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Abstract

Il teorema di Noether in teoria di campo classica associa una corrente conservata ad ogni simmetria
continua. Ci sono spesso delle ambiguita nella definizione della corrente, legate alla possibilita di
aggiungere quantita che la cui divergenza ¢ identicamente nulla off-shell, o quantita che si annullano
on-shell. Tale ambiguita e talvolta utile per ottenere correnti ”migliorate”, cioe che godono di oppor-
tune proprieta: per esempio, si puo utilizzare per simmetrizzare il tensore energia impulso ottenuto
dall’invarianza per traslazioni. In questa tesi, viene descritta una procedura recentemente proposta
che consente di ottenere correnti “migliorate” direttamente attraverso il teorema di Noether e senza
necessita di correzioni ad hoc.

Noether’s theorem in classical field theory links a conserved current to every continuous symmetry.
There are often ambiguities in the definition of the current, related to the possibility of adding quanti-
ties whose divergence is identically zero off-shell, or quantities which vanish on-shell. This ambiguity
is sometimes useful to obtain improved currents, i.e. currents with desired suitable properties. For ex-
ample, this ambiguity can be used to symmetrize the stress-energy tensor obtained from the invariance
under translations. In this thesis, a recently proposed procedure is described which allows to obtain
improved currents directly through Noether’s theorem and without guesswork or ad hoc corrections.
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Introduction

Symmetry is a concept of great importance in Physics, both for classical theories (from mechanics to
field theory), and quantum ones. As much as the general concept of symmetry fascinates the human
mind, it may be non-trivial to give a general definition in words. Richard Feynman, interpreting
Weyl’s definition of symmetry, asserted! that “a thing is symmetrical if one can subject it to a certain
operation and it appears exactly the same after the operation”. Examples of important symmetries
that a physical model can exhibit are those under constant translations, linked to the homogeneity of
space, and those under rotations, linked to the isotropy of space. The concept of symmetry can be
easily and rigorously formulated within a group-theoretic framework. Even if the very first applications
of group theory, albeit limited to crystallography, to describe physical symmetries can be traced back
to Christian S. Weiss (1816) and Auguste Bravais (1850), a more general application of group theory
methods to the description of symmetries is due to Emmy Noether (1918).

Noether proved a fundamental result that links symmetries of physical systems with conservation
laws. Nowadays, her theorem can be considered one of the pillars of Theoretical Physics. Within the
context of a Lagrangian formulation of classical field theory, based on Noether’s theorem, symmetry
implies conservations of currents, one for each independent parameter of the symmetry (group). In
particular, the constant translational symmetry gives the (local) conservation law of stress-energy
tensor (also called energy-momentum tensor), which is linked with the (global) conservation of energy
and momenta (charges associated with currents).

However, as we will see in Chapter 1, the conserved currents derived through standard proofs of
the Noether theorem are ambiguous. This ambiguity can be exploited in order to obtain improved
currents with desired properties. For example, the stress-energy tensor can be made symmetric if the
theory has Lorentz symmetry, and both symmetric and traceless if the theory has conformal symmetry.
Nevertheless, these procedures are ad-hoc and the desired properties hold only along the solution of
the equations of motion (i.e. on-shell). In this thesis, and in particular in Chapter 2, based on the
article by Kourkoulou, Nicolis and, Sun [6], we will show that the desired properties can be achieved,
even off-shell, with a non-ad hoc procedure.

Yfrom The Character of Physical Law, 1967, Richard Feynman
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Chapter 1

Noether’s theorem in Classical Field
Theory

In this Chapter, after recalling some basics of group theory, we will review two different proofs of
Noether’s first theorem in a field-theoretic framework. We will characterize the Poincaré group and
prove that Poincaré invariance implies the conservation of canonical stress-energy tensor (also abbr.
with SE tensor) and canonical angular momentum tensor. After having pointed out that in general
the canonical SE tensor is not symmetric, we will illustrate that Poincaré invariance guarantees that
through Belinfante procedure it is possible to obtain a symmetric SE tensor, namely the Belinfante
SE tensor, equivalent to the canonical one. Subsequently, we will characterize the conformal group
and prove that conformal invariance guarantees that it is possible to derive a traceless and symmetric
SE tensor equivalent to the canonical one. The main references used in this Chapter are [8], and [2].

When not otherwise specified, throughout this thesis, we will consider a d—dimensional spacetime
as pseudo-riemannian manifold (M, n) with the mostly minus convention (g9 = +1,7; = —1 with
i=1,...,d—1) and a generic classical field theory with Lagrangian density £(¢, 0¢, x) function of the
multiplet ¢ of fields (where each field ¢ : M — T%M of the multiplet belongs to Tlar) (M), i.e. space
of (q,r) tensor fields), its derivative and the spacetime coordinates.

1.1 Basics of group theory applied to field theory

Lie groups of transformations are particularly relevant for Physics. Let us first of all provide the basic
definitions that we will need.

Definition 1.1.1. A continuous group § that is also a manifold is called a Lie group. We denote
(s, [-,-]), namely the associated Lie algebra, the tangent space at the identity together with an oper-
ation which satisfies the properties of bilinearity, antisymmetry and the Jacobi identity.

Definition 1.1.2. A finite-dimensional representation of a matrix Lie group § is a Lie group homo-
morphism p : § — GL(V) where V is finite-dimensional vector space and GL(V') denotes the general
linear group of all automorphism of V. In particular, it follows from the definition of homomorphism
that:

Vgi,92€5  plgr-92) =plg1) e p(ge) and  p(e) =idy . (1.1)

Definition 1.1.3. Let p : § — GL(V) be a finite-dimensional representation of a matrix Lie group
G. The subspace of V

W={weV|VYges, plgweW} (1.2)

is called invariant. An invariant subspace is called nontrivial if W # {0} and W # V. A representation
that has no nontrivial invariant subspaces is called irreducible.

3



1.1. BASICS OF GROUP THEORY CHAPTER 1. NOETHER’S THEOREM

In the domain of field theories, an infinitesimal transformation can be considered acting both on the
coordinates * and multiplet of fields as
and  ¢(z) = ¢'(2) = ¢(z) + ea—(2) , (1.3)

7 T !
xr = a =x" 4 € -

“ d€q deq
where F(¢(z)) = ¢'(2'), €, is an infinitesimal parameter, and a = 1, ...,n (n is the order of Lie group).
This way of seeing the action of the group on the fields and on the coordinates is called passive
viewpoint. Within this viewpoint, the fields transformation can be rewritten as

0F oxt 0F
1IN oJ _ /
§a!) = 6(0) + eaf(2) = 0(0') — a5 0u0la)) + eas () (14)
Therefore, the infinitesimal generators G, of the group, can be defined as
0F ozt
€aGad(t) = ¢'(2) = $(') = eaz—(2) —eas— 5. Ouo(a’) (1.5)

If, instead, the coordinates are immutable (i.e. M is mapped by the same coordinates before and after
the transformations) and only the fields transform, we are adopting an active viewpoint.

oxt 0oF
[ and d(x) — ¢ (x) = ¢(x) — €as— e Oud(x) + eag(x)

In this perspective, an equivalent definition of the generators of the group is possible:

€aGad() = &' (x) — 6() . (L.7)

Frequently in literature [7], [9], the generators are defined through the relation ¢,G,¢(x) = i(¢'(z) —
¢(x)) to assure hermiticity of operators when addressing quantum field theory.

