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Abstract

An axiomatic approach to physics is proposed for obtaining classical gauge theories from
a common set of physical requirements based on standard features of special relativistic field
theories such as gauge invariance, conformal invariance and being in four dimensions. This
approach involves the use of Noether’s first theorem to directly obtain a unique, complete
set of equations from the symmetries of the action. However, implementation of this proce-
dure is obstructed by issues of ambiguity and non-uniqueness associated with the conserved
tensors in the majority of special relativistic field theories. In the introductory chapter, we
outline the three major problems which are considered in this thesis. Each of these three
problems are addressed separately in the three central chapters of the thesis, which consist
of eight integrated articles. These three problems are (i) the failure of the canonical Noether
energy-momentum tensor to obtain known physical conservation laws, and the ad-hoc “im-
provement” of the energy-momentum tensors occurring in the literature, (ii) the ambiguities
and non-uniqueness associated with multiple different methods for derivation of the energy-
momentum tensor, and (iii) the procedure required for converting a set of axioms to a set of
Lagrangian densities. The concluding chapter summarizes our major results, such as proper
variational “Noetherian” symmetries for several completely gauge invariant models using the
Bessel-Hagen method, a formal disproof of the equivalence of the Noether and Hilbert energy-
momentum tensors in Minkowski spacetime, a proof that there are infinitely many solutions
for energy-momentum tensors in linearized gravity obtained from the “improvement” method,
and a derivation of the curvature tensors of higher spin gauge theories without referring to the
symmetry properties of the Riemann curvature tensor. Future research that could follow from

our results is discussed.

Keywords: Noether’s first theorem, Bessel-Hagen method, energy-momentum tensor, gauge

theory, electrodynamics, Gauss-Bonnet gravity, spin-2, higher spin gauge theories



Summary for Lay Audience

Physics is a science which focuses on quantifying observed natural phenomena. To do this
for a classical system, physicists use equations that can be solved, subject to initial conditions
corresponding to the dynamics of a particular observed phenomena; these equations are known
as equations of motion. For the fundamental interactions of electromagnetism and gravity, the
accepted equations of motion describing the dynamics of these theories are Maxwell’s equa-
tions and Einstein’s field equations, respectively. These equations have not been replaced or
changed in over 100 years (although some modifications have been proposed). Other equations
may be needed to complete a theory, such as in electrodynamics where conservation of energy
and the force law are described by Poynting’s theorem and the Lorentz force law. Using what
is known as the action, the equations of motion of the theory can be straightforwardly obtained
using the Euler-Lagrange equation; this equation ensures that this action has a minimum value.
For conservation laws however, this is not as straightforward — multiple methods which con-
tradict each other exist for obtaining them. In addition, some of these methods fail to obtain all
known physical laws in a straightforward manner. These issues are the focus of the first two
chapters of this thesis. The basis for our approach is Noether’s first theorem, a fundamental
result that shows that symmetries present in a physical system results in there being “con-
served” quantities (quantities whose value remains constant as the system evolves). In Chapter
1 we clarify a straightforward methodology for obtaining physical conservation laws using the
Bessel-Hagen approach to Noether’s first theorem, and then in Chapter 2 we clarify the status
of the other methods that contradict this approach. This use of Noether’s first theorem renders
the complete set of physical equations, for example in electrodynamics, as implicit information
contained in the Lagrangian. For a set of physical theories, only the set of Lagrangians are re-
quired. In Chapter 3 we ask if all of these Lagrangians can be obtained from a common set of
axioms, so that even the set of Lagrangians are implicit information to the imposed physical re-
quirements. We show that such an approach can be used to obtain electrodynamics, linearized
Gauss-Bonnet gravity, and other “higher-spin” gauge theories found in the physics literature.

Future research that could follow from our results is discussed.
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Epigraph

“The steady progress of physics requires for its theoretical formulation a math-
ematics that gets continually more advanced. This is only natural and to be ex-
pected. What, however, was not expected by the scientific workers of the last cen-
tury was the particular form that the line of advancement of the mathematics would
take, namely, it was expected that the mathematics would get more and more com-
plicated, but would rest on a permanent basis of axioms and definitions, while
actually the modern physical developments have required a mathematics that con-
tinually shifts its foundations and gets more abstract. Non-euclidean geometry and
non-commutative algebra, which were at one time considered to be purely fictions
of the mind and pastimes for logical thinkers, have now been found to be very nec-
essary for the description of general facts of the physical world. It seems likely that
this process of increasing abstraction will continue in the future and that advance
in physics is to be associated with a continual modification and generalisation of
the axioms at the base of the mathematics rather than with a logical development

of any one mathematical scheme on a fixed foundation.

There are at present fundamental problems in theoretical physics awaiting solu-
tion, e.g., the relativistic formulation of quantum mechanics and the nature of
atomic nuclei (to be followed by more difficult ones such as the problem of life), the
solution of which problems will presumably require a more drastic revision of our
fundamental concepts than any that have gone before. Quite likely these changes
will be so great that it will be beyond the power of human intelligence to get the
necessary new ideas by direct attempts to formulate the experimental data in math-
ematical terms. The theoretical worker in the future will therefore have to proceed
in an indirect way. The most powerful method of advance that can be suggested at
present is to employ all the resources of pure mathematics in attempts to perfect
and generalise the mathematical formulation that forms the existing basis of theo-
retical physics, and after each success in this direction, to try to interpret the new
mathematical features in terms of physical entities (by a process like Eddington’s
Principle of Identification).”

Paul Dirac, 1931 [64]
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Chapter 1

Introduction

1.1 Electrodynamic theory

1.1.1 Maxwell’s equations

Over the past centuries since Isaac Newton’s “Philosophi@ Naturalis Principia Mathematica”
[158], physics has been vastly successful in quantifying the dynamics of observed phenomena.
Equations of motion that model the most fundamental interactions have been some of the major
focuses of theoretical physics during this period. The prototypical example of such a model is
Maxwell’s equations, which unified the theories of electricity and magnetism in 1861 [145].
Maxwell originally presented these equations as 8 separate equations, which correspond to the
8 equations found by expanding the more common form presented by Heaviside in 1894 [102]]
(in the vector notation introduced by Gibbs [90]),

SN > = 1 OF -
v.E=L, VxB:—26—+y0J, (1.1)
€ c? ot
V-B=0.  VxE=-7. (1.2)

where the four nonhomogenous equations (I.1I)) are the Gauss-Ampere laws, and the four ho-
mogenous equations are the Gauss-Faraday laws. The four nonhomogenous equations
are sourced by charge density p and current density J =<, Jy, J. >

In 1909 [150]], Minkowski formulated the 4D metric spacetime of special relativity now
known as the Minkowski metric 7, where ds* = n,dx'dx’ = c*di* — dx* — dy* — dZ* is
the invariant interval of special relativity, a special case of the general line element ds*> =
guwdx'dx”. Here he further compacted Maxwell’s equations into the divergence of what we
now call the field strength F* and dual field strength F*” tensors,
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8, F* = uoJ”, (1.3)
8,7°" = 0. (1.4)

See List of Symbols for the components of the field strength and dual field strength tensors
— the components of these tensors are the electric and magnetic fields. The four Gauss-
Ampere equations (the nonhomogeneous Maxwell equations) are compactly expressed in
using the field strength tensor, with each component of the 4-vector d,F*" corresponding to
one of these four equations. The four Gauss-Faraday equations (the homogenous Maxwell
equations) are compactly expressed in using the dual field strength tensor, with each
component of the 4-vector 9,7*" corresponding to one of these four equations. The more
common presentation of covariant electrodynamics is to write all 8 equations in terms of just
the field strength tensor F*”,

8,F*” = 110J”, (1.5)

1
0, F 7 = Eeaﬁgp(aaFaﬁ + 0pF 5o + 0, Fps) = 0. (1.6)

This presentation dates back to Einstein [69] which is possible due to the relationships ¥, =
%G#VWF””. More commonly the Gauss-Faraday law (1.6) is presented simply as the Bianchi
identity 0, F o + 0F 5o + 00 Fpr = 0, in the brackets of (1.6). We discuss the dual formulation

at length in Section 3 of [9].

1.1.2 Lorentz force and conservation laws

The theory of electricity and magnetism, more commonly referred to as classical electrody-
namics, consists of the complete set of equations that describe observed electrodynamic phe-
nomena. Maxwell’s equations, the equations of motion for the theory, are just one part of this
complete set. The Lorentz force law defines the force electromagnetic fields exert on charged

particles,

F=qgE +vxB). (1.7)

The component form of this expression can be traced back to Maxwell [145] but was named
after Lorentz for his presentation in [[136]. Einstein derived this in his original paper on special
relativity using the Lorentz transformations [68]]. We note that (1.7 can be obtained from the
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classical Lagrangian for a charged particle in an electromagnetic field using the Euler-Lagrange
equation. In covariant electrodynamics this law can also be obtained from the compactly ex-

pressed force density, in terms of the field strength tensor,

f=FJ, (1.8)

where J“ is the four-current (source of the nonhomogeneous Maxwell equations). Specifically
the Lorentz force density is the spatial components of this force density f' = JPF" b= pﬁ +JXB.
There are also several conservation laws, such as Poynting’s theorem,

ou

V. I E 1.
- S+7-E, (1.9)

where § = ,%OE x B is the Poynting vector and U = %(E2 +B?) is the energy density of the fields.
This law and all conservation laws of electrodynamics have a compact covariant form. In the
case of Poynting’s theorem the law is expressed as the divergence of the energy-momentum

tensor TH”,

1 1
T = —[F*F" — —pF, F*]. 1.10
IUO[ P 477‘1 P ] ( )

This energy-momentum tensor describes the flow of energy and momentum of the electric and

magnetic fields. Its components include the energy density of fields U, the Poynting vector S

and the Maxwell stress tensor o/, first published in [146]. See List of Symbols for details.
From the divergence of this we have the on-shell conservation of energy and momentum

laws for electrodynamics theory,

1 1
8,uTNV = _[(G#FHP)F‘;O + —Fo-p(apFo-V +0"F" +0"F)] =0, (1.11)
Ho 2

where by on-shell we mean that using the complete set of Maxwell’s equations (all 8) and
setting them equal to zero, then d,T*" = 0. If instead we replace 0,F*’ = J¥ with the four
current, as we will soon see, we recover the Lorentz force density.

Specifically, Poynting’s theorem is recovered from the time component 4,T7#' = 0.
Poynting’s theorem is just one of fifteen conservation laws of the electromagnetic fields. Four
are included in 9,T*”, the three spatial components being the conservation of the Maxwell

stress tensor,

8,TH = S5 djo’ = 0. (1.12)

The remaining eleven conserved tensors can be expressed in terms of the field strength
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tensor arranged as the energy-momentum tensor (1.10). Six are compactly expressed in terms

of the divergence of the angular momentum tensor M*% [112]],

MPB = xoTeB _ \Pree (1.13)

where 9,M*** has 6 independent components (due to the antisymmetry in [@f]) represent-
ing the 6 angular momentum conservation laws of the electromagnetic fields. This tensor is
conserved on-shell using the symmetry property of the energy-momentum tensor 9, M =
(S‘Ppr‘3 - 6ﬁTp” = 0. Four laws associated to the conformal tensor C** [26],

CP* = TP (2xpx" — Sgxax"), (1.14)

where 9,C** has 4 independent components associated to the 4 conformal conservation laws.
This tensor is conserved on-shell as a consequence of the traceless energy-momentum tensor
0,Cr* = 2T§ x¥ + 2Tpﬁ(xﬂ6;’ - 6gxp) = 0. The final (fifteenth) law is associated to the dilatation
tensor D* [26]],

D’ = T xp, (1.15)

where d,D” has one component associated to the dilatation conservation law, which is also
conserved on-shell as a consequence of the traceless energy-momentum tensor 9,D° = T} = 0.

Altogether we have Maxwell’s equations, the Lorentz force law, and the 15 conservation
laws of electrodynamic theory. The Lorentz force law can be derived from the divergence
of the energy-momentum tensor using the nonhomogenous equations of motion (four current

on-shell condition),

fv - aﬂTﬂv — FVQJ(Y' (116)

Since the Lorentz force density is the spatial components of this force density it is therefore
the spatial components of the divergence of the energy-momentum tensor after using the non-
homogenous on-shell condition f* = 8,T* = J°F' = pE + J'x B. Therefore, the equations
electrodynamic theory can be compactly obtained from Maxwell’s equations and the conserva-
tion laws alone. These equations, which are elegantly and compactly related by Noether’s first

theorem, are the focus of Section|1.3.3

1.1.3 Potential formulation

To finish our summary of electrodynamics we turn to the potential formulation. Recall the

electric and magnetic fields can be expressed in terms of potentials,
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L - A

E=-Vo-—, 1.17
¢ £y (1.17)

B=VxA, (1.18)

where A is the magnetic vector potential A =<A, Ay, A; > and ¢ is the electric scalar potential.
Together these potentials are expressed as the four potential A# =< %(b, Ay, Ay, A, >. The field
strength tensor we introduced in the previous sections can be compactly expressed using the

four potential as,

FrP7 = 0°A” — 07 A", (1.19)

where F*7 is antisymmetric in [po] thus FP7 = —F?". The complete set of equations for
electrodynamic theory can be compactly expressed in terms of this field strength tensor. An
invariance property of this F is therefore shared by the complete set of equations. The in-
variance property at the heart of gauge theory, gauge invariance, is central to the motivations
and arguments found throughout contemporary physics, this thesis included. In the case of

electrodynamics, F* is invariant under the gauge transformation,

AR s AF 4 By, (1.20)

where y is the scalar gauge parameter. Thus the complete set of equations defining electro-
dynamics theory are also gauge invariant under (I.20). Gauge invariance is a property that
allows for a freedom in potential of a gauge theory that can be exploited for practical purposes
such as solving the wave equation in electrodynamics, where we expand the nonhomogenous

Maxwell’s equations in terms of the field strength tensor,

8, 0PA” — 870,A° = 17, (1.21)

and use the Lorenz gauge fixing to eliminate the second term,

9A° = =— +V-A=0, (1.22)

leaving only the wave equation OA” = uoJ”. In gauge theory these potentials (often referred
to simply as fields) are the dependent variables of the Lagrangian density used to write down
the action of a given field theory. We will focus on analytical mechanics and Noether’s first

theorem in the following section. For now, we will simply state the Lagrangian density of
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electrodynamics,

L=——F,F". (1.23)

Substituting this into the Euler-Lagrange equation yields the nonhomogeneous half of Maxwell’s
equations (see [9] for discussion of the other half analytically). This Lagrangian, built from

F

- 18 also exactly gauge invariant.

1.2 Complete gauge invariance

The Lagrangian density, equations of motion and conservation laws of electrodynamics are all
independently and exactly gauge invariant. This is a special property of a field theory which
we refer to as complete gauge invariance throughout the thesis, as described in [14].
Complete gauge invariance is a desired property if one is to use gauge fixing/ impose a
gauge transformation on one of the equations of a theory. This way gauge fixing, for example,
the equation of motion will not change the Lagrangian density, energy-momentum tensor, etc.
The property of complete gauge invariance is not one shared by all field theories which are
considered to be gauge invariant. The best example is spin-2 theory [/4}147/]], where the spin-

2 equation of motion (linearized Einstein’s field equations),

1
EM = 5[—;7”V|:|h + 00 + 8 0"h — 0,0' W — 0,0"R* + 1 8°F hyp, (1.24)

is invariant under the spin-2 (linearized diffeomorphisms) gauge transformation,

B — B+ e+ 9 (1.25)

However, the spin-2 (Fierz-Pauli) action,

1
Lip = Z[ac,hgaah; — Oahpy 01 + 20,1, I = 20° Hod hy], (1.26)

is not exactly invariant under this transformation, it is only invariant up to a boundary term
[14]]. Common practice is to consider any action which is invariant up to a boundary term as
a gauge invariant theory; this is because by using Stokes’ theorem one discards any boundary
terms and these boundary terms do not impact the Euler-Lagrange equations of motion. The
common view of a gauge invariant theory is therefore one which has a gauge invariant equation
of motion. This view is problematic if we are to consider complete sets of equations for a given
model.

In spin-2, the energy-momentum tensor is problematic, discussed at length in [8]. For
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starters, there are numerous published expressions in the literature for 7# of spin-2 [28]], none
of which are gauge invariant [140], thus it is not clear which should be considered the fun-
damental and unique expression to define the conservation laws of the theory. Magnano and

Sokolowski [[140] go so far as to say:

“Applying a physically undeniable condition that the energy—momentum tensor
should have the same gauge invariance as the field equations, we also conclude
that this approach to gravity does not furnish a physically acceptable notion of

gravitational energy density.”

Others claim that in spin-2 Fierz-Pauli theory, an energy-momentum tensor is required for
certain calculations [[163]], for which there is still no consensus on which to choose. Regard-
less of interpretation, the fact remains that the numerous energy-momentum tensors for spin-2
Fierz-Pauli theory are all gauge dependent (see [8] for discussion of these expressions). There-
fore, whichever we choose, values of energy-momentum and conservation laws of the field
depend on the choice of gauge. Common practice in the literature is to solve the spin-2 equa-
tion of motion by selecting the de Donder gauge 9,7/ = 0 [47], similar to using the Lorenz
gauge to solve for wave equation in electrodynamics [[112]. However, if we do this in spin-2
we change our Lagrangian density and conservation laws, since they are not gauge invariant.
The Lagrangian case one can argue to neglect the boundary term, but the energy-momentum

tensor has no such freedom. This fundamental difference with electrodynamics (outlined in the

figure below),
Expression Symbol | Electrodynamics | Spin-2
Lagrangian L v X
Equation of Motion EA v v
Energy-momentum tensor ™ v X
Angular momentum tensor | M™% v X

Figure 1.1: A comparison of the gauge invariance of different equations in electrodynamic and
spin-2 theory. A V'indicates gauge invariance, an X indicates gauge dependence. Complete

gauge invariance requires a v'for each quantity of the theory.

is particularly troubling in the context of Noether’s first theorem, as we will see in the next
section. The lack of a gauge invariant energy-momentum tensor in spin-2 causes problems
with uniqueness, Noether’s first theorem, gauge fixing and physical interpretation, to name
a few. The convention of calling electrodynamics and spin-2 “gauge invariant” ignores un-

avoidable differences in the two theories; the convention to call a theory gauge invariant just
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because the equation of motion is exactly invariant is a weaker definition of gauge invariance
than we consider in this thesis. For this reason, we refer to complete gauge invariance as in
[14] to emphasize the stronger form of the definition of gauge invariance found in classical

electrodynamic theory.

1.3 Noether’s first theorem

1.3.1 Analytical mechanics

The result in the literature most central to this thesis is Noether’s first theorem [[159, [124. [87],
and as we argue, the most fundamental result in mathematical physics. Most have heard of
Noether’s first theorem (commonly referred to as just Noether’s theorem) as something which
relates symmetries to conservation laws. In this section we will give the technical reason behind
these general statements. To begin, we turn to the 1788 results of Lagrange in Mécanique

Analytique [128]]. Starting from the action functional (for example in electrodynamics),

S[A#(xa)]:ffff Ldxdx>dx;dx,, (1.27)
Rx

one can derive the Euler-Lagrange equation of motion by using integration by parts to isolate
the part proportional to the dependent variable 6A,. Going forward we will abbreviate these
integrals with ( fo = f “-- fo)’ (dX = dx\dx, ...dx,), where R, represents the boundary of the
integrals (region of integration). The remaining piece (under a total derivative) is the so-called

boundary term (converted to a boundary integral using Stokes’ theorem),

oL oL or
® e fR [(f”‘v o 5(6‘pAv))5A” o (a(apAy)éA”)] ax (128)

The condition to minimize the action after neglecting the boundary term is simply the

Euler-Lagrange equation,

oL , oL _
0A, FA0,A,)

0. (1.29)

This equation of motion is just one equation that is part of a complete theory such as electro-
dynamics, as discussed in the previous section. Therefore, from the Lagrange perspective the
analytical approach is insufficient in deriving equations such as the conservation laws of the
theory. This gap is where Noether’s first theorem comes in so powerfully. To some degree the
boundary term in the variation of the action we so readily discard is what she showed plays the

role of conservation laws of the theory; but it is not so trivial.
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1.3.2 Noether’s first theorem

Noether placed a very specific condition on the difference in the action in transformed depen-
dent and independent variables, such that the action remains invariant under the simultaneous
variations of the independent variables (e.g. coordinates) and dependent variables (e.g. fields)

of the action,

AS = S[A,(x)] = S[A.(xa)]. (1.30)

The basic idea is that for the variation we will consider the linear part of this change to
determine 65 by Taylor expanding each of the primed variables about the non-primed variables
and keeping linear in €. Expanding each and keeping linear terms we are left with the variation
(8771,

oL
oA,
oL . - oL
¥ 3,4 0N G

oA,

(9BA5ﬁ+

0A

f 8Xﬁ

[0,0°A,10x5 + LI 5x51dX, (1.31)

where the bar variations have an essential distinction from the non-bar variations. The bar
variations are the difference in transformed and non-transformed fields in the non-transformed
coordinates A, = A%(x,) — A,(x,). The non-bar variations are the difference in transformed
fields in transformed coordinates with the non-transformed fields in the non-transformed coor-
diantes 0A, = A} (x]) — A,(x,). These two definitions are related by,

6A, = 5A, — 0PA,6xs. (1.32)

From the variation ((1.31)) we proceed as in the case of the Lagrange approach, combining
terms proportional to A, and the rest under a total divergence. Only this time we keep the

total divergence yielding,

~ oL . oL oL 5
oS _fR[(aAV apa(apAv))aA Jr(a,)(a(a Av)(SA , + 1P Lxg |1dX. (1.33)

This is the identity derived from Noether’s first theorem in the case of electrodynamics. It is
an identity that relates the Euler-Lagrange equation of motion to the conservation laws of the
theory.

We note that this derivation is fairly non-trivial and highly recommend following the book

of Gelfand and Fomin [87] and Noether’s paper [[159] if one wishes to derive it for themselves.
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In the physics literature, famous books such as Peskin and Shroeder [[165] in their equation
2.11, present short-cut approaches based on obtaining a known result that do not follow the
proper mathematical derivation found in e.g. Noether [[159] or Gelfand and Fomin [87]. This
approach is common in many physics textbooks [114,[197,|182] and articles [33, 146,111, 161]
that wish to apply Noether’s first theorem. These approaches fail to obtain the crucial Equa-
tion (1.32) which is required for proper application of Noether’s first theorem, and misses the
final term in (1.33). They then have a limited set of transformations that lead to the canoni-
cal Noether energy-momentum tensor, which is not the physical energy-momentum tensor for
most theories. In essence these methods rely on the Lagrange style action condition [165]]
without following the condition imposed by Noether (I.30), which is why terms are missing
compared to the Noether approach. These approaches have a long history which likely stem
from a late translation of Noether’s paper into English [[160]. Another potential root of this
problem has been asserted the use of this so-called "Noether” result is done without ever actu-

ally reading her paper, as noted by Kastrup in 1984 [116]:

“I suspect -perhaps unfairly so- that even in recent years only a few of those au-
thors who quote Noether’s work or refer to her theorem had a chance to see or

study the original publication.”

Lanczos put this more bluntly in his article “Emmy Noether and calculus of variations” as
[130]:

“Every theoretical physicist is familiar with the expression ”Noether’s theorem”
or "Noether’s principle,” although none of them actually reads Emmy Noether’s

original paper.”

In the words of leading Noether historian and mathematican Y vette Kosmann-Schwarzbach
[125] “Therefore, caveat lector! It is better to read the original than to rely on second-hand
accounts.”. This issue — with ”proper” vs. “improper” derivations of Noether’s first theo-
rem, is not one which we explore in this thesis. We note however that throughout Kosmann-
Schwarzbach’s work she continually makes note of the past omission of Noether in the physics
community, statements such as “These remarks in fact suggest that, even though the subject of
Noether’s article had been central to Wigner’s preoccupations since the 1920s, he had never
read the original paper” [124] can be found throughout her book.

Chapter 2 is heavily dedicated to a related problem however, the improvement of the canon-
ical Noether energy-momentum tensor to obtain desired physical results (See Section [I.5.1] for

our discussion of this problem) — however it may very well be that this problem originates
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from incomplete derivations of Noether’s first theorem found throughout the physics litera-
ture. We note that there are physics texts, such as [39} [183] [137]], that have more of a proper
Noether’s theorem and variational symmetry derivation — however such presentation is less
common in the literature. No source is as clear or detailed in this derivation as Gelfand and
Fomin [87].

1.3.3 Noether’s first theorem and electrodynamics

In the case of electrodynamics, we can obtain the equations of motion, all 15 conservation
laws, and the Lorentz force from this identity. In other words, the complete set of equations for

the theory are obtained from one compact identity,

5S = f [(8,F") 64, + 8, (TP ag + M*Pws + CP°&, + D’S )1dX, (1.34)

Rx
where the parameters ag, wqg, &,,S are the 15 parameters associated to the conformal group,
presented in (2.20). The conserved tensors are exactly those presented in Section[I.1.2] These
fundamental equations to the theory once seemingly disconnected results that must be pieced
together to complete the set of equations of the theory are elegantly intertwined by Noether’s
first theorem. This gives the possibility for a concrete procedure for deriving the complete set
of equations of a theory provided the Lagrangian density is known; it is hard to imagine a more

powerful statement in mathematical physics.

1.3.4 The Bessel-Hagen method

A contemporary of Noether, Erich Bessel-Hagen, solved this problem in 1921 by consider-
ing the complete set of variational symmetries of electrodynamics (coordinate and gauge) to
derive all 15 physical conservation laws [26]. This paper was known in the mathematics lit-
erature for other reasons (non-exact symmetries and Noether’s theorem), but has been almost
complete ignored in the physics literature. This led to physicists believing that the canonical
Noether expression must be ad-hoc improved using, for example, the superpotential method,
and Belinfante procedure [23]. One possible explanation is that proper application using the
Bessel-Hagen method was not translated into English until 2006 [108]]. Proper application of
Noether’s first theorem, its converse, the superpotentials and improvement problem, and the
Bessel-Hagen method applied to several examples are some of the major topics of Chapter 2,
so we will not go into more details here.

We will now briefly summarize the Bessel-Hagen application of Noether’s first theorem to

electrodynamics. Bessel-Hagen showed by considering both coordinate and gauge symmetries
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of the action, the proper variational symmetry of the fields 64, is,

6A, = —F",5x,. (1.35)

Substituting this 6A,, into (1.33]) we obtain the following identity,

= 0L - 0L A 0B
" fR [(GAV 6”6(6PAV))5A” + 0, (T"5x,)1dX. (1.36)

We now require coordinate symmetries of the action dx,. In 1909-1910, Bateman [1'7, [18]]
determined that electrodynamics was invariant under the 15 parameter conformal group. These
15 parameters include the 10 parameter Poincare group (6 of which form the Lorentz group)
associated to the energy-momentum and angular momentum in the Noether picture. The 5

remaining parameters are associated to the conformal and dilatation tensors.

In [174]] a self-contained derivation of the 15 parameter conformal symmetries of electro-
dynamics is presented. More commonly the conformal Killing’s equation is solved for the

Minkowski metric isometries to determine these dx, as,

O0X, = Qg + waﬁxﬂ + Sxy +2E,x, X" — Eux, X7, (1.37)

where a,, is associated to the 4 parameter Poincare translation, and w, is associated to the 6
parameter Lorentz group. The remaining 5 parameters S and &, are associated to the remainder
of the 15 parameter conformal group. Substituting these ¢x, into (1.36) yields the complete
set, which is exactly equation for electrodynamics if we factor out the parameters in
the conformal transformations. We have all 15 conservation laws of electrodynamics directly
derived from Noether’s first theorem. From 0,7*" we can use on-shell conditions to obtain
the Lorentz force law. Therefore, Noether’s first theorem gives us a concrete procedure for
deriving the complete set of equations of electrodynamic theory given only the Lagrangian

density of the theory.

1.3.5 The canonical Noether energy-momentum tensor

For these reasons Noether’s first theorem receives great praise in the literature and scientific
community as “one of the most amazing and useful theorems in physics” [101]. However,
closer examination shows that conventional presentation of the “canonical Noether energy-
momentum tensor”’ Tﬁﬂ is not working to derive the physical conservation laws based on the

physical 7% in most cases such as electrodynamics [76]. In the case of electrodynamics that
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canonical Noether tensor is,

0L 1
TV = ————FA, + P L = F"FA, - 1P F,, F", 1.38
¢ = "a@ a0 A "L 27 F (1.38)
which is not symmetric, not gauge invariant, and not tracefree. Although we note that the
canonical “Noether” expression has nothing to do with Noether’s results, this was named after
her due to the ability to derive it from her theorem. The origin of this problem is applying only
the 4-parameter Poincare translation to Noether’s first theorem instead of the complete set of

variational symmetries of the action. We discuss this canonical tensor at length in Chapter 2.

1.3.6 Noether’s first theorem overview

For the reasons given in the previous section, given Noether’s first theorem and the Lagrangian
density, all subsequent equations of motion and conservation laws are implicit information to

the Lagrangian density:

Equations of

Motion
L

\ Conservation

Laws

Figure 1.2: A simple schematic describing the application of Noether’s theorem to derive both

equations of motion and conservation laws from a single Lagrangian density.

It is for this reason that the Lagrangian density (action) represents the full set of equations
and that Noether’s first theorem is the key to unlocking this set. For example in the case of

electrodynamics we have:
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Maxwell's

L / Equations
\ Poynting's

Theorem, etc.

Figure 1.3: A simple schematic describing the application of Noether’s theorem to derive both
equations of motion and conservation laws from a single Lagrangian density in the case of

electrodynamic theory.

The motivations, goals, and outcomes of this thesis center around Noether’s first theorem.
It is only by use of Noether’s first theorem that we can define the axiomatic approaches we take

in this thesis.

1.4 An Axiomatic Approach to Field Theory

Our thesis is guided by our goal to realize an axiomatic approach to physics which we will
define in this section. Before doing so we wish to be specific about what is meant by an
axiomatic approach to physics, because the term “axiom” takes on different meanings in dif-
ferent disciplines, so we do not wish to conflate them. The axiomatic approach to physics is
loosely defined as writing down a set of rules (physical requirements) that uniquely specify
some physical law(s) — following some procedure defined by these axioms one can recover
some physical theory or theories. We take this definition and when we refer to “axiom” we
synonymously are referring to “physical requirements”.

To a mathematician/ logicist, an axiom is a mathematical statement (relationship) that is
absolutely true within a system of logic. Even for this strict definition there is debate as to
whether or not such an axiom has any fundamentally significant meaning [138]]. Therefore
physics, an experimental science, cannot hold such a strict definition of an axiom as would
be considered in the mathematics community. To these communities, what we are proposing
would be postulates or rules (physical requirements) based on a large body of evidence rather
than some required absolute truth. However, the nature of our approach (whether misnamed

or otherwise) is known within the physics community as the axiomatic approach to physics,
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therefore we will continue with our terminology regardless of any objections that may exist
outside of the field.

1.4.1 Past axiomatic approaches to physics

In the 1950s-1960s the terminology axiomatic approach to physics was popularized. The pop-
ularizing of this terminology came through quantum field theory where the axiomatic approach
to quantum field theory, initiated by Wightman and the Garding-Wightman axioms [193]]. Fur-
thermore, the Haag-Kastler axioms [99] amongst others continued this approach of axiomati-
cally formulating quantum field theory. A major motivation of these works was different than
ours, they were motivating by isolating a set of minimum axioms to help with understanding
some consistency issues in quantum field theory. Groups such as Gergely Székely’s (see [185])
have considered axiomatization of relativity theory. The works on axiomatization of theories,
as we will discuss, are completed using quite different approaches than we take in this thesis.
However, the premise taken by these pioneers is similar to that which we are taking. First,
important desired properties of quantum field theories are identified and given the status of a
fundamental axiom. Second, these axioms must be translated into recovering the mathematical

model describing the physical phenomena.

Authors have recently taken the axiomatic approach to physics to areas such as quantum
mechanics [143] where axioms (physical requirements) are listed which uniquely specify quan-
tum mechanics as a single model out of a universal set of all possible probabilistic models. This
approach is similar, but has a key distinction, to our own. Indeed, we consider the universal set
of all possible classical field theories within our domain and hope to recover physical model(s)
as the intersection of the subsets of the axiomatic conditions. While in [143] the goal is in-
deed to determine the model at the intersection of the subsets, their methods recover just a
single physical model. This is similar to the axiomatic approaches to quantum field theory that

prescribe axioms to recover a single model:
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Axioms/ Physical

Model

Physical
Requirements

Figure 1.4: Conventional axiomatic approaches in physics, defining a set of physical require-

ments such that one unique physical model (theory) can be obtained from these axioms.

In field theories such as electrodynamics similar one-to-one considerations can be found
on the arXiv [98]. The primary criticism with these approaches is that they have a one to one
correspondence between a set of axioms and a set of physical equations. Therefore it is not
clear whether the axioms provide any additional value in such cases, or if the content of the
theory has been re-expressed in other terms. Basically this is a ’circular” criticism of axiomatic

approaches that have one-to-one correspondence between axioms and the theory:

Axioms/

_ , Physical
Physical ) Model

Requirements

Figure 1.5: Criticism that one-to-one axiomatic approaches are circular (axioms just re-write

the content of the theory in other terms).

In this thesis we wish to avoid such possible criticisms of our axiomatic approach by strictly
requiring one-to-many correspondence from the axioms to a set of physical theories which

follow from a common set of axioms. However, we note that we do not personally criticize
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such approaches in the past: formulating a set of axioms corresponding to specific field theories
can been very insightful into making physical requirements of a theory more apparent and
even lead into new insight not realized by the mathematical description of the theory [58]].
Regardless, we take an altogether different approach than the standard literature and the goals,
problems addressed and results of this thesis for the most part differ from the scope of the

standard literature on axiomatic approaches to physics.

1.4.2 An axiomatic approach to field theory

We now turn to our axiomatic approach to field theory. Our goal is to consider axioms (some
procedure based on physical requirements which will constrain possible physical models)

which can be used to obtain numerous models from a common set of axioms:

Physical
/' Model 1
Axi
P:]lorns/l ~ Physical
?ISICG " Model 2
Requirements
Physical
Model 3

Figure 1.6: One of the proposed goals of the thesis, to define a procedure which yields multiple

distinct physical models from a common set of axioms.

Given electrodynamics and Noether’s first theorem we have an idealistic view of what a
physical field theory can be. If we have the set of Lagrangian densities for our fundamental
field theories, we can apply Noether’s first theorem to derive the complete set of equations for

each theory:
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Figure 1.7: The complete set of physical equations can be considered implicit information to

the Lagrangian density if Noether’s first theorem is concretely working.

This idealistic view suggests that the complete sets of equations are implicit information to
the set of Lagrangian densities. What we wish to push further is the possibility to write down
some set of axioms such that the set of Lagrangian densities can be obtained from a procedure

based on a common set of axioms:

Procedure

L L

A A

Equation(s) Cons. Equation(s) Cons. Equation(s) Cons.
Of Motion Laws Of Motion Laws Of Motion Laws

AN /AN /N /N AN N

Figure 1.8: The idea is that some procedure, based on a common set of axioms, will yield
multiple different Lagrangian densities which correspond to known physical models. This

would render the set of Lagrangian densities implicit information to the set of axioms.

This idealistic view would render the set of Lagrangian densities implicit information to the
set of axioms, allowing for the axioms to contain all necessary information for obtaining the

complete sets of equations for the theories associated to the fundamental Lagrangian densities.
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In some sense our idealistic view is in line with Dirac’s view on the future of theoretical physics

[64], which we share in its entirety in the epigraph of this thesis:

“The theoretical worker in the future will therefore have to proceed in an indirect
way. The most powerful method of advance that can be suggested at present is to
employ all the resources of pure mathematics in attempts to perfect and generalise
the mathematical formulation that forms the existing basis of theoretical physics,
and after each success in this direction, to try to interpret the new mathematical
features in terms of physical entities (by a process like Eddington’s Principle of
ldentification).”

We share this view of Dirac, and only differ on the point that in this thesis we do not propose
new mathematical features in terms of physical entities, rather we wish recover existing well
established physical models from our procedure. There is the possibility however, that our
approach can yield unforeseen models, that may some day be linked to a physical theory,
completing the view of Dirac. One of the main goals of this thesis is to see how far our
idealistic view can be realized, with its implementation of obtaining Lagrangian densities from

procedure based on physical requirements being the focus of Chapter 4 [14, 9, [11]].

1.5 Problems preventing implementation of our axiomatic

approach

This idealistic view has some problems which, at present day, prevent it from being applicable
in all branches of physics. For example, general relativity is invariant under an infinite group
of transformations which make application of Noether’s first theorem problematic; the finite
set of global conservation laws in the case of electrodynamics are due to the universality of
Minkowski spacetime. For this reason, our focus in this thesis is on special relativistic field
theory. As we will see, even for special relativistic field theory there are several roadblocks
preventing the realization of the ideal view. Throughout all 3 chapters of the thesis, we provide
solutions to these existing problems. The problems and motivation to solve them will form
the remainder of this introduction. Note that application of general relativity to Noether’s
second theorem is possible (infinite groups of transformations), and using this identity one can
derive diffeomorphism invariance of the theory [[119]. General relativity is the topic of the
final section of Noether’s paper, however most of our discussion of GR will be through the
linearized version of the theory (spin-2) which is a special relativistic field theory.

Noether’s second theorem, while not the focus of this thesis, can be applied in the spe-

cial relativistic gauge theories we consider to derive the gauge symmetries we require in the
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Bessel-Hagen approach. For this reason, if one hopes to derive the coordinate and field (gauge)
symmetries of a given theory, Killing’s equation and Noether’s second theorem can be used for
systematically obtaining each, respectively. We will now turn to problems with the proposed
axiomatic approach in the literature which we propose solutions to in this thesis. Each of the

three body chapters of the thesis correspond to the three following problems, respectively.

1.5.1 Problem 1: Noether’s first theorem and the improvement problem

The first problem is that the aforementioned canonical Noether energy-momentum tensor de-
rived from Noether’s first theorem using the 4-parameter Poincare translation does not corre-
spond to the accepted physical energy-momentum tensor in most standard field theories [[76].
The physical energy-momentum tensor, as defined by Blashcke et al. [29] is the unique, on-
shell conserved, symmetries, gauge invariant and trace-free energy-momentum tensor associ-
ated to a particular field theory. This definition is motivated by theories such as electrody-
namics and Yang-Mills theory who energy-momentum tensor simultaneously has all of these
properties.

Since the canonical Noether tensor does not correspond to this physical energy-momentum
tensor, the impression is given that one of physics most celebrated results, Noether’s first the-
orem, is in some sense not working. To fix this problem, various ad-hoc “improvements” have
been proposed throughout the years that add terms to the canonical expression out of nowhere
to obtain the desired physical expression. Convention is to name these ad-hoc additions “im-
provements”, since they “improve” the canonical Noether energy-momentum tensor. However,
the improvements have nothing to do with Noether’s theorems, and even the canonical tensor
itself was not introduced by Noether. As noted by Forger and Romer in a leading review on

energy-momentum tensors [76]:

“There is a long history of attempts to cure these diseases and arrive at the physi-
cally correct energy-momentum tensor T, by adding judiciously chosen “improve-

ment” terms to @ [T} in our notation] (p. 307),”
they then go on to discuss the flaw of the improvement methods,

“However, all these methods of defining improved energy-momentum tensors are
largely “ad hoc” prescriptions focused on special models of field theory, often

geared to the needs of quantum field theory and ungeometric in spirit.”

Similar statements regarding the frustration this places on those who wish to study Noether’s

theorem was stated by Munoz [[155]],
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“Few things are more frustrating to students than to be led through a long, formal
argument only to be told at the end that the result obtained is incorrect and must
somehow be fixed by an auxiliary procedure. This is particularly harmful if the
formal argument involved turns out to be one of the mathematical cornerstones
of modern physics ... the students will be left with the paradoxical feeling that a
supposedly very general theorem produces unacceptable answers when applied to

certain specific situations,”

he also discusses the common impression this leaves on one who studies Noether’s first theorem
applied to field theories,

“they walk away with the impression that Noether’s theorem somehow fails when

spacetime symmetries are involved.”

The solution to, and history of this problem is the focus of Chapter 2 so we will not go
into more detail here: the Bessel-Hagen methodology fixes the issue for all completely gauge
invariant special relativistic field theories we considered. For our purpose with the axiomatic
approach, and more broadly gauge theory in general, this is an essential step in realizing the
idealistic goals. For the complete set of equations in a given theory to be considered implicit in-
formation to the Lagrangian density, the procedure which realizes this information (Noether’s
first theorem) must be able to obtain the complete set of equations without any ad-hoc ma-
nipulations required. The Bessel-Hagen method outlined in Chapter 2 provides exactly this
procedure; Noether’s first theorem is working just fine to derive complete sets of equations
without the need for improvements. We extend this method to several theories beyond elec-
trodynamics: Yang-Mills theory, linearized Gauss-Bonnet gravity, Kalb-Ramond and totally

antisymmetric fields. Only the Yang-Mills variational symmetry was “known”,

SAY = —F"6x, (1.39)

but it was conjected by Jackiw in [110], without deriving it or connecting it to Bessel-Hagen

in any way. The variational symmetry associated to linearized Gauss-Bonnet gravity,

Shyo = =21, 6%, (1.40)

is one of our main results [[14], showing that for a gravitational model the field symmetries are
proportional to the Christoffel symbol, analogous to the proportional to field strength results in
the other theories we consider.

Our results in Chapter 2 are strong but are only for completely gauge invariant theories. In

the case of theories with only a gauge invariant equation of motion such as spin-2, we have
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not yet applied these methods, however this application is the subject of future work. Spin-2 is
discussed through the thesis and is the focus of [8]. We did not apply it in this thesis because
there are several existing barriers to its application. First it requires the non-exact symmetry
method of Bessel-Hagen, which is more complicated than the exact symmetries we considered.
The main barrier is the non-uniqueness of the energy-momentum tensor; several expressions
exist in the published literature [28], none of which are gauge invariant [140], therefore it is
not clear which should be used to write down conservation laws for the theory.

The spin-2 non-uniqueness problem is central to the Padmanabhan-Deser debate [163],
where a unique spin-2 energy-momentum tensor is required to complete a supposed derivation
of general relativity from spin-2 theory. Padmanabhan showed that the conventional choice
does not in fact work to derive Einstein’s field equations or the Einstein-Hilbert action; only yet
another expression can possibly obtain Einstein’s field equations, and not the Einstein-Hilbert
action. Therefore, conclusions of the fundamental spin-2 to GR results depend on which T#”
is selected, and perhaps none of them work to recover the full set of Einstein’s field equations
and the Einstein-Hilbert action.

Others argue that energy-momentum tensors in spin-2 are not physical to begin with [65],
but we will not get into this philosophical debate at this time. Regardless, calculations requiring
a unique 7, and conservation laws of the theory, simply have no sense until a unique 7" can
be determined and agreed upon. See [8] in Chapter 3 for our extensive contribution in this

direction.

1.5.2 Problem 2: Multiple definitions of the energy-momentum tensor

Another main problem with realizing the idealistic view is that multiple methods for deriv-
ing energy-momentum tensors exist in the literature [75, [29) 23| 45]. Most notably, they in-
clude the canonical Noether method, the Hilbert (metric) method, the Fock method [75l], the
Bessel-Hagen (proper) Noether method [26] discussed in Chapter 2, and various improvement
methods such as [23],45]. This practice is contrary to deriving the equation of motion for a
particular theory, where the Euler-Lagrange equation is uniquely used as the procedure to do
so. The focus of Chapter 3 is to clarify the relationship amongst these different definitions
and move towards a unique definition that can end ambiguity problems and provide a concrete
procedure for realizing the ideal goals.

Significant work in this direction has been published regarding the relationship between
two of these definitions: the Hilbert (metric) and canonical-Noether energy-momentum tensors
[176, 133, 95, [170]. These articles in various ways come to the same conclusion, that the

Hilbert (metric) tensor, and the Belinfante improved canonical-Noether tensor are proportional
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to each other (and equivalent on-shell); [[170] gives a proof in the case of first order vector field
theories. In [8]] we prove that this association is off-shell not unique in the spin-2 case, in other
words, that there are infinitely many off-shell relations, only one of which is the Hilbert tensor.
The Hilbert (metric) energy-momentum tensor is familiarly known as the source of Einstein’s
field equations. This definition, involves variations of a curved space Lagrangian with respect

to the metric tensor,

2 6L
Ty = =5ap
V=8908

A slight variation of this tensor is used to derive the energy-momentum tensor for a special

(1.41)

relativistic field theory, known as the Hilbert (metric) energy-momentum tensor in Minkowski
spacetime [29]. The Hilbert energy-momentum tensor in Minkowski spacetime is derived by
writing the action in ‘curved space’ by replacing all ordinary derivatives with covariant deriva-
tives 8 — V, replacing all Minkowski metrics with general metrics  — g, and introducing
the Jacobian term +/—g. The curved space Lagrangian is then varied with respect to the metric

tensor and “returned” to Minkowski spacetime according to,

w_ 2 oL
" V=8 08y &=

In many trivial cases such as electrodynamics this yields the unique physical energy-momentum

(1.42)

tensor of the theory [29]. This has been one of the root causes for the conventional wisdom
that the various methods are in some sense generally equivalent. One of our main contribu-
tions in this thesis is a formal disproof of this notion in [13] “Noether and Hilbert (metric)
energy-momentum tensors are not, in general, equivalent”, published in Nuclear Physics B.
In this article we prove that the Noether energy-momentum tensor derived directly from the
Bessel-Hagen method (the physical energy-momentum tensor) is not always the same as the

Hilbert (metric) energy-momentum tensor in Minkowski spacetime,

T T (1.43)

The counterexample we used for this disproof is the linearized Gauss-Bonnet gravity model
[14] 9]], because it has a well-established unique energy-momentum tensor [156], and has an
action with second order derivatives of a second rank tensor potential. The problem with past
claims of equivalence were that only simple actions with first order derivatives of first rank
tensor (vector) potentials were considered. In more nontrivial cases we show in [[13] that the
covariant derivatives of higher rank potentials create additional terms which diverge the result

from the Noether method. See [13]] for our extensive discussion on this topic.
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The Noether/ improvement and Hilbert methods are, as noted by Blashcke et al., “con-
ceptually and mathematically quite different”, so while our result questions the conventional
wisdom, it is not really a surprise. The published literature in this direction [176} 13395, 170]
focused on the question of relating the canonical Noether and Hilbert energy-momentum ten-
sors, whereas in [[13] we focus on the physical energy-momentum tensor obtained directly
from Noether’s first theorem without the need for any ad-hoc improvement terms. The general
idea of the studies [176) 133} 195, [170] is to compare the canonical Noether, plus improve-
ment terms, to the Hilbert tensor. The general conclusion agreed upon by these authors is that
the Belinfante improvement (symmetrization) procedure is proportional to the Hilbert tensor
in Minkowski spacetime. For example, in the case of electrodynamics the relationship to the

Hilbert tensor is well established,

T = T + 0,(F¥A”) - AE, (1.44)

where the superpotential and on-shell terms are the “improvements” that relate the Hilbert ex-
pression to the canonical Noether expression. The first two terms are the Belinfante result
Ty =T + 0,(F™A”), where bl = F*A” is the Belinfante superpotential. We have inde-
pendently confirmed these results for a vector field as in [170] (not included in the thesis) and

for spin-2 Fierz-Pauli theory in [8]],

TZU' — Tg(T + ay\{;[fﬂ” _ ZthPﬁ’ (145)

where the Belinfante superpotential for spin-2 Fierz-Pauli theory is,

1 1 1 1
\P[f)’](T — En,()(r W aw hg _ E ny(r HPe 6(, hz + 5 W hz _ E oo hg

+ BP0 — WO KT + h"ﬁayhg - h"ﬁaﬂhg. (1.46)

See [[15]] for more discussion of the Belinfante method. The Hilbert and Belinfante tensors
are merely proportional to one another, differing by terms proportional to the equations of mo-
tion in addition to the superpotential term. For this reason, the Belinfante improved tensor is
on-shell equivalent to Hilbert (removing terms proportional to the equations of motion). This
is a much weaker and less desirable trait than proper application of the Bessel-Hagen method,
where the physical energy-momentum tensor is directly obtained off-shell with no improve-
ments needed; there are numerous reasons for the superiority of this method, as discussed
throughout Chapter 2.

The questions still remains as to the status of the many non Bessel-Hagen methods (i.e.
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canonical Noether, Hilbert, Fock, Belinfante, and other improvement methods). In simple
examples they coincide, but is this by coincidence? Or does some meaningful relationship
exist? We explore this question for the simplest model, the Klein-Gordon scalar field, in [[10].
Instead of considering the trivial Lagrangian that allows these various methods to coincide, we
consider the general system of Lagrangian which yield the Klein-Gordon equation of motion,
with free coefficients on each term. Solving for the coefficients we prove several results about
the relationship between the different definitions for 7#”, such as the divergence of results of

the methods for certain solutions, and the existence of an off-shell traceless expression.

This existence of an off-shell traceless expression is notably stronger than the on-shell trace-
less “new improved” energy-momentum tensor [45] which “improves” the canonical Noether
tensor to an on-shell traceless expression (traceless being a necessary property in e.g. con-
formal field theory). What we emphasize form this contribution is that the many different
“energy-momentum’” tensor definitions are motivated by them coinciding in trivial examples,
not by general proofs of equivalence, and that even for scalar fields the relationships can be
broken down. Calling numerous mathematically distinct procedures by the same symbol “T+"”
and name ‘“energy-momentum tensor” we argue is a problematic practice and should be re-
placed by a unique and clear methodology; we argue in favour of the Bessel-Hagen approach
to Noether’s first theorem. Our final contribution to Chapter 3 is the study on the canonical
Noether energy-momentum tensor for spin-2 Fierz-Pauli theory. Due to the conventional wis-
dom that one can add improvements to the canonical tensor in the form of the divergence of a
superpotential and on-shell terms, all of the non-unique spin-2 energy-momentum tensors can
be recovered from improving the canonical Noether expression. In the case of the Landau-

Lifshitz tensor for example,

v _ y [pualv v v
Ty, =T + 0¥ + hEX — 2h,E*, (1.47)

where the superpotential required for this model is,

1
WY = Sl R h = iy hV R+ 0 RO — i RO + heh" — ho" ")

+hFh = WO h + W Ogh™ — RO, + hpd Y — h R, (1.48)

These relationships give the impression that all of these expressions have some meaning-
ful connection to the Noether methodology (although recall the “canonical Noether energy-

momentum tensor” was not one of Noether’s results, despite being derived from her theorem).

