal of this section
(and of Section 6) is to carry out this task. We will first discuss how the Lorentz invariance affects the calculation of
the vacuum energy, see the next Section 4.1. Then, in Section 4.2, we will show how this question can be formulated in
terms of Feynman diagrams. In Section 4.3, we will also evaluate the vacuum energy not only for a free theory as usually
done but also in the more realistic case where interactions are present. Finally, in order to understand better the origin
of the vacuum energy density, in Sections 5.1 and 5.2, we will address the same question but in the context of ordinary
quantum mechanics. This will allow us in Sections 5.3 and 5.4 to discuss in more detail the properties of the so-called
bubble diagrams from which the cosmological constant originates. As mentioned above, all the fields present in the Universe
participate in the vacuum energy. Therefore, we need to do the calculation for scalar, fermion and vector fields. Here, in
a first step, we carry out the calculation for a real scalar field. The other types will be treated later on in Section 7. For
simplicity, we will also consider that the metric is flat and that the fields live in Minkowski space-time. A sloppy justification
is that the main contribution to the vacuum energy density comes from modes with very high momenta, corresponding to
scales at which the curvature of space-time is negligible. In fact, we will come back to this very important question in more
detail in what follows and will try to discuss this point in a more rigorous way, see Section 8.

4.1. The zero-point energy density

Let us consider a simple real free scalar field with the potential V (®) = m?®2/2 where m is the mass of the scalar
particle. In flat space-time, the equation of motion is nothing but the Klein-Gordon equation, namely

& 487330 —m*’® =0 (59)
Since the scalar field is free, the equation of motion is linear and, as a consequence, one can Fourier expand & (t, x) as
1 d3k
m)32 | 2o

(D(t, X) — (Cke—iwt+ik»x + Czeiwt—ik-x) (60)

with

wk) = Vk2 +m? (61)

The four-dimensional momentum has been written as k* = (k, k) and the integration is performed over its spatial part
only. We have used the notation |k| = k. Its time component is given by k® = w. As usual, the field has been quantized
by considering cj and CL (the so-called annihilation and creation operators) as quantum operators satisfying the following
commutation relation:

[ck.ch,] =8 (k— K (62)

This equation is in fact equivalent to the standard commutation rule between the field operator and its conjugate momen-
tum.

We are now in a position where one can compute (0|T,[0). From Eq. (7), we see that we must first evaluate the mean
values of various quantities depending on the field operator and its derivatives. Straightforward calculations lead to
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PPN / ek,
(0|@°|0) = 23 ] 2000 ® (k) (63)
N 1 d’k
1] q. ) _ 2
(0187 3;03;®|0) = (2m3/2w(k) k (64)
0102(0) — 1 / d3k (65)
0[2710) = @23 | 2wk)

These equations can then be used to determine the energy density and pressure of the vacuum. From the above expres-
sion (7) of the stress-energy tensor, one has

1., 1. 1
TOO=H=5¢2+55”a,-<pa,-q>+5m2<p2 (66)

where H denotes the Hamiltonian density. This leads to the following expression for the energy density o = uu"T,
measured by a fundamental observer characterized by its four-velocity vector u® = (1, 0)

1 1
= (0|u®u®Tgo|0 :——fd3ka) k 67
(p)= (0| 00/0} an) 2 (k) (67)
In the same manner, one can easily estimate the pressure. One obtains

1

(p) = <0‘§ LMV Ty 0>
1. 1 . 1

=(0|-®% - ~8U3;®0;® — —m*®?
2 6 2

where L*V= gl¥ +utuY is a projector. Upon using the expressions (63), (64) and (65), one arrives at the following expres-
sion:

o> (68)

1 1 k2
= = [ dPk— 69
P =G e f ) (69)
Notice that we also have
1 1
OITail0) =~ 5255 3 / &> kki =0 (70)

and, hence, we do not need to consider to off-diagonal elements. This completes our calculation of the vacuum stress-energy
tensor.
From the above considerations, using Eq. (11), we deduce that

K 1
Aeff = Ap + W/d3k§a)(k) (71)
The obvious problem with the previous calculation is that the integrals expressing the energy density (o) and the pres-
sure (p) blow up in the ultra-violet regime (and, therefore, strictly speaking, the effective cosmological constant is in fact
infinite). This is of course a well-known problem in quantum field theory. Usually, this type of divergences is ignored (or
sometimes removed by mean of the normal ordering product) because, in absence of gravity, only differences of energy
can be detected [16,17]. However, in the present context, this is clearly no longer the case since the absolute value of the
vacuum energy weighs and, therefore, can be measured. This is why regularizing these infinities becomes a crucial issue
that we now discuss in some details.

The common method found in the literature is to introduce a cut-off at k = M, where the physical interpretation of M
is that this is the scale at which the effective theory used before breaks down [2,4,5,7,9]. The quantity M is not known: it
could be the Planck scale, the string scale or even the super-symmetric breaking scale. As we will see later on, this is in
fact not important because the cosmological constant problem is present regardless of the precise value of the cut-off. In
this approach, the energy density becomes

M
1
(p):m dkk*v/k2 + m? (72)
0
_ ML m (i (M M (73)
~ 1672 M2 2 M? 2M4 \m m M2

M4 m?2
= (1+= 4. 74
16n2< Tt ) (74)
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where, in the last expression, we have expanded the exact expression in terms of the small parameter m/M. We see that
the divergence is quartic in the cut-off scale. Let us now perform the same calculation for the pressure. Using Eq. (69), one
obtains

M
<p>=1i/dkL (75)
saw | Y e
:1M_4|: ]+m_2<]_§m_2)+§m_4]n<M+M 1+m_2)] (76)
31672 V M? 2 M? 2 M4 m m M?2
:1M4<1_mz+...) (77)
31672 M?2

It is clear from the previous expressions that (p)/{(p) # —1 which indicates that the stress-energy tensor is not of the form
o —pguv. In the limit m — 0, as can be easily shown from Eqs. (74) and (77), the equation of state is in fact (p)/(p) =1/3.
This would mean that the zero point fluctuations do not behave like a cosmological constant but rather like radiation. On
the other hand, this result seems to be strange since we know from fundamental considerations that the stress-energy
tensor of a system in its ground state must be proportional to the metric tensor. Clearly, something has gone wrong is our
calculation.

Interestingly enough, let us also note in passing that if one only focuses on the logarithmic terms, namely

4 2
log _ __™M 1 M. M 1 m- 78
Py 3272 n(m + m + M2 (78)
4 2
g _ M (M M m 79
) 3272 n(m + m + M2 (79)

then the equation of state of the vacuum is correctly reproduced (even if the energy density can be negative). In fact, as we
explain below, this is not a coincidence [47].

It is easy to check that the previous considerations are not an artifact of the fact that we have introduced a sharp cut-off.
Indeed, if rather than a sharp cut-off in the upper limit of the integrals, one introduces a smooth exponential cut-off, one
obtains (for simplicity, one only considers the case m = 0),

- _1re
/ ki3e e (80)
0
1 4
=——6M (81)

472

where we have written &« = 1/M and where I'(z) is the Euler’s integral of the second kind [48,49]. One recovers our familiar
quartic divergence. Doing the same manipulation for the pressure, one obtains again that (p)/(p) =1/3.

In fact, what has gone wrong is that we have used schemes of regularization that do not respect the symmetry of our
underlying theory [47,50,51]. Indeed, the Lorentz invariance is broken when we impose a cut-off on the spatial momentum
only. As exemplified by Eq. (81), it is easy to show that this is a feature of any regularization scheme breaking Lorentz
invariance and not a specific property of the particular cut-off scheme used above (and usually used in the literature). In
fact, this property is well known in the context of gauge theories. If one regulates divergent graphs with a method that is
not gauge invariant, then one obtains incorrect results [52]. Here, the situation is very similar.

Therefore, in order to meaningfully evaluate the zero-point energy density, one must use a regularization scheme that
does not break Lorentz invariance [47,50,51]. An obvious choice is dimensional regularization and we now explore this
route. In order to use this method, we first reformulate our problem in a d-dimensional Minkowski space-time. Obviously,
the Klein-Gordon equation (59) remains unchanged except that the indices of the Kronecker symbol now run from 0 to
d — 1. The Fourier expansion of the field becomes [compare with Eq. (60)]

1 di-k
(2m)@d=0/2 2w(k)

O(t,x) = (Cke—iwt-ﬁ-ik-x + Czeia)t—ik-x) (82)

and, as a consequence, the energy density can be expressed as

(p) = /dd Tk w(k) (83)

(27T)(d 02
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'u’47d 1 *®
= a3 / dkk42 4922 w(k) (84)
e
0

where we have introduced a scale w in order for the equation to be dimensionally correct. This equation should be
compared with Eq. (67). Then, using the fact that the angular integrals can be easily performed, namely [ di—20 =
2r@-1/2/1(d/2 — 1/2), where, again, I'(z) is the Euler’s integral of the second kind [48,49], one obtains

4 d
r(—d/2) (m
oy =L L4/ m (85)
2(4m)@=-D/2 M (-1/2) \ u
Performing the same calculation for the pressure, one arrives at a similar expression
4-d 2
K 1 -1y, K
= d“ 'k —— 86
2 Qm)@-b 2d-1) / wk) (86)
ut r=ds2) (m\4
_ m (87)
4(4m)@=v/2 r(1/2) \p

But I"'(—1/2) = —2I'(1/2) and, as a consequence,

(p)=—(p) (88)

This time, as expected, we have obtained the equation of state of the vacuum. The fact that the regularization method used
satisfies the Lorentz symmetry has led us to the correct result.

The consistency of the above result can be checked in a different manner [47]. Using Eqs. (83) and (86) for the energy
density and the pressure, one sees that they satisfy the following differential equation:

d{p)

(p) —2m? 5 =(d = 1)(p) (89)
m
Using the fact that (p) = —(p) one obtains
2d(p) _d

which can be integrated to give (p) ocm? in full agreement with Eq. (85). Therefore, we conclude that the above considera-
tions are all consistent.

Let us now analyze in more details the structure of the divergences. For this purpose one writes d =4 — €, where € is
supposed to be a small parameter, and we expand (o) in terms of €. The Euler function is such that

r(—248)=—" ! (146 (91)
(_ +§>_—2+e/2—1+e/2m ( +§>

with I'(1 +€/2) ~T' (1) +€l’(1)/2, I''(1) =¥ (1)I"'(1) where ¥ is the Polygamma function [48,49] and ¥ (1) = —y ~
0.57772 the Euler-Mascheroni constant [48,49]. If, in addition, we use the two following expansions:

1 €
~3/24€/2 €
(4m) = am)i |:1 + 5 ln(4n)} (92)

)= 0

then one arrives at the following expression for the energy density of the vacuum:

oy~ 23 m(-™ )]+ (94)
PI="6ang2|e T2 7Y 47T 42

Using a MS renormalization scheme convention [MS means “modified minimal subtraction” and simply consists in subtract-
ing the pole ~ 1/¢ together with the accompanying terms y and In(4m), see Chapter 11 of Ref. [16]; in fact, here, we
slightly modify the convention such that the term 3/2 is subtracted as well], the regularized, finite, energy density of the
vacuum now reads

m4 m?
0 =gz (7 ) (95)

This result is very different from the result obtained by imposing a sharp cut-off. In fact, one recovers the structures of the
logarithm terms found in Eqs. (78) and (79) since it is well known that the dimensional regularization scheme removes the
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power law terms. As discussed around Egs. (78) and (79), this is the reason why those terms lead to the correct vacuum
equation of state. We see that the result is not proportional to the cut-off scale to the power four, as usually claimed on
dimensional grounds, but to the mass of the particle to the power four, which is also dimensionally correct. Physically, for
instance, this means that the photon does not contribute to the vacuum energy density contrary to what a sharp cut-off
calculation would predict. Therefore, the order of magnitude of the final result can a priori be very different. We also notice
that the sign of (p) can change according to m > y or m < . Of course, it remains to be seen whether this could solve
the cosmological constant problem and we will argue below that, unfortunately, the answer to this question is no. It should
also be kept in mind that the above calculation is valid for free fields. It is clear that a more realistic version should take
into account the interactions and we will also consider this issue in the following. However, before addressing these various
points and in order to gain further physical insights, we would like to investigate again the above issues, this time from the
Feynman diagrams point of view. We turn to this question in the next subsection.

4.2. The vacuum and the Feynman diagrams

We have seen in the last subsection that the vacuum contribution to the cosmological constant is given in terms of
divergent integrals. A priori, there is no reason to be surprised since divergent integrals are routinely found in quantum field
theory. We have the method of renormalization at our disposal to get rid of these infinities and the so accurate predictions
of particle physics are here to remind us that this is a very convincing way of taming these divergences. However, we will
see that the divergent integrals that we encounter when we calculate the vacuum energy are in fact of a different nature
than the divergent integrals met when we calculate, say, a cross section. In order to discuss this point in more detail and to
understand better the structure of these divergences, we now briefly return to some textbook considerations [16-22].

In quantum field theory, the basic object is the generating functional defined by the following path integral (we still
restrict our considerations to a simple scalar field):

Z[]]:N/D(D exp{i/d4x[£+](x)q§(x)]} (96)

where N is a number chosen such that Z[ ] = 0] = 1. The quantity £ is the Lagrangian density while J represents a source
coupled to the scalar field. From the generating functional, one can compute the various correlation functions

G™(xy -+ %) = (R|T[®(x1) - P (xn)]122) (97)

_(1)" 8"Z(J1
RNV TCORENEN

where |£2) denotes the vacuum state of the theory. We distinguish it from |0) which denotes the vacuum state of the
theory without interaction. In this last case, the generating functional can be computed exactly. It reads (notice that we
have Zo[0] =1 and that the “0” subscript indicates that we refer to the free theory)

(98)

J=0

1
ZolJ1= exp[—i / d*xd®y Jx)Dr(x - y)](y)} (99)
where Df is the Feynman propagator defined by the following expression:
DE(x1 — X2) = (2|T[@(x1) P (x2)]|£2) (100)
T denoting the time ordered product. As is well known, the propagator can be conveniently expressed in Fourier space as
i d*k I
Dr(x1 — x R — 4elk/l.'(x] 7X2) 101
F(X1 —X2) (271)4/k2+m2 (101)

In presence of interactions, one can write £ = Lo + Lin Where Ly represents the self-interacting part of the Lagrangian
density. In this case the generating functional can be written as

. 1 6
ZU]=Nexp{1/d“xﬁim[;m]}zo[n (102)
where, in order to have the correct normalization, the factor A’ must be given by
1 . 4 1 ¢
N7 =expli | A% Line| ———— [ ZolJ] (103)
i8](x) =0

As explained in the standard quantum field theory textbooks, the above expressions (102) and (103) are particularly well
suited for a perturbative expansion. For instance, if we want to calculate the generating functional for the case of a quartic
theory Lin = A®*/4!, where A is the coupling constant, we are led to the following expansion in A
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Z1=N|1-i2 /d“x1 52olJ] + (104)
- 4! it 8J(x)4

As usual, the various terms that appear in this expansion can be graphically represented by Feynman diagrams. The Feynman
rules of the theory in real space are given by

D(x1 —x2) = (105)
—lk/d“x— X (106)
i/d“x](x)zo— (107)

and a loop for a propagator evaluated at the same point in space-time. This completes our quick reminder of the basics of
field theory that we need in the following.

Now, we compute the energy density of a free scalar field (the interacting case is treated in the next subsection) using
the tools that we have just presented. In fact, it is interesting to calculate the trace of the stress-energy tensor. Upon using
Eq. (7), one obtains

(T) =(n""Tyuv)=—(p) + (d — 1(p) (108)
Then, since the energy density and the pressure are given by Eqgs. (83) and (86), the above relation can be re-expressed as
aqg [ Ak m?
2m)d=1 2w(k)

But, from Eqgs. (100) and (101), and now specifying to the case d =4, one has

De(0) = / d i / dk® d’k (110)

VT emd ) kem? T @t ] —(0)? + o2

where we have distinguished the integration over the time and space components of the momentum. Using the identity

[ dkO/[—(K®)? + w?] = —7 /(iw), see also Eq. (154), this leads to
Dp(0) = @k (111)
Y= 2o
or, in other words,
(T) =m?Dg(0) (112)

But, if we now use the fact that (p) = —(p), Eq. (108) can also be written as (T) = —d(p). As a consequence, Eq. (112)
implies that
m?
(o) =——~Dr(0) (113)

This equation can also be obtained by a direct calculation. Indeed, one has

Deco) - [ dkOdT Tk (114)
FO) = oy / — (k92 + w2
d wt (- d/Z)( )d a1s)
- m2 2(4m)@=D/2 T(=1/2)
d
=) (116)

where, in the second step of the calculation, we have used dimensional regularization. Now, using Eq. (11) and the Feynman
rule stipulating that a propagator evaluated at the same point is represented by a loop, one can re-write the cosmological
constant as

m2
Aeff=AB—KTO (117)

In other words, the cosmological constant is given by a “bubble diagram”, i.e. a diagram that has no external leg.
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We have just established that the vacuum energy density, or equivalently the cosmological constant, can be expressed
in term of a bubble diagram. This type of diagram plays a special role in quantum field theory and we will discuss this
point in more detail in the following next subsections. In order to develop our intuition, let us first calculate explicitly the
generating function in the case of a self-interacting scalar field. The calculation is straightforward and upon using Eq. (99),
this leads to

A [ g 18201 x PRECS [ . - ]2
14! dxi4 5J00% 14!{3/de 0) B/de(O) /d yDx—y)] ()

4
+/d4x[/d4yn<x—y>1(y>] }zom+~-- (118)

=4l,<3OO +60—Q—o +><+--->zo[j] (119)

One notices the appearance of a “bubble diagram” (the first one), similar (i.e. with no external leg) but not identical to the
one encountered in the calculation of the cosmological constant. We also have a diagram with a loop (the second one) but
with external legs and a diagram with no loop (the last one). All the diagram with loops (that is to say the two first ones)
are divergent in quantum field theory. Nevertheless, the bubble diagram and the loop diagram play in fact a very different
role as we are going to see. Let us now calculate the normalization N, see Eq. (103). It uses the same expression as before
but with ] =0 which means that all the diagram containing a source disappear. As a consequence, we have

3
—1
N 1 4! % (120)

We can now gather everything and compute the generating functional. Upon using the expression (104) and the re-
sults (119) and (120), one arrives at

Z[J]=[1+;<60—Q—0+X>+--}e5’_' (121)

We see that the bubble diagram has canceled in the final expression. Since all the predictions (cross-sections, etc. ...) follow
from the calculation of the generating functional, we see that the bubble diagrams never contribute, in absence of gravity,
to any observables. On the contrary, when the gravitational field is turned on, the bubble diagrams become important and
can affect the predictions of the theory. In summary, the cosmological constant problem can be viewed as the appearance
of a new type of divergent graphs. As demonstrated with Eq. (95), these graphs can be regularized but, as will be discussed
below, the regularized value seems to be incompatible with some astrophysical observations.

4.3. The vacuum in presence of interactions

So far we have calculated the vacuum energy density for a free field. It is natural to ask what happens when one
considers interaction [50] since we know that a realistic model necessarily contains such terms. For this purpose, let us
therefore consider again a simple self-interacting scalar field with L;,. = A®%/4!. As a consequence, this adds the following
contribution to the energy density of the vacuum:

Aa 3h 52 A,
A,O_I@f) )_E@ ) _gDF(O) (122)

i
= 8fd4xOO (123)

where, on the first line in the above expression, we have used the fact that the vacuum wave-functional is a Gaussian. As
expected, this new term is also given by a bubble diagram. However, one should not forget that, when interaction is present,
one must also renormalize the mass. As is well known, at one loop, the renormalization of the mass comes from the tadpole
diagram. More precisely, one has to calculate the correction to the propagator. It is given by the following expression:

1
(2IT[®(x1)P(x2)]12) = o———o +§o—Q—o+~-- (124)

or, in terms of explicit expressions (see Eq. (101))
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ix
(@IT[#00)®2))12) = Detxs = x2) ~ 5 [ a*Ds(x1 ~0DRODs(x— )+ (129)
i d*p ity TA 1 elpu-( =%y
_ Pu-(X) —X5) 4
= ot | e+ F0r0 o [+ .
i d*p A 1
. pu-(X) —x5)
. 4
_ / d*p eiPu(xy =) 4. (128)
@m)* ) p%+m2—Dg(0)/2

where the last equation is equivalent to the previous one at leading order in the coupling constant. We see that this implies
the following redefinition (or renormalization) of the mass:

A
m2,, =m? — > Dr(@) (129)

As a consequence, the vacuum energy which is now the sum of the free contribution (113) and of the contribution (122),
which originates from the self-interaction of the field, can be re-expressed as

(0=~ br@ + 2 D20)
pP)= 2 F g UF

= m?‘*“D (0) iy ) |D (0)+AD2(O)

T a g2 F g F

m2

= —%DF(O) (130)
where, in the second line, we have used Eq. (129). The extra contribution coming from the interacting term is exactly
canceled by the renormalization of the mass [50,53]. In other words, one sees that the presence of the interaction has not
modified the expression of the vacuum energy density (113), at least at one loop, provided the final result is expressed in
terms of the renormalized mass rather than the bare one.

5. Bubble diagrams

The previous sections have shown the central role played by bubble diagrams in the vacuum energy problem. These
diagrams do not affect the physical predictions when the gravitational field is turned off and this is why, in standard
quantum field theory, there are usually ignored. In this section, we wish to discuss in more detail this type of diagram. For
this purpose, we will analyze them in ordinary quantum mechanics where the technical aspects are less complicated and
where the interpretation is easier [54-56].
5.1. Quantum mechanics as a field theory

Let us start with the simplest quantum-mechanical system, namely the one-dimensional harmonic oscillator. Let us
denote by x(t) the position of the particle evolving into a parabolic potential. Then, the corresponding Lagrangian is given
by

1 1
L(x, x) = Emkz — 5ma)zx2 (131)

where m is the mass of the particle and w is the effective frequency. Then, let us define the “scalar field” & (t) by

@ (t) = V/mx(t) (132)
which implies that @ has dimension —1/2. As a consequence, the Lagrangian now reads
2 2
[=— - —¢? (133)
2 2

This Lagrangian is similar to that which one encounters in field theory for a free scalar field. This means that all the
techniques of quantum field theory can in fact be used in ordinary quantum mechanics. Of course, this does not lead to
genuine new results since both approaches are equivalent but this can shed a new light of some physical results. This is the
strategy that we use here applied to the vacuum energy problem. We now quickly remind how the formalism of quantum
field theory can be implemented in quantum mechanics. We will also compare this approach to the standard approach of
quantum mechanics. The first step is to define the conjugate momentum. It is given by
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oL .
Ity = — =o(t 134
) Y ) (134)
and this leads to the following Hamiltonian
n?  w?
H=— + —a? 135
2 + 2 (135)
The next step is to introduce the creation and annihilation ¢’ and ¢ operators. They are defined by the expressions
1
®=—(c"+c (136)
(' +0)

H:i\/g(cT —0) (137)

As usual one can check that [®, IT] =i implies [c, c']= 1. As it is standard in field theory, we now work in the Heisenberg
picture where the operators are time dependent. A straightforward calculation shows that the Hamiltonian can be expressed
as

0]
H= E(ccT—i-cTc) (138)
This allows us to calculate the time evolution of the operator c. Indeed, the Heisenberg equation reads
dc
i— =[c,H]=wc 139
ar 1 H (139)

from which we deduce that

c(t) = c(0)e ™" =coe ™" (140)

As a consequence, the field operator can be written in terms of the creation and annihilation operators in a way which is
very similar to Eq. (60), namely

1 . .
D(t) = ——(coe ™ + cge"”t) (141)

V2w

Of course we do not have an integral over the Fourier modes because, in quantum mechanics, we deal with a single
harmonic oscillator as opposed to an infinite collection of harmonic oscillators in field theory.

At this level, the theory is known exactly. It is clear that the most interesting part is in fact the treatment of the
interactions which, in field theory, is based on the calculation of the Feynman diagrams. Since this calculation is itself based
on the calculation of the propagator, one must now evaluate it for our simple system. It is defined by an equation similar
to Eq. (100), namely

D(t1,t2) = (O|T[@ (t) P (t2)]10) (142)
where we recall that the time ordered product is defined by

D(t))P(t2), t1>1t;
D(t2)P(t1), t2>ty

Then, the calculation proceeds straightforwardly and one obtains for t; > t;

T[@ () ()] = {

1 » i » b it
D(t1,t2)=<0'— coe M 4 clel®t) — (cpeT?2 4 ¢l e!®2) |0 (143)
726 ) T2 o)
= Lot (144)
2w
and, in a similar way if t; > tq,
1 » o 1 . ot
D(t1,t2) =<O‘— coe 12 4 ¢l i@tz coe 't 4 clel®tt) |0 (145)
V2o ( 0 )m ( o)
_ 1 ot (146)
2w

The two previous equations can be summarized into a single one

1 .
D(t1,tp) = %e"“"“‘“‘ (147)
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Fig. 3. Contours in the complex time plane used to calculate the Feynman propagators of the one-dimensional harmonic oscillator. As usual, there are two
poles on the real axis that can be avoided by going along the two small red circles. The final contour is closed by a large blue circle of radius R.

We see that the system is so simple that we obtain an explicit expression of the propagator in real space (in fact, in field
theory, there is also an expression of the propagator in real space but it is not so often used because of its complexity
- it is given in terms of ordinary and modified Bessel functions). Nevertheless, in order to compare with the standard
approach and Eq. (101), it is interesting to obtain the expression of the propagator in Fourier space. The Fourier transform
of a function f(t) is defined by

+o0
1 .
f(t):E/f(E)e'EtdE (148)

The calculation is easy and well known. Here, for convenience, we quickly remind how it proceeds. For that purpose, let us
consider the function
efizt

f@= > (149)
- —w

It has two poles at z= +w on the real axis, see Fig. 3. We assume that t > 0 and consider the following contour: along
the real axis with two small circles Ff around the two poles (the circle around z = —w goes into the lower part of the
complex plane while the circle around z = +w goes into the upper part); and we complete by a big circle Iy going into
the lower part of the complex plane. In this case, only the pole z=+w is inside the contour I' =R U Ff Uy, see Fig. 3.

We have

. . |z]e¥®t
lim |zf(2)|= lim S— = (150)
|z]—> 00 |z|>00 2 — W

since J(z) < 0 in the lower part of the complex plan. According to the first Jordan lemma, this means that the integral on
the big circle vanishes. In the same way, we have lim,_,¢|zf(z)| =0 and the second Jordan lemma tells that the integral
on Fei is also zero. Then, using the fact that f(z) = P(z)/Q(z) and that, in this case, the residue can be written as

Res(f,z) = P(2)/Q’(2), one obtains

—iwt
Res(f,z=4w) = (151)
2w
As a consequence
. . 0
i i
li — =—
R;Too[Zﬂ /f(z) dz] 2 / [@dz
r —00
= L x —2imRes(f,z=+w)
2
—iwt
_¢ (152)

2w
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where the minus sign in the second line comes from the fact that the contour is clockwise (i.e. opposite to the direct
direction).

Now if t < 0, then the big circle is taken in the upper plane. As a consequence, the pole inside the contour is now the
one located at z= —w. Therefore,

i il
E/f(z)dz:E/f(z)dz
I —00

i
=— 2imRes(f,z=—w
o7 <t (f )

eia)t
= 153
7 (153)

The previous considerations allow us to conclude that
i P ikt e—iolt]
— dE = =D(t 154
2 / E?2 — »? 2w ® (154)
—00

that is to say we have established the Fourier transform of the propagator. It should be obvious that the above equation is
the counterpart of Eq. (101). As in field theory, we will show that it can be used to develop a perturbative method which
allows us to take into account interactions.

5.2. Perturbation theory in quantum mechanics

Before discussing our main subject, we need to explain how the Feynman diagrams can be used in quantum mechan-
ics [55,56]. Usually, in quantum mechanics, the perturbation theory is not based on Feynman diagrams [57]. This gives the
impression that the techniques of field theory are very different. In fact, as we now demonstrate, these techniques can also
be utilized in ordinary quantum mechanics [54] and, obviously (as could have been guessed from the very beginning), they
lead to the same physical predictions. In the following, we will discuss this question and compare the two approaches in
some details. We believe that this can improve our physical understanding of the vacuum energy problem.

In order to achieve the above mentioned task, we need to recall how interactions are treated in quantum mechanics. For
this purpose, let us consider a system obeying the following Schrédinger equation:

idl‘I’(f))s
dt

where H(ps, xs) is the Hamiltonian operator. The above equation is written in the Schrodinger representation, hence the
subscript “S”. Then, one can define the evolution operator U(t,t;) which relates the state vector at the time t to the state
vector at some initial time t; <t by the following expression:

= H(ps. xs)| ¥ (t))s (155)

|¥ (D) = Ut t) | () (156)
This operator obeys
iL;’ % _ juer) (157)

and, provided the Hamiltonian is not explicitly time dependent, it can also be written as

Ut t;) =e HE0 (158)

Of course, in this representation, the operator ps and xs are time independent since only the state can change with time.
One the contrary, in the Heisenberg representation, the state vector does not evolve and can be expressed in terms of
the Schrodinger state vector evaluated at some reference time t = ¢,

@)1 = |¥(to)) (159)

Notice that the reference time is arbitrary and is not necessarily t;. In this picture, the operators are time-dependent and,
for instance, xy(t) is given by

xu(t) = UT(¢, to)xsU(t, to) (160)

such that xy(tp) = xs. In this picture, the time evolution of the operators is computed from the Heisenberg equation which
reads
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dxy . oUT(t, to) - U (t, to)

i— =i——xsU(t, ¢t iU'(t, tg)xs ——— 161

i EY: sU(t, tg) + iU (¢, to)xs T (161)
= —UTHxsU + UTxsHU (162)
= [xs, H] (163)

where in the second line we have used that —idUT/at = UTH.
Let us now consider the case where interactions are explicitly present. We assume that the corresponding Hamiltonian
can be split into two parts, one corresponding to the free theory and one corresponding to the interactions
H=Ho + Hint (164)

We also assume that Hjp is a small perturbation. The free evolution, due to the free Hamiltonian Hy, is described by the
evolution operator Uy. This operator is of course different from U which describes the full evolution with the interactions
taken into account. Clearly, Uy can be expressed as
Uo(t, tj) = e~ Ho(t=t) (165)
Then the idea is to factor out the free evolution (which is supposed to be known) and to focus on the time evolution due
to the perturbation on top of the free evolution. For this purpose, we define the interaction representation by (again, the
representations are supposed to coincide when t = tg)
x(t) = Ut to)xsUo (. to) (166)
— eiHo(t—to)XSe—ng(t—to) (167)

Clearly x;(t) is different from xy(t) because its time evolution is “generated” only by the free Hamiltonian and not by the
total one. Let us now calculate the equation of motion of x;(t). One has

dX]

o = Hoxi + elHo—to) xo  _jHqe iHo=to) (168)
=i[Ho, x1] (169)

Therefore, the time evolution of x(t) is controlled by the free Hamiltonian. This evolution is supposed to be known. In the
same manner, we define the state vector in the interaction picture by
(), = Udt. to) | () (170)

As a consequence, in the interaction picture, both the state vectors and the operators are time dependent. The equation
obeyed by the state vector is given by

di¥) di¥)s

i—g = Hol¥)i+ e"”O“—ffﬂiT (171)
= —Hoe'M0=10)|@)g 4 eHoC=10) (g 4 Hipo) |W)s (172)
= /Mot~ gy W) (173)
= eMo(t10) Hyppe "Moo} ), (174)
= H||¥); (175)

where H| = Ug(t, to)HintUo (t, to) in agreement with the definition (166). The time evolution of |¥); is therefore generated
only by the interacting Hamiltonian. Then, it is natural to define the evolution operator in the interaction picture. This
operator is associated with the Schrédinger equation (175). Its definition reads

(@ (1), = Uit t) | (1), (176)
Of course U is different from Ug (and from U). A straightforward calculation shows that it can also be expressed as
t
Ui(t, tp) :Texp|:—i/drH1(r)i| (177)
t
Another expression for U is based on the following considerations. From Eqgs. (176) and (170), we have
@ (D)), = Uit t)| ¥ (1), (178)
= Ui(t, t) U (ti, to) | W (£) (179)

= Ul to)|w ) (180)
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Therefore, one obtains

| (©) = Uo(t, to)Ur(t, t) U (i, t0) | (&) (181)
=U (. )| (t))s (182)
from which we deduce that
Ut ty) = Uo(t, to)Us(t, ) U} (81, t0) (183)
or
Uit, 1) = U (¢, to) U e, 6) U] (5, t0) (184)
— eiHo(ffto)efiH(tfti)efiHo(tifto) (185)

This expression is very natural since it expresses nothing but the fact that the full evolution of the system is just the
combination of the free evolution and of the evolution due to the interacting term. Let us also remark that one can write

xi(t) = Ug)(f, to)xsUo(t, to) (186)
= U (t, to)U (¢, to)xuUT (¢, o) Uo(t, to) (187)
= eiflo(t—to) =iH(t=t0)y, (1) aiH(t=t0) g=iHo(t~t0) (188)
= Ui(t, to)xu(OU] (¢, to) (189)

Again, this result is very intuitive and expresses the fact that, in the interacting picture, the free evolution of the operators
is factorized out.

