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We revisit Weyl’s unified field theory, which arose in 1918, shortly after general relativity was discovered.
Asis well known, in order to extend the program of geometrization of physics started by Einstein to include the
electromagnetic field, H. Weyl developed a new geometry which constitutes a kind of generalization of
Riemannian geometry. However, despite its mathematical elegance and beauty, a serious objection was made
by Einstein, who considered Wey!’s theory not suitable as a physical theory since it seemed to lead to the
prediction of a not yet observed effect, the so-called “second clock effect”. In this paper, our aim is to discuss
Weyl’s proposal anew and examine its consistency and completeness as a physical theory. Finally, we propose
new directions and possible conceptual changes in the original work. As an application, we solve the field
equations assuming a Friedmann-Robertson-Walker universe and a perfect fluid as its source. Although we
have entirely abandoned Wey!’s attempt to identify the vector field with the 4-dimensional electromagnetic
potentials, which here must be simply viewed as part of the space-time geometry, we believe that in this way
we could perhaps be led to a rich and interesting new modified gravity theory.
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I. INTRODUCTION

In his attempt to unify gravity with electromagnetism
H. Weyl discovered a new geometry, which in a certain
way, constitutes a kind of generalization of Riemannian
geometry [1]. As he wrote in the introduction of his original
paper, the insight which led him to a new geometry came
from the perception that the Riemann theory of parallel
transport was entirely dependent on concepts directly taken
from our intuition of the “rigid” Euclidean spaces. Indeed,
in this geometric setting the parallel transport of a vector V
along a certain path is required to preserve the length of V.
In more technical terms, this requirement imposed on a
manifold endowed with a metric tensor g and a connection
V arises as a direct consequence of what is known in the
literature as the compatibility condition between g and V.
Then, from Koszul formula, it follows the celebrated Levi-
Civita theorem, which states that for torsion-free manifolds
there exists a unique connection completely determined by
the metric [2]. Weyl, however, found the Riemannian
compatibility condition too restrictive, and replaced it by
a much weaker form, which then allows for the variation of
the length of vectors along parallel transport, this process
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being regulated by a new geometric object, namely a
1-form field o, later to be identified with the electromag-
netic four-potential. The introduction of the 1-form field o
leads, in turn, to a new notion of curvature, a sort of “length
curvature” (Streckenkrummung) in addition to the “direc-
tion curvature” (Richtungkrummung), the latter represented
by the Riemann tensor. The length curvature is quantified
by the 2-form F = do, whose mathematical properties
present striking similarities with those possessed by the
electromagnetic tensor. After this first development,
another important discovery made by Weyl was that his
geometric construction exhibited a new kind of symmetry.
Indeed, he found that his modified compatibility condition,
as well as the length curvature, were both invariant under a
certain group of transformations involving g and V. It is
worth mentioning that the discovery of this new symmetry,
later to be called gauge symmetry (in addition to the already
known general relativistic invariance under space-time
diffeomorphisms) is now viewed as a most significant fact
in the history of physics: it represents the birth of modern
gauge theories [3]. It turned out that Weyl’s Principle of
Gauge Invariance played an essential role in the develop-
ment of the unified field theory. Indeed, in building the
action for the gravitational and the (geometric) electro-
magnetic fields, Weyl was primarily guided by this prin-
ciple and chose the simplest of all possible invariants. He
also took advantage of the principle to work out the field
equations in a particular gauge (the “natural” gauge), where
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the field equations look much more simple. Enriched by the
property of gauge symmetry, the geometric structure of
space-time in Weyl’s theory became more complex, rather
similar to what is known as a conformal structure, that is, a
manifold equipped with an equivalence class of triples
M ={(g,V,0)}, in which the members of the class are
related by Weyl transformations and satisfy a particular
compatibility condition. It is to be expected that in such
space-time only invariants (in the sense of Weyl’s principle)
may have physical meaning. (For instance, as Weyl put it
clearly, the usual metric concept of length is no longer
meaningful [1].) This entirely new framework has far-
reaching consequences as far as it selects which physical
scenarios are allowed to come in, and it iS our aim in the
present work to investigate some of these possibilities
under the guide of gauge invariance hoping in this way to
carry on with Weyl’s original program. With regard to the
latter point we think two questions must be addressed. First,
to what extent did Weyl succeed in constructing a unifying
theory of gravity and electromagnetism? Second, is the
theory free from inconsistency and/or incompleteness? (For
the reader interested in historical and philosophical issues
concerning Einstein’s critical review of Weyl’s unified
theory see, for instance, [4], and references therein.)