The problem with allowing these ad-hoc “improvements” is that for the ambiguity prob-
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lems, such as the aforementioned Padmanabhan-Deser debate [[163]], no logical progress can be
made in the energy-momentum laws of the theory — if everything can be ad-hoc “improved”
to come from the same canonical Noether expression, then contradictory calculations and con-
servation laws are also justified. Of the 10-20 published expressions for spin-2 [8], all are
conserved on-shell, and obtainable by improving the canonical 7}.". To explore the general

case for spin-2 theory, in [8]] we write down the most general (Fock) energy-momentum tensor,

TP = b10h7 O6h + brdo 79" I + D30I Igh™ + badohl 0" h + bsOhPdsh™
+ b hO"h + b1 hagd” h + bs, 0P 7" Ouh + by, 07 Oy + bo, 0’ hOuh™ + be, 0" hdu ™
+ b1, hPhog + b1o,0H°Phog + b1y, hapdhP + by, 0" hopd” h*
+ P70 h + 1P Duhp B + 31T BB O, + e Duhgd B + csfT D P dh

+ di W7 0,0%h + dol7 8,050 + d3h0, 0 W + dyh®P 80,0507 + ds W POgh”, + ds,h™* P Iph’,
+ do, "0, 0ph™ + de,h7* 0 Oph + drhd 0 h + dshapd 0" hF
+ do, 070y h + do, K7 POy h + dyo,h* 07 P hop + dyo,h7* P P hog
+dy,h 0 h™ + dy1,h07 D + diohap® TR + iy, hepd” O WP
+ @ 17 hap0” OPh + ay " hdw0ph™ + a3’ hopd®01h™ + auf ho,0"h + asi’ hapo 0 h.
(1.49)

We then write this most general system as the most general improved canonical Noether tensor

plus improvement terms,

TF7 = T + 0, WPV + (L hEPT + GHOET + W7 E + GG EP + L  hE + e hog E. (1.50)

From here we solved the linear system of coefficients for a symmetric, conserved result. There
are infinitely many solutions, of which the published expressions are all solutions to this sys-
tem. In other words, the connection to the canonical Noether tensor from improvements is
nothing special; we can do this for infinitely many symmetric, conserved 7" we write down.
Just because we can add terms to a result from Noether’s first theorem, does not mean the result
should be in any way considered a result of Noether’s methods. With respect to Noether’s first
theorem, these “improvements” are ad-hoc manipulations that band-aid the non-uniqueness
problem and have prevented any meaningful progress in this direction. With no gauge invari-

ant energy-momentum tensor [[140], it is not clear how to solve the non-uniqueness problem.
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Furthermore, it has been argued that none of these have been used for experimental or obser-
vation purposes [65]], although we will stay away from this debate in this thesis.

Our main result in [8] is that there are infinitely many Belinfante improved tensors, and
only one of which is the Hilbert Tensor. This is contrary to the conventional wisdom that
this Belinfante improvement is uniquely associated to the Hilbert tensor. This result shows
that even in the most supported improvement procedure, unique association to the canonical
Noether tensor is not guaranteed; only through human selection of particular improvement

terms can we recover the desired result. Extensive discussion of this result we leave to [8]].

1.5.3 Problem 3: Deriving Lagrangian densities from a set of axioms

In Chapter 2 we address the first problem, which is required to obtain complete sets of equa-
tions from a Lagrangian density by following a concrete procedure. In Chapter 2 we address
the non-uniqueness of methodology in energy-momentum derivation. But these problems fail
to address the most important question: how can we convert a set of axioms into a set of
Lagrangian densities which cover our fundamental theories?

This question is the focus of Chapter 4; in Chapter 4, we define a procedure from deriving
Lagrangian densities from general linear combinations of scalars of N order of derivatives of

an M rank tensor potential [[14,[11]. For example, in the case of electrodynamics we have,

L = ad AFA + bd,A0,A” + c8,A,0 A", (1.51)

We can then impose axioms and solve for the resulting free coefficients such that the La-
grangian densities, and subsequent set of equations, satisfy the conditions defined by the ax-
ioms. In the case of N = M = 1, requiring complete gauge invariance under the gauge trans-
formation (1.20), the unique solutions is the electrodynamic Lagrangian density with a free
coefficient. The free coefficient is fixed in Noether’s first theorem and electrodynamic theory
is recovered from the axioms [14]. Note that in the case of electrodynamics the negative sign
on the Lagrangian is fixed by demanding positive energy in the Hamiltonian; if the sign on the
Lagrangian was positive there would be no lower bound on the energy of the system.

We then considered the most general scalar for N = 1, M = 2 as in the case of spin-2

Fierz-Pauli theory,

L= A3 WO+ BOHOR + CORIN, + DOyh, B + Edh, & H7, (1.52)

and solving the system of free coefficients for a complete gauge invariant solution. Of course,
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there is no solution to this linear system based on proofs of no gauge invariant 7% and known
non-exact gauge invariance of the Fierz-Pauli action. We verified these results and determined
the general Fierz-Pauli Lagrangian which is invariant up to a boundary term. We then consid-
ered the general expression for an N = M = 2 Lagrangian, with higher order derivatives, and
solved for invariance under the spin-2 gauge transformation. Remarkably, there was a solution,

in the form of the contracted linearized Riemann tensors,

L = aR,opR" ™ + bR, R" + CR?, (1.53)

where each R is the linearized form of the Riemannian tensor after g,, — eta,, + Ah,,. Solving
for these free coefficients to have a complete gauge invariant model, there is a unique solution

in the form of linearized Gauss-Bonnet gravity,

1
L= Z(R,WﬁR“V"ﬁ — 4R, R" + R?). (1.54)

Perhaps the most significant result here was the aforementioned Noetherian variation 65, =
—21",,6x, proportional to the linearized Christoffel symbol. In short, a connection between
electrodynamics and linearized Gauss-Bonnet gravity was established as the unique solution to
the procedure for N = M = 1 and N = M = 2 for a common set of axioms; the first realization
of our idealistic goals. Gauss-Bonnet gravity in the physics literature dates back to the result of
Lanczos [[129]. See [9] for a historical overview of the development of Gauss-Bonnet gravity.

In [9] we took this study one step further to the dual formulations of the theories and showed
that both can be expressed in analogous dual formulations. In this formulation the linearized
Gauss-Bonnet gravity model does not simply have no equation of motion (as is often implied
by its characterization as a topological theory), rather its equation of motion is the Bianchi

identity analogous to the homogeneous half of Maxwell’s equations,

(9/1R,M,ﬁ + 8#Rvmﬁ + &,R,waﬁ = O (155)

Generalizing the dual formulations to the curvature tensors of higher spin gauge theories yields
the models known as the Maxwell-like higher spin gauge theories, which we discuss in both
[O] and [1L1]].

The third paper in this chapter [11] continues along this line by applying the procedure to
the N = M = n case. Solving for complete gauge invariance under the spin-n gauge transfor-
mations, one continues to yield contractions of curvature tensors at each n. This gives a clear
procedure for deriving the curvature tensors of higher spin gauge theories that were previously
postulated based on symmetry properties of the Riemann tensor. In all, Chapter 4 provides nec-

essary steps towards realizing the ability to determine a complete set of Lagrangian densities
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from a common set of axioms. In our case this set is all contractions of the electrodynamics
field strength tensor, linearized Riemannian tensors, and curvature tensors of higher spin gauge

theories.

1.6 Thesis overview

The three problems we have introduced are addressed in the three body chapters of the thesis,
respectively. In the second chapter we address the possibility of a concrete procedure for ob-
taining the complete set of equations for a field theory such that this set of equations is implicit
information to the Lagrangian density. The Bessel-Hagen approach to Noether’s first theorem
provides exactly this procedure [[15] and we detail application of this method for several gauge
invariant Lagrangian densities [12]]. In the third chapter we address the non-uniqueness and
improvement of the energy-momentum tensor in the literature. We provide a proof that the
Noether and Hilbert definitions are not, in general, equivalent [[13]], we prove several results
for the relationship of the numerous distinct definitions that exist for 7 in the case of a scalar
field [10], and show that there are infinitely many spin-2 energy-momentum tensors that can be
connected to the canonical Noether tensor via ad-hoc improvements [8]. Finally, in the fourth
chapter we develop a method for obtaining a set of Lagrangian densities form the common set
of axioms [14} (9, [11]. Schematically these chapters address the following aspects of the ideal
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Figure 1.9: Each of the body chapters corresponds to a specific step of the axiomatic approach,

corresponding to the 3 problems we have introduced, respectively.
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At the start of each chapter we will briefly introduce the papers and topics included in the
chapter. In the conclusions section we will summarize what we feel are the most significant
results from the thesis, discuss their impact on existing results, discuss existing gaps in our

methodology, and possible research that can stem from this thesis.



Chapter 2

Noether’s first theorem and the

Bessel-Hagen method

This chapter focuses on addressing the problem outlined in Section [1.5.1] of the Introduction:
the need for concrete procedure for deriving complete sets of equations for a given physical
theory in order to have an axiomatic approach to field theory. We show that the Bessel-Hagen
approach to Noether’s first theorem provides this concrete procedure for all complete gauge
invariant field theories we consider. This chapter consists of two papers. The first paper [[15] in
Section 2.1 details problems with the conventional application of Noether’s first theorem which
does not obtain physical equations unless missing “improvement” terms are added ad-hoc, and
we propose the converse of Noether’s first theorem as a method for settling ambiguities in the
various Noether methodology. This paper is to appear in the collected papers volume “The
Physics and Philosophy of Noether’s Theorems” published by Cambridge University Press.
The second paper [12] in Section [2.2] focuses on the Bessel-Hagen approach to Noether’s first
theorem and successfully apply it to several models. This chapter provides concrete and clear
methodology for obtaining complete sets of physical equations from a Lagrangian density,
contrary to the conventional presentation of ad-hoc “improvement” (e.g. Belinfante) of the
canonical Noether energy-momentum tensor. The papers in this chapter were each produced

with two co-authors; for duties breakdown see the Co-Authorship Statement.
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2.1 Converse of Noether’s first theorem and the

energy-momentum tensor ambiguity problem

Dedicated to the late Bessel-Hagen, who when alive had his habilitation thesis
thrown into the sea, and even now must feel as if his work was lying somewhere on

the seabed.

Abstract Noether’s theorems are widely praised as being one of the most beautiful and
useful results in all of physics. However, if one reads the majority of standard texts and liter-
ature on the application of Noether’s first theorem to field theory, one immediately finds that
the “canonical Noether energy-momentum tensor” derived from the 4-parameter translation of
the Poincaré group does not correspond to what’s widely accepted as the “physical” energy-
momentum tensor for foundational theories such as electrodynamics. This gives the impression
that Noether’s first theorem is in some sense not working. In recognition of this issue, common
practice is to “improve” the “canonical Noether energy-momentum tensor” by adding suitable
ad-hoc “improvement” terms that will convert the canonical expression into the desired result.
On the other hand, a less common but distinct method developed by Bessel-Hagen, and later
independently by other authors, considers gauge symmetries as well when applying Noether’s
first theorem; this allows for uniquely obtaining the accepted physical energy-momentum ten-
sor in cases such as e.g. electrodynamics — without the need for any ad-hoc “improvement”
terms. Given these two distinct methods to obtain an energy-momentum tensor, the question
arises as to whether one of these methods corresponds to a preferable application of Noether’s
first theorem. Using the converse of Noether’s first theorem, we show that the Bessel-Hagen
type transformations are uniquely selected in the case of electrodynamics — and thus the con-
verse of Noether’s first theorem powerfully dissolves the methodological ambiguity at hand.
We then go on to discuss further ambiguity issues with respect to energy-momentum tensors
in spin-2 theory that can be addressed via Noether’s converse. Finally, we put the search for
proper Noether energy-momentum tensors into context with recent claims that Noether’s theo-
rem and its converse make statements on equivalence classes of symmetries and conservation

laws.

2.1.1 Introduction

Physicists have long exploited symmetries to simplify problems. In Lagrangian mechanics,
cyclic coordinates (that is, generalized coordinates g; such that .£/dq; = 0 for the Lagrangian

L) signal the presence of a symmetry, and the Euler-Lagrange equations imply that the associ-
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ated conjugate momenta p; are conserved[] It is hard to understate the practical importance of
finding conserved quantities, thereby reducing the number of variables and making it much eas-
ier to find solutions. Noether’s celebrated (1918) paper significantly clarified the mathematical
structure underlying these earlier resultsE] The rich line of work stemming from her seminal
contribution has elucidated three intertwined aspects of physical theories: laws, symmetries,
and conservation principles.

Conventional wisdom now holds that Noether’s theorem and its converse universally link
a certain kind of continuous symmetry (such as Poincaré translation) to a certain kind of con-
served current (such as the energy-momentum tensor)E] Although based on a kernel of truth,
this conventional wisdom reflects an overly simplified picture of the mathematical physics.
As a starting point for the discussion below, consider the following specific claim often taken
to follow from the Noether machinery: a subset of the variational symmetries of the action,
namely spatial and temporal translations, are associated with energy-momentum conservation.
Here we encounter an immediate difficulty: applying Noether’s first theorem in the context
of field theory (as described in §2.1.3)), the 4-parameter translation subgroup of the Poincaré
group yields what is called the “canonical Noether energy-momentum tensor” (7). For most
classical field theories, the canonical tensor lacks features required for a physically sensible
energy-momentum tensor, and differs from known physical energy-momentum tensors estab-
lished in other waysﬂ Such results raise two related challenges to the conventional wisdom:
do the quantities that actually follow from applying Noether’s theorem have a clear physical
interpretation, and does Noether’s theorem need to be supplemented in order to derive phys-
ically meaningful conserved quantities? Particularly striking is the existence of inequivalent
definitions of the energy-momentum tensor, a central physical quantity in any classical field
theoryJ|

Typical textbook presentations leave the impression that Noether’s theorem fails to yield
the correct energy-momentum tensor. They mention the unappealing features of %", and then
immediately propose a fix. Such fixes amount to variations on a theme going back to [23], who
added the divergence of a so-called superpotential to 74" such that a new “Belinfante” energy-

momentum tensor 7% = T4 + 9,b“*" recovers the correct answer for electrodynamicﬂ if an

'See [44] for a pedagogical presentation.

Znoether1918, translated into English by [124].

3The metaphysical work of [132], for instance, rests on this. Note that the “energy-momentum tensor” is
sometimes referred to as ’stress-energy tensor”.

4We will focus on energy-momentum tensors in the ensuing discussion, but similar issues arise for other
conserved currents, such as angular momentum tensors.

>The inequivalent definitions mentioned here are twofold: (i) there are multiple definitions for deriving an
energy-momentum tensor (see [29]], [13]), (ii) within certain specific theories there exist multiple inequivalent
expressions (such as linearized gravity, see ([28]], [8]]).

®In the following article, when we refer to electrodynamics, it is implied that we refer to sourceless electrody-
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on-shell condition is imposed (discussed in more detail below in §2.1.4). This does not follow
directly from Noether’s theorem itself, suggesting that some form of “improvement” is needed
to find physically meaningful conserved quantities But any such improvement approach has
the unsavoury air of devising a series of poorly justified steps to arrive at an answer found in
the back of the book. What happens when we do not already know, or have independent ways

of finding, the correct form for the energy-momentum tensor?

Thankfully there is another approach, albeit much less common in the literature: we can use
the Poincaré translation symmetry and gauge symmetries of the action together in Noether’s
first theorem. As we will see below, in the case of electrodynamics this leads directly to the
correct energy-momentum tensor. This was Bessel-Hagen’s neglected contribution, inspired
in part by Noether herself [26]. By contrast with the “improvement” approach, we will argue
that this approach exploits all of the relevant variational symmetries of the action in apply-
ing Noether’s theorem. We will argue for the superiority of this approach based on using the
converse of Noether’s first theorem, which correctly identifies the proper variational symme-
tries (those derived using Method 1II in of the Lagrangian from the accepted form of
the energy-momentum tensor. The derivation of the canonical stress-energy tensor fails to use
the full power of the mathematical machinery that Noether has given us by considering only
a restricted subset of the variational symmetries. Thus, at least in the context of Lagrangian
field theories in flat spacetime, the conventional wisdom of a universal linkage between sym-
metries and conservation laws can be refined to that of a linkage between a specific variational

symmetry — to be introduced below — and the set of physical conservation laws for the theory.

This line of argument does not address Lagrangian field theories in curved spacetime,
which lack the global symmetries needed to obtain the energy-momentum tensor via Noether’s
theorem. Physicists then typically use Hilbert’s definition of the energy-momentum tensor
Ty = \%g%, which is sometimes referred to as the metric energy-momentum tensor. The
Hilbert energy-momentum tensor is by definition symmetric, thereby avoiding one of the ma-
jor flaws of the canonical Noether tensor. From this expression, the Hilbert energy-momentum
tensor in Minkowski spacetime is defined as the curved spacetime Hilbert energy-momentum
tensor with all metric tensors g,, replaced by the Minkowski metric 7,,. [29] outlines the
distinction between the curved spacetime and Minkowski spacetime definitions of the Hilbert

tensorﬂ In any case, our discussion will focus on the status of the energy-momentum ten-

namics.

"There are a number of proposals regarding how to “improve” the energy-momentum tensor in the literature;
see forger2004,blaschke2016 for recent surveys.

8The Hilbert energy-momentum tensor in Minkowski spacetime (T;yf n= % % g:n) is not, in general, equiv-
alent to energy-momentum tensors derived via Noether’s theorem from the 4-parameter Poincare translation, see
[13]].
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sor and associated conservation laws in flat (Minkowski) spacetime — we will consider only
energy-momentum tensors which are derived from Noether’s first theorem in this article.

The plan for the paper is as follows. This section concludes with a tribute to Bessel-Hagen.
We then briefly introduce the energy-momentum tensor, and review properties required for it
to be regarded as physically reasonable. In the next two sections, we use classical electrody-
namics as a simple case to introduce Noether’s first theorem and its subtleties. Section [2.1.3
introduces Noether’s first theorem. Section considers the two approaches described above
for defining Noether currents, focusing on the energy-momentum tensor: Method I uses trans-
lation symmetries to yield the canonical energy-momentum tensor, which requires “improve-
ment” terms to yield the correct energy-momentum tensor; Method 11, by contrast, considers
a broader class of variational symmetries and leads directly to the correct energy-momentum
tensor. We then argue in favour of the second method based on the converse of Noether’s the-
orem. Section [2.1.5| considers how this line of argument applies to a variety of other cases,
including in particular the challenge of defining an energy-momentum tensor for the gravita-
tional field in linearised gravity. Section [2.1.6]brings out one of the themes running through
the discussion, namely the challenge of tracking the physical significance of these structural
properties of field theories. There are several steps in the early sections where it is tempting to
describe both symmetries and conserved currents only up to an equivalence class. We aim to
identify clearly the limitations of this move, and develop our position by contrast with recent
philosophical discussions about how symmetries relate to the representational capacities of our
theories (considering, in particular, Brown’s contribution in this volume). Finally we discuss

the outlook and conclusions of our work in section 2.1.7]

An ode to Bessel-Hagen

Alongside these systematic aims, we want to use the occasion to clarify the contribution of
Erich Bessel-Hagen (1898 - 1946) to the Noether machinery. On the one hand, Bessel-Hagen
seems to be often wrongly treated as the sole originator of the generalisation of Noether’s
theorem to invariance under symmetry transformations up fo divergenceﬂ Yet, as [124] (see
her section 4.2) notes, Bessel-Hagen himself acknowledges his debt to Noether herself (to a

certain degree, at least):

Zuerst gebe ich die beiden E. Noetherschen Sitze an, und zwar in einer etwas
allgemeineren Fassung als sie in der zitierten Note stehen. Ich verdanke diese
einer miindlichen Mitteilung von Friulein Emmy Noether selbst. ([26], p. 2601:6]

%Also in the philosophy literature, see for instance, [37].
107 first present the two Noetherian propositions, albeit in a slightly more general fashion than they can be
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On the other hand, Bessel-Hagen does not seem to be widely known for his central contribution
in that very same paper, namely the introduction of what we call Method II: the application
of Noether’s first theorem in light of gauge symmetries when deriving the complete set of
conformal conservation laws for classical electrodynamics. Bessel-Hagen’s work has been
independently reproduced — by, among others, [[/0} [153]]; the reception of his paper in the
English speaking world, however, suffered from the fact that a translation first appeared in
2006 [108]], arguably much too late. Even though the method has resurfaced in some textbooks
as well [39,[177], it remains relatively unknown in the wider physics literature.

We note that application of the Bessel-Hagen method to a wider class of special relativistic
field theories is the topic of an upcoming article [12]. In the present article, the focus on lies on
energy-momentum tensors and classical electrodynamics in contrast with the more common
canonical Noether approach. A central goal of this article is to use the converse of Noether’s
first theorem to solve this methodological ambiguity, which as we will see, uniquely specifies

the variational symmetries first derived in [26].

2.1.2 Energy-Momentum Tensors

Einstein took the general formulation of conservation laws in terms of the energy-momentum
tensor to be “the most important new advance in the theory of relativity” (as of 1912). The
energy-momentum tensor has a central role in the new conception of mechanics and field the-

ory, as Einstein went on to emphasizeﬂ

To every kind of material process we want to study, we have to assign a symmetric
tensor 7}, [...] The problem to be solved always consists in finding out how 7, is
to be formed from the variables characterizing the processes under consideration.
If several processes can be isolated in the energy-momentum balance that take
place in the same region, we have to assign to each individual process its own
stress-energy tensor (Tliv, and etc.) and set T, equal to the sum of these individual
tensors. (CPAE Vol. 4, Doc. 1, [p. 63])

Strikingly, Einstein treats all “material processes,” whether they involve electromagnetic fields
or matter as described by continuum mechanics, as on a par: the fundamental dynamical quan-
tity in each case is the energy-momentum tensor. How then are we to find an appropriate 7,

for various processes we aim to describe?

found in the cited note. I owe these propositions to an oral communication by Miss Emmy Noether herself. (Own
translation)

See [113] for an insightful discussion of the importance of the energy-momentum tensor in the transition to
relativistic mechanics.
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Before turning to that question, recall that the energy-momentum tensor (also known as the
stress-energy tensor) encodes information regarding energy-momentum densities and fluxes for
different kinds of “material processes.” In relativistic mechanics this is all captured in a single
rank-two tensor, T#": the T% component represents energy density, the 7% and T components
represent energy and momentum flux, respectively, and the 7"/ components represent stresses
(where i, j = 1,2,3).

As an illustration, the energy-momentum tensor for electromagnetism provides a compact
summary of familiar facts about the electromagnetic field. Minkowski formulated electromag-
netism in terms of the field strength tensor F,, = d,A, — d,A,, where A, is the vector potential.

The energy-momentum tensor takes the following formE]
1
TW = FrFY — ZnWF(,ﬁF“ﬁ. 2.1)

The invariance of the field tensor under gauge transformations (A, = A, + d,¢, for a scalar ¢)
implies gauge invariance of 7#”. More generally, we require gauge invariance of 7" because
the energy-momentum tensor represents observable quantities directly. In this case, we have
constructed the energy-momentum tensor based on what we already know about the relevant
field. Historically, von Laue extended this constructive approach, writing down appropriate
energy-momentum tensors for extended stressed bodies, relativistic fluids, and other cases,
based on prior knowledge about energy and momentum in each case.

To what extent can we determine the form of 7" for a new classical field ¥ (whether
scalar, vector, tensor,...) based on general principles, or on specific features of ¢’s dynamics?
There are two main types of constraints a tensor would be expected to satisfy to be plausibly
interpreted as representing energy-momentum of the field. The first set of constraints stem from
the idea that all matter fields “carry positive energy-momentum.” More formally, for arbitrary
regions of spacetime R, T vanishes on R iff the field ¢ VanishesE] Further constraints can be
imposed to capture the idea that the energy-momentum is positive, and that energy-momentum
flows respect the causal structure of relativistic spacetime. One fundamental requirement of

this kind is that the energy density (the 7% component) is bounded from below, so that the

"2The energy density of electromagnetic fields is given by U = 1(eE*+ ﬂiOBz), the Poynting vector S = ”lolf xB
represents energy flux, and the Maxwell stress tensor o represents stress and momentum fluxes. We can express
-U =Si/c =Sy/c =S c

. .. -S,/c o Oy o
the energy-momentum tensor in terms of these quantities as follows: T+ = * - W e
=Sylc Oy Tyy Oyz
=S;/c Ozx Ozy Oz

3 Here we are setting aside fields with negative energy density, for which T#” could vanish through a cancella-
tion of positive and negative energy densities. This condition has to be formulated with greater care for quantum
fields, which necessarily admit negative expectation values for the energy density at spacetime points, but versions
of this condition have been proposed for open regions.
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field cannot serve as an infinite energy source. Gravity is sensitive to the absolute value of
the energy, so that it is meaningful to differentiate positive and negative energies for fields
coupled to gravity. Further constraints can then be imposed: the weak energy condition, for
example, requires that the energy density (the 7% component) is non-negative, as measured
by all observers. The dominant energy condition holds if, in addition, momentum fluxes stay
within the light cone. There is a long list of other energy conditions that have been used to
prove results such as the singularity theoremsE]

A second set of constraints, and the main focus of the ensuing discussion, regards sym-
metries and conserved quantities. We will take the satisfaction of an appropriate conservation
principle as a defining feature of energy—momentum Given an appropriate 7*”, the on-shell
conservation principle can be succinctly stated: 0,7*" = k”. (For a free field, k" = 0, otherwise
k¥ represents an external force densityE]) In classical mechanics, the conservation of energy
and momentum stem from space-time translation symmetries, so it is plausible to begin by
constructing a tensor combining the conserved currents associated with these symmetries. The
variational symmetries of an action S consist of the transformations that leave S invariant, and
Noether’s first theorem associates a conserved quantity with each element of the finite group of
transformations. In electrodynamics these symmetry constraints, the variational symmetries of
the action for coordinates (conformal symmetries) and fields (gauge symmetries), are what is
required to obtain the known conservation laws, which we detail in the 15 conservation
laws are associated to the (finite) 15 parameter conformal group of transformations.

Other properties of the energy-momentum tensor follow from symmetries of the field the-
ory for specific types of fields. For classical field theories with conformal symmetry, for ex-
ample, the energy-momentum tensor will be trace-free so that the conformal C** and dilatation
D* tensors are conserved[]

We take these two types of constraints as requirements that a rank two tensor must satisfy
to be a plausible candidate for an “energy-momentum tensor” of particular importance in con-
sidering energy-momentum tensors proposed for a new field ¢ rather than constructed based on
prior knowledge. Perusing the physics literature suggests that these two types of constraints do
not suffice to determine a unique choice: there are several proposed, apparently inequivalent,
candidates for the “energy-momentum tensor for ¢ (for a variety of different fields). Our over-

all aim below is to argue against this view. Several of the candidate energy-momentum tensors

14See [55]) for a comprehensive review of energy conditions and their status.

3This leaves open the possibility that there are fields, such as the gravitational field in general relativity, that
lack an energy-momentum tensor in this sense.

1In the case of electrodynamics sourced by J this is the force density f* = 8,T* = F”,J% which includes the
Lorentz force density in the spatial components (f* = 8,T* = JP'F', = pE + J'x B).

7In the case of electrodynamics, this statement is directly related to that the associated quantum particles are
massless (see [83], p. 563).
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are unworthy of the name. Take, for example, the question of whether we should require that
the energy-momentum is symmetric under exchange of indices (7% = T"*). Failure of this
to hold in a mechanical system would lead to torque and the possibility of unlimited angular
accelerationf;g] Similar problems arise in field theories. Just as in the case of mechanics, a
non symmetric energy-momentum tensor would entail failure of angular momentum conserva-
tion. We therefore restrict our attention to symmetric rank-two tensors; this already eliminates
many candidates discussed in the literature. We will further argue that we need to take into
account more than just spacetime translations in building the energy-momentum tensor out of
conserved currents, as we will illustrate next by considering the case of electromagnetism in

more detail.

2.1.3 Noether’s first theorem for classical electrodynamics

Noether’s first theorem, applied to a particular Lagrangian density, yields a relationship be-
tween the Euler-Lagrange equation of motion and Noether current of the theory of the form
EAS5¢4 + 0,J" = 0, where E* is the Euler-Lagrange equation for the rank-A field and J# is the
Noether current. For the Lagrangian density of electrodynamics £ = —iF WP, this takes the
form [87]:

oL oL \ - 5 oL .\ _
( o~ e, AV))aAV+ap(;f Loxs + (apAv)éAv)—O, (2.2)

where

6A, = —0PA,0x5 + 0A, (2.3)

is the complete set of symmetry transformations that are linked to Noether’s first theorem[g]
The two methods we will discuss diverge with regard to the general form of the transfor-
mations 0A,. Consider first the difference between dA, and 5A,: the non-bar transformation of

fields is the difference in transformed fields as a function of their respective coordinates,

0A, = A (X)) — A, (x). (2.4)

By contrast, the bar transformations of fields is the difference in transformed fields as a function

8 An angular momentum tensor MP* = x*TP” — x’TP* has is conserved iff T#” is symmetric. The angular
momentum relative to a given event chosen as an origin can be obtained by integrating M**”"; see Chapter 5 of
[L51] for further discussion of this point, and regarding the general properties of energy-momentum tensors.

19Equation (2.2) corresponds to Equation 12 in Noether’s paper [124] for the specific Lagrangian of classical
electrodynamics, and Equation (2.3) corresponds to Equation 9 in Noether’s paper. Our xg (coordinates) cor-
respond to her independent variables x, and our A, (fields) correspond to her functions of these independent
variables u;.
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of the same (non-transformed) coordinates,

6A, = A}(x) = A, (%), (2.5)

where the bar notation is adopted from Noether’s paper for this particular transformation in her
Equation 9. The following subsections treat the three types of transformations (5A,) relevant
to Noether’s first theorem in our discussions: (1) the two terms which correspond to the Lie
derivative of the fields (canonical and contragredient transformations) and (2) the term which

corresponds to gauge symmetries of the action.

Transformations associated to the Lie derivative

In this subsection, we describe two of the contributions to the transformations of fields JA,
arising from infinitesimal change of coordinates 6x”. These two transformations follow directly
from the Lie derivative of the four potential A, with respect to the infinitesimal change in
coordinates dx,

£,A, = —6xP0pA, — Agd,0x° = 5cA, + OrA,. (2.6)

[

The Lie derivative represents the coordinate invariant change of a tensor field along the flow of
a vector field, which is in this case the infinitesimal change in coordinates d.x.

We have denoted the two terms in this expression as dcA, and 67A4,, respectively. The
first term, ScA, = —6xﬁ65Av, is exactly what is found in the first term of . This term
alone is used to derive the canonical Noether energy-momentum tensor when 6x° = a” is the
4-parameter Poincaré translation, thus we will refer to this as the canonical transformations.
The second term, 67A, = —A,gavéxﬁ, we will refer to as contragredient transformations as
Bessel-Hagen did in his article; they are associated to the transformation properties of a tensor.
This contribution is zero for 6x* = @®, and thus does not factor into energy-momentum tensor
discussion. However, for any non-constant 6x? this contribution is nonzero and essential for
deriving the associated conserved tensors, such as the angular momentum tensor resulting from

the remaining parameters of the Poincaré group.
Canonical transformations and the canonical Noether energy-momentum tensor

If we restrict ourselves to canonical transformations, —9°A,dx with 6A, = 0, and no gauge

symmetries, we have only

0A, = 6cA, = —0°A,6x5 (2.7)



2.1. CONVERSE OF NOETHER’S FIRST THEOREM AND THE ENERGY-MOMENTUM TENSOR AMBIGUITY PROBLEM 4 |

to substitute into Noether’s first theorem (2.2). We will use 6¢A, to indicate these canonical

transformations. We then obtain:

oL 0L \ p 0L _
( A d, X apAv))dAv +0, ([rf L- méﬁAv]axﬁ =0 (2.8)

The square brackets contain what is known as the “canonical Noether energy-momentum ten-
sor” Tgﬂ for a Lagrangian density of the form 0AJA such as £ = —‘—I‘F uwI* of electrodynamics.
In the case of the 4-parameter Poincaré translation dxg = ag, we can factor out the constant ag

from the divergence yielding E”6A, + aﬁﬁpTgﬁ = 0, where

oL

T =P L~ ma% (2.9)
and E” is the Euler-Lagrange equation of motion (in this case, the non-homogeneous Maxwell’s
equations).

However, substituting the Lagrangian density for electrodynamics £ = —}LF w ", where
Fop = 8,A5 = 9pA, and 555 = —F"”, yields

1
T = FPoPA, - Zn"ﬁFWF’”, (2.10)

the canonical Noether energy-momentum tensor for classical electrodynamics. By contrast,
the accepted energy-momentum tensor 7+” for the theory is given by above.

This specific case illustrates two distinct problems for the canonical energy-momentum
tensor that hold more broadly. First, the result simply does not match with an independently
motivated expression for the energy-momentum tensor, based on an understanding of energy
and momentum densities and fluxes for the relevant field. Second, the canonical tensor lacks
essential properties: in general it is neither symmetric, nor gauge invariant, nor trace-free.
There are special cases where some of these properties hold. For example, a symmetric tensor
follows from for a Klein-Gordon scalar field; yet even then, there are alternative tensors
which improve on the canonical expression by being trace-free [45]. In some of these cases,
it may not be obvious whether the canonical tensor or some other candidate tensor is to be
preferred. We do not claim to have a way to resolve this debate across the board; rather, there
are several clear cases (like electromagnetism) where the canonical energy-momentum tensor

fails to have the right form.
Contragredient transformations

The non-bar transformation of fields 6A, (second term in (2.3)) is referred to by Bessel-

Hagen as being associated to the “contragredient” transformations of the fields, which in cur-
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rent treatments follow simply from the definition of a contravariant tensor (in this case vector):

%

A”(X) = ——A*(x) 2.11)

Oxt

Inserting this into the contravariant form of (2.4) we have for 6A”,

/v

0A” =
OxH

If we consider the transformation of coordinates,

A(x) — A (x). (2.12)

XV =x"+ox" (2.13)

In particular, then, & = 0, + 0,(6x"). Substituting (]2.13[) into (]2.12[) we have 6A” = A¥0,0x".

> OxH

To determine the covariant form of this expression, we can consider the identity A*A,, = A'”AL

as a function of their respective coordinates, and solve for the transformation 67A,, which is

exactly the contragredient transformation presented by Bessel-Hagen in his equation 18,

57A, = —A,d,0x" (2.14)

where 67A, indicates that this is the transformation based on the definition of a tensor 7. Note
that we require the covariant form of this transformation due to our presentation of the Noether
identity in (2.2)).

For higher rank tensors this contribution can easily become quite complicated. However,
in the case of energy-momentum tensor derivation, when we have the 4-parameter Poincaré
translation ox* = a* — regardless of Method I or Method Il — 67A, = 0 since @* is a constant.
For this reason, since most of the discussions of conservation laws focus solely on the energy-
momentum tensor at the expense of other conserved quantities such as angular momentum, this
contribution usually drops out of the picture. (Yet we need the contragredient transformations

for the derivation of conservation laws linked to non-constant coordinate symmetries dx*.)

Gauge (field) symmetries of the action

There is also the possibility of gauge (field) symmetries of the action, often overlooked from the
perspective of Noether’s first theorem because they are thought to be relevant only to Noether’s
second theorem. The Bessel-Hagen et al. approach uses these symmetries as well to derive the
known conservation laws of electrodynamics directly from Noether’s first theorem. Mixing the
complete set of coordinate and field symmetries is essential to obtaining the accepted energy-
momentum tensor of electrodynamics from Noether’s first theorem. To highlight this point we

briefly touch on Noether’s second theorem, again with a focus on electrodynamics.
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The basic idea behind Noether’s second theorem is that field (gauge) symmetries that leave
the action invariant (in her case, the “infinite continuous group” of transformations of the func-
tions u) can be integrated by parts to remove the derivatives on the field transformations; ne-
glecting boundary terms (instead of keeping them as in the case of the Noether current in the
first theorem) results in an identity in terms of the Euler-Lagrange equation. m

In the case of electrodynamics, discarding boundary terms (all terms under a total diver-

gence) leaves the standard Euler-Lagrange equation, Maxwell’s 0,F*”, as,

8,F*"5A, = 0 (2.15)

Now taking the gauge transformation A], = A, + d,¢ (where ¢ is a scalar), we have,

A, = 6,A, = 0,4 (2.16)

where we denote 6,A, to emphasize the transformation associated to the gauge symmetry of
the action. From (2.15) and (2.16) we therefore have 0,F*"0,¢ = 0. Integrating by parts and
discarding the resulting boundary term we are left with the well known identity for Noether’s

second theorem in electrodynamics,

8,0,F”¢ = 0 (2.17)

and thus 0,0, F*” = 0. Itis the incorporation of this transformation that is then also essen-
tial for directly deriving the complete set of conservation laws from Noether’s first theorem,
including the accepted energy-momentum tensor (2.1I). By use of the converse of Noether’s
second theorem we have a concrete methodology for obtaining the variational gauge symme-
try 6A, that is required for application of Method II — similar to the application of Killing’s
equation for obtaining the coordinate symmetries required by Noether’s first theorem.

Summary

In summary, Noether’s first theorem can be used to obtain a relationship between the Euler-
Lagrange equation and conservation laws for field theories such as electrodynamics (2.2)). The
Noether current depends on the coordinate symmetry transformation oxg and field symme-
try transformations 6A,; i.e. any symmetry transformation of the action must be introduced

through these contributions in order to derive corresponding on-shell conserved currents. We

20See Equation 16 in [159] and associated discussion for statements on Noether’s second theorem. Notably, the
converse also holds, namely that the existence of such identity implies invariance of the action under an infinite
continuous group.
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distinguished three main types of transformations of fields, which can be simultaneously ap-
plied to (2.2)) in the form,

A, = 6cA, + 67A, + 6,A, (2.18)

where we have the canonical transformations (2.7)), contragredient transformations (2.14) and
gauge transformations (2.16)). In the case of electrodynamics, this gives

OA, = —0"A,0x, — AD,0x" + Db (2.19)

These transformations are the complete set required to derive conservation laws in stan-
dard field theories such as electrodynamics. Bessel-Hagen derived all 15 conservation laws
of electrodynamics which are associated to the 15 parameter conformal group of infinitesimal

coordinate transformations,

0X, = Ay + waﬂxg + Sxy + 26, X, X" — Eqx, X7 (2.20)

In the case of the four-parameter Poincaré translation 6xz = ag, the coordinate symmetry
associated to energy-momentum tensor derivation, we have 6rA, = 0 leaving only two contri-
butions to the transformation of fields 5A, [

Notably, the presence of mixed coordinate and field transformations should be no surprise
to anyone who has actually read Noether’s paper, as she explicitly admits that her first theorem

holds for a combination of the symmetries:

In the case of a “mixed group,” if one assumes similarly that Ax and Au are linear
in the £ and the p(x), one sees that, by setting the p(x) and the € successively equal
to zero, divergence relations ... as well as identities .. are satisfied. (translated
from [159], p. 24317_7]

where the equation 13 she refers to is identity associated to her first theorem that we consider

in this article. It is exactly this freedom that Bessel-Hagen, in fact in consultation with Noether

*I'The term w,p?, associated to the angular momentum tensor MP®% = x®TPF — xPTP® consists of the remaining
6 parameters in the Poincaré group through the antisymmetric parameter w,g. Terms S x, and 2&,x,x" — &, x”
correspond to the dilatation tensor D and conformal tensor C**. Direct substitution of the various terms in (2.20)
into give the 6A, which can be directly substituted into to derive known physical conservation laws
in e.g. electrodynamics. Transformations (2.20) can be found by solving the conformal Killing’s equation. See
[174] for a self-contained derivation of the conformal invariance of electrodynamics.

22«Setzt man entsprechend einer ,gemischten Gruppe’ Ax und Au linear in den & und den p(x) an, so sieht man,
indem man einmal die p(x), einmal die &£ Null setzt, da} sowohl Divergenzrelationen ..., wie Abhdngigkeiten ...
bestehen.”
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herself, used to apply the first theorem successfully to electrodynamics; this is the topic of the
section on Method II.

In the section on Method I, we will discuss the case when 6,A, = 0, i.e. when we only
use the canonical transformations, yielding the canonical Noether energy-momentum tensor
T;'. Since this is not the correct energy-momentum tensor 7+ of electrodynamics, various
ad-hoc “improvements” have been considered in the literature that add terms to 7} in order
to obtain the desired result. In the section on Method II, we will discuss the less common
method in the literature, which does not make restrictions on 6A, and keeps the most general
(2.18). In this case, the well known T+ of electrodynamics is directly derived with no ad-hoc

“improvements” needed.

2.1.4 A Tale of Two Methods

Method I: Canonical Tensor plus ‘Improvements’

In this section, we consider the most common method in the literature for deriving the gener-
ally accepted energy-momentum tensor ‘from’ Noether’s first theorem. As emphasized above,
the canonical Noether tensor T} obtained on this approach differs from the accepted
energy-momentum tensor (2.1)). Hence Noether’s theorem apparently fails to properly identify
the conserved quantities associated with symmetries even in the most familiar case. On our
view, this “canonical” result reflects a basic mistake: it does not take into account all of the
relevant variational symmetries needed to build an energy-momentum tensor. We will see how
to employ Noether’s theorem more effectively to do so through what we call Method II in the
next section (§2.1.4).

Usually the the canonical energy-momentum tensor is “improved” by adding specific terms
(see, e.g., [29]), such as the divergence of a superpotential and terms proportional to the equa-
tions of motion. We give an example of this for electrodynamics in this section. One could
put the task — a bit provocatively — as follows: Given that ch’ﬁ is not the result we wanted
(or expected), what terms can we add to get the correct answer? Of course this is an ad-hoc
approach to fixing the problem, but if it is the best available method we have to obtain the
accepted TP, one might just bite the bulletF_gl

The required “improvement” term in the case of electrodynamics is simply the difference
between (2.1)) and the canonical expression (2.10),

T - T = —-FP 3 4P, (2.21)

21t is worth noting that proponents of Method I are usually unaware of the Bessel-Hagen et. al approach.
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All of the various improvements for electrodynamics in the literature ultimately need to give us
this term on the right hand side, at minimum after imposing on-shell conditions ([76, 29]]). The
challenge is how to get the correct tensor, by starting from the canonical expression, and adding
“improvement” terms through a well-defined procedure. We will briefly discuss the Belinfante

improvement procedure since it is by far the most commonly adopted in the literature@

But before doing so, it is worth discussing the general idea of improvement by superpo-
tentials and terms proportional to the equations of motion; together these form the bulk of
possible “improvement” terms. Superpotentials have the form W7 the divergence of which
0, Y7 can be added to an energy-momentum tensor without affecting on-shell conserva-
tion. This is because indices [pa] are anti-symmetric; the divergence of the divergence of a
superpotential 9,0, P¥*" is identically zero off-shell. Adding a superpotential to a Noether
energy-momentum tensor for a specific Lagrangian does not spoil conservation (the super-
potential is conserved as a mathematical identity on its own), yet doing so may lead to an
energy-momentum tensor with the required properties. Terms that vanish on-shell, i.e. terms
proportional to the equations of motion, can also be added while preserving on-shell equiva-
lence; in practice terms of this type often must also be added to obtain the accepted form of the

energy-momentum tensor.

For electrodynamics, the difference between the accepted and canonical energy-momentum
tensors is given by (2.21)) above. Writing the extra term as the divergence of a superpotential,
we have —F*"0,AP = 0,[—FF* AP+ APO,FF”, where P1P?)7 = — FP@ AP and Maxwell’s equations
EP = 0,F. Thus, we have,

T = T + 9, 97P — APEP (2.22)

The Belinfante improvement procedure yields exactly the same superpotential; the divergence
of this superpotential as well as a term proportional to the equation of motion can be used to
recover the accepted energy-momentum tensor in cases such as electrodynamics. Therefore
just by knowing we know the form of the required (so-called) “improvement” terms. The
Belinfante procedure provides a derivation of this superpotential which we will detail in the

following subsection.

The Belinfante symmetrization procedure

24[23] is commonly cited as the origin of the the Belinfante improvement procedure, which is sometimes
referred to as the Belinfante symmetrization procedure. While it is true that he proposed the ad-hoc addition of
the divergence of a ”superpotential” required to “improve” the canonical Noether tensor for electrodynamics, we
note that the more broad ad-hoc “improvement” of energy-momentum tensors in the literature is, perhaps, unfairly
associated to his name and outside the scope of his motivations.
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Turning an arbitrary tensor into a symmetric tensor is in principle straightforward: decom-
pose the tensor into a symmetric and antisymmetric part, and then add a new contribution to
cancel out the antisymmetric part (in this case, from a superpotential). But more interestingly,
arguably, [23E] showed that a suitable superpotential of this kind can be derived — and he
argued that it is related to the spin angular-momentum of the model based on common terms
We wish to add the divergence of the Belinfante superpotential d,b* to the canonical ex-
pression (2.10) to form the Belinfante tensor 7%’

T = T2 4+ 8,617 (2.23)

where the superpotential b¥?!” is defined by a combination of the spin angular momentum
tensor S¥17! of the form ([23])):

plevle — %(_Sp[frﬂ + §loel 4 SO'[)’P]). (2.24)

In electrodynamics this contribution is defined as $71%) = -2 [p® AP — pfHA®]. Therefore we
Y

have,

gYlapl _ _Fw[(ngﬁ _ (55140/]. (2.25)

Inserting (3.105)) into the Belinfante superpotential (3.104) we have b¥"1” = —FFYA7, But this
is the same superpotential found from (2.22)! Thus for the Belinfante procedure applied to

electrodynamics we have,

TV = T + §,(F™A"). (2.26)

This differs from the accepted energy-momentum tensor (2.1]), according to (2.22)), by on-shell
terms’?|

ZThrough the help of an uncited Dr. Polansky, see [23].

%6Since the “total” angular momentum tensor M*® = xTPP — xATr® is based on the symmetric energy-
momentum tensor 7#”, decomposing it into parts (e.g. “spin” angular momentum), one straightforwardly can
obtain what terms are missing in the canonical Noether tensor T(’;V from the symmetric 7#" in terms of the corre-
sponding part of the angular momentum: hence the common name of ’symmetrization” procedure, and associa-
tion to spin angular momentum.

2TWe note that the Belinfante tensor Tg(r is sometimes referred to as the Belinfante-Rosenfeld tensor, since
[175] independently came to some of these results and published them shortly after [22] first presented them.
However, Rosenfeld concedes this point in his article stating that repetition of these results from his point of view
may still have some utility.

280n-shell equivalence of the Belinfante and Hilbert tensors is a well established result [76] [170]. The Hilbert
tensor in Minkowski spacetime is the accepted energy-momentum tensor in cases such as electrodynamics (but
not in general, see [13l]), thus for electrodynamics the Belinfante-Hilbert relationship can be used to obtain the
Belinfante superpotential and associated on-shell terms in (2.26)) which are required to correctly improve the
canonical Noether tensor.
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Therefore the accepted energy-momentum tensor (2.1)) is related to the Belinfante tensor

(2.26) as follows:

T™ = T — AEF. (2.27)

The Belinfante prescription alone does not yield the correct expression without adding this
additional term (—A”E*) proportional to the equations of motion; equivalence to 7% alone can
only be established after imposing the on-shell condition E# = (. Note that requiring such an
on-shell condition for just formulating the energy-momentum tensor is a severe restriction; in
contrast, the Noether energy-momentum tensor directly obtained in Method II can be defined
without any on-shell condition — only conservation requires imposition of the equations of
motion.

So we see that, when interested in symmetric energy-momentum tensors, the Belinfante
symmetrization procedure does provide an on-shell procedural fix in e.g. the case of electrody-
namics. Butitis just a symmetrization procedure; it is not clear how it would, for instance, help
to obtain the physical (i.e. also tracefree and gauge-invariant and not just symmetric) energy-
momentum tensor in generalFf] The overemphasis on energy-momentum tensor is a limitation
of Method I, geared entirely towards just one of the conserved tensors of special relativistic
field theory. Method II treats all conserved currents on the same ground; there is no privileging
of e.g. energy-momentum, angular momentum, conformal or dilatation tensors relative to one
another — all conserved currents follow directly and uniquely from Noether’s first theorem.

If we take the most charitable possible view of Method I, that the ad-hoc “improvements”
are entirely physically justified and a necessary correction after applying Noether’s first theo-
rem, one unavoidable fact remains: the “improvement” procedure still requires on-shell condi-
tions to equate the accepted T+ to the improved tensor. In Method II, no on-shell conditions

are required to obtain the complete set of conservation laws.

Method II: Including Gauge Symmetries

There is another method for deriving the energy-momentum tensor, such that we directly obtain
it from Noether’s first theorem without requiring any ad-hoc “improvements”. Instead of using
the restrictive condition of Method I where we only consider the canonical transformations
(2.7), we instead use the most general picture of all possible field transformations such as
outlined in (2.18). Considering the transformations of the action

6A, = —F",5x,, (2.28)

2[29] provide an improvement procedure based on requiring gauge invariance instead of just symmetry.
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Bessel-Hagen [26] (as well as [70, [153], among others) derived all 15 accepted conserva-
tion laws of electrodynamics directly from Noether’s first theorem using (2.28)), (2.2)) and the
sourcefree Lagrangian density £ = —iF ", In other words, |b are what we call proper

transformations.