After these preliminaries, one can now derive the Gell-Mann Law equation which is at the heart of the perturbative
treatment presented in what follows. Let |n;) be the energy eigenstates of the full Hamiltonian, i.e. the free Hamiltonian
plus the Hamiltonian describing the interactions. We denote the true vacuum state by |0;) = |£2), in agreement with the
conventions adopted in the previous subsections. Then, one can always expand the vacuum state of the free theory according
to

10) =" |m)(m|0) (190)
n=0
=[2)(210)+ ) _ Im)(m|0) (191)
n#0

As a consequence, applying the operator e~iH(+t0) to the above relation, one obtains

e—iH(f+f0)|0) _ e—iEo(t+to)|_Q)(_Q|0)

oo
+ ) e Bt ) (g 0) (192)
n#0

Then, we take the limit ¢ — oo(1 — i€). This kills all the terms on the right-hand side but the first one. Indeed, we have
En > Eo (n# 0) and this means that e"Eof‘ goes to zero less rapidly than all the other exponential terms. Therefore, in
this limit, Eq. (192) reads e~ H({+0)|0) ~ e—iEo(t+10)| 2 (£2|0) and, by inverting this formula, this allows us to express the
interacting vacuum as

eon(f+t0)

)= lim ————e H(t+)|q) (193)
t—oo(1—ie) (£2]0)

iEg(t+to)
— n erorTo e—iH(+0) giHo(t+t0) )

lim
t—oo(1—ie) (£2]0)
eiEo(t+f0)
lim ——
t—oo(1—ie) (£2]0)

In the second line, we have used the fact that Ho|0) = 0 since we can always define the ground state as the state associated
to the zero of energy. This means that eiHo(t+0)|0y = |0) and explains the appearance of the new factor eiHo(+0) In the
same fashion, using e!f—0)|2) = eiEo—10) |2} one has

Ui(to. —0)10) (194)

(Ole”HE = lim  (0]£2)(s2[e Fot~t0) (195)

t—o0(1—i€)
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from which one deduces that

eiEo(t—to) )
(2]= lim ———(0le"H-) 196
t—oo(1—ie) (0]£2)
eiEo(t—to) . )
= lim ———(0|eifolt—to)g—iH(t=to)
t—oo(1—ie) (0[£2)
eiE()(tft())
= lim  ————(0|Ui(t, to) (197)

= i
t—oo(1—ie) (0|£2)
Therefore, the norm of the vacuum state is given by

eziEot
lim ————(0|U(t, to)Ui(tp, —t)|0 198
dm |(0|.Q)|2< [Ui(t, to)Ui(to, —)10) (198)
In the following, we take (£2|$2) =1 although this choice is not mandatory (but, then, when we compute a correlation
function, it would be necessary to divide the corresponding expression by (£2£2)).
We are now in a position where one can calculate the two-point correlation function of the field operator (recall that
x(t) is directly proportional to the field operator, see Eq. (132)). Using the previous results, one obtains

($2182) =

2iEgt

(£21xu(t2)xu(t1)|$2) = (01U, fo)U[T(fz, to)xi(t2) Ui (tz, to)UlT(fl, to)xi(t1)Ui(t1, to)Ur(to, —t)|0)

lim ——
t—oo(1—i€) [(0]£2) 2

(199)
i (OJU(t, to)U1(to, t2)x1(t2)U1(t2, to) Uy (to, t1)x1(t1) Ui(t1, to) Ui (to, —t)|0)
= im (200)
t—o0o(1—i€) (0|U(t, to)U;(tg, —t)|0)
I (OJU(t, t2)x1(t2) Uy (t2, t1)x1(t1) Ui (t1, —1)|0)
= lim (201)
t—oo(1—i€) (O|U(t, —1t)|0)
- lim (OIT[x((t2)x1(t1) U (t, —t)]|0) (202)
t—oo(1—i€) (0|UI(t, —1)]0)
—  lim (OIT[XI(fz)XI(ﬁ)EXP[(—ifit dT Hp]|0) (203)
t—oo(1—i€) (Ol exp(—i /-, dT Hy)|0)

where, in order to go from the first to the second line, we have used Eq. (198) and the normalization (§2|£2) =1 to express
the term [(0[§2)|2. Eq. (203) is the Gell-Mann Law equation [16]. It will be the basis for our perturbative treatment of
quantum mechanics. It plays the same role as Eq. (97) since it allows us to perturbatively evaluate the various correlation
functions in terms of Feynman diagrams (the Gell-Mann Law equation can be generalized to higher correlation function if
needed).

5.3. Quantum mechanics and bubble diagrams

In order to mimic the self-interacting field theory studied before, we now consider a quartic oscillator in quantum me-
chanics [55,56], i.e. a system where the potential is given by V (x) ~ x> + x*. More precisely, this means that the interacting
Hamiltonian can be expressed as

A4
Hipt = Id)
where we recall that @ is given by Eq. (132). Let us then compute the two-point correlation function. For this purpose, as
explained before, we use the Gell-Mann Law equation. The numerator reads

<0 T[(P(tz)q)(t])exp(—i/drH1>]‘0> (205)

where, for simplicity, we do not write the limits (but there will be reestablished when needed). It is also important to
remember that the field are written in the interacting picture (and, again for simplicity we do not write the subscript “I”,
they can be considered as free fields). Obviously, one cannot calculate exactly this quantity so we do it perturbatively by
expanding the exponential. At first order in the coupling constant A, we obtain

(204)

A 4
<O‘T{¢(t2)q§(t1)|:l —II/dT@ (I)—i—---“‘0):(0|T[q§(t2)®(t1)]|0)

_i%/df<0|T[¢(t2)¢(f1)@4(r)]|0)+... (206)
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=D(f1,tz)—i% / dr(O[T[@ ()@ ()P4 (D)]I0) +- -+ (207)

It should now be clear that the same expression can also be written in terms on Feynman diagrams. One arrives at the

following expression
3 : : 12

<0'T[cp(t2)¢(t1)exp<—i/drHl>”0>=o—o +e—et o +O(%) (208)

where we have defined the following Feynman rules [55,56]

D(ty,t;) = &———e@ (209)

—ik/drEX (210)

Clearly, these Feynman rules are nothing but the one-dimensional version of the standard Feynman rules (105) and (106)
of quantum field theory. The only difference is that four-dimensional space-time integrations are simply replaced with one-
dimensional time integration. In fact, in terms of diagrams, the expressions in field theory or in quantum mechanics are
exactly similar. In particular, we see the appearance of diagrams with loops and external legs (the tadpole) and also of
diagrams with loops but no external legs, our bubble diagrams. The advantage of our approach now becomes clear. We are
in a position where not only one can compute these diagrams in quantum mechanics but we can also investigate their deep
meaning by comparing the result with the standard perturbative theory of quantum mechanics where everything is well
under control.
Let us start with the tadpole diagram. Using Eqs. (209) and (210), the corresponding expression can be written as

Q—Q—Q =—iA/d‘L’D(tl,‘C)D(‘L’,‘L’)D(‘E,tz) (211)

ix —iw|t—T|—iw|T—

— _8w3 /d‘te iwlt; —T|—iw|T—t3] (212)
iA i

=—HD(f2,t1)(|f2—f1|——> (213)
w w

The most striking difference with the case of quantum field theory is that the tadpole diagram is now finite. In some
sense, this is the signal that ordinary quantum mechanics does not need renormalization: the perturbative approach leads
to finite result. Technically, this is due to the fact that we deal with one-dimensional integrals that have better convergence
properties. Physically, this is due to the fact that a single quantum-mechanical oscillator leads to finite predictions while an
infinite collections of such systems apparently lead to infinite physical quantities.

Now let us calculate the “bubble diagram” present in the second term of the above expansion (208). Having established
that the tadpole diagram is now finite, it is particularly interesting to see what happens for this type of diagram. Using
again the Feynman rules (209) and (210), it is straightforward to establish that

OO :—ik/Dz(r,r)dt (214)

A

Therefore, even in quantum mechanics, the bubble diagram remains divergent. This shows that the divergent nature of
the loop and bubble diagrams is, in some sense, different. They are both divergent in quantum field theory but one (loop
diagrams with external legs) becomes finite in the limit of quantum mechanics while the other (bubble diagram) remains
infinite.

But this now leads to the following question. We know from the standard perturbation theory of quantum mechanics
that all the physical predictions are finite, even without renormalization. However, using the other approach based on the
Feynman diagrams, we have just seen that it leads to terms that can be divergent. How these two facts can be consistent
with each other? The answer is of course that, as in field theory, the bubble diagrams exactly cancel out in the calculation
of the correlation functions. This can easily be seen if one notices that

OO

3 12 12 ()
.—Q-‘rz.—.'i‘ﬁ =<.—.+E “r)
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x (1 + %OO) +0(»?) (216)
and that
<o exp(—i/drH1> ’o> =1+ %O-O +0(22) (217)

Therefore (as expected) the infinities of the bubble diagram never play a role in ordinary quantum mechanics. As a conse-
quence, the two-point correlation function is given by

(219 (1) 0)]2) = e—— + +002) (218)

which is perfectly finite. Again, in terms of Feynman diagrams the above equation is strictly equivalent to the corresponding
one in quantum field theory, see Eq. (124).

5.4. Quantum mechanics and vacuum energy

Let us now discuss how the vacuum energy is evaluated in ordinary quantum mechanics. The calculation is straightfor-
ward when there is no interaction and, from Eq. (138), one obtains

(H) == (219)

This is of course nothing but the ground state energy of a harmonic oscillator. It cannot be zero because, due the Heisenberg
uncertainty principle, the kinetic and potential energy cannot vanish at the same time. It can also be rewritten as

(H) = »*D(0) (220)

where we have used Eq. (147). This exactly corresponds to Eq. (113) with m = w and 4 — 1 (since we now work in one
dimension rather than in four), except that there is a sign difference which comes from the fact that, in field theory, we have
used the signature (— + ++). Of course, the big difference is that D(0) is a finite quantity in quantum mechanics. In some
sense, the vacuum energy problem appears to be very simple, almost trivial. The ground state of a quantum-mechanical
oscillator is finite but a quantum field is a system which can be described by an infinite collection of harmonic oscillators
and, as a consequence, its ground state energy is infinite.

Let us now consider a case where an interaction is present as we did in Section 4.3. For simplicity, we consider again
the case of a quartic oscillator with Vi, = A®*/4!. Upon using the standard perturbation theory in quantum mechanics,
one can calculate the displacement of the energy levels. They are given by the standard formula [57]

En = EQ + (n|VineIn) (221)

where |n) are the unperturbed eigenvectors. It is easy to show that they can be expressed as

A
AE,=E,—E0= a7 (2n® +2n+1) (222)

which means that, for the first two levels, the shift in energy is given by

AEg = AEq = o
07 3202 17 3202
We can now use the other method, based on the Feynman diagrams. It is easy to obtain that
A g 3x
AEq= 4—!(q> )= X

i
- 1 OO @24

Clearly, we have just obtained the strict equivalent of Eq. (123), the term [ d*x being replaced by Jdt as could have been
guessed in the context of quantum mechanics. Then, using the fact that D(0) = 1/(2w), one obtains that
A

EY

that is to say we recover the result established before, see Eq. (223). Therefore, we have shown explicitly that the two
approaches lead to the same result. It is also interesting to notice that AEg is given by a bubble diagram but that this
divergent graph is canceled by the infinite term [ dt so that a finite quantity is left.

(223)

(@2 = %DZ(O)

AEq (225)
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The previous considerations also lead to the following question: before we had to deal with the renormalization of the
mass. How does this aspect appear in the present context? In this case, we deal with the same diagrams, namely

(-QIT[q)(h)@(tz)]IQ):o—o—l—lo—Q—o +-- (226)

2

or, in terms of explicit expressions [compare with Eqgs. (124) and (125)]

i\
(2IT[¢(t1)¢(t2)]12) = DE(t1 — t2) — %deD(fl — 7)Dr(0)Dr(T — t2) (227)
iA 1 e_iE(fl —t2)
= Dp(t1 —t2) + 5DF(O)E/dEm (228)
and this leads to
W =7 +5D(0) (229)

which is exactly Eq. (129) (again, there is a sign difference which originates from the sign difference in the propagator, see
above). In quantum mechanics, the propagator is finite and therefore

A
2 2
a)ren =w" + E (230)
or
A
Wren = W + 302 (231)

Then, one can express the spectrum in terms of the renormalized “mass” wr, as we have done in quantum field theory
although this is not necessary here since the result is anyway finite. Straightforward calculations lead to

1
En = Wren <n + = (2n* —2n-1) (232)

2) 326U?en
It does not come as a surprised that, as a function of the renormalized mass, the spectrum is a different function of n, see
Eq. (222). However, from the above expression one also obtains

E1 — Eo = Wren (233)

In presence of an interaction, the difference between the first excited state and the fundamental level has been “modified”
(or, rather, is expressed differently). But, observationally, we define or measure the spectrum with respect to E; — Eg. In
other words what we define as w is in fact E; — Eg. Therefore, renormalizing w consists in preserving this definition even
in presence of an interaction. Obviously, E; — Eg is not the bare w (the one which appears in the Lagrangian) when the
an-harmonic term is present. What we do here is to define w as the observed one, namely as E1 — Eg, and then calculate
the spectrum in terms of that observational quantity. What is done in quantum field theory is clearly exactly similar to the
above described procedure except of course that the bare quantities are in fact infinite because Dg(0) is infinite. Therefore,
this exercise illustrates nicely the deep meaning of renormalization.

This concludes our discussion of the vacuum energy density in terms of Feynman diagrams. We have shown that the
cosmological constant is in fact given in terms of very peculiar graphs, the so-called bubble diagrams. These diagrams
are, in a sense, more divergent than the usual loop diagrams because they remain infinite even in the limit of quantum
mechanics contrary to the last ones. In non-gravitational physics, this is not a problem because the bubble diagrams always
cancel out in the equations describing observable quantities. When the gravitational field is turned on, we face the tasks of
renormalizing these diagrams which is more difficult than in the standard situation because of their bad behavior mentioned
before. Given that astrophysical observations seem to indicate that the vacuum energy is non-vanishing (see below), the
details of the renormalizing procedure become a crucial issue. Not only we have to extract a finite quantity from a divergent
graph but this finite quantity must be in agreement with the observations. As argued before, the technique which consists
in imposing a spatial cut-off is certainly not consistent (and, as well known, gives a very large contribution to the vacuum
energy). A more reasonable approach seems to be dimensional regularization since this satisfies Lorentz invariance and is
therefore consistent with the vacuum equation of state. As shown before, this typically leads to Eq. (95). In the next section,
we present a new argument, based on the Gaussian effective potential, which seems to support this conclusion.



J. Martin / C. R. Physique 13 (2012) 566-665 593

6. The Gaussian effective potential

The Gaussian effective potential is a non-perturbative approach to quantum field theory [58-66]. Originally developed
in the context of quantum mechanics, it is has been generalized to field theory. Much less well known is the fact that the
Gaussian effective potential method has something to say about the vacuum energy problem and the aim of this section is
to present these considerations [59]. In the next subsection, we quickly recall the main idea and how this approach can be
applied to ordinary quantum mechanics. Then, we explain how it can be implemented in quantum field theory and, finally,
we discuss its implication for the cosmological constant problem.

6.1. The Gaussian effective potential in quantum mechanics

The main idea underlying the Gaussian effective potential approach is the following one [58]. At the classical level, a
system is described by a potential. Once this one is specified, one can compute the evolution of the system. When quantum
effects are taken into account, the behavior of the system will be modified and, by means of the formalism of quantum
mechanics, one can work out the corresponding physical predictions. The idea of the Gaussian effective potential is to
find an effective potential which, at the same time, can be used as if it were a “classical” potential (that is to say can be
used in the framework of Newtonian dynamics) and takes into account the quantum effects. At first sight, this approach
seems equivalent to what is known in the literature as the effective potential [67,68]. In this method, one requires the
wave-function mean value to be centered at a fixed point @q. Then, the effective potential gives the exact ground state
energy of the system in presence of quantum corrections. However, in some situation, the result can be quite artificial.
Consider for instance a situation where the wave-function possesses two large peaks on each side of &y. In such a case,
the effective potential does not necessarily lead to a correct description of what happens in the vicinity of &g because its
shape could just be determined by some average procedure between the two distant peaks. Typically, one would obtain a
convex potential centered at @y while our physical intuition rather indicates that the effective potential should be a double-
well potential, the two wells corresponding to the two peaks of the wave-function. Another problem is that the standard
effective potential is usually computed perturbatively in f. Clearly, when the quantum corrections become important, this
approach breaks down. Since the Gaussian effective potential does not suffer from the two above mentioned drawbacks, we
will use it in this review. When possible, we will discuss the difference between the two approaches in order to stress their
differences and similarities [69].

We now turn to the precise definition of the Gaussian effective potential. This definition is based on a variational princi-
ple. Here we consider a one-dimensional system as we have already done in Section 5.1. In particular, this means that the
scalar field is given by Eq. (132). Then, the Gaussian effective potential is defined by [58]

V(Do) :rrsl2in<l1/|H|lI/) (234)

where H is the Hamiltonian of the system and where the wave-function is taken to be a simple Gaussian (hence the name
Gaussian effective potential)

2\ :
w(@):<%> e 2(®—b0)?/2h) (235)

The parameter §2 is related to the width of the wave-function. Here the idea is to find the value of £2 which minimizes the
energy of the system. In practice, the mean value of the Hamiltonian that appears in Eq. (234) can be expressed as

2d2

T h
(H) = / do W*(¢)|:—?@+V(¢):|W(§D) (236)

To illustrate how the calculation of the Gaussian effective potential works on a concrete example, we choose the following
potential

1
V(P) = 5m2q>2 + 204 (237)

that is to say the potential of an an-harmonic oscillator. Another motivation for this choice is that the comparison with field
theory is easy since the prototypical model possesses the same potential. Upon using Eq. (235) in Eq. (236), one arrives at

(H)(Pg, 2) = he + 1 m2 (@2 4 f

0= T 0T o0
LN 3h?
202 " (292)2
We must now determine the optimal £2. As explained above, this is achieved by requiring d(H)/952 = 0, which leads to the
equation

+ A[¢3 +69 (238)
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2° — (m? + 12002)2 —6hA =0 (239)
0

This equation allows us to determine §2 in terms of @g. In the following, we write this result as 29 = £2(®¢). Upon using
the above relation in the expression of (H), one obtains the following expression for the Gaussian effective potential

1 5, 4 hQ2o 3R
Ve(Dg) = 2m Dy + 1Dy + > 49, (240)
Of course, as already emphasized before, one should not forget that §2p is a function of ®g.

A complete study of the above potential has been provided in Ref. [58] and we will not repeat this analysis. Here, we just
want to illustrate that the Gaussian effective potential is an accurate method to estimate the ground state of a system (even
in the strong coupling limit) since this is directly relevant for the cosmological constant problem. Let us consider the case
where m2 > 0 (the case of the double-well potential, reminiscent of symmetry breaking in field theory has been studied in
Ref. [58]). The ground state of the an-harmonic oscillator is given by Eq. (240)

VG(¢0=0)=h%(1—§h—A> (241)

where £2g is solution of

23 —m?Q2 —6hr=0 (242)
The discriminant of this cubic equation can be expressed as
A(<1>0=0)=4m6<1 - %l) (243)
16 £6
where the quantity & in the above relation is given by
2
£2= (ZIIW (244)

The awkward coefficient 972/16 in Eq. (243) originates from our will to work with the definition of & used in Ref. [58]. The
cubic equation (242) can be explicitly solved. We deal with different branches according to the sign of the discriminant. This
sign is determined by &jim = (972/16)1/6 ~ 1.9827. If & < &im (& = O represent the quartic oscillator) we are in the strong
coupling regime which is of particular interest in order to demonstrate the usefulness of the Gaussian effective potential.
Therefore, let us focus on this situation. In this case, the exact solution of Eq. (242) can be written as

20=m 3 ! 27 972 1 1 l/g—i—m 3 + ! 27 972 1 1 " (245)
0= 283 " 27 16 £6 263 " 27 16 £6
Together with Eq. (241), the above equation gives an excellent approximation for the ground state. For instance, if m =1
and A =10, then £2 ~ (1/20)%3 ~ 0.1357 and £2g = 4. As a consequence, this gives Vg(Po = 0) ~ 1.53, a result that is
accurate at ~ 1.75% according to Ref. [58].
This simple example has shown that the Gaussian effective potential can be an efficient tool to calculate the ground state
of a quantum system even in a non-perturbative regime. Therefore, it appears as an interesting approach for the vacuum

energy problem. However, before turning to the calculation of the Gaussian effective potential in field theory, it is interesting
to compare it with the standard effective potential in more detail. This is the purpose of the next subsection.

6.2. Comparison with the one loop effective potential

In order to explain how the effective potential is obtained, we need to quickly return to the basics of quantum field
theory. In Eq. (96), we have defined the generating functional Z[J]. Let us now define another generating functional W{[]J]
by [16,17]

Z[J]=¢e"Ul (246)

Following the procedure in Eq. (97), one can define new correlation functions GE")

n—1 n
cm — (1) S"WIJ (247)
1 8J(x1)---8](Xn) |0

As is well known, these functions represent in fact the connected n-points functions. Then, one introduces the classical
field &,

according to
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_SWLJ]
§JX) J=0

=
where we remind that J(x) is a source. This definition can be easily justified. Indeed, from Eqs. (96) and (246), one sees
that

(248)

1 8z1)]
ERAVIEITe)
N [D®expli [ d*X[L+ ]()PX)]}P(X)
N [Doexpli [d*x[L+ [P (x)]}
_@iomi) (250)
(£21£2)

Therefore, we see that the classical field is in fact the vacuum expectation value of the field operator in the vacuum state
of the theory. When the source vanishes, the classical field does not necessarily goes to zero, a typical and well-known
example being of course symmetry breaking.

The next step consists in introducing a new generating function, the so-called effective action, defined by

(249)

F[®c]=W[]]—/d4X](X)¢c(X) (251)

Clearly, I'[®.] does not depend on the source since §7"/8] = 0. Let us now calculate the functional derivative of I" with
respect with the classical field. This gives

5F[¢c]_ swW _ 4. 0J(Y) _/ 4 3P(y)

3P(x) | 3%e(x) / Y oo oW~ | IVIWTe (252)
C[al W S0 [ 8JW) o
—/d Vi /d Y0y = 160 == 0 (253)

In order to interpret these equations and to better understand their meaning, it is interesting to apply them to the case of
a free theory where all the calculations can be carried out explicitly. From Eq. (99), we immediately see that (the subscript
zero indicates that the calculation is performed for the free theory)

1
iWolJ1=— / d*xd*y J()Dr(x — y) ] () (254)

Upon using Eq. (248), one obtains

1
Pe(d) ==+ / d*xDe(z — %) ] (%) (255)
But iDf is the Green function of the Klein-Gordon operator. As a consequence, the above equation implies that

(" 9,8y —m?)Pe(x) = J(x) (256)

i.e. the classical field obeys the classical equation of motion (hence its name). Then, using Eqs. (254) and (255) into the
definition (251), the effective action can be expressed as

1
TSR / d*xd*y J6ODE(x — ) J () (257)

The next step is to use the equation of motion of the classical field (256) to rewrite the effective action as

1
Tyl = o / d*xd*y De(x — y) (" 9};05 — m?) @ () (" 9},08 — m*) @e(y) (258)

where Bfi’y means a partial derivative with respect to the coordinates at point x and y. Then, integrating by part the x
dependent terms in the above integral leads to

1
Dol®c = o f d*xd*y @c(x) (10}, 05 — m*) De(x — y) (" 9,08 — m*) ®(y) (259)

Finally, using the fact that Dg/i is the Green function satisfying —n*"9,,d, Df +m?2Df = §, one obtains

1 1
To[®P] = §/d4xq>c(x)(n/“aﬂav —m?)Pe(x) = —E/d‘lx(nwau@cav@c—i—mz(m) (260)
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and one recovers the action of a free scalar field theory. In presence of interactions, I'[@.] will no longer agree with the
classical action. The quantum corrections will transform it into a complicated non-local functional. In this situation, one
typically expects an expression that can be written as

1
o =— / d4x[zA(q§c)n“”8M¢c8V¢c + Veir(@) + B(D) (00, ey c)* + - - ] (261)

where A(®.) and B(®.) are functions (not functionals) of &, and the dots represent higher derivative terms. Clearly, the
previous considerations justify the name “effective action” for I"'[®(].

Another interesting aspect is that the effective action is also the generating functional of the irreducible correlation
functions "™ (also known as proper vertices). In other words, one has

S [@]

™, ... %) = 262
P T S Be(x1) - 8P (Xn) |, o (262

Equivalently, one can express the effective action as a Volterra expansion, namely

oo
1
F[q)clzzﬁ/d“xl ced T (%1, LX) Pe(x1) - De(xn) (263)
n=0

which is nothing but another way to write the functional (261).

Now, suppose that we are interested in determining the effective action concretely. It is clear that this is a complicated
calculation. As a first step, it is worth calculating the effective potential in Eq. (261). It is true that it does not represent
all the information contained in the effective action but this would allow us to determine the location of the minimum of
the system in presence of quantum corrections. Therefore, this is an interesting quantity. For this purpose, it is sufficient to
consider a case where @, is constant. Indeed, in this situation, the effective action reduces to I = —V V¢g(Pc), where V is
the space-time volume. On the other hand, the Volterra expansion can be re-expressed as

o0
1
ried=>y_ —/d“xl coed¥xy T (X, ... Xp)@T (264)
n!
n=0
This expression can be further simplified if one takes the Fourier transform of the proper vertex,
d*k d4k ; i
'™ (x1, ..., %) LI SN 5 T L B U (265)

~ ) ent T en)s
In fact, for convenience, we introduce the coefficients I"™ (kq, ..., k,) that are easier to manipulate. They are defined by the
following expression

TPk, .. k) = QU)K+ + k) TP ke, ... kn) (266)

Then, we insert the Fourier expansion (265) into the expression (264) of the effective action. The integrals over space of the
exponentials lead to Dirac functions in momentum. As a consequence, one arrives at the following expression

o0
1—
M@ =vy —T™k=0)®] (267)
n!
n=0
where, as already mentioned, V = (27r)48(0) is the space—time volume. One finally reaches the result that

o0

1—-
Ver(po) ==Y _ T ki = 0)&¢ (268)
n=0

Therefore, in order to calculate the effective potential, one just has to evaluate the proper vertices with vanishing momenta.
At one loop, this gives rise to the following sum

VeffZCT-i-Ci—l—--- (269)

It turns out that this series can be summed up as we are now going to show.
In order to see how it works, let us calculate the second diagram in the above expansion. For this purpose, we start with
the following diagram
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D=>Q< 270)

According to the Feynman rules (105) and (106), this diagram is equivalent to the expression
D= (—i)r)? / dudvD(t; —u)D(t; — u)D*(u — v)D(v — t3)D(V — ts) (271)

where u and v denotes the two internal vertices. Upon using Eq. (154), this expression takes the form (here, we use the
quantum-mechanical theory introduced in Section 5.1 where the “mass” is denoted w)

2 27w 2w 27 272w E2-w? Ei-w? Ei-?

je—iEa(v—tg) ja—iE(u—v) ie—ii:(u—v)

- 272
Ef—w? E2-w? E2-— 2 (272)

The integrals over u and v are easily performed and leads to two Dirac functions. Then, a further integration over E can be
performed and we are left with the expression

dEq dE; dE3 dE4 dE ie~iEit1 je—iFatz je—iEsts je—iEats

D= (—iN)2Qm)*8(E; + E; —E3 —E /_____
( )( ) (1+ 2 3 4) 2T 27 27 znan%_wZE%_wZEg_wZEﬁ_wz

i i

“E2— 2 (E3 + E4— E) — 02
In order to compute the expression (269) (or rather the contribution of the second diagram to this expression), we have
seen that we must amputate the diagram by appending the external leg propagators. This amounts to ignore the factors
i/ (El.2 — ?) in the above expression. Moreover, since the graph is given by the Fourier transform of D, this means that only
the expression inside the above quadruple integrals over E; should be considered. Finally, the “momentum” (in the present
context the energy) of the external legs should be put to zero (i.e. we require all the E;’s left in the expression of D to
vanish) and we must factorize out a Dirac function expressing energy conservation [times (277)? since we are considering a
0+ 1 theory]. This means that Eq. (273) takes the following form

e YT (274)
B 2w E2 — w? E2 — w?

The fact that the propagator appears squared is of course not fortuitous. It comes from the fact that we have two “double
legs” attached to the loop. For n “double legs”, it is clear that we would have the propagator to the power n and an overall
factor (—iA)". As a consequence, at one loop, Eq. (268) can be expressed as

(273)

o

2p p
oZP ()41 dE 1
Ver(®o =3~ 5° (—2 ) / 2 T o (275)
p=1

where we have taken into account a symmetry factor and where we have noted n = 2p, p being the number of external
points. The sum can now be performed and we obtain

00

1 [ dE 12002

Veff((pc) = —5 E In{ 1+ m (276)
—00

= %(a)—,/lzmg —?) (277)
= g(—m+,/m2 +12)02) (278)

where we have re-established /i and where we have taken into account the sign difference for «w (or m) due to the fact that
we work with a (— + ++) signature, see the remark after Eq. (220). This expression should be compared to Eq. (240). In
fact the first term just comes from the fact that the method of the effective potential assumes that Veg(0) = 0. Therefore, in
order to compare with the Gaussian effective potential, one must ignore this rescaling. As a consequence, the total potential
(including the leading order in h°) reads

1 h
Vese(®c) = 5mchc2 + 5\/m2 + 12002 (279)
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One sees that the vacuum energy is predicted to be Veg(0) = fim/2 a result which is not realistic in the non-perturbative
regime.