The paperis organized as follows. In Sec. II, we give a brief
summary of Weyl geometry. We then proceed to Sec. III to
present the Weyl field equations, both written in an arbitrary
and in the natural gauge. In Sec. IV, we discuss the field
equations in the limit when space-time becomes Riemannian,
and give an interpretation for the constant that appears in the
natural gauge. Section V contains a discussion of the nature
of the geometric electromagnetism introduced by Weyl and
the conceptual problems arising from this identification.
Section VIis devoted to the notion of time in Weyl theory and
the related problem of the second clock effect. In Sec. VII, we
touch on the question of how to extend Weyl theory to
include matter. In Sec. VIII, we outline the axiomatic
structure of the new approach with the aim at defining a
gauge-invariant procedure to extend the Weyl field equations
to include matter fields. As an application, in Sec. IX we
solve the field equations assuming a Friedmann-Robertson-
Walker universe and a perfect fluid as its source. We conclude
with some remarks in Sec. X.

II. A BRIEF SUMMARY OF WEYL GEOMETRY

Weyl geometry is perhaps one of the simplest general-
izations of Riemannian geometry, the only modification
being the fact that the covariant derivative of the metric
tensor ¢ is not zero, but instead given by’

"This article was written in parallel with the authors’ contribu-
tion to the Proceedings of the 10th Alexander Friedmann Seminar
on Gravitation and Cosmology, and should be considered as a
completed and streamlined version of the latter. Therefore identical
prose may be found in some parts between the two texts.

(1)

where o, denotes the components of a one-form field ¢ in a
local coordinate basis. This weakening of the Riemannian
compatibility condition is entirely equivalent to requiring
that the length of a vector field may change when parallel-
transported along a curve in the manifold [5]. We shall refer
to the triple (M, g, o) consisting of a differentiable manifold
M endowed with both a metric g and a 1-form field ¢ as a
Weyl gauge (or, Weyl frame). Now one important discovery
made by Weyl was the following. Suppose we perform the
conformal transformation

vagﬂ/l = 0aYp1>

(2)

where f is an arbitrary scalar function defined on M. Then,
the Weyl compatibility condition (1) still holds provided
that we let the Weyl field o transform as

g=elg,

6 =o+df. (3)
In other words, the Weyl compatibility condition does not
change when we go from one gauge (M, g, o) to another
gauge (M,g,6) by simultaneous transformations in g
and o.

If we assume that the Weyl connection V is symmetric, a
straightforward algebra shows that one can express the
components of the affine connection in an arbitrary vector
basis completely in terms of the components of g and o:

(4)

1

e ={5- 59(’” (94501 + 94265 — 9p20,)s
where {§;} represents the Christoffel symbols. It is not
difficult to see that the connection and, consequently, the
geodesic equations are invariant with respect to the trans-

formations (2) and (3).
We now present Weyl’s second great discovery. Suppose
we are given two vector fields V and U parallel-transported

along a curve a = a(4). Then, (1) clearly leads to the
following equation:

L g(v.0) = o(%)g(v, V),

where d—‘ﬁ denotes the vector tangent to a. If we integrate this

equation along the curve a, starting from a point
Py = a(4y), we obtain [5]

(5)

_ I, oo
9(V(2), U(A)) = g(V(k), U(dg))e’o """ (6)
Setting U =V and denoting by L(4) the length of the
vector V(4) at a point P = a(2) of the curve, it is easy to
verify that in a local coordinate system {x®} the equation (5)
becomes
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dL  o,dx*
a2 ak ™

Let us now consider the set of all closed curves
a:la,bl € R - M, ie., with a(a) = a(b). Then, either
from (6) or (7) it follows that

L — Loezfo'adxa’

where L, and L denotes the values of L(1) at a and b,
respectively. From Stokes’s theorem we then can write”

L = poet] [ruaenan

where F,, = 0,6, — 0,0,. We thus see that, according to
the rules of Weyl geometry, the necessary and sufficient
condition for a vector to have its original length preserved
after being parallel transported along any closed trajectory
is that the 2-form F = do = 1F,,dx" A dx* vanishes.