_ 1
E"0A, + 0, ([F"VFﬂy - Z?fﬁFWF’”](Sxﬁ =0 (2.29)

where E" is the Euler-Lagrange equation. Immediately Noether’s first theorem leads to the
physical energy-momentum tensor (2.1 in square bracketsF_U] More precisely, for the case of
the 4-parameter Poincaré translation, 0xg = ag is a constant that can be pulled out of the total

divergence leaving the elegant identity,

E"0A, + agd, T =0 (2.30)

Immediately we have a compact identity relating the Euler-Lagrange equation E” and energy-
momentum tensor 77 of electrodynamic theory. The Lorentz force law, Poynting’s theorem
are all compactly derived alongside Maxwell’s equations. This compact identity makes it easy

to appreciate the celebrated elegance of Noether’s theorems.
Deriving the proper transformations from the Bessel-Hagen method

How can one obtain the proper transformations (2.28) that lead to the physical conser-
vation laws? The various authors [26, [70, 153} 1155, |186] that independently came to this
conclusion used slightly different rationales, largely to do with requiring gauge invariance of
the Noether current or requiring gauge invariance of the transformations themselves. We will
follow the Bessel-Hagen approach because he was first to present this result, and took advice
from Noether herself on his paper. More explicit application of the Bessel-Hagen method to
electrodynamics can be found in [[12]. Starting from the general transformations of fields (2.19)

in the case of electrodynamics we have,

6A, = —PA,0x5 — A,0,6%" + 0,¢ (2.31)

The question Bessel-Hagen asked is how to derive the parameter ¢ such that we have the
unique gauge invariant energy-momentum tensor of (sourcefree) electrodynamics. To do this
we substitute 6A, into the Noether current (2.2) and solve for ¢ to obtain a current which is

30Using (2.29) the 15 conformal conservation laws of electrodynamics are immediately obtained by inserting
6xg from || four from the divergence of the energy-momentum tensor T°f = F*F¥, — TPF,, F*, six from
the divergence of the angular momentum tensor M = x#T*” — x”TP*, one from the divergence of the dilatation
tensor D = TP x4 and four from the divergence of the conformal tensor C** = T*P(2xpx® — 6gx)xl)
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gauge invariant. The ¢ must depend on both the vector potential A, (in order to obtain a gauge
invariant current) and the infinitesimal transformations of coordinates 6x (in order to factor
out the 4 parameter Poincare translation from the current and obtain the energy-momentum
tensor). Bessel-Hagen solved for ¢, obtaining for the gauge parameter A,0x*, which is the
most trivial scalar combination of the required components. Inserting this ¢ into (2.31)) and
differentiating the third term we have,

6A, = —6x30°A, — A,0,6x" + 0x50,AP + A,0,0%" (2.32)
Remarkably the second and last terms on the right hand side cancel (those associated to the con-
tragredient transformations) and we are left with exactly 5A, = —FF y0Xg as in li ! Therefore
the proper transformations that directly yield the physical conservation laws can be thought of
as a mixing of the various symmetries of the action, as opposed to an independent application
of symmetries as in the case of the canonical Noether energy-momentum tensor or Noether’s
second theorem.

We note that the selection of the gauge parameter, while aided by knowledge of the unique
gauge invariant energy-momentum tensor in the case of electrodynamics, can be obtained from
the Noether current. For this reason the method applies more generally to models where the
energy-momentum tensor is not already known. The more general application of Bessel-Hagen
to exactly gauge invariant actions in this way is the subject of [12], in which the Bessel-
Hagen method has successfully been applied to several field theories such as Yang-Mills, Kalb-
Ramond, third rank antisymmetric fields, and linearized Gauss-Bonnet gravity.

The proper form of the transformation was noticed for Yang-Mills theory by [110], without
deriving this from a procedure such as Method II. While the vast majority of textbooks give the
canonical picture alone, e.g. [39,[177] have noticed the proper transformations and avoided the
restrictive canonical presentation. One of our goals in the following is to settle this ambiguity

in favor of the proper transformations through appeal to the converse of Noether’s first theorem.
Proper transformation as gauge-invariant transformations

We now know that the appropriate choice of 64, = 6cA, + 6,A, in the Noether identity for
classical electrodynamics directly leads to the accepted energy-momentum tensor, and that the
proper transformation can be chosen by solving for a 6,4, that makes the current invariant. We
will explore how to justify the specific choice of 6,4, a posteriori via the converse of Noether’s
first theorem in the next section, i.e. by starting from the accepted energy-momentum tensor.

Before doing so, we want to explore how to motivate the choice of 6,4, other than by solv-

ing the Noether identity for 6,A, while requiring that the energy-momentum is gauge-invariant.
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To this end, we will consider [[70], who argued that gauge invariance of the transformation
6A, is the property one can use to determine the proper transformation §A, = —F",0x, as in
(2.28). eriksen1980 starts from the gauge condition in the case of sourcefree electrodynam-
ics, 0,A, = Jy with y = y(A). The parameter y is taken to be a arbitrary gauge parameter
we must solve for based on the condition that §,A, must be gauge invariant. By combining
the 67A, (contragredient) and 6,A, (gauge) transformations, the authors find an equation for y
which does not uniquely determine y; however they choose the “simple” solution that leaves
0,A, as a whole gauge invariant, which is identically y = 0x"A,, exactly what was found by

Bessel-Hagen!

One could now note how intuitive the requirement of a gauge-invariant transformation is:
as long as all expressions in the assumptions of the Noether theorem are gauge-invariant, the re-
sulting energy-momentum tensor should come out as gauge-invariant too. However, there exist
cases where the proper transformations that are used to derive the unique energy-momentum
tensor for a theory are not themselves gauge invariant, as we will discuss in Section This
indicates limits in the scope of application of eriksen1980’s method. We note that the Bessel-
Hagen method works more broadly because it treats both the cases where the transformations

themselves are gauge invariant, as well as cases where they are not.

Converse of Noether’s first theorem as a test for Noetherian currents

We now use the converse of Noether’s first theorem relative to the Lagrangian density of elec-
trodynamics and the accepted energy-momentum tensor (2.1)) in order to arrive at the relevant
variational symmetry linked to this 7%”. As we will see, the converse can generally be used
to decide whether an energy-momentum tensor can be directly derived from Noether’s first
theorem — and thus from Method II.

We can derive the form of the transformations 6A, using the converse of Noether’s first

theorem based on the accepted energy momentum tensor, (2.1)), as follows: We start with

EYSA, + a,0,T" =0 (2.33)

and Noether’s first theorem (2.2). Since the 4-parameter Poincaré translation dxz = ag is asso-
ciated to the energy-momentum tensor it follows that 5A, = U’ ag, namely the transformation

of fields must be proportional to the 4-parameter ag. Therefore, we must solve for Ue,

_ 1
E"0A, + agd, (—Fp"Uf - erﬁFﬂvFﬂV =0 (2.34)
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Subtracting the two equations (2.33)) and (2.34) we have,
1 1
T S g R S e 2.35)

We have U = —F”,, and thereby recover the proper transformations for the Poincaré transla-
tion 64, = —F”, vag. More generally we can solve for dx, from the Noether identity and again we
have the requirement 6A, = —F v 0x,. Thus, if we consider the converse of Noether’s first the-
orem on the accepted 7#” (2.1)), the canonical transformation associated to the canonical
Noether energy-momentum tensor never appears in isolation! In other words, in the case
of electrodynamics, the converse of Noether’s first theorem confirms Method II as the method
directly associated to Noether’s first theorem. At the same time, we can now realise from the
vantage point of the converse Noether theorem that Method I simply uses the wrong symmetry
to begin with. The failure to recognise the properly adapted symmetry transformations leads to

the need to introduce — and justify, if possible — ad hoc “improvements”.

The lesson from electrodynamics generalises: Given a proposed energy-momentum tensor,
we learn through Noether’s converse which (if any) symmetries are linked to it; if there are none
linked to it, then the energy-momentum tensor cannot be derived directly from Noether’s first
theoremE] So, in cases like electrodynamics for which the canonical energy momentum tensor
lacks essential properties, we find that the improvements can be avoided by using Noether’s
first theorem properly (that is, by exploiting the complete set of variational symmetries of the
action) — and thus that there is nothing wrong with the Noether method to begin with. In cases
where the converse does not give symmetries linked to an energy-momentum tensor, we at least

learn that this energy-momentum tensor cannot be derived from Noether’s first theorem.

We should acknowledge that the approach we are advocating is not as straightforward in
case we do not already know the appropriate energy-momentum tensor for the relevant fields.
We have criticized the improvement approach because it apparently relies on knowing the
proper form of the energy-momentum tensor in order to find the appropriate improvement
terms; yet we also need to know the proper form of the energy-momentum tensor to apply
the converse. Although our exposition of Method II was based on a case where we do know
the energy-momentum tensor, we claim more generally that it gives a clearer account of the
relationship between symmetries and conserved currents. This can lead to a kind of reflective
equilibrium in assessing candidates for energy-momentum tensors and the associated symme-
tries. We will turn to just such a case in the next section, namely linearized spin-2 fields where

numerous energy-momentum tensors have been proposed.

31'This raises the question whether such an object earns the title of energy-momentum tensor in the first place.
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2.1.5 Applications beyond electrodynamics

Up to this point we have used electrodynamics to explicate Method II — but it has much
broader scope than this. As a matter of fact, a recent series of papers has shown how Method

IT applies to several classical, relativistic field theories, such as:

e (Source-free) Yang Mills [12]], with the Lagrangian Lyy = —;F¢,F4’. Applying Method
IT with the “mixed” variational symmetry 5Az = —F;,0x" (with 6x” = @) leads to the
energy-momentum tensor 7% = F Z’AF o i’l’”F 9 pF ;l‘o The energy-momentum tensor

. . . . 1 _ b .
is invariant under the gauge transformation 6,A,, = 9,6, + C , A 6".

e Linearized Gauss-Bonnet gravity [14,9], with the Lagrangian £ = J—t(RﬂmﬁR/“’“ﬁ —4R,,, R* +
RZ) The variational symmetry 6h,, = —2I",,0x, (with 6x” = a”) leads to the generally
accepted energy-momentum tensorE] which is gauge-invariant under the spin-2 gauge

transformation 8,7, = 8,&, + 0,&,.

Just as with electrodynamics, applying the mixed variational symmetry in each of these cases
leads directly to the accepted energy-momentum tensor. bakerthesisBHpaper discusses several
other cases as well.

What can then be said about the scope of the method? For a given gauge invariant La-
grangian density, an exact variational symmetry can be found such that the Noether current
associated to the Poincaré translation will be the physical energy-momentum tensor. Notably,
it is not a necessary criterion that the total symmetry transformation is gauge-invariant: Recall-
ing the decisive symmetry transformation in electrodynamics (as given by the standard
Lagrangian) is gauge-invariant, but the symmetry transformation is not always itself gauge in-
variant (e.g. linearized Gauss-Bonnet gravity). This means that the proper variational symme-
tries can not always be systematically obtained from requiring gauge-invariance of the proper
transformation, which showcases the restrictions of the procedure presented in section[2.1.4] In
other words, as an exactly gauge invariant symmetry transformation will only be sufficient but
not necessary for obtaining a gauge-invariant conserved current; Method II a la Bessel-Hagen
has a much wider scope than the method of [70].

Put the other way around, problems arise for Method II when: (1) we have a model that does
not have an exactly gauge invariant action, so that solving for the right gauge-transformation

becomes extremely laborious if not impossible, or (2) when the energy-momentum tensor is

2The field strength tensor is given by F,, = 0,44 — 0,Aq, + CahcAﬁAi where Cy. is the totally antisymmetric
structure constant.

33 Appearing in the Lagrangian are the linearized Riemannian tensor, defined as R = 1(9*0°h"™ + 8" 0" W —
OHO*hE — 9" 0Ph), and contractions of it.

HExplicitly, T = =R R’ |+ 2Ry R + 2R“'R", = RR™ + 11" (RupapR*'** — 4R, R™ + R?)
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questionable but the BH not applicable because there is just no gauge symmetry to begin with.
We will outline now how in both cases at least the Noetherian nature of the energy-momentum
tensor can be checked upon application of Noether’s converse.

With respect to (2), an interesting application of Noether’s converse is to reveal the im-
proved Callan-Coleman-Jackiw (CCJ) traceless energy-momentum tensor of the Klein-Gordon
theory (see [45]) as non-Noetherian relative to the standard LagrangianE] However, an energy-
momentum tensor that is non-Noetherian relative to some Lagrangian may be Noetherian to the
same Lagrangian up to a divergence term; this is exactly the case of the CCJ-energy-momentum
tensor (see [127]]).

Turning to (1), an appealing possible application of Noether’s converse regards the case of
the spin-2 Fierz-Pauli action where the gauge symmetry of the equation of motion (linearized
diffeomorphisms) is not an exact symmetry of the action; the action is only invariant up to a
boundary term (see [[14]]). Furthermore, there is no gauge-invariant energy-momentum tensor
for spin-2 gravity (see [140]) to begin with, so we cannot use gauge invariance to help pick
out a unique expressionm If an action is not exactly invariant such as in the case of spin-2,
generalizations of Noether’s theorem to symmetries up to boundary terms (i.e. the non-exact
symmetries method in [26]) must be applied; the application of these methods to spin-2 Fierz-
Pauli theory is the subject of future work.

To elaborate a bit on the issue: For linearized gravity (massless spin-2 gravity), there are
numerous proposals for T+ (see [28] for an overview). This ambiguity cannot be avoided
in, for example, attempts to derive general relativity from a spin-2 field theory that proceed
by taking the spin-2 field A, to be self-coupled. Which T#" should be added to the action to
represent this self-coupling? Here authors disagree on whether the Einstein field equations can
be derived from spin-2 Fierz-Pauli theory, to a large degree based on their choice of which
T+ to select (if they even grant that it is physically well-defined despite its inevitable gauge-
dependent nature). (See [163]] for a criticism, and [16] for a defense, of conventional wisdom
on this issue.)

Linearised (massless) spin-2 gravity is given by the (massless) Fierz-Pauli Lagrangian den-

sity

1
Ler=7 (0 M0 Y — Doigy 0 W + 20, hg, 0 IP — 20° W3 by,

oL

. . uy v _
with canonical Noether energy-momentum tensor T, = "L )

0" hop — the linearized

3We call an energy-momentum tensor Noetherian relative to £ if it is directly derivable from a variational
symmetry of £ via Noether’s first theorem.

36 Arguably, this jeopardises the application of BH method which is centrally about achieving a gauge-invariant
current.
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Einstein energy-momentum tensor gives exactly this canonical expression ([184]). Strikingly,
this tensor is neither gauge-invariant nor symmetric nor traceless. As we know from [140],
there is no energy-momentum tensor for spin-2 Fierz-Pauli theory that is gauge-invariant. Can-
didates for such “improved” energy-momentum tensors for linearized gravity usually presented
include, for example, the linearized Hilbert and Landau-Lifshitz expressions — both of which
can be obtained by adding the appropriate divergence of superpotential and terms proportional
to the equations of motion to 77" (see [8]). Strong adherents to Method I might then suggest
that since any such energy-momentum tensor (conserved on-shell using the spin-2 Fierz-Pauli
equation of motion) follows from the addition of improvement terms, that all such linearized
gravity energy-momentum tensors are in some sense connected to Noether’s first theorem. In
[8] it is shown that there are infinitely many such “improved” energy-momentum tensors for

linearized gravity.

A much more straightforward approach for spin-2 linearized gravity then is to apply the
converse of Noether’s first theorem to the various expressions in the literature as we did for
electrodynamics in the previous section. This would concretely determine which (if any) can
yield 6X; and 65,” symmetry transformations to prove a direct and meaningful connection to

Noether’s first theorem. Concretely, one would have to use the Noether identity

oL oL '\ 5 oL - \_
o~ e, hw)) Sy + 0, (rf L£5X; + méhw) =0 (2.36)

for each energy-momentum tensor and solve for 51_1,” in the same way we solved for the vari-
ational symmetries of electrodynamics in Section where 5@” = —GﬁhwéXﬁ + Ohyy. As
in the case of electrodynamics, the term proportional to the Lagrangian density (77" £) must
have a Lagrangian density £ which yields the spin-2 equation of motion in the Euler-Lagrange
equation — otherwise the energy-momentum tensor in question will not be associated to spin-2
Fierz-Pauli theory in the context of Noether’s first theorem, regardless of the transformations
we consider. Regardless of the outcome of this calculation we will have a strong statement
about the energy-momentum tensors for spin-2 theory in the literature: either that Noether
transformations can select a preferred expression, confirm numerous expressions can be ob-
tained from the Noether approach, or show that there is problems with applying Noether’s
first theorem to this model as a whole. If transformations can uniquely be solved for by the
converse of Noether’s first theorem, then we can say that a given expression can be directly
derived. If there is no solution, then a given expression cannot be claimed to be associated to
Noether’s first theorem for a particular Lagrangian density. Whether or not the various pub-
lished expressions can be directly obtained, regardless of outcome, will provide clear insight

into the relationship between the linearized gravity energy-momentum tensors in the literature
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and Noether’s first theorem. We note there are debates as to whether or not such programs are
even related to GR (see, for instance, [[173],165]]), but regardless this is an active topic that leads
to considerable confusion in both the physics and philosophy literature. This application of the

converse of Noether’s first theorem to spin-2 is the subject of future work.

2.1.6 Equivalence classes

Mathematics often draws finer distinctions than physics requires. Physicists typically treat a
unique definition of a fundamental quantity as necessary for understanding its physical signif-
icance, and this can conflict with the embarrassment of riches resulting from mathematicians’
drive to generalize. A natural response is to regard some range of mathematically distinguished
possibilities as falling within an equivalence class, such that physical interpretations need not
draw distinctions among its members. Recent philosophical discussions (see [36] in this vol-
ume) have argued that Noether’s theorem should be read as relating an equivalence class of
symmetries to an equivalence class of conservation laws. This suggests that the search for a
unique energy-momentum tensor we have been pursuing is misguided or unnecessary — we
should be satisfied with an equivalence class of energy-momentum tensors. In this section we
aim to adjudicate these questions regarding uniqueness and the appropriate criteria of equiva-
lence, or (perhaps more accurately) at least to survey some of the considerations that bear on
them.

There are two rather obvious notions of equivalence related to the results above then: First,
in the Noether identity (including vector field theories (2.2) such as electrodynamics), the ‘in-
side’ of the divergence on the right-hand side is only determined up to a term that disappears
identically when hit by a divergence. In other words, whatever is inside the divergence term,
it is only characterised by the Noether identity up to the divergence of a superpotential and
terms proportional to the equations of motion. This means that Noether’s theorem can be said
to only link a variational symmetry to an equivalence class of conservation laws in the sense
that two conservation laws are equivalent iff they differ by these superpotential terms (call this
superpotential equivalence)E] Secondly, going beyond mere formal considerations, a straight-
forward empiricist is naturally inclined to only take the divergences of the energy-momentum
tensor to be relevant: as you can only measure out solutions — i.e. what arises on-shell —,
all empirical data according to the straightforward empiricist is in the solutions; alternatively,
this data can be seen as codified into the dynamical equations and the space of possible initial
conditions (provided the problem is well-posed). On such a view, then, it is just consequential

to define two energy-momentum tensors to be equivalent iff they differ by superpotential terms

3CE. [36].
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and terms proportional to the equations of motion (call this empiricist equivalence)lig]

So far so good. But the evaluative question simply is: should we indeed treat the symme-
tries as determining only an equivalence class of energy-momentum tensors in the superpoten-
tial or even the empiricist sense? In electrodynamics, the empiricist equivalence class would
consist of tensors generated from the canonical tensor (2.9) by adding a general linear system

of superpotentials and terms proportional to the equations of motion:
1
TW = FRFY — Zn’”FaBF“B + C10, MY + CLA'E* + C3AME” + Canf” ALE® (2.37)

where P27 is the most general rank-three tensor defined in terms of the potential and deriva-
tives of the potential, with the required symmetry properties. We recover the standard expres-
sion by setting C,, = O (for all n). But even allowing C, to take arbitrary values, will still
satisfy the Noether identity (2.2). In the case of spin-2, any of the published energy-momentum
tensors can be obtained from the canonical Noether tensor by adding superpotential terms and
on-shell contributions [8]], leading to a collection of infinitely many energy-momentum tensors

in an equivalence class.

A positive answer to the evaluative question would contrast sharply with the common prac-
tice in physics of taking as the “correct” expression. One possibility is that physicists
simply choose one element of the equivalence class by convention or as a matter of conve-
nience. (If the elements of the equivalence class truly “represent the same physical situation,”
it would be a mistake to demand physical justification of the choice.) But this is not the position
one finds; instead, there are various claims to have established the uniquely correct physical
expression for the energy-momentum tensor for various classical field theories [95,76].

We can offer a more insightful explanation as to why this evaluative question should indeed
be answered in the negative by the practitioner than a mere conventionalist stance. First, simply
note that what we dubbed the empiricist equivalence builds on a heavily local sense of what
is empirically relevant: off-shell differences may not be empirically relevant classically but
they do for instance become empirically relevant upon quantisation (think of the Feynman path
integral picture). Furthermore, in the specific context of energy-momentum tensor, one might
gesture at that gravity does care about the absolute value of matter energy-momentum and that

we should thus do so then even outside of gravitational theories.

But much more importantly, and independently of empirical matters, it is simply a fact that

38To be clear: all of the thus equivalent energy-momentum tensors can be determined empirically (The com-
ponents of the energy-momentum tensors are functions of field values; so as long as one can measure out field
values — which is beyond doubt for classical field theories — the energy-momentum tensors can be measured
out.) But none of the thus equivalent energy-momentum tensors can be preferred on empirical grounds according
to the local empiricist.
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physical practice centrally relies on the adherence to non-empirical theoretical virtues — in-
cluding the imposition of guiding principles in order to comply with these Virtues{ig] From a
methodological point of view not only is it thus straightforward to reject the previously intro-
duced notion of empiricist equivalence — even the purely formally implied equivalence up to
superpotential in light of the Noether identity has to be dismissed as too coarse-grained. (In
practice, accepted physical conservation laws of standard field theories such as electrodynam-
ics and Yang-Mills theory are derived without requiring any notion of equivalence class. What
purpose does considering the equivalence class that satisfies the Noether identity serve if the
complete set of equations for the theory have already been uniquely obtained?)

The detailed argument runs as follows: a central methodological guiding principle in phys-
ical theory construction is that theoretical objects should contain as much information about
the theoretical context at play as possible (informativeness principle)m This guiding principle
can be seen as grounded in different virtues: most obviously, it manages to maximise the in-
formation content of the theory in its own right. It may also be seen as realising — possibly as
a by-product but this is not clear — other virtues such as the already hinted at connectability
to successor theories. In any case, given this principle, it is out of question to consider two
energy-momentum tensors as equivalent tout court just because they are dynamically equiva-
lent (in the sense that they are equal on-shell). More than that: it is also ruled out now to declare
energy-momentum tensors equivalent when only differing by rather trivial (since arbitrary) su-
perpotential and on-shell terms as they change the components of the energy-momentum tensor
itself.

So, if we are committed to the informativeness principle — as we take practitioners to be —
Noether’s theorem only seems to link specific symmetries to specific conservation laws — and
not to a whole class of conservation laws. It should be clear by now then that our points in the
previous sections about the relation between symmetries and conservation laws (say relative
to Method 1 and Method 2) are exactly methodological points under the assumption of the

informativeness principle.

2.1.7 Conclusions

Noether’s first theorem is one of the most celebrated results in physics. Yet, standard textbook
and literature presentation gives the picture that this method fails to derive standard physical
conservation laws: the canonical Noether energy-momentum tensor, which is derived using a

restricted condition placed on Noether’s first theorem, does not give the known physical energy-

3For a metaphysical reading of off-shell conservation expressions, see [135].
“0What we call informativeness principle, might also be re-cast as a principle of theoretical parsimony in the
sense that the available structure should be maximally informative so that no surplus structure has to be added.
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momentum tensor in foundational models such as electrodynamics and Yang-Mills theory. All
of this creates the impression that Noether’s first theorem, despite frequent praise in the scien-
tific community, is in some sense not working in practice for our most significant theories. We
hope that our presentation of the Bessel-Hagen method (Method II) has let the reader regain
confidence in the power of Noether’s first theorem when applied to exactly gauge-invariant
field theories: using the complete set of (mixed) symmetries of the action (both gauge and
coordinate symmetries), one obtains transformations that directly yield the known physical
energy-momentum tensor of electrodynamics and theories with a gauge-invariant Lagrangian
density more generally. No “improvement” of the energy-momentum tensor is needed to sup-

plement (nor actually advised for by) the Noether machinery.

In showcasing the proper application of Noether’s theorem in the context of exactly gauge-
invariant theories, we have, moreover, learned that the conventional wisdom that a specific
variational symmetry (namely the canonical variational symmetry) is linked to a specific con-
servation law by the Noether machinery after all remains true within the bulk of classical field
theory in practice. As we had already said in the introduction, one is free to question the link-
age by more theoretical counterexamples — but this is a question for another day. Yet another
interesting insight was gained along the way: contra common characterisations in the litera-
ture, Noether’s first theorem is not solely concerned with what we called canonical variational
symmetries exclusively but rather the complete set of symmetries of the action (this includes
gauge symmetries which are sometimes portrayed as being only associated to Noether’s second
theorem). We have used the converse of Noether’s first theorem as a method for emphasizing
this fact, as the canonical variational symmetries do not follow from the converse theorem for

the majority of accepted physical energy-momentum tensors in the literature.

Finally, there is a sense in which our overall message in favour of Method II could be
made even more strongly: Throughout the article, we had tacitly accepted the common theme
in the literature to pay special attention to the energy-momentum tensor over and above other
conserved currents in special relativistic field theory. This is important to note as it is quite
possible that many of the non-uniqueness and ambiguity problems associated to tensor conser-
vation laws are a result of limiting oneself to the case of energy-momentum tensor specifically,
and that the large variety of methods for energy-momentum construction compared to the other
tensors is rather an issue that may not be solved by treating the energy-momentum tensor as
a privileged standalone object. From the point of view of Noether’s first theorem and Method
IL, none of the standard conserved tensors (energy-momentum, angular momentum, conformal
and dilatation) are privileged compared to each other. Thus, if we agreed to consider only
methodology which links all of the conserved tensors of a theory to variational symmetries

simultaneously, Noether’s first theorem in the sense of Method II may give a much needed
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uniqueness in methodology akin to the Euler-Lagrange equation for an equation of motion.
Such a view, if adopted, has promise to end the various ambiguity and non-uniqueness prob-

lems associated to the energy-momentum tensor once and for all.
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2.2 Contemporary controversy with improving the canoni-
cal Noether energy-momentum tensor solved one hun-

dred years ago by Bessel-Hagen

2.2.1 Method II (the Bessel-Hagen method) Applied to Gauge Theories

In the previous article we discussed the problem with multiple distinct methods of applying
Noether’s first theorem to classical gauge theories, and argued that Method II (the Bessel-
Hagen method) is the proper application of Noether’s first theorem to physical theories based
on various factors (off-shell equivalence, no ad-hoc “improvments” required, the converse of
Noether’s first theorem, etc.). In Bessel-Hagen’s 1921 paper [26], he only performed these cal-
culations for classical electrodynamics. Other similar approaches have considered Yang-Mills
theory [153]], but formal application of the Bessel-Hagen method to various gauge theories
beyond electrodynamics have not been considered. In this article we will consider several ap-
plications of the Bessel-Hagen method, which verify its applicability to various completely
gauge invariant actions. We give the complete set of conformal conservation laws associated

to each model we consider, and discuss these results at the end.

This article is unique compared to the others in the PhD thesis, because what is included
in the PhD thesis is small fraction of the article which we have prepared to submit to a journal
in the near future (it is one of the two articles in this thesis that are not currently published).
The reason for this is that this article (in complete form) is a semi-historical, semi-review,
semi-philosophical, semi-mathematical and semi-physical 50+ page paper which covers the
history of Noether’s first theorem and the controversy around improving the canonical Noether
energy-momentum tensor, the Bessel-Hagen method, and associated conflicting results. These
historical, review, and philosophical aspects have been removed from the article included in
the PhD thesis for brevity (the thesis is already over 200 pages without this article included)
and because in the previous article [15] in Section[2.1|there is a lot of overlap which covers the
general introductory material required to understand what we include here. What we include
here is simply the application of Bessel-Hagen method to three models: Kalb-Ramond, Yang-
Mills, and totally antisymmetric fields of third rank. Note that we also used the Bessel-Hagen
method for the linearized Gauss-Bonnet gravity model in [14]. In this article, we follow the
notation of Bessel-Hagen, which differs from the previous article in that we refer to coordinate

transformation 6x™ as Ax”.
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2.2.2 Kalb-Ramond Field

We start our application of the Bessel-Hagen method with the Kalb-Ramond field: a sec-
ond rank totally antisymmetric field model. Historically totally antisymmetric field models
(Abelian generalizations) were introduced by N. Kemmer in 1938 [118]] before generalization
of electrodynamics to non-Abelian, non-linear, Yang-Mills theory was even published [196].
The gauge invariance of these models was mentioned first by Ogievetsky and Polubarinov
[162] and only later such models became a popular subject of research; antisymmetric tensor
fields are widely used in string models [[115, 154} [157]] and as well as in some supersymmetric
models [53), 152, [180].

The action of electrodynamics can be viewed as the first in a series of such (similar) mod-
els with contraction of independently gauge invariant “field strength” tensors, the next one
(which we refer to as Kalb-Ramond theory) being the Abelian gauge theory of a second rank

antisymmetric tensor A,, = —A,, with a vector gauge parameter 6,,

Apv - A,uv + apgv - avgya (238)
and the third rank field strength,
Fip = 04A,p + 0,A,, + 0,A,,, (2.39)

which is invariant under transformation (2.38)),

0oF 1y = 0, (2.40)
and totally antisymmetric in its three indices, F,,, = —F,,,, etc. The Lagrangian density is
analogous to that of electrodynamics:

(2) 1 V)
L7 = —EF,WF“ (o (2.41)

The Lagrangian density (2.41) is invariant under transformations (2.38)), 5yL® = 0, as well
as the equation of motion §3E® = 0, where E is the corresponding Euler derivative of (2.41)),

5L?

= E® =9 F"P, 2.42
5AL, N (2.42)

To have a more complete analogy with electrodynamics, we will also introduce the Bianchi

identity for this model,

0uFype — 0o Fyyp + 0pF gy — 0, F iy = 0. (2.43)
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Already in [118], the Lagrangian (2.41)) as well as the energy-momentum tensor,

1 (o7
T, = Fup,FF - EU#VF(,MF By, (2.44)

were given, although without discussion of gauge invariance, perhaps because the gauge rev-
olution had not started yet, and the energy-momentum tensor was given without derivation
[188]] — likely just by analogy with the known energy-momentum tensor of electrodynamics.
As in the case of the electrodynamic theory, the energy-momentum tensor (2.44) has a unique
property: it is gauge invariant. The lack of discussion or derivation of this energy-momentum
tensor is understandable, as in many cases, papers were not dedicated to conservation laws and
their derivations, or because application of the Noether theorem to classical field theories was
not a subject of heavy investigation in those years. Why such models are completely miss-
ing in recent review papers dedicated to Noether’s theorems and conservation laws is unclear
and remains to be mystery to us, especially because “canonical” conserved currents for this
model can be found in literature, e.g., [117] where the “canonical” energy-momentum tensor

and angular momentum were given by,

1
T/ﬁ/ = Fllﬁ)’A,ﬁvy - gnvaaﬁdeﬁy’ (245)
MG, = T oy = % T oy + FayeA,” = FarsA7, (2.46)

where Tﬂcv,
unlike the original ones in [118]]. In later publications the gauge invariant energy-momentum
tensor (2.44)) of [118]] can be found, e.g. in [188] but with no discussion, derivation or compar-

ison with a “canonical” one, published earlier [117]].

as in the case of electrodynamic theory, is neither gauge invariant nor symmetric,

The model exhibits a very strong similarity with electrodynamic theory: gauge in-
variance, a Lagrangian density quadratic in “field strength” tensor, and exact gauge invariance
of all equations of this model. This observation allows to simplify our analysis considerably.
Identical to our calculation for electrodynamics in [[15] we have the bar field variations propor-

tional to field strength as 0A,,,

Ay = —F e X (2.47)

We will also detail the Bessel-Hagen calculations for Yang-Mills theory later the article. We
can now use this form of the bar field variations in the Noether identity, as we did in Section [2.1
[15]. To simplify calculations we will use the compact form of the Noether identity [[159,160],

which is the Noether identity if not separated into the familiar Euler-Lagrange equation and
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Noether current,

6L+ 9, (Lax") =0. (2.48)

Using the Noether identity (2.48) for the group of coordinate Ax™ and field (2.47) transfor-
mations, we have the Noether identity for the Kalb-Ramond fields,

0 (=L Fue )

< 1 VT _
e 0, (5A2) + 0, (—EFWF“ Axp) =0, (2.49)

1
FP7'9, (Fopetx) = 20, (FoeF""2x) = 0.

Using the Bianchi identity the Noether identity (2.49) can be simplified to,

1
FPPAF 200X — & P 0y = 0. (2.50)

Until now we have worked with a general coordinate transformation Ax°. Recalling the 15

parameter conformal transformations from [15]],

AXy, = dy + waﬂxg + Sxy +2E, x5 — Ex, XY, (2.51)

we will now check that the Noether identity is satisfied for each of these parameters. For
translation, Ax’ = a°, d,Ax" = 0, and (2.50) is immediately satisfied. For rotation, Ax’ =
w”'x,, and for the Noether identity (2.50) we have,

1 1
FP" F o1, (0™x2) - < Fune P70, (W7 %0) = F7YF 10’ = < F e P70, = 0,

where both terms are zero: the second term due to the trace of antisymmetric w*, and the
first one is contraction of symmetric (F*"*F,,,) and antisymmetric (w™) parts. For dilatation,
Ax* = S x*, and for the Noether identity (2.50) we have,

1 1
L 8F,MFWTagS = FYF .S — 8F,MFWDS.

This will work only be satisfied in D = 6 (6 dimensions). Similarly for conformal transfor-
mations, Ax"T = 2&"x,x" — £ x,x”, for the Noether identity (2.50) we have,
1
2FTO—/1FO'/1T (€x,) — gzDF#VTFWT (&"x,) =0.

Conformal transfomrations also satisfy the identity only in D = 6. In all dimensions, we
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D(D+1)
2

and conservation of energy-momentum and angular momentum tensors. In D = 6, as is the case

have the Poincare group satisfying the identity (10 parameters in D = 4, or , In general)

for electrodynamics in D = 4, we have conformal group invariance (with 15 parameters in D =

(D+1)(D+2)
4, or —

, in general). Note that, like in electrodynamics, for “canonical” transformations
in D = 6 we also have conformal invariance despite the fact that the energy-momentum tensor
is neither symmetric nor gauge invariant.

To obtain conservation laws, we have to extract Euler derivatives (rewrite the Noether iden-

tity in terms of the Euler-Lagrange equation — Lagrange expressions in Noether’s terminol-
ogy) in (2.49)), that leads to,

_ 1
E7'6A, =0 [(—F;*Fm + ginFﬂmF“m) AXT

= & |T,enx7], (2.52)

where we immediately have the (correct) symmetric, gauge invariant energy-momentum

tensor for Kalb-Ramond theory for the 4-parameter Poincare translation Ax™ = a7,

1
Tpe = —F, ' Fope + 6n,,,F,WF“VC’, (2.53)

which is identical to the one postulated in [118]. No improvement terms or on-shell con-
ditions are required; it is directly derived from Noether’s first theorem. From (2.52), using the
remaining expressions for Ax™ from (2.51)), we derive the remaining conservation laws for the

angular momentum tensor,

Mp‘rv =1y Xy — Tpvx‘r’ (2.54)
dilatation tensor,
D, =T,x", (2.55)
and conformal tensor,
Coy = Tp2x,x" = Ty x, X", (2.56)

Note again that the last two (dilatation and conformal tensors) are only valid for this theory
inD =6.

2.2.3 Totally Antisymmetric Fields (Third Rank)

The third rank generalization for totally antisymmetric fields was also already given in Kem-

mer’s paper [L18] (see also [157], [S]). In four dimensions, we can not go further because a
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field strength totally antisymmetric in five indices vanishes identically, i.e., this is the last pos-
sible in D = 4. In higher dimensions we could consider higher ranks but this is outside of the
focus of this thesis. The Lagrangian density for the totally antisymmetric fields of highest rank
in D =4is,

1
L% = —gFWp(,F”"p", (2.57)

where the totally antisymmetric field strength tensor is,

Fipor = 0400 — 05Aup + 0pAcuy — OvA oy (2.58)

with totally antisymmetric potential A,,, = —A,,, = ... etc. The gauge transformation is,
Ay = App +0,6,, + 0,0, + 0,6,,, (2.59)
where the gauge parameter 6, is a second rank antisymmetric tensor 6, = —6,,. The field

strength (2.58)), Lagrangian density (2.57), and Euler-Lagrange equation,

oo _ S £(3)
" 6Aupo

= 0,F", (2.60)

are all independently and exactly gauge invariant (as is the case in electrodynamics and Kalb-
Ramond), thus we have 6¢F,,, = 0, 69pL = 0 and 0sE® = 0. The Bianchi identity for this

model is,

0uF ooy + 0, Fpo + 0o Fypyp + 0 F gy + 0y F piryy = 0. (2.61)

Again for the bar field transformations we have use the gauge freedom of the theory trans-

formations which are proportional to the field strength tensor,

5Aup = Foype A (2.62)

identical to the electrodynamics calculations in [[15]. Using this transformation to check the
Noether identity (2.48) we are left with,
0o Ay T 1 uvAo
—FP7Y8, (Foyetsx”) + 6, 5 Fune P77 037 = 0.
Performing exactly the same calculations as in the case of electrodynamics and Kalb-
Ramond we have gauge invariant conservation laws for the translation and rotation as well

as for full conformal group in a specific dimension (D = 8 in the case of this model). These are
identical to (2.53)) for energy-momentum, (2.54]) for angular momentum, (2.55)) for dilatation
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and for conformal (instead with the field strength tensor in (2.38))).

2.2.4 Yang-Mills theory

We will now consider the prototypical non-Abelian gauge theory, Yang-Mills theory [[196], to
show that the Bessel-Hagen method is not restricted to the Abelian gauge theories we have

considered so far. The Lagrangian density of the Yang-Mills action is,

1
Lyy = _ZFZva;V’ (2.63)
where F,, is the field strength tensor,
Fopy = 048y — 0yAuu + CapcALAS,. (2.64)

Here C,. is the totally antisymmetric structure constant (C,p. = —Cpqc, €tc.). Greek indices
W, v, ... refer to space-time (u = 0, 1,2,3), whereas Latin indices are internal, e.g., FZV is a
covariant second rank antisymmetric tensor. Index a (a = 1,2,3) in A7 and F}, counts fields
and their field strengths (we follow convention of Weinberg [191]). The gauge transformation
of AZ 18,

6pAgy = 0,0, + C A20° = D,6,, (2.65)

abc’
which is the gauge transformation of Yang-Mills theory (6, are arbitrary real functions of space-
time coordinates, D, is a so-called“covariant derivative”). The Euler-Lagrange equation (equa-
tions of motion) for the theory is,

) 0 0
= Lym _ Lym P Lyu = CpeALF" + 9,F = D,F*. (2.66)

¢ oAl 0A "9 (5V Aﬁ)

Neither the field strength nor Lagrange expressions for the Yang-Mills theory are exactly

gauge invariant (they are proportional to themselves 6gF 4, = CapcF’ j;vec and 6yE, = Cp E™6°).
However, because of these relations and antisymmetry of the structure constant, the Lagrangian
density is exactly gauge invariant,

59Fa Fr — ngéeFayv — CubCFZVFZVQC =0, 59-£YM =0,

uvt a

and also quadratic in field strength that makes it very similar with the other theories we con-
sidered, despite of non-linearity of the Yang-Mills Lagrangian and equations of motion
(2.66). The exactly gauge invariant Lagrangian density allows for straightforward application
of the Bessel-Hagen method — for application of Noether’s first theorem, invariance of an
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action is a nessesary condition as well as its invariance under gauge transformations that was
used in the Bessel-Hagen derivation, i.e., we have both these conditions in Yang-Mills theory.
From the treatment of previous models it is clear that the use of the Bianchi identities can

considerably simplify calculations. For the Yang-Mills field strength we have the identity,

D,F + DyF¢, + D,F, =0, (2.67)

As in the previous cases the bar transformation of fields is identically,

SAS = Fi,Ax, (2.68)

which we will calculate in detail at the end of this section. In fact, transformation (2.68)) in the
case of the Yang-Mills theory is not new and was considered by Jackiw [[110], although his pre-
sentation was very ad-hoc and connection to Noether’s first theorem was not explicitly demon-
strated or even discussed, but as the origin of such modification, the author referred to previ-
ous investigations of (extended) supersymmetric models; this so-called ”the gauge-covariant
translation”[60], naturally arises in the composition law for two infinitesimal sypersymmetry
transformations that involve infinitesimal space-time (coordinate) transformations. Note that
here is not just a translation, and Ax” are all infinitesimal transformations of conformal
group. The authors of [60] noticed that the Noether procedure for a covariant translation leads
to a gauge-invariant expression for the energy-momentum tensor, but following the convention
in the literature, turned in their discussion back to the “canonical” energy-momentum tensor
and corresponding Belinfante improvement.

The short ad-hoc presentation of [110] is probably the reason that this article, as well as the
proper transformations for Yang-Mills (2.68)), are usually not even mentioned in review papers
on conservation laws; even in the recent review [29], where an almost complete list of works
dedicated to direct application of Noether’s theorem was given (see [37-40,50] of [29]), the
paper of Jackiw (as well as Bessel-Hagen) are missing.

The most basic Noether identity for Yang-Mills includes self interaction terms thus we

have,

0(Lym) (< 0(Lym)
=M (SA =M
o) ) o)

Extracting the Euler derivatives (2.66) and rearranging (2.69) becomes,

0 (8Au1) + B, (Lywdx) = 0. (2.69)

0Lyum

ELSAS + 0, p (6 A“)
(TL]

SAS + Lyynsx | =0. (2.70)
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Using (Z:63). (Z:66). and (Z68) on (Z70) we have,

1
(angﬂ + CabCAf;FCP“) FoAx" + 9, (—FWF;’VMV - ZFijgvAxﬂ) = 0. (2.71)

Substituting each of the conformal transformations (2.5T)) into (2.71)) we find that the iden-
tity is satisfied for all Poincare group parameters for all dimensions, and for the full 15 param-
eter conformal from in D = 4. Gauge invariance is explicit by rearranging (2.71)),

1
ELFq AX =0, ((F““”Fjv + anFijjp) Ax"). (2.72)

The Lagrangian density is gauge invariant as well as the first term of (2.72)

8o (F* FS,) = 8 (F*') S, + F¥54F4, = Cape (F™ F, + F*'F},)6° = 0
This form is completely similar to electrodynamics, i.e. there is a gauge invariant, sym-
metric and traceless energy-momentum tensor 7% from the 4-parameter Poincare translation
AXY = a’,

Ap* a

1
T = F*'F$Y + 21Fi F¥. (2.73)

In D = 4, all Noether currents immediately follow for the specific values for Ax” (of the
15-parameter conformal group), similar with Abelian models where e.g. (2.54) was the angular
momentum tensor, (2.55) was the dilatation tensor and (2.56) was the conformal tensor, each
being in gauge invariant form built from the Yang-Mills field strength tensor (2.64)).

If we were to simply use the conformal transformations, the Noether identity is satisfied; we
have the 15-parameters group of transformations and all currents, despite of the non-symmetric,
non-traceless, and non-gauge invariant energy-momentum tensor that follows. All of the ex-
pressions due to Noether’s first theorem. The words of Bessel-Hagen are perfectly applied to
the canonical expressions for currents, that they “...are very long and complicated. But the
main lack of the relations is that they contain the components of the four-potential explicitly,
and not only via the combinations having physical significance”, or simply, as Jackiw wrote
[110], because “...the form of conformal currents is rather inelegant”. It would be difficult to

disagree with such a characterization.

Application of the Bessel-Hagen method to Yang-Mills theory

Using the Bessel-Hagen method we can determine gauge parameters that, together with canon-
ical transformations, lead to transformation (2.68). This was completed for electrodynamics in

[LS]]. For completeness, we briefly describe application of the Bessel-Hagen procedure to the
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Yang-Mills action. As in the case of the Maxwell theory, we can consider gauge transforma-
tions as a special case of Noether’s theorem with only transformation of a potential, which is a

gauge transformation with unspecified scalar functions,

AA,, = 84y, = 0,0, + C, ALGF. (2.74)

A

In such a case, with only transformations of fields, Noether’s identity (2.70) becomes,

E,AA!L =0, —MAA; . (2.75)
3 (0uAav)

The superposition of two (gauge and canonical identities) gives,

E,6A" = 8, (-F™ A% — 1, Lynx"), (2.76)

where,

SA™ = =08, (Ax:) AT + 0p04 + C 1 ADO — 0. A Ax". (2.77)

abc

For any value of gauge parameters 6, we will have Noether’s identity and conservation laws
with different Noether’s currents; any scalar constructed from Ax, and potentials will satisfy
the identity. Of course, the simplest scalar is 6, = A]Ax,, but any other will also satisfy the
identity, e.g., 6, = 0*Aj0,Ax, or 6, = AgAf,AZAxT, etc. Using the Bessel-Hagen method to

determine a gauge invariant energy-momentum tensor (Noether current) we can set,

—8p (8x7) AL + 8p0y + C o AL — 0:AgpAXT = Fpr AXT (2.78)
and solve for 6,
0, = ATAx,, (2.79)

that together with canonical transformations gives our (2.68). Among many mathe-
matically correct conservation laws that can be found using Noether’s approach for the Yang-
Mills theory, there is one that has physically important property of being gauge invariant and
corresponds to one (among many) very specific transformations that preserves invariance of
the Yang-Mills Lagrangian density. The same can be said for all of the models treated in this
article.
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2.2.5 Conclusions

The contemporary controversy surrounding the need to improve the “canonical” Noether energy-
momentum tensor is one which was solved by a contemporary of Noether, Erich Bessel-Hagen,
with her participation, in 1921. Decades later, with no English translation of this article and
other possible historical reasons outlined in this thesis, Bessel-Hagen’s work on deriving phys-
ical conservation laws from Noether’s first theorem was largely forgotten. A problem arose as
the next generation attempted to apply Noether’s methods to problems in relativistic field the-
ory; the resulting “canonical” Noether energy-momentum tensor was not what was expected
for known theories. Countless improvements were proposed to provide a temporary ad-hoc
fix to the problem and which could allow one to obtain well known energy-momentum ex-
pressions. In this article show that Bessel-Hagen’s procedure can be applied to several models
found in the literature beyond electrodynamics. Despite existence of a few later rediscoveries
of his result (e.g. [70, 153} 1155} [186l]), the Bessel-Hagen approach, in our opinion, remains
to be superior, in its clarity and generality, demonstration of direct application of the original
Noether formulation: providing a very uniform derivation for all conservation laws (not just
an energy-momentum tensor as it is often discussed); explicitly connecting both finite (co-
ordinates) and infinite (gauge) continuous symmetry groups and demonstrating that all steps
of derivation are just special cases of the original and very general Noether results. We also
pointed out that to choose conservation laws from a variety of possible mathematically correct
conservation laws, additional (physical) arguments should be involved (e.g. gauge invariance)
that for the considered in this paper examples allow one to determine unique expressions.

We would like to emphasize that the controversy surrounding the “improvement” of Noether’s
first theorem that has existed throughout the literature for some time had absolutely noth-
ing to do with Noether or any deficiency in her theorems; she made no attempt to apply
her theorems to specific models in her article, and any controversy that existed was created
externally to her analytic approach. The “canonical Noether” energy-momentum tensor ap-
pears nowhere in her article and she made no such contribution; the naming of the “canonical
Noether” energy-momentum tensor should more appropriately be referred to as the “canoni-
cal” energy-momentum tensor to avoid implying that Noether was in some way responsible for
this problematic non-physical expression.

There is a much more important question, which is directly related to the Noether and
Bessel-Hagen papers, the question about current treatment of conservation laws in physics, and
in particular, the question about equivalence of different approaches accepted and used in the
physics literature and Noether’s results. There are numerous different methods for deriving an
energy-momentum tensor which raises many ambiguity and non-uniqueness questions. These

questions will be the focus of the next chapter (Chapter 3) of this thesis.
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It would be more appropriate to rightfully use Noether’s name as ”Noetherian currents”
with a very specific meaning that should be clearly stated and easily understood: currents that
follow from Noether’ first theorem. There are standard terms (in Mathematics) with Noether’s
name attached, e.g., ”(non)-Noetherian rings” which is related to the main area of her research
(Algebra). In physics, we have a different situation: all relativistic classical field theory mod-
els have actions (variational problems), and in this sense they are all subjects of the Noether
theorems. This is not enough because of the existence of the variety of methods (for e.g.
energy-momentum tensor derivation) that do not have direct (if any) connection to the Noether
variational problem. Although in some simple cases they give the same results with Noether’s
first theorem, there is no general proof of their equivalence. Moreover, there are strong indica-
tions that there is no equivalence, as we discuss in Chapter 3 [[13]. Currents obtained by such
methods can be defined as Noetherian or non-Noetherian if they satisfy the Noether identity
for some choice of variational symmetries or if such symmetries cannot be found.

In our opinion, if we have some currents which are non-Noetherian, they should be rejected,
and before we use any alternative method, its equivalence with Noether’s theorems must be
proven in general (proofs for some very restricted cases is not enough to justify the frequent
general claims in the literature). However, if an opposite view prevails and physicists continue
to use (and accept) different results obtained by different methods that produce non-Noetherian
currents, then Noether’s theorems should not be called a “fundamental, great, important, major,
etc.” result by those who are using methods that contradict her methodology. The acceptance
of non-Noetherian currents for relativistic field theories and statements about importance of

Noether’s results are simply not compatible.



Chapter 3

Towards uniqueness of the

energy-momentum tensor

This chapter focuses on the problem outlined in Section |1.5.2] of the Introduction; the ambi-
guity in multiple contradictory methods for deriving the conservation laws (and in particular,
energy-momentum tensors) in Minkowski spacetime. Several methods exist, and due to the
coinciding results for simple models, they are all asserted to be “energy-momentum” tensors.
This chapter includes 3 articles which address this problem [[13} (10} 8]. The first article [13] in
Section [3.T] disproves the notion of general equivalence of the two most common methods for
deriving an energy-momentum tensor: the Noether and Hilbert methods, which was published
in Nuclear Physics B. The second article [10] in Section [3.2] explores the more general class
of energy-momentum tensors for the general linear system of Klein-Gordon Lagrangian den-
sities, proving several results related to the relationship of these expressions, which shows that
divergence of the definitions is possible even for the case of a scalar field theory. Finally [§]
in Section [3.3| the non-uniqueness problem of energy-momentum tensors in linearized gravity
is address and several results are presented, most notably that there are infinitely many expres-
sions that can be obtained from the conventional superpotential “improvement” method of the
canonical Noether energy-momentum tensor. This article has been published in the journal
Classical and Quantum Gravity. Together these articles highlight the problem of having nu-
merous distinct mathematical definitions for something which is supposedly the same physical
energy-momentum tensor 7#”. Only the first article [I3] in Section [3.1] is co-authored, and

details of the contributions are left to the Co-Authorship Statement.