In fact the comparison can be made in an even more explicit manner if one remembers that the one loop Gaussian
effective potential consists in retaining the dominant term is a systematic expansion in fi. As a consequence, one should
ignore the K2 term in Eq. (238) and the fi term in Eq. (239). In particular, this last approximation leads to the following
explicit solution for the gap equation

22 =m? +12002 = v (280)
B 07 do?
If we then use Eq. (240) and neglects the A term in that equation, one obtains
Vo(®g) = V(®p) + hojdv +0(n?) (281)
G¢(Po) = 0)+5 dcbg

1 h
= §m2¢3+§,/m2+12k®§+-~- (282)

that is to say exactly Eq. (279). We conclude that the effective potential is in fact contained in the Gaussian effective
potential approach. It just consists in neglecting higher power of h since this is a one loop approach. As a consequence, the
effective potential cannot be reliable in the non-perturbative regime where the quantum effects are strong.

Having demonstrated that the Gaussian effective potential approach is an efficient tool, we now need to study how it
works in quantum field theory. Then, we will able to use it in order to calculate the energy density of the vacuum state.

6.3. The Gaussian effective potential in field theory and the vacuum energy

We now turn to the main question of this section, namely the calculation of the Gaussian effective potential in quan-
tum field theory [59,60,63,65]. For this purpose, we now consider a model similar to the one considered in the previous
subsections, namely a free model plus a quartic self-interaction

1.y, 1 1 5.2 4
7-[:505 +58181<I>8j(13+5m345 + Ap® (283)
where mp and Ap are the bare mass and coupling constant, respectively. Then, we write the field operator as (we work in d
space-time dimensions)

1 di-1g (
Qm)d=-D72 | 2wg k)

<1§(t, X) =dg+ Cke—ia)t-‘rik-x + Czeiwt_ik.x) (284)

with

wo (k) =Vk? + 22 (285)

The quantity ®¢ represents a classical and constant field. The parameter §2 denotes the mass of the excitations around this
classical value. The idea at the basis of the calculation is the same as before, namely minimizing the energy with respect
to the parameter 2. Using the properties of the creation and annihilation operators, it is straightforward to calculate the
mean value of the Hamiltonian in the vacuum state. We find

1 1
(H)(2. @0) = 11(82) + 5 (m§ — 27)1o(2) + 3§ 0}

+ APy + 6ADEI0(£2) + 3ApI3(82) (286)

where we have defined the integrals I,(£2) by

1 A=k 5,
I,(2)= (Zn)d—1/2w9(k)w9 (k) (287)

Of course, the integrals I,(£2) can be divergent and this signals, as usual in field theory, the need for renormalization. In
fact, these integrals can be performed exactly and one is led to

1 r'i2—-d-2p)/2] od+2p-2
2(4m)@-1/2  I'[(1-2p)/2]

It is clear that, for some values of d and p, the above expression does not exist and is only formal.

I[p(£2) =

(288)
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As already mentioned, in order to calculate the Gaussian effective potential, one must vary () with respect to §2. Upon
using Eq. (286) and dI,/d2 = 2p — 1)§21,_4, one arrives at the following “gap” equation, the field theory counterpart of
Eq. (239):

2% =mj + 1228[®¢ + 10(£2)] (289)

This is an algebraic equation for 2. Its solution can be written as £2 = £2(®o; mg, Ag), that is to say it depends on @ and
on the bare parameters (in the following we no longer write the dependence on the bare parameters). Then, the Gaussian
effective potential is defined by inserting this solution into Eq. (286). This leads to

Ve (@o) = (H)[2(Do), o] (290)

Upon using the gap equation, one can also find a more compact expression, namely
_ — 1
Vo(Po) = 11[2(Po)] — 3413[2(®0) ] + Emgcpg + Ap®g (291)

At this level, this expression is in fact still formal because of the divergences of the integrals I,. Therefore, we must first
tame those divergences. This is done by means of a renormalization of the parameters appearing in the Lagrangian of the
model.

Renormalization consists in parametrizing the physical quantities in terms of new, observable parameters, different from
the bare parameters that appear in the Lagrangian. We now define the renormalized mass by

d?v
mi=—= (292)
do§ (ey=0
Upon using Eq. (291) and the following relation [which comes from differentiating Eq. (289)]
e @ 121
e _ 0 e (293)
dPo 2 1+6ap1-1(£2)
one finds that
d?v _ 1223P0)*1_1(2
—— 2 = md + 12253 + [0(2)] — (2rpP0)°1-1(42) (294)
dog 1+ 6Apl-1(£2)
As a consequence, putting @ =0 in the above equation, the renormalized mass can be expressed as
m2 =m3 + 12x510(20) (295)

where 2o denotes the solution of the gap equation (289) when &y =0, i.e. 22 = m% + 12Ag10(£2). It is obvious that £ is
not a function of @ but depends only on mp and Ag. In fact, this can also been seen from Eq. (289) since it tells us that
mﬁ = 9(2). As a consequence, the above equation can be re-written as

m3 =m2 — 12Alo(mg) (296)
We are now in a position where we can calculate the Gaussian effective potential in terms of the renormalized mass. For
this purpose, we restart from Eq. (290) and substitute the expression (296). One obtains
_ 1 _ — 1 =
Va(®o) = 11(2) + 5(mﬁ - 2%)10(2) + 5mﬁcbg + Ap®g + 628[10(2) — Io(mR)] D3
+3xpI3(82) — 6Aplo(2)Io(mR) (297)

However, at this stage, the expression of the Gaussian effective potential is not yet a function of the renormalized mass only
as one still needs to express Ig(£2) and I1(£2) in terms of Io(mr) and I1(mg). There are several ways to do it, see Ref. [59].
Here we choose to use a method where a cut-off is temporarily introduced. We work in d =4 dimensions to simplify the
calculations. Let us exemplify the method with Iy. We have

1 _
Io(2) = m/c13ka)91 (298)
M
1 2 (1,2 2\—1/2
=m/dkk (k* + £2°) (299)
0

where we have performed the angular integrals and where we have introduced a cut-off M to regulate the otherwise
divergent integral. This gives
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1M 22 022
mm:m[?\/gumz— 71n(M+\/92+M2)+71nS2] (300)

As a consequence, one can write

1 1 [M M 22 (M+vm2+ M2
IO(Q)—Io(m):i(mz—.Qz)L](m)—i—47T—2|:7\/.QZ+M2—5\/m2+M2+71n( tvmt )

M + v/ 22 + M2
2? m? 1, 5, M
+71n9—71nm+5(m -0 )(Wﬂnm)] (301)
where we have used
1 -M
[1(2)=-—|——=+I(M+VR22+M2)-In2 302
1) = | e+ ) e

an expression which can be obtained with the same method as described above. Then we take the limit M — 400 and
Eq. (301) becomes

2

m
1672

1
Io(2) — Io(m) = —5(92 —m?)I_1(m) + [xInx — (x = 1)] (303)
where x = £22/m?. Notice that, at this stage of the calculation, there is no need to write x in terms of £2 and/or mg. The
above expression is valid for any §2 and m. Following Ref. [59], we call the function between the square brackets in the
above equation Lj(x). Exactly in the same manner, one can also show that

1 1 2 m*
11(2) — I1(m) = = (2% —m?)Io(m) — - (2% —m?)"I_ — 304
1(£2) — I1(m) 2( m*)Io(m) 8( m*) 1) + 25 L3 (0 (304)
with L3(x) = [2x? Inx — 2(x — 1) — 3(x — 1)2]/4. Then, upon using Egs. (303) and (304) in Eq. (297), one obtains

4

1 m 3 _
V(o) = 11(my) — 34pIg(me) + 5mRPG +hp@) + 5o L5 L3 + Japmi(® = D12, (mp)

1 4 B} 3ap [ . 1672
+§I—1(mR)mR(x_1){(X—1)—ZJT—Z[LZ(X)—F = cbo]}

R
4 2
my | - 3AB _ 2 (DO

with X = 22 /mﬁ. Finally, the gap equation (289) can also be re-written in terms of the renormalized mass. The correspond-
ing expression reads

_ 3x _ @2
&= D[1+6rsI_1(MR)] = o2 | Ly®) + 1672 =2 (306)
472 mﬁ
We see that the dependence on @q of the Gaussian effective potential is quite complicated. Indeed, solving the gap equation
provides us with X = X(®¢) that we must then insert in Eq. (305).

We shall now discuss the renormalization of the coupling constant Ag. It is defined by

1 d%v
R= g (307)
4 dog |g,—0
Proceeding in the same manner as before, one obtains the following equation for the quantity Ag
1—12Agl1_1(m
R = Bl—1(mg) (308)

B 1+ 6apl_1(mp)

The renormalization of the coupling constant has been discussed at length in Refs. [59,63] and we will not repeat all
the details since, here, our main concern is the vacuum energy. In fact we will focus on the case named “precarious” in
Ref. [59]. Let us return to Eq. (308); one can invert this expression and express the bare coupling constant in terms of the
renormalized one. One obtains

e 1 —GkRI_1(mR){1 L 1o 48ARI—1(MR) } (309)
B T4l (mp) [1— 6ARI_1(mR)]?
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Then, from Eq. (302), we see that I_j(mg) is in fact a logarithmically divergent quantity when the cut-off M is sent to
infinity. Therefore, we must treat I_j(mg) as an arbitrarily large quantity. In this limit, if one chooses the plus sign in
Eq. (309), one obtains

1 1

As shown in Ref. [59], this case is not viable. Intuitively, it is clear that a large negative coupling constant leads to a potential
which is not bounded from below. Therefore, we are left with the minus sign for which one finds that

1
. ) o 311
B 61_1(mgr) { * 2)rI-1(mg) * [Iz_l(mR)“ .

In passing, it is worth signaling that this equation can be re-expressed in a different manner as follows. Let us first introduce
the new characteristic scale M¢ (not to be confused with the cut-off M discussed before) defined by

1 1 m2
—=———1In[& (312)
AR 472 M%
Then, if we use the fact that
1
I-1(M¢) — I-1(mg) = — —L1(%) (313)
8w
where L1(x) =Inx (an expression which can be derived with the same method that has led to Egs. (301) and (304)), the
bare coupling constant can be re-written as
1
61_1(Mc)
Therefore, it has a negative but infinitesimal value which implies that the stability properties of the corresponding scenario
are much better compared to the case (310). As argued in Ref. [59], besides simplifying the expression of the renormalized
coupling constant, the scale M¢ plays an important role in a complete study of the precarious case (even if, in the present

context, this is not apparent since we focus on the vacuum energy only). Inserting the expression (311) (or Eq. (314)) into
Eq. (305), one can re-write the effective potential as

AB = (314)

Vo(Po) = I1(mg) — 3rI3(mR) + lmz)-@z + m—ﬁls(?) - M x—1)°
0 2 R0 T 3002 16Ar
1
+ (’)[7] (315)
I_1(mgR)
while the gap equation (306) becomes
A o2
¥—1="R |, +1672-2 (316)
472 mﬁ

Let us notice that, in Eq. (315), we have left the quantity A into the field independent term Iy (mg) — BABI(Z)(mR) since it
represents the zero point energy that will be treated in detail in the next Section 6.4. Finally, if one uses the explicit form
of the functions L, and L3, then the Gaussian effective potential takes the form

1 .
Vg (®Po) = I1(mg) — 3ApI3(mR) + Emﬁxcbg

4 2
Mg 2105 . — 2 4Tt 2
2x“Inx—2(x—1)—-3x—-1)"—-2—(x—1 317
+128ﬂ2[ ®=1)=3@ -1 =2——X—1) (317)
and the gap equation can be re-expressed as
} 472 o2
G-—1D(1+— ) —1672>—2 =xInk (318)
AR ma

The two equations (317) and (318) give a complete expression of the Gaussian effective potential for the renormalized
precarious “A®*” theory [59,63].

As we have done for the quantum mechanics case, it is interesting to compare the above result to the standard effective
potential approach. We know that this potential can be obtained from the Gaussian effective potential method by neglecting
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the terms proportional to h2. Therefore, we restart from Eq. (286) and neglect the term 3ABI% since this corresponds to the
standard one loop method (i.e. it is of order 1i%). One obtains

1 1
(H) (82, @0) = 11(82) + 5 (M — 2°)10(2) + SmEPg + Apdg + 6apdGlo(2) + O(R) (319)
As a consequence, this leads to the new following gap equation

22 =mj + 12030} (320)

Clearly, this relation is the exact counter-part of Eq. (280). Then, one has to calculate the renormalized mass and coupling
constant. One arrives at

m2 =m3 + 12xglo(ms), (321)
Ar =Ag[1— 18xgl_1(mp)]. (322)

These equations should be compared to Egs. (296) and (308). We notice that it is now mg that appears in the argument
of the integrals rather than mg as in Eqgs. (296) and (308). This is because Eq. (320) implies that §2(®o = 0) =mp and not
§£2(®9 = 0) =mp as before. The final step consists in using the two previous equation in Eq. (319). One obtains

1 2 52 4
V(Do) =11 (mp) + Equ)O + ARD

mg 25’ 25 o5 2 P
+ 1+120— | In{1+12Ap— | = 12Ap— — 21605 — |+ - (323)
642 m3 m3 m2 m
the dots corresponding to the higher order terms in fi. If one neglects those terms, then V¢ reduces to V. The correspond-
ing expression is nothing but the Coleman-Weinberg potential. The previous analysis confirms that the effective potential
is indeed a particular case of the Gaussian effective potential approach. An even more detailed comparisons of the two
methods can be found in Refs. [59,63]. Here, we do not pursue this issue and now come to the question of the vacuum
energy problem.

6.4. Vacuum energy and Gaussian effective potential

We are now in a position where the main problem of this section can be addressed. From Eqgs. (305) and (315), we see
that the vacuum energy density predicted by the Gaussian effective potential method (i.e. the term left after having taken
@ =0 in those expressions) can be expressed as

Pvac = I1(mg) — 3Aglo(mgR) (324)

As we have already stressed many times, it is important to remember that this result is a priori non-perturbative. Using the
expression of the precarious coupling constant (311), one obtains

1 Ig(m
Pvac =T (mg) + = o(eme)

2 1_1(mg) [ 2A1,1(mR)]I°(mR) (325)

The expressions of the integrals I, have been given in Eqs. (287) and (288). The three integrals that appear in the above
expression are all divergent. Nevertheless, the ratio Ip/I_1 is finite and reads

lo(mg) _ mg

I_1(mp) 2—d

Nevertheless, even after having inserted the above ratio into Eq. (325), this expression still contains singular terms. Explicitly,
one has

- Lﬁ[_ d—é*Lr(—g) - ;] 527)
Pvac = 22—d) mg 27 (47r)@-1)/2 2 AR —d)

However, writing this expression for d =4 + € and taking the limit € — 0, we have the remarkable result that a second
cancellation occurs and that the final expression is in fact finite. It can be expressed as

4 2
p\,ac=& 1—2in( 2k (328)
12872 M

(326)

where we have used Eq. (314). Even more remarkable is that the above equation is very similar to Eq. (95). In particular,
the vacuum energy is proportional to fourth power, not of the cut-off, but of the mass of the corresponding particle and the
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scale Mc is present as a logarithmic correction. Therefore, we conclude that our analysis based on the Gaussian effective
potential has totally confirmed the results presented in the previous sections. We end this section by noticing that the
vacuum energy predicted by the Coleman-Weinberg potential is, see Eq. (323), pyac = I1(mp) and is therefore different from
the one obtained before, see Eq. (328). Moreover, it seems that this expression remains divergent.

7. Contribution from other fields

So far, for simplicity, we have only treated the case of a scalar field. However, in order to be more realistic, it is clear that
one must also evaluate the vacuum energy for other type of fields. This question is the purpose of the present section. As
we will see, the corresponding calculations are in fact very similar. In fact, the important question is the dependence of the
overall coefficient which multiplies pysc with the spin of the particle. As is well known, this is at the origin of a remarkable
cancellation which leads to the concept of super-symmetry. Therefore, in the following, we will pay special attention to this
issue.

7.1. Fermion fields

We start with the case of a Dirac spinor field describing a spin 1/2 particle [16-22]. For convenience, we quickly recall
basics fact about the quantum field theory of a spin 1/2 field. Then, we turn to the calculation of py,c.
The Lagrangian of the free model is [we treated the mass-less case in Eq. (35)]

Lpirac = —‘1_’(1'1/“% - m)lI/ (329)
where y# are matrices satisfying

{y* vV} =—2g" (330)

The above equation is in fact valid for any metric tensor. Here, we just consider the flat space-time case and, therefore,
we will always consider that g, = 7n,.. The quantity ¥ (t,x) represents a four components Dirac spinor and U= tl/Tyo
(this definition was already mentioned just after Eq. (33)). Here, we use the Dirac representation which means that the y*
matrices can be taken to be equal to [recall that, in Eq. (31), we used the chiral representation]

o (I, 0 i_( 0 o
(5 8 ()

0 I
y5=<]12 02) (331)

where ¢! are the standard two-dimensional Pauli matrices. The equation of motion for the spinor ¥ is easily obtained from
Eq. (329). Varying the Dirac Lagrangian, it is straightforward to show that

o
|
=

o

(iy"o, —m)w =0 (332)

which is of course nothing but the Dirac equation. Then, as we have done for the scalar field case, we now expand the ¥
operator in Fourier modes according to

Otx) — 1 dk
(’x)_(zn)3/2/ J2w(k)

As appropriate for a spinor field, the operators b}, and dj, satisfy anti-commutation rules. The index r represents the two
polarization states. Inserting the expansion (333) into the Dirac equation (332) leads to two equations, namely

2
Z[ 1’,‘”("7 r)e_in_ik.x + (d;‘)TV(k, r)eiwt—ikx] (333)
r=1

(¥°w — y'ki —m)u(k,r) =0 (334)
(¥°w — y'ki + m)v(k,r) =0 (335)
Upon using the explicit form (331), the first equation can be re-written as

m-w)l o'k
—o'ki  (m+owl

) u(k,r)=0 (336)
In order to have a non-trivial solution, the determinant of this matrix should vanish and this leads to

w(k) = vVk? +m? (337)

where we have used the following properties of the Pauli matrices, Gi’(iajkj = k2. On the other hand, Eq. (336) also implies
that
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v
uck,r) =( oiki ) (338)
i

where 1 is an arbitrary two components spinor. Choosing the solution to be an eigenstate of the spin operator along the
z-direction (in the rest frame of the particle), the two components of u(k,r) can be expressed as

(o) )) (339)

uk,1)=vm+ow (

o (o
and
u(k,2) = m( U,-k(_?)o ) (340)
()

It is easy to check that this spinor is normalized according to
uk,ruk, s) = 2més, (341)
In the same manner, the solution v(k, r), corresponding to the other branch of the Fourier expansion, can be written as

3))) (342)

O’ik,‘

vik, ) =vVm+ow ( mre

and
)

v(k, 2):«/m+a)(m+g)0)1 ) (343)
The normalization of this spinor satisfies a relation almost identical to that of u(k,r) except for the presence of a minus
sign

vk, r)v(k,s) = —2mds; (344)
Finally, we also have

ik, r)v(k,s)=0 (345)

which can easily be obtained from the above expressions.

All the previous considerations are standard textbooks calculations. We now turn to our main goal, namely the calcula-
tion of the vacuum energy. Therefore, the next step consists in calculating the energy-momentum tensor. Either using the
Noether procedure or a variation of the action with respect to vierbeins lead to the equation

i _ _ _
Tuw == 7 (Fyudo¥ + TR — 0¥ — 0¥y, ¥) (346)

Of course, this expression is symmetric in « and v as it should. Endowed with this formula, one can now evaluate the
various components of the stress-energy tensor in the vacuum state. Let us first calculate the energy density. One has

i
(p) = —Z(0|(—2wTaow+zaowTw)|0> (347)
since % = —yp and (y°)? =14. Inserting the Fourier expansion (333) into the above expression, one arrives at
11 2
=———— | dk vt k,s)v(k,s 348
0=~z [ LV e (348)
This equation can be further simplified. Upon using the explicit form of the spinors given above, one can show that
2
> ik s)vik. s) = 4w (k) (349)
s=1

and, therefore, we obtain the following expression for the vacuum energy

1 4
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Several comments are in order at this point. From the above expression, we see that we find minus four times the corre-
sponding result for a scalar field, see Eq. (67). We have a factor four because we have two particles (the particle and its
anti-particle) with two polarization state each. Of course, the most striking aspect of the above equation is that (p) is neg-
ative. It is therefore interesting to understand the origin of the minus sign in more details. For this purpose, let us calculate
the Hamiltonian operator associated to the Dirac field

H:/d3XT00. (351)

Inserting the Fourier expansion (333) of the spinor ¥ into the above equation, it is straightforward to arrive at?

2
H= / die " w(k[ (b5) by — di (d5)'] (352)
s=1

However, as we have already recalled, a spinor field is a quantity which anti-commutes and, therefore, one has {d;, (d;)T} =
8(k — p)drs. As a consequence, the Hamiltonian (352) can be re-written as

2
H= / dk > " w(k)[Ny + Ng — 8(0)] (353)

s=1
where N = (bi‘)be‘ and Ny = (d;‘)Tdi‘ are the particle and anti-particle number operators respectively. Of course, their mean
value vanishes in the vacuum state which contains no particle. The zero point energy is thus given by the formally infinite
term &(0). Since this term appears with a minus sign in the Hamiltonian, the corresponding energy density is indeed
negative. The origin of this minus sign is the anti-commuting properties of the creation and annihilation operators. We

conclude that the vacuum energy density is negative because we deal with fermions which are anti-commuting objects.
Let us now turn to the calculation of the pressure. Upon using Eq. (346), one has

1
(p)=3 L Ty (354)
i — _ i _
= —ggOO(WVOBO‘P — 0¥ yo¥) — o8 Iyt ¥ — 20,9 y;¥)
i 0,07, 7
—gulu (P YodoW — oW yo¥) (355)
- _ésif(q_/y,-ajw — 20,0y W) (356)

From the above expression, we see that we have two terms to calculate. Using the definition of ¥, the first one reads

. 2
i i dk ;
0|ty Oy igwio =——/7k~§ vik, s)y°yivik, s 357
'y y ai¥w10) PISE Zw(k),s:] (k,s)y"y vk, s) (357)
while the second one takes the form
o1ty yiwio) = —(0lo;w Ty y w|0) (358)
As a consequence, one finds that the vacuum pressure is given by the following expression
2
1 1 dk i
— T 0,,i
= | —— vik,s kiv(k,s 359
(p) 3(2n)3/ ) ;:1 (k. s)y "y kiv(k,s) (359)

One must now evaluate the sum present in the above integral. We have seen that the spinors v obeys the Dirac equation
(y%w — y'ki + m)v(k, s) = 0. Using this last equation, one deduces that

2 For convenience, let us notice that the following relationships are useful for this calculation

ut(k, s)uk, r) = 28,5
vk, s)vk, r) = 208,
vT(k, s)v(—k,r)=0

These three equations are responsible for the fact that only the quantity w(k) appears into the expression of the Hamiltonian (352).
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vik, s)y ykivik, s) = wvik, s)vik,s) + vik, s)y°mvk,s) (360)

Then, one can sum over the polarization and use the normalization of the spinors established before, see for instance
Egs. (341), (344) and (345), to obtain that

2 2
Z vik, )y yikivik, s) = 40” + Z vik, s)y°mv(k, s) (361)

s=1 s=1

On the other hand, with the explicit expressions (342) and (343), it is easy to directly check that 252:1 vk, $)yomv(k,s) =
—4m? from which one can establish that
2 .
Z vik, )Yy ikivik, s) = 4w? — 4m? = 4k? (362)
s=1

which is exactly the sum needed to evaluate the pressure. Therefore, our final expression for (p) can be written as

1 4 k?
(p) :‘WE/‘”‘M (363)

We see that, again, we recover exactly the same result as for the scalar field but with the additional multiplicative factor
—4, see Eq. (69). This means that all the previous considerations discussed in the scalar field case also apply to the fermion
case. In particular, the regularization of the above divergent integrals would proceed in the same way. Introducing a cut-off
would break Lorentz invariance and would lead to an incorrect equation of state. On the other hand, using, say, dimensional
regularization produces the correct vacuum equation of state and leads to a regularized vacuum energy which is minus four
times the regularized scalar field vacuum energy. We do not need to repeat all these calculations here and we now move
to the case of a vector field.

7.2. Proca fields

Having treated the case of a spin 1/2 field in the previous subsection, we now turn to the case of a Proca field [16-22].
A Proca field A, (t, X) is a massive vector, spin 1, field. The corresponding action can be written as

1 1
S[A,]=— / d4xa/—g<ZFwF“” + EmZAMA“> (364)

where Fj,, =9, A, —9,A, and m is the mass of the particle. Again, we will restrict our considerations to flat space-time
and, therefore, we will take for the metric determinant g =n=1.

Before turning to the calculation of the vacuum stress-energy momentum, we quickly remind some basics fact about the
quantization of this type of fields. Varying with respect to A,, one obtains the equation of motion

I F™ —m?A” =0 (365)

Taking the derivative of this expressions and noting that 9,9, F*” = 0 (since this is the contraction of a symmetric expres-
sion with an anti-symmetric one), one arrives at

dyAY =0, (366)

provided that m # 0, which we assume in this section. As a consequence, the equation of motion of the vector field is given
by

33" Ay —m?A, =0 (367)

which is nothing but a Klein-Gordon equation for each component of A,. As usual, we Fourier expand the field in terms of
creation and annihilation operators. This leads to the following expression

Ap(t,x) = a;)‘ze—iwmk.x + (az)Teia)t—ik-x] (368)

1 dk o,
(2m)3/2 / V2w(k) D;GH o]

where, as usual, one has w(k) = vk + m2. Of course, the operators ap satisfy commutation rules since a vector field is a
bosonic field. The sum over « is a sum over four vectors that span space-time and form a basis. At this point, A, satisfies
the equation of motion but not yet the constraint 3, A” = 0. Working out this constraint, it is easy to show that this amounts
to efjk“a;"‘ = 0. If we now choose a frame where the wave-vector is aligned along the z-direction, then the basis can be
taken to be
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—w/m 0

21

0_ 0 1_ | &
a=| o | <=2 (369)

Yy

k/m 0

0 —k/m
2 _| & s _| o 370
€= el €)= 0 (370)

0 w/m
where €12 are vectors perpendicular to the wave-vector (the time components of €? and €3 carry a minus sign because we

show here the covariant vectors). But we have egk“ # 0 despite the fact that this is the only choice such that 626“3 =0.

Therefore, the only possibility left in order to satisfy the constraint is to take ag = 0. As a consequence, the Fourier expansion
of the vector potential is now given by

3
=1

(271)3/2 / V20(k) 4

where the three vectors appearing in this decomposition are still given in Eqs. (369) and (370).

Let us now come to our main subject and calculate the stress—energy tensor. There are several ways to carry out this
calculation. Here, we choose to return to Eq. (364) and to vary this action with respect to the space-time metric tensor.
Then, in order to work with the stress-energy tensor in flat space-time, we will take g, =7, but, of course, only after
having performed the variation. Straightforward manipulations lead to the following expression

_ 2 6S[AL]
Tyw=-— /—g Sghv (372)
1 1
=—8uv <ngagKﬁFxchaﬁ + ingaﬁAaAﬂ> + gaﬁF;vaﬁ +m2AMAU (373)

We are now in a position where we can compute the various components of T,,,,. Let us start with the energy density. From
the above expression, one deduces that

1 .. 1 .. 1 1 y
Too = j‘leFOiFoi + Z‘Sl]‘sleiijl + EmzAg + EmzsuAiAj (374)

Then, in order to evaluate the above equation, we have to separately calculate the four terms that appear in this expression.
Let us first give the relevant results needed to calculate the first term. Upon using Eq. (371), it is easy to establish that

. 1 dk
6”08A8A~0=—/ 81 el ed w? 375
(OldoAidoA}10) = =5 | 500 Z (375)
. 1
8Y(0]99A;0;A0|0) = ——— sl k 376
(1034010 =~ [ s Ze el k) (376)
and,
1 dk g
81(013;A0d;Ao|0 :7/ sy & ekik; 377
(019; Ao j 0l0) (27_[)3 Zw(k) ;6060 KiK j ( )
In the same manner, the second term, containing the space component of the field strength, can be expressed as
2 dk 3
UM (0| F i F jy|0) = —/ sk Pkik; @ik 378
(O|Fi F j1|0) a7 | 200 E e efkikj — € €7 kik) (378)

The third term can be written as

(0|A 8‘68‘ (379)

(27r)3 / 2w(k)
and, finally, the fourth and last term takes the form

3
. 1 dk I
5U(01AIA}0) = —— [ = 3 sUeed 380
OIAA;10) (2n)3/2w(k)a_l e (380)
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Having calculated the four terms appearing in the expression of Tgp, one must now combine them. Using the relationships
satisfied by the vector basis,> one obtains the following expression for the vacuum energy density:

1 3
(p) = @) 2 /dka)(k) (381)
Based on our experience with the calculation of the vacuum energy of a spin 1/2 field, this expression is totally expected.
As before, it is equal to the scalar field energy density times a multiplicative factor which takes into account the spin of the
particle. Here, for a massive vector field, there are three polarization states and, as a consequence, the multiplicative factor
is three.

In order to be exhaustive, let us now evaluate the pressure. The calculation proceeds exactly as before and it is easy to
show that

LMY Ty = Too +m? A3 —m?5U A A (382)
from which, using the relations already established before, we immediately deduce that
1 3 k?
=——— | dk—— 383
)= 36 / 0 (383)

Of course, this is again the expected formula, namely the scalar field pressure times a multiplicative factor equals to three.
Clearly, there is no need to repeat the discussion about the regularization of the above divergent integrals. It proceeds
exactly as explained before.

7.3. Mass-less vector field

Finally, we consider the case where the vector field is mass-less, m =0 [16-22]. This is of course necessary if we want to
realistically evaluate the vacuum energy density since we know that this type of field exists in Nature. If the mass vanishes,
this means that the dispersion relation is now given by

wk) =k (384)

as appropriate for photons. In that case, contrary to the massive case, we can no longer establish that 9, A” = 0. Therefore,
the equation of motion takes the form

30" AY —9Y(0,A") =0 (385)

At this stage, we need to fix a gauge. As is well known, it is convenient to work in the Coulomb gauge defined by the
following conditions:

Ap=0, 9A =0 (386)

In particular, the last condition implies that A;j(t,x) is a transverse field. As a consequence, its Fourier expansion can be
written as

2
Ai(t, %) = 3 e o [ageirtikx o (qx)Telor-ikx] (387)
a=1

1 / dk
2m)32 | 2w

The two three-vectors €' and €2 are perpendicular to the wave-vectors k. In the mass-less case, only two degrees of freedom
remain.

3 For convenience, let us give the two equations needed to complete the calculation. It involves simple combination of the polarization vectors. Using the
explicit representation given by Eqs. (369) and (370), one arrives at

LS w?
ij a, o _

8 E €€} 72+m—2
a=1

Then, these two expressions can be combined to lead to the following relation which is what is needed in order to simplify the expression of the vacuum
energy density

3 2 2.2
o N2 W kw _
Z(e,‘j‘el"‘klkj —e,‘j‘ej?‘k,kl) =k <2+ W) - =2

a=1
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The calculation of the stress-energy tensor is now straightforward. Using the calculation of the previous section, in
particular the expression of the time-time component of the stress-energy tensor (374), one finds that

1 .. 1 ..
Too = E(sUaoAiaoA,- + Za'fsk’Fiij, (388)
and, since we now have,
$UY ered =2 (389)
a=1
2
D (el efkikj — € €¥kiki) = 2k (390)
a=1

one finally arrives at the following expression for the vacuum energy density:

1 2

that is to say the scalar field energy density times two, as expected since there are two polarization states. For the pressure,
using the same approach, one immediately obtains

1 2 k2
(p) = PISE E/dk o0 (392)

where, as usual, the factor two in front of the whole expression originates from the two polarization states of a mass-less
vector particle.