Therefore Weyl realized that in his new geometry
there are two kinds of curvature, a direction curva-
ture (Richtungkrummung) and a length curvature
(Streckenkrummung). The first is responsible for changes
in the direction of parallel-transported vectors and is given
by the usual curvature tensor Rj  , while the other regulates
the changes in their length, and is given by F,,. Weyl’s
second great discovery was that the 2-form F is invariant
under the gauge transformation (3). The analogy with the
electromagnetic field is now clear and becomes even more
so when we take into account that F satisfies the iden-
tity dF = 0.}

II1. THE FIELD EQUATIONS OF WEYL’S UNIFIED
FIELD THEORY

As we know, the Weyl transformations (2) and (3) define
a whole equivalence class in the set {(M, g,6)} of all Weyl
gauges. It is then natural to expect that, as in conformal
geometry the geometrical objects of interest are conformal-
invariant, here we should look for those that are gauge-
invariant.* Surely, these invariants will be fundamental to
build the action that is expected to give the field equations
of the geometrical unified theory. Some basic invariants are
easily found: the affine connection F;ﬂ, the curvature tensor

R the Ricci tensor R, = R}, and the length curvature

*Here we are assuming that the region of integration is simply
connected.

’In a local coordinate system, this identity takes the form
0y Fop + 0pF 0 + 8sz s = 0, which looks identical to one pair
of Maxwell’s equations.

4 .. . .

In conformal geometry, one basic invariant is the Weyl tensor
W/’;’ﬂy. In conformal gravity, this tensor is used to form the scalar

Wa/,ﬂUW“ﬁ””, which, then, defines the gravitation sector of the
action [6].

F,, = 0,0, — 0,0,. The simplest invariant scalars, in four-
dimensional space-time, that can be constructed out of
these are: /=gR*, \/=gR.p, R, \/=gR.,sR*, and
V/=9F usF%, where R = ¢"’R,; denotes the Ricci scalar
calculated with the Weyl affine connection. (Curiously, the
first of these invariants appears in the action of some F(R)
theories, for instance, in the well known Starobinky’s
model of inflation [7].)

For reasons of consistency of his physics with the new
geometry, Weyl required his theory to be completely
invariant with respect to change between gauges (or
frames). On the other hand, he chose the simplest of all
possible invariant actions, namely,

5= [ @/l + of ), (8)

where  is a constant.” This action describes the gravita-
tional-electromagnetic sector only.6 (Incidentally, it is odd
that Weyl did not consider the coupling with matter, which
clearly constitutes an element of incompleteness of the
theory. We shall return to this point later.) Carrying out
variations with respect to ¢, and g,, will lead, respectively,
to the following field equations:

1 AR 3 v
\/—_—gay(\/_—gFﬂ ) - Zgﬂ (Ro-z/ +8DR), (9)

1
R (R(ﬂl/> - ng,R> = a)Tm, - Dyw (10)

where R, stands for the symmetric part of R,,, T, =
FuoF¢ 45 9uwFopF® and D,,=V,V, R+iR(6,,+0,,)+
R6,6,+R ,6,+R ,0,. Note that the presence of the term
D,, introduces derivatives of third and forth order in the
theory. This fact was readily pointed out by Pauli, who
considered it to be a flaw of Weyl theory [9]. (However, as
is well known, present-day researchers welcome higher-
derivative theories since, as was later shown, they allow
renormalizability of divergences in the quantum corrections
to the interactions of matter fields [10].)

The above equations are drastically simplified if we
choose the so-called natural gauge, defined by Weyl as
R = A = const # 0. In this case (9) and (10) reduce to

Here we are not considering the matter action.

SThe question why a term proportional to R, ,R" was not
included in the action of the original Weyl theory is interesting
and deserves a comment. We believe that Weyl’s choice was
motivated not only by simplicity, but also because, by using a
particular gauge transformation, he could formally rewrite (8) as
similar to the Einstein-Hilbert’s action coupled to a (massive)
vector field, in which the cosmological constant arises in a rather
natural way. Let us mention that recently some generalizations of
the Weyl action have been considered (See, for instance, [8].).
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1

\/__gay (11)

3A
/ZgFHY — "
(V=gF") 207

1. A3 1
_Rgﬂv+_gﬂb+§ o-yay_igﬂya oo | =T

R _
w2 4

where RW and R are now Riemannian and defined with
respect to the metric g,w.7 At this point, let us note that we
can reobtain the field equations in a general gauge (9) and
(10) in an elegant and straightforward way by using the
gauge transformations (2) and (3) only, avoiding the long
and tedious calculations involved in the process of carrying
out variations in the action (8) (see Appendix).

It is worth mentioning that Weyl’s theory correctly
predicts the perihelion precession of Mercury as well as
the gravitation deflection of light by a massive body [9].
This is a consequence of the fact that all vacuum solutions
of Einstein’s equations (including the Schwarzschild sol-
ution) satisfy (9) and (10) when we set ¢, = 0.