(1.6)

Definition 1.1.4. Connected Lie groups T of transformations (of fields and spacetime coordinates)
under which the action Sy [¢ fV (¢,0¢,x) d% is invariant up to a boundary term' are called
continuous symmetries of the class1cal field theory. Within the passive viewpoint (assuming that the
integration region is invariant under the transformation of coordinates) this can be specified in terms
of the infinitesimal transformations of fields and spacetime coordinates as

59(@] - Svlota) = [ du(eartts (1.8)

Sy [¢<x> et

for all transformation belonging to T, where A% (x) is an arbitrary function. The equivalent prescription
within the active viewpoint is

S [6(0) — - 0u0(0) + evp )| - sl = [0 (i —eSe) a9

for all transformation belonging to 7. Indeed, differentiating the change of spacetime coordinates gives

8/
dle’ = |det 2L
* ’ ox

m

A% =1+ €,0, (?) + O(eH))d% (1.10)
€a

so that the symmetry conditions within the passive and active viewpoint are equivalent (considering
only first-term in €,):

26 @986 |1+ ety (G )| = £(6000),0,000). ) = a0y

{L(qb’(w),am’(w),x) +ea(§58ﬂ£] [Hea@ (?)] — L =€ 0, A, (1.11)

which implies 6£ = €,0, (A“ ‘hsL) within the active viewpoint, as stated in the Equation 1.9.

'The first notion of symmetry provided by E. Noether does not include possible boundary term, at least in the passive
viewpoint. The generalization to action invariant up to a boundary term is due to Bessel-Hagen (1898-1946).

4



CHAPTER 1. NOETHER’S THEOREM 1.2. STANDARD DERIVATIONS

Definition 1.1.5. In particular, connected Lie groups T of transformations are called (continuous)
symmetries in the strict sense of the classical field theory if 9,AL = 0.

Definition 1.1.6. The explicit transformation of coordinates and fields within the passive viewpoint
suggests a useful distinction between symmetries:

e Internal symmetries if ‘E;DT” = 0. In this case, passive and active viewpoint are equivalent.

e External or spacetime symmetries if % #0.

1.2 Standard derivations of Noether’s first theorem

Noether’s first theorem. For all generator G, where a = 1,...,n, of a Lie group T of order n
describing a continuous symmetry of the classical field theory, there exists a current j4 (called Noether
current) which is conserved: 8,55 = 0 along the solutions of the equations of motion (on-shell).

Passive viewpoint proof. In this case, spacetime coordinates and fields transform as Eq. 1.4; to

simplify the notation, we define wh = %ﬁ: () = %(m’ ) so that

¢'(2") = (2') — €l () + eaAaop(') . (1.12)

Here 6¢ = —wh 40,0 + Ao and 6¢ = Ay¢ are called, respectively, the total variation and the form
variation of the fields. According to the definition of continuous symmetry, the infinitesimal element
of action must be invariant up to a boundary term:

L(¢'(2"),0,¢'(2'), a')d%' — L(p(x), 0,0 (x), x)d = €aOpMidie (1.13)
A straightforward algebraic manipulation gives

€a(Ouwiy) & + L(¢' (), 0,9/ (2), 2) — L($(x), Opg(2), )

= €a(Ouwh) L+L(¢'(2'), 0, (), 2") = L(¢/ (2), m(m),w) L(¢(2), 0u¢/ (2), 1)~ L((x), (), ) .
(1.14)

The second and the third term differ only by the transformation x# — 2/ = x# + €,w}, while the the
forth and fifth term only by the transformation ¢(z) — ¢'(z) = ¢(z) + eadp(x).

€a(0pwh) L + €qw" (0,L) + eagi -0 + 6“8((?9% 00,0 — €a0u AL
w
L L L !
= €0, (WhL) + €,0, < (8u¢) (5(]5) [ ( (au¢)> g¢] d¢ — €0yl = 0. (1.15)

The term in squared brackets vanishes because of the equation of motion; factoring out €, we obtain
the statement of Noether’s theorem 9,55 = 0 with

oL
0(9u0)

The Noether current j4 in the case of invariance of the action in the strict sense reduces to

=Wl + Agdp— AP . (1.16)

oL -
53,9 ¢ (1.17)

e s 05 _V( oL

— . 9,d— O
8(8,0) 9(0,0) i ”L> i

Active viewpoint proof. In the first instance, we consider internal symmetries for which the fields
transform as

¢(z) = ¢/ (2) = ¢(z) + €alad() , (1.18)

5



1.2. STANDARD DERIVATIONS CHAPTER 1. NOETHER’S THEOREM

according to the notation used in the former proof. In order to guarantee the invariance of action, the
Lagrangian must be invariant up to a d-divergence:

L — L+ e, 0,F namely 0L = €40, F! | (1.19)

where F' is some functional of the fields (which coincides with A% of the passive viewpoint). We can
explicitly calculate the variation of £ as

L(¢,a au(b/) - L((b, 8#(?) = ? . (EaAa¢) + m : au(eaAa¢)

oL oL oL
= o <a<‘o‘u¢> 'A“‘b) o [&p G (a@mﬂ Bat -

The last term vanishes due to the Euler-Lagrange equation. Therefore, we obtain the statement of
Noether’s theorem with:

0L 0L
0

(1.20)

0L
9(0u)

Ja = Aap — Y (1.21)

Within active viewpoint we can also consider spacetime symmetries. In this case, a useful strategy
for the proof is to make the infinitesimal parameter €, suitably spacetime modulated in the following
way:

$(z) = ¢'(z) = ¢(2) + €a(@)Da(0) - (1.22)

In general, to derive the statement of Noether’s first theorem it is only necessary that the transfor-
mation reduces to ¢ — ¢ + €,4\, in the limit of constant ¢,. Indeed, for constant ¢, the Lagrangian
density varies as 6L = €0, F4, and expanding with Taylor €,(z), we obtain:

5L = e(2)0uF + 0ue () GE + 8, 0pe () G + ... (1.23)
where G4, GL”, ... are some functionals of the fields. Considering only functions €%(z) that vanish at

infinity, we can integrate 0L by parts:

68 = /55 dlx = /6“(3:) Oy [FF — Gt — 9,GH — .| dx . (1.24)

Jja

The action should be stationary for all field variations that vanish at infinity,
therefore 9,54 = 0. O

In practice, to explicitly determine the Noether current within the active viewpoint, the variation of the

Lagrangian density 6L for a generic e (x) is determined by direct calculation, and j4 is consequently

found by comparing Eq. 1.23 and 1.24.