We conclude by stating the main result established in this section. For any type of fields, the vacuum energy density can
be written as

1 s
(p) = @) 2 /dkw(k) (393)
where s represents the number of polarization states (s =1 for a scalar field, s =4 for a spinor field, s =3 for a massive
vector field and s =2 for a mass-less vector field). The pressure is given by a similar expression. When these divergent
integrals are regularized, one can show that, again for any type of field, this leads to the Lorentz invariant form of the
vacuum equation of state, namely (p) = —(p). In principle, the results of this section makes the accurate evaluation of the
vacuum energy density in the standard model of particle physics possible. However, before discussing this point, we need
to say something about the fact that py,c is positive for bosons and negative for fermions.

7.4. Application: super-symmetry

7.4.1. Motivation

The fact that the sign of the zero-point energy density is different for fermions and bosons, see Eqs. (67) and (350),
suggests a very simple way of solving the cosmological constant problem. It is clear that one can design a theory where the
two contributions are equal in absolute value such that the final result is exactly zero. Let us see how it works in practice.
For this purpose, let us consider again the Lagrangian of a massive real scalar field, see also Eq. (6)

o 1
Ly= _Enlwaucpav@ — 5mzq>2 (394)

where we have introduced a constant « in front of the kinetic term. Before we took o =1 and it is interesting to discuss
why we made this choice (after all, how do we know that o = 1?). As usual, see Eq. (60), one Fourier expands the scalar

field as

O(t,X) =

e—iot+ikx | C;r‘eiwtfikx) (395)

1 /‘ dk (c
ey | 2ok "

with a new expression for the quantity w, compare to Eq. (61), namely

2
ik, @) = [k + = (396)
o

since this is the condition for Eq. (395) to be a solution of the “new” equation of motion (see also Eq. (59))

—ad +as9ipdip —m2p =0 (397)
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The new dispersion relation can easily be understood. We see that the quantity o simply renormalizes the value of the
mass m. This makes sense since, if m = 0, we clearly see that the relativistic relation w =k is not affected by the presence
of the constant «.

The next step is to derive the commutation relations for the creation and annihilation operators. Let us assume for the
moment that we have the standard relation (62)

[ck, ch] =8k — p) (398)

Then, from the expression of the Lagrangian, one can calculate the conjugate momentum. It reads I7(t, X) = —®(t, X). This
implies that the commutation relation between the field and its conjugate momentum now reads

[¢(t, %), 7t y)] =ias(x—y) (399)

an expression which reduces to the standard commutation relation only if o = 1. Therefore, if one wants to have [®, [T] =
i§(x — y) and, at the same time, [cf, C};] = 3§(k — p) there is no other choice that taking o = 1. It is worth noticing that
working with the two previous commutation relations (398), (399) and o # 1 would lead to a different prediction for the
energy density of the vacuum. Indeed, the stress-energy tensor is now given by

1
Ty = ad, @9, ® — gweg‘”ﬂaacpaﬂcb + 5m2<b2> (400)
which implies that
. . 1
Too = = ®2 + 25618,00;@ + ~m>®>. (401)
2 2 2
From this expression, it is easy to show that
a 1
=——— | dkow(k, o 402
P = sy [ kot (402)

an expression that should be compared to Eq. (67).

Of course, one can also demonstrate that the consistency can be re-establish if the commutation relations for the creation
and annihilation operators are taken to be [c, CL] =§8(k — p)/a. In this case the commutation relation of the field and its
conjugate momentum have the correct form. Moreover, one has

01670y = —! / dk (k) (403)
T )’ ) 2wk a) o«
(016 3;08; [0) = — / dke K (404)
T 3 | 20k, a)
1 dk 1
00%0)=—— | ———— 405
(0[2710) 2m)3 / 2wk, o) o (405)
these formulas should be compared to Eqgs. (63), (64) and (65), which implies that
(p) = 1 /dka)(k o) (406)
PI= 32 ’

that is to say the “standard” result.

Therefore, in conclusion, the “1/2” coefficient in the expression of the vacuum energy density is only obtained if the
commutation relations and the normalization of the field are properly and consistently chosen. In particular, if one chooses
to work with a coefficient “1/2” in front of the kinetic term (canonical normalization), then there is no other choice than
working with [cg, CI,] =4(k — p). Or, in other words, the previous commutation relation implies that a “1/2” in front of the
kinetic term must be present.

We now apply the previous discussion to the cases of a complex scalar field and to a Majorana spinor. The Lagrangian
for a complex scalar field should be written as

L=—gh3,0%8,0 —m?*d*d (407)
with, this time, no “1/2” in front of the whole expression. Indeed, if one writes that
1
¢=—=(A1+iA2) (408)
V2

then the Lagrangian takes the form of the sum of two Lagrangian for the two real canonically normalized fields A1 and Aj.
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The previous discussion has also important implications for the Lagrangian of a Majorana spinor. A Majorana spinor is a
spinor satisfying
U = ¥n (409)
where the charge conjugate spinor ¥ ¢ is defined by
Pl=Cyrt (410)

In this expression the symbol “T” denotes the transpose matrix. The matrix C is the charge conjugation operator that can be
represented by iy2y° and satisfies C)/,}C*l = —¥u. We have of course (¥°)¢ = ¥. From a Dirac spinor ¥ one can always
write two Majorana spinors

Wi =%(w+qﬂ) (411)

Up = %(w 2 (412)
Of course, the above expressions can always be inverted and re-written as

¥ = %(II’Ml + i¥m2) (413)

P= %(‘Iﬁm —i¥m2) (414)

The two previous expression can be inserted in the Dirac Lagrangian (329) (taking m = 0). This leads to the following
expression

1
ﬁDirac = _E

i i i, - —
= —illlmyﬂaulllm - Ewmy“auww - E(—zur/Mzy“aﬂwwn + iUy o ¥m2) (415)

— — 1 —
v — llI/Mz)lV’L%ﬁ(Wm +i¥m2)

But, using partial integrations, one easily shows that
vy POt = — (0, ¥m2) Y ¥t = +¥ w1y 0 W2 (416)
so that the last term vanishes. Therefore, one conclude that the Lagrangian for a Majorana spinor is given by
1— .
LMajorana = _EWM(lVMaM - m)WM (417)

and that the expansion of a Majorana spinor operator in Fourier can be expressed as, see also Eq. (333)

(L, X) = ruk, rye itk o (pTy e pyelot—ik] (418)

1 / dk 22:[
@) ] V20 o

where we notice that only the operators b, are present which reflects the fact that, for a Majorana spinor, the particle and
the anti-particle are the same. But the most important aspect is the coefficient “1/2” in Eq. (417). Clearly, it means that if
we perform the calculation of {(p) again, we are going to find

1 2

that is to say an expression with an overall factor 2 instead of 4 for a Dirac fermion, see Eq. (350).
We are now in a position to address the main point of this section. Let us consider the following model described by a
complex scalar field and a Majorana spinor:

1_—
L=—gh5,0%8,d —mip*p — EWM(iy#aM — mg)W¥n (420)

where mp is the mass of the bosonic field and mp is the mass of the fermionic field. From the above considerations, it is
obvious to calculate the vacuum energy density. It reads

1 2 1 2
__ = 2 om2_ L % k2 + m2
(p) = TP 3 /dk k2 +mg Gy 2 /dk k% +mg (421)
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We have a factor two for the complex scalar field since we have seen that a complex scalar field is equivalent to two real
scalar fields and a factor —2 for the Majorana spinor as shown before. In general, the quantity (o) is not zero because
mp # mg. But if we now assume that

mp = Mg (422)

then the zero-point energy density exactly cancels out and we have solved the cosmological constant problem. The above
model is in fact nothing but the simplest super-symmetric model, the so-called Wess-Zumino model [19,70-74].

7.4.2. The vacuum energy in super-symmetry

Having motivated the idea of super-symmetry, we now study in more detail its implications. In particular, we would like
to check that the type of cancellation studied before is generic in super-symmetry. In order to simplify the discussion, we
start with considering the Lagrangian (420) with mg = mg = 0. We will now use the standard super-symmetric notation
with the dotted two-components Weyl spinors [19,74]. In this formalism, the Majorana spinor can be written as

v,
Wy = (q—,‘i.é ) (423)
Then, using that the Dirac matrices can be expressed as
0 (M)
"o __ . (074

we find that the Lagrangian (417) can be re-written as
L3 (aH) L pa(gh T
Lhajorana = _EW"’(G ) OV — E11/ (07) i O ¥ (425)

where we used that (by definition) Uy = (Y)* and w2 = (W%)*. The next step consists in using the relation
(0N a0y W = =0, ¥4 (@H)*“ W, (the spinor components are Grassmann variables and, therefore, anti-commute, see
below) and, then, to transform the resulting expression by integration by part. In this way, one shows that the La-

grangian (425) is in fact twice the first term. As a consequence, the Wess-Zumino model is described by
Lw_z=—1"0,010,0 — i04(61)" 0, ¥y (426)

Let us now consider a super-symmetric transformation. In order to understand what it really means, let us use the analogy
with a gauge transformation [19,74]. For definiteness, we consider a SU(2) transformation. Let v be a SU(2) doublet of
spinor fields. After an infinitesimal transformation, this doublet v becomes a new doublet v’ such that

V= /2y (1[2 + igf%)v (427)
or
.0
sv = id?’v (428)

where o are the Pauli matrices, the generators of the group. The quantity € is a vector (or a collection of three parameters)
specifying the transformation. In super-symmetry, the transformation is characterized by a Weyl spinor &% which, therefore,
plays the role of the quantity €/. A super-symmetric transformation transforms a boson into a fermion and vice-versa. As a
consequence, one can write

5P =2E%W, (429)
SWy = —iﬁ(c“)aﬂéﬁauqiv (430)

where the factors i or /2 are introduced for future convenience. Before showing that the Wess—Zumino Lagrangian is indeed
invariant under a super-symmetric transformation, one needs to introduce a last result. We would like the Lagrangian to be
invariant without using the equation of motion (in other words, we would like the Lagrangian to be invariant “off-shell”).
In this case, one needs to add a term such that the new Lagrangian reads

Lw_z=—n"3,00,0 — iW4(5")"" 8, Wy — FTF (431)

where F is a complex scalar field. It is easy to see that this term is harmless since the corresponding equation of motion
is just F = 0. But this term is necessary if one wants to match the bosonic and fermionic degrees of freedom. A Weyl
spinor has two-complex components and we now have two complex scalar fields. Obviously, we also need to modify our
super-symmetric transformation and they now take the form
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5D = 2E%w, (432)
SWy = /264 F — iﬁ(o“)aﬁé'gautp (433)
8F =iv/2(8, ) (01) 4E° (434)

Our goal is now to show that the Lagrangian (431) is indeed invariant under the three transformations (432), (433)
and (434).

In fact, the key to show that the Lagrangian is invariant is to be able to evaluate the above transformations for the
complex conjugate quantities. We have

sof = v2(6%w,) = V2 (5%)
=V2(W)*(5%) = V27
C V3E, T = J3ET, (435)

We cannot review here the complete dotted spinors formalism in detail, see Ref. [74], but in order to make the calculations
reasonably self-consistent, it is nevertheless interesting to recall a few things. The first point to discuss is the definition of
the dagger symbol for Grassmann variables. In fact, a very clear discussion can be found in p. 35 of Ref. [74] and there is
no need here to entirely repeat it. In brief, one needs to remember that we deal with quantum fields. Usually, the dagger
symbols means complex conjugation and transposition. For a scalar field, it simply amounts to take the complex conjugate
of the mode function and put (or remove) a dagger to the creation and annihilation operators. For the spinor component
¥,, this is the same (here it is important to remember that one discusses one component only and not the spinor viewed
as a column and, therefore, we “cannot” take the transpose of the matrix - there is no matrix!) and one defines lI/[I as the
complex conjugate of the corresponding spinor component times the creation and annihilation operators with or without
the dagger symbol. However, the question arises as how to evaluate the Hermitian conjugate of a product of Grassmann
variables. Here, Ref. [74] shows that the most convenient way is to define (£¥W,)" = W;E"‘T. that is to say something similar
to what we are used to in the case of two matrices even if, again, we do not deal with matrices here but with components
of Weyl spinors. This definition justifies the first step in the previous equation. _
Then, it is also interesting to discuss how the two last equations are obtained. Let us write '51 =aq, @j =band ! =c,

52 =d, where a, b, ¢ and d are (complex) Grassmann variables. As a consequence, one has U 4EY = qac + bd. On the other
hand, &4 = edﬁ-éﬂ, where

0 1
edﬁz(_] 0) (436)
from which we deduce that £; =d and &; = —c. In the same manner, one has ¥% = €4h ¥, with
i (0 —1
ap _
b — (1 o ) (437)
from which one obtains ¥| = —b and ¥ = a. Using these results, one has £4 %% = —db —ca = ac+bd = ¥ &Y, which is the
wanted result. But, using again the expressions of the components obtained above, one also notices that £4W% = —£9Wy,

which is the last result used to establish the expression (435) of §&@%. In a more compact notation, one has
E 0% = Gdﬁ.gﬁ@a — gﬁedﬂ.@a — _gﬁeBd@a — _gﬂq_/B (438)

the key point being the fact that the matrix €, 4 is anti-symmetric.
We now need the transformation of (§¥,)* = §¥4. One has

8o =vV2EaFT +iv2[(0") ;] €7 0T (439)
Z\/Ego'[FT-Fi\/E(O’M)ﬂdSﬂau(ﬁT (440)

Finally, following the same lines, the transformation of §F' can be expressed as
8F" = —iv2(9)" (0,,0%) [(0") o5 (441)
=—iv2&" (3, @d)(au)m

We are now in a position where one can compute the variation of the super-symmetric Lagrangian. Collecting the above
results, one obtains

(442)
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SLw_z=—n""0,8010,0 — Vo, d19,60 — isW 4 (1) 0, Wy — 10 (67) 0,00 — SFTF — FISF  (443)
= —iV2F T84 (F1) " 8 W — iVZFT (8,0) (01) 148" — V284 (67) "B F
FIVEP (07) 3 (T F + V2 B0, T, @ —V2(GH) ™ (0) 15 TP 300y
— V2N E B Wy DT+ V2(07) 5 (FH) EP 3y W0, B (444)
Each term in this expression needs to be studied in detail. The first term is also equal to i\/fFTBMw“(J“)adéd and,
therefore, exactly cancels the second one. The third one is, after integration by parts, iﬁ(auid)(a)dasap, which is also

equal to —iﬁé“(o“)ad@u@d)ﬂ This cancels exactly the fourth term. As a consequence, all the term involving the field

F give a total derivative contribution only. It remains the four terms involving the scalar field ® and ®T. We first focus on
the terms involving @ only. For this purpose, we use the following relation [19,74]:

(F1) % (07) g5 = 1"V8% 4 +2(52) (445)
where
ot = %(5“0” —goh)=—g"* (446)
Therefore, the second term involving @ [i.e. the sixth term in the above formula (444)] can be re-written as
V() (07) g Tak 300 ® = —V2 8% 5 +2(51)" 31T 6EP 50,0
= V2" T EYH,0, (447)

the second term in this equation leading to a vanishing contribution since ¢*V is anti-symmetric. The next manipulation is
to integrate by part. This gives

V(M) (0) s TaE 800 ® = —V20MV W 40,0, @ = V20" 0, T €YD,
= V20"V E50, W90, D = -2V EY, W 40, P (448)

Therefore, this term exactly cancels the first term involving & [or the fifth term in the formula (444)]. Clearly, this also
works for the two terms involving @. We have thus shown, without using the equation of motion, that the variation of the
Wess-Zumino Lagrangian (431) is a total derivative. As a consequence, the Wess-Zumino model is indeed super-symmetric,
that is to say invariant under the super-symmetric transformations (432), (433) and (434).

We have seen before that the constant spinor €% was the equivalent of the vector €/ in the case of the SU(2) transfor-
mation considered at the beginning of this section. But what is the equivalent of the generator o;/2 for a super-symmetric
transformation? Moreover, we know that the generators obey the formula [0j/2, 0/2] = i€jjx0 /2. What is the correspond-
ing equation satisfied by the super-symmetric generators? We now turn to these questions.

Using again the analogy with the SU(2) transformation, we expect that an infinitesimal super-symmetric transformation
to have the form

8:® ~i(5" Qu +£4Q%)® (449)
Here Qg is the super-symmetric generator, the equivalent of o;/2. Clearly, since £*Q, must be a scalar, Q4 is a Weyl
spinor as the notation indicates.
In order to find the super-symmetric algebra, we first compute the quantity (8,5: — 6:8,)® using Egs. (432), (433) and
(434). 1t is straightforward to show that

(898 — 88y ® = 2% o F — 2i% (01) 571 0 P
2%y F + 2in® (oﬂ)aﬂéﬁaﬂcp (450)
= —2i%(0") 4 o, ® + 2in“(0”)aB§58Mq§ (451)

since £*ny = n%&,. But, of course, we can evaluate the same commutator using the expression (449) for the infinitesimal
super-symmetric transformation. This leads to

(885 — 858 = — (1" Qu + 716 Q%) (57 Qs + £,Q7) @
+(8%Qo +54Q%) (P Qs + 77,00 )@ (452)

Then, expanding this expression (carefully taking into account the fact that the spinor components are Grassmann variables),
we arrive at
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(898 — 8:8y)®@ = 1" (QuQp + Qs Q)5 @
+76(Q4QP + QPQY)E0 +1%(QeQ” + QP Q)€ — (e Q” + QP Qa) 130 (453)
One must now compare Eq. (451) with Eq. (453). First of all, we notice that, in Eq. (451), there is no term with two undotted
or two dotted spinors & and ». This implies that
{Qa, Qp}={Q% @’} =0 (454)

Then, a comparison of the first “cross-terms” leads to

{Qu, Qgl@ = —2i(aﬂ)aﬁaﬂcp (455)

and a similar relation for the second cross-term. Remembering that P, = —id, (the minus sign is in fact just a conven-
tion; the problem with super-symmetry is that the literature contains many different conventions; a nice treatment of this
question can be found in the first problem of Ref. [75], Appendix C), one arrives at

(Qar Qp} =2(0") 5P (456)

This equation shows that two successive super-symmetric transformations are in fact equivalent to a space-time translation.
As we will see, this has far-reaching consequences. However, for the subject discussed here, the above formula has also very
important implications. Indeed, working it out explicitly, one has

Q1Qi+QjQ1=2P3+2P (457)
Q2Q5+Q3Q2=-2P3+2P (458)

from which we deduce

4Pg=0Q1Q;i+QiQ1+Q2Q5+Q5Q> (459)

Therefore, since the Hamiltonian is nothing but the time translation generator Py, this implies that

1 — —
(0|H|0)=Z(0|Q1Q1‘+Q1Q1+Q2Q2+Q2Q2|0)20 (460)

We have learned two things: firstly, if the vacuum state is not super-symmetric, i.e. if super-symmetry is spontaneously
broken (the underlying theory is super-symmetric but the solution or the state in which the system is placed is not), then
the vacuum energy is necessarily positive. Secondly, another remarkable consequence of the above results is that, when the
vacuum state is super-symmetric, that is to say when

Qql0)=0 (461)

one has (0|H|0) = 0, i.e. the vacuum energy is automatically zero. We have thus proven that the cancellation discussed
at the beginning of this section is in fact not a coincidence. Moreover, we have identified under which conditions it is
valid: it is always true for a super-symmetric system. This is the reason why super-symmetry has the potential to solve the
cosmological constant problem. It gives a concrete example of a symmetry which forces the vacuum energy to vanish.

Unfortunately, we know that super-symmetry must be broken in the real world. This comes from the fact that each
boson (fermion) of the standard model is not observed to have a super-symmetric partner of the same mass. This means
that vacuum energy is now given by Eq. (421). Let us evaluate it with our “incorrect” method which consists in regularizing
the divergent integrals with a cut-off M, see Eq. (74). We find

Mm* m3 m* m?
= (1+ B4 ) =(1+=FE4... 462
(p)susy 8712( te T ) 87'[2( v > (462)
M?
= 5 (Mg —mp) (463)
T

We see that, even if super-symmetry is broken, the most divergent part o« M* of the energy density cancel out. If we now
properly estimate the energy density by means of dimensional regularization (95), one obtains that

my (M) me (Mg
(Plsusy = 55~ 7 In ) In{ — (464)

Therefore, roughly speaking, one can estimate that vacuum energy is now given by ~ M‘S‘USY where Mgysy is the typical
difference between the mass of the super-partners, which is also the super-symmetric breaking mass.

A last remark is in order. In this section we have considered super-symmetry in flat space-time while the cosmological
constant problem is formulated in curved space-time. In order to be consistent, we should therefore treat super-symmetry
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in this last context. As is well known, this leads to super-gravity [19,75]. Regarding the vacuum energy question, super-
gravity presents important differences compared to super-symmetry. In particular, one loses the result that vacuum energy
is always positive. But, this also shows that discussing the zero-point energy density issue in curved space-time can bring
new aspects to the problem. This is the reason why, in the next section, we address this question.

8. The vacuum energy density in curved space-time

In the previous sections, we have computed the vacuum energy density in flat space-time. This may seem inappropriate
since we have argued that the problem occurs only in curved space-time. Here we show how to justify the previous
approach. Intuitively, this is justified because we deal with ultra-violet divergences for which the large scale structure of the
curved manifold should not play a too important role. In other words, in the ultra-violet regime, one only probes the local
properties of space-time and, locally, one cannot distinguish a curved manifold from the Minkowski space-time. However,
we need to put this intuitive reasoning on solid grounds. For this purpose, let us consider our toy model again where matter
is simply represented by a scalar field. The only difference with the previous sections is that, now, this quantum field lives
in a curved space-time. Therefore, in order to have meaningful Einstein equations, one must assume that the quantum
average of the stress-energy tensor sources the Einstein equations. In other words, we start from [53]

1

Ruv — iRg;w + Apguy =k (Tyv) (465)
Then, by analogy with Eq. (3), we define the effective action W to be

Ty 2 W 466

( ,u,v> = —7,_—g (ng ( )
The effective action can be written in term of the sourceless generating functional Z[0], namely

W =—-ilnZ[0] (467)
where we recall that the explicit expression of Z[0] is given by, see also Eq. (96),

7[0] = / Dep eliSmarrl] (468)

the quantity Smatter being the action of the scalar field. The above result can be proven in the following way. Varying Z[0],
one obtains

82[0]= / Dep i8 Smatter €m0 ?) (469)
= (O|i55matter|0) (470)
As a consequence,

2 swW 2 —i §Z[0]

_ - _t 471
J=gbg™ T /=g Z[0] bg™ 470
_ L<O’— 2 §Smatter 0> (472)
~Z[0]\| J—g &g
1
———(0[Tpv10) = (Tpv) (473)

= Z[0]
since the mean value is defined by (---) = (0| ---|0)/(0]0).

The next step is to calculate W explicitly in our case, i.e. for a scalar field. We now show that the effective action can
be expressed in terms of the Green function. The Green function is defined by the following expression [53]

1
v—E&
It is easy to show that Gg(x, y) =iDg(x — y), where the propagator has been defined in Eq. (100). Integrating by part the
action of the scalar field @ (x), the generating function can be written as

(—g"'VuVy +m?)Gr(x, y) = s(x—Y) (474)

/ddx«/_—gfb(x)(—g“”VMVV +m2)<1>(x)+i/ddx./—g'](x)<1>(x):| (475)

Z[J]1= /Dq) exp[—%

where we have considered the d-dimensional case for future convenience. This path integral is a Gaussian integral and,
therefore, can be evaluated using the standard techniques. For | =0 one has
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Fig. 4. Sketch of the Riemann coordinates used in order to derive an approximate expression for the Green function, see Eq. (495). The plot aims at
illustrating the fact that the Riemann coordinates are a local concept. Since it is sufficient to establish the Green function locally (and not in the entire
curved manifold), one can always endow the neighborhood of a point X' (denoted here by the region surrounded by the closed dotted line) with special
coordinates x* such that the calculation is simplified. It is important to notice that this does not restrict the generality of the obtained results.

Z[0] = (27)°/? (det K)~1/2 (476)
_ (zﬂ)oo/ze%tr(lnl(_l) (477)
where K is the following operator, appearing in Eq. (475),

K&, y) =iv—g(—g""VuVy +m?)s%(x - y) (478)

But the inverse of the operator K is in fact the propagator Dg(x, y). A pedagogical, but simplistic, demonstration of this fact
is the following one. The generating functional can be written as

Z[0] = / T d; e~ 2 Ly PxKny Py (479)

where, in order to reproduce Eq. (478) (or, rather, to mimic this formula), the matrix Kyy is taken to be Ky, = K&y, and the
“number K is defined” by K =i/—g(—g""V,V, + m?). Then, the inverse of the matrix K must obey

> KKy =8y (480)
z

that is to say, using the definition of Kyy,

KKy = 8xy (481)
But this equation is nothing but Eq. (474). This shows that, as announced, I(X‘y1 = (Dp)xy. As a consequence, one can write

Z[0] = (27)>/2 ezt D) (482)
or,

W= —é tr(In Dp) — i In[(27)°/?] (483)

We have reduced the evaluation of the effective action to the evaluation of the Green function (or the propagator) in curved
space-time. We now turn to this question.

For this purpose, we introduce the Riemann normal coordinates x* with origin at the point X/, see Fig. 4 and Refs. [76-
78]. As it will become gradually clear, the motivation for such a choice is as follows. Since we want to see how the Einstein
equations are modified, one only needs to evaluate the Green function locally. In this case, one can introduce coordinates
that drastically simplify the problem, i.e. the calculation. This is exactly the role played by the Riemann normal coordinates.
In these coordinates, the metric can be written as [76,77]

1 1 1 2
v = Npw — §R,w,,,,3x0‘)d"3 - ERW,,,g;yx"xﬂxV + <—%levﬁ;y5 + ERo,mg,\RAng)xo‘x’gxyx‘s +- (484)

Then, we insert this metric into the Green function equation (474) and retain terms with coefficients involving four deriva-
tives of the metric or fewer. A lengthy calculation leads to

_ 1\~ 1 =1 =1 ~ 1 1. -
" 9,,9,G — <m2 - 6)G —3R"0C + §R“a”,3x°‘x’38M8UG + g RaX" G+ (—gRa”;ﬂ + 6Raﬂ*“>xaxﬁavc;

1 _ 1 _ 1, 1 N 1, 1
+ ER”avﬁ;yxaxﬁxyaﬂavG + ER;agx"’xﬁG + (—%Ra R + @R"a gRix + 5R P Rk — me
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1 _ 3 1 1 1 _
+ En””BMBURaﬁ>x‘)‘xﬁG+ (—%R”a;ﬂy IORaﬁ y— @R o' pRicn + — G Mﬂﬂﬁ)x"’xﬁxyavc
1 1 _
+ (20Rﬂa”ﬂ s+ ER“MﬁR’\ v )x“xﬁxyx%uavc =-5%(x) (485)

where all the indices are raised or lowered by the Minkowski metric and where we have defined a rescaled Green func-
tion according to Gg(x, y) = g~ 1/4G(x, y). The next step is to Fourier transform the above equation. In this way the local
expansion which, in real space, looks like an expansion in the coordinates x* is transformed, in momentum space, as an
expansion in terms of the inverse of k¥, as appropriate for a local expansion. More precisely, defining

N 1 dy, ain®Pkaxs =
(x.x)= Gy /d ke G(k) (486)
we can expand the Green function as G(k) = Go(k) + G (k) + --- where G;(k) is the quantity appearing in front of a
coefficient involving the i-th derivatives of the metric tensor [76,77]. Let us notice that the Green function is a function
of X' in the sense that x* represents the coordinates of a point x defined such x’ is at the origin. Another remark is
that we define the Fourier transform of the Green function with an overall factor (27r)~¢ such that the coefficient of the
Dirac function in the right-hand side of Eq. (485) is minus one and does not contain factors of 7, thanks to the formula
84(x) = 1/2m)d [ dlkelkx.

Introducing this expansion into Eq. (485) and consistently identifying the terms of a given order leads to the desired
result. This iterative procedure gives

1 R 1 i 1 1

G(k) = — —R.q K + —
©=orm T rme T e i m ok, L0 ) ]+36 (12 1 m2)3
1 -1
k? +m? 487
T bt Tz ke kg [(k+m) ]+ (487)
1 R 1 i 2 1 -2
= —R.q k? —agd%0P[ (kK? + m?
Eim T rme? 12 Bka[( +m?)” ]+3aaﬁ [(k*+m*) 7]
RZ 2, 1
+(%_§a ‘)WJFW (488)
where the coefficient ayg can be expressed as
3 1 A 1 K X 1 ALK
dop = _ER;a 4077 au.avRaﬁ + 30Ra Ryp — @R o pRicr + @R aRopkp (489)
Inserting this last expression into Eq. (486) leads to
C(x. X kel ke | 1 ) NEERY S 490
*X) = x )d ‘ AN =g )+ 20X =g )+ [osme (490)
with
R 1 1
fi(x®) = s+ ER;axO‘ - gao,,gxo”6 (491)
R 1
fa(x.X) =25 = gaﬁ (492)

The final step of the calculation consists in expressing the Green function in the so-called proper time formalism [76,77].
Firstly, we replace the quantity (k2 +m?2)~! with

o
1 . —is(k2+m?2)
m = / idse (493)
0

and, secondly, we make use of the result

1 o ap f o2 2
dk el koxg—is(k®+m?) _ is d/2 —ism +l(l'/(2$) 494
@m)d / (471)d/2( a (494)
where 0 = n“ﬂxaxﬁ /2. This leads to our final expression for the Green function, namely
X
i ids

E(X, X’) — W (is)_d/zefimls—o/(zis)[l + iSf1 + (iS)zfz 4. ] (495)
0
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Of course, one could always push the expansion to higher orders in inverse of the momenta in order to obtain higher orders
in s. But, in the present context, this will not be necessary.