Now before we start our discussion of the Einstein’s
objection to Weyl’s theory, we would like to stress that to
build his theory Weyl adopted a very strong and, at the
same time, rather restrictive principle, the so-called
Principle of Gauge Invariance, which requires all physical
quantities to be invariant under the gauge transformations
(2) and (3). This principle was strictly followed by Weyl
and guided him to choose the action (8). It should also be
noted here that any invariant scalar of this geometry must
necessarily be formed from both the metric g,, and the
Weyl gauge field o,. These two fields constitute an
essential and intrinsic part of the geometry and neither
of them can be neglected when we want to construct an
invariant scalar, so they are, in this sense, inseparable, and
must always appear together.

IV. THE GENERAL RELATIVISTIC LIMIT

In this section, let us briefly examine how we can recover
general relativity from the Weyl field equations. First, let us
assume that in a certain gauge we have ¢ = 0, which then
means that the geometry becomes Riemannian and
Ry =R, = INQW. In this case, F,, and T, vanishes,
and then from (9) we have R = R = A = constant, which
in turn implies D, = 0. Now from (10) we are left with
two possibilities: R = 0 or INQM,, = %Agﬂv. In the first case,
this means that all solutions of Einstein vacuum equations
(with vanishing cosmological constant) are included. In the
second case, the Weyl vacuum solutions correspond to

"Let us recall that in Weyl theory the so-called natural gauge is
defined by R = A = const. It should be clear, however, that in
this choice here R refers to the Ricci scalar calculated with the
Weyl connection, and not with the Christoffel symbols in general
relativity.

spaces of constant Ricci curvature (Einstein spaces), and
this seems to make the cosmological constant appear in a
natural way, deduced directly from the field equations.®
(Incidentally, if A > 0, one may be tempted to consider this
fact as an indication that Weyl theory might naturally lead
to the idea that the empty space-time of special relativity
should be identified to the de Sitter space, a speculation
which has gained more attention recently after the discov-
ery of the acceleration expansion of the Universe [11].)
However, if A is sufficiently small its effects in the field
equations can be neglected, and then Wey!’s field equations
becomes identical to the Einstein vacuum equations and the
results of the so-called solar system tests satisfied by
general relativity will be in accordance with Weyl theory.
Moreover, if A =0 then Weyl’s theory includes special
relativity as a particular case.

V. THE GEOMETRIZED ELECTROMAGNETIC
FIELD

It is certainly undeniable that the geometric structure
found by Weyl in his attempt to unify gravity and
electromagnetism leading in a very natural way to the
appearance of the geometric tensor F,, whose algebraic
and invariant properties exhibit striking similarities with
Faraday tensor. However, looking into the field equations
derived from the action (8) chosen by Weyl deviations from
Maxwell equations become apparent. For instance, let us
consider the field equations written in the natural gauge.
The equation (11) tells us that the electromagnetic field is
coupled to itself, i.e., it acts as its own source. On the other
hand, in (12) there are nonlinear terms in ¢, which are more
characteristic of nonlinear theories of electrodynamics. It is
also instructive to have a look at the action (8), which, when
it is written in the natural gauge [12] is given by

< @ , 3 A
S=/d4x1/—g{R+ﬁFWF” —1—5%6"—5 ,

which is equivalent to the action of the Proca’s neutral
spin-1 field in curved space-time with the cosmological
constant [13].

Another problem of Weyl’s geometrized electromagnet-
ism concerns the motion of neutral and electric charged
particles. Because the affine geodesics are the only curves
which are gauge-invariant one would expect that they
would describe the motion of particles interacting only
with the gravitational and electromagnetic field. However,
it is clear that from the geodesic equations one cannot
obtain the equation of motion for a charged particle moving
in a curved space-time, i.e., the Lorentz force equation. Let
us recall that in special or general relativity the Lorentz
force appears when we perform variations in the action

*Note that the same results follow easily from the Weyl
equations written in the natural gauge.
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S= T d4x\/—_gAﬂdx” containing the interaction of charged
particle with the electromagnetic 4-potential A,. In Weyl
theory, there is no prescription of how matter interacts with
the gravitation and the (geometric) electromagnetic field,
an element of "incompleteness" that we shall consider later,
in Sec. VIL

VI. THE PROBLEM OF TIME IN WEYL’S THEORY

It has been recognized in recent years that the notion of
time in Wey!’s theory is rather problematic. To begin with, let
us recall Einstein’s objection contained in an addendum to
Weyl’s original paper concerning the dependence of the
clock rate of ideal clocks on their paths [1]. This is now
referred to as the second clock effect [ 14]. In order to examine
Einstein’s objection, let us first make more explicit the
hypotheses upon which the argument is based, which may
be stated as follows:

(i) The proper time Az measured by a clock travelling

alongacurve a = a(4) is given as in general relativity,
namely, by the (Riemannian) prescription

At = % / (V. V)]kda = % / g VAV, (13)
where V' denotes the vector tangent to the clock’s
world line and c is the speed of light. This supposition
is known as the clock hypothesis and clearly assumes
that the proper time only depends on the instantaneous
speed of the clock and on the metric field [15]. (Note
that the gauge field o, which is also an essential and
unseparable part of the Weyl space-time geometry
does not appear in the above expression [15].)

(i) The clock rate of a clock (in particular, atomic
clocks) is modeled by the (Riemannian) length L =

v/ g(T, ) of a certain vector Y. As the clock moves
in space-time Y is parallel-transported along its
worldline from a point P, to a point P; hence,

L= Loe%f Tad” Ly and L denoting the duration of
the clock rate of the clock at P, and P, respectively.
(Later, this assumption was made explicit by Ehlers,
Pirani, and Schild [16].)

Let us now examine more closely these two assumptions.
We start with the first hypothesis (A). First, for consistency
with the Principle of Gauge Invariance proper time should
be a gauge-invariant concept, and clearly this requirement is
not fulfilled by (13). It turns out, however, that up to this date
no such invariant notion of proper time consistent with
Weyl’s theory (and which does not lead to the second clock
effect) is known.”’ Secondly, in the second hypothesis, gauge

’In 1986, V. Perlick proposed a new notion of proper time
defined in a Weyl manifold that is invariant by Weyl trans-
formations [17] and reduces to the WIST and general relativistic
definitions in the appropriate limits. However, it has been shown
that Perlick’s time also leads to the second clock effect [18].

invariance is again violated as the concept of clock rate is not
modeled as a gauge-invariant physical quantity, let alone the
fact that the Weyl geometrical field plays no role in its
determination.

Incidentally, it should be mentioned that a new notion of
proper time, entirely consistent with the Principle of Gauge
Invariance, was given by V. Perlick [17]. His line of
reasoning is the following. In Riemannian geometry, the
compatibility condition between the metric and the con-
nection may be given, as we know, by the equation

Vylg(W,U)] = g(VyW,U) + g(W,VyU), (14)

where V, W and U are vector fields. Now consider a curve

a=a(4) andset V =W = U = - the vector tangent to a.
d (d dy_ d d

Then, & g(57. %) = 29(%3 .V <), and we can say that A

is the arc-length parameter s of the curve a (up to an affine

reparametrization) if and only if g(Vy4 4,4y = 0. If this

condition, which may be taken to characterize the arc-
length parameter in Riemannian geometry, is carried over
to Weyl geometry, then we have a definition of proper time
which is completely invariant with respect to Weyl trans-
formations. This was, in fact, the starting point of Perlick’s
definition of proper time, which, amazingly enough, also
leads to the second clock effect [18]. By replacing the
(noninvariant) general relativistic parametrization condition
g(4% .4y = 1 by the gauge-invariant equation g(V 4 4y =
it can be shown that the proper time elapsed between two
events corresponding to the parameter values 4, and 4 in the
curve @ is given by

AL [" 6 irds
Af(ﬂ) _ ( d'l'/dﬂ ) / e éLO ,d [gﬂyxp)'cy]l/Zdu’
\/gap’xakﬁ Py o0
(15)

where dot means derivative with respect to the curve’s
parameter [18]. It has also been shown that Perlick’s notion
of time has all the properties a definition of proper time in a
Weyl space-time should have, such as, Weyl invariance,
positive definiteness, additivity. Moreover, in the limit in
which the length curvature F,, goes to zero Perlick’s time
reduces both to the Einsteinian proper time and to the
proper time defined in Weyl geometric scalar-tensor the-
ories [19]. Furthermore, it has been proved the equivalence
between Perlick’s definition of proper time and the one
given in the paper by Ehlers, Pirani, and Schild (EPS)
[16,18], which was entirely based on an axiomatic
approach [16,18,20].