Preposition 1.1. Under the assumption that the configurations of the fields fall off sufficiently rapidly
at infinity, for all generator of the Lie group indexed by a there exists a conserved charge Q).

Proof. The integration of 0yj° = —9;j¢ and subsequent the use of the divergence theorem gives

/ d4Vz 9,50 = —/ §idsi =0 that implies conservation of Qo = / d@Vg 0%(z) .
\%4 oV Vv
(1.25)

Remark. For all conserved j4 associated with a continuous symmetry also j4 = j&+, X" is conserved
vV XH antisymmetric tensor X# + X"# = 0, since 0,0, X" = 0. This note will turn out to be
fundamental later in this Chapter to improve the properties of conserved Noether currents.



CHAPTER 1. NOETHER’S THEOREM 1.3. CANONICAL STRESS-ENERGY TENSOR

1.3 Canonical stress-energy tensor

In the first instance, we consider the constant translational spacetime symmetry, z# — z* 4 eqwh,

which is obtained with wh = 4. If the classical field theory exhibit constant translational symmetry,
we say that the fields belongs to a representation of the Lie group (R*, +). A basis for generators
in this representation is, based on Equation 1.5, P, = —3d, with a = 1, ...,d. According to Noether’s
first theorem, there are in particular d conserved currents (one for each independent parameter of the
symmetry group):

gh = =46 _oL <O, —0bL ) . (1.26)

a a 8(8H¢) v

Considering the independence of the d currents, we can define a (2,0) tensor, namely the canonical
stress-energy (or energy-momentum) tensor, which is also conserved on-shell:

T = 6(gf¢) 2OV p — L with oIt =0 . (1.27)
In addition, as stated in the Preposition 1.1 there exist a conserved charge for each conserved currents.
It is evident from Eq. 1.27 that, in general, the canonical SE tensor does not have the desired properties
of symmetry and tracelessness. Furthermore, for gauge theories the canonical tensor is not necessarily
gauge invariant. In particular, the symmetry property is desirable for two reasons. In the first place,
as we will see in the following Paragraph, a symmetric SE tensor allows us to define a conserved
angular momentum tensor which is analogous to the one definable in the mechanical case. Secondly,
in general relativity the source of the gravitational interaction is precisely a symmetrical momentum

tensor.

1.4 Poincaré invariance

We recall that the Poincaré infinitesimal transformation of spacetime coordinates in the neighborhood
of identity is

ot =gt e (x) = (", + wh )" +at = = at 4 wh Y with wh, +w”, =0 . (1.28)

Definition 1.4.1. The set of coordinates transformation which preserves the flat metric 7, form the
isometry group of (M, ,,), namely the Poincaré group.

P 9,0
, , 02" Ox

T —x Ny = ——

= Y ggv 0 T M (1.29)

Since our main interest is continuous symmetries of field theories (that are connected Lie group), we
consider only the component connected to identity of Poincaré group: from Eq.1.28, this component
is2 RM4-1) % SO(1,d — 1)*.

Accordingly to Eq. 1.28, the total variations of the field are:

e For a scalar field ¢: ¢/(2') = () hence d¢ = 0. )
e For a vector field A,: A (2') = (6 + wi/)A”(x) hence 0 A, (x) = wun"PA,(x).
e For a tensor field:
Tt = (S 4 whb ). (8 + Wb (67 + w i) (8,7 + w ) TE 5 (1.30)

Vi...Ur

In general for the multiplet of fields ¢ = {¢1, @2, ..., o'}, we have:

_ 1 . o1
0, = iww(sw)rs(ﬁs so that ¢ = §wWSW 9, (1.31)

*We recall that with SO(1,d —1)T, we are indicating the proper (det A = 1), orthochronous (A%, > 1) Lorentz group.

7



1.4. POINCARE INVARIANCE CHAPTER 1. NOETHER’S THEOREM

where r identifies a single field (scalar, vector or tensor) within the multiplet and s denotes the con-
traction of the indices within the multiplet. S#” are the generators for the (irreducible) representation
of SO(1,d — 1)" on the vector space of the tensor fields evaluated at the origin ¢(0). Without loss
of generality we can consider the tensor S*¥ completely antisymmetric in uv: a possible symmetric
component would not contribute because it is multiplied by w,,,, (antisymmetric).

Considering the action of Poincaré group on both the fields and coordinates, we get from Equations
1.5 and 1.4:

¢ Infinitesimal spacetime translations, x# — 2/ = a# + e, wh, with wh = 8%, whose generators are
P, = —0, (Paragraph 1.3).

d(d—1)
2

e Infinitesimal Lorentz transformation, z# — /¥ = 2¥ 4+ w"Px, with independent parameter

in w"? with 0 < v < p < d, whose generators are given by

1 1/8 - 8l/
5 (&) = ) + 2 Sy 9(al) — o DT (132
Jw = (xuau - :Ez/au) + Suz/ . (1.33)
d(dfl)

The invariance of action under SO(1,d —1)" implies the conservation of independent Noether

current, one for each parameter of w,,, considering that Sp = W = 1S” . qb and =g
1 0L

oL 1 0L
W _p0v,p Ot — ML = SVP = —TH P 4 —
Ty = 7N (am) ¢ >+23< S R A VT

Recalling that the parameters vp of the transformation are antisymmetric, the conserved Noether
currents can be rewritten as

SV . (1.34)

oL
9(0u9)

The tensor ME"? of the (d D) independent currents is called canonical angular momentum tensor.
The full Poincaré invariance nnplies the conservation 9, T = 0 and 9, M = 0. In particular from
the conservation of M*"? we obtain:

oL
00,0

=Y Hvp

1
= (Tc’“’x” ~ TP

5 SvP. ¢>) = MM (1.35)

TV — TP =), ( - (5vP - ¢)> T T =9,y (1.36)

Consequently, T¢" is symmetric only if the multiplet is composed of only scalar fields (these transform
trivially under the Poincare group, S* = 0).