We now have all the tools to evaluate the effective action (483). We now seek an explicit expression for the quantity
In(Dg). As already mentioned, Dr can be viewed as the inverse of the “continuous matrix” K which means that, formally,
one can write

o0
Dp= f e iKsids (496)
0

where we have used again Eq. (493). This expression allows us to express the matrix element of e~Ks_ Indeed, given that
Dr = —ig~1/4G, a direct comparison of Eq. (495) with the previous relation leads to

—1/4 e—imzs—a/(Zis)
[1+isfi + (i) fa+ -] (497)

(e—il(s) _ &
xx (47-[)(1/2 (iS)d/2

Now, let us consider the following integral

[ ixeids et o (=DM EAKK

—IKS_ T —_ _dt=-y — i _ A A,
/e P / ; y —In(irK) E ] (498)
3 ixk k=1

In the limit A — 0, up to an infinite constant that can be ignored, only the logarithm survives. Therefore, we can define the
logarithm of the operator K as

oo
ks 1ds
—InK =1nDp=/e_”“F (499)
0
Then, using Eq. (497), one obtains
o
—1/4 —im%s—o (x,X')/(2is) :
g "X fe : , .2 , ids
InDEp)yy = 1+isf1(x, x is X, X cee|l— 500
( F)xx (@i (is)i/2 [ + fl( )+( ) fZ( )+ ] s (500)
0
As a consequence, we have now an explicit expression for the effective action, namely
i
w=-— / dix /=g )}/@X(ln DF)xy (501)
or
i1 [eims ids
W= |dixy—gl-————= | —=[1+is is)? = 502
/ g: el R IR DN ]is] (502)
0

In the coincident limit X' — x, the determinant of the metric tensor has been taken to one since it is calculated in X/, that is
to say for x = 0. For the same reason, we also have considered that o = 0. The above expression can be evaluated explicitly
in terms of Euler function and one obtains

. d—4
oot () () ewar(o- oo ]|

where we have introduced the scale p in order to maintain the correct dimension of the effective action. The above expres-
sion can be analyzed in a dimensional regularization scheme. In this case, one is led to the following expression:

o 2 m? mt mlfy  fy
w _/d X‘/_—g{[g e ln(471,u2>]<64712 e 2 32712) +} (504)

which is our final result. The i factor can be absorbed into a constant shift so we do not need to worry about it. If we
compare the effective action with the original Lagrangian (1), we see that the first divergent term in the above expression
can be absorbed into a redefinition of the cosmological constant (the second term can be viewed as a redefinition of the
Newton constant and the third term leads to the appearance of new terms in the action, see Ref. [53]). Explicitly, one has

m* 2 m?
AefszB_FKW E-y—ll‘l W (505)
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that is to say exactly the same expression as before (except an unimportant factor 3/2), see for instance Eq. (94). As a
consequence in a MS scheme [16], we can remove the divergence and obtain exactly the same expression derived before,
see Eq. (95), namely

m* m?
Aeff = Ap+K 64m2 ln<M2> (506)
The calculations of this section justify our previous approach in flat space-time. Indeed, we have just proven that all the
results derived before in flat space-time are in fact valid in the more rigorous approach where the curvature of space-
time is properly taken into account. This confirms that the vacuum energy does not scale as the cut-off to the power
four, see Eqgs. (74) and (77) but is in fact proportional to the mass of the particle to the power four times a logarithmic
factor depending on the renormalization scale. In some sense, the calculation in flat space-time can be considered as
a computational trick: it is sufficient to calculate the vacuum energy in this simple framework since, from the previous
considerations, we know that this is also the result that consistently emerges from an approach where the curvature of
space-time is properly included. Of course, physically, the reason for this success is not so surprising and was already
mentioned before. Since we deal with the ultraviolet behavior of the theory, a local analysis should necessarily lead to a
correct and consistent result.

It is also worth mentioning that Egs. (95) and (506) recently attracted lot of attention, see Refs. [47,51]. In particular, as
we discussed at length in Section 4.1 and as was emphasized in these articles, these equations are the consequence of the
fact that the regularization scheme used to tame the divergence of the vacuum energy must respect Lorentz invariance. In
fact, these equations have been known for a long time, see in particular Eq. (6.50) of the standard textbook [53]. Therefore,
the fact that the cosmological constant is proportional to the mass of the particle to the power four, and not to the cut-off
to the power four as usually claimed, see again Eqs. (74) and (77), is in fact not a new result. Of course, it modifies a lot
our estimate of vacuum energy. For instance, the correct result gives zero for the photons while, for the same situation, the
result based on the wrong regularization scheme gives infinity. Clearly, this means that the correct regularization scheme
leads to a cosmological constant much smaller than the one obtained from the wrong approach. As a consequence, one
could hope that the cosmological constant problem is in fact just an artifact due to the use of an incorrect regularization
method. We turn to this question in the next section but, unfortunately, we will see that this is not the case.

9. The value of the cosmological constant

We are now in a position to conclude the first part of this review. The considerations of the previous sections lead to
the following expression for the vacuum energy [51]

mé# m?
poc = Do 0 ) + oo ol o 4 (507)
where pp indicates the contribution coming from the bared cosmological constant and where the dots means that other
phase transition could contribute. Let us now evaluate the first term more precisely for the standard model of particles
physics [51]. In this case, one has one scalar field, the Higgs boson with ngy =1, my >~ 125 GeV, the six quarks (fermions) for
which ngyarks = —4 and m¢ >~ 171.2 GeV, mp = 4.2 GeV, m¢ = 1.27 GeV, ms >~ 0.104 GeV, my = 0.24 GeV and mg >~ 0.48 GeV,
the leptons (fermions) with njeptons =4 and me >~ 0.511 MeV, m, =~ 105 MeV, m; ~ 1.77 MeV, the neutrinos (fermions)
the mass of which is so small that we can ignore them and, finally, the gauge bosons (massive vector fields), nz = 3,
mz >~ 91 GeV and ny= = 3, my= =~ 80 GeV. Of course, we also have the photon but since m, =0, as already mentioned
before, it does not contribute to the vacuum energy. The only piece missing in order to calculate py,c in Eq. (507) is
the renormalization scale w. It was argued in Ref. [51] that, because we use the photons coming from the supernovae
to determine the cosmological constant and because these photons couple to the metric the expansion rate of which is
characterized by the Hubble constant, one should take w ~ /Ey Egray With Egray >~ Ho =~ 3.7 X 10~4! GeV and with the
energy of the photons corresponding to the wavelength A ~ 500 nm. This leads to p ~ 3 x 1072° GeV and implies that
Eq. (507) reads

Pvac = —2 x 10° GeV* + pp + piit + pise + -+ (508)
If one does not want to estimate 1, one can simply plot pyac as a function of p as done in Fig. 5. Clearly, regardless of the
precise value of 1, we are very far from pyac ~ 1072 GeV* always mentioned in the literature.

At this stage, Eq. (508) can be seen as the “prediction” of the standard model for the vacuum energy. At first sight, the
calculation is straightforward and, in order to obtain the number in Eq. (508), we have used techniques of regularization
that are known to work in similar contexts (i.e. when one computes a cross-section in particle physics) and to lead to a
very good agreement with experiments. Therefore, we now turn to the question of what is known experimentally about the
vacuum energy.
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Fig. 5. Evolution of the vacuum energy density [more precisely the first term in Eq. (507) versus the renormalization scale p]. In the range considered here,
the vacuum energy density is negative. The “divergence” observed around log;q it =~ 5 does not correspond to a new physical effect but just signal that py,c
becomes positive.

10. Measuring the cosmological constant in cosmology

Having discussed how the vacuum energy can be calculated, we now address the question of how it is determined and/or
constrained experimentally/observationally. Here, we should distinguish the case of cosmology, treated in this section, and
the other experiments, treated in the following sections. The difference is that, in cosmology, one claims a detection of A
while, as we will see, the other experiments can only put an upper limit on its value. Moreover, in cosmology, there are
in fact many different and independent observables that can be used to measure the cosmological constant [23,24,79-82].
All these techniques are reviewed in other articles [40,41] and, therefore, it is not our purpose here to discuss this question
in details. However, for completeness and also because this has some impact on the theoretical status of the cosmological
constant problem, we now discuss how A can be determined. We will do so from a theoretical perspective leaving, as
mentioned before, the technical aspects to other articles [40,41].

10.1. The accelerating Universe

As is well known, the claim that vacuum energy has been measured (and not only constrained) was first established
from the discovery that the expansion of the Universe is accelerated (although one can find many claims about the value of
the cosmological constant in the history of cosmology) [23,24]. Since the above mentioned claim has clearly very important
consequences for physics, one needs to be very precise at this stage and this is why, in what follows, we will review the
exact origin of this result.

In order to construct a cosmological model we apply general relativity to the Universe as a whole [83]. The cosmological
principle implies that the Universe is, on large scales, homogeneous and isotropic. As a consequence, the metric is given by
the following expression

ds® = —dt? + az(t)y,.?) dx’ dx/ (509)

where yif') is the metric of the three-dimensional space-like sections and where a(t) is the scale factor. The expansion
is characterized by the Hubble parameter, H = a/a where a dot means a derivative with respect to cosmic time. In the
standard model of cosmology, matter is assumed to be a collection of N perfect fluids (at least in the simplest version) and,
as a consequence, its stress—energy tensor is given by the following expression

N

Ty = Z Tﬂl)) = (o1 + pDUply + PT8uv (510)
i=1

where pr is the (total) energy density and pr the (total) pressure. These two quantities are related by the equation of state

pr=w(pr) (511)
[in general, there is an equation of state per fluid considered i.e. p; = w;i(p;)]. The vector u, is the four velocity and
satisfies the relation u,u* = —1. In terms of cosmic time this means that u” = (1,0). The fact that the stress-energy

tensor is conserved, V*Tg;, = 0, amounts to

) a
pT+3E(,0T+pT)=O (512)
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This expression is obtained when one takes p = 0. The case u =i does not lead to an interesting equation for the back-
ground. Moreover, if we assume that the fluids are separately conserved, then the above relation is in fact true for each
fluid, i.e. p; +3H(p; + pi) =0.

We are now in a position to write down the Einstein equations (10) for the Universe. We arrive at the following non-
linear, second order, differential equations

(12+k —KXN: '+Aeff (513)
a2 a? 34 PiT 3

.. -2 N

a a k
_(25+a—2+a_2) =K§pi—Aeff (514)

From the previous formulas, as already signaled in Eq. (11), we see that we can also define pa, by pa, = A/« and p 4,
by paz = —pay = —Ap/k. In this case, the cosmological constant is described as fluid with a constant energy density and
pressure and with an equation of state p 4, + o, =0, i.e.
Weae = 248 — 1 (515)
PAg
This is of course consistent with Eq. (5). It is worth noticing that the vacuum energy is described by a fluid with a negative
effective pressure.
Combining the two Einstein equations, one gets an equation which permits to calculate the acceleration of the scale
factor

.. N
a K 2
—=—— (0 +3p) + 5 Aeit (516)
a 6 P 3

Let us notice that, in order to obtain the above formula, we have not assumed anything about the curvature k. This equation

is especially interesting because it gives the condition leading to an accelerated expansion, namely

pr+3pr<0 (517)

Since the energy density of matter must be positive, we see that the above condition requires a negative pressure, i.e. some
exotic form of matter. But, this is of course exactly what happens when the vacuum energy is the dominant fluid in the
Universe. Then, Eq. (516) can be written as d/a >~ 2 Aeg/3 which is positive for a positive effective cosmological constant.
Therefore, in the framework of the standard model described before, the discovery that d > 0 means that a fluid with a
negative pressure is driving the expansion.

10.2. The Hubble diagram

In this section, we explain how the measurement of the Hubble diagram can be used to infer the value of the cosmo-
logical constant.
Let us first consider a source in flat space-time whose absolute luminosity is given by L (energy emitted per unit of
time). This quantity can be written as
nghv
L=—— (518)
At
where ng is the number of photons emitted during the time interval At. Suppose that we observe the source from a distance
dp using a telescope, the surface of the mirror being AS. The number of photons received is given by

e = n ( AS ) (519)
T a2

On the other hand, the flux of photons (or apparent luminosity i.e. energy per unit of time and surface) through the
telescope is, by definition,

nrhv
= 520
R= AsAt (520)
from which we deduce that
L
DR (521)

=12
4mdf
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We have just recovered the well-known fact that the apparent luminosity of a source decreases as the inverse squared of the
distance. On the other hand, we can use this relation as an operational definition of the distance, namely d; = \/L/(47 ®R).

The previous considerations can be used as a definition of distance in cosmology. For this purpose, let us now consider
the same situation but in a curved space-time with the following metric (a form more explicit than the one given in
Eq. (509))

ds? = —dt? +a*(t)(dr® +r? d23) (522)

We assume that the source is located at the co-moving coordinate r; while the observer is located at the origin of the
coordinates. In order to reproduce the above flat space-time calculation in this new situation, we first need to calculate the
surface of the sphere t = tg = const., r = ry = const. surrounding the source. The surface is just given by the integral of the
covariant volume element, namely

T2
S= / JEgd?x = // agrising do dp = 4wagrs (523)
0 0
This means that the number of photons received in the telescope can now be expressed as
AS
NR =N T (524)
4 agrs

But we have also to take into account the two following phenomena. Firstly, the energy of the photons has changed during
the propagation from the source to the observer. If A is the wavelength, we have A = (27 /k)a(t) « v~!, from which we
deduce that Er/Eg = vg/Vg = ag/agR, that is to say we have the redshift due to the expansion. Secondly, if the photons are
emitted as a burst of duration Atg, they will be received as burst of duration Atgr = Atgagr/ag. We are now in a position
where we can calculate the apparent luminosity. We obtain

on L (aE>2_ L 1 -
*Tana2?\ax) T 4ndd? (1+2)?

where z is the redshift of the source. Now if we use the operational definition of the luminosity distance (521), we find

cdr

) (526)

R
di(z) =arri(1+2) =ar(1+2) /
g

We see from the last expression that the distance of a source depends on the behavior of the scale factor between the time
of emission and the time of reception. On the contrary, if we measure the luminosity distance versus the redshift, we can
learn about this behavior. Measuring the apparent luminosity is quite easy and, clearly, the difficulty lies in estimating the
absolute luminosity of the source. It is also convenient to work in terms of the distance modulus, m — M, since the data are
often presented in this way. The quantity m (or sometimes myo) is the apparent bolometric magnitude. It is related to the
apparent bolometric luminosity ¢ by

£=10"2"/> x 2.52 x 107> erg/cm? x sec (527)

For instance the Sun has an apparent bolometric magnitude of —26.85. On the other hand, the absolute bolometric magni-
tude M is the apparent bolometric magnitude that the source would have at a distance of 10 pc and is given by

L=10"2M/5 x 3.02 x 10 erg/sec (528)

For instance, the absolute bolometric magnitude of the Sun is 4.72. As a consequence, using these two definitions, the
distance modulus is defined by

di(2) = Hiam = 101+m=M/5 1076 Mpc (529)
0

such that d; is dimensionless and c/Ho =3000h~" Mpc is of course nothing but the Hubble length (we have re-established
the speed of light for convenience). From the above expression, one immediately deduces that
- c
n(z) zm—M:5log10dL(z)+25+510g10<H—> (530)
0
where ¢ is expressed in km x s~!, Hp in km x s~! x Mpc~! and d; in Mpc.
In practice we only have access to dp over a limited range of redshifts. Therefore, one can derive a general expression by
Taylor expanding the scale factor. For small redshifts, we have
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Fig. 6. Luminosity distance di(z) (left panel) and distance modulus j(z) (right panel) in a matter dominated Universe. The solid line corresponds to the
exact result. The dashed line is the linear law d| >~ cz/Ho and the dotted dashed line represents the approximated result at second order, see Eq. (536). We
have used h =0.72.

1 1
a(t) =a(tr) + a(tr)(t — tr) + za(tk)(t —tR)? + - =a(ty) [1 + Hr(t —tp) — §H§QR(t —tr)? + - } (531)

where q = —aii/(a)? is the acceleration parameter. A positive acceleration parameter corresponds to a decelerating Universe
whether a negative one corresponds to an accelerating Universe. Using the previous expression, the luminosity distance
becomes

di(z)=c(1 +z)fdr|:1 — Hr(t —tr) + lH RAR(T —tr)?> + H3 RAR(T —tp)2 +- } (532)
33
1 1 3 1 5 3
=c(1+2) |-t —tR) + = HR(fE —tr)? — éHRQR(tE —R)” — §HRQR(tE —tR)> 4 (533)

As expected the result only depends on the time of flight tg — tg. In order to obtain our final result, we must express this
time of flight in terms of the redshift. The redshift of the source is defined by z = a(tg)/a(tg) — 1. Using the Taylor expansion
of the scale factor, we end up with

1
which can be easily inverted to give the expression of the time of flight, namely
tg—t +1 1+1 2+ (535)
E—IR= Hr  Hg ZQR

The last step is to replace the above expression into Eq. (533). This gives

di(z) = |:Z+ (1—qo)z* +- :| (536)

where we have taken into account that the time of reception is the present time (denoted with the subscript “0”). We see
that the measurement of the luminosity distance versus the redshift allows us to determine the Hubble parameter today.
If one goes sufficiently far in redshifts, one can determine whether the Universe is accelerating or not via the accelerating
parameter qg. It is worth noticing that this last conclusion is independent of the underlying gravity theory (provided this
is a metric theory). The typical behavior of the luminosity distance and of the modulus is illustrated in Fig. 6 for a matter
dominated Universe. Let us also notice that the method that we have just presented for pedagogical reasons is, of course,
not used in practice because we have now measured up to redshifts of z~ 1.4 for which the Taylor expansion is not valid
(and, of course, in the real world the analysis is always more complicated that the simplified version discussed above). In
this case, one must use an exact expression, that is to say one must compute the integral in Eq. (526) exactly.

If we now use general relativity (i.e. a specific theory for gravity), one can go further and relates the value of the
acceleration parameter to the matter content of the Universe. The critical energy density pei, defined by pui = 3H?/«, is
used to evaluate the contribution of each species through the parameter £2; = p;/pci Where p; is the energy density of the
species i at present time. Then, the Friedman equation can be re-written as
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N k
D=1+ (537)
i=1
and the acceleration parameter can be re-expressed according to
1N
qo = 5;91»(1 +3w;) (538)
1=
The Universe contains pressure-less gas (cold dark matter and ordinary baryonic matter) for which w = 0 but also radiation
(w=1/3) and, finally, vacuum energy (w = —1). In this case, one obtains
1
qo = E-Qm‘i‘-Qy — 2vac (539)

Today, the contribution of radiation is negligible since we know from the measurement of the CMB that thz ~2.48 x
10> [81]. Therefore, the acceleration parameter is in fact given by qo ~ £2m/2 — $2vac. On the other, we also know that
the Universe is spatially flat which means that £, + £2vac >~ 1 [81]. As a consequence, from the measurement of qg >~
—0.67 £ 0.25 [23,24], one can deduce the two quantities 2, and §2yac. On finds that 2, ~ 0.3 and §2y5c >~ 0.7. This is how
one reaches the conclusion that our Universe is accelerating and that vacuum energy dominates the present energy content.
Remarkably, as announced at the beginning of this section, it is a detection and a measurement of py;c. One finds

Pvac = RuacPeri = 107 Gev* (540)

a number that should be compared with Eq. (508).

At this stage, several remarks are in order. Firstly, we notice the large mismatch between the theoretical expectation (508)
and the above, observationally determined, number (540), something like 54 orders of magnitude (but much less than the
122 orders of magnitude often quoted in the literature). This is, of course, nothing but the cosmological constant problem
although we will be more accurate with regards to its definition in the subsequent sections. Something is clearly wrong
but, as will be discussed, it is difficult to identify where the mistake is. Secondly, it is clear that the above conclusion
rests on many assumptions. For instance, we have assumed that the Universe is homogeneous and isotropic [42] and that
gravity is well described by general relativity. This means that, a priori, the cosmological constant problem is present in this
context only. Thirdly, we have also implicitly assumed that the reason for the accelerated expansion is vacuum energy. This
is clearly a natural idea since there is a term in our theory that must be present since it satisfies all the required properties
(covariance, energy conservation) and that precisely leads to the observed phenomenon. A priori, nothing more can be
asked to a new theoretical framework. But, given the mismatch discussed before, one can also doubt the identification
of the source of the accelerated expansion with vacuum energy. As a matter of fact, it is possible to construct models
where the Universe accelerates because of some new source of matter (often named “dark energy”). This is for instance
the case of quintessence and/or galileons [43] models where a scalar field is responsible for the acceleration. In this case,
one can no longer claim that we have detected the vacuum energy and that its value is given by Eq. (540). However, this
does not solve the cosmological constant problem because, even if the source of the acceleration is another fluid, we still
have the constraint pyic < poi. Clearly, the number (508) does not satisfy this inequality which means that the problem
is still present. In this sense, the constraint deduced from cosmology is very important: even if dark energy is not the
cosmological constant, the observation that the energy density today is the critical energy density severely limits the value
of Aeg. Fourthly, in principle, it is possible to check experimentally whether the reason for the accelerated expansion is
vacuum energy or something else like quintessence [84-99] (more recently, in Ref. [100], the current acceleration was also
explained by a scalar field experiencing quantum fluctuations during inflation). Measuring the equation of state parameter
w is the clue since, if this is a constant equals to —1, then one can be sure that the source of the acceleration is the
cosmological constant. Unfortunately, this measurement is difficult [101].

One more general grounds, it is clear that it would be better to have constraints, or even a measurement, of vacuum
energy in an experimental context which is not cosmology where, as reminded before, measurements are difficult and
always subject to many biases and systematic errors. In the next sections, we explore whether this is possible.

11. Measuring the cosmological constant elsewhere than in cosmology?

In the previous section, we have written the Einstein equation in a homogeneous and isotropic Universe. Here, we
investigate the influence of the cosmological term in a spherically symmetric situation. This will allow us to study how the
presence of Aeg affects the motion of the planets in our solar system and how it modifies the energy levels of the Hydrogen
atom.

11.1. The static and spherically symmetric gravitational field in presence of a cosmological constant

Let us analyze the influence of the cosmological constant in a static and spherically symmetric situation [102]. This
means that, in spherical coordinates, one can write the metric tensor as [102]
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ds? = —B(r)dt? + A(r) dr? +r?(d6? + sin® 6 dg?) (541)

where A(r) and B(r) are two free functions. We seek solutions of the Einstein equations (10) with a vanishing stress-energy
tensor. It is easy to show that these equations can be expressed as

Ruv — Aeft8uv =0 (542)

The next step is to calculate the components of the Ricci tensor for the metric tensor given by Eq. (541). Straightforward
calculations lead to the following expressions

R TILA A Ly 503)

A\2B 4B2 4AB B

R —13—”+13—/2+1ﬁ+13—/ (544)

T 2B "4B2 "4AB 'rB

R99:l<£ﬁ_13_/_1>+1 (545)
A\2A 2B

Ryg = Rog sin® @ (546)

the other components being zero. In the above equations, a prime denotes a derivative with respect to the radial coordi-
nate r.

We are now in a position where one can determine the solution of the field equations. If we take the combination
Rtt/B + Rrr/A = — AggfB/B + AeffA/A = 0 [from the Einstein equations (542)], one obtains

LB AN (547)
rA\B A)
which implies that B(r) = C/A(r), where C is a constant. Using this expression, one can re-express Ryg as
B(r) B’
Rogg=—-1r——-1])+1 548
00 =7 ( B (548)
and, as a consequence, the corresponding Einstein equation now reads
B (r) + B(r) = C — C Aegr? (549)
This equation can easily be integrated and one obtains
C 12
B(r)=D + T DAeffg (550)

where D is another integration constant. The constants C and D are fixed in such a way that, in absence of a cosmological
constant, one recovers the standard Schwarschild solution. This amounts to take D =1 and C = 2GM, where M is the mass
of the central body and G the Newton constant. This completes our calculation since the two functions A(r) and B(r) are
now completely specified, namely

2

AP = ——  Bry=1-2CM _ Aar

B(r) r 3

We can now compare this solution to the standard Schwarschild solution. The fact that the time-time component of the

metric tensor is inversely proportional to the r-r component is still true but the radial dependence of the function B(r) is

modified by the presence of a cosmological constant. In the Newtonian limit, we have g; >~ 1+ 2V (r), where V (r) is the
Newtonian potential. In the present context, this implies that

GM Aeffrz
r 6

Therefore, we obtain the usual gravitational potential corrected by a term proportional to the cosmological constant. This
term looks like an inverted harmonic oscillator. This corresponds to a force felt by a test body of mass m given by
GIVZImu _ mAeffru
r 3

where u is a vector directed towards the central body of mass M. The cosmological constant force is directed in the other
direction and can therefore be viewed as a kind of “anti-gravity force”. We also notice that it is proportional to r which
means that its effect will be more important on large scales. This last property is the clue to understand why measuring the
cosmological constant is more efficient on large scales (the best example being of course cosmology). This means that the
modification of the planet orbits and/or the energy levels of the atoms will certainly be a small effect. On the other hand,
we know that measurements in, say, atomic physics are extremely accurate and, a priori, there is the hope that this accuracy
could compensate the smallness of the effect. Unfortunately, as we are now going to study, this will not be the case.

(551)

V() ~-— (552)

F =

(553)
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11.2. Planet orbits

Our goal in this section is to study how the planet orbits are modified by the presence of vacuum energy [103-105].
We will follow the treatment of Ref. [103]. We assume that the gravitational field created by the Sun and the cosmological
constant is given by Eqs. (541) and (551) with M = M. The motion of a planet is represented by the motion of a test body
in this background gravitational field. The corresponding geodesic equation can be written as

d2xm pdx? de
dr? vidr dt

where 7 is an affine parameter (not necessarily the proper time). Then, after having evaluated the Christoffel symbols for
the metric (541), one can express these equations explicitly. One obtains

(554)

d?t B dt dr
— =0

- 555
dr? + B dr dt (555)
d’r N B [ dt\? N A (dr\? r[do\* rsin?6 [dp\> o (556)
dr2 * 2A\dr 2A\dr A\dr A \dt/)
d’0 2drdo . de\?
a2 T dr —cos(?sm@(—) =0 (557)

d’¢ 2drdp _coso dodg
- _9 - 2——— =
dr? trdrdr | %sing dr de 0 (558)

Let us now solve these equations. Firstly, we can assume that the orbit stays in the § = 7 /2 plane. This automatically solves
Eq. (557). Then, if we divide Eq. (555) by dt/dt and Eq. (558) by d¢/dz, we obtain two new equations, namely

d dt
E[ln(a> —HnB} =0 (559)

d de 2|
E[IH(E> +Inr ] =0 (560)

The first equation can be used to define the affine parameter. We choose it such that it satisfies dt/dt = 1/B. Then, the
second equation tells us that

d
1,2_(0 =] (561)
dt
where | is a constant. Finally, Eq. (556) can be re-written as
?r A (dr 2o LA (562)
drz * 2A\dr Ar3 " 2AB?
If we multiply this last equation by 2A dr/dt, one arrives at
d ar\?> J? 1
— Al — = -—-=|=0 563
dr[ <dr> +r2 B} (563)

This means that the quantity inside the square brackets is a constant. Let us call this constant —E. Then, this gives an
equation expressing how the radial coordinate r varies with the angle ¢,

dr\? oot 1 1 E (564)
dp) —AMLJ2Br) 12 J?
It is easy to express the constants E and ] in terms of the aphelion and perihelion r, and r_, which are the two points on
the orbit such that dr/dg =0, see Fig. 7 (where the elements of the orbits are represented). This gives

1 r2-r?
BE (565)
] B —BC
r2 /B, —r%/B_
e (566)
e —rs

with By defined by BL = B(r+).
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Fig. 7. Sketch of the elliptic planet orbit with the aphelion and perihelion. The orbit is planar and the position of the planet can be characterized by the
coordinates (r, ¢).

So far, we have been very general and we have never specified the function B(r). From now on, we are going to use the
explicit form of this function, see Eq. (551). Let us notice in particular that, in absence of a cosmological constant and in
the limit where GM/r <« 1, the two above expressions reduce to

E-1 GM 2
—~——— J*~2GMD (567)
2 ry +71—
where D =ryr_/(r1 +r_) (of course, not to be confused with the integration constant introduced in the previous subsec-
tion). As is shown in the following footnote, these are exactly the relations obtained in the Newtonian case. More generally,
Eq. (564) takes the form

ar\* 1-E, 2GME, Aeiit® | EAesir®
<%> =Tt T o 26Mr 4+ =5+ (568)

Performing the standard change of variable, u = 1/r and differentiating with respect to ¢, we obtain*

4 It is interesting to compare this result with the Newtonian analysis. In this case, the Lagrangian is given by

L= g(fz +r2¢?) + CMm

where a dot denotes a derivative with respect to time. Again we have chosen the orbit to be in the plane # = 7 /2. This leads to the following equations of
motion

Mm
2

. .2 G
mi —mro© + =0
mr2@ + 2mri¢ =0
The second equation gives ¢ = J/r? while the first one can be re-written as
d/# J* GM
—|=+5—-——)=0
de\2  2r? r

The quantity between the parenthesis is a constant and we call it —E. Then, this equation can be re-expressed as

dr\> 2E 4 2GM 5
de) — 2 P

From this equation one can deduce an expression for E and J in terms of the aphelion and the perihelion. One gets

2

_ GM
_r++r,’

E J?>=2GMD

Introducing the variable u = 1/r and differentiating once more with respect to ¢, one arrives at

d2u tu— GM (569)
dg? " J?

This equation can easily be integrated. The solution reads

GM GM

u(p) = Fcos(¢p — ¢o) + N = N

where F and ¢ are two arbitrary constants. Clearly, one can always take ¢o = 0. The above trajectory represents, as is well known, an ellipse with
eccentricity e.

(1 —ecosg)
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2

du +u= £c;M+3c1v1uZ -
de? J?
This is the differential equation that needs to be solved in order to find the trajectory of the planet. It should be compared
with its Newtonian counterpart, see Eq. (569). One can check that, in this regime (without a cosmological constant), the
two equations are indeed identical since according to Eq. (567), E — 1, Aef = 0 and the term 3GMu? can be neglected. The
relativistic term 3GMu? is responsible for the precession of the perihelion and the last term represents the correction due
to the cosmological constant.

We now turn to the solution of Eq. (570). Let us first review how one calculates the precession of the perihelion without
a cosmological constant [102]. The idea is to restart from Eq. (568). For Af = 0, the polynomial on the right-hand side can
be written as

E Aesr
]2 3u3

(570)

1—-E

Tr(r—u)(r—r_)(r—e) (571)
since we know it has to vanish at r =ry. The only quantity that remains to be determined in this expression is €. Comparing
the above relation with Eq. (568), we deduce that

1-E
Tr+r_€ == ZGM (572)

Using the expressions derived before, it is easy to show that € =2GM/(1 —2GM/D). As a consequence, one can write

_ / 1 1 ar
CVI-E) - Vi€t

01— 9o (573)

There are several methods to evaluate this integral. As a matter of fact, it can be integrated exactly in terms of Elliptic
functions [48,49]. But, being given that € is a small quantity, it is better to expand the result in this parameter. This
leads to easier calculations that are, moreover, more explicit. In addition, the method can be generalized to the case of a
non-vanishing cosmological constant, which is of course our main goal. In fact, if we restart from Eq. (564) and use that
B~'~142GM/r +---, we see that the term in the squared bracket in Eq. (564) is a quadratic function of 1/r which
vanishes at r =r.. This means that one necessarily has

1 E 1 1 1 1 1
- —=>(Cl-—— ) —-——— (574)
2By J* 12 ror_J\r ry
Then, writing Eq. (564) in terms of u rather than r, one arrives at
du ) ~ u—u_)(u—uy) (575)
do) — A0 i

Now, when Aef # 0, as is clear from Eq. (568), the term in the square bracket of Eq. (564) is no longer a quadratic function
of 1/r even if the expansion of the function B=1(r) is used. However, this term still vanishes at r =4 and the integral will
be dominated by the contributions coming from the vicinity of these points, see also Eq. (573). The idea is then to continue
to work with Eq. (574) and to take into account the cosmological constant in the definition of C [103]. This should provide
a reasonable approximation of ¢ — ¢_. Using Eqs. (565) and (566), one can write

B0y 2 2 22 By — B2 2

1 1\/1 1
~ c(- - —) (— - —) (576)
r r— r r4

Then, if we differentiate both sides twice with respect to u, this gives

(e —uo) Uy —u)A W)

1 E 1 _rB'm-87"1-rdB'®-B"l 1

C= 1 (577)
2(uy —u_)A(u)
uA//
~—1+ 578
Al (578)

where L = 2D is the semilatus rectum. In the above expression, we have used Ay — A_ ~ (uy —u_)A’(L™"). So far, the
method is completely general provided that A~! = B. We now use the explicit form of A~!. Expanding everything in GMu
and in Aeff, one obtains [103]
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4GM  Aegl?®  4Aqgl3
C~-1 e 579
t T GM + 3 + (579)

The final step consists in using the above expression in Eq. (575). One finds [103]

(580)

AV2w)du 32GM  Aefl3
P (u) (l 4 Aeit +>

~ =n -—
[Cu—up)u—u_)]/? Ty 2GM
u_

where we have expanded A'/2C~1/2 and where we have used the fact that [ du/[(u — up)(u —u_)]"? =In(uy —u_) —
In(uy —u_) 4+ 2im /2, the complex i being exactly cancel by the i coming from the fact that C, which appears in a square
root, is negative [its expansion starts with —1, see Eq. (579)]. As a consequence, we obtain

GM
A<p52(<p+—<p_)—2n:6nT+A<pA (581)
where the first term is the standard relativistic perihelion precession while [103]

N 7T AegrL3
Aps= =~z (582)
is the contribution due to the cosmological constant. The above equation is the main result of this subsection. It gives the
perihelion precession due to the presence of vacuum energy. Let us notice that the scaling Ag, o L3 indicates that the
precession is larger for planets that are far from the Sun. It is of course totally consistent with the fact that the effect of the
cosmological constant is more important on large scales.