It is interesting to note that Perlick’s proposal leads to a
new kind of geometry. Indeed, one can view the equation (1)
as a prescription of how to define length of curves in an
entire class of Weyl manifolds. In other words, Perlick’s
proper time endows space-time with new metric properties
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which are distinct from the Riemannian metric of each
member of the class. At this point, one may ask the
question: What are the “geodesics” of this geometry?
This question is motivated both by geometry and physics.
Indeed, one may be interested in knowing whether it is
possible or not to define “distance” between points. Or, one
may regard the geodesics as describing the paths of freely
falling particles. In any case, the equation of the curve
which extremizes Perlick’s functional is needed. The
answers to these questions have not been found yet as
the extremization of the functional (15) does not seem easy
to carry out. However, preliminary results yield the
following: i) Perlick’s geodesics do not coincide with the
affine geodesics of Weyl geometry; ii) they exhibit a
nonlocal character in the sense that they depend on the
whole past of world line of the particle. In fact, Perlick’s
geometry is completely nonlocal and this nonlocality
should not be unexpected since the second clock effect
may also be viewed as a nonlocal phenomenon. In addition
to the fact that Perlick’s time introduces great mathematical
difficulties (in spite of being a gauge-invariant notion), it is
not operational when it comes to consider matter in Weyl’s
theory, a question to be dealt with in the next section.

VII. MATTER COUPLING IN WEYL’S THEORY

Let us begin by quoting some words by the British
mathematician M. Atiyah regarding Einstein’s historical
objection to Weyl’s theory: “Given this devastating critique
it is remarkable but fortunate that Weyl’s paper was still
published... Clearly the beauty of the idea attracted the
editor...” [21] Certainly this “devastating” critique was what
prevented Weyl from going ahead and completing his
elegant and aesthetically appealing theory by adding matter
to his universe and get the full field equations in the
presence of matter. In what follows we shall briefly discuss
this point and suggest a possible way of carrying out this
completion while maintaining consistency with the prin-
ciple of gauge invariance. In this article we shall just outline
the general theoretical construction, a preliminary step in
this direction, leaving applications for future work.

We start by calling attention of the reader to the fact that
in the case of the so-called geometric scalar-tensor gravity
theories the definition of proper time is given by the gauge-
invariant equation [22]

b dxt dxv\ 3
Ar = / e“§<g”y;6;)2d/1.

These theories are framed in a geometric structure known in
the literature as WIST (Weyl integrable space-time) [19]. It
can be viewed as a “weak” version of Weyl’s geometry
when the 1-form o representing the gauge field is exact, i.e.,
o = d¢. Thus instead of the geometrizing the electromag-
netic field we shall geometrize a scalar field. In this case,
the Weyl transformations (2) and (3) become § = ¢/g and

(16)

¢=¢+f, and the compatibility condition now is
given by

Vylg(W,U)]=g(VyW,U)+g(W,VyU) +dp(V)g(W,U),

in which U, V, and W are vector fields. The relevant point
we wish to highlight here is that (16) is nothing more than
the clock hypothesis redefined in terms of the gauge-

invariant metric y,, = e‘%gﬂb. This gives us a clue to tackle
the problem of matter coupling in the nonintegrable case.
For this purpose, let us recall the procedure used to define
an invariant energy-momentum tensor in geometric scalar-

tensor theories. Let S") = [ d*x\/|n|L,, (w4, Oy 4) denote
the action of the matter fields y, (which we want to couple
with the geometry) in Minkowski space-time. We next
apply the principle of minimal coupling n,, — 7,
Oy 4 — Vy,, where V stands for the covariant derivative
with respect to the metric connection determined by y,,,. We
proceed to define the gauge-invariant energy-momentum
tensor T, (the source of the gravitational field) by the well-
known Hilbert prescription

55(m) :k/d4x |]/|T,(47})5}’””, (17)

with k denoting the coupling constant. In this way we have
an invariant procedure to obtain the coupling between
matter and space-time.

Our aim at this point is to obtain a gauge-invariant
procedure which enables us to construct the coupling
between matter and geometry in Weyl theory by following
a somehow similar procedure as above. Clearly, the “non-
locality” of the functional (15) makes the use of Perlick’s
metric virtually impossible. Therefore we need to find out
another gauge-invariant metric tensor. It turns out that
Weyl’s idea of working out the field equations in a
particular gauge, namely, the natural gauge defined by
the condition R = A may be of great help. Indeed, by just
picking up this idea we are now able to define a metric
tensor which may be regarded as the representative of the
whole conformal structure M = {(g,V,0)} of the Weyl
manifold. Indeed, let (g, V, o) be an arbitrary member of
M and define the tensor y = % g for some A > 0." Now
suppose that (g, V,&) is another member of M. Clearly
both members are related by the transformations g,, =
el Guv» 6o = 04 + O, f, for some function f. Thus, the fact
that R = g“R,, = #*R,, = ¢/ ¢**R,, = ¢/R immedi-
ately implies 7 =Xg=2¢ =1y, and this means that y is
a gauge-invariant object, which can be computed from any
member of the conformal structure M. Note that in Weyl
natural gauge (determined by the chosen A) the metric