1.4.1 Symmetric stress-energy tensor: Belinfante procedure

In order to determine, an improved SE tensor we can exploit the ambiguity in the definition of
conserved Noether current (see Remark 1.2), and consider equivalent SE tensors given by

TH =T 4+ 9,XP" with X/ = —XHev (1.37)

which are conserved on-shell (0,T*" = 0) iff the canonical one is conserved. A procedure, traced back
to Belinfante (1939) [3], exploit this property in the case of a Poincaré-invariant theory, to derive a
symmetric SE tensor (hereinafter referred to as Belinfante’s tensor T”). In the first instance, we
proceed with some guesswork: we assume that X*# is the pp antisymmetric part of Y°#¥. Exploiting
Eq. 1.36 gives

1
TR =T+ S(O,Y ™ = Y1)

1 1
=T+ 5 (CTE + T29) = 50, Y” (1.38)
1 1
- 5(7#'/ jcw) §ap5 v



CHAPTER 1. NOETHER’S THEOREM 1.5. CONFORMAL INVARIANCE

However, even if the first term is the symmetric component of T¢", the last one (and thus 7%") is not
symmetric in puv. We can replace this last term with

1 1% 1
— §ap(YHp + Y p.“) , (139)
that is symmetric in uv, and as long as we define

XPHY — 1 (PR — yrov _ yvemsy (1.40)

2
we obtain a symmetric Belinfante tensor, whose full expression is

, L. 1 0L ) oL ) oL
Y-+ 0 (5 5 0~ 5,0 0 s

w_ 0L
B 0(0u9)

- SPH- ¢) . (1.41)

1.5 Conformal invariance

Exact or approximate conformal invariance is a property of many interesting models in physics. As
we will show shortly, conformal invariance of a field theory is strictly linked with the possibility of
making the SE tensor traceless.

A conformal transformation is a coordinate transformation z — 2’ under which the flat metric of the
manifold M transform as:

ox'" oz'"
Moo = Moo (2') = Z— = Az) 1po - (1.42)

Bzp Ozo M
In particular, if A(x) = 1, the transformation corresponds to the Poincaré group; if A(z) = constant,
the transformation corresponds to global scale transformation. We aim to characterize the infinitesimal
conformal transformation z'* = z# + e* + O(€?), exploiting the definition given above.

ox'? 02’7 OeP e’
D 4 - 2 o 2
oo gz gz 7 <5“ Oz Ote )> <5V ox¥ Ote )>

1.4
= + By + Buer) +O(2) (143)
—_——
=f(@)nuw
To determine f(x), we apply both side n*¥ on its definition:
2
f@)nuwn™ =2(0,e") = f(z) = g(a “€) . (1.44)
We apply 0¥, then 0, and finally we add the symmetric uv counterpart:
d-[0ue, + 0peu] =2(0 - €)nu
d-[0,(0-€)+0¢€u] =20,(0-¢)
d-[0,0,(0-€) +00v€,] =20,0,(0-€¢) + p<v (1.45)
dO(Ovey + Opey) +2(d — 2)0,0,(0 - €) =0
(d—1)0@-¢) =0

Given O (%(x“)) = 0, the derivative of €* can be at most linear in x#. Therefore, infinitesimal
conformal transformation are characterized by the following Equation (conformal Killing equation)

2(8 )N (1.46)

€y = ay + b’ + cpypr’a? with Ou€y + Op€y = pi

where a,, by, ¢ are (infinitesimal) constants. In particular, individually each term of €, corresponds
to:



1.5. CONFORMAL INVARIANCE CHAPTER 1. NOETHER’S THEOREM

1. Infinitesimal spacetime translation, €, = a, with corresponding generator P, = —0,,, as previ-
ously stated.

2. Infinitesimal rigid Lorentz rotation and scale transformations, €, = b,,2". Substituting in the
Eq. 1.46, we obtain

2
b,uu + bz/,u = &(npabpa)n,uz/ = 20477;”/ . (147)
For a generic tensor b of rank (0,2) the former Equation fix a constrain on its symmetric com-
ponent:
b,ul/ =Ny + My - (148)

e my, corresponds to the infinitesimal Lorentz rotations x! p= (5W + mw)x”, whose gener-
ators are given by Eq. 1.32.

e an),, corresponds to the infinitesimal scale transformations 2" = (1 + a)z#. If we denote
with A the action of scale transformations on fields evaluated at the origin, we can determine
the generator, namely D, as follow:

n
D¢ = %i(ﬁ — %%qﬁ so that D=—2"9,+A . (1.49)

3. Infinitesimal special conformal transformations (SCTs), €, = cppx”a”. Firstly, we have to derive
another important identity in order to characterize in the explicit form SCTs; from Eq. 1.46 it
follows that

2
0,06, + 0,0,€, = gnwﬁp(a €) . (1.50)
Applying a cyclic permutation of indexes in the former Equation ( v — u, u — p, p — v) gives
2
0,0p€u + 0u0p€y = gnpuﬁ,j(a - €) (1.51)
2
0u0y€p + 0,0,€, = gny,,au(a “€) . (1.52)

Adding member by member Equations 1.51 + 1.52 — 1.50, we obtain

2

0,0v€p + 0,06 = 3 Mpu0u (0 - €) + 1yp0u(0 - €) — 10, (0 - €)] (1.53)
1

0u0v€, = yi [MpuOv + MupOy — N0y (O - €) (1.54)

Applying the former Equation to the variation that characterize the SCTs €, = c,,,2" 2" gives

Cuvp = Nupby + Nuwbp — Mupby (1.55)

where we have defined:

1 " Lo p_ Lo i o Lspon ¢up
by = gau(a €u) = ga Cuvp®™ = gauc vpt = géuc vo T g (1.56)

Finally the explicit expression for SCTs results
ot =2t £ 2(x - D)t — (2P . (1.57)
We can define a vector k,, called the Killing vector, as the generator of SCT's for spinless fields:

oxt

b = S

Oy = 22,270, — 220, . (1.58)

If we want to consider, instead, fields that transform according to a non-trivial representations
under SCTs, and defining x, as the generators acting on the fields evaluated at the origin,

10



CHAPTER 1. NOETHER’S THEOREM 1.5. CONFORMAL INVARIANCE

the generators for transformation acting on fields evaluated at generic z can be determined
translating

K,9(0) = £,(0) (1.59)
Kup(x) = [y + 22, A — 2,8, — 22,270, + 29,]¢(x) | (1.60)

as can be checked using the Hausdorff formula, exp (—2?P,) K, exp (2 P,) = K, + [K,, 2" P,| +
5 [[Ky, 2P Py, 2P Py] + ..., once the commutator [K,,,z”P,] has been determined by explicit cal-
culation.

In summary, full conformal invariance of a classical field theory is associated with

d(d—1) (d+2)(d+1)

1+d=
+1+ 5

d+ (1.61)

generators, and consequently the same number of conserved Noether currents.