73
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3.1 Noether and Hilbert (metric) energy-momentum tensors

are not, in general, equivalent

Abstract Multiple methods for deriving the energy-momentum tensor for a physical theory
exist in the literature. The most common methods are to use Noether’s first theorem with the
4-parameter Poincaré translation, or to write the action in a curved spacetime and perform
variation with respect to the metric tensor, then return to a Minkowski spacetime. These are
referred to as the Noether and Hilbert (metric/ curved space/ variational) energy-momentum
tensors, respectively. In electrodynamics and other simple models, these two methods yield the
same result. Due to this fact, it is often asserted that these methods are generally equivalent for
any theory considered, and that this gives physicists a freedom in using either method to derive
an energy-momentum tensor depending on the problem at hand. This ambiguity in selecting
one of these two different methods has gained attention in the literature, but the only attempted
proofs of general equivalence of the two methods are for at most first order derivatives of first
rank (vector) field theories. For spin-2, the ideal candidate to check this equivalence for a
more complicated model, there exist many energy-momentum tensors in the literature, none
of which are gauge invariant, so it is not clear which expression one hopes to obtain from
the Noether and Hilbert approaches unlike in the case of e.g. electrodynamics. It has been
shown, however, that the linearized Gauss-Bonnet gravity model (second order derivatives,
second rank tensor potential) has an energy-momentum tensor that is unique, gauge invariant,
symmetric, conserved, and trace-free when derived from Noether’s first theorem (all the same
properties of the physical energy-momentum tensor of electrodynamics). This makes it the
ideal candidate to check if the Noether and Hilbert methods coincide for a more complicated
model. It is proven here using this model as a counterexample, by direct calculation, that the

Noether and Hilbert energy-momentum tensors are not, in general, equivalent.

3.1.1 Motivation

The energy-momentum tensor of a physical field theory is an expression of fundamental signif-
icance to a physical model. In electrodynamics, for example, it compactly expresses familiar
conservation laws and the Lorentz force law upon differentiation. However, the procedure to
derive an energy-momentum tensor from a Lagrangian density is not unique. Several meth-
ods for deriving this expression can be found in the literature. We will focus on the two most
common procedures for deriving an energy-momentum tensor in Minkowski spacetime, the
Noether and Hilbert methods [29]]. Methods such as the Fock method |75, 28]] will not be dis-

cussed in this article, as they don’t involve a procedure to derive the energy-momentum tensor
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from a Lagrangian density.

For a recent summary of the Noether and Hilbert methods, we will refer the reader to the
paper by Blaschke, Gieres, Reboud and Schweda ‘The energy-momentum tensor(s) in classi-
cal gauge theories’ published in Nuclear Physics B in 2016 [29]]. We will refer to the paper as
BGRS [29] due to the frequent reference to their paper our article. The BGRS paper has an
extensive summary of the literature, so we suggest turning to BGRS [29] and the references
therein if the reader is unfamiliar with these topics. It is well known that for a vector field (elec-
trodynamics) and for a scalar field (Klein-Gordon), the Noether and Hilbert methods coincide
with the same energy-momentum tensor. In BGRS [29] the authors address this question for
Yang-Mills and spinor fields and conclude again that these are equivalent from both Noether
and Hilbert approaches, yet again those are models with at most first order derivatives of a
vector potential in the action. Any attempted proof of equivalence of the Noether and Hilbert
methods has been limited to simple models with at most first order derivatives of a vector
potential in the action [32, 176, [76, (133, [170]. Unfortunately none of these authors consid-
ered a more complicated model to test the equivalence, as it only takes one counterexample to

disprove the notion of general equivalence; this is what will be provided in the present article.

In this article we will focus on the very specific question: for more complicated models
in Minkowski spacetime, do the Noether and Hilbert methods yield an equivalent result? In
other words, do actions with higher order derivatives and higher ranks of tensor potential, such
as the linearized higher derivative gravity models, yield the same energy-momentum tensor by
following the Noether and Hilbert procedures. The ideal candidate to explore this question,
spin-2, is problematic because it has been proven that there exists no gauge invariant energy-
momentum tensor for that model [140]], and there is no generally accepted unique energy-
momentum tensor for the theory, as many exist in the literature [163, 28]]. This issue has
come to the forefront recently regarding the necessity to have a well defined energy-momentum
tensor for the spin-2 field to self couple in the standard spin-2 to general relativity derivations
[163, 41, 163, 28]. Therefore it is not clear which expression one hopes to obtain from both
the Noether and Hilbert method for spin-2 as in the case of electrodynamics where a single,

accepted physical tensor exists.

A more complicated ideal candidate does exist, in the form of the linearized higher deriva-
tive gravity models, that is the models built from the contracted linearized Riemann tensor
R,osR*", Ricci tensor R,,R* and Ricci scalar R*. These relativistic models in Minkowski
spacetime have second order derivatives of a second rank symmetric tensor potential 4, in
the action (terms of the form dohdoh). In particular, we will consider the energy-momentum
tensor for the linearized Gauss-Bonnet gravity model, which has been well known to string

theorists and other researchers for some time [156]. This expression has been shown to be
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derived from Noether’s first theorem [14], and it is unique, gauge invariant, symmetric, con-
served, and trace-free; all the properties of a physical energy-momentum tensor as defined by
BGRS [29]. It is these properties of electrodynamics that allows the equivalence between the
Noether and Hilbert methods to be accurately concluded. Using this example of the linearized
higher derivative gravity models, and in particular the linearized Gauss-Bonnet gravity model,
we give a proof by counterexample that the Noether and Hilbert energy-momentum tensors
are not, in general, equivalent. We then outline why this result will hold for higher order of
derivative/ higher rank of tensor potential models more generally. If several methods exist,
and they do not generally yield the same result, it is an issue of fundamental significance as to
which method is truly allowing one to derive physical results for any general action, and which

happen to coincide for actions of simple physical models.

3.1.2 The Noether and Hilbert methods for deriving energy-momentum

tensors in Minkowski spacetime

From Noether’s theorem the energy-momentum tensor for electrodynamics was directly de-
rived by Bessel-Hagen in 1921 [26]], without the need for improvements, by considering the
gauge symmetry of the action. Several other authors came to a similar conclusion later [39,
153,770, 1535)], apparently unaware of Bessel-Hagen’s paper, which was only recently translated
into English [108]]. If the action is exactly gauge invariant, this procedure derives the physi-
cal energy-momentum tensor for the theory without the need to add any ad-hoc improvement
terms to obtain a gauge invariant expression. In BGRS [29]], the authors outline this procedure
in section 2.2.2, but without referring to Bessel-Hagen, only to [153,[70,[155]. We will refer to
this as the Bessel-Hagen method because he was the first to present this procedure, and in our
opinion, in the clearest and most direct way based on Noether’s original work.

It is important to briefly mention the ‘improvement’ of energy-momentum tensors derived
from Noether’s theorem in the literature, due to its widespread use. Various improvements
exist and are well summarized in BGRS [29]]. Conventional wisdom states that one can improve
Noether’s energy-momentum tensor when the result one obtains from Noether’s first theorem is
not the physically accepted expression for the energy-momentum tensor. This involves adding
terms which do not follow from Noether’s theorem in order to obtain the desired result. Since
the Bessel-Hagen method derives the correct, physical expressions directly from Noether’s
theorem without the need to add any termes, it is not really an ‘improvement’ (no ad-hoc terms
need to be added), rather it is the correct derivation intended by Noether, who is cited as giving
Bessel-Hagen the ideas for his paper. We note that the most common improvement found in

the literature is the Belinfante method [23]], designed to build a symmetric energy-momentum
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tensor from the non-physical ‘canonical Noether’ energy-momentum tensor. This improvement
does not guarantee gauge invariance of the energy-momentum tensor, a deficiency addressed

by a new improvement procedure of BGRS [29]].

This sentiment was summarized in BGRS [29], namely the importance of a gauge invariant
energy-momentum tensor for theories considered physical, and the deficiencies of the Belin-
fante method [23l]: ‘If one considers gauge field theories in Minkowski space as we do in
the present article, then the EMT [energy-momentum tensor] necessarily has to be gauge in-
variant due to its physical interpretation. However, Belinfante’s improvement procedure does
not yield a priori a gauge invariant EMT when applied to gauge theories, and in addition it
does not work in the straightforward manner for the physically interesting case where matter
fields are minimally coupled to a gauge field.’ In the cases of electrodynamics and linearized
Gauss-Bonnet gravity, the accepted physical, unique, gauge invariant, symmetric, conserved,
and trace-free expressions are obtained from the Bessel-Hagen method, so there is no need to

add improvement terms to the Noether result for these models.

Noether’s first theorem is used to derive conservation laws by considering the action § =
f Ldx to be invariant under simultaneous variation of the coordinates dx, and fields 6@, (where
L(Dy,0,D4,0,0,Dy,...) is the Lagrangian density, A represents any rank of tensor potential
®,andd, = % is abbreviated notation for a derivative). From Noether’s first theorem we have

the relationship between the Euler-Lagrange equation and some total derivative [[159, 124, [88]],

0L oL 0L
(6d>A - 8ﬂa(aﬂ®A) + aﬂaw—a(aﬂaw%) + ... )5<I>A
. s s oL )
+ aﬂ (T]H _l:éxv + m(Sd)A + m@,&m - [awm] (Sq)A + ... ) =0. (31)

Using Equation (4.20) and the Bessel-Hagen method we can derive the standard energy-
momentum tensor T4’ = FrF”, — 17" FozF for electrodynamics (with the field strength
Fo3 = 0,Ap — 03A,) from Noether’s theorem by use of the 4-parameter Poincaré translation
and gauge invariance of the action, where subscript N will be used to identify any physical
expression derived from Noether’s theorem.

The other most common procedure for deriving an energy-momentum tensor in Minkowski
spacetime is the Hilbert method, sometimes referred to as the metric energy-momentum tensor,
curved space energy-momentum tensor, and even variational energy-momentum tensor. A
good summary of this method is found in BGRS [29], Section 3 ‘Einstein-Hilbert EMT in
Minkowski space’. The authors refer to this tensor as the metric energy-momentum tensor in

their article. The Hilbert energy-momentum tensor is derived by writing the action in ‘curved
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space’ by replacing all ordinary derivatives with covariant derivatives d — V, replacing the
Minkowski metric with the general metric tensor 7 — g, and inserting the Jacobian term +/—g.
After expressing the action in this form, the variation with respect to the general metric tensor

is performed,

L 9L v ha,
68 0%y 0008y 00008y

Once the variational derivative is found from this procedure, it is then ‘returned to flat

(3.2)

space’ by replacing the metric tensors with the Minkowski metric, yielding an energy-momentum

tensor of the form,

w_ 2 oL
" V=8 5gyp g=n
Note that this definition is given in equation (3.18) in BGRS [29], where we take the +

(3.3)

instead of — expression here so that the signs match the derivation for electrodynamics in the
following section (both signs can be found throughout the literature depending on convention).
The subscript H will indicate what is derived from the Hilbert method. Remarkably, for elec-
trodynamics, these two expressions coincide 7’ = T,/. Due to this coincidence, and the fact
that electrodynamics has a unique physical energy-momentum tensor accepted in the litera-
ture, it is tempting to assert general statements about their equivalence. Other simple models
amplify these sentiments, leading to the belief that the results of these methods are in some
sense generally equivalent. However, they have only been reconciled for simple scalar or vec-
tor fields and first order derivatives in actions. Higher order of derivative, higher rank of tensor
potential models, such as those presented in this article, have not previously been considered
to verify the general equivalence of the Noether and Hilbert methods.

In BGRS [29]], the authors remark about the Noether tensor TK,p (including improvements)
vs. the Hilbert tensor T, by stating ‘This definition of the EMT in Minkowski space is concep-
tually and mathematically quite different from the one of T’ Y] which we presented in section
2 and which follows from Noether’s theorem (eventually supplemented by an improvement
procedure to render the canonical expression of the EMT symmetric in its indices or gauge
invariant, or both symmetric and traceless).” They go on to consider at most first order, vector
models as is common in the literature ‘In the following, we will show that the two definitions
for the EMT’s of YM-theories in Minkowski space, [...|which results from the coupling to grav-
ity, and the improved EMT [...lwhich follows from Noether’s first theorem supplemented by the
“gauge improvement” procedure, coincide with each other’. We note that the Bessel-Hagen
method can be used to derive the physical energy-momentum tensor for electrodynamics and

Yang-Mills theory directly from Noether’s theorem without the need for any improvements.
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This is why a higher derivative model, such as a linearized higher derivative gravity model, is
so important to consider. To explore the question of general equivalence between the Noether
and Hilbert methods, we must check if they coincide beyond simple physical models that we

already know.

3.1.3 Equivalence of the Noether and Hilbert expressions for classical

electrodynamics

Before comparing the Noether T and Hilbert T}/ for the linearized Gauss-Bonnet model, it
is best to recap the equivalence 7 = T, for electrodynamics, to show how to perform these
derivations for a simple model before moving on to the higher order case. The physical energy-
momentum tensor for electrodynamics, which was known before the publication of Noether’s
theorems, was first derived by Bessel-Hagen in 1921 [26]. Using equation (4.20), he derived
this expression directly from the standard electromagnetic Lagrangian density £ = —iF Y
for the field strength tensor F,z = 0,As — 0gA,. For a theory with a Lagrangian built from
terms quadratic in first order derivatives of a vector potential, Equation (4.20) simplifies to,
oL

oL o
(ay 7@, Av))dAV =0, (n Lox, + o= ayAv)éAV), (3.4)

where the equation of motion (left hand side) forms an identity with the conservation

law (right hand side). For a conformally invariant theory such as electrodynamics the 15
parameter conformal group of transformations that will leave the action invariant is dx, =
a, + waﬁxﬁ + 8 Xo +2&,x, X" — &, x,X”. The first term, the 4 parameter translation of the Poincaré
group, is the ‘symmetry’ that corresponds to energy-momentum tensors derived from Noether’s
theorem. The transformation of fields 6A, that leave the action invariant are defined generally
for Noether’s first theorem as 04, = 0A), — éWAyéxB (159, 124, 26, [88]. The first term, JA;,
is related to field transformations that leave the action invariant (ie the spin-1 gauge trans-
formation); this was neither discussed nor specified by Noether and could be anything (i.e.,
gauge symmetries) that preserves invariance of the action. Bessel-Hagen showed that using

gauge invariance of the action to define 0A;, that the transformation of the potential is exactly

0A, = F,,0x". Inserting this, 6x, = a, and % = —F"” into Equation (3.4) we have,
yAy
1
(-0,F")0A, = a,0, (FV"F"V - Znyf’F(,ﬁF”ﬁ). (3.5)

Therefore the energy-momentum tensor for electrodynamic theory Ty = F"' F\,—1n* F,zF#
is derived directly from Noether’s first theorem.

The Hilbert energy-momentum tensor for electrodynamics is derived by equation (3.49) af-
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ter expressing the standard Lagrangian in curved space form, namely replacing the Minkowski
metrics with the metric tensor, replacing all ordinary derivatives with covariant derivatives
0 — V, replacing all Minkowski metrics with general metrics  — g, and inserting the Ja-
cobian +/—g. Starting by re-writing the field strength tensor in terms of covariant derivatives
FZV =V,A, -V,A, =0,A, - F/‘ija - 0,A, + FffyA( = F,,, we see that the I" part exactly
cancels itself, recovering the original field strength tensor. It should be noticed that for higher
derivative models of higher rank potentials, many extra I parts remain without cancellation,
creating many more terms in the final energy-momentum tensor. This is likely part of the rea-
son why for simple models the two methods T}’ = T;; coincide. Therefore for the curved

space Lagrangian density we have,

1
L= - V=88 " FopF . (3.6)

This simplifies the Euler derivative to just including derivatives of the metric, leaving for the

Hilbert energy-momentum tensor T}, = \Zﬁ By |q=y- Taking the derivative with respect to the
metric, we use 2% = 1¢" \/=g and gﬁﬁ = —1(gP'g" + g"'¢"). Performing this differentiation
we have ‘pr =1 \/ SFosF (8P g g7 — 187 g ¢). Therefore T} = \/% (;ZLP lg=y = F7FF, —

11° FopF® which exactly coincides with what is derived from the Noether method, T3 = Tjr .

The fact that the two derivations yield the same result is of fundamental interest since
the two methods are mathematically quite different, as the authors of BGRS [29] noted. The
problem is, these two expressions are only ever calculated for simple models with first order
derivatives of at most a vector potential in the action. Both attempts at a general proof [76,170]
also rely on these simple models. We will now consider the linearized Gauss-Bonnet model
which has a physical, unique, symmetric, gauge invariant, conserved and trace-free energy-
momentum tensor derived using Noether’s first theorem, as in the case of electrodynamics. As
we will see, this greatly complicates the Hilbert expression due to second order derivatives and
second rank tensor potential of the model, yielding a proof by counterexample that the Noether

and Hilbert energy-momentum tensors are not generally equivalent.

3.1.4 Non-Equivalence of the Noether and Hilbert expressions for Lin-

earized Gauss-Bonnet gravity

We will now consider the linearized Gauss-Bonnet gravity model (a relativistic model in Minkowski
spacetime) that has a well known energy-momentum tensor derived from the Noether method.
Here we will derive the Hilbert (metric) energy-momentum tensor in Minkowski spacetime as

outlined by BGRS [29], and compare to the Noether result to see if they are truly equivalent
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for this more complicated model. The Lagrangian density for this model is

1
L= Z(RmﬁRWﬁ — 4R, R" + R?), 3.7)

where the scalars are built from contraction of the linearized Riemann tensor Rz, Ricci
tensor R, and Ricci scalar R:

1
Ryva,B — E(ayaﬁhva + avaahﬂﬁ _ aﬂaahVB _ 8V8Bhﬂa)’ (38)
1
R = uR" = (@ 0N, + 90"y, — 0h” — 9P h), (3.9)
R = nsR” = 9,0, — Oh. (3.10)

Each of these R’s will indicate these linearized expressions unless otherwise noted. The
energy-momentum tensor for Gauss-Bonnet gravity has been well known to string theorists

and other researchers for some time [[156],

1
Ty = —R¥R’,,, +2R,zR*” + 2R*'R", - RR"" + Zn‘”V(RWBRWB — 4R, R +R?). (3.11)

This energy-momentum tensor is derived from Noether’s first theorem, equation (4.20), for
the linearized Gauss-Bonnet gravity model [14]. It is the unique, symmetric, gauge invariant,
conserved and trace-free expression for the model, all properties of a physical energy momen-
tum tensor as defined by BGRS [29]. This allows for an accurate comparison to be made
between the Noether and Hilbert energy-momentum tensors, as in the case of electrodynamics.
Since a uniquely defined Noether energy-momentum tensor can be derived from an action with
second order derivatives and a second rank tensor potential, of the form d0hdoh, this model is
the ideal candidate to test equivalency with energy-momentum tensor derived from the Hilbert
method. We will perform this derivation with free coefficients,

L = AR,opR*™ + BRgR" + CR?, (3.12)

in case the reader is interested in the Hilbert energy-momentum tensor for other linearized

modified gravity models. Expanding the Lagrangian in Equation (3.12)) in terms of Equations
(3.8), (3.9) and (3.10) we have,
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L = A(0,0,hop0" 0" — 20,0, 143" 0" WP + 0,0,hap0" P H")
1
+ ZB(aﬂaﬂhaﬁavthaﬁ +20,0,h3050° W — 40,0,h;0,0" W

+ 0,,0,h0 0" Wy — 40,,0,h30" ' + 20,0, 00, + 20,0, h0P 0, ")
+ C(0, 0 10,0,,0° My — 20,0, 1" 000" Hy + 8,0, 0,05hF).  (3.13)

This is the expanded form of the Lagrangian density which we are using to compare
the Noether and Hilbert methods. In other words, we are considering a relativistic model
in Minkowski spacetime with terms 00hdoh in the Lagrangian density. The Hilbert (met-
ric) energy-momentum tensor in Minkowski spacetime has been considered for many mod-
els before, for example the spin-2 Fierz-Pauli Lagrangian density [74] (see also [28| [163]),
Lrp = {007, — Do, 0" WY + 20, hg, 0 WP — 20°H;0"h,,]. In [74] Fierz and Pauli devel-
oped this action without reference to general metric spacetimes, it is a purely relativistic field
theory in Minkowski spacetime. The spin-2 Hilbert energy-momentum tensor was calculated
by [28] in their Equation 30. It should be emphasized that £, is a symmetric second rank ten-
sor field of a special relativistic (Poincaré invariant) field theory in Minkowski spacetime; these
h,,, have no explicit or implicit dependence on the metric g,,. The same goes for the linearized
Gauss-Bonnet gravity model. For the purpose of our disproof, this is just a relativistic model in
Minkowski spacetime with derivatives of a second rank symmetric tensor potential /,, in the
action (the d9hdoh in Equation (3.13))). We use this model because it is sufficiently nontrivial
to show that applying both the Noether and Hilbert methods to a common Lagrangian density
can yield different results. These results hold more generally for other such nontrival models
(higher order derivatives, higher rank of tensor potential), as outlined by the Reasons 1-3 in

Section 5. We will now calculate the Hilbert (metric) energy-momentum tensor for this model.

Expressing the Lagrangian in terms of the metric and covariant derivatives

In order to derive the Hilbert energy-momentum tensor, we must replace in Equation (3.13)
all ordinary derivatives with covariant derivatives 0 — V, replacing all Minkowski metrics
with general metrics 7 — g, and inserting the Jacobian term +/—g to this action. In order for
brevity, we will write Equation (3.13) compactly as Equation (3.12)), thus the Lagrangian takes

the form,

L=A=gg"g" g ¢¥ R}, Ryp + BV—-88" "R\ 4R}, + C\—gR'RY, (3.14)
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where a superscript V indicates that in the expressions from Equations (3.8)), (3.9) and
(3.10), the linearized R***, R” and R have their ordinary derivatives are replaced by covariant

derivatives,

1
R,ZWYﬁ = E(V#Vahvﬁ +V,Vshuo =V, Vgh,, = V,Vohyg). (3.15)
Note that both Latin and Greek indices represent 4 dimensions (a,b,--- = 1,2,3,4 and
a,B,--- = 1,2,3,4). For the Ricci tensor, since it is defined in terms of the Riemann tensor

R, = "*R,,qp, We can express the covariant form in terms of the covariant Riemann tensor
R}, = g"°R), 5 Similarly, the Ricci scalar can be expressed as RY = g"”g“’R} .. This allows

the Lagrangian to be expressed entirely in terms of the metric and R,szﬁ of Equation (3.15)),

-E — \/__g(Agaugbvgcagd,B + Bgacguagvbgﬁd + Cgvﬁgu(rgbdgaC)szaﬁRZth. (3 16)

Since we require the Euler derivative for the Hilbert energy-momentum tensor 7,/ =

L 3L} it is necessary to write RY _ in terms of the metric and its derivatives. Therefore
\/% 5&’7;7 uvaf

8=
we require the second covariant derivatives of the tensor potential A,,

V. (Vahyg) = 8,(Bahyp = Ui hap = Toghya) = Ui (Oalug = T hys = Tphyy)
=T, (Balag = T4 hog = Toghay) = Tig(@ahva = T oy = T hyy), (3.17)

where '}, = 5¢"(=0u8yp + Op8ur + 3,8p) is the Christoffel symbol of the second kind.

Since this term appears four times in RY

g We are left with,

1
R}, 510y = U0 hap = Toghya) = Ui (@ahys — T hyg — T shy,)

Hve T
= T, (Bahap = T g = U6 ghap) = Uyp(@ahiva = T hpr = T Byp) + 8, Ophye — Tg e = Tgoahyua)
N Fﬁﬁ(aﬂhﬂfl - rﬁyhpa - rgahﬂp) - rjy(aﬁhm - r;puhpa - Fgah/lp) - r‘/}a(aﬁhyﬂ - rgﬂhp/l - FZ Ahﬂp)
= 3u(phve = Ty haa = Tgohia) + U@ty = T pe = T4 ) + T (Ophae = T pa = U i)
+ Do @phva = T hoa = T o) = 8Bahyp = Tahap = Taghya) + T (Oalys — T4 s = T ghy)

+ T, (Dol = T4 g = T sy + Upg(Baltyun = T, hon = T )] (3.18)

(o4

Expanding this expression is a bit tedious. Many terms cancel, and combine. Familiar terms

here, the Riemann tensor Ry, = 9,[%, — 9,1, + FZ Iy — T I, and linearized Christoffel

symbol I'yo = 3(=0ahyq +0ohay+8,has), allow for Equation (3.18) to be expressed much more
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compactly as,

RV

uvaf =R

Hva 2 a;lv

=203, Uayp = 20550 ave + 200, Dy + 20T e + Tl hpr = T T pa. (3.19)

1
h/w + = ﬁﬂvh/lfl

We now make an important note that can save the reader many pages of calculations. The
Hilbert energy-momentum tensor requires us to replace the metric tensor with the Minkowski
metric after variation g — 1. Therefore any derivatives of the metric that remain after variation
will be zero upon differentiation. Some terms in the Lagrangian, namely those of the form
IT (not ', because these are the linearized expressions) will all vanish upon g — 7. Due to
this fact we will neglect such terms from R

pvap>
For clarity this will be labelled R;’Xw for the terms which contribute to the Hilbert energy-

as they will not contribute to the final result.

momentum tensor,

1 _
RN 5 = Ruvap— 2(6 rd ayrﬁa)hmi(aﬂr S L] KR BIE] MR D) SN W) R B
(3.20)

HY HY
vaaﬁ R abcd*
The vast majority of terms in this expansion will have a I'T" contribution. Therefore keeping

HV pHV
RuvafﬁRabcd’

This expression can be further ’simplified’ by noting that the is multiplied by

only those which will be nonzero after variation for we are left with the Lagrangian,

L= V=g(Ag"g" g g" + Bg“g"g" g™ + Cg"¢" g" ¢")RunapRavea
- 2rvaRabcdepB - ZFﬁﬁRabcdl:/lva + 2rﬁaRabcdfﬂvB + zrﬁﬁRabcdl:/lua
— ZFZCRuvafﬂl:‘yad — ZFZ dRyvaﬁfybc + ZFZCRyvaﬁfybd + 2FZ dRyvaﬁfyac
1 1 1 1
- Ea,urfaRabcdh/llB + EavrﬁaRabcdh/lﬁ + anriﬂRabcdh/la - EaerﬁRabcdh/la

1 1 1 1
- EaaFZCRﬂmBhyd + EGbFZCRﬂmﬁhyd + EaaerRﬂyaﬁhyc - EGbFZdeaﬁhyc). (321)

The Lagrangian terms are sorted as follows. The first line is terms which will be nonzero

oL
gy

and g — n, the fourth and fifth lines will be nonzero after d:0

after differentiation and g — 7, the second and third lines will be nonzero after 0

w 6(3 gyp)

w—a(ﬂ do) and g — 1.
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Taking the Euler derivative of the Lagrangian

oL _ oL _ __oL
Recall that we require the Euler derivative oy 02y wﬁ(ﬁwgw) + 00, X 5§ Pt in order to

derive the Hilbert energy-momentum tensor. Performing the differentiation of the relevant

parts, first with respect to the metric, the nonzero terms after g — 7 are,

8‘5 6 _g a V CYC Vi @ _dac @ Vi ac
— = —"[Ag"g" g™ ¢ + Bg"g"g" g + Cg" " g 8" 1R napRabca)
08yp 08yp

0 0g” 0
+ \/__g[ A g vb ac gﬂd + A gpa g g(u gﬁd + A ,ua vb gﬂd + A g;za gvb garc
YP 98y 98y

g

g  ac Vi ag @ dac Vi g ac Vi (04 agaL
gﬂdg” + B —=—g""¢" + Bg bgﬂ"—g + By g’ gh =—
agw 0gyp 08yp
0 6 8 ac (9 bd
+C2— g gvﬁgacgbd + Cg,u gacgbd + Cg,uagvﬁ 8 gbd + Cg,u(lgvﬁgac g_](vaaﬂRabcd)-
08y 08yp 08yp 08yp

(3.22)

\/7

Inserting o

and , and expanding all brackets, we are left with the following expres-

sion,

0L
0gyp

1
— _5 \/__g(_Agypgpa vb acgﬂd_l_Agypgpa vb acgﬂd+Agp;1gya vb acgﬂd

+A gyb gpv g,ua ac gﬂd +A gpb gyv g,ua ac gﬁd + A gyc gp(z gya gvb gﬁd +A gpc gyoz gya gvb g,Bd
+ Agydgpﬁ ya vb a/c + Agpdgyﬁg;mgvbgac Bgypgvbgﬁd ya ac 4 Bgybgpvgﬁd ya ac
+ ngbgyvgﬂd ,ua ac 4 Bg'ydgpﬁgvbgﬂagac + ngdgyﬁgvbgﬂagac + Bg'y,ugpagvbgﬁdgac
+B gpy gy(y gvb gﬁd gac +B gyc gpa gvb gﬁd g;uz +B gpc gya gvb gﬁd Ha C gyp g;ur gvﬂ gac gbd
+ ngpgpa Vﬂgac bd + Cgppgya V,B’guc bd + ngﬁgpvgyagacgbd + Cgpﬁgyvgpagacgbd
+Cgrghg g g™ + Cgg" g g g™ + Cg"'g" g g g + Cg"'g"" 8" 8" 8"\ RuvapRavea)-
(3.23)
To write this expression more compactly we express the terms proportional to A as g} avbacd _
_ gyp g,ua gvb gac gﬁd + gyy gpa gvb ga/c gﬁd + gpy gya gvb gac g,Bd + g)/b gpv gpa ga/c gﬁd + gpb gyv g,ua gac gﬁd +
gyc gpa gua gvb g,Bd + gpc gy(r g,ua gvb gﬁd + gyd gpﬁ g/m gvb gac + gpd gy,B gua gvb gac
we express the terms proportional to B as g**"P% = g1 b ghdgha gac 4 g7b b7 ofid ghar gac
gpb gyv gﬂd g/l(l gac + gyd gp,B g g;m gac + gpd gyﬁ g gya gac + gy/J gpa gvb gﬂd guc + gp/l gya gvb gﬁd gac + gyc gpa gvb gﬁd gya +

gpc gya gvb gﬁd gpa/
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and we express the terms proportional to C as g/ = — g1 g g8 gac ghd 1 gy gpe gV gac gbd
gp/z gya gv,B gac gbd + gyﬁ gpv g/la’ gac gbd + gp,B gyv gya gac gbd + gyc gpa g,ua gv,B gbd + gpc gya gya gvﬂ gbd + gyd gpb gya gvﬂ gac +
gpd gyb g,ua gvﬁ gac .

Therefore the derivative of the Lagrangian with respect to the metric is expressed compactly

as,

oL

gy

Next we will differentiate the Lagrangian in Equation with respect to derivatives of
the metric. Only the second and third lines of the Lagrangian in Equation will be nonzero

1 —yppavbac —YpVi aac _vouavBac
= ~3 \/—g(AgXP# bacpd Bgzp bpdpaac. Cgép” B bd)(Ryvaﬁ Rosed). (3.24)

after 57—, as only terms with a non-linearized Christoffel symbol I}, = 38" (~0,8va +
(2574
0a&mv + 0,&me) have linear in dg contributions. These terms will be differentiating as :(SL?(I) =
w&Yp

5“ A where A)f, = %(636{1 + 62,0,). Differentiating the Chrisoffel symbol therefore yields,

—61“;‘& = lg””(—é“’Ayp + 0N + 6°NP ) = 1g’“ﬁ“’w , (3.25)
a(awgyp) 2 m va a my 4 ma 2 mva
where above to abbreviate we call the combination of the Kronecker deltas in brackets

A = =8N + 82 A, + 6 A),. Using this compact notiation the derivative of the Lagrangian

with respect to derivatives of the metric is,

6‘£ aq, VvV ac @ .V v @ ac
o = VEAsS g g + By g g g + Cg g g g N
w8yp
— & ALY R peal aup — gm/lA,u:,ZZRabcdl:‘/lva + gmﬂAanmRabcdfﬂvﬁ +8& MA%ZRW“’I:JW
- gm/lAZlyyﬁR#mﬁf/lad - gmﬂAZZZRﬂmﬂfM + gm/lAzzz/?Rﬂmﬁfﬂbd + g’”ﬂA%ZR,MﬂI_“M). (3.26)
Since we require Bwa(;—zg) we must differentiate the above expression with by d,,. This
w8yp

process is in general quite messy, but since any dg will be zero upon g — 7, only the linearized

Riemann tensor and linearized Christoffel symbol will, differentiated, give rise to nonzero con-

tributions,
3] . . .
aw L ) \/—_g(Aga”gbvgwgdﬁ + Bgatguagvbgﬂd + Cgvﬂguagbdgat)(
a(awgyp)
—8 A A%fﬂw [Rabcdf‘/lyﬁ] —8 ma A;Z;Zaw [Rabcd I:/lva/] +g A A%’;ﬁw [Rabcd f/h/ﬁ ] +g mA Azzgaw [Rabcd I:/l,ua])’

(3.27)

where the final two lines in Equation (3.26)) were combined by interchange abcd < uvap.



3.1. NOETHER AND HILBERT (METRIC) ENERGY-MOMENTUM TENSORS ARE NOT, IN GENERAL, EQUIVALENT 87

Finally for the terms proportional to ddg in the fourth and fifth lines of the Lagrangian in

Equation (3.21), we require the differentiated Christoffel symbol 9,I'}, = %@g’“(—ﬁmgbc +

0c&mb + Opgme) + % 2" 0, (=0mghe + Ocgmp + Opgme). The first term will be zero upon g — 1 so
we can neglect it, leaving 9,1, = 18" (=0u0m&bc + 0aOcgmb + 0aOpgmc). Differentiating each

term will yields % = Aif;;AZ‘g . Therefore differentiating of the derivative of the Christoffel
£0w8yp
symbol gives,
39} 1 |
av pe _ ma Ew AYP Ew AYP Ewaypy — ma A §wyp
= 58 (AL HAA, N AR = g A (3.28)
00eDug,y) 2 b p " Sab 2 b

The above expression in brackets was abbreviated with A“”” = —AZ2AY £ ASC AP L AFYAYP.
ambc bc ac —mb ab —mc

Using this compact notation the derivative of the Lagrangian with respect to two derivatives of

the metric is,

0 1
L - _ \/__g(Aga,ugbvgca'gdﬁ + Bgacgyagvbgﬁd + CgvﬁgyagbdgaC)(
0(0:008y) 4

-8 A Afwyp Rapea h/lﬁ + 4 " Afwyp Raupea h/lﬂ +8 " Afw)’p Rabea h/la -8 " Afwpr abed I’l,m

umva vmua umvf3 vmup
- gm/l AiZZ[C)vaaﬁh/ld + gm/l AiZZIC)R/JV"ﬁ h,{d + gm/l AiZZZRﬂV‘IIBh/lC - g'M Ai::lZZRyvaﬁh/lc ) . (3 . 29)

oL
w 0(0§0u)gyp)

this process is in general quite messy, but since any dg will be zero upon g — 7, only the lin-

Since we require d;:0 we must differentiate the above expression by 9,9,,. Again

earized Riemann tensor and the potential 4,,, differentiated, give rise to nonzero contributions,

0L 1
O aw N (A au by _ca dB + B9 gh vb _Bd +C vB ua bd aC)(
3 00e00g,y) 2 V—8lAag8" 8 8§ & 8§ 8 8 gﬂ 88 8 8

- gm/l Afw)’pagaw [Ry va,Bh/ld] + g”M Afw)’p afaw [Ryvaﬁhxld]

ambc bmac

+ gm}Ai;ngafaw[Rﬂvaﬁhﬂc] - gmlAiZZZafaw[Ryvthﬂc])a (330)

where the bottom two lines in W were combined by interchange abcd < uvap.
§0w8yp

Therefore for the total Euler derivative we have, combining equations (3.24)), (3.27) and (3.30),
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6‘£ 1 - avobacy - v wac - Qvpac
g — _E s g(( A gzpﬂ bacpd | Bgép bpdpeac | C g*ép/t B bd)( Ry Roved)
¥p
+ 4(Aga#gbvgcagdﬂ + Bgacg#agvhgﬂd + CgVﬂgyagbdgac)(_gm/lﬁzzﬁaw [R/Jwyﬁl:/lad]

- gm/lAw)/paw [Ruvaﬁfﬂbc] + gm/lAwypaw [vaaﬁl:/lbd] + gm/lAZZZaw [Ruvaﬁl:/luc])

mad mac

_ (Agallgbvgcagdﬂ + Bgacg,uagvbgﬂd + Cgvﬂg,uagbdgaC)(_gm/lﬁfwypagaw [R,uvaﬁh/ld]

ambc

+ gm/lAfwypafaw [R/lvaﬁh/ld] + gm/l Ai%ﬁlagaw [Ruvaﬁhxlc] - gmlAizzgagaw [Ryvar,Bh/lc] )) . (3 31 )

bmac

The Hilbert energy-momentum tensor

We can now turn our attention to the Hilbert energy-momentum tensor 7'}, in Equation (3.49).
Since we have calculated the Euler derivative in the previous section, evaluating this expression

for g — nyields,

TZIP — _ ( Aﬁzp,uavbacﬁd + Bﬁ)épvbﬁd/lozac + Cﬁgplla"ﬂ“bd)( R,uva 5 Rupe. d)

— 4 A" 0™ + Byt + P ) (=™ At B[ Ryvapl aad

mbc

- nm/lAwyp aw [Ryvaﬂ I__‘/lbc] + nm/lAwyp 0 W [R/JV(lﬁ f‘/lhd ] + nm/lA:;:ZZaw [Ryvaﬂ l:‘/lac ] )

mad mac
+ ( Anap nbvnca nd,[i’ + Bnacn,u(tnvbnﬂd + Cnvﬁn,ua nbd ncw) (_nm/lAizZ;g af aw [ vaaﬂ h/ld]
+ nmdﬁizzljagaw [R,uvaﬂh/ld] + nm’lﬁiﬁgagaw [R,uvaﬁh/lc] - UM/]AZZZZagaw [Ryvaﬁh/lc])s (332)

where the g/ — e g the same form with the metric tensor replaced by the

—ypuavbacBd
Un

Minkowski metric. If we contract all visible Minkowski tensors and the , then we

obtain,

T = ~A(~17" R R g + 8RR, )~ B(~17" R™ Ryy+4R" R +4R""7Ry)~C(~1j" R*+8R"R)
— 16AALTED, [RT", ] — 8C(=A1 0, [RT™] + A0, [RT™, 1)

mac mad mad

— 4B(=A 0, [RMT™ ] — A0, [RT™ 1 + Ao d, [R T ] + A0, [RT™ 1)

mac

+ 4ARE 5.0, [RN™] + 2C (=1 X200, [RH™) + 11 Ac 0,0, [RH™])

+ B(=" AL 0,0, [RP M)+ A 0,0, [RP 1" + N6, 00, [RP B ] = A 0,0, [R" H™)).
(3.33)

: AWYP ASwyp
Next we will contract all of the A 7' and A *'
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TZIp - _ A(— nyp Rabcd Rabcd +8 Rybcd prcd)_ B(_nw Rbd Rbd +4 Ryd RZ +4 Rybpd Rbd)_c(_nyp Rz +8R"P R)

+ 1640, [R"T, - R I", , — R"T¥, ]
+4B0,[-RTY , + PRI, + R*T", - RT |+ R“T" , - n”R"I", ]
+4BO,[-R“T”, + R¥T” - " R, — R“T”, + RT7 + RV |
+ 8C,[-RT + P RT“*, + R — y’RT"”, + RT*Y — Y RT* ]

+ 240,0,[-R7* 1, — R¥YKC, + RN, + RYH + RPR + RV

+ BA, D[ R, = PRKY, — 7RI, + RHP + RPh™ — I — R™h]
1 ap pyd 1w ay ppd 1,w aw ppd 1.,Y aw pyd 1.0 ap pwd 1Y ay pwd
+§Baa6w[—nR he = " RPKY, + n*“RH + " RYI, + n*R°W , + " R I’ ]

+2C0,0, [ “RW® + 7P RE“ — P“RR" — " RK*]. (3.34)

Separating the part proportional to n"?,

T = nW(AR”b“’Rm, + C(R* + 80,[RT“",] + 20,0, [Rh*"])

+ B(R™Ryq + 40,[R™T |1 + 0,0,[R“h*)))

— 8AR"“R’,  — B(4R"R’ + 4R"*'Ry,,) — 8CR"R

+ 1649, [R"T%, — R, - R"T*, ]
+ 4B, [-RT  + R*T", - R“T  + R¥T™ , — n*RI”, ]
+4BO,[-R“T”, + R¥T” | — "R, — R“T”, + RT7 + RV |
+ 8CA,[-RT“ + R — RE", + RI*Y — 7Y RT*" ]

+248,0,[-R 1, — R 1, + R*“ W + RYI, + R“P' W + R“VI ]
+ B0, 0,[-1"“R“I, — 7 “R“K, + R“RK* + R*h** — R I — Rl
1
+ E B 8a 8w [_ nap Ryd ha:l _ nuy de hoi] + naw de h)’d + naw Ryd hpd + nap Rwd h)’d + nuy Rwd hﬂd]

+2C8,0,[1"“RR — iP“RI™ — "“Rh*].  (3.35)
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It should be obvious at this point that there is no way we can reconcile this Hilbert energy-
momentum tensor with what is uniquely derived from Noether’s theorem for the linearized
Gauss-Bonnet model, 7%” in Equation , if we fix coefficients A = 1, B=—-land C = 1
above. There is also a difference in corresponding coefficients between the terms the two share
in common (7"?[AR““R ey + BR R}y + CR*| —-8AR"R’, ,—B(4R" R +4R""R;;)—8CR"R),
meaning even this part is not equivalent. To prove that this does not equal to the Noether
energy-momentum tensor (7" # T;’) we simply can compare the part proportional to 7. The
rest we will abbreviate as 7}, to represent the Hilbert non-Minkowski part. This allows us

to write the Hilbert energy-momentum tensor in compact form,

T = nVP(AR“deRabcd + C(R? + 80,[RT“",] + 20,0,[Rh*"])

+ B(R™ Ry + 40, [R™T 1 + 0.0,[R“hD | + T4 1yp- (3.36)

Comparing the Noether and Hilbert energy-momentum tensors for linearized Gauss-

Bonnet gravity

We will now fix coefficients of the Hilbert expression for the specific counter-example of lin-

earized Gauss-Bonnet gravity. Setting A = ‘—1‘, B=-landC = }L yields,

1 :
T}_/Ip = Zﬂyp(RadeRabcd - 4Rbded + R2
+ 80, [RT“,1 + 20,0,[Rh“] — 160, [R*T, )] — 40,0,[R“h°]| + T/ o (3.37)

Writing the Noether energy-momentum tensor in terms of the non-Minkowski part abbre-
. w o y ¥
viated as 7y p = —R¥R’ | + 2R,cR*"” + 2R*"R") — RR*”,

1
T = 1 Ryaap R ~ 4R, R + ) + Ty (3.38)

Subtracting the expressions for the Hilbert and Noether energy-momentum tensors given

above yields,

1 _ _
T/ -TY = vaﬂ(saw [RT“,1+20,0,[Rh“1-168,[R"T*, ,1-40,0., [R“dh‘“d]) +T nip—T wap-
(3.39)
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It is obvious 7/ yp — Tavmpr # 0. But to prove it for the 5" part we will expand the

derivatives,

1
Y -TY = 77" ("R — 2R") (40 ,0“ hyq + 100,041

+ (1"0uR — 20,R")(—40°hpq + 1oadh°;7)) +T e = T oonpe (3.40)

None of the remaining terms cancel. Therefore we have proven that 7¢” # T,7 in the case
of linearized Gauss-Bonnet gravity. This completes the disproof by counterexample of the

notion that the Hilbert and Noether energy-momentum tensors are, in general, equivalent.

3.1.5 Why the Noether and Hilbert energy-momentum tensors are not,

in general, equivalent

We have now disproved by counterexample the conjecture that the Noether and Hilbert energy-
momentum tensors are, in general, equivalent. This notion is often asserted based on the fact
that for simple models such as electrodynamics, with first order derivatives of a vector poten-
tial in the Lagrangian, the two methods indeed yield the same result. Any proofs of equiv-
alence have relied on assuming first order derivatives of first rank (vector) models [76, [170],
as discussed in the Motivation section. Therefore we considered a model with second order
derivatives of a second rank tensor potential in the Lagrangian (linearized higher order grav-
ity models), and in particular the linearized Gauss-Bonnet gravity model which has a unique
and well established energy-momentum tensor. In this case, the Noether and Hilbert energy-
momentum tensors are not equivalent.

In this section we will conclude by explaining the three major reasons these two methods
(which are very different mathematically) diverge from one another for higher order models
and higher rank tensor potentials.

Reason 1: The Noether energy-momentum tensor 7y has terms proportional to " which
are exactly the Lagrangian density 7L as seen in equation (4.20). This piece is always ex-
actly proportional to the Lagrangian, which follows directly from application of Noether’s first
theorem. The Hilbert method, for models such as the linearized gravity models defined in
equation (3.14)), produces terms proportional to 777 beyond what is present in the Lagrangian.
In such cases, the Noether and Hilbert methods yield different results.

Reason 2: The covariant derivatives of higher rank tensor potentials do not cancel as in the

case of simple models like the scalar field (Klein-Gordon) and vector field (electrodynamics).
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For the covariant derivative of a scalar we have only V,¢ = d,¢, therefore we get no part
with Christoffel symbols in the curved space Lagrangian. In electrodynamics, again we have

FY, = VA, ~V,A, = 9,A, ~T%A, —d,A, +T%A, = F,

> Where the I}, contributions exactly

cancel due to the antisymmetry of the field strength tensor, thus there is again no Christoffel
part to the curved space Lagrangian. For models where the Christoffel symbols do not cancel,
such as the linearized higher derivative gravity models given in equation (3.14) and considered
in this paper, there are many lingering contributions from Christoffel symbols that simply add
many terms which do not follow from Noether’s method.

Reason 3: The proportional to Minkowski piece (7 L) derived from Noether’s theorem
in Equation is recovered from the Hilbert method by differentiating the +/—g part of
the curved space action. The remaining terms are built by contracting the expression with the
metric. In electrodynamics this scalar is built from 2 metrics, for the linearized gravity model
we consider there will be 4 metrics, and so on. The higher the rank of tensors one builds
a Lagrangian from, the more metric contractions the curved space Lagrangian will have, but
there will always be only one +/—g contribution. Therefore the relative contribution of the
n"“ piece to the non n”* piece in the Hilbert expression differs as we increase the order of
derivatives and rank of fields, yet the 7L piece from Noether has the same relationship to
the non 17 part regardless of the rank of tensor or order of derivatives. In simple cases such
as a first order scalar field (Klein-Gordon), and first order vector field (electrodynamics) the
proportion of these two contributions in the Hilbert method is identical to the Noether method.
What this means is that even if we ignore problematic Christoffel terms from Reason 3, the
Hilbert energy-momentum tensor would still not coincide with the Noether energy-momentum
tensor.

These reasons provide some intuitive insight into why the Noether and Hilbert energy-
momentum tensors are not in general giving the same result, without need to consider the
details of the more technical disproof provided in this article. The obvious question that now
arises is, if we have two methods for deriving energy-momentum tensors from a Lagrangian
density of a model in Minkowski spacetime, and they are not generally giving equivalent re-
sults, which one should be considered like the fundamental method for deriving physical ex-
pressions? In the case of equations of motion derived from a Lagrangian density, the Euler-
Lagrange equation has no such ‘different’ method to ‘ compete’ with. The connection of the
Noether method to the Euler-Lagrange equation, coupled with its connection to symmetry and
to the derivation of the unique and well accepted expression for linearized Gauss-Bonnet grav-
ity used in the disproof by counterexample in this article, seem to speak for itself. Any more

general, philosophical thoughts related to this decision will be left to the reader.
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3.2 Energy-momentum tensor variants of canonical Noether,
Hilbert, Belinfante, Fock and ‘new improved’ for the

general Lagrangian density of Klein-Gordon theory

Abstract In the literature, multiple methods for deriving the energy-momentum tensor of a
physical field theory exist. Recent research proved that the physical energy-momentum tensor
derived directly from Noether’s first theorem is not generally equivalent to the Hilbert (metric)
energy-momentum tensor in Minkowski spacetime. Some of the more common expressions
include the canonical-Noether, Hilbert, Belinfante and Fock energy-momentum tensors. While
these methods are mathematically distinct, it is often asserted that they are in some sense
generally equivalent; this sentiment is due to the equivalence of multiple methods for particular
models such as conventional Klein-Gordon and electrodynamics. In this letter, we consider the
most general Lagrangian density leading to the Klein-Gordon equation of motion. We show for
different choices of free coefficients in this most general Lagrangian density, vastly different
conclusions regarding the 5 standard energy-momentum tensor definitions of a scalar field
can be made. Using this general Lagrangian density we prove several new results regarding
the relationship between the various energy-momentum tensor definitions, such as that the
Hilbert and Belinfante expressions cannot in general be related even on-shell, and that an off-
shell traceless energy-momentum tensor exists for Klein-Gordon theory. This reinforces the
recent results in the literature, and suggests while in simple cases these definitions can all
coincide, that this is merely a coincidence and not a general feature of the various mathematical
approaches. Due to this fact we argue that a unique energy-momentum tensor definition should
be adopted to avoid ambiguities caused by these contradictions. In light of this letter and other

recent results, we argue in favour of the Noether approach.

3.2.1 Motivation

The energy-momentum tensor of a physical field theory is an object of fundamental signifi-
cance. In electrodynamics, for example, the energy-momentum tensor compactly expresses
the familiar Lorentz force law and Poynting’s theorem. Deriving the equation of motion for a
physical theory is straightforward; the Euler-Lagrange equation is unique for a particular the-
ory. The energy-momentum tensor on the other hand is not so straightforward - there exists
many different methods for deriving an energy-momentum tensor for a given model. Recent
research has proven the two most common methods, namely Noether’s first theorem and the
Hilbert (metric) method, do not generally yield the same expression for special relativistic field

theories in Minkowski spacetime [13]. We note that this result corresponds to the physical
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energy-momentum tensor [29] (symmetric, gauge invariant, conserved and trace-free) derived
directly from Noether’s first theorem using the Bessel-Hagen method [26] described in section
2.2.2. of [29]. This result does not correspond to the so-called canonical Noether energy-
momentum tensor tensor which is trivially not equivalent to the symmetric Hilbert expression
(except for the Klein-Gordon scalar field theory); the canonical Noether tensor is what follows
from Noether’s first theorem considering only the 4-parameter Poincare translation. Since
many definitions for the energy-momentum tensor exist, and they do not generally coincide, it
is a question of fundamental significance as to which consistently derived the unique physical
energy-momentum tensor for a given theory.