If R = 0it s easy to verify that Weyl field equations become
trivial and we have no longer an electromagnetic field.
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tensor y assumes its simplest form, namely, y = g. The
same reasoning leads us to define a second gauge-invariant
object, namely, the 1-form given by & =0+ d(InR).
Therefore, we can regard € as the 1-form representative
of M. Once we have the gauge-invariant metric tensor y we
can then adopt the same procedure used in WIST theories
to obtain a gauge invariant energy-momentum tensor in
Weyl theory by defining 65" =« [ d*x |y|T,(fl',1)5y””.
Therefore, our strategy will be to reframe Weyl’s theory
in terms of y and €.

VIII. A NEW APPROACH TO WEYL’S THEORY

In this section we summarize the ideas developed so far

in the following set of postulates:

P1. We still consider space-time modeled by the con-
formal structure M, whose members are related by the
group of transformations (2) and (3). However, all
relevant geometric objects will be constructed from y
and €.

P2. The field equations of the theory will be given
by varying the action S = \/|y[[R? + @F,,F* +
xL,,]d*x with respect to y, €, and y,, where x is a
coupling constant and L, (w4, Vy,) denote the
Lagrangian of the matter fields. In the Weyl gauge,
these variations will have the form

A
55—5/d4x\/—_g{R+%FWF’”——+KEm} —0,

2
(18)
yielding the equations
1. A 3 I
Rpu_ERgpu+Zgﬂv+§ Gﬂal/_ig[ll/(y Oy
:%TMD—KTI(Zl), (19)
1 3A
9, (J=gF") = 2= ot
o4 =0, (20)

where & [ d*x\/=g[kL,]| = [ d*x/=g®*Sy,, and
K =3%

Finally, to complete the theoretical framework we

assume the following postulates:

P3. The motion of free-falling test particles will be given
by Riemannian geodesics with respect to the metric
tensor 7.

P4. The gauge-invariant proper time of a standard clock
will be given by assuming the usual clock hypothesis,

namely, that

Ar=lt / y(V, V),

C

which in Weyl gauge reduces to (13).

P5. The clock rate of standard clocks is strictly deter-
mined by the metric properties of y and its corre-
sponding Levi-Civita connection.

As an application of the ideas developed so far, we shall

now solve the field equations (18) and (19) assuming a
simple cosmological scenario.

IX. A SIMPLE COSMOLOGICAL SOLUTION

Although general relativity is still considered the best
available theory of gravity, and as such has been applied to
the study of the universe with enormous success, we are
currently seeing a great interest (which can be justified for
several reasons) in alternative theoretical proposals, gen-
erally referred to as “modified theories of gravity.” This
kind of research is particularly connected and stimulated by
the recent advances in the field of observational cosmology
[23]. We thus thought it could be interesting to apply the
present new approach to Weyl’s theory in searching for a
solution of the field equations in a simple cosmological
setting.

The model assumes homogeneity and isotropy both in
the metric and the vector field, the first being assumed to be
given by a Friedmann-Robertson-Walker line element, in
which, for simplicity, we have chosen a flat spatial section
(k = 0). As to the matter distribution of the universe, we
admit that it is described by the energy-momentum tensor
of a perfect fluid T,(ff) = (p + p)u,u, — pg,,, where p, p,
and u, denote the energy-density, the pressure, and the 4-
velocity of the fluid (Here we are employing a comoving
coordinate system, so that u* = &y.). (We do not assume a
particular equation of state, leaving it to be determined by
the solution of the field equations.)

We thus write ds*> = df*> — a*(t)(dx* + dy* + dz?*) for
the line element, and o, = (¢(1),6(1),6(t),0(t)) for the

Weyl vector field. A direct calculation give us
0 111 % 0 0 0
-1000 2| 0 1 =2 =2

v _— 6. =&

Fr=el ctooo| ™ Tw=% g 2 1 2|
-1000 0 -2 -2 1

where dot denotes derivative with respect to 7.
Let us now work with the equations in the natural gauge.
Setting ¢ = 0 in (20) will give us

3A
0y(a®F%) = z—a%‘) =0, (21)
0]
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which then implies ¢(7) = 0. On the other hand, setting
u =1 in the same equation leads us to

o (@), 3A
0+ (-)0=—0.
(o5

Now let us consider the equation (19). Fory = 1 and v = 2
we obtain

(22)