1.5.1 Traceless and symmetric stress-energy tensor: virial currents

In this paragraph, we are going to show that if a classical field theory has full conformal invariance,
we can find an equivalent symmetric and traceless SE tensor. In the first instance, we consider the
infinitesimal scale transformation

2" = (1 +a)z" and &) =1+ ad)g(z) . (1.62)

Exploiting 75" = T# Y4+9,XPM  the conserved Noether current under scale invariance may be rewritten
as

gt == [Tg — 0,X"" ]z, + ot A¢
0(9u9) 1.63
) w (1.63)
— PRV 0 N _ XPI )
Tg'x, + 0,( X 2,) — X ”+8(8ﬂ¢) o,
that is equivalent to
1 0L 0L 0L
'“:TMVCL‘,,< 1,7-5“1’- _ ,,7-5@#' >+ A
A B R A R
0L '
_ v Y~ _ PEY |
TB xV+ a(auqs) (A nPMS ) d) .

The last term, hereinafter V#, is called virial current. We assume that it is writable as the divergence

of a generic (2,0) tensor field:
VH =0,0" . (1.65)

We denote respectively ai” and o""the symmetric and antisymmetric component of . We define our
candidate traceless SE tensor, equivalent to the Belinfante one

1
oM =Th — 58@,,5““” , (1.66)

with = antisymmetric in pp. With some guess work [4], we can found the right Z, in order to achieve
tracelessness of ©*

- 2 A A 1
=V = o il Mol el — ol (V) of a] (L6

Indeed, with this choice we can rewrite the Noether current associated with scale invariance as

1
= —eMy, — 5@)\@) <E>\puv) wy + 0,0 . (1.68)

11



1.5. CONFORMAL INVARIANCE CHAPTER 1. NOETHER’S THEOREM

We now compute the divergence of this expression in order to demonstrate the proposed ©"* trace-
lessness.

0" = O, — 0, 0T — (Ox0,ZV) + 0,0, = 0 (1.69)

The second term vanishes because the Belinfante tensor is conserved. We have considered only the
symmetric part of o/ because the antisymmetric part vanishes when derived 9,0,. It remains to be
verified, and we do this by explicit calculation below, that

1 -
8)\8paj‘_p = 5(%\8,,:)""‘;
1 2
= 00, {d 102 o 20} d? — vt ] } (1.70)
= 3>\8p0’+

Finally, the explicit expression of the improved SE tensor is

oL oL oL oL
oW — O — L+ 3 ( SV L — LGPV — .Spu.¢)
9(0u0) 0(0p0) 9(0,.0) 9(0y9)
— o D0t = 0,040+ 0 0:0,0% — 030”0} + ﬁ (00" 0%, — Do a)] (L)

It can be proved that, when the action is invariant under the full conformal symmetry (in particular
under SCTs), our assumption (Equation 1.65) on the virial current holds.

12



Chapter 2

Non-ad hoc improved Noether currents

As stated in the Chapter 1, the standard derivation of a SE tensor with the desired properties of
symmetry and tracelessness from Noether’s first theorem is ad-hoc, involving guesswork to some extent.
Another well-known approach and definition of the SE tensor is possible. It follows from the coupling
of the action functional with a non-flat metric, and the subsequent variation of the action with respect
to this metric, evaluated for g"”(z) = n*¥. This SE tensor is usually referred to as Einstein-Hilbert
SE tensor, and it has been showed that is equivalent on-shell to the one derived through Belinfante
procedure [5]. However, it is not guaranteed that these tensors are equivalent off-shell. In this Chapter,
we are going to expose a recent finding (Jan 2022) by Kourkoulou, Nicolis and Sun [6], where a new
derivation of Noether’s first theorem applied to translational symmetry (subsequently extended to
generic spacetime symmetry) is provided. In particular, the authors derive without guesswork a
symmetric (for Lorentz invariant theory), traceless (for scale invariant theory) and both symmetric
and traceless (for conformal invariant theory) SE tensor. This method appears natural, it guarantees
symmetry and tracelessness of SE tensor even off-shell, and it shows that it is possible to obtain
a traceless (but non-symmetric) tensor with scale invariance (without fully conformal invariance).
We will also illustrate this result with an example for a simple scalar field theory. However, in
general the procedure of Kourkoulou, Nicolis and Sun does not guarantee gauge invariance of SE
tensor. Consequently, we are going to expose a frequently neglected derivation (1921) by Bessel-
Hagen (exposed in [1]) through which it is possible to derive the correct gauge-invariant SE tensor
with a non-ad hoc procedure in the case of free electrodynamics.

2.1 Non-ad hoc improvements & la Kourkoulou, Nicolis and Sun

As stressed out by Kourkoulou, Nicolis and Sun, the limits of the standard proof of Noether’s first
theorem within the active viewpoint for spacetime symmetry exposed in Chapter 1, is the arbitrariness
of the field transformation chosen (Eq. 1.22). We consider the fields transformation for a spacetime
modulated translation of coordinates that is a symmetry for constant e*

6(z) = B(x) — (@)D ) — Dy (@)U (x) (2.1)
56 = —e(2)9,6(x) — Dpe () T (a)

13



2.1. IMPROVEMENTS A LA KNS CHAPTER 2. NON-AD HOC IMPROVED CURRENTS

where W#¥ () is an arbitrary functional of the fields multiplet. Under this transformation, for a generic
variation e”(z) the Lagrangian density varies as

0= =52 06— S (0,6 U agf 5 0,)(0,0)
B 8(?;;@ (euDp0u) — E)(%jqb) [(9pDu€ )0 + (D )(Dp ")
=0 [ 520,0+ 55 0,0,0] ~ By G 0
— (ue) {—ap (%) UM 40, <a((?)f,;» : \If“”) + 8(?‘)f¢) -8”4 — (OpOuer) a(%;s) O

(2.3)

The action must be invariant for constant translations e#(x) = €”, and if we consider a symmetry in
the strict sense, we obtain, according to respectively the Equation 2.3 and 1.9, that the variation of
Lagrangian density must be ezxactly equal to

oL 0L

—0 —0,0 =e"0,L . 2.4
36000 Ga,g70000e] = 0 .
This relation is satisfied iff the Lagrangian does not explicitly depend on the spacetime coordinates.
Considering again a generic displacement €”(x), we have

(M:—e“[

5S oL
— _ By LRV puv
5L = —0,(¢" L) — (Duev) { TH 4 9, S 4 50,9

o¢
= —0u(" L) — (Ouer) T = (0pOuer) S, (2.5)

00— 18| - 00,0) 7

where we have defined

08

T =T S W 0y S (2.6)
0L
= L9 — L 2.7
0L oS oL 0L
PV — g and finall — =— =0, — . 2.8
(9,0) Yo 56 0 ¥ <8<6p¢>> (28)

For a generic displacement e (x), the expression of the variation of the Lagrangian density can provide
a definition of the SE tensor.