Four of the common energy-momentum tensors in Minkowski spacetime are the (i) canon-
ical Noether, (ii) Hilbert, (iii) Belinfante and (iv) Fock expressions [29, [75]. For electrody-
namics, (ii)-(iv) are identical, which contributed to the impression that these very different
mathematical approaches are in some sense generally equivalent. Attempted proofs of the
equivalence between (ii) and (iii) have a long history [95] 76}, [170], with the best attempts con-
cluding that the two expressions can differ by combinations of the equations of motion [170].
The exception to this rule is for scalar fields, where the conventional Klein-Gordon model
has equivalence for all (1)-(iv) [168]]. This is because the spin angular momentum for a scalar
field is identically zero, thus (i) and (iii) are identical. The conventional Klein-Gordon (KG)
model [121}, 93] (although supposedly first developed by Schrodinger [191]) has a well known

Lagrangian density Lxg, equation of motion Ekg, and energy-momentum tensor 77

KG’
1
LKG = —§8ﬂ¢aﬂ¢, (341)
Exc = 0O, (3.42)
Ty = —%ny"ﬁwﬁ@“qﬁ + 090 p. (3.43)

The question remains however, for the most general scalar field model (with free coeffi-
cients in the Lagrangian density given in (3.44)), are there particular Lagrangians that differ-
entiate the various methods (i)-(iv)? For example, does a particular scalar field model exist
such that (ii) and (iii) cannot be reconciled, since for scalar field model the Belinfante im-
provement has identically zero spin connections? Given the fundamental significance of an
energy-momentum tensor for a physical theory, cases where (i)-(iv) cannot be reconciled in
some way are of high importance; if there are several energy-momentum tensors for a given
model, one must be selected to write down the set of fundamental conservation laws (as in the
case of electrodynamics). In this letter we will consider a general linear combination of the
scalar field Lagrangian density that yields the Klein-Gordon equation (3.45]) in order to
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elucidate that even for a simple scalar field theory, different choices of the parameters A and B
can lead to vastly different equivalence/ non-equivalence of the various energy-momentum ten-
sors. To explore these questions we will consider the most general Klein-Gordon Lagrangian

density,

L = A0,00"p + Bp0,0"9, (3.44)

0L 9L _ 5 oL

whose Euler derivative £ = 56 — 06 @ 50n6)

+ 8085#5/3@ is the ordinary Klein-Gordon

equation of motion,

E = (2B - 24)0¢, (3.45)

and apply methods (i)-(iv) to this Lagrangian density. Focusing on the general scalar model
allows for simple calculations/ comparisons of the various methods (i)-(iv), whose results we
summarize in section 4. The general Lagrangian density allows one to explore the
system of linear coefficients that result from each of the energy-momentum tensors (given
in section 2) in order to see for what solutions the results can be reconciled, and for what

solutions the results obtain known results in the literature. In this sense (3.44) and (3.43)) are

a toy model which we use to elucidate problems with having a variety of energy-momentum
tensor definitions.

In addition we will consider a fifth expression, ‘a new improved energy-momentum tensor’
of Callan-Coleman-Jackiw [45]. Since (3.43) is not traceless (on or off-shell), the authors
[45]] proposed an ad-hoc improvement to obtain an on-shell tracefree expression; we show that
methods (1), (ii1) and (iv) can be used to derive the ‘new improved energy-momentum tensor’
directly from (3.44) without any improvements needed. This result was to some extent noted

in the past by Kuzmin and McKeon in [127]. Our notable results are summarized in section 4.

3.2.2 Various energy-momentum tensor definitions

We will now calculate the various energy-momentum tensors for the general Klein-Gordon
Lagrangian (3.44), which must be conserved on-shell up to (3.45).

(i) canonical Noether energy-momentum tensor

From Noether’s first theorem for a scalar field ¢ Lagrangian (3.44) we can derive Noether’s

differential identity between the equation of motion and conservation law,
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oL oL oL
(% ~ e T % 56,00 )‘5"5
V oL oL oL )
+ 0# (7]‘1 Lox, + a(aﬂ¢)5¢ + 6(6#8w¢)aw6¢ - [awm] (5¢ ) =0. (346)

This identity relates the equation of motion E (first line above) to the Noether current j*
(second line above) as Eé¢ + d,j* = 0. The canonical Noether energy-momentum tensor is
defined as the Noether current j* when the transformation of fields is defined as the 4-parameter
Poincare translation 6x, = a, and transformation of fields 6¢ = —(9"¢)dx,. Substituting these
into (3.46) and factoring out the constant a, from j* we are left with the canonical Noether

energy-momentum tensor 7%,

0L 0L 0oL
TH =L - 0'p— ———0,0" Op—"r—7—|0"¢. 3.47
T 0 ' 0.0 0t | a<aﬂaw¢>] oA
Inserting (3.44) into (3.47) we obtain,
T = 1" (A0,9p0“ ¢ + B0, 0" ¢) + (B — 2A)0 $d"¢p — Bpd'd" . (3.48)

This is the most general canonical Noether energy-momentum tensor for Klein-Gordon
theory. In section 3 we will compare this expression to the other energy-momentum tensor

definitions for various solutions A and B.

(ii) Hilbert (metric) energy-momentum tensor in Minkowski spacetime

The Hilbert (metric) energy-momentum tensor in Minkowski spacetime [29] is defined as,

w_ 2 0Ly
" V—8 5g7p =N

This method involves writing a special relativistic Lagrangian in ‘curved space’ by replac-

(3.49)

ing all derivatives with covariant derivatives d — V, replacing all Minkowski metrics with the
metric tensor 7 — g and introducing the Jacobian term /=g. Writing (3.44) in ‘curved space’

we have,

Ly = V=88 (AV,¢V, + BV, V,8). (3.50)

For a scalar field the ‘curved space’ Lagrangian Ly is simplified because the covari-

ant derivative of a scalar is trivially V,¢ = 0,¢. Therefore we are left with a single co-
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variant derivative in the second term Ly = +/—gg"(A0,¢0,¢ + BpV,0,¢). This covariant
derivative is V,0,¢ = 0,0,¢ — Ffwa,lqﬁ, where the Christoffel symbol of the second kind is

Iy = 28" (=0n8va + 0a&my + 8,8ma). Thus we have for (3.50),

Ln = V=88"(A0,00,6 + BY0,d,6 ~ BT;,0,0). 631

We now require the Euler derivative 2£ = 2£ g 9L _ for (3.49). For this we will need
08yp Ogyp (0w 8yp)

aa‘g/f = 1g" \—g and gﬁ—z = —1(g™g"” + g™g"). Calculating the required derivatives,
aL 1 v o oV o 24
ag = E V_g(Aau¢av¢ + B¢(9#(9V¢)[g” g)’l - gwlg/ - g/,ugy ]’ (352)
Yo
0L 1 wA ,yp YA Hpw pA HwY
= —5B(=g""¢" + 87" + g"¢"") V-8¢0,¢, (3.53)
00ugy) 2

and inserting into (3.49) and returning to Minkowski space we have,

T = (Ad,$0,¢ + Byo,0,9) "1 — " n” — 0”1
+ B(=n""" + "' + ')8,001¢ + B(—n' 0 + ' + ') 90,04 (3.54)

Contracting all Minkowski metrics and collecting like terms we are left with the Hilbert

(metric) energy-momentum tensor in Minkowski spacetime,

TY = (A - Byp?d,60"¢ + (2B — 2400 ¢ ¢. (3.55)

We note that this expression is conserved for all A, B since 9,T,F = (2A — 2B)[3,¢ 0" ¢ —
0,¢070°¢] = 0. This is the most general Hilbert energy-momentum tensor for Klein-Gordon
theory. In section 3 we will compare this expression to the other energy-momentum tensor

definitions for various solutions A and B.

(iii) Belinfante energy-momentum tensor

The Belinfante energy-momentum tensor is defined as the canonical Noether energy-momentum
tensor plus a specific improvement term [23]]. This ‘symmetrization procedure’ is designed to
add a specific divergence of a superpotential d,b%“" that will eliminate the antisymmetric part

of Ty,

T = T8 + 9,0, (3.56)
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since T;." is not automatically symmetric. However, in the case of the general scalar field
Lagrangian (3.44), we automatically have a symmetric canonical Noether energy-momentum
tensor in (3.48)); hence the Belinfante symmetrization improvement has no sense in this case.
This is well justified because the Belinfante superpotential is based on the spin connection
SPY] of the model,

plovie _ %(_SP[‘TV] + §Ylovl 4 golwly (3.57)

where b7V is antisymmetric in [py] so that conservation 8,8,b¥"” = 0 is independent
and does not affect the already conserved canonical Noether tensor. We note that in [23]],
Belinfante refers to an uncited ‘Dr. Podolansky’ who suggested this result to him. The spin
connection S*17! for a scalar field theory is identically zero (it has no such contribution), thus

the superpotential 5” = 0 and we have the expected result for a scalar field that [168]],

T = TV (3.58)

This relationship is important to emphasize because many claims of the relationship be-
tween the Belinfante and Hilbert energy-momentum tensors exist [93, 76, [170]. However in
the case of scalar field theory we can directly compare the canonical Noether result to the
Hilbert result without the need for ad-hoc improvement; the Belinfante tensor is simply the
canonical Noether tensor in this case. The need for ad-hoc improvement of energy-momentum
tensors is often criticized, as discussed by Forger and Romer [76]: There is a long history of
attempts to cure these diseases and arrive at the physically correct energy-momentum tensor
T, by adding judiciously chosen “improvement” terms to T} . They go on to say: However,
all these methods of defining improved energy-momentum tensors are largely “ad hoc” pre-
scriptions focussed on special models of field theory, often geared to the needs of quantum field
theory and ungeometric in spirit. Studying the various definitions for a scalar field theory al-
lows us to largely avoid these ad-hoc manipulations and focus on possible results of the direct

and unique calculations.

(iv) Fock energy-momentum tensor

The Fock energy-momentum tensor [[73] is defined as the most general linear combination of
second rank symmetric terms for a given theory, which is solved for possible on-shell conserved
expressions. This gives the most general picture of possible conserved symmetric energy-

momentum tensors, irrespective of the various other methods. For (3.44) we have,

TP = (COa¢p0“d + DPd,0" ) + EF ¢ ¢ + Fpd’ ¥ ¢. (3.59)
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Taking the divergence of this expression,

3,T) = 2C + E + F)0,00°® ¢ + (D + E)¥ $0,0°¢ + (D + F)$9,0" 0" . (3.60)

We have the condition 2C + E + F = 0 which must hold in (3.59)) for it to be conserved
on-shell. This is the most general Fock energy-momentum tensor for Klein-Gordon theory. In
section 3 we will compare this expression to the other energy-momentum tensor definitions for

various solutions C, D, E and F.

(v) ‘A new improved energy-momentum tensor’ by Callan-Coleman-Jackiw

The conventional Klein-Gordon energy-momentum tensor ([3.43) is not traceless. The trace-
lessness of the energy-momentum tensor is an essential characteristic of a physical field theory
[29]]. This was noted by Callan-Coleman-Jackiw in 1970 [45]], who proposed ‘A new improved
energy-momentum tensor’ that improved the canonical Noether tensor 7% of ordinary Klein-
Gordon theory; when A = —% and B=01in . They presented,

v 1 v @ v 1 \4 v @
Técy = =517 0u00"¢ + F'90"¢ — 2(9'0" 11" a9, (3.61)

where the first two terms are T‘év for A = —% and B = 0, and the final two terms are
their ‘new improvement’. This improvement was defined with a very specific purpose; to have
an on-shell tracelessness of the energy-momentum tensor. This expression can be expanded

straightforwardly for easier comparison to the results in the previous sections,

v L, U L. 2 Lo 1 ,
Tecs = =g 0a00"% + 311" 90,0°¢ + 0909 = 29599, (3.62)

This ‘new improved energy-momentum tensor’ is the ad-hoc improved energy-momentum
tensor derived in [45]. In section 3 we will compare it to the other energy-momentum tensor

definitions.

3.2.3 Solving the free coefficients for desired properties of the energy-

momentum tensors

Now that we have definitions (i)-(iv) in terms of free coeflicients, and a fifth definition (v), we

can consider solutions that will reconcile or differentiate the different methods.
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Recovering the conventional Klein-Gordon energy-momentum tensor from definitions
(i)-(@v)

We start by noting the trival result, that for conventional Klein-Gordon theory, where (3.44)
has B =0,

L= Ad,40"¢. (3.63)

Methods (1)-(iii) are identical for any choice of the free parameter A,

TY =T =TV = A(770,90") — 20" p9 $). (3.64)

This is the conventional energy-momentum tensor for Klein-Gordon theory [168]], typically
presented with A = -_F%. In addition the Fock method 7} in (3.59) trivially recovers this energy-
momentum tensor for C = A, D =0, E = —2A and F = 0, as it satisfies 2C + E + F = 0. Thus,

as is well known, methods (i)-(iv) can all be reconciled for the standard B = 0 Lagrangian.

Deriving ‘a new improved energy-momentum tensor’ directly from Noether’s first theo-

rem

The result in [45]] implies that ad-hoc improvements are needed to obtain from
Noether’s theorem. The improvement of energy-momentum tensors is of course undesirable
as discussed by Forger and Romer [/6]. It is far superior for an energy-momentum tensor
to follow directly from a well defined method such as Noether’s first theorem or the Hilbert
(metric) energy-momentum tensor without any manipulations required. This is exactly the
case for a particular choice of A and B in the general Lagrangian (3.44). For the solution

A= —% and B = % we have the result,

v 4 v 1 v o4 1 v 04 2 4 1 \4
T¢' =Ty = Tee; = —gn"0u0"¢ + 30" 90,0°0 + 39909 — 2689, (3.65)

To some extent this result was realized by Kuzmin and McKeon [127] via the additional
surface term considered for the conventional Klein-Gordon action, that can be added to obtain
T%:., directly from Noether’s first theorem. In addition the Fock method 7} in (3.59) trivially
recovers this energy-momentum tensor for C = —%, D = 1, E = 2 and F = —1, as it satisfies
2C + E+F = 0. The Hilbert energy-momentum tensor (3.55)) can of course not recover this for
any solution A and B. Note that A = —% and B = 1 yields T}, = —317°9,¢0"¢ + 0”¢0"¢ which
is simply the conventional for A = —% and B = 0. Therefore methods (i) and (iii)-(v)

can be reconciled as the ‘new improved energy-momentum tensor’.
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On-shell tracelessness conditions of the various energy-momentum tensors (i)-(iv)

The ‘new improved energy-momentum tensor’ in (3.62) is on-shell traceless by construction.
The conventional energy-momentum tensor for Klein-Gordon theory (3.64)) is not. We can
ask the question for the general tensors (i)-(iii) be solved for tracelessness in a more general

manner. From (3.48)) we have,

Ty TY = (2A + B)3,¢0" ¢ + 3Bp0, 06, (3.66)

thus on-shell 3B¢d,0"¢ = 0 and we have the condition 2A+B = 0 for on-shell tracelessness.
Recall to derive T}, we required A = —% and B = %, which indeed satisfies this on-shell
condition. Thus for all B = —2A both of the (equivalent) (i) canonical Noether Tgp and (iii)

Belinfante T energy-momentum tensors are,

TE =T = A" (0a90" ¢ — 2¢0,0°P) — 40 $0" ¢ + 2¢3" 0§, (3.67)

where we have an on-shell traceless result for all A (and of course Tgvc , in (3.62) is recov-
ered for A = —%). For (ii) the Hilbert (metric) energy-momentum tensor in 1} on the other
hand,

My Ty = (2A — 2B)d,¢d"¢. (3.68)

We have tracelessness only for A = B. But (3.55) is identically zero (T, = 0) for all
A = B. Therefore there exists no non-trivial tracefree Hilbert energy-momentum tensor for
(3.44). Finally for the Fock energy-momentum tensor (3.59) we have,

Ty = (4C + E)3,¢0"¢ + (4D + F)$d,0 ¢, (3.69)

thus on-shell (4D + F)$0,0%¢ = 0 and we have the condition 4C + E = 0 for on-shell
tracelessness. Recall to derive T4, we required C = —é and £ = %, which indeed satisfies
this on-shell condition. Thus for all E = —4C we have an on-shell traceless (iv) Fock energy-

momentum tensor in (3.59),

T = n(C8,90°¢ + Dpd,0"¢) — 4CH ¢ + Fp0" 0 ¢, (3.70)

which is tracefree on-shell for all C, D and F. Note that it recovers T, in (3.62) for

C=-3,D=1and F = —-1.
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Off-shell tracelessness conditions for (iv) the Fock energy-momentum tensor

The previous subsection explored the many possible on-shell tracelessness conditions for the
various energy-momentum tensors (i)-(v). The downside of these results is that the on-shell
condition must be imposed in order to obtain tracelessness. In classical electrodynamics, for
example, T#” is tracefree off-shell, a stronger and more desirable result for the tracelessness of
the physical expression.

We do note a result unique to the Fock energy-momentum tensor traceless conditions in
(3.69); it is possible to construct an off-shell tracefree energy-momentum tensor for the scalar
field as in the case of electrodynamics. For this expression, it is not necessary to use the on-
shell condition: the energy-momentum tensor can be made traceless off-shell by fixing the
coeflicients as 4C + E = 0 and 4D + F = 0, yielding,

TY = n(C8,90"¢ + Dpd,0"¢) — 4CH ¢’ ¢ — 4ADp" & §, (3.71)

which is tracefree off-shell for all C, D. However this can be further simplified by the
required conservation condition 2C + E + F = 0, which for £ = —4C and F = —4D yields the

condition C = —2D. Imposing the conservation condition,

TY = D[ (-20,00"¢ + $0,0"¢) + 857 ¢ ¢ — 40" ¥ $], (3.72)

we have an off-shell tracefree, conserved, symmetric energy-momentum tensor as in the

case of electrodynamic theory.

The (ii) Hilbert (metric) energy-momentum tensor can have less terms than the (i) canon-

ical Noether energy-momentum tensor

The conventional view is that the canonical Noether energy-momentum tensor 77 must be
improved (by adding additional terms) to obtain the physical energy-momentum tensor [29]],
typically by the addition of the Belinfante term in (3.103)) [95] (76| [170]. The Hilbert energy-
momentum tensor 7%, for electrodynamics gives this physical expression immediately. The
canonical Noether tensor is generally viewed to have less terms than the Hilbert energy-momentum
tensor, which leads to the conventional wisdom that terms must be supplemented ad-hoc to T}
to reconcile it with 7%". In addition it is often claimed that the Belinfante term is at least part

of this reconciliation [95,76,(170]. Here we give a counterexample to this general view.

In the case of (3.44), the canonical Noether energy-momentum tensor (3.48) has more

terms than the Hilbert energy-momentum tensor (3.55)). Based on the conventional wisdom we
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should be adding terms to (3.48]) to obtain (3.55). Instead (3.48]) has the additional terms,

TY — T = Bl 0,00 + 1" $3,0°¢ — #'63" ¢ — $3 ¢). (3.73)

Note that the additional terms in 7% all depend on B, which explains why in the conven-

tional Klein-Gordon theory for B = 0 these results all reconcile, as shown in (3.64).

The (ii) Hilbert (metric) energy-momentum tensor and the (iii) Belinfante energy-momentum

tensor are not equivalent, even on-shell

The previous results attempt to claim that the (ii) Hilbert (metric) energy-momentum tensor and
the (iii) Belinfante energy-momentum tensor are in some sense generally equivalent, at least
using on-shell conditions [935, 76, [170]. For these scalar models the (ii1) Belinfante energy-

momentum tensor is equivalent to (i) the canonical Noether energy-momentum tensor, thus

from (3.58)) and (3.73) we have,

T — T = B[ 0,00°¢ + 11" $0,0¢ — 8¢ ¢ — ¢ ). (3.74)

Even if we use the on-shell condition we have the result 7" — T%” # 0. Therefore we have

proven by counterexample that (ii) and (iii) need not be related, even using on-shell conditions.

3.2.4 Summary of results

We now summarize the main results of the previous section, where the 5 energy-momentum
tensors we refer to are (i) canonical Noether, (ii) Hilbert (metric), (iii) Belinfante, (iv) Fock

and (v) ‘new improved’ of Callan-Coleman-Jackiw [45]].

e From (3.44) the general energy-momentum tensors (i)-(iii) are identical to the conven-
tional Klein-Gordon energy-momentum tensor (3.64) when B = 0, for all A. This ex-
pression can be recovered from (iv), but is not equivalent to (v) for any A.

e Energy-momentum tensor (v) can be derived directly from Noether’s first theorem for
(i) and (iii) in (3.65)) without the need for ad-hoc improvement terms. To some extent
this result was realized in the past in [[127], by considering a surface term added to the

conventional Klein-Gordon Lagrangian. We note (v) was also obtained from (iv).

e On-shell tracelessness of (i) and (iii) was obtained in (3.67) for a general parameter A.
There exists no non-trivial (ii) which is traceless on-shell or off-shell. A more general

on-shell traceless energy-momentum tensor (3.70) was found for (iv).
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o Off-shell tracelessness is not possible for (i)-(iii) and (v). However we obtained for (iv)
the energy-momentum tensor (3.72)) which is traceless off-shell, conserved and sym-
metric; all properties of the unique physical energy-momentum tensors common in i.e.

electrodynamics.

e Contrary to conventional wisdom, there exists for (3.44) for all B # 0 an energy-
momentum tensor (i) that has more terms than (ii); the common view in the literature
is that one must ad-hoc add terms to (i) in order to reconcile with (ii) since (i) is usually

lacking terms found in (ii).

e Contrary to conventional wisdom that (ii) and (iii) are on-shell equivalent in general, for
(3.44)) these two tensors cannot be reconciled, not even on-shell.

3.2.5 Discussion

We have shown that from the most general possible Klein-Gordon Lagrangian density with
free coefficients (3.44) and applying various methods of energy-momentum tensor derivation,
five common definitions for scalar field theory (i) canonical Noether, (ii) Hilbert (metric), (iii)
Belinfante, (iv) Fock and (v) new improved of Callan-Coleman-Jackiw can vary drastically
based on the choice of the free coefficients. The method of using a general Lagrangian density
with free coeflicients was applied in [[14] to derive unique gauge invariant energy-momentum
tensors from Noether’s first theorem. Considering a general Lagrangian density with free co-
efficients is a powerful method for answering questions about generality and uniqueness of

equations in a particular theory.

The energy-momentum tensors (i)-(iv) for the standard Klein-Gordon Lagrangian (3.41)
are well known to be equivalent [[168]] which is one of the reasons for the conventional wisdom
of calling the mathematically distinct methods by the same name (energy-momentum tensor)
and symbol (T#*”). However recent research proved that this equivalence does not generally
hold for the physical energy-momentum tensors derived from Noether’s first theorem and the
Hilbert (metric) method in Minkowski spacetime [[13]]. This motivated us to consider the most
general Lagrangian with free coefficients as in [[14], and apply the various methods that exist
in the literature. The fact that many of the energy-momentum tensors depend explicitly on
the Lagrangian density requires a unique Lagrangian density for each given conservation law,
contrary to the Euler-Lagrange equation where numerous different Lagrangains can yield the
same result; this allowed us to explore the contradictions in different energy-momentum tensor
definitions based on all possible that give the same Klein-Gordon equation of motion
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(3.45). As our summarized results in section 4 indicate, equivalence of (i)-(v) for a scalar field
varies drastically based on the particular choice of free coefficients. Most notably we show
that: (a) contrary to popular belief, there exists a Hilbert energy-momentum tensor with less
terms than the Belinfante tensor that cannot be reconciled on-shell, (b) the ‘new improved
energy-momentum tensor’ of Callan-Coleman-Jackiw can be derived directly from Noether’s
first theorem without any ad-hoc improvements needed, (c) from (iv) an off-shell trace-free
energy-momentum tensor is possible and (d) no trace-free (on or off-shell) energy-momentum
tensor can be obtained from the Hilbert method.

The wide variety of conclusions that can be made for such a simple model as the general La-
grangian density (3.44)) for Klein-Gordon scalar field theory emphasizes the ambiguity problem
in having multiple different mathematical definitions for something that is supposedly the same
physical entity called an ‘energy-momentum tensor’. This leads to several problems when writ-
ing down unique expressions for a given theory, such as conservation and force laws, where in
electrodynamics i.e. Poynting’s theorem and the Lorentz force law are uniquely defined by the
uniquely accepted physical energy-momentum tensor for the theory. In cases such as spin-2,
ambiguity problems arise from various distinct definitions of the energy-momentum tensor that
alter fundamental calculations based on which T#” is selected, such as the controversy around
the spin-2 self coupling 4, T in attempted spin-2 to general relativity derivations [163]. Sort-
ing out these ambiguities is one major reason why from the various energy-momentum tensors
that exist in the literature, we as physicists should determine which is generally applicable to
physical energy-momentum tensors (such as the universal application of the Euler-Lagrange
equation of motion for a given model), and which methods happen to yield the same energy-
momentum tensor by coincidence for simple models. Based on the inherent connection to the
Euler-Lagrange equation and symmetries of the action, as emphasized by [13]], we argue that it
is the results of Noether’s first theorem when the physical energy-momentum tensor [29] can
be uniquely derived without any ad-hoc improvements [26] that should be considered as the
unique and universal definition for energy-momentum derivation. However, arguments for the
other methods should of course be taken into consideration as this is a foundationally important

scientific problem at the heart of theoretical physics.
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3.3 Canonical Noether and the energy-momentum non-uniqueness

problem in linearized gravity

Abstract Recent research has highlighted the non-uniqueness problem of energy-momentum
tensors in linearized gravity; many different tensors are published in the literature, yet for par-
ticular calculations a unique expression is required. It has been shown that (A) none of these
spin-2 energy-momentum tensors are gauge invariant and (B) the Noether and Hilbert energy-
momentum tensors are not, in general, equivalent; therefore uniqueness criteria is difficult to
specify. Conventional wisdom states that the various published spin-2 energy-momentum ten-
sors can be derived from the canonical Noether energy-momentum tensor by adding ad-hoc
“improvement” terms (the divergence of a superpotential and terms proportional to the equa-
tions of motion), that these superpotentials are in some way unique or physically significant,
and that this implies some meaningful connection to the Noether procedure. To explore this
question of uniqueness, we consider the most general possible spin-2 energy-momentum tensor
with free coeflicients using the Fock method. We express this most general energy-momentum
tensor as the canonical Noether tensor, supplemented by the divergence of a general super-
potential plus all possible terms proportional to the equations of motion. We then derive
systems of equations which we solve in order to prove several key results for spin-2 Fierz-
Pauli theory, most notably that there are infinitely many conserved energy-momentum tensors
derivable from the “improvement” method, and there are infinitely many conserved symmet-
ric energy-momentum tensors that follow from specifying the Belinfante superpotential alone.
This disproves several recent claims that the Belinfante tensor is uniquely associated to the
Hilbert tensor in spin-2 Fierz-Pauli theory. We give two new energy-momentum tensors of this
form. Most importantly, since there are infinitely many spin-2 energy-momentum tensors of
this form, no meaningful or unique connection to Noether’s first theorem can be claimed by

application of the canonical Noether “improvement” method.

3.3.1 Motivation

The energy-momentum tensor is a fundamental object for a physical field theory. In electro-
dynamics, the Lorentz force law and Poynting’s theorem are both expressed by the divergence
of the uniquely accepted physical energy-momentum tensor 7. Several energy-momentum
tensors that represent the linearized gravitational field exist in the literature. This causes an
ambiguity in which the choice of energy-momentum tensor will impact the results of a given
calculation and the conservation laws for the model as a whole. Selecting a unique 7+ is

problematic because Magnano and Sokolowski [140] showed that one cannot obtain a gauge
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invariant energy-momentum tensor for spin-2 Fierz-Pauli theory; an essential characteristic of
the uniquely defined physical energy-momentum tensors for e.g. electrodynamics and Yang-
Mills theory. As noted by Magnano and Sokolowski [[140]:

“A gravitational energy—momentum tensor is highly desirable for a number of
reasons. For instance, it is emphasized in (0] that such a genuinely local tensor is
required for a detailed description of cosmological perturbations in the early uni-
verse. ... Furthermore, the metric stress tensor derived in 6] has a number of nice
properties and according to the authors, their T*” is the correct energy—momentum
tensor for the gravitational field. ... Applying a physically undeniable condition
that the energy—momentum tensor should have the same gauge invariance as the
field equations, we also conclude that this approach to gravity does not furnish a

physically acceptable notion of gravitational energy density.”

The claim in [6] that the Hilbert (metric) energy-momentum tensor is the correct physical
expression seems to contradict the Hulse-Taylor 1993 Nobel prize in physics [107, 187], who
used the equations Peters and Mathews developed [166] from the linearized Landau-Lifshitz
energy-momentum pseudotensor (3.82)) to model energy loss due to gravitational radiation of
a binary pulsar system [131]]; this observationally supported model uses a 7% which does not
correspond to the Hilbert (metric) energy-momentum tensor. There exist many other energy-
momentum pseudotensors for the gravitational field in general relativity (i.e. Weinberg [[190]],
Papapetrou [164], Moller [152], Bergmann-Thomson [235], etc.) that can be linearized about
the Minkowski background, further complicating the question as to which is physically sig-
nificant in linearized gravity. Different energy-momentum tensors will be claimed to be the
physical expression for spin-2 Fierz-Pauli theory in different publications, hence the need to
address the non-uniqueness problem of energy-momentum tensors in linearized gravity. This
was emphasized recently by Bic¢ak and Schmidt [28], and to some degree our paper builds on
their results.

Recent research has also proved that the Noether and Hilbert (metric) energy-momentum
tensors are not, in general, equivalent [13]]; that is, the physical energy-momentum tensor de-
rived directly from Noether’s first theorem [29] (symmetric, gauge invariant, conserved and
trace-free) is not always equivalent to the Hilbert tensor in Minkowski spacetime for the same
Lagrangian density. This further complicates the possibility of uniquely expressing an energy-
momentum tensor for a physical theory. It is frequently asserted throughout the literature, how-
ever, that the canonical Noether energy-momentum tensor 77 (a non-symmetric, non-gauge
invariant expression) derived using only the 4-parameter Poincaré translation, is the starting

point for the derivation of various energy-momentum tensors found by the ad-hoc addition of
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the divergence of superpotentials, and terms proportional to the equations of motion; these ad-
hoc additions are often referred to as “improvements”. This is true in spin-2 Fierz-Pauli theory,
where different expressions for 7#” are claimed to have a connection to Noether’s first theo-
rem due to these ad-hoc “improvements” of the canonical Noether energy-momentum tensor.
A good summary of some of these connections can be found in [184]. We will briefly re-
view the most common expressions (Hilbert and Landau-Lifshitz energy-momentum tensors)
to highlight this point. We start from the differential identity following from Noether’s theorem
(88}, 124, 1591,

or or oL
_ _9% . \so
(6<DA O 5a,0m T 905G a0 )5 A
oL oL
v 9% s+ —% 550, —lo.—2% |50, +..|= 7
+ (9# (17# L(SXV + (9(8H(I)A)5 A T+ (9(0uaw(bA)a“’5 A [80, a(aﬂawq)A)] o, + ) 0 , (3 5)

which is derived by asserting invariance of the action S [®4(x,)] under infinitesimal changes in
ox, and 6@,. One can use the associated action symmetries of coordinates dx, and fields 6@, to
derive on-shell conserved ‘Noether currents’ J#. The symmetries associated with the canonical
Noether energy-momentum tensor are well known; they are the change in coordinates 6x, = a,
(the 4-parameter translation of the 10 parameter Poincaré group), and transformation of fields
004 = —(0"D4)ox,. We begin with the spin-2 Fierz-Pauli Lagrangian density [74]],

1
Lip = Z[aahgaah; — Oohy 0" WY + 20, hg, 0 I — 201,07y, (3.76)

and the resulting spin-2 equation of motion E*” can be obtained from linearization of the Ein-
stein tensor of general relativity. Equivalently, E#” follows from substitution of Equation (3.76))

into the Euler-Lagrange expression in Equation (4.20)),

1
E" = 5[—;7”V|:|h + OR + 0#0h — 0,0"H" — 8,0 + 11" 0" Phag). (3.77)

To derive the canonical Noether energy-momentum tensor for a second rank £,,, from
Equation (4.20)) with transformation of coordinates dx, = a, (the 4-parameter translation),
and the transformation of fields 6®, = —(9"®,)dx,, we have the canonical Noether energy-
500" hap — 55 00 hap +
(6wm) 0"hop+. .. . For spin-2 Fierz-Pauli theory, we have a Lagrangian density in Equa-
tion with terms of the form 0hoh, thus the canonical Noether energy-momentum tensor
reduces to 75" = 7 Lpp — OLrp 507h

0@ph)
Noether energy-momentum tensor for spin-2 Fierz-Pauli theory,

u o
momentum tensor for a second rank A, namely T, = " L -

thus we obtain using Equation (3.76]) the canonical
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a 00~ 1 0 g vV Q0 \4 0 o V (o
TET = 17 Lp = SIPHO M, — P by = WO, — I W, + 20N D). (3.78)

On-shell conservation of the canonical Noether energy-momentum tensor is guaranteed by

Noether’s first theorem, which we can verify as 9,75 = EY07h,,.

Using the Fierz-Pauli Lagrangian density in Equation we will now derive the Hilbert

energy-momentum tensor. The Hilbert energy-momentum tensor for a classical gauge theory

. . . . . Yo L& . _ _
in Minkowski space is defined in as T;; = =gl The Hilbert energy-momentum ten

sor is derived from a Lagrangian density by replacing all ordinary derivatives with covariant

derivatives 0 — V, replacing the Minkowski metric with the general metric tensor n — g,
and inserting the Jacobian term +/—g. For spin-2 Fierz-Pauli theory we obtain the well known

Hilbert energy-momentum tensor [[168],

1
Ty = 30 100 =By 1+ 20,y 1+ 21 D0, )~ O 17 ~0 W)W 40,10

1 1 1 1 1
+ 010,07 = 8,170 ' — S0 - Eaphga‘fhg + 5Mﬁaav’hﬂ“ + Ea“hﬁa"hg + Eaﬂhgaahg
1 1 1
+ 100,07+ T 0,1~ 8,0, ~h 0,0, + 170 - ihpﬂa"aﬂhﬁ— ihaﬂapaﬂhﬁ,
(3.79)

which is conserved on-shell up to 4,T%, = —ZEQﬁI:Zﬁ, where l:gﬂ = %(aahg +0phT — 07 hg,) is the
linearized Christoffel symbol of the second kind. Extracting from we can write
the Hilbert tensor as the canonical tensor plus the divergence of a superpotential,

and terms proportional to the equations of motion,
- loy] o
Ty =T + 0,V — 2njE”. (3.80)
The Hilbert superpotential ¥'" = ~¢*) found by rearranging 1; is,
1

1 1 1
Pl - Enpﬂhmaahﬁ - Eny"hpf’aah‘; + zhwaphg - Ehp"ayhﬁ

+ WO — WO + hf’ﬂmhg - h"ﬁaph;. (3.81)

A superpotential P must be antisymmetric in two indices ([py]) because adding the

divergence of a superpotential 3, %1 to the canonical Noether expression must not affect the
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on-shell conservation (9,0, P¥¥"1” = 0). This result was probably first noticed by Belinfante
[23]. The Belinfante superpotential b*?1” for spin-2 theory is exactly what is derived from
the Hilbert superpotential ‘I’[Ij’y]a, a result we will explore in detail; see for example 1b
The relationship between the Belinfante superpotential, canonical Noether energy-momentum
tensor and Hilbert energy-momentum tensor is well established [[175} 93, 16, 132}, 1176, (76, 134,
133, 1171]: the Hilbert energy-momentum tensor can be obtained by adding both the divergence
of the Belinfante superpotential and specific terms proportional to the equations of motion to
the canonical Noether energy-momentum tensor, which is consistent with the relationship in
(3.80).

We will now introduce the linearized Landau-Lifshitz energy-momentum tensor [28]],

3 1 1
Ty = 3" 0chd"h - 17" 0,hdsh™ + Enwaﬂwayhm —~ anaahwaahm — 0"hd"h
3 1
= 0.0 h + Ao Ogh™ — 8, h* ph™ + Eaﬂh*"awm + 0, h" 0N,
1
+ Qo+ 0h™F'h) + S (@ Ry + "D h) - (8" hg, 0" WP + 0" hg, 0" HP). (3.82)

This energy-momentum tensor can also be expressed in terms of and terms proportional
to the equations of motion (3.77) as [184]],

v y [ualy v v
Ty, =T + 0¥/ + hEX — 2h,E*, (3.83)

where the Landau-Lifshitz superpotential is,

1
pleal - TP h = h¥'h + N hdgh® — 11 hdph + ho" W' — hd“h"]

+ R h— W h + W Ggh™? — W0, + R0 W’ — W, (3.84)

Both the Hilbert 7% and Landau-Lifshitz T}, energy-momentum tensors can be obtained
by starting from the canonical Noether energy-momentum tensor of spin-2 Fierz-Pauli theory
T%7, then ad-hoc adding the divergence of a superpotential, and terms proportional to the equa-
tions of motion (3.77). This is frequently used to assert that these results can in some way be de-
rived from Noether’s first theorem. For example, in the Padmanabhan-Deser debate, 163, 141,
63,40, 16], Padmanabhan asserted [[163]] that for self coupling of the spin-2 energy-momentum
tensor, one can add infinitely many different superpotentials to the canonical Noether tensor,

thus Noether’s procedure cannot be used to determine the energy-momentum tensor. Subse-
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quent authors [63, [16]], asserted that Noether’s theorem can be used by adding the Belinfante
superpotential and additional terms proportional to the equations of motion to the canonical
Noether tensor to obtain 7% in . But this ad-hoc addition of terms can also be used
to obtain other published expressions, such as the Landau-Lifshitz in 77, (3.82). Since known
energy-momentum tensors can be obtained by adding the ad-hoc correction terms to the canon-
ical Noether tensor, this “improvement” process is portrayed as a meaningful connection of any
such energy-momentum tensor to Noether’s first theorem. However, some honest discussion of
these ad-hoc “improvements” can be found in the literature, such as statements made by Forger
and Romer [76]]:

“There is a long history of attempts to cure these diseases and arrive at the phys-
ically correct energy-momentum tensor T* by adding judiciously chosen “im-
provement” terms to [ T{.']”. They go on to say: “However, all these methods of
defining improved energy-momentum tensors are largely “ad hoc” prescriptions
focussed on special models of field theory, often geared to the needs of quantum

field theory and ungeometric in spirit”.

We point out that Bessel-Hagen (a contemporary and colleague of Noether) first showed how
to derive the physical energy-momentum tensor directly from Noether’s first theorem without
the need for any such ad-hoc “improvements” in 1921 [26]. This result was determined inde-
pendently by later authors ([[70, 39, 153]], to name a few) and summarized in [29]. Furthermore,
it has recently been shown that the Noether and Hilbert energy-momentum tensor are not, in
general, equivalent [13], which further emphasizes the need for the investigation into the re-
lationship between tensors which are derived directly from Noether’s first theorem, and those
which can only be obtained after adding the divergence of a superpotential and terms propor-
tional to the equations of motion for a particular theory. This will be a subject that we address

in this article.

Bicak and Schmidt explored the non-uniqueness of the energy-momentum tensors in lin-
earized gravity in a recent article [28]] (Bi¢dk has long be interested in this question [27]). They
used the Fock method for deriving an energy-momentum tensor [[75, [109], which considers
general expressions of terms with free coefficients for 7¢°7. In particular, Bicdk and Schmidt
consider all possible terms of the form 6hoh; we will denote their Fock energy-momentum

Joeu
tensor as TBS,
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Ths = b10o7gh™ + by0oh” 0 h + 30 Ogh”P + baduhl y0° hP + bsO WP dph™®
+ b0 h0"h + b0 hopd” W™ + by, 0P K7 Oh + by, 0" W0y h + b, hOh™® + bo, 07 hd ™
+ b10,0°h7 P hop + b10,0" W P hop + b11,0 hapd®hP + by, 07 hopd P
+ 117 0,0 h + o1 Buhpa 8 WP + 3T .m0,y + e Bohigd W + s 0, h P gh.
(3.85)

This Fock energy-momentum tensor appears in Equation 8 of their article [28]. In we
separate terms proportional to the Minkowski metric 7°” with coeflicients c¢,. The authors use
this to prove some very interesting results which we have also verified, such as the uniqueness
of the Landau-Liftshitz tensor as the conserved and symmetric expression that follows from
(3-85). The problem is that (3.85) is not the most general expression, because many conserved
energy-momentum tensors have terms of the form hddh, such as the Hilbert tensor (3.79). The
appearance of such terms (hdoh) greatly complicates the resulting linear system of coefficients.
To accommodate these additional terms we will take a similar approach to [28], but instead
we consider the most general possible Fock energy-momentum tensor for spin-2 Fierz-Pauli
theory. This will be used to complete several proofs regarding the energy-momentum tensors
in linearized gravity. In particular, we will consider the most general system which can be
obtained by adding the divergence of a superpotential and terms proportion to the equations
of motion to the canonical Noether energy-momentum tensor 7;.". Using this expression we
will prove that there are infinitely many conserved tensors that can be obtained by the ad-hoc
addition of these terms to 7%, and that there are infinitely many symmetric conserved energy-
momentum tensors following from the Belinfante improvement procedure alone. We argue
that these results show that no meaningful connection to Noether’s first theorem exists from the
superpotential approach; if a tensor is not directly derived from Noether’s first theorem, then it
simply is not derived from Noether’s first theorem, and no amount of ad-hoc “improvements”
can change this fact.

3.3.2 The most general Fock energy-momentum tensor for linearized grav-
ity

Since Bi¢dk and Schmidt in [28] consider (3.85]), which is not the most general energy-momentum
tensor for linearized gravity, as it does not include e.g. the Hilbert energy-momentum tensor in
(3.79). We will begin our proofs with the most general expression that also includes terms of
the form hooh,
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T = b0 gh™ + by0h” 0 h + b3do " Ogh”P + baduhly0° hP + bsO WP dph™®
+ b0 h0”h + by0° hopd” W™ + by, 0P K7 Oh + by, 0" W 0yh + b, hO,h™® + bo, 07 hd ™
+ b10,0° K7 P hop + b10,0" W P hop + b11,0 hapd®hP + by, 0 hapd WP
+ 17 0o hdh + o1 Buhp 8 I + 3 T8, P01y + T 0uhagd B + s 0, h ™ dgh

+ di W7 0,0%h + do7 8,050 + d3h0, 0" W + dyh® 80,0507 + ds W P Ogh”, + ds,h"* P Iph’,
+ do, W 0,050 + de,h”*0,050* + d7hdP 07 h + dghapd 0" WP
+ do, 0" 0ph + do, 7 Doh + dio, 107 P g + dio,h7F P hgg
+d,hP0uh™ + dy1,h07 D + dighap® IR + diy,hepd” O WP

+ a1 hopd P h + axif " hdoOsh™ + azif hopd® O, h* + aurf hd,0"h + asn’ hapd ',
(3.86)

where we separate terms hdoh that are proportional to the Minkowski metric 77 with coeffi-
cients a,. The general idea of the Fock method is to take the divergence d,7°” and solve for
the free coefficients in front of each term such that the resulting energy-momentum tensor is
conserved on-shell. These coeflicients can be solved to impose various other properties, such
as symmetry or tracelessness. Terms which must have an identical coeflicient for a symmetric
expression with subscripts (i) and (i1). For example, terms bg, and bg, form a symmetric pair
when bg, = bg.. Terms b, correspond to terms 6hoh that are not proportional to Minkowski
1’7, and terms d, correspond to terms hdoh that are not proportional to Minkowski 7. The

four sets of free coeflicients make the proofs and linear systems of equations easier to follow.

The general idea of the Fock method, to take the divergence d,77 of (3.86) and solve for
coefficients that allow for a conserved expression up to E*” in (3.77)). This will also include
terms proportional to the trace of the equation of motion (3.77) which we obtain from E =
r]}lVE/lV’

E = 0°0°h,s — Oh. (3.87)

We wish to explore the most general expression (3.86)), and its relationship to the canonical
Noether energy-momentum tensor (3.78), supplemented by the most general possible super-
potential and terms proportional to the equations of motion. There are six possible terms
proportional to the equations of motion hEF”, hoE”®, WK, hSEF®, n*"hE and " h.E%P,
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each of which will be general up to a coefficient ¢,,. Therefore what we will solve for is the
most general possible case where one supplements the canonical Noether energy-momentum
tensor of spin-2 Fierz-Pauli theory by the divergence of a superpotential and terms
proportional to the equations of motion (i.e. we will obtain solutions of the form 7% =
T2 + 8,9V + GLhEPT + LHGE™ + IR + GhSEP + (s hE + (e hogEF). To do
this, we must re-express (3.86) in terms of the 28 possible terms from the ¢, expressions, and
all possible superpotential terms. This process is non-trivial, so we will now explain how one

must re-express these terms.

In total there are 43 terms in (3.86). Using the identity AOB = d(AB) — BAA based on the
product rule for each of the quadratic terms b, and c,, we can express all terms of the form
0hoh as hooh (terms presented in the equations of motion) plus terms under a total divergence
of the form d[hoh] (which contribute to the superpotential). For example we can re-write
the by term in (3.86) as b19,h*7Ish®® = b10[W70shP] — b1h*7H,05hF. No terms can be
neglected as in the case of boundary terms in the action when deriving the equations of motion;
total divergences in this derivation contribute to the superpotential. We give the result of this
process in ([3.88)), below. Terms of the form hddh will factor into combinations of the equations
of motion in (3.77) and (3.87). The total divergence term will result in the divergence of
the superpotential term of the form 8,¥P**!”. As discussed earlier, the superpotential P¥e1”
must be antisymmetric in [pa] so that the total expression for 777 is conserved on-shell via
9,0, PP"1” = 0 (since 7% is independently conserved on-shell due to Noether’s first theorem,
and all of the terms proportional to the equations of motion trivially do not impact on-shell

conservation).

The complicated part is that some b, and c, terms can be combined using the identity
AOB = 0(AB) — BOA in two different ways. In addition there are terms a, and d, that the
identity AOB = 0(AB) — BOA can be applied to twice, contributing two pieces to the su-
perpotential and a different piece to the equations of motion. All of these possibilities must
be accounted for in the most general linear system: one cannot simply split these possibil-
ities by a numerical coefficient such as %, because the relative contribution can be uneven,
such as in the case of the b, term in TZZ 3.82), —%(%h’”@"h. In general, we will split such
terms in the form b, = B, + B,. For example term b, = B, + B, must be split. This is be-
cause it can make contributions B,d,h*"0“h = B,d,[h*70%h] — B,h*79,0%h and contribution
B0, h*70%h = B20,[h6*h*”| — B,hd,0°h*7. For this reason terms b, can contribute multiple
different terms to the superpotential of a particular energy-momentum tensor, as seen in the
general result (3.88)), and as emphasized by the Landau-Lifshitz example. The exact splitting
of each coefficient can be nontrivial and must be solved for as part of the general system of

linear equations (which we summarize in Appendix A).
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However, the majority of the terms in (3.86]) cannot be split, because they will either not
contribute to one of the 6 possible equations of motion (e.g. terms such as h,0°9°h*7), or they
will produce a term symmetric in (o) in the total divergence which cannot be incorporated into
the superpotential P**)” (e.g. terms with a & total derivative). The third possibility is both
applications of the identity AOB = d(AB) — BOA yield the same result, thus they recombine
and no splitting is necessary. Taking this all into account, there are 9 terms which must be
split due to multiple possible contributions in the most general system. They are a;, a,, b,,
bs, cs, di, ds, ds, and ds,. Each of these 9 coefficients is split in the form a, = A, + A,,
b,=B,+B,,c,=C,+C,andd, = D,+ D,. Using these conditions on and the identity
AJB = 0(AB) — BOA accordingly we are left with the general energy-momentum tensor:
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TP = (by — dg)0" hapd hF + catf” Bohipd W + (bro, — d12,)00 1" P 0 heyp)]

+ 04[(By + Dy = D3)W*7 0% h + bo,h™ & h + (B, — Dy + D3)hd" I + bg hd’h™®
+ (by — d)H7Bgh™ + bsh™ Oph” + dsh™ I + bsh P 9gh™®
+ dig W% h™ + (By + Ds, — Ds W ;0" W + dip h%07 1P + byy W g0 WP
+ (B4 — Ds, + Ds,)h%0 W’ + by1, h70°h® + ben” hd" h + c1if”” hd" h
+ dgii" WP P g + ot T hpa 0" W + b " W0k + (Cs + Ay = AP h* dgh
+(Cs = Ay + A7 hd,h™ + bo, ™ hdL,h* + (bro, — dio, I WP hop + 3 hP 0]

+ h[(d7 - b6)8p6“h + (D3 — Bz + Dl)aaé’“h’” + (dll,- - bgi)ép@ah(m
T (dnr, — o, )7 ™ + M5 0,05h + My 30" h]

+ W[ (dyo, + dia, — b1o, — b11,)07 OphF + (do, — bs, )70 h + (de, — bs5)"Iph™”
+ (D51 + D5u - B4)6‘B0ﬁh‘m + M] n""c’)waﬁh‘”ﬁ + Mzn‘m@w(')‘”h]

+ 1P (M 0o 0ph ™ + M0, 0 h]
+ 177 h[M38,0h + M,40,0h]

+ hZ[(dyo, + dio, — bro, — b11,) Iph®® + (do, — b)) 3" h + (dg, — b3)" Iph’”
+ (D5l.l. + DS; - 1_34)658[;}1”” + Ml n”"c')wc')ﬂh‘“ﬁ + Mﬂ]‘"’(’)w[)‘“h]

_ 1
+ 177 hagl(as — ¢2)0,0*h + (A; — Cs + A))8°F h + E(a3 — 3)0,0°h*F

1 R X
+ (a3 = c)0,0°h" + Nan0,0,h + M 9,0°h]. - (3.88)

The M, coeflicients are required because after separating terms, an additional splitting is re-
quired for terms proportional to the Minkowski metric n°” that can each be separated in 3

possible ways across the equations of motion. They were separated according to:
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dr+dy— by =M, + M, + M, (3.89)
D, —By+Ds; =M, + M, + M, (3.90)
Ay —Cs+A; =M+ Ms + M (3.91)

as— ¢y = My + M, + M, (3.92)

Solving the linear system of equations for the coefficients in (3.88) and imposing the condi-
tions on 777 gives insight into the most general energy-momentum tensor for spin-2 written in
terms of the canonical Noether 77 plus the divergence of a superpotential and terms propor-
tional to the equations of motion. The bottom 6 groups of terms in are the six possible
terms proportional to the equations of motion. The total divergence on the second line of (3.88))
is sorted according to pairs which will form the most general possible superpotential ¥*? for
linearized gravity according to the most general Fock expression in (3.86).