We now use the above result to constrain the amount of vacuum energy present in our Universe. For this purpose, let us
now calculate this perihelion shift for, say, Mercury (as mentioned before, the effect is larger for other planets but this does
not modify the conclusions obtained below; estimates for Venus, Earth and Mars can be found in Ref. [105]). In this case, we
have r; ~ 68.8 x 106 km and r_ ~ 46 x 10 km. This implies that D ~ 27.7 x 10% km. We also have GM ~ 2.95 km. Finally, it
is interesting to calculate in terms of the vacuum energy density observed in cosmology, see Eq. (540). For the cosmological
constant, this leads to the following number Agps ~ 8.81h? x 10~48 km™2. This leads to the following expression:

A
A@ 4 ~1.6h% x 10_24<—) rad/revolution (583)

obs

or, since Mercury completes 415 revolutions each century and there are 360 x 60 x 60/(27) arc-seconds per radian,

A
A@y ~2.7h% x 10_16<A—> arc-second/century (584)

obs

which is, of course, completely unobservable. The reason for such a result has already been mentioned. The solar system
has a characteristic scale (say a few astronomical units) which is too small for the cosmological constant to leave a sizable
imprint. However, even if one cannot measure the vacuum energy density with this method, it can nevertheless be used to
constrain its value. Indeed, the uncertainty in the precession of the perihelion of Mercury is about 0.1” par century, which
means that

A@a ~2.7h? x 10*16<p—"> <0.1 (585)
Pcri

implying that

Pvac < 10" o ~ 3 x 10732 Gev? (586)

Of course, this limit is not competitive with what one has obtained in cosmology. However, when compared to Eq. (508),
it leads to an interesting piece of information which allows us to define what the cosmological constant problem is more
accurately. Indeed, we see that there is a contradiction between the theoretical expectation (508) and the observations of the
planet trajectories in our solar system. In other words, the predictions of Eq. (508), if true, would lead to orbits drastically
different from what we observe. Therefore, even without the cosmological observations and only from the motion of the
planets in the solar system, one sees that our calculation of vacuum energy must be incorrect. Put it differently, it would
be incorrect to say that the cosmological constant problem originates only from the recent astrophysical observations. In
some sense, the problem is much worse. Only by observing the planets in the solar system, a class of observations which
seems to be much more straightforward than the cosmological observations, we know that our regularization method of
the vacuum energy must be flawed.
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11.3. Modifications of atomic levels

We have just seen that observing the motion of planets in our solar system can tell us something about the value
of the vacuum energy. A priori, another possibility to observe the influence of the cosmological constant is through the
modification of the atomic energy levels that its presence would cause. In this section, we investigate this question in
the case of the Hydrogen atom since this is technically simple [106-111]. We will follow the treatment of Ref. [106]. In
particular, since the problem is still spherically symmetric, one can use the metric tensor (541) obtained before.

The motion of an electron around the nucleus, living in a static and spherically symmetric manifold, is described by the
following Dirac equation

(r'*Dy+m)yw =0 (587)

where ¥ is a Dirac spinor, see Section 7.1 and m the mass of the electron. In the above equation, I, are the Dirac matrices
satisfying the relation

{r*,rvy=2g"" (588)

Let us notice that we have already presented this formula, see Eq. (330). Here, we slightly change the notation and now
denote the Dirac matrices in curved space-time by I'* (notice that we have also included a factor i in the definition of
I't*). The matrices I"'** are related to the Dirac matrices in flat space-time, y*, by I', =e%,, v, where e%, are the vierbein
fields such that g, =e“ Meﬂvna,g. The symbol D,, denotes the covariant derivative acting on the spinor, namely

Dy ¥ =0, —w)¥ (589)
where the spinorial connection can be expressed as
1 .
Wp == Ve ype®vg"t (Vyue?s) +iqA, (590)

with V,ef; =3,ef; — ngeﬂg and A is the vector field describing the electromagnetic field acting on the electron (q is
the charge). The Dirac equation can also be re-written as

idp¥ = HY (591)
where the effective Hamiltonian is given by
H=—i(g%) ™' rori@w — o) +ilpw —i(g®) ' romw (592)

In this case, the Dirac equation looks like an effective Schrodinger equation.

It is clear that the typical dimension of an atom is very small in comparison to the typical curvature scale of the
manifold. Therefore, as was done for the calculation of the Green function in Section 8, one can perform a local analysis.
For this purpose, we now use the Fermi normal coordinates [78]. In these coordinates, the metric tensor takes the form

800 = —1— Rocomx'x™ + - -- (593)
2
8oi = —§R0£imxexm + - (594)
1
gij =8ij — §ijmxzxm +-- (595)

where the dots indicate higher order terms. This implies that the vierbein fields can be expressed as

1
eoto = 5010 _ ERaZOmXZXm (596)
1
€y = 8% — S R pimX' X" (597)
and the Christoffel symbols can be written as
1
I3} = 5 (Roijm + Rojim)x™ (598)
F(g = ROiomxm (599)
i 1
F]?k = §(Rjikm + Rkijm)xm, F(?O =0 (600)

Iy;=Romjix™, Iy = Roiomx™ (601)
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Using the above results, this finally leads to the following expression for the spinorial connection [106]
1 . 1 ; .
@0 = YoV RIoom¥™ + 7 vy R oma™ + ig Ao (602)
L RO L Rk m e
Wi = 4VOVJ imX' + Sykyj imX' +1qA; (603)

The above formulas will allow us to calculate the effective Hamiltonian (592) explicitly. But before reaching this stage, we
must also determine vector field Aj,. The Lagrangian of the corresponding gauge field is given by, see also Eq. (364)

1 .
S:—/d“x«/—g(Zg“ﬂg““FMaFuﬂ—]“AM> (604)
from which we deduce that the equations of motion read
gV VvA, — R Ag = —jy (605)
At first order in the curvature, these equations can be expressed as [106]
. 1 o 5 ) . 2 .
8”3,‘31/\0 + gR,‘gijZXmalajAo + §Rj00mxmalA0 + 2Rki0me8IAk — §R,~mx’"8’Ao =—jo (606)
ij 1 £omaiai 2 i pa @ \um 2 1.5
870;0jAk + gRizij x"0 0’ A + §5 (R%kim + R% jfm)X™0j A, — §R kAo — §R 00k Ap
1 : 2 .
- §Ri00mxmalAk - ngmxmapAk =Jk (607)
For a one electron atom with a nucleus of charge Ze, one can take

j®=—zesr), j*=0 (608)

In what follows, we determine the vector perturbatively in the curvature. At zeroth order, in flat space-time, the equation
for the time component reduces to

899;0;A0 = Ze 8(r) (609)
whose solution is, of course,
Ze 1
0)
A _ T 610
0 A r ( )

Then, we write Ag = Aéo) + 8Ap, where §Ag is first order in the curvature. By inserting this expression into the full equa-
tion (606) and using the zeroth order solution (610), one arrives at [106]

i 1 Ze
8Y9;0;8A0 + §4n—r3(3R040m — Rem)x*X™ =0 (611)
The solution of the above equation reads [106]
1 Ze 1 Ze, xtxm
8A0 = 75— (R +4Roo)r + EE(BR om — Rgm)—r (612)

In the same manner, one can determine the space component. Obviously, at zeroth order, one has A,((()) = 0. The first order
perturbation Ay obeys the equation [106]

) 2Ze o1 2Ze xixm
899;0;8 Ak + 5 —R%— + = - —Ritm—5— =0 (613)

347 “r " 34w r3
whose solution can be written as [106]
she= 12 Ry 1 1 20 g0, XX (614)
KT 2ag "% Tgag Ty

This completes our calculation of the electromagnetic field.

Having determined the vierbeins fields (i.e. the quantities describing the gravitational force) and the gauge field (i.e. the
quantity describing the electromagnetic force), we are now in a position where we can calculate the Hamiltonian (592).
In order to make contact with the usual treatment of the Hydrogen atom, it is more convenient to introduce the standard
Dirac matrices «; and 8 related to the flat space-time Dirac matrices by
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Yo=ip, vi=—ifo; (615)
As is well known, they satisfy

aiotj + oot = 28 (616)

aif+pai=0, pZ=1 (617)

Then, we use the expressions of the spinorial connections (602), of the gauge field (610), (614) and of the Dirac matrices in
Eq. (592) of the Hamiltonian. This leads to the following expression:

| o i .
H=—io'0; + mB — s_ 5Rommxexmoz 9t — ER’“’"X Moyl — gRogjmxeXmOtJC(lai - ERogimxzxma’
r
i i i i 1 a1 ;
+ —a'ozfoc"Rjkimxm + —a'oﬂRojmixm + —O[lOlJR[)minm - Ea]ROjOme + —;Rogmixeme + Eg“ROioz’r
0 ,,m
—§(R +4Roo)r — —C(Rem +3Rocom) —— — ERMOmX XM Bat + = 5 2 Rocomx'x"B (618)
In this expression we have defined { = Ze?/(47) and we have taken q = —e. The three first terms are the usual Dirac
Hamiltonian. The other terms represent the correction due to space-time curvature. Since the above expression is quite
complicated, it is mterestmg to estimate the order of magnitude of each term. The curvature is given by D~2 where D is
a typical distance. Each x' is typically of the order of the Bohr radius, i.e. X ~ag~m~le 2 ~m~1¢=1. As a consequence
d; is of order m¢. This also means that the typical velocity is given by m¢/m ~ ¢. Of course the matrices ' and g are
dimensionless but, in the non-relativistic limit «!3; must reduce to ~mv? which implies that o/ >~ v ~ ¢. In the following
we consider that ¢ = Za where « is the fine structure constant is a small number. Then, the dominant term in the above
expression is the last one, which means that the Hamiltonian can be approximated as

1
H=Ho+ Hipt >0 - P+mﬁ—£+2mRoe0mXX B (619)

where we have used p; = —id;. If we use the following representation for the Dirac matrices

i (0 ol (I 0
“‘(of o)’ ﬂ—(o _]12> (620)

and write the Dirac spinor as

@ = elEX’ (¢) (621)
X
then the Dirac equation reduces to two equations that can be expressed as
¢ 1
a-px+({m-= + szO/wmx X" |p=E¢p (622)
oc-p¢—(m+{+ ~mRopomx'X™ )x Ex (623)

From the second relation we can express x in terms of & - p¢ and then we can insert this expression into the first equation.
This leads to

¢ 1 ) 2 ¢ 1
E+m+ =+ 5mRowomx X @-pyré+|m-—+ szonmx X" )p=E¢ (624)
or, using o - p¢ = p% ¢ and expanding the denominator of the first term in the above equation
1 ¢ m X P2 ¢ 1 ly
1— = — x™ -+ —-mR XX =(E—m 625
[ Ermr  2E+m) Rocomx ]E—i—m(p -~ 5MRocom )= ( o (625)

But, if we now perform an additional expansion assuming non-relativistic velocities for the electron (which, in practice, is a
good approximation), one arrives at the following expression for the term p2/(E +m)

2
Pt _ p ~ P (626)
E+m m+m+p?/Cm)+---  2m

As a consequence, we conclude that the non-relativistic limit is given by

Hnrop = (E —m)¢ (627)
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where the non-relativistic Hamiltonian can be written as [106]

2
p° ¢ 1
Hng = Ho + Hine = =— — = + =mRocomx"x™ B (628)
2Zm r 2
This is our final result. Endowed with this equation, one can calculate, by means of perturbations theory, the modification
of the ground state due to the presence of a cosmological constant. This leads to (the arguments of E indicates the value of

the quantum numbers n and ¢)

1
AE(1,0) = 5mRom,n(1s|x@xm|1s> (629)
1 1
= imRom,ngaffm<1s|r2|1s> (630)
1
= ngoo(ls|r2|1s) (631)

The ground state wave function is given by (at this order of perturbations theory, there is no need to take into account the
modification on the wave-function; one can use the standard one)

1
1) = ——=e~"/0 (632)

3
Ta,

where we recall that ag is the Bohr radius. This implies that
4r | 4rr 3a
T T od
(1sr?[1s) = — /r“e’r/ao dr=— =% =3a§ (633)
way may 4

The vacuum Einstein equations are, see Eq. (542), R,y = Aefr€uv and, therefore, at first order in the cosmological con-
stant one Rgg = — Aefr (here, of course, we only compute the corrections due to the cosmological constant and not those
originating from the Earth gravitational field). This means that

1
AE(1,0) = —imcerffaf, (634)

where we have re-established the speed of light for convenience. In fact, this result could have been anticipated from the
Newtonian approach. Indeed, we have seen that the Newtonian potential, in presence of a cosmological constant, is given
by — Aeimc?r? /6, see Eqs. (552) and (553). Using the perturbation theory with this potential exactly leads Eq. (634). Let us
now evaluate the correction. Using that the reduced mass of the atom is essentially the electron mass, m ~9.1 x 1073! kg
and that the Bohr radius is ag = 0.52 x 10~1% m, one obtains

AE(1,0) = —6 x 10—59h2<i> Y (635)
Aobs

a quantity completely unobservable, probably forever. For comparison the Lamb shift is of the order 10~6 eV. At this stage

this does not come as a surprise. As discussed in the case of planet orbits, the size of the system is so small that the

influence of the cosmological constant is negligible. However, requiring that the shift due to the cosmological constant be

smaller than the Lamb shift leads to

Pvac < 1.6 x 1092 pi ~ 1.3 x 1016 Gev* (636)

This result is less good than the one obtained from planet motion by about 50 orders of magnitude. Moreover, the theoretical
expectation (508) satisfies this inequality. Let us notice in passing that the result based on the wrong regularization scheme,
Pvac =~ Mﬁl does not satisfy the previous bound.

We now have a clearer view of what the cosmological constant problem is. On one hand, one can calculate the vacuum
energy density by means of, apparently, well-known techniques of regularization. These techniques usually lead very robust
results, fully consistent with the observations. For instance, the radiative corrections to the calculation of cross-sections have
proven in very good agreement with various high energy physics experiments. One the other hand, various observational
results (and not only in cosmology) indicate that the previous calculation is not correct. The theoretical expectation value
for the vacuum energy density is so large that it should have already be seen by many experiences. Moreover, in cosmology,
under a certain number of hypothesis, one even measures pyac which is found to be many orders of magnitude smaller
than the number derived from the theory. Since, as mentioned before, the theoretical framework seems to be robust (let us
recall again that it involves calculations that can be found in the first pages of any textbook on quantum field theory) and
since the observations seem to be convincing, we are facing a genuine mystery. However, before accepting this conclusion,
it is worth checking that no loophole is present in the previous reasoning. This will be the goal of the next sections. A first
question that can be asked is whether the zero-point fluctuations that are at the origin of the problem are a real physical
phenomenon or just an artifact of the formalism of quantum field theory. We turn to this issue in the next section.
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12. Do vacuum fluctuations really exist?

We have seen in the previous sections that the zero-point fluctuations manifest themselves as the vacuum energy. Since
this leads to conclusions that seem to be in contradiction with observations, it is legitimate to ask whether these fluctuations
really exist in Nature. In particular, we want to investigate whether the zero-point fluctuations could manifest themselves
in other physical phenomena. The answer to this question is usually positive and one experiment which is considered as
a proof that the vacuum fluctuations are real is the measurement of the Lamb shift [18,112]. In the next subsection, we
discuss this phenomenon.

12.1. The Lamb shift

Let us consider the “motion” of an electron in an atom. Its “location” is described by the vector r. The vector r is going
to fluctuate because of the interaction between the electron and the zero-point fluctuations of the electromagnetic field.
This interaction will slightly modify the position of the atomic levels leading to the Lamb shift. Let us study in details how
this effect can be derived. Let V (r) be the Coulomb potential which determines the properties of the atom. At the point
r + Jr, the potential can be Taylor expanded according to

Vit om) =V + L sxi 4 - v 8x;8x; + (637)
- ax  2axdx; )

Then, if we time average the previous expression, one obtains
1 9%V

v
4 )=V ——(0xi) + -
(V)= V) + i) + 5 50

(8xi0x;j) + - - (638)
and, because the problem is spherically symmetric, we have (§x;) =0 and (8x;6x;) = (8r2)8ij /3. The first term in Eq. (638) is
the unperturbed Coulomb potential and the last one (since the second one vanishes) can be viewed as a small perturbation
of the Hamiltonian, namely

1 9%v
=z (6r2)sij (639)
6 0x;0X;
In an atom with atomic number Z, the Coulomb potential is given by
Za

where o >~ 1/137 is the fine structure constant. This means that (SiJ-aZV/(Bxiaxj) =4n Zad(r).

Let now us assume that the atom is placed in the quantum state |¢,m). As we have already discussed in Section 11.3, at
first order, the time-independent perturbations theory tells us that the correction to the energy of the level (£, m) is given
by [57]

AE(n,¢) = (¢,m|AH|¢,m) (641)

Using Eq. (639), one obtains the following expression for the energy displacement

AE(®, £) = 2?”201|l1/n5(0)|2(6r2) (642)

where ¥, is the wave-function in the corresponding quantum state. Since the wave-function at the origin can be expressed
as [57]

3/2

1 mZo

’an(o)} = W(T) 30 (643)

where m is the electron mass (m 2> 0.511 MeV) one finally arrives at [18]

emZa)® Za
12 nd

Therefore, we have reduced the problem to the calculation of the quantity (5r2). In order to evaluate this quantity, we must
now evaluate the displacement of the electron. The electron “moves” under the influence of the electric field within the
atom and, as a consequence, 8r; obeys the following equation

AE(n, 0) = (87%)8¢0 (644)

d2
mﬁéri =eE;j (645)
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where E, =u"Fy, = —A; is the electric field (or, rather, its vacuum fluctuating component). Using the usual expansion of
the vector potential in terms of creation and annihilation operators, see Eq. (387), one can write

Ei(t, %) = —iwae kR | o (g eler-ik] (646)

-1 dk & «
)32 / V2o k) ;E" o

In the same manner, one has to Fourier expand 8r; which is considered as an operator in this context. One obtains

ori(t,x) =

2
1 ik- T —ik-
7(27_[)3/2 /dkzlélq(k)[&’(k, t)age"x + 5% (k, t)(a‘f“) e ux] (647)
o=

The Fourier amplitude of the displacement operator can be calculated from the equation of motion (645). This leads to the
following expression

e 1 ;
Sr(k,t) = — e ot (648)
m /2w’
From this expression, one can now evaluate the quantity (5r2). One finds
1 2
2\ _ o sr ) — ij a_ o *
(6r%) = (018" 8r;81}]0) = e /dk;(s €€ or(k, 0)sr™ (k, t) (649)
o
2 dw
=—— [ — (650)
mem w
0

where we have used o = e2/(47). Therefore, inserting the above formula into Eq. (644), one obtains the following equation
for the energy shift [18]

4mZ4a® 7dw

AE(M. 0= ———— [ b0 (651)

w
0

This equation is the main result of this section. It gives the energy levels displacement due to the presence of the electro-
magnetic zero-point fluctuations.

As usual this expression is divergent and needs to be regularized. In a simplified treatment, one simply assumes, see
Ref. [18], that the wavelengths in the above sum must be larger than the Compton wavelength of the electron, which
implies w < wmax >~ m and that @ > wnin >~ 1/ag >~ 1/[1/(em)] >~ ma, where ag is the Bohr radius. In this case, the previous
results reduces to

amzia® (1
AEMn, £) ~ ———1In| — )80 (652)
3mn3 o
Let us now evaluate this quantity for the Hydrogen atom. Clearly, there is no effect for n = 1. But for n=2 and ¢ =0, one

has

4ma® 1
AEQ2,0) ~ ::; ln<a>850:668 MHz (653)

where we have used m ~ 0.511 MeV = hv with h=4.135 x 1071 eV x s.

This shift has been experimentally observed and is usually taken as a proof that the zero-point fluctuations are real
since they lead to an observed physical phenomenon. Based on this result, it now seems difficult to argue that the zero-
point fluctuations are just an artifact of the formalism of quantum field theory. Moreover, there exists another experiment,
the Casimir effect, where the effects of the vacuum fluctuations can be observed. In the next section, we investigate this
case.

12.2. The Casimir effect
In this section, we study the Casimir effect [113-119]. Since its discovery, this effect has been studied in great details

and it is clear that, here, one cannot review all the literature. We will give a description of this phenomenon in a simplified
context only and will refer to Refs. [113-115] for readers interested in learning more about this interesting subject.
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A X

Fig. 8. Sketch of a Casimir cavity of width L.

12.2.1. The Casimir force

Let us consider an experimental situation where we have two conducting plates in the (x, y) plane separated by a
distance L long the z direction, see Fig. 8. For simplicity, instead of considering the electromagnetic field in the cavity (which
is the case in the real world, especially when measurements are performed), we will just treat the case of a real massive
scalar field @ (t, x). This field obeys the Klein-Gordon equation already studied and solved before, see Eq. (59), except that
now the boundary conditions are modified by the presence of the two plates. Let us write @ (t,X) = X(X)Y(¥)Z(2)T(t).
Then, inserting this anzatz into the Klein-Gordon equation, one obtains

T+ld2X+1d2Y+leZ
T Xdx2 Ydy? Zdz?

—-m?>=0 (654)

where m is the mass of the scalar particle. Clearly, one can separate the variables and, as a consequence, the above equation
can be split into four differential equations, namely

r

Towoc (655)
1EX i (656)
%%ﬁ @ (657)
%g =k? (658)

where the constants C, ky, ky and k, are related by
C—ky—ks —k;=0 (659)

The solution in the x and y direction can be expressed in terms of standard plane waves, X(x) = AxelkxX 1 B etk and
Y(y)= Aye”‘yy + Bye*'kyy . The quantities Ay y and By y are just integration constants. Of particular interest is of course the
solution along the z-axis. It can also be written as

Z(z) = Ae™*? + Bee* (660)

where A; and B, are two integration constants. But the difference with the case of a free field is that the boundary
conditions “feel” the presence of the two plates. These boundary conditions are given by Z(0) =0 and Z(L) = 0. The first
one implies that A; = —B, while the second one gives

2isin(k;L) =0 (661)
or, equivalently,
T
k, = nf (662)

where n is an integer. Finally, the equation for the function T(t) can also be easily solved and the solution reads
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T(t) = Ace'® + Bre i@t (663)

where w? = C2 4+ m?2. Therefore, upon using Eq. (659), the frequency o takes the form

2
T
:\/k,%+k§+n2— +m2 (664)
L2
In this expression, ky and ky take continuous values.
Based on the previous considerations, one can now write the field operator as an expansion in terms of creation and

annihilation operators. But this expansion encodes the fact that, along the z-axis, the wave-number is discrete. Concretely,
we have

dkx dy <~ /2 1 (7 —iwt+ikx+ik t oot —ikyx—i
= - _ X vy iwt—ikyx—ikyy
d(t,x) a2 | e ng_] W sin| n—-2 (Ckyoky.n® + ok, n€ ) (665)

The operators c, k,.» and clx Ky obey the usual commutation relations for bosons. It is interesting to check that the above

expansion is indeed consistent with the commutation relations between the field and its conjugate momentum. For this
purpose, let us compute the following quantity:

L
/dX/dy/dzée*iPX"*iPyy sin(m%z>
0
dk dky \/j 1
dx [ dy./ = ——
(277)1/2/(27T)1/2r§/ X/ y Lm(ckx,ky,ne

L
ikox—i i /4 . g
+c kx o) nela)t—lkxx—lkyY)e—lpxX—PyJ’ / dzsin (mfz> sm<nfz> (666)
0

—iwt+ikyx+ikyy

Using the fact that fOL dzsin(nmz/L) sin(mmz/L) = (L/2)8mn (as can be checked directly) and fdxe'("x POX — (271)8 (kx — Px)
one arrives at

L
—1i % —1 . T 27T L —iwt T it
[dx/dy[dz@(t,x)e Pxx=ibyy sm<mTZ) =5 Z(Cpx,py,me ety pyme™) (667)

0

In the same manner, one can also evaluate the following integral involving the conjugate momentum I7(t,x) = ®(t,x) (a
dot means a derivative with respect to time):

2 L ; ;
fdx/dy/dzl‘[(t x) e Pxx=ipyy sm(m LZ) = 71@,/ (- cpx,py,me"wt+cT_pX’_py,me"”t) (668)

From the two above expression, one can deduce a formula expressing the creation and the annihilation operators in terms
of the field operator and its conjugate momentum. One obtains

el‘f)t f . . T i f . . T
Cpxpym =3/ T 5— /dxdy/dz@ e PXTIPyY sin(mfz> + E/dxdy/dzﬂe”px"”pyy sin(mfz>
0
f we ﬂwt T T
Chapym =1/ — = /dxdy/dzq)emx’“"”y sm(m T z) - —/dxdy/dzﬂe‘prmyy sm(m T z)

We are now in a position where we can compute the commutator of a creation and an annihilation operators. It can be
written as

L L
i(Wp—w)t /5D . .
[cpx,py,n,chyqy’m] ¢’ T : d /dxdy/dz/dkdy/di[cb(t,x) e~ PXIPyy sin(n%z)
0 0

(2m)?

i . . T T T _
+ —TII(t, x) e PxX=1PyY sin<n—z>, @ (t, X) e'P¥H9yY gip (m—z)
wp L L
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i o 0RiaT . T
— —II(t, &) e'&XTiayy sm(m—z)] (669)
g L
Then, we make use of the canonical relation [®(t,x), [I(t, y)] = i8>(x — y) in the previous formula. This leads to the
following complicated expression:

el(wp—wo)t /— /g
[cpx,py,n,ch’qy,m] = ~an7 /dxdy/dz/dxdy[dz{——e IpxX=ipyyHau+igyy sm(an>

T
><sm< T )[(D(t x), I1(t,%)]

4L emipxx—ipyy+igitiay sin(n£z> sin (mzi> [Tt %), P, i)]} (670)
wp L L
L
i(wp—wg)t . .
e Yoo (1T /dxdy/dze_’(px_q")"_'(py_qy)y sin(nz)sin(m>z
em?2 L \wg @ o L L
0
w 2 L
=1 5, 3(Px = 48Py = dy) 58mn = 8(Px = 4x)3(Py — y)dmn (671)

We have thus reached our goal, namely we have shown that the canonical commutation relation between the field and its
conjugate momentum implies the usual commutation relation between the creation and the annihilation operator.

We are now in a position where we can evaluate the energy density of the field in the Casimir cavity. It is of course
given by the same expression as in the free case, see Eq. (66). This means that one should first calculate the three terms
that participate in the expression of Tgg, see Eqgs. (63), (64) and (65). Let us start with (0]$2|0). Using the Fourier expansion
of the field and the commutation relations established above, one obtains

dky [ dk
(0|$210) = / "‘/ <y sn2 n’z (672)
LZw L

and, if we integrate over the cavity volume

/ dx (0|$2|0) = /dk"/dky (673)

Cavity

where D2 is the area of the plates (of course, the two parallel plates have the same surface). In the same manner, one finds

D% [ dk dl 2
/dx(0|8”3,<1>8]q§|0 / "‘f ‘y w(k§+k§+n2%> (674)
n=1

Cavity

Finally, the last relevant term reads

/ dx (0|®2|0) = /dk"/dky 1 (675)

Cavity

Putting everything together and using the definition (66), the expression of the energy of the field within the empty cavity
takes the form

/ dx (0]Too[0) (676)
Cavity
_(b Z/dk/dk i‘” (677)
“\on =2
D\’ N . £
_ <E> /dkx/dkyni;i K+ +n2 T 2 (678)

Of course, this expression has exactly the expected form. Roughly speaking it can be written as “>_ %a) see Eq. (664), the
only difference being that, along the z-axis, the sum takes into account the fact that the momentum is discrete. Another
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common point with our previous considerations is that the above number is actually divergent and must be regularized. In
the following, we assume m = 0 for simplicity and use dimensional regularization. Therefore, the expression of the energy
can now be written as

D

E= <E> /ddhz k% +n? j (679)
(D)’ i tgiig S o o7 (D 4 odf2 PP R Y

_<E) / e k47d 91;5 k402 <E> @D dky k§ gi K +n? oy (680)

where d is the “dimension” of the plates (i.e. d =2 in the real world) and k; denotes the wave-vector living in the sub-

manifold defined by the plates. Then using the change of variables y = Lk, /(nmr) and the following definition [48,49] of the
Euler’s integral of first kind:

t2x-1 rerey)
B(x,y) = /(1—|—t2)x+y dt= Tt ) (681)

the energy can be re-expressed as
_ (DN E2 (m N r 2= 172) $ i
E=(—=) —(= Z (682)
2 2 L F( 1/2)

The above formula can be expressed in term of the Riemann zeta function defined by the following expression:

¢(s) = in’s (683)
Moreover, upo; using the two following equations:

f(=1—d)y=2"1"d9g—2-d sin[%(—l - d)]r(z +d)2+d) (684)

F(—g—%)sm[ (-1-— )]:m (685)
one can re-write the energy as

%:-#%;(2%) (686)

The Casimir force arises because of a shift in the vacuum energy when the plates are present compared to the situation
where they are absent. So the relevant quantity is in fact AE/D? = (E — Eq)/D9 where Eq/D¢ is the above quantity in the
limit L — 4o00. As a consequence, for d = 2, one arrives at

AE  7? (687)
D2~ 144013
where we have used ¢(4) = w#/90. Therefore, the corresponding force is given by [113-116]
Fe 9 (AE\  m? (688)
~ 9L\ D2/ 4s0L4

which is one half the result obtained in the case of the electromagnetic field since we have only one state of polarization
instead of two. We notice that the force is attractive (this could change in the case of more complicated geometries).

It is also interesting to check that the final result is independent from the regularization scheme used to obtain it. In
order to test this idea in the simplest situation (i.e. where the calculations are easy), let us consider again the energy of a
Casimir cavity but, this time, with d = 0. In this case, our zeta-function regularized result reads

E 1 (1)¢2 T
E__1raxe __m (689)
DO L 4m 24L
since I'(1) =1 and ¢(2) = 72/6. One the other hand, we can return to the expression of E in Eq. (682). In the case d =0,
the energy density p(L) = E/L reads
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o

ph=2253"n (690)

n=1

In order to regularize this divergent quantity, we now proceed differently and introduce an exponential cut-off such that
(previously, we argued that introducing a cut-off was not a good method because this breaks Lorentz invariance. Here, of
course, this objection is no longer valid as the presence of the two plates along the z-axis obviously breaks translation
invariance; as a consequence working with a cut-off seems legitimate in the present context)

o0
_ T —no /L
p(L,a)_ﬁZne (691)

n=1

The sum is easy to perform and one obtains

4 o
L,a)=—— sinh 2 — 692
o= (2 L) (692)
~ T T (693)
T 202 2412
Now, the regularized Casimir energy is the shift energy in the vacuum after having sent the cut-off to zero; in other words
E=L lim [p(L,oc) ~ lim p(L,a)] (694)
a—0 L—o0
T
= (695)
24L

that is to say exactly the same expression obtained with another regularization scheme. It is reassuring to notice that the
final result is independent of the regularization method used.