0L = —(Ouen(x))TH + total derivatives. (2.9)

Now, we integrate over the spacetime region V the former equation. Under the assumption that the
fields configuration fall off sufficiently rapidly at the boundary of the integration region, the total
derivatives vanish. An integration by parts of the first term, assuming that also e”(z) vanishes at
infinity, gives

5S[¢] = /V A%z e,()0,T" =0  on-shell. (2.10)

Considering the arbitrariness of e(z), we can conclude the on-shell conservation 0,T*" = 0 because
of the fundamental lemma of calculus of variations. Now, we consider the last term of Eq. 2.5: since
0,0,€, is symmetric in pu, we can add to #?# anything that is antisymmetric in pu. For this reason,
the former can be rewritten as

— (0,0p€1) P = —(0,0u€,) (LM + EPH) = (0p€,) 0, (L PHY + EPHY) + total derivatives. (2.11)
Implementing this rewriting in Eq. 2.3, and comparing it with Eq. 2.9 gives

TH = TH £ ATH = TH — 9,(SPHY £ SPPY)  with  SPHY = —SHev (2.12)

14
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If we choose suitably the functional W#¥, so that the field transformations in Eq. 2.1 is a symmetry of
the action for a characterizing displacement e(x) (e.g. for a Lorentz-invariant theory we chose W+
such that for e”(x) = w"x, the transformation 2.1 is symmetry), the tensor T7#” will automatically
have the properties guaranteed by the exploited symmetry. Subsequently, to obtain the conserved SE
tensor T of Eq. 2.9, we have to correct T#” through Eq. 2.12. It may seem that the procedure
exposed involves guesswork, in particular in the choice of the correct >°*¥ to obtain the desired
property for TH"; but it is not the case, as we will show explicitly in the next paragraphs, following
what found by Kourkoulou, Nicolis and Sun. Indeed, the tensor %" can be parameterized as the
general linear combination of tensor at one disposal to give rise to the desired property for T+,

2.1.1 Lorentz invariant theories

In this Paragraph, we consider Poincaré-invariant theories. In these theories, the transformations of
fields given by Eq. 2.1 are a symmetry in the strict sense for all e (z) = w"”x,,, such that w"”+w"* = 0.
According to Chapter 1, called S the generators of Lorentz group in the fields representation, the
comparison of Eq. 1.32 with Eq. 2.1 gives

1 1 0L
UHY = —gHv. d S = P — SHY . . 2.13
L 9 d) an L 9 a(6p¢) ¢ ( )
Since 0,6, = wy,, is constant, from Eq. 2.3 it follows that
0L = —0u(€"L) — wy, T . (2.14)

Since Lorentz transformations are a symmetry of the field theory, the Lagrangian must be invariant
up to ezxactly the divergence term —0,(e*£). It follows, from the arbitrariness and antisymmetry of
wyy that T must be symmetric, even off-shell. We choose ¥¥, so that the correction term of the
SE tensor, given by Eq. 2.12, is also symmetric in pv.

Op(SPHY 4 3PHY) = Op (PP 4+ XP71) (2.15)

The most general linear combination of the tensors .#?*” and n*¥, considering that S/ = —/F""

(resulting from the antisymmetry of generators of Lorentz group in the fields representation) and
considering also that n#*¥ = n¥#, that is antisymmetric in its first two indexes is

YPHY = . VPR 4 B(SPHY — SHEPY) 4 (S TP — TP (2.16)

Applying the condition 2.15 to the former Equation gives

2 PHY —q . SHPY 4 B(S PV — PP 4 (S, TP — TV PR

(2.17)
— QP B( S PHPVY (S TP — P TRV
This relation is verified iff « = 1, § = —1 and v = 0. Therefore, the improved symmetric SE tensor is
given by
oL 1468
TH = - L+ —— - SHV .
L a9 00 260 ¢ 2.15)
1 oL oL oL ’
+3< S L — SPY . — SPH . )
N TR R T R T R

We note that this results coincide on-shell with the one found through Belinfante procedure, but, in
addition, the pv symmetry of 2.18 is also verified off-shell.
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2.1. IMPROVEMENTS A LA KNS CHAPTER 2. NON-AD HOC IMPROVED CURRENTS

2.1.2 Scale invariant theories

In this paragraph, we consider a scale transformation of coordinates, ' = (1+ «a)z#, namely e*(z) =
az®, under which the fields transform as

d(x) = ¢(x) — axtoup(x) — A - ¢(x) that suggests Ul = %UWA .o (2.19)
vo__ v 1 oL VA L
S = S = d8(6p¢)n“ Ao . (2.20)

Under this transformation, the Lagrangian varies as
0L = =0, (e'L) —aTF, . (2.21)

In order to this transformation to be a symmetry of the field theory, the variation of the Lagrangian
must be zero up to ezactly —0,,(¢"£). This implies that T* is traceless, even off-shell. We have to
correct the tensor TH via Eq. 2.12:

TE — T g, (o ) with e = L 0%

1 v
_8a(ap¢)"7u A-g . (2.22)

We choose YP*¥ as the most general combination of Yg“ ¥ (proportional to n*¥) that is antisymmetric
in pu and that preserve the tracelessness of T#V:

YPHY = §(SPHY — SHPYY (2.23)
Under this choice of XP*¥ | the trace results

Dp( S+ 5L — 5.M)

0L 0 0L d—1 0L

= 0p((1 46 PR NN :<1+5>a (.A. ) (224

A5G, 0 av.e T ) \owe) 80) - 22

To get tracelessness, we have to impose § = _% and consequently the improved SE tensor for a
scale invariant theory is:

1,08 1 oL 0L
TE =TH + g — - A - —|—8<“” A - — A ) . 2.25
s T e N X R R 229

This result is not in contrast with what we have stated in Chapter 1, namely that to obtain a SE
tensor symmetric and traceless it is necessary full conformal invariance. Indeed, even if the SE tensor
provided by Eq. 2.25 is traceless, it is not in general symmetric.

2.1.3 Conformal invariant theories

We will show in this Paragraph that, following the approach of Kourkoulou, Nicolis and Sun (as we
will see shortly applicable when d # 2), it is necessary that the action is also fully conformal invariant
to derive a symmetric and traceless SE tensor.