We note the 3 terms, separated at the top of the expression, cannot be fit into either
the most general superpotential or terms proportional to the equations of motion. The first two
terms (b7 — dg)07 hopd h*F and c4n’7 9,30 h* are found in the canonical energy-momentum
tensor (3.78]) which, in part, explains why ad-hoc addition of the divergence of a superpotential
and terms proportional to the equations of motion can seemingly be used to obtain any pub-
lished energy-momentum tensor. The final term (b;o, — dlzi)aa[#"’h"ﬁa‘”hwﬁ] is symmetric in
(pa) in the total divergence thus cannot be combined to the superpotential, and it cannot be
combined into any of the equations of motion. This will produce an independent equation in
our general linear system.

In addition the manifestly symmetric form follows from the symmetry conditions:

(3.93)
(3.94)

We will return to these symmetry conditions later in the article.

3.3.3 The most general canonical Noether energy-momentum tensor sup-

plemented by ad-hoc “improvements”

We will now ask the general question, namely, what is the most general possible superpotential,

and terms proportional to the equations of motion, that can be added ad-hoc to the canonical
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Noether energy-momentum tensor (3.78]) in order to obtain a general system of on-shell con-
served energy-momentum tensors in linearized gravity. In order to not impact the flow of the
text, we present the system of linear equations of the coefficients resulting from this process
in Appendix A. Any spin-2 energy-momentum tensor that can be obtained by “improving”
the canonical Noether tensor can be determined by solving this system of linear equa-
tions; the exact superpotential and terms proportional to the equations of motion trivially
follow.

The aforementioned first 3 terms in (3.88)) are independent conditions that must be solved.
The first two, as appearing in (3.78), must be related to the coefficients of the spin-2 Fierz-Pauli
canonical energy-momentum tensor (which appears the same in both (3.79)) and (3.82)) as well).
The third term must be independently satisfied. Therefore to obtain the canonical Tg‘r li in
(3-88) we minimally require the conditions in equations (3.136) to (3.138)) in Appendix A.

The remaining terms in (3.78)) must be extracted from the general system of coefficients.

Since |i has coefficients from |l that are ¢; = i, = —%, cy = %, Cc5 = —%, be = —%,
by = 1, bg, = 1, by, = 1, and by;, = -1, and we have already solved for ¢4 and b7, we only

need to extract the remaining coefficients. Thus we need to shift the coefficients in (3.88]) by

1 1
4 9 2 9
by, — by, + 1 to exactly obtain in (3.88). This modifies the cs splitting condition, thus
we now have the splitting conditions from (3.139)) to (3.147).

1 1 1 1
ci — C1 — C2—>C2+Z,C5—>C5+§,b(,—>b6+§,bg”ﬁbgii—i,bgﬁﬁbgﬁ— and

These coefficient shifts (obtained by extracting the canonical Noether energy-momentum

tensor) modify the general superpotential in (3.88)) to,

YT = (By + Dy = D)7 0" h + bo, h™*& h + (B, — Dy + D3)hd"H*” + by hd’ ™
+ (b1 — d)W7 9ph™ + bsh”* gh” + dyh™ Ol + bsh Hgh™
+ dip W hP + (By + Ds, = Ds )W ,0"hP + dig, h0" WP + (byy, + D 307 h™P
+ (B4 — Ds, + Ds )h%0" W’ + by, h%"h* + (be + %)n‘mhéph +(cy — %)nwha"h
+dsn” KPP hop + (cr + %)nwhma“hﬁﬂ + (bg, - %)nmhpwawh +(Cs + Ay = Ay h*Pdgh

- 1
+(Cs — Ay + A" hd,h + (bo, — E)nmhawhpw + (b1o, — dio )7 W hug + e3P RO .
(3.95)
We note that antisymmetric pairs are sorted throughout this expression. Using the superpo-

tential condition 8,0, ¥#*” = 0 we therefore straightforwardly obtain the conditions for the
antisymmetric superpotential in equations (3.148)) to (3.159).
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Imposing conditions (3.136) to (3.138)), (3.139) to (3.147) and (3.148) to (3.139) from

Appendix A on (3.88)) and writing the equation of motion coefficients in terms of ¢, we obtain

the desired compact result,

= +0, +4 +4 +43 +44 +4s + %6 hapE™, (3.
TF7 = T + 0, V¥V + (L hEPT + LHOET + 7B + (G h EP” "hE “hagE*, (3.96)

where the equations of motion have slightly modified coefficients when compared to those
in (3.88) due to the coefficient shifts above. The resulting system of linear equations for the
equations of motion ¢, are given in Appendix A as (3.160) to (3.187). The M coeflicients
in to have also been modified from the canonical Noether coefficients, given in

Appendix A as (3.188) to (3.191).

Therefore we now have the most general “improvement” of the canonical Noether tensor

in (3.96), with all possible superpotentials (3.95)) and all possible terms proportional to the
equations of motion that can be added. These were directly derived from (3.86), therefore
we have a direct connection between any linearized gravity energy-momentum tensor, and all
which can be obtained by ad-hoc improving the canonical Noether expression in (3.78). By
solving the system of linear equations in Appendix A, one finds solutions which satisfy both
criteria, that the conserved energy-momentum tensor in will be derivable from (3.78])
supplemented by the divergence of a superpotential and terms proportional to the equations
of motion in (3.77) and (3.87), as given in (3.96)). This leads us to our first result: there are

infinitely many solutions to the linear system in Appendix A. In other words, there are infinitely

many divergences of superpotentials and terms proportional to the equations of motion that can
be added to the canonical Noether energy-momentum tensor in order to obtain on-shell
conserved tensors for linearized gravity. If in addition we use the symmetry conditions in (3.93)
and we find that there are infinitely many 7°“ which are both symmetric and conserved.
The “improvements” used to obtain e.g. the Hilbert and Landau-Liftshitz energy-momentum
tensors in and from 77 are not special or unique; they are just two of infinitely
many possibly solutions. This suggests claims of a meaningful connection of a given 777 to

Noether’s first theorem using the ad-hoc “improvement” method should not be made.

To recap, we will summarize the equations in Appendix A that give the conditions neces-
sary for linearized gravity energy-momentum tensors of the form (3.96). Equations (3.136)) to
(3.138)) give the conditions necessary for the most general linearized gravity energy-momentum
tensor to be expressed as the canonical Noether energy-momentum tensor improved by
the divergence of a superpotential and terms proportional to the equations of motion. Equa-
tions (3.139) to (3.147) are the conditions for coefficient splitting modified by the canonical
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Noether tensor. Equations (3.148)) to (3.139) are the conditions required to have a superpoten-
tial antisymmetric in [pa]. Equations (3.160) to (3.187) are the conditions for each of the 6 ¢,
equations of motion, and (3.188) to (3.191) are the conditions on the M, terms within. Finally
if we wish to derive symmetric expressions we can use the symmetry conditions and
from earlier in the article.

3.3.4 Verifying the general system for the Hilbert and Landau-Lifshitz

energy-momentum tensors

We will now use our motivating examples (Hilbert and Landau-Lifshitz energy-momentum

tensors) to apply the general results.

Hilbert coefficients and solution

For the Hilbert coefficients in (3.79), from (3.86) we have ¢; = 1, ¢ = —1, ¢4 = 3, a1 = 3,
by, =—=1,by, =-1,bs=1,bs=1,by = -1,by = =3, bg = =3, by = 1, by, = 3, by, = 3,

de, = 1,de, = 1,dy = =1,dy = —1,d; = 1, dy, = —1, and dy, = —3. These satisfy the symmetry
conditions (3.93)) and (3.94).

This is a solution to the linear system in Appendix A, with {4 = -2, and all other ¢, =
0. These coefficients fix the general superpotential in to yield Plolo = %hwaah -
%h""&ph — h*POgh?” + WPOsh™™ + h‘;&"h"ﬁ - h‘%{?"h"ﬂ - %n""hp‘”awh + %nf"’h"ﬂaﬁh. This is
exactly the well known Hilbert superpotential in (3.81). Substituting these solutions back into

(3.96) we immediately obtain the well-known result for the Hilbert energy-momentum tensor

(3-80). Therefore the general system of equations in Appendix A recovers the Hilbert result.

Landau-Lifshitz coefficients and solution

For the Landau-Lifshitz coefficients in , from we have ¢; = %, cy) = _i’ Ccy =
cs=-Lbe=-1,bo==2,by=1,bs=-1,b;=3,by=1,by, = 1,by, = 1,bs, = %, bs, =
by, = =1, and by, = —1. These satisfy the symmetry conditions (3.93)) and (3.94).

This is a solution to the linear system in Appendix A, with {; = 1, {4 = -2, and all other
£, = 0. These coeflicients fix the general superpotential in to yield P97 = —progop +
h7*0"h— %h@"h”" + %h@ph(’" +hP7 dphF — h Ogh P + h(ga"hpﬁ - h"ﬁaf’h"ﬁ - %n("’ha”h + %n‘”’hé’"h -
%n""hawh‘““ + %n‘mhawhp”. This is exactly the well known Landau-Lifshitz superpotential
(3.84). Substituting these solutions back into we immediately obtain the well known

result for the Landau-Lifshitz energy-momentum tensor in (3.83). Therefore the general system

STE ST

of equations in Appendix A recovers the Landau-Lifshitz result.
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3.3.5 Two new energy-momentum tensors derivable from ad-hoc improv-

ing the canonical Noether energy-momentum tensor

We now derive two new energy-momentum tensor{] that can be obtained from improving the
canonical Noether tensor by solving the system of equations in Appendix A, just like the
Hilbert (3.79) and Landau-Lifshitz (3.82) expressions.

Elizabeth energy-momentum tensor

For the Elizabeth energy-momentum tensor 7%, we will use the symmetry conditions
and . We find a symmetric solution to the linear system in Appendix A to be ¢; =
c=—tc=3b=1,by=—3by=-1,by=1,be=—3,b;=13,bo=13,by=-1,a =
ar=-1,a,=1,d, =1, dy = -1 This yields from the energy-momentum tensor,

-3

)

2

= =

T2 = 0,17 9gh™ — %aahwaah — 0aHOph™ + D H 0" hP
- %apha”h + %a"haﬁaah"ﬁ + %&’haah"" - %6(’haah”" — Phapd*hP — 07 hopd* WP
+ }an”a,,ha"h - inp(’a(,hmaahﬂﬂ + %nf’“aahwaﬂhf’ﬂ
+ %hﬂf’aaa“h - %h""@"&ah - %hmapaah + %np(’haﬁaaaﬁh - %np(’hﬁaaﬂh"ﬁ + %qpahaaaah.

(3.97)

This fixes {4 = —2 and &5 = —3 in (3.96), with the remaining ¢, = 0. From (3.95)) we obtain the

superpotential,

1 1
WL = ST+ KT+ WO — h Gy

1 1
+ h%0" W’ — h70Ph*P — 17 WD+ Enp"h"ﬁ[)ﬁh. (3.98)

Thus can be derived from the canonical Noether energy-momentum tensor by
adding ad-hoc 8, %" and —2h7E** — 1P hE,

1
TY = T2 + 9, %" — W E™ — Zif "IE. (3.99)

'"We will call the new expressions the Audrey and Elizabeth energy-momentum tensors, named after our
Grandmothers.
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Similarly, we can obtain infinitely many conserved, symmetric energy-momentum tensors
for linearized gravity from the canonical Noether energy-momentum tensor (two of which are
the Hilbert and Landau-Lifshitz (3.82)) expressions).

Audrey energy-momentum tensor

For the Audrey energy-momentum tensor 7%, we will use the conditions a, = 0 and b, = 0.
Using these conditions we will prove that no symmetric expressions exist without these terms.
However, a conserved expression can be derived by improving the canonical Noether energy-
momentum tensor (3.78]). We find a solution to the coefficients in Appendix A with a, = 0 and
b,=0tobec) =—1,¢ =1, 3

do, = —3 and dj, = 2. This yields from (3.86) the energy-momentum tensor,

i~ T2

_ 1 g 1 _ _ 1 __1
¢s = 5,dy = —5.dp, =—-1,d7 = 5,dn, = —3

C3 = _1, Cq = 2

1 1 1 1
Tﬁo- = —Zflpaaahaah + Zr]p"(?ahﬁﬁ“hﬁ’l - rf"@ahaﬁaﬁhlﬁ + Erf‘raahm@’lh"ﬁ + En”(’aahaﬁﬁlgh

1 1 1 1
+ Eha”a‘rh - Ehaﬁapa“haﬁ - Ehpaé“ré?ah - Ehaaaah”“ — hap0” " WP + 2007 P hap.  (3.100)

This fixes {s = —1 in (3.96), with the remaining ¢, = 0. From (3.95)) we obtain the superpoten-

tial,

1 1 1 1
W = 0T+ W0 4 0T R h = S ThOh = S0 R g + 511 a0

1 1 1 1
_ En(rahpwawh + Enptrhaﬂaﬁh + Erlpchawhwa _ Enmzhawhpw + nmzhpwaﬂhwﬁ _ )(Thaﬁa/lh/}g-
(3.101)

Thus (3.100) can be derived from the canonical Noether energy-momentum tensor by
adding ad-hoc GQ‘I‘[/f“J‘T and —1°7 h,sE°P,

Ty = T8 + 0,85 — 1 ThopE. (3-102)

We cannot have a symmetric expression here because a, = 0 and b, = 0 fixes dj,, = 0 and
dy, = —1 which breaks the symmetry conditions (3.93) and (3.94). Both conditions must hold

in order to have a symmetric energy-momentum tensor in (3.86)).
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3.3.6 There exist infinitely many symmetric, conserved energy-momentum

tensors from the Belinfante superpotential alone

We now present, perhaps our most significant result, that the Belinfante superpotential is as-
sociated with infinitely many symmetric and conserved linearized gravity energy-momentum
tensors. This is an important result because despite the various possible superpotentials one can
add (such as ‘P[L”L“ 17 or those found in [28]), the Belinfante superpotential is the most commonly
published expression. Our result is contrary to popular belief in the recent literature that the
Hilbert energy-momentum tensor uniquely specifies the Belinfante energy-momentum tensor
[63.116]]. This point is central to the recent Padmanabhan-Deser debate [[163] 163]], in which the
authors have argued about whether or not general relativity can be derived from spin-2 using
a T" resulting from Noether’s theorem. Deser claimed that ad-hoc improving the canonical
Noether tensor with the Belinfante superpotential uniquely gives the Hilbert energy-
momentum tensor , thus he argued one does not have to use Noether’s theorem at all to
have a result from Noether’s theorem, they can simply use the Hilbert approach. Such claims
of general equivalence of the Noether and Hilbert methods for deriving an energy-momentum
tensor has since been disproved in [13]. Deser’s assertions come from results that have a long
history [[175, 195} 16} 32, 176 76, 134} [133] [171] of investigating the relationship between the
Belinfante and Hilbert energy-momentum tensors. The general conclusion in the literature is
that one can add the divergence of the Belinfante superpotential and terms proportional to the
equation of motion to reconcile the Belinfante and Hilbert definitions (this was confirmed by
our results). But this does not prove uniqueness! Indeed the Belinfante superpotential coin-
cides with what we found for Hilbert in @[} However, as we will prove, this result is not
unique because there are infinitely many symmetric and conserved expressions associated to
this particular superpotential alone; infinitely many combinations of the equations of motion
in (3.96) are solutions to the system of equations in Appendix A when the Belinfante super-
potential is fixed. Therefore one cannot make the claim that the Hilbert energy-momentum
tensor is uniquely specified by ad-hoc adding the divergence of Belinfante superpotential and
terms proportional to the equations of motion. In other words, no significant connection exists
between Noether’s first theorem and the Hilbert energy-momentum tensor in spin-2 linearized

gravity, as supported by the recent disproof in [13]].

The Belinfante superpotential for spin-2 Fierz-Pauli theory

We will start by recapping the Belinfante superpotential derivation and showing that it matches
the superpotential obtained from the Hilbert energy-momentum tensor in (3.79). The Belin-

fante improvement procedure consists of adding the divergence of a superpotential b to the
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canonical Noether energy-momentum tensor. By adding this “improvement” term (8,5 ")
one obtains the Belinfante energy-momentum tensor [23]],
T = T2 + 9,0 (3.103)
The superpotential "1 is specifically a combination of the canonical spin angular mo-
mentum tensors S* [23]],
plevle — l(_Si)[O')’] + §lool 4 SU'[YP]) (3.104)
2 ’ '

a result Belinfante attributes to a Dr. Podolansky (without reference) in his article. The S*177]
are sometimes referred to as the spin contributions. The Belinfante prescription for gravity
models has been worked out in [[7]. The spin angular momentum connection for a second rank

h,, 1s given by [134],

SU[m'J

7 a hﬂv [P = PP+ o R = . (3.105)

Thus we requ1re the derivative of the Fierz-Pauli Lagrangian density z f@’,’v) in (3.76). Substi-

tuting a(a hw) into (3.105)), we have for the Belinfante superpotential in (3.104),

1 1
plerle — —5[nmhf’p—nmhyf’]aahg—5[n‘wh‘”—n"phw]avhi—[npc’hw—nmhpy]avhg—h‘”[6"hyv—87h{j],
(3.106)

which is exactly what we found for the Hilbert energy-momentum tensor in (3.81I). Thus we

have the well known result,

plerIe = gl (3.107)

However, the Belinfante superpotential is not enough by itself to specify the Hilbert tensor

(3.80),

Tlp;r _ Tgﬂ' + 0yb[m’]0' _ ZthPﬁ. (3.108)

We also need the very specific —2h;3’E”ﬁ piece to reconcile the two results; this does not prove
uniqueness of 7% for the Belinfante superpotential. Fixing coefficients in such that the
only solutions in Appendix A are those with the specific Belinfante superpotential in (3.106),
we will see that the Belinfante superpotential alone yields infinitely many possible results, of

which one happens to be the Hilbert expression.
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There are infinitely many solutions following from the ad-hoc addition of the divergence
of the Belinfante superpotential

We now prove our main result, that there are infinitely solutions even when fixing the Belinfante
superpotential. If we fix (3.96) with the Belinfante superpotential (3.106) we have,

TP7 = T+ 0,b°™ + (L hEPT + HHOE™ + GHE + LhS EP” + s RE + {61 hogE™P. (3.109)

Therefore if we improve the canonical Noether expression with the divergence of the Belinfante
superpotential, we in theory can have the six addition equation of motion pieces. However
fixing the Belinfante superpotential coefficients in highly restrictive on the linear system in
Appendix A. In particular the superpotential conditions in (3.148) to (3.159) are much more

restricted as now:

_ _ 1 1
B, + D, —D;= —5 (3.110) b6+§ =0 (3.124)
1 1
by, = 3 (3.111) c — 1° 0 (3.125)
B,-D +D;=0 (3.112) dg =0 (3.126)
bs, =0 (3.113) o2+ }1 =0 (3.127)
by—-ds =0 (3.114) 1 1
by, — ~ = —~ (3.128)
b3 =0 (3.115) 2 2
o 1
d, = -1 (3.116) Cs+A—Ay =75 (3.129)
bs =1 (3.117) Cs—A+A,=0 (3.130)
= 1
dlZ,- 0 (3118) b9il- _ 5 =0 (3131)
B, + D5i - Dsii =0 (3.119)
bro, — dis, = 0 (3.132)
i, = 0 (3.120)
c3=0 (3.133)
b, +1=0 (3.121)
By—Ds, +Ds, =1 (3.122)
by = -1 (3.123)

Using Appendix A with these superpotential conditions, and the symmetry conditions in
(3.93) and (3.94), we find a solution with 3 free parameters {;, {3 and {s. The other ¢, are

{2 = 0, 54 = -2 and {6 = 0. This solution is ay; = %{1 + 45, as = —%{1 - 55 bl = —1, b2 = —%,
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1

— — _ 1 _ 1 _ _ 1 _ _ _ 1 _
by =1,bs =1, be = 7 by = 7> bo, = 3, by, = 2 by, = -1, by, = -1, ¢1 = 1 C2 =~

Cq = %dl :%_§39d2:_1+§3’d3:%gl’d4:_1ad6,-: 1’d6,-,-: 1’d7:%§1’d9,- =
do, =

ii

_1
2 b
—1,dy1, = —1,dy;, = —3. Using (3.86) we have infinitely many conserved and symmetric

energy-momentum tensors 7% ,

1
T7y = ~0u#70pH" = S0l b+ Dl (3K + D Iph
1 1 1 1
— DO h + =P hopd” h + <P RO + =07 hd I
26”0 +26”aﬁ6 +zapaa +26 Oy

1 1 1
= P hapd"hT = 8 hopd "W + Z1 70,0~ o O W+ SF Dol

1 1
+ (5 — L7 0,0%h + (=1 + £3)WP70,05h + 551 hd,0" W7 — h*P8,05h""
1 1 1 1 1
+ 10, 05h"P + h7* 0, 05" + E{ 1hd”0"h — Eh""@"c’)ah - Eh‘m@p O0yh— Eha”aah‘m - Eh()‘rﬁah"“

1 1
+Ga+ L) hd,05h" + (=54 = &P 0,0 h, (3.134)

where the subscript /B denotes the ‘infinite Belinfante’ expressions, since using (3.96) we
have infinitely many symmetric, conserved spin-2 energy-momentum tensor that can be de-
rived from ad-hoc addition of the Belinfante superpotential to the canonical Noether energy-

momentum tensor,

Ty = T8 + 9,0V + {hEP” + G7E — 2h EP* + s hE. (3.135)

Therefore we have proven that adding the “improvement” terms associated to the Belinfante
superpotential does not specify a unique result; no meaningful connection to Noether’s first
theorem can be claimed by specifying Belinfante “improvements”. Note that we solved for
particular free coefficients such that we trivially recover the Hilbert energy-momentum tensor

(3.79) when the free coeflicients {;, {5 and {5 are set to zero.

3.3.7 Summary and Discussion

In this article, we considered the most general possible linearized gravity energy-momentum
tensor using a procedure developed by Fock [[75,109] and recently applied in a more restricted
case to the non-uniqueness problem in linearized gravity by Bic¢ak and Schmidt [28]]. Using this
general expression we derived the most general possible superpotential and terms proportional

to the equations of motion (3.88)) and used this expression to derive the most general possible
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“improvements” (3.96) of the canonical Noether energy-momentum tensor of spin-2 Fierz-
Pauli theory (3.78). In Appendix A we gave the most general linear system of equations that
represents all such solutions to (3.96). In addition conditions (3.93) and (3.94)) can be imposed

to guarantee symmetry (7#” = T") of the solution.

Solving this general system in ([3.96) and Appendix A we have proven several results re-
lated to the ad-hoc “improvement” of energy-momentum tensors in linearized gravity. The
addition of a superpotential and terms proportional to the equations of motion to the canonical
Noether energy-momentum tensor is often presented as a method for obtaining various energy-
momentum tensors from Noether’s first theorem, such as the Hilbert and Landau-Lifshitz
(3.82)) expressions in linearized gravity. We have shown that these ad-hoc “improvements” do
not provide a unique and/or meaningful connection to Noether’s first theorem. To highlight
this point we derived two new energy-momentum tensors, the Audrey (3.100) and Elizabeth
energy-momentum tensors. The Elizabeth energy-momentum tensor gives a symmet-
ric expression connected to the canonical Noether tensor in the same way as the Hilbert and
Landau-Lifshitz energy-momentum tensors. The Audrey energy-momentum tensor gives a
non-symmetric expression, and proves that no symmetric expression can be built when condi-
tions a, = 0 and b, = 0 are imposed on (3.86). Finally we prove that there are infinitely many
symmetric and conserved energy-momentum tensors associated to the Belinfante superpoten-
tial, one of which is the Hilbert energy-momentum tensors. This is contrary to the conventional

wisdom that this association, given in (3.108]), is unique for linearized gravity.

Our results show that there is no unique or meaningful connection between the canonical
Noether energy-momentum tensor and any expression obtained after ad-hoc adding the diver-
gence of superpotentials and terms proportional to the equations of motion (i.e. any expressions
not derived directly from Noether’s first theorem). There are infinitely many such results of
this form, and infinitely many even if we restrict our attention to the Belinfante superpotential
alone. Selecting a unique energy-momentum tensor for linearized gravity is of course difficult
because none are invariant under the spin-2 gauge transformation (linearized diffeomorphisms)
as shown by Magnano and Sokolowski [140]]. What is for certain, however, is that outside of
the canonical Noether expression, any connection to Noether’s first theorem of the various
energy-momentum tensors in the literature should be revisited. This is especially true given
the recent proof that the Noether and Hilbert energy-momentum tensors are not, in general,
equivalent [[13]]. The question still remains as to what is the physical significance of the many
published spin-2 gravitational energy-momentum tensors in the literature, as well as in general
relativity [190, 164} [152, [25]], and gravity theories as a whole [169, 123} 154, [1/78]]. Many of
the linearized gravity energy-momentum tensors were highlighted by Bi¢ak and Schmidt [28]],

a study which in part stemmed from continued research in linearized gravity by Butcher et al.
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in the recent literature (41, 40, 42, 43]]. In electrodynamics, fundamental equations such as the
Lorentz force law and Poynting’s theorem are expressed through the uniquely defined physical
energy-momentum tensor. In spin-2 Fierz-Pauli theory, writing down analogous laws requires
a unique energy-momentum tensor, for which there is still no consensus on which to choose.
In addition, the self coupling problem of 4,, T in the Padmanabhan-Deser debate [163, 163]
requires a specific expression which the authors could not agree on, further emphasizing the
need for a uniquely defined expression. The linearized Landau-Lifshitz energy-momentum
pseudotensor has been used to model observations in one (the Hulse-Taylor) binary pulsar sys-
tem [107, 187, 1166, [131]. Others make claims in support of other expressions, such as the
Hilbert (metric) energy-momentum tensor in Minkowski spacetime to be the truly physical
energy-momentum tensor. For these numerous other linearized gravity energy-momentum ten-
sors in the physics literature, however, experimental or observational verification cannot easily
be found.

Due to Magnano and Sokolowski’s no-go result [[140], one can consider energy-momentum
tensors in higher derivative gravity in order to obtain a spin-2 gauge invariant expression (in-
variant under linearized diffeomorphisms), such as the variants of the Bel-Robinson tensor
[3,92], or the linearized Gauss-Bonnet gravity energy-momentum tensor [167, (14} 9], which
are both invariant under the spin-2 gauge transformation (linearized diffeomorphisms). How-
ever, since these models require higher derivative actions, they are not connected to spin-2
Fierz-Pauli theory via standard Lagrangian based energy-momentum derivations such as the
Noether method or the Hilbert (metric) method. We note that additional insight about lin-
earized gravity can be found through the Hamiltonian approach [97, 51} 179, [189]. Research
on gravitational waves from the linearized gravity equations has continued in recent decades
[144]; interests that have only been increasing since the LIGO results in 2016 [1]]. In elec-
trodynamics, the radiation equations are developed from the unique energy-momentum ten-
sor of the theory, emphasizing the need to sort out the non-uniqueness problem in linearized
gravity. Various energy-momentum tensors have been proposed to model gravitational radia-
tion, such as the Bel-Robinson tensor [62, 94], yet only the linearized Landau-Lifshitz energy-
momentum pseudotensor has the observational evidence associated to the Hulse-Taylor binary
[107, 187, [166, [131]]. Sorting out which of the many published expressions correspond to
physical phenomena is a fundamental problem which can give great insight into the theoreti-
cal framework of gravitational energy. With many published gravitational energy-momentum
tensors in the literature, it is not clear which (if any, see philosophical debates on this topic
[1OSL11773])) to use to write down a unique set of physical conservation laws for linearized grav-
ity. We hope that our results will help further progress in this direction, and to clarify the

relationship of the many published expressions to the canonical Noether energy-momentum
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tensor.

3.3.8 Appendix A - General energy-momentum tensor system of linear

equations

The following Appendix includes the system of linear equations corresponding to the most
general energy-momentum tensor for linearized gravity under the condition that the most
general expression can be derived from the canonical Noether tensor supplemented by the ad-
hoc addition of the divergence of a superpotential and terms proportional to the equations of
motion given in (3.96). In addition to the equations given in this Appendix, (3.93) and (3.94)

can be imposed to derive a symmetric energy-momentum tensor.

Canonical Noether conditions

1
b7 - dg = 5 (3136)
1
e =5 (3.137)
bio, —dip, =0 (3.138)
Coefficient splitting conditions
_ 1 _
a) = A + A, (3.139) (cs+3)=Cs+Cs (3.143)
ay = Ay + A (3.140) d, =D, + D, (3.144)
by = B, + B, (3.141) ds = Ds + Dy (3.145)
by = By + B, (3.142) ds, = Ds, + Ds, (3.146)

d5ii = D5ii + D5ii (3147)
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Superpotential conditions

Bz+D1—D3+b9i:O
BZ_D1+D3+b8i:O
bl—d4+b32020

_ — 1
Cs+ A —A2+(b8’,’,—§):0

. 1
Cs — Ay +A2+(b9”—§):0

c3+ by, —dip; =0

(3.148)
(3.149)
(3.150)

(3.151)

(3.152)
(3.153)

dys+bs=0
d12i+B4+D5i—D5ii:O
d12i1+(b111i+1)20
B4—D5i+D5ﬁ+b1]i:0
1 1
- =)+bs+=)=0
(c1 4) (s 2)

1
(62+Z)+d8:0

Linear system of equations for the equations of motion

1{—]\7[
76 =My
1 _ _
551:D3—32+D1
1 1
“h=dy— (bt~
2(1 7 — (be 2)
1
i =dyy, b
2{1 11, — bs,
1 1
Sl =dyy - (by — =
251 11; — (bo, 2)
1{—]\_4
76 =M
=M,

=3 =M,

(3.160)
(3.161)

(3.162)

1
(3.163) —Efz =dyo, + diz; — bro,; — (b1, + 1)

(3.164)

(3.165)

(3.172)
(3.173)

1 _
—Efz =M,
1 _
5(:2 = Ds, + Ds, — B4

1 1

0 =do — (be — ~

2(2 o, — (bg, 2)
! =d, b
252— 6 — bs

1 _
“L=M
2(2 1

{5 =Ms
s =M,

(3.154)
(3.155)
(3.156)
(3.157)

(3.158)

(3.159)

(3.166)
(3.167)
(3.168)
(3.169)
(3.170)

(3.171)

(3.174)
(3.175)
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1 A 1 A
—§{4 = M2 (3176) _546 = M4 (3182)
1 _ _ 1 1
544 = D5l.[. + D5’. — By (3.177) 52;6 =as—(cy + Z) (3.183)
1 1 _
Su=do, —by (3.178) Sdo= A1 = Cs+ A, (3.184)
1 1 1
—554 = dyo; + diy; — bio, —bu,  (3.179) —556 = 5(613 - ¢3) (3.185)
1 1 1
—554 =dg, — b3 (3.180) —556 = 5(613 —3) (3.186)
1 N 1 ~
544 = M] (3181) 5{6 = M3 (3187)
d2+d4—b1:M1+M1+M1 (3188)
Dl—Bz+D3 :M2+M2+M2 (3189)
Ay = Cs + Ay = My + My + M (3.190)

1 _ N
614—(01 —Z):M4+M4+M4 (3191)



Chapter 4

Deriving Lagrangian densities

from physical requirements

This chapter focuses on the problems outlined in Section |1.5.3| of the introduction; in order
to realize the axiomatic approach to field theory proposed in this thesis, a concrete procedure
for converting axioms into a set of Lagrangian densities is required. In the first article of
this chapter, [14] in Section we develop one possible method for a concrete procedure by
considering the most general scalars of a particular type (order of derivatives, rank of tensor
potential) with free coefficients, and solving for the coefficients such that the axioms are sat-
isfied. Doing this for the N = M = n case under the condition that each is invariant under
the spin-n gauge transformations, electrodynamics is the unique result for N = M = 1, and
linearized Gauss-Bonnet gravity is the unique result for N = M = 2. This article is published
in the International Journal of Modern Physics D. This connection is further explored in the
section article [9] in Section[4.2) where the complete dual formulation is analogously developed
and generalized to the Maxwell-like higher spin gauge theories. This article is also published in
the International Journal of Modern Physics D. Finally the more general N = M > 3 cases are
explored which yield unqiuely the contractions of the curvature tensors of higher spin gauge
theories for each spin-n. This article is published in the Canadian Journal of Physics. The
procedure implemented in this chapter provides a first step towards realizing a method which
can obtain complete sets of physical Lagrangian densities from a common set of axioms. Two
of the three papers in this chapter feature a single co-author, their contribution to each paper is

summarized in the Co-Authorship Statement.
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4.1 A connection between linearized Gauss-Bonnet gravity

and classical electrodynamics

Abstract A connection between linearized Gauss-Bonnet gravity and classical electrodynam-
ics 1s found by developing a procedure which can be used to derive completely gauge invariant
models. The procedure involves building the most general Lagrangian for a particular order of
derivatives (V) and rank of tensor potential (M), then solving such that the model is completely
gauge invariant (the Lagrangian density, equation of motion and energy-momentum tensor are
all gauge invariant). In the case of N = 1 order of derivatives and M = 1 rank of tensor po-
tential, electrodynamics is uniquely derived from the procedure. In the case of N = 2 order
of derivatives and M = 2 rank of symmetric tensor potential, linearized Gauss-Bonnet grav-
ity is uniquely derived from the procedure. The natural outcome of the models for classical
electrodynamics and linearized Gauss-Bonnet gravity from a common set of rules provides an

interesting connection between two well explored physical models.

4.1.1 Motivation

Gauge invariance is a common characteristic among field theories of fundamental interactions.
Electrodynamics has a unique property with respect to gauge invariance that will be called com-
plete gauge invariance in this article. Complete gauge invariance occurs when the Lagrangian
density, equation of motion and energy-momentum tensor are all gauge invariant [39]. Com-
plete gauge invariance of the model is possible only when the Lagrangian density is exactly

gauge invariant. Consider the Noether identity for a general potential ®, [159, 124, (7],

0L oL oL
(6<DA - 6"6(0,1(DA) + a“a“—a(a,law@) +... )6CI>A
, oL 0L 0L 3
+ 0, (n” Lox, + 8(6ﬂCDA)6(DA + a(aﬂawq)A)awéd)A [6w6(6ﬂaw®A)]6®A + ... ) =0. @1

This identity is the result of invariance of the action under simultaneous change of coordi-
nates and fields. For a given coordinate change dx, and corresponding change of fields 6@, of
the Lagrangian density, a conservation law will follow from the particular form of 6®,4, such
as in the case of Lorentz translation the energy-momentum tensor is derived. All conservation
laws follow from the expression under the total divergence. The conservation law depends
explicitly on the Lagrangian density which restricts gauge invariant energy-momentum ten-

sors to those which have explicitly gauge invariant Lagrangian densities. In electrodynamics,
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L= —%F s F is exactly gauge invariant, so this is not a problem.

The equation of motion for the spin-2 model [74] is gauge invariant under the trans-
formation h,, = hy, + 0,&, + 0,€,. For spin-2, the Fierz-Pauli Lagrangian density (£ =
HO MO, = Dol 0°HPY + 20,15, 0" WP — 20° 1,07 y,]) is not exactly invariant under a gauge
transformation [140, [163]], even after a change of variables [[147]. It is only gauge invariant up
to the surface term 6,L = 0,[h"70,0," — %hwavaygy + %h@”@ygy - %hl:lf"]. This is why the
energy-momentum tensor is not gauge invariant [140,61]. Often this fact is overlooked due to
the common priority that only an equation of motion must be found which is gauge invariant. It
will be shown in this article why for spin-2 there exists no exactly gauge invariant Lagrangian
or gauge invariant conservation law; the canonical energy-momentum tensor depends explicitly
on the Lagrangian density [7,140]].

It is clear that exact invariance of the action is a special property, as indicated by electro-
dynamic theory. The motivation for the current work is as follows: develop a procedure such
that an explicitly gauge invariant Lagrangian can be derived. From this procedure, models can
be constructed that are invariant under a desired gauge transformation. The power of this pro-
cedure is highlighted by a result that was not foreseen by the development of the procedure;
the model constructed from a general Lagrangian density which is quadratic in second order
derivatives of a symmetric second rank tensor potential (i.e. aaaﬁh,,yaaaﬁhm, and invariant
under the spin-2 gauge transformation, is uniquely the linearized Gauss-Bonnet gravity model.
The Gauss-Bonnet gravity model is a frequent topic in the physics literature [[198, 71}, 48, [192]];
a connection between linearized Gauss-Bonnet gravity and classical electrodynamics can give

some additional insight into the significance of the Gauss-Bonnet model.

4.1.2 A Procedure For Gauge Invariant Lagrangian Formulation

To derive a completely gauge invariant model, a procedure was developed that would yield
an exactly gauge invariant Lagrangian, equation of motion and energy-momentum tensor. We
restrict our attention to Poincaré invariant field theories. The procedure involves defining a
linear combination of all possible contractions of terms quadratic in derivatives of fields (i.e.
for a model built using a vector potential quadratic in first order derivatives, such as d,A,"A").
Once the general Lagrangian is constructed, a gauge transformation is applied, and a linear sys-
tem of equations is obtained. This leads to specific coefficients that will yield a gauge invariant
Lagrangian. From here, we obtain a gauge invariant equation of motion, and Noether’s theo-
rem is used to derive an energy-momentum tensor [[159, [124]]. The procedure can be applied
for any order N of derivatives/ rank M of tensor potential.

For a model built using a vector potential which is quadratic in first order derivatives (N =
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I, M = 1ie. 0,A,0'A), this procedure yields exactly the electrodynamic Lagrangian as the
unique gauge invariant combination. For spin-2 (N = 1, M = 2 i.e. ,h,,0"h’), this procedure
yields only £ = 0. It is possible to modify this procedure to consider Lagrangian densities
which are invariant up to some surface term (such as the Fierz-Pauli action), but this does not
concern completely gauge invariant models. While spin-2 does not have an explicitly gauge
invariant action, a symmetric second rank potential 4,, does in fact belong to a completely
gauge invariant model for N = 2, M = 2, which requires higher order derivatives in the general
Lagrangian (N = 2, M = 2 i.e. aﬂavhaﬁaﬂawﬁ). The procedure for N = 2, M = 2 derives a
unique completely gauge invariant model, which is exactly the linearized Gauss-Bonnet model

for gravity.

Derivation for N = 1, M = 1 (classical electrodynamics)

For amodel with N = 1 and M = 1 (i.e. vector field theory), the Lagrangian is a scalar which is
quadratic in first order field derivatives (i.e. d,A4,0"A”). To consider all possible combinations,
first write all possible contractions of two indices. From here, write all possible contractions
of the next two indices. Since there are only two contracting pairs of indices, this procedure is

extremely simple, yielding a linear combination of only 3 possible terms,

L = ad,A,"A” + bd,A"0,A” + cd, A0 A, (4.2)

where a, b, ¢ are arbitrary coefficients. Imposing a gauge transformation A, = A, + 9,¢
yields a Lagrangian density which can be organized by the original terms (£), and transforma-
tion terms (6,L), in the form L' = L+ 6,.L,

L' =L+2a+)d,A,d0 ¢+ 2b0,A"0,0"9, (4.3)

where L is given in (4.2). A system of equations is derived such that if all of the §,.L cancel,
an exactly gauge invariant Lagrangian density will be obtained. In other words, we must solve
for 6,L = 0. In order to satisfy this condition, we require a + ¢ = 0 and b = 0, thus ¢ = —a.
The resulting Lagrangian density can be factored to £ = %a(ﬁﬂAv - 0,A,)(0"A” — 9"AF).

What we find is that the Lagrangian density is exactly the form of classical electrody-
namics. The arbitary coefficient a allows for the standard coefficient of the electrodynamic
Lagrangian density, a = —% yields £ = —iF w I, The choice of the standard coefficient is
fixed by equation of motion (Maxwell’s equations) and the energy-momentum tensor 7" =
FreFY — in’”FaﬂF ®_ The electromagnetic energy-momentum tensor and all other conser-
vation laws related to conformal invariance of Maxwell’s equations were first derived from

Noether’s theorem by Bessel-Hagen [26]]. This also can be derived from the canonical Noether
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energy-momentum tensor after implementing the Belinfante improvement [23]]. The procedure
therefore can be used to derive a completely gauge invariant model with no free coefficients, in

the case of N = 1 and M = 1, classical electrodynamics.

Derivation for N = 1, M = 2 (spin-2)

For a model with N = 1 and M = 2 (i.e. tensor field theory based on symmetric A,,), the La-
grangian is a scalar which is quadratic in first order field derivatives (i.e. d,h,,0"h””). Avoiding

redundant contractions yields [97],

L = AP, + BOIOR + CO A W, + DOh,, &' B + Ed,h, ', (4.4)

where A, B, C, D, E are arbitrary coeflicients. Imposing a spin-2 gauge transformation h;w =
hyy+0,6,+0,€, yields L' = L+6,L, with 6,L which must vanish in order for a gauge invariant
expression to be derived. For clarity, common terms are combined and the D’ Alembertian

operator (O = 9,0") is introduced. The resulting Lagrangian density is,

L' = L+ APhDE, + 2BI,W70E, + (A + 4C)3,hd"0,&"
+ (2A + 2B)3, 10,0, + (AD + 2E)d,h, 00" + 2ED,h, 0’ I, (4.5)

This equation leads to the homogenous linear system which has either a trivial solution, or
a non-trivial solution with free parameter(s). The trivial gauge invariant Lagrangian £ = 0, is
the only gauge invariant expression. This is the expected result because spin-2 is well known
to have an action which is gauge invariant only up to a surface term [61} [140]. We can find
this surface term by using integration by parts, leaving us with a total divergence and some

remaining terms,

L' =L+09,[AhDé" + 2B D¢, + (A + 4C)hd"0,&”
+ (A + 2B)I"70,0,€” + (4D + 2E)h,,0"0"¢” + 2Eh,,0" 0" ¢"]
— (2A + 4C)h0d,&" — (2A + 2B + 2E)i8,0,0,& — (2B + 4D + 2E)h,,00’¢". (4.6)

We solve for the coefficients such that the terms not under the total divergence are identi-
cally zero. Solving this system of linear equations we have C = —%A, D= %A and E = -A-B.
For any choice of the free coefficient we have a Lagrangian density which yields the spin-2

equation of motion. If we solve such that the coefficients match up with the conventional co-
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efficient % of the spin-2 equation of motion, we must take A = —%, thus we are left with the
solution A = —%, B=B,C = i, D = —i and £ = % — B with only one free parameter B. We are
left with a one parameter family of Lagrangian densities which is invariant up to the surface

term,

1 1
L= L+0,0170,0,8' ~ 8,0, + Shd'0,€" ~ Shog"
+ 2B(H"0,0,&" + W*OE, — hy, ' 9'E — h, P EY]. (4.7)

The coefficients used to ensure the Lagrangian is invariant up to a surface term from (4.4),

1
L= Z[-20, 0", + 4BOMD, I + 6, W0~ @ + 2+ 4B)O, WYL (48)

We note that for particular value of the free parameter B = 0, the Fierz-Pauli Lagrangian is
recovered identically. Having a Lagrangian which is explicitly gauge invariant is likely related
to the ability to construct a field strength tensor, as will be emphasized during the construction
of the gauge invariant model in the following section. Absence of a gauge invariant Lagrangian
seems to imply an inability to construct a quadratic combination of independently gauge in-
variant field strength tensors. The notion of the field strength tensor in a physical model has
be alluded to as a physics necessity in the past [58, (131} [195]; the current work can give some

more insight into these observations.

Derivation for N = 2, M = 2 (linearized Gauss-Bonnet)

For a model with N = 2 and M = 2, the Lagrangian is a scalar which is quadratic in second
order field derivatives (i.e. 8,0,h,30"9”h*f). This can be built from the Lagrangian of the form
L = MFPYH,0,h,50,0,hr,, where MF*PPAY g all possible permutations of indices of four
Minkowski tensors (i.e. 7°n"'n%n?7). Avoiding terms which are redundant after contraction

yields,

L = C10,0' 00,0y + C20,0" hopd,0"h™ + C30,0,1" 0,0" H
+ Ca0,0,h50p0° B + Cs50,0, 150,01 + Co0,,0,h3 00"y + C10,0,h3dV O™
+ C30,0,1" 8,050 + Co0,0,W"° & Dby + C100,0,h;0° B,
+ C110,0,hapd 0" hF + C120,0,h,p0" 0" RP + C130,0,hap0" P H". (4.9)
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A spin-2 gauge transformation f;, = hy, + 9,¢, + 0,&, is then applied. The 6,L consists of
10 unique terms which result in a system of 10 linear equations. These equations decouple into
3 independent systems which we will call 1), ii) and iii), each of which are solvable with one
free parameter. Not a single coeflicient C, is zero in the case of a nontrivial gauge invariant
Lagrangian (6,£ = 0). Each of the independent system of linear equations can be solved, 1)
Cip = -2Cyy, C13 = Cyy,11) Cy = 2C,, Cs = —4C,, Co = Cy, C7 = —4C,, Cy = 2C,, Cyp =
2C, and iii) C3 = —2C,, Cg = C;. These solutions yield the following independently gauge

invariant combinations,

L= C11(8,0,hapd O h — 20,0,hapd O WP + 8,0, hapd* P W)
+ C2(0,0" hop0,0"hF + 20,0,h%0pP 1" — 40,0, h50,0" W
+ 00,304 0"y — 40,,0,h20" Oph™ + 20,0, &0, hy + 20,0, ;P 0, ™)
+ C1(8,0" W00y — 20,0,1" 0,0 Wy + 80,1 0,05h™).  (4.10)

The 3 combinations can be factored into contractions of a fourth rank, second rank, and
zeroth rank tensor. The motivation is to have each term expressed as the contraction of two

field strength tensors. The result of this,

1
L= 7CuOuDahsp + 0,0hya = 0u0phsa - 8,0,hyp) (0P + F WP — WP — FFn™)

+ Co(Ohyy + 8,01 — 0, D,h2 — 3,0, KO + & 8h — FI°h), — ")
+ C\(Oh — 8,0,h)(Oh — 8,85h°"), (4.11)

shows 3 expressions which are familiar to Riemannian geometry. They are the linearized
terms of the Riemann tensor R = L("Ph"™ + 00" — 89" 'P — 80P h**), and Ricci tensor
R =, R = L3P0 h!,+0" 8" Wy —0h’P —3*3h), and Ricci scalar R = n,sR” = 3,0,h* —0h.
Using these linearized Riemann/Ricci tensors, and rewriting the free coefficients as &, b and ¢

we have,

L =aR,opR" + bR, R" + CR?, (4.12)

which allows for an infinite number of possible models to be developed. The goal of this
work is specific, to find unique combinations which lead to completely gauge invariant models.

This condition will now be used to specify possible Lagrangian densities, by use of Noether’s
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theorem. Referring again to (4.20)) we have the conservation law for N =2, M = 2,

0L 0L
0, |IN" LX) + ——F———=0.0h,; — |0y —=———F7——|0hy | = 0. 4.13
e T ( ”awwaﬂhpcr)) ' ] 19
The first term is gauge invariant because the Lagrangian density is explicitly gauge invari-
ant. The second term can possibly be gauge invariant depending on transformation of the fields

0:0h,,, since there will be second order derivatives of A,,. From (4.12)) we calculate,

oL

=27 Rpw/lrr R/lp(rw
a (8w a/lhp(r) . [ " ]

- 1
+ b[_nw/lRp(T _ np(TRw/l + E(n/la'Rpcu + n/lpRO'w + nwO'Rp/l + nwa(T/l)]

1
+ 28R=1"' 07 + S+ )] (414)

Two identities can be used in the following calculations which are equivalent to the Bianchi
identities: 0,R*“" = 9'R*” — R* and R = 20,R“*. These identities allow for all of the
tensors to be expressed as derivatives of the Ricci tensor. Using (#.14), we have for the second
term in (4.68)),

oL

@) Mo = 2GR (30l — D10hay) + DR (3,002 = 3°Shyer)

+ DRN (0 Shpa — 020h) + 2ER(0,00° — 8“Sh). (4.15)

If we simply use the canonical transformation 6h,, = —8sh,,6x* we will not have a gauge
invariant expression, as in the case of the canonical Noether energy-momentum tensor in elec-
trodynamics. Since we have an explicitly gauge invariant Lagrangian density, the Bessel-
Hagen method [26, [110] can be used to derive transformations of the /,, which leaves the
second term in the conservation law gauge invariant. This procedure involves solving for the
field transformations such that coordinate invariance and gauge invariance is simultaneously
preserved. The field transformation 6h,, = —0gh,e0x* + 8,&, + 0,&, with the most general
vector &, = Ahvﬁdxﬁ + Bhn,,6x” must be substituted into and solved for the parame-
ters which preserve gauge invariance. We have a unique gauge invariant solution for A = 1,
B=0. Remarkably the solution is that this transformation is exactly 6h,, = —ZFVPU(SXV, where

IV, = %(6Vhp0 —0,h). — 80h};) is the linearized Christoffel symbol. For the second term in the
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conservation law we now have,

0L

[ — — ~ PWPAT PV 7 WPV 7. pwd pv ~ Vv
a(awaﬁhw)aﬂhpa = (—4aR"R’,,, — 2bR,-R*"" — 2bR*'R") — 4cRR"*)6x,.  (4.16)

The expression in brackets is manifestly gauge invariant without restriction of the free
parameters a, b,¢. We now consider the third term in lj with the transformation 6h,, =
=217, 6xy,

(42 + ) [20°Rif™ — "Ry — "5 | T, 6,

| =

0L
| §hy =
(a/l 6(awa/lhp(r) ) ’
+ (42 + b) [20°R*” - "R — FR™I T, 0x,. (4.17)

The energy-momentum tensor can only be made gauge invariant with respect to the trans-
formation 7, = hy, + 9,&, + 0,€, if (4.17) vanishes because second order derivatives of the
potential are required for an expression invariant under this transformation [140]. The only way
for to vanish is therefore to fix the free coefficients of the Lagrangian density. There is

a solution such that (4.17) is identically zero (leaving the energy-momentum tensor in lowest

1

integer), a = ‘—1‘,13 =-1,c=4,

1
L= Z(Rwﬁzeﬂmﬁ — 4R, R" + R?), (4.18)

which is the linearized form of the Gauss-Bonnet Lagrangian! It was first discovered by
Cornelius Lanczos in 1938 [129], and has subsequently been a point of interest in many ar-
eas of both physics and mathematics [[71, 48| (192} 96, 100, [142]. From Noether’s theorem a

symmetric, conserved and gauge invariant energy-momentum tensor is derived,

T = _pr/lcTRv

pAo

1
+2R,, R +2R“'R", - RR™ + anV(RmﬁRM“ﬂ — 4R, R" +R?). (4.19)

The Belinfante procedure for higher order gravity can also be used to obtain this energy-
momentum tensor [23],[7]], as well as the Fock method for deriving an energy-momentum tensor
which is symmetric and conserved on shell [7528]]. From both methods the resulting energy-
momentum tensor is exactly what we have in (4.27).