12.2.2. The Casimir stress—energy tensor

In this section, we aim at calculating the stress-energy tensor of a scalar field in a Casimir cavity [113-116,119]. Our
goal is of course to compare this tensor with the vacuum stress-energy tensor T, = —pvacguv. Here, we use a method
based on the calculations of the Green function. This is yet another method of calculation of the Casimir effect, different
from the two ones exposed before and, therefore, it will be interesting to compare this approach with the treatments used
previously.

Let us start with the calculation of the Green function. It obeys the following equation

—n*Y8,0,G(x, %) = 8@ (x* — &) (696)

It is interesting to compare the above formula with Eq. (474). It is clear that this is the same equation but with g,, =1,
(flat space-time) and m = 0 (mass-less field). In order to solve this equation, it is convenient to Fourier transform G(x, X) in
frequency and transverse momentum. Explicitly, one writes

Gx. X):/ do dk, (D) Hiky(x—%)Hiky (y-5)

27 (27)2
X 8(z,Z; w, ky, ky) (697)
Inserting this expression into the Green equation (696), one obtains
d2
—(— +A2>g(z, 2)=68(z—2) (698)
dz?

where we have defined

M=w’ -k =0? -k -k (699)
Our goal is now to determine explicitly the Green function. Let us start with the solution within the plates, i.e. 0 <z,z < L.
When z # z, the solution can be written

g(z,z) = A(2) cos(rz) 4+ B(2) sin(1z) (700)

where A(z) and B(z) are two unknown function of z. We must now take into account the boundary conditions. If z < Z,
the condition g(z =0,z) =0 implies that A =0 and therefore g = Bsin(Az) (for z < z). On the other hand, if z > Zz, the
condition g(z=1L,z) =0 means that
cos(AL)
sin(AL)

g=Acos(Az) — A sin(Az), z>2Z (701)
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We have two unknown quantities and, therefore, we need two equations. One is provided by writing the continuity of the
Green function when z = z. The other is obtained by integrating Eq. (698) from z — € to z + €. This gives

Z+€ Z+e Z+e
/—dz /gdz:/(S(z—Z)dz (702)
Z—€ Z—€

which leads to
d d
|2t -Ei-o|=1 (703)
dz dz

Therefore, taking the limit € — 0, the solutions of these two equations (i.e. the one expressing the continuity of the Green
function and the one we have just derived) read

AZ) = 1 - sin(A2) (704)

cos(AL)
sin(AL)
As a consequence, the Green function between the plates can be expressed as [116]
sin(Az) sin(AL — 12)
Asin(AL)
sin(AZ) sin(AL — 12)
Asin(AL)

The same method can be used to determine the Green function outside the cavity. Let us apply it for z and z larger than L,
i.e. on the right-hand side of the cavity. In this case, it is more convenient to re-write the general solution (700) as

B(z) = 1cos()\ Z) —

A@) (705)

3

g(z,2) = (706)

3

2(z,2) = C(2)e'* 4+ D(z)e (707)

When z > z, we require only one branch to be present which amounts to take D = 0. For z < z, the boundary condition is
still g(L, z) = 0. Then, straightforward manipulations lead to [116]

Le@Dsin(az —AL), z<z

. B _ (708)
1e2=Dsin(xz — L), z>7

g2(z,2) =

which completes our determination of the Green function. The calculation of the Green function outside the cavity, but on
the left-hand side, proceeds exactly in the same way. The corresponding expression is obtained from the one above with
L =0, reflecting the fact that the boundary condition is now g(0, z) =

Endowed with the Green function of the problem, one can now turn to our main goal, namely the calculation of the
stress—energy tensor. We have already seen that, see also Eq. (100),

G(r,r) =i(0|T[@(r)®()]|0) (709)
But we know that the Top component of the stress-energy tensor can be expressed as, see Eq. (7),
1
Too =5 [(00®)” + 3:®) + (3y)° + (3,9)°] (710)
Therefore, if we apply the following operator to the Green function in Eq. (709)
1
5[8086 + 0x0% + dydy + 9,03] (711)

where d; means a derivative with respect to x*, to G(r, ) and, then, take the space-time points to be the same r =T, one
should obtain an expression for (Tgp). Using Eqs. (697) and (699), the result reads

do dkydky
T K2 + K2 712
(Too) = 21/271 oy (@ + kg + K +0:0;)8(2,2)| (712)

z=Z

Then, we use the expression of the Green function inside the plates (706) and one arrives at

dow dkydky 1 202 12N . 2
(Too) = 21/271 Ty m[(w + kg + k) sin(xz) sin(AL — AL) — A% cos(Az) cos(AL — A2)] (713)

dow dky di 1
= do dix dky ————[w? cos(AL) — k* cos(2hz — AL)] (714)
2i ) 2w (2m)2 Asin(AL)
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In order to evaluate this integral, we perform the two Wick rotations w — i¢ and A — ik. This leads to

o0
1 [ d¢ [ dkydky 1 ) )
Too)=—= | — cosh(kL) + k“ cosh(kz — kL 715
(Too) = =3 / 27 ] 2m)? «sinh(xL) [¢ (el) + ( J (715)
0
Then, we introduce polar coordinates in the plane (¢, k), i.e. { =k cos6 and k = « sin6. This gives
00 /2
(Too) = ! /d/c/c / dox? sin6 [cos? 6 cosh(x L) + sin® 6 cosh(2kz — « L)] (716)
007 =" 4n2 sinh(x L)
0 0
1 h(kL h(2 L
cos z—
- /d/(/(3 cosh(kl) | ,cosh@kz kL) (717)
1272 sinh(x L) sinh(x L)
0
Finally, writing that
cosh(xL) 2
bt = 718
sinh(k L) + e2xL _1 (718)
the expression of (Tgg) can be re-expressed as
o
1 3 1 1 eZKz + e2/<(L—z)
(Too) = “ o2 dik |:—e2KL —3 + 5 + i (719)
0

The last step of the calculation consists in evaluating the last term [we call it g(z) in what follows; not to be confused with
the Green function] of the above equation. One has

‘1 ‘l ey/L_’_eY(]*Z/L)
- fdyy =" 720
g2(2) 6n216L4/ yy 71 (720)
0
101 &7
=~ Gx7 1608 2= / dy y*[e/ @170 4 ey (7n72/L] (721)
n=]0

where we have expanded the denominator in a geometric series. The two above integrals can be expressed in terms of the
Hurwitz zeta function defined by [48,49]

> 1
¢(s.a) =m§)m (722)

and this leads to

1 z z
g(l)=—m|}'<4, z>+§(4,1 —Z>] (723)

If we use the fact that ;"> x3/(e*" —1)dk = 7*/(240L%), one arrives at our final expression for the time-time component
of the stress-energy tensor, namely

Too) = — ——— — ——
(Too) = —17200 ~ 67

2 1 7 w3
b K
3 /dlc7 +2(2) (724)
0
Of course we notice that the first term in the above equation is similar to Eq. (687).
Let us now evaluate (Tgp) outside the cavity. The calculation proceeds along the same lines but we now need to use the
Green function given by Eq. (708). Straightforward manipulations lead to

1 i3 1 1
To)=—=— | dk—— ——— 725
Tao) 67r2/ 2 1672 (z— L)* (725)
0
We obtain the same structure as inside the cavity, namely a divergent term and a surface divergence term, i.e. a term
which is divergent only on the plate. As explained in Ref. [116], this type of terms can be removed by restoring conformal
invariance.
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Let us now calculate the quantity (T,;) inside the cavity. Clearly, following the previous considerations, it can be written

as
1 [ dw dkydky, -
(Tzz) = 5| o W(ataf — Ox0z — 0y 0y + 0,07)8(2, 2) . (726)
Following exactly the same procedure as before, we arrive at
o
w2 3 K3
T;)=-3———-—— [ dk— 727
(Tzz) 144014 672 / 2 (727)
0

Let us now calculate (T,;) outside the plates. As we did for the time component, we must now use the Green function (708).
This gives

1 [ dokedky e?*ED o ,
(TZZ>=2_i/E(;n)J2/ - A2[sin(Az — AL) +icos(rz — AL)] (728)
[o.¢]
3 [«
——o [ S (729)
0

Of course, this quantity is divergent.
Finally, in order to complete the determination of the stress—energy tensor, one must calculate (Txy) = (Tyy). It can be
expressed as

(Txx) (3¢ 0; + 0x0x — dydy — 020:)8(2,2)| (730)

z=z

1 [ dw dkydky,
2 / 27 (27)2
1 [ dw dkydky, 1
T 2i) 27 2m)% asin(Al)

[(@* + ki — k3) sin(Az) sin(LL — A2) + A% cos(A2) cos(AL — A2) (731)

A first step consists in dealing with the terms proportional to k,z( - kf,. In fact these terms are of the form [ dk J_(k)z( -
kf,)]-'(k 1), where F(k;) represents the other terms in the integral which are function of k)z( + kf, only. Therefore,
one can evaluate them by going to polar coordinates in the plane (kx,ky). This leads to an expression of the form
S dkldwki(cosz ¥ — sin® ) F (k1) = 0, which shows that the corresponding contribution vanishes. Then, following the
same steps as before, one reduces the above expression to

o0

1 K3
(Txx) = 57 /dK D) [cosh(2kz — kL) + 2 cosh(kz) cosh(k L — kz)] = —(Tqo) (732)
0

where we have used that 2 cosh(kz) cosh(kL — kz) = cosh(k L) + cosh(2xz — k L). Of course, as already mentioned, this also
shows that (Ty,) = —(Top). All the other components being zero, this completes our calculation of the stress-energy in
the cavity. Only the calculations of (Tx) = (Tyy) outside the plates remains to be done and we now turn to this question.
Considering again Eq. (730), we have

[@? sin(Az — AL) — ir? cos(Az — AL)] = —(Too) (733)

1 / dw dky dk, e*ZD
2i

We are now in a position where we can write the full stress-energy tensor. Inside the cavity, it takes the form

1 0 0 0 1 0 0 0
0 -1 0 O 0 -1 0 O
(T wv)inside = (Pvac + Pcasimir) 0 0 -1 0 +2(2) 0 0 -1 0 (734)
0 0 0 3 0 O 0 0
where we have defined the two quantities pyac and Pcasimir by
o0
1 K3 w2
Pvac = “6n2 dk PR PcCasimir = T 144004 (735)
0

Outside the cavity (more precisely on the right-hand side), the results derived above imply that
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1 0 0 O 1 0 0 O
0 -1 0 O 1 0 -1 0 O

(T v )outside = Pvac 0 0 -1 0|" m 0 0 -1 0 (736)
0o 0 0 3 0 0 0 O

As discussed in Ref. [116], the terms proportional to g(z) and (z — L)~ are surface divergent terms. They can be removed
in the case where conformal invariance is re-established and, for that reason, are not present in electromagnetism, i.e. when
one considers an electric field inside the cavity rather than a scalar field. In this case, we see that the difference between
the stress-energy tensors inside and outside the cavity reads

1 0 0 O
0 -1 0 O

A(Tyv) = Pcasimir 0 0 -1 0 (737)
0 O 0 3

which is a finite result. The infinite part has been removed by subtraction. Finally, the stress-energy tensor can be written
in a covariant form, namely [119]

A(Tp) = pCasimir(42M2v - g;w) (738)

where Z* in the unit vector in the z direction.

At this point, several comments are in order. Firstly, we notice in Eqgs. (737) and (738) that the energy density (i.e. the
time-time component) is similar to the expressions already derived in Section 12.2.1 by other methods. This confirms that
this calculation is independent of the regularization scheme used to obtain the result. Secondly, it is clear that the stress—
energy tensor (738) is not similar to the cosmological constant stress-energy tensor T, = —pvacguv. This illustrates the
difference between the Casimir case and the cosmological constant case. In the latter case, one measures the absolute value
of the vacuum energy while, in the former case, one is only sensitive to the difference of vacuum energy from one side of
the plates to the other.

Thirdly, the Casimir Force has been observed in the laboratory and this is usually taken as another evidence in favor of
the existence of the zero-point fluctuations. After all, since we observe the Casimir force and since this force is due to a
change in the structure of the vacuum that is perturbed by the presence of the plates, the fact is that the vacuum must
exist as a real physical phenomenon and is not an artifact of the quantum field theory formalism. In addition, this also
validates the methods of regularization used to calculate py,c. In the context of the Casimir effect, these methods seem to
work very well and to lead to predictions that are in agreement with the experiments. Therefore, why would the very same
techniques, used in a similar context, fail to regularize the cosmological constant?

Fourthly, the claim that the calculation and the observation of the Casimir force are evidences in favor of the reality of
vacuum fluctuations has been challenged in Refs. [120,121]. It is indeed possible to derive the expression of the Casimir
force without referring at all to zero point fluctuations, by means of the “source theory” approach to quantum field theory.
However, to our knowledge, there is no attempt to do the same for the Lamb shift (but this would certainly be an interesting
exercise). Therefore, it seems that zero-points fluctuations are nevertheless necessary to quantum field theory even if the
above remark should lead us to tone down the claim that they have been seen in the laboratory. Let us also notice that, very
recently, another situation where the vacuum fluctuations can lead to an observable effect has been studied in Ref. [122].
This article investigates whether the quantum zero point fluctuations could cause the rotation of a small nano device. This
“rotational vacuum effect” has in fact a similar origin than the Casimir effect.

Finally, it should be clear that, if the Lamb shift and the Casimir effect seem to indicate that the vacuum fluctuations
are real, they do not say anything with regards to their gravitational properties. In other words, they do not say how the
vacuum fluctuations weigh (it is worth noticing here that the gravitational properties of a Casimir cavity have been studied
in Refs. [123-129]). It is clear that there exists the possibility that the zero-point fluctuations do exist but have non-standard
gravitational properties, i.e. that they abnormally weigh. It is therefore interesting to investigate if there is an experiment
which measures whether this is true or not. In the next section, we turn to this question.

13. Do the quantum fluctuations gravitate?

In this section, we study the gravitational property of the Lamb shift [12,130]. We will follow the treatment of Ref. [130].
In Section 12.1, we showed that the interaction of the electron with the “vacuum electric field” inside the atom leads to a
shift of the atomic levels. In some sense, this means that the zero-point fluctuations affect the mass (energy) of the atom.
Therefore, by studying how the atom falls down, one can put constraints on the gravitational properties of the vacuum
fluctuations. This is the idea that we pursue in this section. However, since the corresponding effect is small for an atom
and is larger for a nucleus (of course, the Lamb shift also exists in this case), it is better to study the latter case. For this
reason, we start with recalling some basics facts about nuclear models.

The main idea is that the interaction between a given nucleon and the other A — 1 nucleons can be mimicked by a
Woods-Saxon potential given by
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Vws(r) = —Vo[1 - exp(%)] (739)

where a describes how abrupt the potential is while R is the radius of the nucleus. As is well known one can take R =
r0A'/3 where 1o~ 1.3 x 107'> m = 1.3 fm. The quantity V, represents the depth of the potential and can be taken to
be Vo >~ 45 MeV. In fact, in order to have a reasonable model, one must add to the Woods-Saxon potential a spin orbit
interaction term which can be expressed as

Vis=—f(L-s (740)
where L is the angular momentum of the nucleon and s its spin. With a good approximation, one can write f(r) >~

24A~2/3 MeV. Then, the Hamiltonian of the nucleus can be written as

A 2

p4
HZ;[%JJ+sz(rj)—f(fj)Lj-$j] (741)

The total wave-function can be taken as the product of the individual wave functions (in fact, more precisely, one should
consider a Slater determinant in order to take into account the fact that the total wave function must be anti-symmetrized),
that is to say

A
w(ry,....ra) =] [ (742)
j=1
Each individual wave-function can be obtained from a Schrédinger equation given by (for the moment, one ignores the spin
orbit term since it can be treated as a perturbation)

hz
[_ﬂvz + vws(rj)]wj(rj) =E;¥(r)) (743)

where u is the reduced mass,

1 1 1

r_t, 1 (744)

wo mp  (A—1myp
or p~mp(A—1)/A>~mp>1.6x 10=%7 kg, mp being the proton mass. Unfortunately, the Schrédinger equation cannot be
solved analytically for the Woods-Saxon potential and, therefore, we are forced to make approximations. The simplest one
is just to describe the Woods-Saxon potential with a parabola, i.e.

2

r 1 2.2
Vws(r) >~ —Vo<1 — F) =—-Vo+ iuwor (745)

with wp = +/2Vo/(4R?). In this case, the question becomes solvable. We can use the spherical symmetry of the problem
and write the wave function as
Un ¢ (rj)

J

i(rj) = Yem©j, ;) (746)

where Y, is a spherical harmonics [48,49]. The radial function u, is controlled by the equation

e s VI B
————— 4+ —uwir° |un e = (Ej + Vo)u 747
[ o er2. 2urj2- 5 M@y ] n,e = (Ej 0)lUn,¢ (747)

which can be solved in terms of Laguerre polynomials LY [48,49]. Explicitly, one has
n—1

w(rj) = Crfe—ﬂworf/QH)LZ-i—l/Z (%ﬁ) Yem (9}, 9;) (748)

where C is a normalization constant to be determined. In the above expression, one has n > 1 and ¢ > 0. The energy levels
are given by the expression

E(n,€)=—Vo+hw0[2(n—1)+€+;} (749)

The factor 3/2 =3 x 1/2 originates from the fact that we have a three-dimensional harmonic oscillator. The quantum
numbers have been chosen so that the ground state is n =1, ¢ = 0 which allows the spectroscopic notation “1s”, see Fig. 9.
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Fig. 9. Energy levels of the nucleus. On the left-hand side are represented the levels in the approximation where the Woods-Saxon potential is approximated
by a parabola. In this case, each level (which includes a series of sub-levels) is separated by the energy fiw. On the right-hand side are represented the
levels where the spin orbit interaction (740) is taken into account. This breaks the degeneracy of the sub-levels and reproduces the magic numbers.

The only thing which remains to be done is to determine the constant C. Obviously, this is done by normalizing the
wave-function, i.e.

o0
u 2
|C|2/drjr]2-| ’;2“ /dsz,- Yom =1 (750)
. j

Using the solution obtained above and performing the change of variable p = (wo/h)r%, the previous condition reduces to

IC12 [ pao\ 2 G120 p  E41/2, L 0+1/2
S5\ P e "L,/ (pL,_{"(p)=1 (751)

Then, using Eq. (7.414.3) of Ref. [49], one obtains

£+43/2 1
|C|2=2(n—1)!<$) F‘1<n+z+5> (752)

We are now in a position where we can compute the value of the wave-function at r; =0 for £ =0. This gives

2 etz 2 L
¥ (O = IC*[L,5 0] ype (753)

Using the fact that L;/j 0) = ("__1{2> =TI (n+1/2)/[/7T(n—1)!/2], one obtains

n

(754)

2 I'(n+1/2 3/2
| 1=0(0)]* = _M<@>

72 (-1 h

This completes the first part of the calculation.
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We have established on very general grounds that the shift in energy due to the interaction of a charged particle (in
Section 12.1, the electron in the atom, here the proton in the nucleus) is given by Eq. (642). The means value of the square
of the displacement has been calculated in Eq. (650). Applying these formulas to the case of the protons in the nucleus, one
obtains [130]

o0
402 S 2 [ dw
AEM,0)~ — > z0|w)_ 0 /— (755)
3my : d w

As usual, this infinite integral must be regularized and usually leads to logarithmic corrections, see for instance Eq. (652).
We will ignore this factor in what follows since this does not affect too much the final result. As explained in Ref. [130],
the sum over “(i)” runs only over s-wave since this is the only way to get ¥, ((0) # 0. Moreover, still following Ref. [130],
it is reasonable to approximate the field experienced by a proton by a field produced by the other protons in inner shells.
This is why Z® represents the total number of protons present in shells inner than the proton “(i)” under consideration.

Our goal is now to test how the vacuum fluctuations weigh. For this purpose, we write the gravitational mass of a given
nucleus as [130]

mg =m; — NAE (756)

where m; is the inertial mass. The parameter 7 is a priori a free parameter which controls to which extent the weak
equivalence principle would be violated. If n =0, there is no violation of the universality of free fall. A convenient measure
of potential violations of the weak equivalence principle is given by the E6tvds ratio

mg(1)  mg(2)

n(1,2) = (757)
mi(1)  mj(2)
for two bodies 1 and 2. Using the previous calculations, this ratio can be expressed as
402 [ 1 D1y dD 2 _ L D@D |2
n(1,2) = e |:A_12,.221 w20 (0] — A_in:Zz w5207 (758)
where we have used m; ~ Am,, a relation valid since we work at first order in the parameter 7. Then, we use the fact that
3/4
2myV 1
3/2 _ pYo

to express the E6tvos ratio as [130]

402 (2vo\ 2 [ 1 - oFm+1/2) 1 0 n+1/2)
3 3,2 2 Z —

(760)
32
mprg A1/

n,2)=n

~"1 -1 QR T -1
Let us evaluate this number for aluminum (Z = 13, A = 27) and platinum (Z =78, A = 195). In the case of aluminum,
since we only have 13 protons, the only s-shell protons are on the 1sq,2 level (in fact, we have two protons in 1s1,3, four
protons in 1p3,2, two protons in 1p1,, and five protons in 1ds/,, see Fig. 9). As a consequence, there is no inner protons
for those protons (since, obviously, there is no inner level than the ground state 1s1,,) and the corresponding contribution
in the E6tvos ratio vanishes. In the case of platinum, all the levels are filled up until the level 1hqq,; which contains height
protons, see Fig. 9. Therefore, we have two protons on 1s1,2, two protons on 2sq,2 and two on 3sq,2, see again Fig. 9. This
means that the 3sq1,; protons see four inner protons and the 2sq,, protons see two inner protons. As a consequence, one
can write

Apy~_pi@ (o2 1 2 0 1y 4 (761)
n(AL P =~ —n 3 mf;r% 7TZA133{2 2-1)! 2 3= 2

Using the values of V and ry chosen previously this leads to

n(Al Pt) ~—5.6x 107199 (762)
Given the fact that |n(Al, Pt)| < 1012 [131,132], we reach the conclusion that

n<1.7x1073 (763)

Therefore, the vacuum fluctuations seem to have standard gravitational properties to a very good accuracy.

The conclusion of this section is that it seems difficult to argue that the zero-point fluctuations do not gravitate. Clearly,
this makes the cosmological constant problem more acute. However, the results obtained here are by no means a final
proof. For instance, it seems reasonable to assume that the stress-energy tensor of the Lamb shift is not of the cosmological
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Fig. 10. Representation of the Colella, Overhauser and Werner (COW) interferometer. The interferometer is placed in a vertical gravitational field (represented
by the green arrow) and is rotated around the axis AB.

constant type. Therefore, the fact that a nucleus falls down normally does not necessarily imply that the cosmological
constant weighs according to the Einstein equations. Nevertheless, no sign of inconsistency appears in the above situation
and one is obviously tempted to assume that zero-point fluctuations couple to gravity as any other type of matter. Again,
this makes the cosmological constant problem more mysterious.

14. The weak equivalence principle in quantum mechanics

In the previous sections, we have argued that the zero-point fluctuations seem to be real and seem to gravitate normally.
Therefore, these two reasons cannot be invoked to avoid the cosmological constant problem. However, there is another
(but related) issue that it is interesting to investigate. When we consider the vacuum stress-energy tensor in the Einstein
equations, we implicitly assume that the zero-point fluctuations obey the weak equivalence principle, i.e. that they “fall”
in a gravitational field as any other type of matter. Clearly the zero point fluctuations are of quantum-mechanical origin.
The weak equivalence principle is well established (and tested) in classical physics and general relativity is based on this
principle. But what is the status of this principle in quantum mechanics? If it is not valid in quantum mechanics, maybe we
do not have the right to couple the quantum zero point fluctuations in the standard way in the Einstein equations? Could it
be a way to avoid the problem? In order to discuss this issue, we will consider two situations, the Colella, Overhauser and
Werner experiment (COW) and the quantum Galileo experiment.

14.1. The Colella, Overhauser and Werner (COW) experiment

The COW experiment [133-135] consists in sending neutrons in an interferometer placed in a weak gravitational field,
see Fig. 10. The presence of the gravitational field affects the wave-function of the neutrons and changes the relative phases
between the two beams. When the interferometer is rotated, the gravitational phase shift is modified because the height
difference between the two arms is changed. This effect can then be detected (and was detected) in the interference pattern.
The COW experiment is conceptually very important. This was the first experiment to measure the effect of the gravitational
field on the wave-function. In fact, it shows that the gravitation is just an ordinary force as far as the Schrédinger equation
is concerned.

Let us now describe the experiment in more detail. The neutron interferometer is represented in Fig. 10. Let us assume
that, along one of the two paths, a phase shift Ag is introduced. Our first goal is to evaluate the intensity seen by the
detectors O, and O3. After diffraction, the wave function of the neutron takes the form

U ()= dT@O)ekT + dD@H)e ke (764)

where kg is the incident wave-number and k¢ the wave number after Bragg diffraction (which, therefore, must satisfy the
Bragg condition). The quantity @ is the amplitude of the incident wave and T = T (#) (for “transmitted”) and D = D(0) (for
“diffracted”) are two coefficients describing the amplitude of the two branches of the wave-function after the neutron has
emerged from the crystal. Let us now consider the path ABDO3. At point B, the wave function is given by (the origin of
the coordinates is chosen to be at point A)
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W (AB) = &T(0)elkoTs (765)

since the wave was just transmitted. Then, at point B, we have a diffraction and, therefore, the wave-function at point D
reads

W (ABD) = &T(H)e*0 T8 D (g)eike o—Ts) (766)
Finally, at point D, we have another diffraction but this time with opposite angle. The leads to
W(ABDO3) = T (6)ekors p(h)eko™—r8) p(_g)eike T—rp) (767)

We also assume that, along that path, there is a phase shift Ag that we do not specify for the moment. As a consequence,
the total wave function can be written as

W (ABDO3) = ®T(0)elkoT8 p(p)elko'o=T8) p (_g)eit¢ eiko-(r=Tp) (768)

where we have introduced the factor e!A?,
It is straightforward to follow the same procedure and to establish the expression for ¥ (ACDO3). This gives the expres-
sion of the wave function at detector O3, namely ¥ (03) =¥ (ABDO3) + ¥ (ACDO3),

lI/(O3) — (p[T(e)eiko-rgD(@)eiko-(r])—rg)D(_H)eiA(/) + D(O)eikg-rcD(_@)eiko-(r[)—rc)T(Q)]eiko-(r—r[)) (769)

Using this expression, one can calculate the expected intensity. Straightforward manipulations leads to the following expres-
sion

1(03) = [ (03)[* = a(1 + cos Ag) (770)

where « is a constant that can be determined from the above expression and which depends on the incident flux and the
crystal structure. Then, one can repeat the same analysis and determine the wave function at detector O,. It reads

W(07) = @[T (0)e*0meD(H)ekc- DT T(—g)el¢ 4 D(h)e'kcTc p(—g)elko- =T p(g)eike r=Tp) (771)
The intensity at detector O, can be computed along the same lines and one is led to

[(03) =B —acosAgp (772)
where o and g are just constants that do not play an important role in what follows (of course, the constant « is the same
as in Eq. (770)).

Having estimated the form of the signal expected for any phase shift Ag, we now turn to its calculation in the case of
the COW experiment. For this purpose, we return to the Schrédinger equation which can be written as

V3¢ + 0’ =0 (773)
with
2m
w? = ﬁ_2(}3 -V) (774)
Now, let us assume that the potential is given by

V=Vo+AV(r) (775)

where Vg is a constant and AV a small space-dependent small perturbation, i.e. AV « V. If the perturbation does not
change abruptly, the Wentzel-Kramers-Brillouin (WKB) wave-function

17 aexp[i/a)(r) dr] (776)

is a very good approximation to the actual solution. Introducing the notation ko = 2m(E — V())/Flz and using that p=mv =
kg, an expansion of the phase in AV /Vj leads to the following expression

v o<exp<ik0-r— %fAth) (777)
P

where the subscript “P” indicates that one integrates along the non-perturbed path. From the above equation, we conclude
that
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Fig. 11. Representation of the COW interferometer in the plane of the two beams.

1
Ago:—E/Ath (778)
P
The same result can also be expressed differently. Using energy conservation, on can write
p?
—+Vo+AV=E (779)
2m
and, since p = po + ép, one obtains

P P
20 4 0 Sp+Vo+ AV =E (780)
2Zm  m
or,
vo-dp=—AV (781)
As a consequence, the phase shift can be re-written as the following expression
1
Ap = E/(Sp-dr (782)
P

where the integral should again be calculated along the path of the neutron.

Let us now determine the phase shift for the COW experiment. Let us consider two point Py and P that correspond to
one beam transmitted and one beam diffracted in the interferometer, see Fig. 11. The potential difference between those
two points is given by

V(P3) — V(P1) =mgdsiny (783)

where d can be expressed as d = AP cos(r /2 — 26). Given that the quantity x in Fig. 11 can be written as x = AP cosé,
one deduces that d = 2xsin6. As a consequence,
V(P2) — V(P1) = 2mgraygxsiné sinyr (784)

where we have now carefully written that the mass which appeared in the above expression is the gravitational mass (since
this is the “coupling constant” to the gravitational field). This implies that the phase shift can be written as

L

2 . . dx
Ap = 5 2mggoxsiné smt/r@ (785)
0
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where we have taken into account the fact that the line P1P; is “moving” with a speed v cos6. The factor two in front of
the whole expression comes from the fact that the phase shift accumulates and is, along the total path, twice its value in
the fist part of the interferometer. The integration over the variable x is easily done and we obtain

) mggo

. L tan6 siny (786)

Ap =
Finally, noticing that the total area of the interferometer is nothing but A = 2L?tan6 and that the de Broglie relation is
v = h/(mjyA), where mj, is the inertial mass and A the wavelength of the incident beam, we arrive at [133-135]

21 .
Ap=— h_zmgravmingOA)\ sinyr (787)
This expression is quite remarkable as it involves the gravitational and the inertial mass together with the Planck constant.
Moreover, we deal with an observable quantity which does not depend on the ratio of the gravitational mass to the inertial
mass, as is usually the case, but on the product of these quantities. We also see that the intensity of the signal at detectors
0, and/or O3 depend on the orientation of the interferometer .
However, in practice, one must deal with two other effects [133-135]. The first one is the Sagnac effect due to the
rotation of Earth. Classically, the Hamiltonian of a neutron is given by

p2

Zmin
where L =r x p is the angular momentum of the neutron and @ the angular velocity of Earth. Upon using the Hamilton
equations, this implies that

H=

+Mgavg8 - r—w-L (788)

P=MpnF+Mpy@xr (789)
Therefore, one obtains a Sagnac phase shift which can be expressed as
Mip
A@sagnac = h (@ xr)-dr (790)
where we have used Eq. (782). Using Stokes theorem, this can also be written as
4 m;
A@sagnac = me A (791)

where A is the vector associated to the interferometer area. If I" is the incident neutron beam west of due south and § the
co-latitude, the Sagnac phase shift takes the form

47rmm

A@sagnac = wA(cos ¥ cos§ + sinyr sin I” sin §) (792)

The COW experiment is such that the incident beam is directed due south which implies that I" = 0. In the case, one
obtains

4mm;
A@sagnac = T'a)A €osd cos ¥ (793)

a dependence in vy which is different from the gravitational phase shift, see Eq. (787).
Finally, there is a shift due to the fact that the interferometer bends and/or warps under its own weight. The COW
experiment claim that this effect can be described by the following equation

A@bend = —qbend SIN Y (794)

This expression can be justified by noticing that the bending effect depends on the rotation angle. Clearly, this effect is
difficult to estimate from first principles.