First of all, we notice that the mere combination of Lorentz and scale invariance does not imply a SE
tensor that is both symmetric and traceless. For a Lorentz and scale invariant theory, if one chose (in
agreement with the notation used in Eq. 2.14 and 2.19)

0L 0L
PHY = g Y and PRV — /[
L S 0,0) T 0(0,9)

the transformation of fields reduces to a constant translation if €” is constant, a Lorentz transformation
if e#(x) = wMx, and a scale transformation if e#(x) = aa*. This implies that T is automatically

LU = P g (2,26)
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symmetric and traceless. The most general combination of available tensors, .Z/*, " n* which
guarantees the pu antisymmetry of 3P is

Y = o+ BT — TSI + (S O = TP + (S — SEY) (2.27)
Requiring ATH = ATY* gives:
Op(IP + L + oM + BT — S+ (S T — L T ) + oL — L))

= Op( I + S+ a [+ BIL = ) F ALY = ST+ S(IG = S
(2.28)

Exploiting the properties of ., and .5 we get

2IP — (@t DI 4 20S P+ ok DS =S = S P+ SS — A) =0
(2.29)
which implies § = 0,7 = 0,8 = —1,a = +1. Requiring instead AT", = 0 gives

Op(TE u T a st 0 BSEP . t(dsy o L= ) + 0T u SEP W) =0, (2.30)

which implies § = _% and « — 8 — (d — 1)y = 0. The two solutions are inconsistent, therefore we

cannot make the SE tensor automatically both symmetric and traceless, if the theory is only Lorentz
and scale invariant.

As anticipated, we have to consider the case of field theories that exhibit full conformal invariance,
namely the infinitesimal special conformal transformations

' =t b 2? —2(b- )zt (2.31)

are also a symmetry, where b* is a constant vector. We can interpret this special conformal transfor-
mation as combination of spacetime modulated Lorentz and scale transformations, with w", (z) = bz,
and a(r) = —2b- x, so we assume that Equation 2.26 holds. Under these assumptions, we have

Oper = 2(byxy, — byzy) —2(b- )N (2.32)
and therefore the Lagrangian varies as:
0L = —0u(e" L)+ [2(byxy, — byzy) — 2(b- )0 ] T — [0 (2(byxy — buxy) — 2(b- )0 )| L . (2.33)

The invariance of the action functional under Lorentz and scale transformations implies that the
second term of the former Equation must vanish, in agreement with the symmetry and tracelessness
of TH,
0L = =0u(e"L) = 2(by 7, = by LM, — b, SH)

= —0u("L) 4 2b, (L1, + L1 = S, ) (2.34)

= — (ML) + 2b,(FSP%, + 2.7, 1P)
As stressed in Chapter 1, it is not necessary that the Lagrangian is invariant in the strict sense under
a transformation for this to be a symmetry of the theory: it is sufficient that the variation of the

Lagrangian is, within the passive viewpoint, zero up to a boundary term. Therefore, we can define the
virial current, proportional to the last term of Eq. 2.34, to be a d—divergence:

Ve =re 427 kel =9 000 (2.35)

We recall that 7" is antisymmetric in pv, #E" is proportional to 7" and, in particular, symmetric
in pv. This given, we can rewrite the definition of virial current as:

g0 p e oy Plog el g ger (2.36)
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The first and last term of the LHS vanishes due to, respectively, antisymmetry and symmetry. We
can rewrite 5% | = .78"n,,, and multiplying both side by n*¥, we get:

1
FE = - [Oao®Pn” — 2.7 P (2.37)
This implies that the correction to the energy-momentum tensor J# can be rewritten as
2 1
ATH = -9, <y5“” =27 S+ 2W> = 000" (2.38)

It is important to stress that the Eq. 2.37 holds only if conformal transformations, and in particular
SCTs given by Eq. 2.26, are a symmetry of the theory. Under this assumption, similarly to the
previous Paragraphs, the tensor " can be found as the most general linear combination of ./P#
and 7" that makes the correction AT*” both symmetric and traceless. If /""" and " are instead
independent as assumed in Eq. 2.27, in general, this is not possible.

If 0% vanishes, the correct X°*” in Eq. 2.38 is simply achieved similarly to the case of Lorentz
invariance:

SO = SRR — P _ (PP vy (2.39)

With this choice, for vanishing o the correction AT*” is both symmetric and traceless (AT}, =
—0,(0 — 2.7, "+ 25, P*) =0). Instead, if we consider a non-vanishing o, we can add to 7" a
d—divergence term 9, ZP***. The tensor Z must be antisymmetric in pp, as 7", in order to not spoil
the symmetry of AT*”, and any pa antisymmetric component would vanish considering 9,0,Z*".
Therefore, in general the right %P* is

PV EPHV + 8 [PNMO‘V] (240)

where, in addition, Z must be symmetric with respect to the exchange pu <+ av. Indeed, in this way
the trace of the correction term results

ATY, = =040, (mu ) 4 gl0) (2.41)

The tensor ZPH@] must be chosen as the most general linear combination of the available tensors,
n* and ¢(@?) to obtain the desired properties
Zleullar] A(nwg(ap) + napo(ul/) _ nuag(l/p) _ nl/pg(ua)) + B(n*n — nuanw)gg (2.42)

We can determine through explicit calculation the values of the constant A, B

ATF, = =040, {AUWUWU(QP) + olor) 4 Anapag — 240 + dBnapog - Bag}

— —0a0,{(A(d — 2) + o) + (A+ B(d — 1))} (2.43)
0.
This implies
1 1
Ae B=— - 2.44
i—g nd (d—2)(d—1) (2:44)

where, as cited above, d # 2. The final expression for the stress-energy tensor for a fully conformal
invariant theory is

TH =TH 4 ATH

405 (;S‘“’Jrll“’A)-ngr

56 a’
1 oL oL oL
SHY . — .SPY L — . P
[ 20,00 7 T 00,0 " 0T %0 <z>] (2.45)
7 (ap) (wv) _ v (o) _ v (o)
+ = 2[ Dadpr ) + O t) — 5,005 7) — 9,0 4|
1

- ul/ wav B

(d—2)(d—1)[ 0o’y = 900"
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This expression coincides on-shell with the one found in Chapter 1, but in addition it has the desired
properties of symmetry and tracelessness even off-shell.

2.1.4 When does scale invariance imply full conformal invariance?
We are going to prove that a scalar classical field theory with Lagrangian density given by (with d > 3)

£(6,8,0) = 7 2f< Oud0" ¢> (2.46)

(st—z

is scale-invariant for each possible function f. In addition, we are going to exploit the result of Kourk-
oulou, Nicolis and Sun exposed, to prove that if the function f is linear in its argument, it is possible
to derive a symmetric and traceless SE tensor. This suggests that, in the particular case of the La-
grangian given by 2.46 with f linear in its argument, the theory is also fully conformal invariant.