Just like in classical electrodynamics the procedure for N = 2, M = 2 allows for the deriva-
tion of a completely gauge invariant model, where the energy-momentum tensor is symmetric,

conserved and gauge invariant. The energy-momentum tensor presented in (4.27) is a well
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known expression to string theorists for several decades [172} 34, [156]]. The fact that it fol-
lows from a procedure originally developed for deriving completely gauge invariant models in
relativistic field theories (such as electrodynamics) was a completely unforeseen result. The
connection between electrodynamics and Gauss-Bonnet gravity models, as well as the meaning

of this connection, is worth further investigation.

4.1.3 Conclusions

A procedure was developed for building completely gauge invariant models by imposing gauge
invariance and Noether’s theorem to general scalar Lagrangian densities. The electrodynamic
Lagrangian density is shown to that follows from this procedure for N = 1 and M = 1, which
leads directly to the completely gauge invariant theory. For spin-2 (N = 1, M = 2), this pro-
cedure yields no nontrivial results, which is expected because the spin-2 Lagrangian density is
only invariant up to a surface term. A model with M = 2 rank of potential (second rank sym-
metric potential /,,) and N = 2 order of derivatives was derived from the procedure, yielding 3
possible contractions: linearized Riemann tensors, Ricci tensors, and Ricci scalars. It is found
that for a specific combination of these terms, a completely gauge invariant model can be con-
structed analogous to electrodynamics; a model which is exactly the linearized Gauss-Bonnet
gravity model.

If a Lagrangian density is built from a tensor potential of rank M and order of deriva-
tives N = M, the procedure can be used to derive a completely gauge invariant model; the
Lagrangian density, equation of motion and energy-momentum tensor are all gauge invariant.
This was highlighted by the fact that for N = M = 1 the procedure yields classical electro-
dynamics, and for N = M = 2 with a totally symmetric tensor potential the procedure yields
linearized Gauss-Bonnet gravity. We note that this pattern continues for totally symmetric ten-
sor potentials when N = M > 2 and is the subject of future work. In cases where N # M
it is possible to derive completely gauge invariant models if N > M, or for totally antisym-
metric tensor potentials of any rank M when N = 1 (keeping in mind the rank M of totally
antisymmetric potentials is restricted by the dimension D of a theory as M < D).

A major characteristic highlighted by the developed procedure is the importance of a La-
grangian that is exactly gauge invariant in physical field theories; not simply invariant up to
some surface term. This is explicit, but rarely discussed, in the from of the canonical energy-
momentum tensor. The first term in (4.68) must be independently gauge invariant, otherwise
the only possible gauge invariant energy momentum tensor will be 7% = 0. Electrodynamics
(N =1, M = 1) is a completely gauge invariant field theory built from a unique gauge in-

variant Lagrangian density. The gauge invariant Lagrangian for the N = 2 and M = 2 model
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presented in this article not only has this attribute, but it is directly related to the building
blocks of general relativity through linearized Riemann tensors that were derived. Uniqueness
found in the gauge invariant Lagrangian density expressions suggests that it is not enough to
consider only the gauge invariance of the equation of motion. Complete gauge invariance of
these models emphasizes the need for both exactly gauge invariant Lagrangians and conserva-
tion laws. Gauge invariant Lagrangian densities produced by this procedure imply existence of
gauge invariant field strength tensors that can be used to build the corresponding model. The
connection between Gauss-Bonnet gravity and classical electrodynamics is the primary point

of interest presented in this article and will be the subject of future work.



4.2. A coNNECTION PART II: COMPLETE DUAL FORMULATION 143

4.2 A connection between linearized Gauss-Bonnet gravity
and classical electrodynamics II: Complete dual formu-

lation

Abstract In a recent publication a procedure was developed which can be used to derive com-
pletely gauge invariant models from general Lagrangian densities with N order of derivatives
and M rank of tensor potential. This procedure was then used to show that unique models
follow for each order, namely classical electrodynamics for N = M = 1 and linearized Gauss-
Bonnet gravity for N = M = 2. In this article, the nature of the connection between these
two well explored physical models is further investigated by means of an additional common
property; a complete dual formulation. First we give a review of Gauss-Bonnet gravity and
the dual formulation of classical electrodynamics. The dual formulation of linearized Gauss-
Bonnet gravity is then developed. It is shown that the dual formulation of linearized Gauss-
Bonnet gravity is analogous to the homogenous half of Maxwell’s theory; both have equations
of motion corresponding to the (second) Bianchi identity, built from the dual form of their re-
spective field strength tensors. In order to have a dually symmetric counterpart analogous to
the non-homogenous half of Maxwell’s theory, the first invariant derived from the procedure
in N = M = 2 can be introduced. The complete gauge invariance of a model with respect to
Noether’s first theorem, and not just the equation of motion, is a necessary condition for this
dual formulation. We show that this result can be generalized to the higher spin gauge theories,
where the spin-n curvature tensors for all N = M = n are the field strength tensors for each
n. These completely gauge invariant models correspond to the Maxwell-like higher spin gauge

theories whose equations of motion have been well explored in the literature.

4.2.1 Motivation

In [[14]], a procedure for deriving completely gauge invariant models from general linear com-
binations of derivatives of order N and rank of potential M was developed. Complete gauge
invariance occurs for a model when the Lagrangian density, equation of motion and energy-
momentum tensor are all independently and exactly gauge invariant. The procedure involves
solving for the free coeflicients in the linear combination with respect to Noether’s (first) the-
orem [159, [124] such that the model is completely gauge invariant under a particular gauge
transformation. In the case of N = M = 1 under a spin-1 gauge transformation, electro-
dynamics is uniquely derived from the procedure. In the case of N = M = 2, under a spin-2
gauge transformation (sometimes referred to as linearized diffeomorphisms), linearized Gauss-

Bonnet gravity is uniquely derived.
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The connection of these models to a common procedure raised an obvious question, what
is the reason for this connection, and why Gauss-Bonnet gravity of the many metric theories
of gravity that exist in the literature. The present article attempts to answer both questions
through the Gauss-Bonnet theorem, and the additional non-trivial property shared by these
two models, complete dual formulation of the Lagrangian, equation of motion and energy-
momentum tensor. Once again these models will be derived from the Noether identity from

Noether’s first theorem, given below for a general potential ®, [[14],

or oL oL
_ _9% . \so
(6<DA % 5a,0m T %G a0t )5 A
oL oL oL
v 9% s+ —% 550, -log.—%  |so.+..|=0. @2
+ (9# (77# L(SXV + a(aﬂq)A)é A T+ (9((9#(9MCI)A)6“’5 A [80, a(aﬂawq)A)] o, + ) 0 ( 0)

The article will be structured as follows. In Section 4.2.2] an overview of Gauss-Bonnet
gravity is given, with its connection to the Gauss-Bonnet theorem, and how it is derived from
the Euler class e(€2) in the integrand of the Gauss-Bonnet theorem. Next the dual linearized
Riemann tensor is introduced and connected to the original results of Lanczos that first noted
these connections between the dual Riemann tensors, their scalars, and what is now known
as the Gauss-Bonnet Lagrangian. In Section 4.2.3| an overview of the dual formulation of
electrodynamics is presented, and how every component of the theory with respect to Noether’s
theorem (the Lagrangian density, equation of motion and energy-momentum tensor) can be

expressed explicitly in dual form.

Section 4.2.4| is dedicated to converting the linearized Gauss-Bonnet gravity model from
[14] into dual form with respect to Noether’s first theorem. It is shown that this model has the
same general dual formulation as the homogenous half of Maxwell’s theory; the equation of
motion is the second Bianchi identity built from the dual linearized Riemann tensor tensor. In
Section possible invariants derived from the procedure in [[14] are discussed that can give
complete dual formulation analogous to the complete dual formulation of electrodynamics. In-
deed the invariant R,,,,sR*" yields this with respect to the Lagrangian and equation of motion,
but complications arise with the third term in the energy-momentum tensor from Noether’s
first theorem. This is because, as shown in [14], only for very particular Lagrangian densities
can this be made gauge invariant and symmetric, namely the Gauss-Bonnet combination. Two

possible remedies to this problem are given and possible ramifications are discussed.

In Section the internal dual formulations of the respective electodynamics and lin-
earized gravity models are presented. Section gives the general forms for the analogous

expressions between the two models which are generalized for any independently gauge invari-
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ant spin-n field strength tensor. These models are the Maxwell-like higher spin gauge theories
for the spin-n curvature tensors [82, 79, 21]]. The complete dual and gauge invariance of these
models with respect to Noether’s theorem provides more compelling evidence for the require-
ment of complete invariance properties of physical theories with respect to all components: the

Lagrangian density, equation of motion and energy-momentum tensor of the model.

4.2.2 Gauss-Bonnet gravity and the dual Riemann tensors

We begin by providing details regarding the origin of Gauss-Bonnet gravity, its relation to the
Gauss-Bonnet theorem, and how the common Lagrangian in the literature is obtained from the
Euler class in the integrand of the theorem. This is necessary because the required calculations
for our article are scattered throughout the literature, if at all. The book by Eguchi, Gilkey
and Hanson [67] will be taken as the primary reference for details here, however even this
reference is missing considerable detail and explanation. The Gauss-Bonnet theorem got its
name by the work of Gauss in 1827 (Gauss’s theorem egregrium) [86] and Bonnet in 1848
[31], although neither of these presentations are what we refer to as the Gauss-Bonnet theorem
in the present day (they were earlier developments of the theorem). The modern day version
was first presented by Dyck in 1890 [66] for the specific case of R, and finally to n dimensions
by Hopf in 1926 [106], with the proof of the general formula for Riemannian manifolds being
completed by Chern [49].

It was Allendoerfer [4] who first showed that the integrand for a Riemannian manifold of
dimension d is the general expression of which the special case d = 4 is what we will derive
below (the Gauss-Bonnet Lagrangian). This was recognized for d = 4 indirectly by Lanczos
[129] a couple years earlier, but from motivations discussed later in this section. A more
detailed account of this history was given by [194]. The modern form of the Gauss-Bonnet
theorem is sometimes referred to as the generalized Gauss-Bonnet theorem or Chern-Gauss-
Bonnet theorem to make a distinction between the more advanced (modern) version compared

to the work of Gauss and Bonnet. The modern form of the theorem states,

x(M) = f e(Q), 4.21)

M

where y is the Euler characteristic of manifold M and e(Q) is the Euler class. The Euler

class can be expressed in terms of the Pfaffian of the curvature form Pf(€2),

1

e(Q) = G

Pf(Q). (4.22)

The Pfaffian of the curvature form for a Riemannian manifold in 4 dimensions (4D) is the
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d = 4 case. The expression for the Euler class of the curvature form in this case was first given
by Allendoerfer [4], but in more explicit notation by Eguchi, Gilkey and Hanson [67]. The
Pfaffian is given by,

1
Pf(Q) = gfabchab A QY (4.23)

where the curvature 2-form for the Riemannian manifold is given in terms of the Riemann

tensor, QO* = %R” odx? A dx”. The Euler class therefore reads,

1

1 v paf o
e(Q) = 7355 6uapR e R, dx A dx A dx' A dx. (4.24)

Expanding out this summation yields,

1
3272
12 p34 13 p42 13 p42 13 p42 13 p42 14 p23 14 p23
—RR" 3+ R R+ R R + R 53R, + R R™, + RT,R™5, — R 3R,

- R, R®, + R'",,R®, + R",R*,, + RV ,R*,, + R"\,R®)ldx' Adx* Adx® Adx*. (4.25)

e(Q) = [8(R1234R3412 + R1423R2314 + R1324R2413 - R1213R3424 + R1214R3423 + R1223R3414

What is in square brackets above is identically [8(...)] = RﬂmﬂRﬂmﬁ —4R,,R* + R?. Addi-
tionally, using the relationship d*x = dx' A dx® A dx® A dx* = 5;€0pd X" A dx” A dx® A dxP,
the Euler class for the Riemannian manifold in 4D is,

1

Q)= —
=33

(RuapR"™” — 4R, R™ + R*)d" x. (4.26)

Therefore the Gauss-Bonnet theorem for this case reads y(M) = 3217 fM(RﬂmﬁR“mﬂ -
4R, R"™ + R*)d*x. It is this integrand of the Gauss-Bonnet theorem in 4D that is precisely
the Lagrangian density for the Gauss-Bonnet gravity model.

This contribution was first introduced to the physics community by Cornelius Lanczos
in 1938 [129], although happened across by very different means. Lanczos was considering
various invariants that can be obtained from the Riemannian tensors, as presented in his paper
Iy =R,R", I, = R*and I; = R,WﬁR“"“'B . Of course these are the 3 invariants found above in the
Gauss-Bonnet theorem, and the 3 invariants derived in [14] as £ = &RﬂmﬁR‘“’“B + BR#VR“V +¢R?,
where a = ‘—1‘, b=-land¢ = }L for linearized Gauss-Bonnet gravity (Equation ).

What Lanczos noticed is that if we consider a Lagrangian density formed from the com-
bination /3 — 41, + I, it will make no contribution to the equation of motion. This result is
now more appropriately understood as the nature of topological invariants, which can be ex-

pressed as a total derivative in the action. This result, however, as emphasized in [14], does
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not mean that the action will not contribute to the energy-momentum tensor of the model. In
addition, as we show in Section [4.2.4] the equation of motion (while zero) is in fact the sec-
ond Bianchi identity analogous to the homogenous half of Maxwell’s equations. The precise
form of the energy-momentum tensor is a well known expression to string theorists for several
decades [172, (198 134, [156], as derived for linearized Gauss-Bonnet gravity from Noether’s
first theorem in [[14],

1
T = —-R”¥R’,,, + 2R,xR*” + 2R*'R", = RR"" + ZnW(R,MRWﬁ — 4R, R +R*). (4.27)

Gauss-Bonnet gravity is an extensively published model in the literature, interests which
have only been increasing in recent years [48, 50, 96, [142] 24, 91]. This past year [91] has
attracted significant attention in the literature by claiming the the Gauss-Bonnet model can
be used to predict ‘new’ gravitational dynamics solving which can explain several still unex-
plained phenomena. We note that many authors have been writing to support, criticize and
further this result [73]].

Lanczos did consider two additional invariants built from dual tensors [[129],

1
Rogr = 3R G (4.28)
_ 1 Yo%
R;zvaﬁ - ZR Epopv€aBiys (429)

which he called ‘simply’ dual R**” and ‘doubly’ dual R**", respectively. The two invari-
ants he considered were each of these contracted with the Riemann tensor, K| = R"BWR(WV
and K, = R"ﬁ“VRaﬁw. From this he showed that the invariant K, can be used to express the
combination which makes no contribution to the equation of motion K, = I3 — 41I; + I,. This
will be the starting point for Section 4.2.4] where the linearized Gauss-Bonnet model will be
completely rewritten into an explicit dual formulation, as in the case of dual electrodynamics.
In order to do this, Section4.2.3|will first present the complete electrodynamics model in dual

form.

4.2.3 Dual electrodynamics
Dual electrodynamic scalars

The dual formulation of electrodynamics has an interesting history. Heaviside first noticed

the dual invariance of the complete 8 Maxwell equations when he first wrote them in vector
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form [102]]. Maxwell’s equations were presented from the both the field strength tensor F*”
(the 4 non-homogenous equations in Equation (4.36)) and dual tensor #*” (the 4 homogenous
equations in Equation (#.40)) by Minkowski in [150]. Later the complete 8 Maxwell equa-
tions were reformulated into a single field strength tensor F*” by Einstein [69]. The appeal
here was that a single field strength tensor F*” could be defined from which all of Maxwell’s
equations could be presented. The downside was that explicit dual invariance of the model
was hidden as a consequence, and that the homogenous half of Maxwell’s equations were
presented simply as a property of the field strength tensor (from the second Bianchi identity
O0-Fop + 0gF 5o + 0,Fp, = 0), rather than following in the Euler-Lagrange equation from a

fundamental Lagrangian density.

Since this time, the Lagrangian density considered to be fundamental to electrodynamics
is L = —iFaﬁF ® as derived from the procedure in [1], where Fop = 0,Ag — 0gA,. This
Lagrangian density yields the non-homogenous half of Maxwell’s equations in Equation (#.36)

from the Euler-Lagrange equation. Considering the dual tensor of electrodynamics ¥,, =

L
2

M; = F,,F*. It is well known that the first two can be expressed in terms of one another

€uwvpoF*7, it is possible build in principle 3 invariants, M, = F.zF*, M, = ¥, F" and

as M; = —M,. The common objection to Mj is that it should not be included in the action
because it can change sign under an odd numbered parity transformation, since it is formed
from the inner product of polar vector E and axial vector B. This sign change however, does
not effect the equation of motion. Since Lagrangians which are not exactly gauge invariant
but admit gauge invariant equations of motion (such as the spin-2 Fierz-Pauli action invariant
up to a surface term [14} 163} [140L |61]]) are well accepted in the literature, a change of sign is
also a negligible problem if it does not affect the physical model. We will not focus on this

philosophical question in this article.

Note that the authors of a highly cited paper on dual electrodynamics [46,30]] propose a new
Lagrangian of the form M; + M, where the dual field strength is redefined as ¥, = 9,C, —0,C,
in terms of a second 4-potential C,. This has been proposed by numerous other authors
throughout the years without gaining much traction. From this perspective the basic idea is
that variation with respect to both A, and C, of the Lagrangian M; + M, will yield all 8 of
Maxwell’s equations, the 4 non-homogenous equations from variation with respect to A, and
the 4 homogenous equations from variation with respect to C,,. This differs from the procedure
in [14] and that general view that electrodynamics is built from a single potential A,, so the
presentation in [46, 30] will not be considered here. If the general Lagrangian density in [[14]
is built using both potentials in separate terms, with the gauge transformation C;, = C;, + J,4,
then their presentation can also be derived. Their thesis, however, that electrodynamics should

be conventionally expressed in dual invariant form to (i) obtain all of Maxwell’s equation from
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the variational approach (since £ = —}TF «sF only yields the non-homogenous equations),
and (ii) allow for a more symmetric presentation of all conservation laws, is hard to argue. The
following presentation of the dual formulation is perhaps superior given the complete deriva-
tion of Maxwell’s theory from M;, M,, M5 without the need to introduce any non-canonical
potential vectors 89,184, 126]].

Generalized Kronecker delta

In order to perform many of the calculations involving 4D dual expressions for classical elec-
trodynamics and the linearized gravity models discussed in this article, it is necessary to review
the generalized Kronecker delta in 4D for a Minkowski spacetime. The generalized Kronecker

delta is defined as the determinant of the Kronecker deltas of the permuted indices as follows,

5 & 5 5

o B A Y

gopty = || O O 0ol (4.30)
5 & s o

51 & o o

The product of two Levi-Civita symbols is defined in terms of the generalized Kronecker
delta, however in the case of Minkowski spacetime this relationship has a sign change, since

raising the indices in one of the symbols will produce an overall sign change. Therefore for 4D

— 6aﬁ/b’

vouv- Computing the determinant

Minkowski spacetime follows the relationship €,,,,,€**"

above is straightforward and yields,
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— 8155506, + 61555187 — 816,500 + 010,608, — 61608, + 6,600,0,. (4.31)

If two of these indices are contracted the above expression simplifies to,

aflv _  __caflv _ oA a A sa _ oldsa a gAd a sl _ sa A
Eporpv€ = @WV_@ﬁ% ﬁ@@ @@$+@%$+$@@ @ﬁ@.@n)
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If an additional two indices are contracted we are left with,

o€ = =600 = —2(6085 — 50%). (4.33)

These expressions will be used to form identities between the dual and non-dual expres-
sions. For example, the aforementioned relationship M, = F,,,F*" = —M, = =, " can be

readily computed with 7, = %E#VPO-F P9 as,

4 1 apuv a 1 (% (04 g v
~FFH = — 3 o€ P E g7 = 5@,5@ — 60 FopF?" = F\ F*. (4.34)

These generalized Kronecker deltas will be referred to throughout the article.

Dualizing the non-homogenous half of electrodynamics

The conventional Lagrangian for electrodynamic theory Lyyy = —iF wF* yields only half of
Maxwell’s equations in the Euler-Lagrange equation, namely the 4 non-homogenous equations
known as the Gauss-Ampere laws in Equation (4.36). Note that reference to anything associ-
ated to the non-homogenous half of Maxwell’s equations from here forward will be denoted
with subscript MNH = Maxwell’s non-homogenous for clarity. This Lagrangian is, of course,
perfectly sound at deriving half of the theory from Noether’s theorem, as shown in [14]. This
non-homogenous equation of motion is dual to the equation of motion that represents the 4

homogenous equations, derived in Section4.2.3]

Recall from Equation (4.34) the relationship F,,F*” = —=F,,F*". Since Lyyy = —1F o F*
doesn’t need to be changed, it can be expressed equivalently as Lyyy = iﬂﬂ: W oor Lyng =
%(ﬂﬂ-‘ # — F,, F*). All of these options change sign under F,, < ¥,,, however the third is
preferred since it is explicitly in dual form. Therefore the dual Lagrangian density is defined

as the third option,

1
Lynu = g(ﬂff“v - F, F"). (4.35)

The equations of motion that follows from substitution of this Lagrangian density into the
Euler-Lagrange equation in Equation (4.20) are the 4 equations known as the non-homogenous
half of Maxwell’s equations (Gauss-Ampere laws). These equations are sourced by the 4-
current J* that is coupled in to the conventional Lagrangian Lyyy via A,J*, hence the name
non-homogenous. As in [14] we are only concerned with the free fields derived from the

procedure, thus we will focus on the equations of motion E,, . that follows from Ly in

MNH
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Equation (4.35)) substituted into the Euler-Lagrange equation (Equation (4.20)),

0
EMNH

= 0,F". (4.36)

Dual formulation of Maxwell’s equations require the complete 8 equations, therefore the
homogenous 4 are required, which are presented in Section 4.2.3| Finally, consider the energy-
momentum tensor 7Y, ,, = FF‘'F”, — %HI”VF o F derived from Noether’s first theorem using
Equations and (4.35). This can be elegantly dualized by deriving an identity relating the
two terms above to the dual expression ¥#*F_ via equation ,

1 1 1
?’/d(l?’l{fl — vaw epﬁ,ua 6{-‘0’(0(1 Fpﬁ Ffv — vaw (_ 610,3/10 ) Fpﬂ F§(r — _ E n/w Fwﬁ F(tﬁ + F;uy Fva. ( 437)

fowa
From this expression the term proportional to Minkowski can be re-expressed as —in’”F o =

%7" Hag — %F #eF~ . Therefore the result for the dualized energy-momentum tensor is,

, o1
Thini = 5 FYFly + FF) (4.38)

This equation is the dual form of the conventional energy-momentum tensor in electrody-
namic theory and it is symmetric, conserved, gauge invariant, and has the additional explicit

property of dual invariance under interchange F,, < .

Dualizing the homogenous half of electrodynamics

In order to have the dual symmetry with the non-homogenous half of Maxwell’s equations,
the dual equation of motion is required, namely the 4 homogenous equations known as the
Gauss-Faraday laws (Equation (4.40)) [150]. The only remaining invariant, M3 = F,, ",
gives precisely this equation of motion in the Euler-Lagrange equation. This completes the
dual symmetry of the equations of motion. Reference to anything associated to the homoge-
nous half of Maxwell’s equations from here forward will be denoted with subscript MH =
Maxwell’s homogenous for clarity. The current section presents the dual form of the La-
grangian density Ly, equation of motion E,,

with the Lagrangian for the homogenous half of Maxwell’s equations,

and energy-momentum tensor 7%, . Starting

1
LMH = _ZF,uv?:’uV- (439)
Inserting this expression into the Euler-Lagrange equation in Equation (4.20), ‘%TMPH -

0Lmnu
O 0(0s-Ap)

= 0,7 °P. Therefore Maxwell’s homogenous equations are indeed the dual to the



152 CHAPTER 4. DERIVING LAGRANGIAN DENSITIES FROM PHYSICAL REQUIREMENTS

non-homogenous,

Ef = 0,F. (4.40)

Note that using the definiton of the dual field strength tensor ¥, = %eﬂvp(,F »7this equation
can be re-expressed in terms of the Bianchi identity via E,,, = €770, F o5 = $ €7 (9, F 5 +
0sF 7o + 0,Fp,). Therefore an alternate form of the homogenous equations are in terms of the

Bianchi identity as follows,

1
ENy = geaﬁUP(ﬁ(,Faﬁ + 0pF yo + 04 Fpy) = 0. (4.41)

Commonly in the literature the homogenous equations are expressed as 0,Fop + 0pF 5o +
0.Fp, = 0, due to the Bianchi identity representing the homogenous half of Maxwell’s equa-
tions, this was the aforementioned idea of Einstein [69]. The problem with this approach is
that it cares not if half of Maxwell’s theory is derived by the Euler-Lagrange equation; instead
half of the theory is simply stated separately as a property of the field strength tensor. The dual

formulation solves this problem elegantly.

Finally, an energy-momentum tensor can be derived from Noether’s first theorem using

Equations (4.20) and (4.39),

v a v 1 Vg
Ty = F*F = 31" F P Fop, (4.42)

which is also dually invariant under interchange F, < %,.

4.2.4 Dual linearized Gauss-Bonnet gravity
Dualizing the Lagrangian density

Now that the complete theory of electrodynamics has been expressed explicitly in the dual
formulation, the completely gauge invariant linearized Gauss-Bonnet gravity model derived in
[1] can be dualized. Recall that the Lagrangian was of the form

1
Lis = Z(R,,mﬁR*‘”ﬁ — 4R, R" + R?), (4.43)

where reference to anything associated to the linearized Gauss-Bonnet gravity model from
here forward will have subscript LGB = linearized Gauss-Bonnet for clarity. The scalars here

are built from the linearized Riemann tensor R**%%, linearized Ricci tensor R*?, and linearized
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Ricci scalar R, respectively,

1
RE = SN + 9O W = F W = 9P, (4.44)
R? = 1, R" = (050“ hy + 80" W, — ol — 8" h), (4.45)
R =ngR” = 8,0,h"” - Oh. (4.46)

In the current section we will derive the dual form of the Lagrangian density £;s5, equa-

oo g
tion of motion EY ;,, and energy-momentum tensor 77 ;.

identities can be derived for the ‘doubly’ dual linearized Riemann tensor R, as well as the

In order to dualize this Lagrangian,

corresponding Ricci tensors and Ricci scalars. For brevity the ‘doubly’ dual Riemann tensor
Ruvap in Equation (#.29) will be referred to as the dual Riemann tensor; this is the dual tensor
which we use in our article. From here the dual Ricci tensor R, and dual Ricci scalar R by

contracting indices of the dual Riemann tensor,

1 g (07
R €0up€ " P 1yas (4.47)

R,uy = Rﬂavﬂnaﬁ = 4

=R, = —RP” e,,(mﬁem@ (4.48)

We note that there is also the ‘simply” dual R,g,, in Equation (4.28) that dualizes only one
of the antisymmetric pairs of the Riemann tensor. Scalars from this expression, such as the
Lanczos K| = R“B”VR(,/;W, are redundant to what can be found with R,,,s. Furthermore, the
Ricci tensor and Ricci scalar duals from R, are identically zero (R, = 0, R = 0), due to the
first Bianchi identity.

Using the dual Riemann expressions in Equations (#.29), (4.47) and (4.48) the following
identities can be derived by using the generalized Kronecker delta in Equations (4 and
on the combinations R,,,zR* pvap R, R and r?,

1 l
Ruvaﬁﬂuvozﬁ _ R(x /;u‘r 6&,8/11/ €uriy RPGH' ’ Eprpiy EBny _ an' RpG’ ( 6(1/,3;4\/) ( 594’/17 ) — Ryvaﬁ R/lvozﬁ’

16 T prpr It Cwrty
(4.49)
1 1
v _ (07 WT; _ a w‘r¢ 0 ,35 v
R R = 16 Wepvﬂﬁfgy ﬁ%ﬂwa—XE Mﬁff)(éaﬁ’fM = ERPW wr (=0 aﬁz)( 5514)6) R, R,

(4.50)
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1 1
2 _ loa Ayq v wtlp _ o v Ayaf 06\ _ p2
R* = ERP L Erap€ " PR, €1vpp €™ = ERP R (=8N (=6 0, = R (4.51)
Similar to electrodynamics, each of the dual scalars can be expressed in terms of their corre-
sponding original non-dual scalars. An equivalent Lagrangian for the linearized Gauss-Bonnet
model £ = 1(RuosR"™™ — 4R,,R* + R?) can therefore be expressed as £ = 1(RyosR" P —
4R R + R?). Writing this in dually symmetric form, similar to Lyyy, the resulting La-

grangian density is,

1
Lics = g(&mﬁﬂ#mﬁ — AR, R + R + RuyopR" ™ — 4R, R + R?). (4.52)

This presentation would suggest analogy to the MNH equations. The above expression is
invariant under interchange R,,o3 < Ryvep, Ry < R, and R < R. However, recalling the
invariant presented by Lanczos K, = ‘R‘WVR(WV, who noticed the relationship K, oc I3 —41, + 1,
indeed deriving the identity for K, yields,

1
RopapR" P = ZRP‘;yRagV(—aggf;) = —R,opR" " + 4R, R* — R*. (4.53)

Using this identity the Lagrangian £; ;5 can also be expressed as,

1
Ligg = —ZR,WRWW . (4.54)

This presentation seems to indicate an analogy with the MH equations. While the La-
grangian £;;p can be expressed in dual form analogous to both halves of Maxwell’s theory,
this discrepancy will be clearly avoided for the equation of motion E%/,

tions, which corresponds to the second Bianchi identity as in the M H case. First the dualization

in the following sec-

of the energy-momentum tensor will be performed.

Dualizing the energy-momentum tensor

The energy-momentum tensor for the linearized Gauss-Bonnet gravity model, a well known
expression given in Equation (4.27)), was derived from Noether’s theorem in [14]. To dualize
this expression, a series of identities can be derived relating the terms in the energy-momentum
tensor to the corresponding dual terms, as in the case of Equation (4.37). For the four terms in
Equation not proportional to Minkowski (=R**'"R” | _+2R,,R*"”+2R“'R",~RR*"), the
identities between dual and non-dual are, from Equations (4.29), (4.47) and (4.48) and using




4.2. A coNNECTION PART II: COMPLETE DUAL FORMULATION 155

Equations (4.32) and (4.33)),

g P W, 1
TR R (5T (=Ogp) = —RPVR 4 S0 RyapRYF,  (4.55)

WPAT PV _
R R pAo uéAT O¢yp 2

= 16" Mo Txo

1 o wPOVo W) g pv 1 WV (07
RoeR¥T = — 1 R Ry (=600e0) (= 0050) = Roe R = R¥V R, + 21 RuyopR B,

16 wyap xéo pAo
(4.56)
1 V) w. )4 wy 1 wy
RARY | = 1—6nﬂR#f‘fR(,f(—dﬁf;“;ii)(—di‘g;) = R“'R", — RR* + i R, (4.57)
RR = 7RI, R ME(~3 ) (~50) = R + L2 458
- 1_677 patog (_ /17'01,6)(_ ,\/fy/l) - + 577 . ( . )

Combining these 4 terms in the manner they appear in the energy-momentum tensor yields

an interesting identity,

—RPR 1o+ 2RpeRPT + 2RRY) = RR = =R R’ + 2R,c R + 2R*'R" — RR"",
(4.59)

as the particular coeflicients of the energy-momentum tensor cancel all of the second
and third terms in Equations - (4.58). Since the term proportional to Minkowski can
also be re-expressed R,,osR™%P — 4R, R + R® = RyapR*™® — 4R,,R* + R* as shown in
Section [4.2.4] the energy-momentum tensor in Equation can be expressed as T}y, =
—R“’p’l"RVp o F2RGRPT 4 2RURY, — RRY + 10 (Ruyap R — 4R, R¥ + R?). The goal

of this section is to write the energy-momentum tensor in dually invariant form, thus a third

equivalent representation based on the dual and non-dual is,

1 1 1 1
ngB — _ 5 pr/la' Rvp,la- + Rp(r prva + Rw/l Ry,l_ E R va_ Epr/lchvp/kT +Rp0Ra)pvo' +Rw/le/l_ ERRQ)V

1 1
+ gn‘”V(RﬂwﬁR”WB — 4R, R + R*) + gn“’v(ﬂ’%ﬂwﬁﬂ“yaﬁ — 4R, R + R?). (4.60)

This presentation of the energy-momentum tensor is explicitly invariant under interchange
Ruvep < Riveps Ry < Ry and R < R. This form, similar to the first £; ;5 derived in Equation
(#.52), is analogous to what is found for T}, in the MNH half of electrodynamics. Another
dually invariant and equivalent expression can be considered by deriving an identity between
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the dual and non-dual tensors R“’“WRVQ,B "

waQ, 1 v g PW wpAo pv wWPVo w. 14 wV
ROPIR gy = ny’ R, R, (-5 fj”;) = —RYR’, + 2R,:R*"7 + 2R*'R", - RR*". (4.61)

This is exactly the non-Minkowski part of Equation (4.27)! In addition, the Minkowski part
in Equation (4.27) can be re-expressed using R*R,,q5 = —RapR”® + 4R, R — R* from
Equation (4.53), yielding a compact expression for the energy-momentum tensor of Gauss-

Bonnet gravity in dual form,

1
g = ROPIR ) — ZnWRWﬂRWﬁ. (4.62)

In this presentation the energy-momentum tensor, similar to the second £L;sp derived in
Equation (#.54), is analogous to what is found for 7, in the MH half of electrodynamics.
Both the Lagrangian £;;p and energy-momentum tensor 777, can be expressed in dual form
analogous to both halves on Maxwell’s equations. It appears however that the homogenous
half MH is truly analogous given compactness of these Equations (4.54) and (4.62), and the

second Bianchi identity equation of motion. This will be evidenced by the equation of motion

ET7 1 1N dual form, which is the topic of the following section.

Dualizing the equation of motion

Conventional wisdom states that the ‘In D = 4 the Gauss-Bonnet invariant is a total derivative,
and hence does not contribute to the gravitational dynamics’ [91]], and more specifically to
the equation of motion, ‘In the four-dimensional spacetime, the Gauss-Bonnet term does not
contribute to the field equations since it becomes a total derivative’ [139]. This sentiment
implies that there is simply nothing in the equation of motion following from the Gauss-Bonnet
Lagrangian. A closer analysis shows that this is not the case. Differentiating the Gauss-Bonnet

Lagrangian,

6£LGB 1

6(8 " ) 8 #V(Zﬁ[e/lcryv wpaf + G/lp;tv w(ra/ﬁ] (463)
wYaAllpo

Substituting this into the Euler-Lagrange equation in Equation (4.20), using the 9,0, and

R,vop symmetries, and reintroducing the dual R“**” in Equation (4.29),

0LGs 1
EY = 0,0 ———— = —0,01R g€ PP = 9,0, R 4.64
Elcp ’13((9 Dihy) 4 Myyap€ ( )

The equation of motion for linearized Gauss-Bonnet gravity is based on the second or-
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der divergence of the dual Riemann tensor, analogous to how equation is the diver-
gence of the dual tensor for the homogenous half of electrodynamics. Similarly, using the
Levi-Civita symbol, this can be re-expressed as the second Bianchi identity via 9,R,,,se*" =
%eﬂ”"”(aﬁRﬂmﬁ + 0uRy1ap + 0,R ) = 0. Therefore the equation of motion for the linearized

Gauss-Bonnet model can be expressed as the second Bianchi identity as,

1
EZZB = Eeﬂﬂwewaﬁpaw(a/lleﬂmﬁ + aﬂRMdﬁ + a"R/lWﬁ) =0. (4'65)

The linearized Gauss-Bonnet model can therefore be completely expressed in analogous
dually invariant form to the homogenous half of electrodynamics (M H) in Section The
equation of motion for both of these models is the second Bianchi identity. This raises a point,
perhaps of fundamental significance; if the Bianchi identity which represents half of Maxwell’s
equations is considered a fundamental equation of motion to electrodynamics, should the sec-
ond Bianchi identity of the Riemann tensor be thought of as part of the fundamental set of
equations for the Gauss-Bonnet theories of gravity, or more generally, metric theories of grav-
ity? Such views have been considered in the literature in the past [122]], but are not often
included in the set of fundamental equations of motion as in the case of classical electrody-

namics.

4.2.5 Completing the dual linearized gravity model

The linearized Gauss-Bonnet gravity model has been expressed in dual form, with £,z and
T} independently dual invariant analogous to the homogenous half of electrodynamics (MH)
in Section 4.2.3] This analogy was further emphasized by the second Bianchi identity being
the equation of motion for the model. One major issue arises here, however, in the fact that
the equation of motion itself does not have a dual counterpart which can be found under in-
terchange of the Riemann tensor R,,,3 <> R,,.s. This is a major issue for three reasons:
(i) in order to introduce a dual equation of motion, another internally dual invariant must
be introduced to the Lagrangian as in the MNH case, (ii) the possible Lagrangian densities
(L= ZlR#V(,ﬁR“V“ﬁ + ISRWR‘” + ¢R?) are constrained by the procedure in [14], and (iii) the pro-
cedure in [14] showed that the Gauss-Bonnet energy-momentum tensor was the unique gauge
invariant, symmetric and trace-free expression derived from Noether’s theorem for these pos-
sible Lagrangian densities.

Problems (i) and (ii) can be easily remedied by noticing the dual equation of motion to
E’L’ZB is trivially of the form 8,0,R“"*”, which follows from one of the constrained invariants
RﬂmﬁR‘”"ﬂ, contraction of the linearized Riemann tensors. The model built from this scalar

alone will now be explored. Reference to anything associated to the dual form of model derived
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from the linearized Riemann-Riemann scalar from here forward will have subscript LRR =
linearized Riemann-Riemann for clarity. Therefore the current section explores the dual form
of the Lagrangian density £, zg, equation of motion E}z.,

Problem (iii) is significantly less trivial and will be discussed in detail.

uv
and energy-momentum tensor T’ .

Dualizing the Lagrangian and equation of motion

In order to have the equation of motion dual to E7,,, a Lagrangian of the form R,,qsR""*
will be considered, namely Ligg = —3RuopR*®. From Equation (4.49), the dualization is
trivial, since R,qpR*™™ = RyesR™ . Therefore it can equivalently be expressed as Ligg =

—%Rﬂmﬁﬂ‘“’“ﬁ , and in dually symmetric form as,

1
Lirr = _g(RuvaﬁRﬂvaﬁ + vaaﬁﬂyvaﬁ)- (4.66)

This dual Lagrangian is strikingly similar to that of the non-homogenous (M NH) half of

electrodynamics. Differentiating this expression yields a<§,faﬁ12ig> = %[R“’M’ + R¥%7). The

Euler-Lagrange equation of motion from Equation (4.20) is therefore,

0L rr
pT - e = wpAo
Eyrr = 0002 900l 0,0R", (4.67)

which is indeed the expression dual to E}.,.

dual symmetric Lagrangian, and an equation of motion dual to that of linearized Gauss-Bonnet

The LRR model therefore has an internally

gravity; both which are analogous to the non-homogenous half of electrodynamics. Problem
(ii1) is now to derive the energy-momentum tensor, which is not trivially gauge invariant as

T is in [14].

Dualizing the energy-momentum tensor

In [1] the linearized Gauss-Bonnet gravity model was the unique model derived from the pro-
cedure for N = M = 2 and had a gauge invariant energy-momentum tensor. To understand
why this is, we must consider the conserved current from Noether’s first theorem in Equation
for a Lagrangian density of the form d0hdoh,

oL

O0p | =————0,0h,, + " LOx, — |0
a(awa/lhp(r) A i L * (

0L
Am) 6hpg} =0. (4.68)

The third term above is responsible for the lack of gauge invariance in the model, since the
transformation 6h,, = —2FVp06xV [14] 26, [110], where I“Vp(, = %(thpo. - 0,h). — ﬁfrh;), 1s not

gauge invariant. This is in essence the same reason for the no-go result that spin-2 linearized
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gravity cannot have a gauge invariant energy-momentum tensor [[14} 163} 140,61} 63|, at least
second order derivatives are needed. Only for the linearized Gauss-Bonnet Lagrangian den-
sity does the particular combination of invariants kill this term, resulting in a gauge invariant
expression. The first term is gauge invariant because of 0,05, yielding the linearized Rie-
mann tensor via R .= oy, - BJF; , Which is independently gauge invariant. To show this

explicitly, deriving the energy-momentum tensor from L, gg in Equation (4.68)),

1
Tike = RYVR 1 = 70 RuyapR™™ = 20,RVTY, (4.69)

This expression is not dually symmetric, not gauge invariant and not trace-free. It is merely

conserved on-shell via Efz..

[14], however it greatly hampers the development of a complete dual formulation. There are

This feature is expected since it is related to the main result of

only two possible remedies to this problem. One is to integrate by parts the third term in the
energy-momentum tensor 7%, since one term will combine with the first time in 7%, and the
other term will be a second order term of the form 9,0 A(R‘”"MFVW). What remains under 9,
is 2R“’P”"R"p A

trace-free nor conserved. Additionally the second order term does not trivially vanish because

i }‘n‘”"RWaﬁRW"ﬁ which is indeed gauge invariant and symmetric, but is neither

the symmetries wA and po are unable to yield the first Bianchi identity.

The second, and more reasonable solution, is to integrate by parts the equation of motion.
This is possible because Noether’s first theorem is used to derive a complete identity given in
Equation (#.20), it is not simply a method of deriving equations of motion and conservation
laws separately. For LRR this yields —2E72.I", _ + 0, Tsx. = 0, which expands to,

po

1

260)6/]pr/10—1_‘va +0, (pr/IO'Rvp/w _ anva/aﬁRﬂyaﬂ _ zalprﬂa'I-vpo_) =0. (470)
Integration by parts of the first term (equation of motion) via 24,0 AR“"”‘TFVW =20,[0 AR“”M‘TFVW]—

20 AR“’F’“’GMI“VPU exactly kills the third term in the energy-momentum expression. What is left

in place of the equation of motion is —20 AR“’PMBOJFVP(, = —(0 AR“”’M)RVPW, therefore we have

the relationship between this expression and the total divergence from Noether’s first theorem

as,

1
ORP IRy = Ou(RPVR",, — anVR,mﬂRﬂwﬁ). (4.71)
What is left in the divergence, is a precisely gauge invariant, symmetric and trace-free

Ao
‘EDRR

0,R“"" . This equation of motion can be expressed in dual form with the Gauss-Bonnet equa-

energy-momentum tensor! This expression is conserved on-shell via the equation



160 CHAPTER 4. DERIVING LAGRANGIAN DENSITIES FROM PHYSICAL REQUIREMENTS

tion of motion, since the Gauss-Bonnet equation of motion is the second Bianchi identity
which requires only one derivative of the dual Riemann tensor d;R“*'?, therefore not impact-
ing the Lagrangian £;sp or energy-momentum tensor 7}, derived in [14]. Furthermore, this
energy-momentum tensor can be expressed in dually symmetric form analogous to the non-
homogenous half of electrodynamics.

Since this presentation differs from that to this point (limiting the equation of motion to a
single divergence of the field strength tensors), the dual form of the Riemann-Riemann model
will now be referred to with subscript DRR for clarity. The associated Gauss-Bonnet model will
be referred to with subscript DG B for clarity. Their equations of motion are a single divergence
of the dual and non-dual Riemann tensor, forming a dually invariant pair of equations of motion
ENY = 9,RP and ENy. = 9,R“\, where the bar represents that the single divergence
equation of motion follows from integration by parts of the Euler-Lagrange equation necessary
for a gauge invariant, conserved, symmetric and trace-free energy-momentum tensor. These
equations of motion correspond to the Maxwell-like higher spin gauge theories for N = M =
2, models that have been well explored in the literature [82, (79, 21]. The dually invariant
Lagrangian densities remain unchanged Lpgg = —3(RyapR” ™ + RuesR"¥) and Lpgp =
~iRuwapR**. The energy-momentum tensor Ty, = R¥VR" |
expressed in dually symmetric form by re-writing the term proportional to Minkowski via the

identity in Equation 1| (=31 RyyapR7F = —%R“W"R"p o — sRPYR ), which yields,

pAo

— 11" RyyepR*" can also be

o

1
bin = S(RYTR = RIR), (4.72)

pAo plo

which is analogous to the M N H energy-momentum tensor 7%, .. in Equation . There-
fore the linearized gravity model can be expressed completely in dual invariant form by consid-
ering the equation of motion dual to the linearized Gauss-Bonnet equation of motion, namely
the second Bianchi identity; thus the linearized gravity model from Lpgp and Lpgg is anal-
ogous to the complete theory of electrodynamics. The equations of motion consisting of a
single derivative of the linearized Riemann and dual Riemann tensors is a consequence of
the requirement that the models be completely gauge invariant under the spin-2 gauge trans-
formation (linearized diffeomorphisms), as well as have energy-momentum tensors that are
conserved, symmetric and trace-free. The N = M = 1 and N = M = 2 dual formulations will

be summarized in the following section.

4.2.6 Complete dual modelsfor N =M =1and N =M =2

The two models derived in [14], namely electrodynamics and the linearized Gauss-Bonnet

model have been expressed in dual form. This involved considering the general Lagrangian
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density £ = @R,,qpR"® + bR,,R* + ¢R® derived in [[14] for N = M = 2, of which R, ,zR"%
(DRR) is required to have an equation of motion dual to the second Bianchi identity, which was
derived from the Euler-Lagrange equation of the linearized Gauss-Bonnet model (DGB). The
electrodynamics model derived from N = M = 1, consisting of the complete set of Maxwell’s
equations in the Euler-Lagrange equation, was expressed in terms of the conventional La-
grangian which corresponds to the non-homogenous set of Maxwell’s equations (MNH), and
the Lagrangian which corresponds to the homogenous set of Maxwell’s equation (MH). A
summary of the models for (MH), (MNH), (DGB) and (DRR) is presented below,

Equation Model N =M =1 Model N =M =2
Non-Homogenous E4 EN vy = 0.F EZAI;; = 0, R\
Homogenous E* (I) ES,, = 0, EﬂDﬂgB = 9 R

Homogenous E* (II)

(%Faﬁ + aﬁF(m + aaF‘gg— =0

(9wR#m/3 + aﬂvaa’g + 6vaﬂaﬁ =0

Non-Homogenous £

Lyng = _é(F,qu'uv - 7—71\/?7”)

-£DRR = _%(R,uvaf,BRﬂva'E + vaaﬁﬂyvaﬁ)

Homogenous £

Lyn = —%ﬂvo

-LDGB = _JTRMVQ,BR'UVQ'B

Non-Homogenous 7% | T4\ . = {[F“F" + F*F"] | Tor. = %[R“"””Rva - R“W”RVP o)
Homogenous T¢” Ty = FF, — i F¥PFop | Toty = ROPAR” o1 = I REVPR g

where E represents a general Euler-Lagrange equation of motion. Note that the sign
change in the Lagrangian and energy-momentum tensor fromN =M = 1toN = M = 2is are-
sult of the Minkowski metric causing negative generalized Kronecker deltas, of which ¥, 7+~
terms have one and R,,sR"* terms have two such contributions. The homogenous equations
of motion have been expressed both (I) in terms of the dual field strength tensor and (II) in terms
of the expanded form (second Bianchi identity). From the summary above, every Lagrangian,
equation of motion and energy-momentum tensor is completely and independently invariant
under the gauge transformations A, = A, +0d,¢ and h,, = hy,, +0,&, +9,&,, thus complete gauge
invariance derived in [14] is maintained. Each Lagrangian density and energy-momentum ten-
sor can be expressed in independently dual invariant form. Each model has a pair of dually
invariant equations of motion, namely Maxwell’s equations E,,, < E% . for N = M = 1 and

MNH

the linearized gravity model £y, > E%7 for N = M = 2. The two homogenous halves of

the models (M H and DBG) have common form between Lagranians £y , Lpgs, equations

: 0 oAo wv
of motion E,,, , E\qp, TH g

homogenous halves of the models (MNH and DRR) have common form between Lagrangians

. . 0 FPAC wy
Lynn » Lprr, €quations of motion £, , Efpes Tprr-

Due to the common form of the two models we can generalize the complete gauge invariant

and energy-momentum tensors 7"

N Similarly, the two non-

wvy
and energy-momentum tensors 73 ., »

dual formulations to an arbitrary field strength tensor S for N = M = n, with equations of
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motion corresponding to the Maxwell-like higher spin gauge theories [[82, /9, 21], which will

be presented in the following section.

4.2.7 Generalization to Maxwell-like higher spin gauge theories

Gauge invariant curvature (field strength) tensors have long been generalized to all spin-n mod-
els, representing the case N = M = n. The models for N = M =1 and N = M = 2 are built
using the spin-1 (Maxwell field strength F“%) and spin-2 (linearized Riemann R**%?) curvature
tensors. For example, in the spin-3 and spin-4 cases, respectively, we have the field strength

(curvature) tensors [S6, [181]],

S [rv]lkm][xy] — a\(a‘rak(pymv + aramay¢KXV + akavayqyy‘rm + a\(amav¢my
_ ayamavwm _ axaram¢Kvy _ 6K8X6V¢Tl1ly _ arakay(ﬁxmv’ (473)

§ labllyimlbTl — ga gy gm g ¢bXKT + 896" ¢mev + 849" ¢bl<yv + 89" 5 6 ¢b‘rym
+ VTP + PP I P + 3PP I + VT ™
— 898" ¢bXKV — 5978”6 ¢bx‘rm — 89" O ¢bk‘ry — 58" 8" ¢)(K7a
— OO P — O P™ — I ITP — PP, (4.74)

These tensors are generalizations of the linearized Riemann tensors with n pairs of antisym-
metric indices that are symmetric under interchange, with totally symmetric ¢ for all n. They
are exactly invariant under the spin-n gauge transformations [181]. For spin-3 and spin-4,

respectively, these gauge transformations are,

Bunp = Pabp + Oadip + Opdap + Opdap, (4.75)

¢27)(KT = ¢h)(/(‘r + ah/l,\(m' + a)(/lbx‘r + ax/lb/\/r + a‘r/lh,\/m (4.76)

where the gauge parameters A are totally symmetric for all n. The general form of the equations
of motion in the previous section are a single divergence of a curvature tensor; models that have
been well worked out in the literature for the spin-n curvature tensors, known as the Maxwell-
like higher spin gauge theories [82, [79, 21]. The analogy comes from the single divergence
of the spin-1 curvature tensor in the case of electromagnetic theory. The dual formulation of
these higher spin models has already been explored to some degree [19, [104]. In addition,

scalars built from the contraction of these higher spin curvature tensors have been considered
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as exactly gauge invariant Lagrangian densities [/8]. Using the curvature tensors of higher
spin gauge theories we therefore can build completely dual and gauge invariant models in the
analogous form of the N = M = 1 and N = M = 2 cases summarized in Section 4.2.6| The
general form for the homogenous H and non-homogenous NH equations can be expressed

using a general spin-n field strength tensor S and its dual S, suppressing contracted indices, as,

Equation Model N =M =n
Non-Homogenous E4 EY, =084
Homogenous E4 E}, =38
Non-Homogenous £ | Lyy = —%(S S +8S)
Homogenous £ Ly= —}‘SS
Non-Homogenous 7% | T = 1[S“S” ¥ 8“8’
Homogenous T*” Te = 8“SY — i’ SS

where the + and F refer to odd n models (top sign) and even n models (bottom sign) due
to the generalized Kronecker delta in Minkowski spacetime. It is worth noting that the four
invariants for N = M = 1 and N = M = 2 are associated to (omitting indices) the wedge
product between the differential forms representing the field strength tensor of electrodynamics
F and its dual xF, and the differential forms representing the Riemann tensor R and its dual
*R. Roughly speaking these correspond to the 4 invariants as Ly o< F A F, Lyny < F A xF,
Lpce < R AR and Lprg < R A %xR. In general the conjecture can be made that the higher spin
models for N = M = n will consider of invariants of field strength S, its dual S, and differential
form S, the presumed general form of the homogenous H and non-homogenous NH invariants
willbe Ly o« S A S and Lyy oc S A xS.