Therefore, the total phase shift expected in the COW experiment is the sum of the three contributions discussed before,
namely the gravity, Sagnac and bending shifts. This leads to the following expression

AQ = —(qgrav SINY + Gsagnac COS Y — Gpend SIN Y (795)
where, in order to take into account Eqgs. (787) and (793), we have defined qgray = —2nmgra\,mingoAk/h2 and (sagnac =
4mrmipw.Acosd/h. The above expression can be re-written as

Ag =qsin(y — o) (796)

where ¢? = (qgrav + qvend)? + qéagnac and tan o = Gsagnac/(qgrav + gbend)- In practice, the Sagnac effect is only 2.5% of the
gravitational effect but we see it leads to a global shift of the oscillatory pattern.
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g

Fig. 12. Sketch of a quantum “Peres” clock. The clock is coupled to the particle traveling from the point x =0 to the point x = L. When the particle crosses
x =0, the clock changes its state and starts running. When the particle reaches x = L, the clock stops and a comparison of the two clock states permits a
measurement of the time of flight of the particle.

Let us now describe the result of the experiment. According to the previous considerations, the intensity observed at
detector O3 is

1(03) = {1+ cos[gsin(y — ¥o)]} (797)

By Fourier transforming this signal, one can extract the frequency ggray of this oscillations. If one repeat this procedure for
different wavelengths, one can fit the dependence of ggray With A which allows us to determine the product mgaymip. Let us
recall that the neutron mass is usually obtained by mass spectroscopy on the deuteron which leads to the following value:

_ _ E_V _ —24
My =mp —mp + 2= 1.6747 x 107" g (798)
where E, is deuteron binding energy. On the other hand, the COW experiment has found [133]

(Mgraymin) /2 = (1.675+£0.003) x 10724 g (799)

This shows that the weak equivalence principle seems to be satisfied even in a purely quantum mechanical situation. This
also shows that gravity can be “coupled” to the Schrodinger equation in a standard way. The COW experiment is therefore
very important since this was the first time that this was demonstrated. Moreover, if we consider that m, = mj, then the
two previous equations show that the COW experiment proves that mj, = mg,y even in the quantum domain.

14.2. The quantum Galileo experiment

It is well known that, classically, the motion of a body in a constant gravitational field only depends on the ratio
Mgray/Min (Which is measured to be unity). However, if one writes the Schrédinger equation for the same situation, namely
aW(t,z)  h® 22U(t,2)

a  2my  9z2

it is apparent that mj, and mg,y no longer cancel out. Therefore, it is interesting to study how the universality of the free
fall is recovered in quantum mechanics. We investigate this point in the following sections.

ifi

+ Mgrav82¥ (L, 2) (800)

14.2.1. The Salecker-Wigner-Peres clock

In this section, we present a simple model of a quantum clock, the so-called “Salecker-Wigner-Peres clock” [136-140].
We introduce this system because we want to study how a quantum particle falls down in a constant gravitational field.
One way to do that is to measure the time of flight of the particle and to compare it with its classical analogue. Hence the
question of how to define the time of flight becomes important. As is well known, the measurement of time (or, to be more
accurate, of time of arrival) is problematic in quantum mechanics [141-145]. In particular, there is no time operator because
time is not a dynamical variable. One way out is to introduce a quantum system, the “clock”, that is coupled to the particle
and changes its state when the particle crosses the starting and the ending points along its “trajectory”, see Fig. 12. Reading
these two states then gives information about the time of flight. We now study how this general idea works in practice.

We assume that the clock has an odd number N =2j + 1 of states. The Hamiltonian of the clock is given by

., 0
Hepock =w] = _lhwﬁ (801)

where the quantity 6 can be viewed as describing the position of the clock’s hand. The corresponding states of the clock
are represented by the following wave-function

1 .
(0) = inf 802
un(6) me (802)
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that are eigenfunction of Hjoc Since Hocklin(0) = nfiwuy, (0). It is also easy to show that

e~ Haoat /iy (9) = up (6 — wt) (803)
which gives the time evolution of the system.
It is also convenient to introduce another basis vs(0) defined by (s=0,...,N —1)
1 n= 2i
Vs@)=—= Y e N uy(6) (804)
\/N n;]

1 sin[N(@@ —2ms/N)/2]
— : (805)
V2N sin[(6 —27s/N)/2]
If N is large enough, these functions peak at & =2ms/N and this corresponds to the hand of the clock pointing to the s-th
hour with an angle uncertainty of 7 /N (hence, as expected, if N is large, the accuracy is good). Moreover, using Eq. (803),
we have

e—iHclockt/ﬁVs(e) = VS(G — a)t) (806)
This means that if we evaluate the above equation for a time 7 such that wt =27 /N, then one obtains
e Mok ™/My g (6) = Vi1 (mod ) (0) (807)

which confirms the interpretation given before.

Let us now consider a free particle traveling along the x-axis. We want to measure the time of flight between x =0 and
x =L, see Fig. 12. In order for the clock to record this time, we must of course couple it to the particle. Following Ref. [137],
we assume that the Hamiltonian of the total system “particle 4+ clock” can be written as

2
p
H= om + P () Hclock (808)
m

where P(x) is the projector operator which is one if 0 < x < L and zero otherwise and m is the mass of the particle. We
write the eigenwave-functions of the system as

1
JN

and inserting this form into the Schrodinger equation, one obtains

n=j
w(Ex,60) =y 0)e HN = —= % " yn(oun@)e (809)

n=—j

SR
n;j[_ﬁ ) +nﬁa)7>(x)¢n(x)—Ewn(x)]un(g)zo_ 510)

Therefore, we just have to solve the time-independent Schrédinger equation in presence of a rectangular barrier. Of course,
this exercise is solved in any textbooks on quantum mechanics, see for instance Ref. [57]. It is straightforward to show that

Aelkx 4 Be=ikx  x 0

Yn(X) = { CelPX + De X 0<x<lL (811)
Eelkx, x>L
where we have defined
v 2mE
k= Yeme (812)
h

2m(E —nh

_ —V(h”) —/T—e (813)

with € =nhw/E, a quantity which measures how the clock perturbs the particle. The quantities A, B, C, D and E are
integration constants that are fixed by requiring the wave-function and its derivative to be continuous at the barrier. Notice
that, after the barrier there is only one branch; this is of course because we assume that the particle is coming from the
left, see Fig. 12. Matching vy, and dy,/dx at x=0 and x = L, one obtains

1 . . 1 4 .
A= E[(k +p)e Pl — (k= p)e CHPLE 4 [k o+ p)e P+ (k- pyel P ]E (814)

1 ) . 1 ) .
B= E[(k +p)e TP — (e — p)e“HPLE — [k + p)e' P+ (k- p)e! TP (815)
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Fig. 13. Measurement of an out-and-back time of flight. An observer, located at x = —L sends a particle towards a square potential step located at x = 0. The
physicist turns on the clock when the particle leaves and turn it off when the reflected wave (i.e. the reflected particle) comes back and reaches x = —L.

Then, we assume that the clock does not perturb the particle too much and, as a consequence, that € <« 1. In this case,
B~0 and A~ e!k=P)LE Indeed, we have p = ky/T — € which, at leading order, simply gives k ~ p (but, of course, one
should use the next to leading order when one estimates the argument of the exponentials, see below). Then, initially, this
means that the wave-function can be written as, see Eq. (809)

1 = )
Y(x,0) = N > Ae™un(0) = Ae™vo(0), x<0 (816)

because k does not depend on n, see Eq. (812). We see that, initially, the clock points to zeroth hour, as expected. After the
barrier, using the previous considerations, the expression of the wave-function can be written as, see Eq. (809)

n=—j

A =
W(X,Q):ﬁe'k"Ze_'("_p)Lun(O), x> L (817)

n=—j

where we have used Eq. (804). But we have

€ nw
which implies that (for x > L)
n=j
. o 172
W(X,e) — elkX Z eln9 inwL/(2E/m) (819)
V2N S
; wl
== AelkXV() (6 - W) (820)
This means, see Eq. (806), that the clock now indicates the time
L L

t=——75=— 821

QE/M'Z ™ Ve (821)
where v, = (2E/m)1/2 is the classical velocity. Therefore, the clock has measured a time of flight which is nothing but the
classical time of flight L/v s [137].

We now consider the situation represented in Fig. 13, see Ref. [140]. An observer, located at x = —L, sends a particle
towards a reflecting barrier of height V¢ located at x = 0. When the particle leaves the Peres clock is turned on. Then the
particle bounces back and when it comes back at the observer position, the Peres clock is turned off. With this experimental
set up, one can measure the out-and-back time of flight. Following the same approach as before, the wave-function can be
written as

Aelkx 1 Be—ikx  x 0
o= (822)

Ce PX x>0

where we now have

‘— JZm(Eh— nhw) _ «/thE Newr: (823)

— — 1/2
- \/Zm(Vo—;nha) E) _ sz(\;o E) <1 vOE—EE) (824)
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Then, we have to match the wave-function and its derivative at x = 0. This gives

k- lp
A=RA 825
“k+ip (825)
2k
= 826
k+ip (826)

As before, we assume that, initially, the clock was is a given state, here vo(0). Therefore, the wave-function in the region
x < 0 can be expressed as, see Eq. (809)

) — 1kx+R —ikx 0 827
Y (x,0) = \/_Z e ) uy0) (827)

n=-j

But |R| =1 and its phase is given by —2arctan(p/k). As a consequence, one has

1//(X— L 9) \/_ Z [eflkl. —ZIarctan(p/k)esz]u (9) (828)

n=—j

The next step is similar to the case of a free particle, namely we expand the phases of the two wave-function branches in
terms of the parameter €. This gives

Al
Y(x=-L,0)= WirTi n; exp[——«/ +m<0 + Vdas)}

. Vo — iL L hw
+ exp[—Zz arctan(,/ ) + —+2mE + m( 7>] (829)
E Vclas ~E(Vo—E)
A il ol
= ——exp ——VZmE)vo<9+ )
\/N ( h Vclas
+ A exp[ 2iarctan( Vo E) + iL 2mE]v (9 wl o ) (830)
2 _ = ol - — - —
\/N E h Vdas «~/E(Vog—E)

and this allows us to directly read the time indicated by the clock. For the first branch, it is —L/v,s while for the second
one, it is given by L/vgas + 1/ E(Vo — E). As a consequence, the time of flight of the particle can be expressed as
At = 2L + f (831)
Vdas ~E(Vo—E)
Therefore, the time of flight is the classical one, 2L/v,s, but, this time, there is an additional contribution. This one can be
understood as follows. The quantity At can be re-written as [140]

At 24+ (832)

Vclas
where d =1/p, see Eq. (824) (evaluated at € = 0) is the penetration depth into the potential step. This means that there is
an additional delay due to the tunnel effect and the fact that the particle has a non-vanishing probability to be below the
barrier [140]. In this regime, the “velocity” is nevertheless given by its classical value v,s [140].
This concludes this section on the Peres clock. We have seen that this is a useful device to measure times of flight. We
now use it to study the motion of a quantum particle in a uniform gravitational field.

14.2.2. The gravitational case

In this section, we study the status of the weak equivalence principle and of the universality of the free fall in quantum
mechanics [139,140,146-150].

Following Ref. [140], let us consider the situation where a particle is sent upwards in a uniform gravitational field, see
Fig. 14. If z denotes the vertical coordinate, the corresponding classical situation is described by the following Lagrangian

L(z,2) = zm 2 — mgravgz (833)

where g is the gravitational field and where we have made the difference between the inertial mass m;, and the gravita-
tional mass (the “gravitational charge”) mg. The solution to the classical equation of motion reads

m
Zt)=—=—gt? 4y vt +L (834)

in
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Fig. 14. Sketch of a quantum particle in a uniform gravitational field. The particle is sent upward, the initial time being recorded by a quantum Peres clock.
The particle reaches a maximum altitude and then falls back to the detector at z= L where the Peres clock measures this return time.

where z =L is the initial altitude (at t = 0) and vj,; is the initial velocity, related to the energy E of the particle by the
following expression

172

m E

Vini = /28— <— - L) (835)
Mijp \ Mgrav8

Of course, the motion of the particle only depends on the ratio mggay/miy. The maximum altitude, zmax, reached by the
particle, see Fig. 14, is given by
E
Zmax = (836)
Mgravg
which means that, from its initial position to zmax, the particle can rise a distance of E/(mgayg) — L. After having reached
Zmax, the particle falls back and the up-to-down classical time of flight reads

12 12
2 i E

At=2 —(—mlf‘) ( —L) (837)
g\ Mg Mgravg

If mgray = myy, this equation can also be written as At =2vj,;/g.

Then, we would like to consider the same situation but from a quantum-mechanical point of view [140]. In particular,
we would like to measure the quantum time of flight. Given the discussion of the previous section, it is clear that we must
couple the quantum particle to a Peres clock located at z= L. Then, the next step is, of course, to solve the Schrodinger
equation. Following the previous considerations, we just have to consider the equivalent of Eq. (810), but for the case of a
uniform gravitational field. It reads

dzl/fn 2min (E — nhw) _ 2minmgravgZ
dZZ hz hZ

It is straightforward to obtain that the solution can be expressed in terms of Airy functions [48,49] Ai(z) and Bi(z). If we
retain only the branch that leads to a bounded wave-function, the result is given by

}Wn =0 (838)

V(z,0) = A § Ai(z_b>u ) (839)
) - \/N n=7j a n
where A is constant fixed by the normalization of the wave-function and a and b are defined by
B2 1/3
a= (7> (840)
2MinMgravg
E —nh
p— oM (841)
Mgravg

The next step consists in evaluating the wave-function at x = L, with the assumption that the return point is located far
from the maximum altitude. This means that L — b is a negative quantity and that |L — b| is large [more precisely, one has
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L—b=L—E/(mgag) + E€/(Mgavg) and the quantity L — E/(mgavg) is minus the distance the particle can rise, see the
remark after Eq. (836). Therefore, L — b < 0 and, if this distance is large, |L — b| is indeed a large quantity]. In this limit, one
has

A = o p\VA L
(L,0)~ ( ) R S A TN () (842)
v mw ) Jun
where & = (2/3)[(b — L)/a]?/2. Explicitly, this quantity can be expressed as
2 E 3/2
=——|—0—-€)—1L 843
= g g 1= O~ 1 (843)
2 E ¥ E 2 nhe
3a3/ Mgravg a3/ Mgravg Mgravg

In order to calculate the difference between the two times indicated by the clock and corresponding to the two branches
of the wave-function, it is in fact sufficient to estimate the part of the phase shift that depends on n. Therefore, it is clear
that the phase shift &7 /4 in the expression (842) will not contribute because it is n-independent. Moreover, the term
[(z—b)/a]~1/4 is n-dependent but is common to the two branches of the wave-functions. As a consequence, it will cancel
out when the phase shift is determined (but would participate to the “absolute” time indicated by the clock when the
particle leaves z=L and returns to z = L). Summarizing, the up-and down time of flight is given by

2 E 12 p
At = W<— —L) (845)
a3/ Mgravg Mgravg

1/2 1/2

2 ( m E

=2 /= ( m > < - L> (846)
& \Mgrav Mgravg

that is to say exactly Eq. (837), see Ref. [140]. Several remarks are in order here. Firstly, although it is of quantum-mechanical
origin, the above equation does not contain /i that cancels out. Secondly, this result seems to indicate that the weak equiva-
lence principle holds at the quantum level. Thirdly, it may appear surprising that the quantum At is not corrected by a term
corresponding to the penetration depth, see Section 14.2.1, in particular Eq. (832), as it is the case for a square potential. The
interpretation given in Ref. [140] is that there is a finite probability that the particle tunnels below the barrier but there is
also a finite probability that the particle is scattered back before the classical turning point. If these two probabilities cancel
then one obtains the classical prediction. Fourthly, the above result is valid only if the return time is measured far from the
maximum altitude. What happens if, on the contrary, the particle starts from a position which is close to the turning point?
To investigate this case, we re-start from Eq. (839) and write the solution as

n=j

A . .
¥ (z,0) = NG P 4{[6’”311/3(;) +e 7B 1 500)]
+[(1 =€) J13@) + (1 —e7™B) J_1 5] }un(®) (847)

where y = (b —z)/a > 0 and ¢ =2y3/?/3. In this way, we have identified the incident (first term in the squared bracket)
and the reflected wave (second term in the square bracket). Indeed, using the asymptotic behavior of the Bessel functions
at infinity, one can check that each branches give precisely e=+i7/4 if 7 — I see Eq. (842). If we now consider the limit
y < 1, then one arrives at

n=j

A 3-2/3 3-4/3 /3 3-2/3 3-4/3 3-2/3 3-4/3
V@6 = VN n_j{ [zr(2/3) torans) y] + 3[_2r(2/3) torans) y] + [zr(2/3) torans) y]
-2/3 —4/3
—iﬁ[ > 3 ]+~-}un(9) (848)

“ares) | 2ras)”

the two first terms corresponding to the incident wave and the two last ones to the reflected wave. The two branches are
of course complex conjugate to each other. Therefore, if we denotes by & the complex number corresponding to the two
first terms in the above equation, then the wave-function takes the form

n=j
Z |N|(eiargx+e—iargx)un(9) (849)

n=—j

,0) >~ —
¥ (z,0) N

where
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2/3 _34/3
SBEPre3)y -3 F(4/3)} (850)

arg® = arctan| +/3
& [ 2B12/3)y + 343 (4/3)

The rest of the calculation proceeds as before. We first expand the phase in € and, then, take the limit E/(mgg) — L — 0.
This leads to

T 3°%r@;3) h

argN >~ —— — —— n (851)
3 6 1I'(4/3) mgrayga
As a consequence, one finds that the time of flight is given by
35/6 /3 m 1/3 h 1/3
At~2"— @/ )21/3< n > < 2) (852)
6 I'(4/3) Mgray Mgravg
1/3 1/3
m; h
~1.59 x ( L ) ( 2) (853)
Mgray Mgravg

in rough agreement with Ref. [140]. This time, we notice that i has not canceled in the final expression and that the time
of flight is different from its classical counterpart (837). This also means, as already mentioned, that the cancellation which
leads to a quantum time of flight equals to the classical one is in fact valid only if the particle starts far from the turning
point.

We conclude that the weak equivalence principle (or the universality of the free fall) can be extended to the quantum
regime. The linear potential seems to possess precisely the shape which leads to identical times of flight. It is impor-
tant to realize that this property depends on the shape of the potential and would not be obtained with another shape,
see Ref. [140]. Moreover, this seems to be true only far from the turning point. If one identifies the wave-vector to
k = (2minMmgravg/h?)!/3, see Ref. [151], the de Broglie relation v ~ fik/m allows us to estimate a velocity. Then, from the
quantum time of flight, see Eq. (853), we can construct a length ~ [h?/(m2g)]'/3 which typically controls the validity of the
approximation just mentioned.

14.2.3. Atom trampoline

In this section, we want to briefly mention the case of the “atom trampoline” [150,151]. Let us consider again the
experimental set up of the previous section but let us now assume that a reflecting wall has been installed on the ground,
at z=0. Then, the boundary condition ,,(0) = 0 leads to Ai(—b/a) = 0. If z, denotes the zero of the Airy function, this
means that we now have a discrete spectrum of energy levels given by

W2m2. g2\ 1/3
E,— _zn(ivg) (854)
2min

It is interesting to notice that this result depends on the ratio méra‘,/min and not on Mgray/Min. Moreover, this spectrum
has been observed (with ultra-cold neutrons which leads to E, of the order of ~ 10712 eV) in the gravitational field of
the Earth [152,153]. Therefore, this result confirms the discussion about the COW experiment described in Section 14.1. It
experimentally establishes that the gravitational force “couples” to the Schrodinger equation in a standard way.

14.2.4. Schrodinger equation in an accelerated frame
It is also frequent to refer to the weak equivalence principle as the property stating that, locally, the effect of a constant
gravitational field can be mimicked by an accelerating frame. Therefore, it is interesting to study whether this claim holds
in quantum mechanics. This question has been studied in Refs. [146,150,151]. Here, we follow the treatment of Ref. [146].
Let us consider the free Schrédinger equation (in one dimension to simplify the problem). It reads

Ww(tz) R PP, 2)

ih 855
ot 2m  9z2 (855)
Then, let us consider the following coordinate transformation
1
Z=z—vt— Egt2 (856)
t'=t (857)
It is straightforward to show that the function ¢(t’, z’) defined according to
imv vt’ imgt’ vt'  gt?
w(t,2)=g[t'(t), 7t 2)] exp[T (z/ + 7) + fflg (z/ +o ge )] (858)

satisfies the equation [146]
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00, 2) _ h2 32t 2)
a 2m 9z2

The potential in the above equation is precisely of the form describing a constant gravitational field. In this sense, we find
that the equivalence between a constant gravitational field and an accelerated frame propagates to quantum mechanics.

+mgZ (', 7) (859)

14.2.5. Falling composite quantum objects

In the previous sections, we have studied how a quantum particle falls in a uniform gravitational field. For instance, we
have investigated under which circumstances one can say that the weak equivalence principle holds in quantum mechanics.
Here, we would like to study the same question but in the case of a composite quantum object. In particular, it is interesting
to ask whether the motion of the composite system (the atom) can depend on its internal state.

Let us start by recalling the Ehrenfest theorem [57] for a quantum particle. It states that the time derivatives of the mean
position and momentum are given by (for simplicity, we consider the case of a one-dimensional system since we have in
mind a particle falling down along the z-axis)

d(z) _ (pz)
o mn (860)
d(p;) _ [aV

dt —‘<E> (861)

In the case of a linear potential, V(z) = mgavgz, the two previous equations expressing the Ehrenfest theorem can be
combined in such a way that we arrive at

d*(z) __ Mgrav
dt? Min

(862)

This means that the average position (z)(t) evolves exactly as the classical z given in Eq. (834). However, let us also notice
that the variance of the position is not a function of the ratio mgray/mj, only, see in particular Refs. [146-148].

After this short reminder, let us consider a bound system of two particles interacting through a potential V which only
depends on the distance between them. We also assume that this system is embedded in a region where there is an exterior
field described by the potential U (r). The corresponding Lagrangian reads

lzrl’]r%—i— ;’zr%—V(ﬁ —ry)—=U(r) —U(ry) (863)

where 11 and r; are the positions of the two particles and mip 1, mjy 2 their mass. If we now introduce the center of mass
position vector,

L(Fy,12,11,12) =

Min,1 Min,2
= : ri+ : r (864)
Min,1 + Mip,2 Min,1 + Min,2

re

and the relative position vector,

r=riy—r; (865)
then Eq. (863) takes the form
.. M.
L(rg,r,rg,r)= ?ré + %rz -V —-U@) —U() (866)

where M = mjp 1 + My, is the total mass and @ = mjy 1Mjn 2/ (Min,1 + Min2) is the reduced one. Of course, in the above
expression r; and r, must be viewed as function of rg and r.°> From the above considerations, it is straightforward to obtain
the Hamiltonian of the system. We arrive at the following expression:
2 2
p
2 P v +uan+Um) (867)
2M - 2u
where pg = p1+p;, and p = (0/Min,1) P71 — (4/Min 2) P If we now assume that the external field is a uniform gravitational
field (directed along the z-axis), then it is easy to show that

5 The relation between these quantities is given by

Mip 2

r=r¢+
1 G M

r

Min,1
r)=1¢g— 71‘
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1
U(rq) + U (r2) = (Mgray,1 + Mgrav,2)82G + M(mgrav,lmin,Z — Mgray,2Min,1)&Z (868)
=U(z)+ U@ (869)

where, according to Eq. (865), z=z1 — z». As a consequence, the Hamiltonian (867) takes the form

H = Hg + Hyel (870)
where the center of mass and relative Hamiltonians can be expressed as
e -
Hg==—"=+U(z 871
c=oy (z6) (871)
p’ -
Hiel = o +VI)+U@©@ (872)

The physical interpretation of these equations is clear. The center of mass behaves as a free particle embedded in a uniform
gravitational field. On the other hand, the internal states of the composite system are determined by the potential V (r)
but are also affected by the gravitational field through the term U(z). In practice, one expects that U(z) < V(r) and,
therefore, the perturbations of the energy levels will be either very small or even totally negligible. Moreover, because
[z, pc.z]1 =[2G, pz] =0, the two above Hamiltonians commute

[Hg. Hrel] =0 (873)

which implies that the total state space is in fact the tensorial product of the center of mass state space and of the relative
state space.
Let us now study the behavior of (zg). One has

dizg) 1 1 (PG.z)
ar ih([ 6 Ho + Hrell) ih([ 6. Hql) M (874)
In the same manner, one can now calculate the evolution of (pg ;). One obtains
d{pgz) 1 1
— = sHe + Hrell) = ,H
i m([pc,z G + Hrell) m([Pc,z cl)
1 —
- E<[pG,Z’ U(ZG)]> = —(Mgrav,1 + Mgrav,2)& (875)
Therefore, combining Eqs. (874) and (875), we arrive at the following expression
d? (ZZG) _ _ Mgrav,1 + Mgray,2 (876)
dt Min,1 + Mip,2

Of course, this equation is similar to Eq. (862) and this implies that the center of mass mean value of the quantum compos-
ite system will follow the classical trajectory. In particular, this means that (zg) does not depend in which internal energy
state the system is placed. Therefore, if, for instance, we consider a falling Hydrogen atom, the behavior of the position
mean value of the atom will not depend of whether the atom is in the state, say, 1s or 2p. We also notice that the coeffi-
cient in front of g in Eq. (876) is the ratio of the total gravitational mass to the total inertial mass. In this sense, the weak
equivalence principle is also satisfied by the composite quantum systems.

Finally, it is also interesting to repeat the gedanken experiment in Fig. 14 but with a composite system. It seems reason-
able to couple the Peres clock to the center of mass of the system which means that the Hamiltonian of the system is still
given by

H=Hg+ Hye (877)
where, now, the center of mass and relative Hamiltonians can be expressed as
P =
He = 537 +U(26) + P(26) Hetock (878)
P’ .
Hiel = ﬂ + V@) +U©® (879)

Then, following Eq. (809), we write the wave-function of the system as

n=j
Wt re,r,0) = % S o) xa (0un @) TE/ (880)

n=—j
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The next step consists in inserting this wave-function in the Schrédinger equation in order to obtain the equivalent of
Eq. (810). The result can be written as

n=j 2 _
> {Xn(")[—mAGlﬁn(l‘c) + U(26)¥m(rc) + nhwP(26) Y (rc) — Ecwn(r@]
n=-j
h? -
+ wn(rc)[—ﬂAxn(r) + U@ xa() = Erel xn (r)] }unw) =0 (881)

where E = E¢ + E;. This implies that only the center of mass part, ¥, (r¢), of the total wave-function will depend on n. As
a consequence, the internal part should in fact be written as x (r) instead of x,(r). This means that y (r) cannot cause a
rotation of the Peres clock. Therefore, the time indicated by the clock will not depend on the internal state of the composite
system. We conclude that the time of flight of an atom, defined and calculated in terms of the Peres clock, does not depend
in which quantum state this atom is placed.

This concludes the section on the weak equivalence principle in quantum mechanics. The result is mixed. We have shown
that, very often, it is satisfied in the framework of quantum mechanics. But, on the other hand, it seems sometimes to be
modified by quantum effects, see in particular Eq. (853). Maybe this indicates that its application to the more complicated
case of quantum vacuum fluctuations of a field is rather suspicious?

15. Conclusions

We are now in a position where we can really formulate the cosmological constant problem. Vacuum fluctuations seem
to exist in Nature and to have normal gravitational properties. Therefore, it seems natural to postulate that they participate
in the value of the cosmological constant. However, when one tries to use well controlled techniques of quantum field
theory to compute their energy density, one obtains a number which seems to be in contradiction with the measurement
of A that one obtains in cosmology and with the constraints that one deduces from (for instance) the motion of the planets
in our solar system. The difficulty of the problem stems from the fact that, in order to remove the above contradiction,
one necessarily has to abandon something that is considered as robust, i.e. renormalization in quantum field theory, weak
equivalence principle, high accuracy measurements of the expansion of the Universe, etc.

Even if this is not the purpose of this article, let us conclude this review with a few words about the solutions that
have been proposed to solve the cosmological constant problem, for a complete overview of the subject, see for instance
Ref. [154]. Of course, the most obvious solution is super-symmetry [19,74,75]. However, as we have discussed in Section 7.4,
super-symmetry has to be broken and this destroys the “miraculous” cancellation of the various terms participating the
vacuum energy. In fact, the only common point between these various contributions is gravity. Therefore, this suggests that
the mechanism that cancels the cosmological constant makes use of gravity. This idea has been explored in the so-called ad-
justment mechanisms [155-157]. These models work reasonably well but, unfortunately, they suffer from a severe disease.
Indeed, in these scenarios, the Newton constant is time-dependent and it turns out that the variation of the gravitational
coupling is too strong to be compatible with the known constraints on |G/G|. Therefore, although the idea is very attractive
at first sight, it seems that it does not yet exist a realistic realization of it. It is also worth signaling that back-reaction mech-
anisms have also been studied in Refs. [158,159]. Here, the idea is that the long wavelength (super-Hubble) cosmological
perturbations are described by a stress-energy tensor that exactly cancels the cosmological constant.

Another class of solution is based on quantum gravity and quantum cosmology [160-162]. It is argued that the no-
boundary Hartle-Hawking wave-function is such that it peaks at A = 0. However, this approach suffers from various
limitations among which is the fact that the path integral is not properly defined and that probabilities are not positive
definite (this comes from the fact that the Wheeler-De Witt equation is in fact similar to a Klein-Gordon equation. The
positivity of probabilities in quantum cosmology can be only be restored in the WKB approximation).

Recently, following the pioneered work of Ref. [163], there have been many attempts to solve the cosmological constant
problem in the framework of extra dimensions, see Chapter 7 of Ref. [154] or Ref. [164]. Another popular solution, also
based on high-energy physics considerations, is the landscape approach [12] in string theory [165]. This approach assumes
that all the pocket universes of the landscape are populated during eternal inflation. Combining this fact with the anthropic
principle [166], it is argued that the most probable value of A is approximately the value observed today. This solution
suffers from the difficulty of defining a measure on the landscape [167] and the use of the anthropic principle in this
context has been criticized in Refs. [168,169].

Finally, another possibility that has recently been investigated is to modify the Einstein equations such that they become
blind to a stress-energy tensor of the form T, o g, see Refs. [170-172].

In order to be complete, let us mention that models of analogue gravity have also been developed to study the vacuum
energy problem [173-175]. In these models, one can calculate the equivalent of the cosmological constant and study pre-
cisely its origin since the physics controlling the microscopic constituents is explicitly known. These models are based on
many different types of analogue physical systems such as condensed matter systems [176], super-fluid Helium [177], Fermi
liquid [178], Bose-Einstein condensates [179,180], etc. Then, one can show that a simple calculation of the ground state
may lead to an incorrect result, the only possibility in order to reach the correct answer being to fully take into account the
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microscopic theory. This would indicate that a correct calculation of the cosmological constant must necessarily be based
on the fine structure of space-time, i.e. probably on a consistent theory of quantum gravity.

As the variety of the subjects studied is this review shows, the cosmological constant problem is a very rich one. Given its
difficulty, it is probable that it will have to wait for a new theory beyond the current standard model to find its resolution.
This theory will have to describe the gravitational properties of the vacuum fluctuations and to regulate the ultra-violet
infinities that appear in the calculation of vacuum energy density. This list of requirements almost constitutes an identity
card for a theory of quantum gravity. But the most interesting aspect maybe goes the other way round. Given the fact that
cosmology has enabled us to grasp observational signatures related to the vacuum energy, maybe these experimental results
will help us to deduce and to establish a convincing theory of quantum gravity? This is the reason why the cosmological
constant problem appears to be so important and so interesting.
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