We can determine which specific choice of A, known as scaling dimension of the field ¢, the transfor-
mations z# — (1 + a)z”, ¢(z) — (14 o) 2¢(z) with a € R~ {—1}, make the action scale-invariant.
In the first instance, we have to prove that if £ transform as a scalar field with scaling dimension
A = d, the action is scale-invariant. This is trivial, because

dzL(z) = (1 + ) d%L () = (1 + ) DddzL(z) . (2.47)

Considering that 9, — 1ia8 o+ — H—oﬂo‘, ¢"(z) — (1 +a) ™ ¢™(x), with A, scaling dimension of
¢, to be determined, the Lagrangian in the Equation 2.46 varies as

L
L) = (1+a) SE2gia g ((1 + o) @000 (g yn) (2.48)
i3
The last equality holds iff A = 952, Defining f' = dx f, with X = (& 22 , the Equation 2.25 associated
pd-2
with a traceless SE gives
v v v 2L v 2d_ d—2 v
TE = 2f 960" 6 — o2 [+ (972 f — £(00)F) = S0 60, (£/0°0)

d— d—
+ O30, (of' 006) — 20 (oF'0%0)
20600 — " f apw% ' (dd S G(1190) + G 0,00% — 0" (019" )
d—
T = P00+ e 60, (f0°) = T 0 (19"0)

(2.49)

We note that, in addition to the fact that, as expected, the trace vanishes, all terms, except the last
one, are symmetric in pv. Using the Leibniz rule on the last term, we observe that if 9" f’ = 0, the
tensor derived is both symmetric and traceless. The condition stated is equivalent to require:

f ((3@2) A+ B((%) with A, BeRorC . (2.50)
pi-2 o

2.2 Non-ad hoc improvements a la Bessel-Hagen

As stated in the Introduction of the Chapter, the procedure proposed by Kourkoulou, Nicolis and
Sun exposed above has totally general applications, and, importantly, returns SE tensors that have
the desired properties even off-shell. However, it does not consider possible gauge symmetries, i.e.
symmetries of the mathematical formalism of the classical field theory. As a result, in general the
derived SE tensors (Eq. 2.18, 2.25, 2.45) are not gauge invariant, although this is a desired property
for many physical theories.
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In this section we are going to briefly expose a different procedure due to Bessel-Hagen (exposed
by Baker in [1]), to correctly apply Noether’s theorem in the case of electrodynamics in the light
of the gauge symmetry of the theory and consequently derive the correct momentum-energy tensor.
Subsequent works (see reference in [1]) have reproduced the method of Bessel-Hagen and extended to
the case of arbitrary gauge field theory. A thorough discussion of gauge symmetries is beyond the scope
of this thesis; for this reason, we will limit ourselves in this Paragraph to classical electrodynamics,
that is a particular abelian gauge theory having U(1) as gauge group.

2.2.1 Free classical electrodynamics

The general theory of free (without currents) electrodynamics can be formulated in d—dimensional
space in terms of an antisymmetric field strength tensor (also called Faraday tensor) Fj,, + F,, = 0
that satisfies

" =0 equation of motion (2.51)
Oulyp +0,Fy + 0,F,, =0 Bianchi identity. ’

In particular, solving the Bianchi identity in terms of a vector potential A,, the Lagrangian of free

electrodynamics results

1
L(Ay, 0udy) = = FuwF*  with  Fuy = 8,A, 0,4, . (2.52)

We consider an infinitesimal change of coordinates z/¥" = z#+¢/(x), under which the field A4, transform
as
A, = A, — (2)0, Ay — Open () AF (2.53)

where A* is a functional of the covector field A,. This is a symmetry in the strict sense 6£ = —0,,(¢"L)
for some specific choice of €#(z), in particular for constant e* we will obtain the conserved currents
associated with the SE tensor.

The non-ad hoc improvement of Bessel-Hagen has its foundations in an off-shell identity (also called
Noether identity) we already stated during the standard derivation of Noether’s theorem within the
passive viewpoint (Eq. 1.15). Recalling that the Lagrangian of free electrodynamics is explicitly
independent of A,, and that % = FM_ the application of the cited identity to the case of the field
and coordinates transformation given by Eq. 2.53 of the vector potential gives

— 0, F"5A, = 0, ('L + FMGA,) . (2.54)

If a classical field theory exhibits a gauge symmetry this must be considered appropriately in the field
transformation to derive a SE tensor that is also gauge-invariant. In particular, the transformation 2.53
is not gauge invariant, and we can expect that the resulting SE tensor is not in general gauge invariant.
Considering the fact that gauge symmetries, that are symmetry of the mathematical formalism, do
not spoil the currents associated with physical symmetries, we can promote the transformation 2.53
of the field A4, to

A, = A, +0A,=A, — (x)0,A, — A0 " (x) + 0p(Aa, %) , (2.55)

where (A, €%) is a generic scalar gauge parameter, linear in A,. We want determine the specific
scalar function ¢ which guarantees a gauge invariant SE tensor. Requiring the gauge invariance of the
currents in LHS (and the consequently of the SE tensor) is equivalent to require the gauge invariance
of the variation of §A,. If we consider the gauge transformation A, — A, + 9,C with C(z) generic
scalar function, imposing the gauge invariance of 0 A, we get

-0, Ay — €0,0,C — A0, € — (0,C)0,€e" + 0,p(Aa, €) + 0,0(0.C, €)

, (2.56)
L9, Ay, — Ad,e + Dyp(Aa, €
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Therefore finally, 0, (p(0,C, €*)) = 0,(0,Ce®) provides an obvious solution for ¢(A,, %) that makes
the expression gauge invariant: ¢(Ag,€®) = Aye®(x). In particular, the non-ad hoc improved trans-
formation of the field results

Ay = Ay — 0, A, — Audye" + D, (Aue) = A, — (D, A, — D,A,)

2.57
= A, + F ae(x) . (2.57)

Applying this improved transformation of A, to Eq. 2.54, we obtain on-shell a SE tensor for free
electrodynamics that is gauge-invariant as initially claimed

1
TH, = |FMF,, + Zd“,,FO‘BFag : (2.58)

It can be proved that, for d = 4, the improved transformation determined leaves the Lagrangian
invariant up to the boundary term —0,(e*£) if the displacement e*(x), hitherto assumed general,
instead satisfies the conformal Killing equation (cfr. Chapter 1), namely the gauge improvement does
not spoil the conformal symmetry of free electrodynamics. Indeed, we can be prove easily by exploiting
the antisymmetry of F*¥ and the Bianchi identities that

50 = 25 50,4, = F0,(Fa)
881“‘4” . (2.59)
= —iF‘“’F’]V <('3uea + Oa€y — 577;@(3 . e)) — 0a(e*L) .
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