If we are to consider the combined action Ly + Lyy = —1SS — 5(SS + SS) for a general
model, there are two possible generalizations that can be noted. First is the possibility to have a
linear combination of the field strength and dual factored Ly + Lyy =~ _é(S +8)(S +8), with
signs depending on the particular S'. The second is that, in the case of electrodynamics where
we know the specific fields in each component, this generalization produces Lyy + Lyny =
%Bz - %Ez + B - E. These two definitions are strikingly similar to the law of cosines where
2 =(@-b)-(@-b)=da*+b*—2a-b. This similarly, if any meaningful relationship exists,

has not been determined.

4.2.8 Conclusions

In [14], a procedure was developed for building completely gauge invariant models by im-

posing gauge invariance and using Noether’s first theorem for general Lagrangian densities
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of N order of derivatives and M rank of tensor potential. For N = M = 1 electrodynamics
was uniquely derived, and for N = M = 2 linearized Gauss-Bonnet gravity was uniquely de-
rived. Both of these models have the property of complete gauge invariance of the Lagrangian,
equation of motion and energy-momentum tensor. The energy momentum tensors are gauge
invariant, symmetric, trace-free and conserved.

In order to further investigate this relationship, electrodynamics and linearized Gauss-
Bonnet gravity were expressed in their respective dual formulations. The Gauss-Bonnet model,
conventionally claimed to have simply no equation of motion, in fact has the second Bianchi
identity as its equation of motion, analogous to the homogenous half of Maxwell’s equations
in electrodynamics. In order to introduce the equation of motion dual to this expression, the
linearized Riemann-Riemann Lagrangian was introduced, whose dual formulation was analo-
gous to the non-homogenous half of electrodynamics. In this presentation, the electrodynamics
and linearized gravity models have internal dual symmetries in their Lagrangians and energy-
momentum tensors, and have equations of motion that are dual between the homogenous and
non-homogenous halves of the models. The energy-momentum tensors are all gauge invari-
ant, symmetric, trace-free and conserved, with the additional property of dual invariance being
explicit in this formulation.

The dual formulation shared by these two models allows for their homogenous and non-
homogenous halves to be expressed in a more general framework. The equations of motion
of this general framework correspond to the Maxwell-like higher spin gauge theories built
from the spin-n curvature tensors. These models are completely gauge invariant in the same
manner as the electrodynamics and linearized Gauss-Bonnet gravity cases. In addition they
are dually invariant analogous to the results in this article. Obtaining physical models which
have some uniqueness criteria that separate themselves from other possible equations has been
one of the focuses of theoretical physics in recent decades. Electrodynamics, perhaps the most
successful model in physics, has a plethora of such properties: complete gauge invariance,
conformal invariance, dual invariance, a trace-free and symmetric energy-momentum tensor,
just to name a few. What we have shown is that these uniqueness properties can be generalized
to the higher spin (Maxwell-like) gauge theories, where the linearized Gauss-Bonnet gravity
model is the N = M = 2 analogue to the homogenous half of Maxwell’s equations. Recent
research has brought great renewed interest in the Gauss-Bonnet gravity model [91], as it has
been claimed to provide ‘new’ dynamical predictions that explain astronomical observations to
a higher degree of accuracy. Due to this, the N = M = 2 model can be applied to some of these
observations to see if it too can better explain some observed phenomena; this application is

the subject of future work.



4.3. CURVATURE TENSORS OF HIGHER-SPIN GAUGE THEORIES DERIVED FROM GENERAL LLAGRANGIANS 165

4.3 Curvature tensors of higher-spin gauge theories derived

from general Lagrangian densities

Abstract Curvature tensors of higher-spin gauge theories have been known for some time. In
the past, they were postulated using a generalization of the symmetry properties of the Riemann
tensor (curl on each index of a totally symmetric rank-» field for each spin-n). For this reason
they are sometimes referred to as the generalized ’Riemann’ tensors. In this article, a method
for deriving these curvature tensors from first principles is presented; the derivation is com-
pleted without any a priori knowledge of the existence of the Riemann tensors or the curvature
tensors of higher-spin gauge theories. To perform this derivation, a recently developed proce-
dure for deriving exactly gauge invariant Lagrangian densities from quadratic combinations of
N order of derivatives and M rank of tensor potential is applied to the N = M = n case under
the spin-n gauge transformations. This procedure uniquely yields the Lagrangian for classical
electrodynamics in the N = M = 1 case and the Lagrangian for higher derivative gravity (‘Rie-
mann’ and ‘Ricci’ squared terms) in the N = M = 2 case. It is proven here by direct calculation
for the N = M = 3 case that the unique solution to this procedure is the spin-3 curvature tensor
and its contractions. The spin-4 curvature tensor is also uniquely derived for the N = M = 4
case. In other words, it is proven here that, for the most general linear combination of scalars
built from N derivatives and M rank of tensor potential, up to N = M = 4, there exists a unique
solution to the resulting system of linear equations as the contracted spin-n curvature tensors.

Conjectures regarding the solutions to the higher spin-n N = M = n are discussed.

4.3.1 Motivation

Higher-spin gauge theories describing free massless fields are well established in the literature.
These theories have gauge transformations and curvature tensors that have been generalized
for any spin-n model considered [83| 72,161,156, [181]. In the past the curvature tensors were
postulated based on symmetry properties of the Riemann tensors (by taking the curl on each
index of a totally symmetric rank-n field for each spin-n [56]]). Here we present a method
to derive these curvature tensors from first principles; they are derived by direct calculation
without any knowledge of the existence of the Riemann tensors or curvature tensors of higher-
spin gauge theories.

The higher-spin curvature tensors, sometimes referred to as the generalized ‘Riemann’ cur-
vature tensors for their generalization as n pairs of antisymmetric indices for each spin-n model
analogous to the Riemann tensor in the n = 2 case, are independently gauge invariant under

the spin-n gauge transformations. They are of particular interest in the Maxwell-like higher
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spin models that consider equations built from the divergence of these curvature tensors, which
are analogous to Maxwell’s equation in the spin-1 case. The Maxwell-like higher spin models
have been primarily worked out in a series of papers by Francia et al. [[79,180, 21, [81]]. The cur-
vature tensors also allow for the generalization of the dual formulation of higher spin models
used commonly for models built with the n = 1 field strength tensor F*” and n = 2 Riemann
tensor R*®? [[103],[57]. Generalization of the curvature tensors can be found in [181, 20]. In the
past these generalizations have been developed by extrapolating from the symmetries of lower
spin-n models, rather than by derivation from some general principles. The latter approach is
what we will develop in this article: for each spin-n model, we will independently and uniquely
derive the curvature tensors and their contractions (the 'Ricci’ forms of the curvature tensors)
from a general linear system of scalars, without any a priori knowledge of their existence. No
knowledge of the curvature tensors or required symmetries is necessary for this procedure;
only the form of the spin-n gauge transformations given in equations (.77) to (4.80) is needed

to perform this derivation.

Recent research developed a procedure for deriving completely gauge invariant Lagrangians
by considering general linear systems of scalars under a particular gauge transformation [[14]].
The general Lagrangian density is expressed in terms of free coefficients which are solved for
such that the resulting Lagrangian density is exactly gauge invariant (not only invariant up to a
surface term). The scalars are built from quadratic combinations of N order of derivatives of M
rank of tensor potentials. When this procedure is applied to the N = M = 1 case and the spin-1
gauge transformation A;, = A, + 9,¢ is used, the Lagrangian £ = CF,, F*" is uniquely derived.
When it is applied to the N = M = 2 case and a spin-2 gauge transformation (linearized dif-
feomorphism) 7/, = hy, + 8,&, + 8,£, is used, the Lagrangian £ = @R,,qsR" + bR, R* + ¢R?
is uniquely derived.

The natural question that arose was what would occur if this procedure were applied to the
N = M = n case. Since the N = M = 1 case yields the scalar F,, F*, built from the field
strength tensor of electrodynamics, and the N = M = 2 yields the scalars R,,sR", R, R"’
and R?, built from the linearized Riemann tensor and its contractions, it was conjectured that
to derive an exactly gauge invariant Lagrangian from this procedure, it would be necessary
to have contraction of independently gauge invariant ‘field strength’ (curvature) tensors. The

validity of this conjecture is further investigated in this article.

To explore the extension to N = M = n, we started with N = M = 3 under the spin-3 gauge
transformation ¢;bp = Qapp + 0adpp + Opdgp + 0,44, Where Ay, is a symmetric gauge parameter.
As in [[14]], we will only consider totally symmetric fields ¢ in this article, however in principle
this procedure should work for any field symmetries, such as antisymmetric field models [[148]].

In this article we will show that, as it did for spin-1 and spin-2 in [[14]], the procedure yields a
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solution of several scalar invariants, which turn out to be the contracted spin-3 curvature tensor,
K™Y [20] (sometimes referred to as the ‘Riemann’ tensor generalization), and its ‘Ricci’
tensors, K™ and K™. In other words the higher spin curvature tensors can be derived from
this procedure without a priori knowledge of their existence. Extending thisto N = M = 4
again yields the contraction of the independently gauge invariant curvature tensor K",
namely the spin-4 generalization of the ‘Riemann’ curvature tensor. For N = M = 5 and
greater, the calculations became too difficult for us to do by hand (since each had thousands of
scalar terms in the general expression), so, instead, conjectures about the nature of the spin-n
Lagrangians, based on the cases n = 1,2, 3,4, are made at the end of the article. We note that
higher spin models [[149| [141] and the Lagrangian formulation for higher spin models is well
researched from various points of view [39, 77, 38]], but primarily these consider conventional
(second order) spin-n equations of motion. Here, when we consider N = M = n models,
we have terms in the Lagrangian that are quadratic combinations of n order of derivatives and
n rank of tensor potential. These types of higher spin Lagrangians are less developed in the
literature [/8]]. For our purposes, we use these Lagrangians to derive the curvature tensors of

higher-spin gauge theories without any a priori knowledge of their existence.

We acknowledge that there are several issues related to the unitary and renormalizability of
higher derivative theories, that continue to be worked out in the literature [2,/35]. Atno point do
we consider the higher derivative Lagrangian densities we write down for higher N = M = n
cases to avoid or solve these problems: our motivation is purely to give a derivation of the
well known curvature tensors of higher spin gauge theories without a priori knowledge of
their existence, or of existence of the Riemannian tensors. We do this because previously
they have been merely postulated using a generalization of the symmetry properties of the
Riemann tensor (curl on each index of a totally symmetric rank-n field for each spin-n). Our
method more naturally and independently obtains them alongside the Riemannian tensors and
electrodynamics field strength tensor, since these tensors are the natural outcomes for the N =
M =2 and N = M = 1 derivations, respectively. The models associated to the Lagrangian
densities we use to derive the higher spin curvature tensors have no, to our knowledge, new

predictive insight of physical phenomena.

The article will be structured as follows. First, we will detail the procedure for deriving
completely gauge invariant models by considering the spin-1 case and discuss generalizations
of the gauge transformations to spin-n. Next, we will start from the general Lagrangian for the
N = M = 3 case and, under the spin-3 gauge transformation, show how this yields precisely the
contractions of the ‘Riemann’ and ‘Ricci’ curvature tensors of spin-3. This process will then
be repeated for spin-4. Finally, we will provide conjectures about the behaviour of Lagrangians

derived from the procedure for N = M = n, giving some indication of how these Lagrangians
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will be built for the spin-n case.

4.3.2 Derivation of the curvature tensors of higher-spin gauge theories

In [14], a procedure for deriving exactly gauge invariant Lagrangians is outlined in detail for
the case N = M = 1 and N = M = 2. This procedure involves writing down the most general
scalars for each case and solving for free coefficients such that the resulting Lagrangian density
is exactly invariant under the gauge transformation being considered. For the N = M = 1 case,
for which the most general scalar is the sum of all possible scalars of the form 0A0A, when the
spin-1 gauge transformation A/ = A, +0,¢ is applied, the resulting Lagrangian is £ = CF,, F*".
For the N = M = 2 case, for which the most general scalar is the sum of all possible scalars of
the form d0hddh, when the spin-2 gauge transformation %, = h,, + d,&, + 0,¢, 1s applied, the
resulting Lagrangian decouples into three independently gauge invariant scalars that turn out to
be the linearized ’Riemann’ and ‘Ricci’ tensors; £ = &RﬂmﬁRﬂmﬁ + BR,,VR/‘V +&R?. The obvious
next step is to generalize the procedure for the N = M = n case. This generalization, as we
will show, can be used to derive the curvature tensors of higher-spin gauge thoeries without
any a priori knowledge of their existence. Since the generalization of the scalars is fixed by the
procedure, the only required input is the gauge transformation which we require the models to
be invariant under. For this, we require the spin-n gauge transformations that are adopted in

the literature 181, 20]. These generalizations are of the form

AL = A+ 0,8 4.77)

B, = hyy + 0,6, + 0,€, (4.78)

Puvp = Pavp + Oudpp + Opdap + 0pAap (4.79)

Popir = Py + Opdyir + Oy Abir + Oxdiyr + O Ay (4.80)

where the potentials, ¢, and the gauge parameters, A, are completely symmetric in all in-
dices; this generalization continues to all n. We now have everything we need to apply the

procedure for the N = M = n case.
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Scalars built from contracted spin-n curvature tensors for N = M = 3

For the N = M = 3 case, the most general Lagrangian density is the sum of all possible
unique scalars of the form d00¢dd0¢. This set of unique scalars is obtained by considering
all the possible summation patterns that could occur in a scalar of the form d00¢dd0¢. First,
recognize that each scalar is the contraction of two terms, 00d¢ and 0dd¢. Let us call these
terms A and B. We can then group the possible scalars into four categories: scalars in which
A and B each have 6 free indices (i.e. all the summation occurs between A and B, not within
either), scalars in which A and B each have 4 free indices (i.e. summation occurs between A
and B as well as within each), scalars in which A and B each have 2 free indices, and scalars
in which A and B each have no free indices. Now, within each category, we consider all the
possible ways the indices can sum. It is possible that an index on a derivative in A sums with
an index on another derivative in A, with an index on ¢ in A, with an index on a derivative in
B, or with an index on ¢ in B. Since ¢ is symmetric, these are the only unique possibilities.
Likewise, it is possible that an index on ¢ in A sums with another index on ¢ in A, with an

index on a derivative in A, with an index on ¢ in B, or with an index on a derivative in B.

Using these possibilities, we form all possible combinations of index sums within the con-
traction such that the resulting A and B terms have the given number of free indices. By writing
out a term for each possible summation pattern within each category, we obtain a comprehen-
sive set of all the unique scalars of the form d00¢d00¢. This set leads to the most general

Lagrangian density

L =C10,0:00,n,0° 0P + C20,0:0,0,y0° 0" "™ + C30,0:0,Pyy0°3" 0" "™
+ C40,0:0,Pyy 070" 0" P*™ + C50,0:0,¢" 0,00 ¢}, + Cs0,0:0, "™ 0,,0,0,¢™"
+ C70,0:0,*" 0“0,,0,97" + C30,,0-.0,$*"0,0" "¢y, + C90,0:0,$*"" 3,0”0, ),
+ C100,0:0, 4" 0" 00,7, + C110,0:0,*"870,,0,9) + C120,00,$™"0,0" " brym
+ C130,090,0""0,0"0,¢%,, + C140,0Y 0" 0:0,0,,¢)" + C150,0°0,¢™" 00,019, .
+ C160,0,0:9) 000" ¢, + C170,0.0:¢)0,0" 0" $,," + C130,0:0,9% 9,,0,0"¢™"”
+ C190,0:0,$"7 0,,0,0,¢™™ + C200,0*0.4,/0,0" 0,9 + C210,0"0:¢™,0,0,¢,,"
+C220,0"0:0™70,0,0,¢)" + C230,0°0,¢™70,0,0" ¢, + C240,0.0,4)6°0"9, ¢,
+ C250,0.0,4)50,0,¢™" + C360,0.0,4)°0,0" 0" ¢,," + C270,00:¢75"0,,0,¢,”
+ C30,0°0:0110,0,,0,¢™" + C200,0"0:¢7°0,0" 9§, + C300,0"8:47°9,0" 0,9,
+ C310,0:0,¢™0,,0,0,¢™" + C3,0,0.0,¢*"00" zv + C33|:|6,¢§T|:|(9V Y, (4.81)

v’
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where O = 0,0°. Note that, in the scalars multiplied by constants C; through C4, A and B
have 6 free indices, in the scalars multiplied by constants Cs through Cy7, A and B have 4 free
indices, in the scalars multiplied by constants C;g through C5p, A and B have 2 free indices,
and in the scalars multiplied by constants C3; through Cs3, A and B have 0 free indices. This
sorting is intentional: we will see that, as in the case of N = M = 2, these linear systems will
decouple into factored curvature tensors of the ‘Riemann’ and ‘Ricci’ types. For clarity, we
will treat these 4 types separately, as the L, L4, L, and L parts, respectively, of the general
scalar, where the subscript refers to the number of free indices on A and B in the scalars of
the given part. We can do this because the linear system of scalars identically decouples, with
independent solutions for each of these four parts (there is no mixing between these four types
of terms in the linear system of equations). Thus, for the above expression, we have £ = L¢ +

L4+ Lo+ L. Next we need to apply the gauge transformation ¢/, ' = ¢upp+0aAp, +0pAdap+0,dap

’
abp
to the general scalar and solve for the free coeflicients such that the remaining expression is

exactly gauge invariant. Solving the L system of linear equations for spin-3 Applying this

transformation to L and combining like terms yields

Lo = C10,0:04,m0 0 FG™ + C20,0:0ymy@ T ™ + C30,0:0,b 0 "0 $
+ C40,0:0,bymy 0 8" $™ + (6C1 + 2C3)0,0,0,0, Ly O O ™™
+ (3Cy + C2)8,0:0,0, Ly TP ™ + (6C) + 6C5 + 4C3),0:0,Dy Ay 030" 1
+ (4C; + 4C3)0,0:0,hymy0 T I" A + (2C; + 5C3 + 9C4),0:0, Dy Ay " A
+ (2C; + 6C4)0,0:0,yy 00" P . (4.82)

The linear system of coefficients in front of the gauge parameter terms has the solution C; =
-Cy,C, =3C4,C3=-3C,and C, = C, = A. Using this solution, the terms that depend on the
gauge parameter all cancel and we are left with a gauge invariant expression. Remarkably, the

remaining terms exactly factor into two independent 6 index tensors:

-£6 = A(8X8T8K¢7mv + 8yaram¢,\/w + 8yav8/<¢/\/m'r + 8/\/8v8m¢ykr
- ayavam¢,\(/<‘r - 6X6T6m¢ykv - a)(avaK‘pym‘r - ayarak¢xmv)
% (8)(a‘rak¢ymv + a‘ramanﬂqv + akavay(ﬁ)(‘rm + yamav(ﬁm'y
— O — RO — FHP P — I P™). (4.83)

This is exactly the contraction of the spin-3 ‘Riemann’ curvature tensor, K™*"” in equation

(.100)! Therefore we have derived the spin-3 ’Riemann’ curvature tensors by direct calcula-
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tion. The contribution L has a unique gauge invariant solution, which is the contraction of the

spin-3 curvature tensor: L = CyKryny, K™ ™.
Solving the £ system of linear equations for spin-3

Applying ¢/, , = Gabp + Oadpy + OpAgp + 0,44, to Ly and combining like terms yields

Ly = Cs5(0,0:0,0"™0,00"¢),,) + Co(0,0:0,9™ 0,,0,0,0"") + C7(3,0.:0, " 0,0, p)7)
+ C5(0,0:0,4"" 0"0y,,) + Co(0,0:0,¢*"0,0¢,,) + C10(0,0:0,¢"" " 60,3,
+ C11(0y0:0,¢"" 0 0,,0,¢)) + C12(0,0¢"" 0 Tpry) + C13(0, 0070, O7,,)
+ C14(0,0¢7"0.:0,0,,$,°) + C15(0,0¢7" 00, 0,,.) + C16(0,0,0:¢] 360" ¢},
+ C17(0,0,0:¢70,0°0" ") + (2Cs + C3)(0,0:0,¢" 99" 0,y )
+ (4Cs + 2C7 + 2C10)(0,0:0,9* ™ 0,007 0, A) + (2C¢ + Cy)(0,0:0,*™ 8,,0,0°7)

+ (4C6 + 2C7 + 2C11)(0,0:0,*™ 0,,0,0,0" V") + (2C7 + 2Cs + 2Cy)(0,0:0,¢*"™ 0"0,,04;)
+(Cs + 6C1y + 2C13)(0,0¢7™"3*0.04,,,) + (2Cs + Cy + 2C5)(0,8¢7"3°0,0,,0" A1)
+(Co + 4C13)(,0¢™"D,0:01%) + (Co + 2C14)(8,0¢™"3:0,0,,0" 1¥)
+(Cio + C11)(0,0:09*™ 37 0,,0,0* X)) + (Ci0 + 2C15)(8,0"0A™" 50, 0,b),)
+(Cio + 2Cy; +4C17)(0,0,0:9170,0° 00" A;,) + (C1g + 4C16)(0,0,0.9) 0¥ 0 070" A1)
+(Cy1 +3C 14 + C15)(0,0'02™0:0,0,0)) + (C14 + C15)(0,0¢7"0-0,0,,0" 1)
+(2C6 + 2C17)(6X6K67¢§V6V6" 0“0" ;) + (Cs + Cs + 3C12 + C13)(0,0"02™ 0,004 ,)
+(4Cs5 +2C7 +4C5 + 2Cy + 2C o + 4C5)(0,0"0A™0°0,0,,0" A+
+(2Cs5 + C7 + 2C19 + 4C16)(0,0,0:0" L,0° 357 0" A, )
+(2Cs5 +4Cs + 3C7 + 2Cyo + 4Cy; + 4C17)(0,0,0:0" 10,0 00" A;,)
+(Co + Cy + 2C13)(0;0,01™0,,0,02) + (Cy0 + C11 + 3C14 + 3C45)(0,0'02™3,0,0,,0°A)
+(4C6 +2C7 +2Cs + 4C9 + 2C1; + 6C 14 + 2C5)(0,0"0A"3°0,0,,0" A+y)
+(C7+2C3 +2C9 + 6C15 + 6C13)(0,0'0A™ 0,00 A,)

+(2C1p+2C 1 +4C 6+ 4C17)(6)(0,@6”1/1”6’6,,,&8“/@) +(Cie+ C17)(6X6K876V/l§6v6" 9o Ay),
(4.84)

which has the solution C5 = —2C17, C6 = 2C]7, C7 = O, Cg = 4C17, C9 = —4C17, C]() =
4Cy7, C1y = =4Cy7, C1p = =Cy7, Ci3 = Cyy, Ciy = 2Cy7, Ci5 = =2Cy7, €4 = —Cy7 and
Cy; = Cy7 = B. Using this solution, the terms that depend on the gauge parameter all cancel

and we are left with a gauge invariant expression. Remarkably, the remaining terms exactly
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factor into two independent 4 index tensors:

Ly = B(0"0p™ + "0 P + 0,070 ¢ +9,0" P
O PG — 0,58 G — 0, PTG
X (O + 0r0: 00, + DD By + IO By
~ 0,06, — 0:0,0L, ~ 000, bye — 00,9 Do) (4.85)

But this is exactly the contraction of the first spin-3 ‘Ricci’ curvature tensor, K™ ! Therefore,
L, has a unique gauge invariant solution, which is the contraction of the first spin-3 ‘Ricci’

curvature tensor: Ly = B4K,.,K”*™. Solving the £, system of linear equations for spin-3

Applying gb;bp = Gapp + 04 dpp + OpAgp + 0,44, to L, and combining like terms yields:
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Ly = C13(0,0:0,470,,0,0 ¢™) + C19(0,,0: 0, 0,,0,0,0™") + C20(9.0¢30,,0¢;”)
+ C(0:0¢™70,0,0,¢,,) + sz(afmmakamav(p;”) + C23(87|:1¢”‘70K1:|¢ﬁ7)
+ C24(0, 00,9 3070,,,") + Ca5(0,0:0,$} 0" 0,,0,9™") + Ca6(0,,0:0,¢7 0" $,,")
+ Cy7(00,91070,0,8,") + C3(00:4)0,0,,0,9™") + C20(8:0¢70" 0}, )
+ C30(0:0¢10,0¢,,") + (4C13 + Cx + 2C27)(0,0:0,¢%79,0°0A7)
+ (2C15 +2C19 + 2C25)(0,0:0,* 7 0,,0,0,0“A™)
+(4C19 + Cx + 2C8)(0,0:0,4"7 0,0,04™) + 2C1(0.0¢ 0OAY)
+ (4Cy + 2Cy + 2C3)(0:0¢30,0"0A) + (2C2; + C)(0:0¢™70,0,0,0" 1;,)
+ (Ca1 + C3)(0-0¢™70,0,04;) + (2C3; + 2Cos + 2Co6)(0:0°0170,0,0,¢),")
+ C (OO 0,0,0,8,,") + Co(O0A70,0,,0,¢]") + (Ca3 + 2Ca7 + 4Ca9)(0:00A7 3, O, )
+ C3(00A79,0¢,,,) + (Ca3 + 2Cas + 4C3)(0:0¢70,0"04;,)
+ (4Co4 + Cp5)(0,0:0,473070,0" 4;,) + (Cas + Ca7 + Ca3)(0:0°0A0,0,,0,4™")

+ (2Ca4 + Co6)(0,0:0,¢7°00"0A;,) + (2Ca6 + Ca7 + Cog)(00,¢*0,0,,0,0" ™)
+(Cas + 2Ca9 + 2C30)(0:0¢70,070A;,) + (Cay + Cos + Cag + C30)(0:0°0A70,0704;,)
+ (4C1g + 2Co0 + 2Co + 2Co3 + 4Cy7 + 4C29)(0,0,0470,0°017)
+(4C13 +4C19 + 4Ca + 2Cx + 4Cos5 + 4Co + 2Co7 + 2C23)(0:0,045,0,,0,0° 07 ™)
+(Cig + Cio + 4Coy + 2C25)(0,0:0,0" 1,6°0,,0,0" ™)
+(4C19 +2Cy0 + 2Cy + 2Cy3 + 4Cog + 4C30)(c9,67|:|/l;6,<6’”|:|/l;)

+ (4Ca + 2Cy + 2C23)(0:0°045,0047) + Coo(DOA,0047)
+(2Ca) +2Cp3 + 2Cs5 + 2Co6 + 2Ca7 + 2Cog + 4C19 + 4C3)(8:0"04,0,0704;,)
+(2Cy1 + Cx)(O0A70,0,0,0" A},) + (Cay + Cy3)(0OA70,0,04;,)

+ (4Co4 4+ Cy5 + 2C + Cy7 + czg)(a,akmgakamaymmo, (4.86)

which has the solution C;g = C15 = C, C19 = =C, Co = 0, Cy; = 0, Cpp = 0, Cp3 = 0,
Cr = 0,Cys =0, Co6 =0, Cyy = =2C, Cog = 2C, Cy9 = C, and C3y = —C. Using this
solution, the terms that depend on the gauge parameter all cancel and we are left with a gauge
invariant expression. Remarkably, the remaining terms exactly factor into two independent 2

index tensors:

Ly = C(0,0,0°¢™" = 8,,0,0"¢™* + 80! — g™
X ((‘)X('),(?qu’;f — 0,0:0,¢," — 00, P%, + D67¢§K). (4.87)
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But this is exactly the contraction of the second spin-3 ‘Ricci’ curvature tensor, K*”! There-
fore, £, has a unique gauge invariant solution, which is the contraction of the second spin-3

‘Ricci’ curvature tensor: L, = C‘KKVKky.
Solving the £, system of linear equations for spin-3

Applying ¢;bp = Papp + 0y dpp + OpAay + 0,44, to Ly and combining like terms yields

Lo = C31(0,0:0:¢™0,,0,0,¢™”) + C32(8,0:0,¢* 00" $},)
+ C33(00,¢,'00"¢),) + (6C31 + 2C3,)(0,0:0,4"™0,,0,04™)
+ C32(6X676K¢W|:||:|/1§) + (3C;3; + 4C33)(D8T¢;TD5V(?7/1V7)
+2C33(00,¢F'00A7) + (9C31 + 6C3; + 4C33)(0,0,04™0,,0,0™)
+(3C3; + 4C33)(00,0" ;0040 + C3(0oAfond?), (4.88)

which has the solution C3; = C3, = C33 = 0. Thus, £, = 0. This result is easily understood,
since spin-n models for n = odd will have a scalar curvature tensor equal to zero, as in the case
of electrodynamics, where F' = n,,F*" = 0. Therefore, combining all parts, the Lagrangian

density for the spin-3 case is
L =AK" K emey + BK"¥K ¢, + CK¥K,, . (4.89)

Scalars built from contracted spin-n curvature tensors for N = M = 4

For the N = M = 4 case, the most general Lagrangian density is the sum of all possible unique
scalars of the form d000p000d¢. This set of unique scalars is obtained by considering all the
possible summation patterns that could occur in a scalar of the form 0000¢d000¢. This is done
using exactly the same method as for the N = M = 3 case, except that, for N = M = 4,
there are more possible summation patterns since there are 4 derivatives and 4 indices on ¢.
Again we consider each scalar as a contraction of two terms which we call A and B and we
group the possible scalars into categories based on the free indices of A and B. In this case, it
is possible for A and B to have 8, 6, 4, 2 or O free indices, so we have 5 categories. Next, as
before, within each category, we consider all the possible contractions. By writing out a term
for each possible summation pattern within each category, we obtain a comprehensive set of
all the unique scalars of the form 009900 .

Again, the system of linear equations which is solved to find the values of the constant

coeflicients of £ will decouple into independent linear systems based on the number of free
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indices (8, 6, 4, 2 or 0) on the A and B terms in the scalars the coeflicients multiply. There-
fore, we will again treat the most general Lagrangian density as the sum of the five types of
Lagrangian densities; the most general Lagrangian density for the spin-4 case will then be of
the form £ = Lg + Lo + L4 + Lo + L. For brevity (and because performing this calculation
entirely by hand is a bit crazy), we will only directly solve for Lg, since we know from the
N =M =2and N = M = 3 cases that the remaining terms are built from contractions of the

‘Riemann’ curvature tensor. The most general representation of Ly is

Ly = D10,0,010,1ycc0° 0 0" 0" ST + D20,40,0,10y Py 0° 07 0" " "X
+ D3040,0,10,Ppycc0° 0 0 0" ™ + D48u0y 00y By 0“0 30" "™
+ D5040,0,10,Ppuec 0 O O™ . (4.90)

Next, we need to apply the gauge transformation ¢;XKT = Gpyir + Opdyur + Oy Apir + Ok dpyr +
O-Apy« to the general scalar and solve for the free coefficients such that the remaining expression

is exactly gauge invariant. Applying this transformation to Lg and combining like terms yields

Ly = D1(040,000,Bpyc 00" 3" $"T) + D28y OOy Piyuc* I F" T )
+ D3(040y0n0y Pl 0 3T GX™) + Dy(0 a0y Oy Pruee 0 30 PT™)
+ D5(040y0 0y Py 0 F T P™) + (8D + 2D3) (00000, Py r 007 0" 5 8° AX7)

+ (8D5 + 2D4)(040y0n 0,y 0007 0“ 2™ ) + (6D + 4D3) (04000, Py 0° 07 007 0° ™)

+(4D34+6D,) (040011 0y iy 0°07 8" 3" X" ) +(2D3+16D5+7 D4 )(0,40, 00,0y dyr 0° 67 3070 A°™)
+ (9D4 + 10D53 + 6D,) (040 0,n 0y Ay 0° ¥ 07" 1"™)
+(12D1+9D3+4D3) (040,01 0y0p A, 0° 0 0" 0 A7)+ (4D 1 +D3) (00 0,n 00 Ay 0 37 0" 070" AX).
(4.91)

The linear system of coefficients has the solution D; = Dy = D, D, = —4D, D; = 6D,
Dy = —4D and Ds = D. Using this solution, the terms that depend on the gauge parameter
all cancel and we are left with a gauge invariant expression. Remarkably, the remaining terms

exactly factor into two independent 8 index tensors:
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Ly = D( 50 9"0" ¢b/\/KT + 896" ¢b)(mv + 849" ¢b/<yv + 89" %" ¢b7ym
+ 00" P + I PT + 3" T + 80D ™
— 889" " ¢wa — 8086 ¢b,\(rm — 899" 6 ¢bKTy — 89" PreT
— 5O} T ¢bymv — 968467 A L PO o" P — 3P o* o ¢‘raym)
X (0u0y0nOyByer + 0aOyDDcPiymy + OaDyOnOe Py + 0a0y 0D Biym
+ 01000 Bayir + 00,00y Payme + 040y OndyBayer + 040y OuDePaymy
= 00,00 Bty — 0y 0Dy Pymr — Oy OndyBoyer = 40y OOy Payer
= 00 0,0+ Biymy — 00,00 Paymy — 00y OO Buyer — 00y 0Dy Payme ). (4.92)

But this is exactly the contraction of the spin-4 ‘Riemann’ curvature tensor, K™ in
equation (#.101))! Therefore we have derived the spin-4 "Riemann’ curvature tensor by direct
calculation. The contribution Lg has a unique gauge invariant solution, which is the contraction
of the spin-4 ‘Riemann’ curvature tensor: Lg = DK“‘W’”K”KQMXWW.

In order to determine the possible form of the remaining spin-4 scalars, we will contract
the curvature tensor in equation (4.101)); these contractions are known so we include them only
for completeness. First, to find the rank 6 ‘Ricci’ curvature tensor, we contract 17,, K7™ to

yield

PO — gRGngnT + FaTOE 4 8,95 4 8,508 M
F O PT P + 0,0 P I +3"T P I + PP T S
O GO — 8, — 6,8 T
— TP — 8, PT I — PG — FPIP L. (4.93)

This expression has the symmetries K?™7 = KXYmOT — KXV — _ KYXIWVT — _ KYXIMKTY
There are three possible rank 4 contractions for the second ‘Ricci’ curvature, although two
are redundant (not independent). The first (4.94) is found by contracting one of the indices in
the symmetric pair and one in one of the antisymmetric pairs 7,,, K"™**”*. The second
is found by contracting one of the indices from each of the antisymmetric pairs 7,, KX*"™ .
The third that is equivalent to the first (4.94) is found by contracting both the indices of the
symmetric pair 7,,, K“"X?’*. The rank 4 tensors are:
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KX =20Y0"0¢)T 4+ 20"0"0¢ + 20,0,0°0" ¢ + 20,0,0" 0" ¢*¥
—20%0"0¢,)" - 20"0"0¢,"" — 20,0,0°0" "™ — 20,0,0"0" "N, (4.94)

KT = 0og™”™ + 8'070¢X + 00,070 ¢ + 0,000 ¢
+ 0,0,0°0" " + 0,0,0°0" P + TP + 0¥ 070" Pk
- 0,00 - 0,0'0¢""™ — 0,0"0p""™ — 0,0°0P”™
—0,070"0" ¢ — 0,0°0"0" P — 0,007 9" — 0,0°07 P, (4.95)
where KX** in has symmetries and anti-symmetries KX’* = K'Y = —KW'7T =
—KX™ and KX'7 in has symmetries K¥** = K™ = K™ = K" Contracting either
of 17,, KX or 17, KX yields the same, unique, rank 2 tensor,

K’ =200¢)"" + 20"0'0¢,) + 20,0,0,0" ¢ + 20,0,0,0" ¢
-20,0'0¢)™ - 20,0"0¢)™ — 20,0,0¢"™ - 20,0,0"0"° ¢, (4.96)
with symmetry K™ = K™. As in the case of the standard (spin-2 curvature) Riemann

tensor, we can derive a nonzero scalar curvature from this by contracting n,, K”*, which yields

K = 20067 + 20,0,0,0:¢™ — 40,0,06™. (4.97)

Therefore, in the case of spin-4, we have a Lagrangian of the form £ = Lg + L¢ +
Ly + Ly + Ly, where the L, contribution has two different possible contractions. The most
general Lagrangian possible for spin-4 is then £ = DK“”VXm"”Kabemm + EKVX’”K”KWHKW +
L, F KK, + GKK,, + HK?, where X;F ;K*""K,,,. represents all possible scalars built
from the rank 4 curvature tensors. The 2 different curvature tensors K**’7 and KX”’" present an
ambiguity problem not observed in the lower spin-n models. We investigated this ambiguity
by considering the most general scalar for rank 4 curvature tensors. The scalars built from each
of these 2 curvature tensors are indeed solutions to the resulting linear system. Therefore we
will not attempt to select one of these expressions as being superior to the others. This result
shows that the curvature scalars for higher spin models can have more than one combination at

each rank of curvature tensor.
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Scalars built from contracted spin-n curvature tensors for N = M = n

We have shown by direct calculation that the curvature tensors of higher-spin gauge theories
[181} 20] can be derived from the procedure in [14]] without any a priori knowledge of their

existence:

F = grAY — 9" AH, (4.98)

R[ﬂv][a'g] — Waﬁhva + avaahyﬁ _ auaah\/ﬁ _ avaﬁhlla’ (499)

K[Tv] km]lxy]l — OOTOK ¢ymv + 070" ¢K){V + 00”8 d))(‘rm + " ¢KT’)/
_ 6yamav¢)(ﬂ< _ yaram¢/<vy _ 8Ka,\/av¢‘rmy _ 6raxay¢xmv’ (4 100)

Kbl imelivel — ga gy gm g ¢b)(KT + 905" ¢b)(mv + 99T ¢bkyv + 9085 ¢b7')/m
+ 0" PT P + PP + 0" T + 80T ™
— 889" ¢wa — 8886 ¢b,\/rm — 899" 6 ¢bk7’y — 99" PrT
— VTP — P FTH - P T S - PP, (4.101)

where the curvatures K have n pairs of antisymmetric indices for each spin-n that are sym-
metric under interchange, and the tensor potentials ¢ are all totally symmetric. Note that equa-
tions (4.98)) and (4.99), the electrodynamic field strength and linearized Riemann tensor, were

derived using this procedure in [14]].

Since we cannot compute the Lagrangian densities built from curvature tensors of all spin-
n models from the N = M = n procedure, we can at best give some conjectures as to the
expected form of these Lagrangian densities, based on the n = 1 through n = 4 cases. What
we know is that the procedure is well defined for all n for which the gauge transformations are
generalized by equations (#.77) to (4.80). Since n corresponds to the number of derivatives
and the number of indices on the tensor potential, we can generalize £ at each n using the
notation 0, = 0, ...0,, which is a product of n partial derivatives, and ¢,, = ¢, g, whichis a
completely symmetric tensor potential with n indices. Then the general £ will be the sum of
all possible i unique scalars of the form (d,,¢,, )2, which we write as £ = ZiC,-(é?#”(ﬁvn)z. For
this generalization, we can make the following two conjectures: (i) Under a spin-n gauge
¢,,)* will have

a unique gauge invariant solution that decouples into contractions of the spin-n ’Riemann’

transformation, a higher-spin Lagrangian density of the form £ = X,;C;(d

n
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curvature tensor and its ‘Ricci’ tensors and scalar. This decoupling will be of the form £ =
Lo+ -+ Ly + Ly + Ly, where L, is the contracted curvature tensors for the spin-z theory.
Each of these curvature tensors will have n pairs of antisymmetric indices and the pairs will
all be symmetric with one another. (ii) For n = odd, the term L, = 0, leaving no ‘Ricci’
scalar in such models, as seen in electrodynamics and spin-3. We emphasize that in order to
have an exactly gauge invariant Lagrangian—built from quadratic combinations of derivatives
of potentials—for a higher spin model, one uniquely requires the contraction of independently
gauge invariant ‘field strength’ tensors, known as the curvature tensors of higher spin gauge

theories.

4.3.3 Conclusions

The curvature tensors of higher-spin gauge theories have been derived from first principles;
that is, without any a priori knowledge of their existence. Using a procedure that considers
the most general linear combination of scalars built from quadratic combinations of N order of
derivatives and M rank of tensor potential, we explored the general case of N = M = n, under
the spin-n gauge transformations. It had been shown in [14] that the N = M = 1 case uniquely
determines the contraction of the field strength tensor of electrodynamics £ = CF,,, F*” and the
N = M = 2 case uniquely determines the contraction of the linearized ‘Riemann’ and ‘Ricci’
tensors L = &R,lmﬂR’Wﬁ + BRWR‘”’ + ¢R?. In this article we first considered the N = M = 3
case, under the spin-3 gauge transformation. As expected, based on the previous result, this
system of linear equations decoupled into unique solutions that correspond to the contraction
of the well-known curvature tensor for spin-3 and its ‘Ricci’ forms £ = AKT"K’"XVKTVKme +
BK™ Ky + CK™ K,,. This is a notable result for two reasons: (i) these curvature tensors
were uniquely derived without any knowledge of their existence influencing the procedure
and (i1) it provides a method for explicitly deducing these expressions, which are typically
just generalized from lower rank models using inductive arguments and known symmetries
(by taking the curl on each index of a totally symmetric rank-n field for each spin-n [S6]).
The same process was then considered for the N = M = 4 case, for the highest rank only,
and, again, contraction of the spin-4 curvature tensor Lg = DK"‘W’"’(”KMWWW was uniquely
determined. By considering contractions of this tensor, we wrote down the possible form of
the most general Lagrangian for the N = M = 4 case. Finally, we provided some conjectures
regarding the N = M = n case.

What is interesting to note is that in [[14] it was shown that, since the N = M = n La-
grangians are exactly gauge invariant, one can use the Bessel-Hagen result from Noether’s first

theorem [26,159] to derive gauge invariant energy-momentum tensors by fixing the remaining
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free coefficients in the Lagrangians. For the N = M = 1 case, this procedure results in the
coeflicients being fixed such that the Lagrangian obtained is the Lagrangian of classical elec-
trodynamics while, for the N = M = 2 case, it results in the coefficients being fixed such that
the Lagrangian obtained is that of the linearized Gauss-Bonnet gravity model. In this article,
we obtained the result that, for higher spin models N = M > 3, if one imposes the require-
ment of having exactly gauge invariant Lagrangians (not merely invariant up to a surface term)
built from quadratic combinations, then one again uniquely obtains the contraction of indepen-
dently gauge invariant curvature tensors as a direct result of this requirement. In the past, such
Lagrangians have been postulated in the physics literature but never derived [78]. We again
acknowledge that the higher derivative models N = M > 3 have problems with unitary and
renormalizability [2], and have no obvious predicative utility (building the models associated
to these Lagrangian densities is not the purpose of our article, our purpose is to derive the the
curvature tensors of higher spin gauge theories without a priori knowledge of their existence).
However, having more complicated exactly gauge invariant actions can provide useful toy mod-
els to answer questions about the generalization of the Noether and Bessel-Hagen methods to
more complicated theories, such as the recent use of both the N = M = 1 case (electrodynam-
ics) and the N = M = 2 case (linearized Gauss-Bonnet gravity) in disproving the notion of
general equivalence between the Noether and Hilbert energy-momentum tensors [[13]]. In addi-
tion the Noether identities can be used to generalize beyond the free field consideration [[120].
Whether applying the Noether/Bessel-Hagen method to N = M > 3 Lagrangians will uniquely
fix the free coeflicients of these Lagrangians such that gauge invariant energy-momentum ten-

sors are derived, as for N = M = 1 and N = M = 2, is the subject of future work.



Chapter 5

Conclusions

We will now summarize the 8 results that we feel are our most significant contributions to the

literature from each paper (we will list the main contribution from each of our papers).
Summary of Most Significant Results

1. Application of the converse of Noether’s first theorem to solve energy-momentum ambi-

guity problems in the literature [15]]

2. Deriving several completely gauge invariant theories directly from Noether’s first theo-

rem using the Bessel-Hagen method [12]

3. Proving that the Noether and Hilbert energy-momentum tensors are not, in general,

equivalent [13]]

4. Proving that even for a simple scalar field model, the various energy-momentum tensors

in Minkowski spacetime can diverge [10]

5. Proving that there are infinitely many spin-2 energy-momentum tensors obtainable from
the ad-hoc “improvement” of the canonical Noether energy-momentum tensor, even

when the Belinfante superpotential is fixed [8]]

6. Developing a procedure that yields classical electrodynamics and linearized Gauss-Bonnet
gravity asthe N = M = 1 and N = M = 2 cases, with the variational symmetries of 4,

being proportional to the linearized Christoffel symbol [[14]]

7. Developing the complete dual formulation of the N = M = n case which generalizes to

the Maxwell-like higher spin gauge theories [9]
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8. Deriving the curvature tensors of higher spin gauge theories without relying on symmetry

properties of the Riemann tensor [[11]]

Through these and other results in this thesis, we have outlined a concrete methodology
for deriving complete sets of equations for multiple theories from a common set of axioms.
By imposing axioms on a general Lagrangian density one can uniquely fix free coefficients to
satisfy the axioms with respect to Noether’s first theorem. The primary axioms we focused on
are gauge invariance, 4D Minkowski spacetime, N = M = n for spin-n gauge transformations,
and conformal invariance. For a detailed outline of the motivations, and problems addressed in
this thesis please see Chapter 1: Introduction. The 8 papers integrated into the body chapters,
Chapter 2 (15, [12], Chapter 3 [[13} 10, 8] and Chapter 4 [14} 9, [11] address the 3 problems
discussed in Section 1.5 of the Introduction, respectively.

This study suggests discarding the notion that numerous distinct energy-momentum tensor
should be named and symbolized (7#”) as the same symbolized the same. A unique method-
ology is required for the derivation of physical conservation laws as in the case of the Euler-
Lagrange equation. The Bessel-Hagen approach to Noether’s first theorem provides exactly
this methodology. We have shown other conflicting definitions such as the canonical Noether,
Fock, Hilbert and Belinfante energy-momentum tensors diverge in certain cases and can at
best be said to coincide with the physical energy-momentum tensor for some simple scalar and
vector models.

What we have shown is that if one wants a unique, concrete procedure for deriving com-
plete sets of equations for physical field theories, existing ambiguous and ad-hoc definitions
of conservation laws are simply unacceptable. Only by agreeing on unique procedures for
general application to physical theories can we move on to unambiguous and rational discus-
sions about the current and future status physical field theories. In this thesis we argue that the
Bessel-Hagen approach to Noether’s first theorem combined with our axiomatic approach is an
appropriate step in this direction.

The impact of our work on the theoretical physics literature will likely, most significantly,
be the several proofs we have provided on the status of the various energy-momentum tensor
definitions; these proofs are found throughout the articles in Chapter 3 [[13, (10, |8]. In the past
authors would calculate one of these energy-momentum tensors and assume broad equivalence
to the others, such as in the aforementioned Padmanabhan-Deser debate, One can no longer be
so carefree in these approaches. The debates and ambiguity issues in the past can for the most
part be traced back to the absence of results which we have provided in Chapter 2.

The conventional definition of an energy-momentum tensor, the conserved current associ-
ated to the 4-parameter translation of the 10-parameter Poincare group, is clearly defined in the

case of special relativistic field theory, where the Poincare group transformations are isometries
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of Minkowski spacetime. Beyond Minkowski spacetime serious discussion must take place as
to whether or not conserved quantities which are not associated to the Poincare translation
should also be given this name and symbol. Most notably this discussion should take place in
the context of general relativity, where the source to Einstein’s field equations are also named
“energy-momentum tensor’” and symbolized ”7#”. This Hilbert definition, as we have shown,
conflicts with the Noether/ Poincare definition in the general setting [13]].

A distinction must be made between between these conserved quantities which may lead to
new insight that was hidden by the blind assumption that they are generally equivalent quan-
tities. Such distinction, combined with our proposed application of the converse of Noether’s
first theorem in [[15], may allow physicists to finally solve problems such as the non-uniqueness
problem of energy-momentum tensors in linearized gravity.

The future goals of this line of work are numerous, so we will conclude the thesis by over-
viewing some of these proposed directions. The most obvious extension is to generalize the
axiomatic approach in Chapter 4 to include Lagrangian densities in quantum field theory. This
would require more general types of terms to be included in the general Lagrangian density
with free coefficients and additional axioms to fix them. This process is more straightforward
than attempting to extend these methods to general metric spacetimes where there are not finite
global spacetime symmetries to apply to Noether’s first theorem.

It is possible that diffeomorphism invariance can be used to fix the field equations similar to
the case of linearized Gauss-Bonnet graviy and the spin-2 (linearized diffeomorphism) gauge
transformation [[14]. However, this is a non-exact symmetry as in the case of spin-2 Fierz-Pauli
theory. The application of our methods to actions with non-exact gauge symmetries (another
area of Bessel-Hagen’s work) is one of our next focuses as we hope this can be applied to spin-
2 to derive a unique energy-momentum tensor for linearized gravity with respect to Noether’s
first theorem.

Finally, one of our ultimate goals, as should be for any physicist, is to have the models we
have developed tested by some sort of observation of experiment. The linearized Gauss-Bonnet
gravity model which we discuss frequently throughout the thesis has not been applied in any
serious sense in the literature. Recently however, the full Gauss-Bonnet gravity model has
gained significant traction in the literature with new claims of predicting observed phenomena.
With this renewed interest, and our results in the linearized version of the model, we hope to
apply the linearized version to dynamical problems such as the galactic rotation curve prob-
lem to determine if the model that remarkably appeared out of our axioms has some practical
application in predicting observed phenomena, as its electrodynamics counterpart has done so

well over the past centuries.
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