0 L3
0 20’
which immediately yields the solutions

3A
0 = ei‘/_ﬂt’

in which the integration constant was set equal to unity by
rescaling the line element.'' Choosing the negative solution
above and inserting it in (22) gives for the scale factor

a(1)?
a(t) = 2V,

in which the integration constants were set equal to unity
just by rescaling the line element and choosing appropriate
initial conditions. Setting 4 = v = 0 in we obtain

A 18+1 9 % _2_,
p= k\w 4 21<e

whereas putting 4 = v = 1 leads to

A8
p_K w 4)

The solution obtained above represents a typical non-
singular and expansive model, that is, a de Sitter universe.
Solutions of this kind have been found in different contexts
suggesting the possibility of describing dark energy in our
present universe or inflation in the early universe. It is
interesting to note that ¢(#) - 0 when ¢ — co. In other
words, the Weyl field tends to fade away with the expansion
of the universe, while the equation of state of the cosmo-
logical fluid becomes p = —p, which is typical of dark
energy models. It should be mentioned that inhomogeneous
time-dependent equations have also been considered in
dark some energy scenarios [24]. Finally, in connection
with the simple model outlined above, we would like to call
attention of the reader to the fact that, although most
versions of inflationary cosmology require a scalar field,
previous results found in the literature show that inflation

"Because we would like to interpret A as the cosmological
constant we are restricting ourselves to negative values of .

Choosmg the positive sign here leads to a rather nonphysical
scenario, which merely describes a contracting universe.

can also be driven by Vector fields, including the particular
case of massive fields" [25].

X. FINAL REMARKS

We would like to conclude this work with a few remarks.
First of all, it is important to stress the fact that the adoption
of a very special set of gauge-invariant tensors playing the
role of representatives of the space-time modeled as a
conformal structure leads to two unexpected consequences:
1) nonlocal effects, such as the second clock effect are no
longer predicted; ii) the coupling between space-time and
matter is carried out in an invariant way following the
traditional prescription contained in the principle of min-
imal coupling of general relativity.14

In deriving the equation for the Weyl field 6 when matter
fields are present we have implicitly made the assumption
that £,, does not depend on o, or, in other words, that the
vector field does not couple directly with matter. Surely, if
one wishes a more general framework, it is possible to
weaken this restriction by just adding a current term j,,
given by 6 [ d*x\/=g[kL,,] = [ d*x\/=gj,6c".

Finally, the original 1dent1ﬁcat10n of the 1-form field o
with the electromagnetic potential is no longer assumed
here. Instead, the pair (y, €) constitutes what would we
would call the complete gravitational field. In this way, we
are simply left with a modified gravity theory instead of a
unified theory as in the Weyl’s original program.
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APPENDIX: DERIVATION OF THE WEYL FIELD
EQUATIONS

In what follows we show how to obtain the Weyl field
equations (9) and (10), written in an arbitrary gauge,

BIf we rewrite the field equations (12) in the form
R;w - %Rg;w + 29w =7 T/lb ( 0,0y —%gﬂya"o‘a) - KT/(lrbn)’ then it
is easy to verify that both 81des are spatially isotropic tensors. In
fact, the right-hand side of the above equation may be viewed as
being formed by two tensors: the energy-momentum tensor of
matter and the energy-momentum tensor of the (massive) Proca
field ¢#, and both are isotropic as can readily be seen. Inciden-
tally, it is an interesting fact that, at least in this particular case, it
is the mass term of the latter that guarantees the required isotropy.

It should be mentioned that, in principle, extra terms could be
added to the Lagrangian of the theory, or more general non-
minimal matter couplings could be included (provided that the
gauge symmetry is preserved) generating new gravitational
theories which obey this additional symmetry principle.
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directly from the equations (11) and (12), the latter valid in
the natural gauge only.

We start by looking for a Weyl transformation (2) and (3)
which allows us to go from an arbitrary gauge (M, g,5) to a
particular gauge (M, g, 6), in which R = A # 0, where A is
an arbitrary constant. From the fact that the Ricci tensor is
gauge-invariant it is not difficult to verify that the desired
transformation is given by taking f = ln(ﬁ), where R denotes
the Ricci scalar in the arbitrary gauge (M, g, 5). We thus have
9w =%, and 6, = 5, +10,R. Let us now rewrite the
equation (12) in terms of R, and R (respectively, the Ricci
and scalar curvature calculated with the Weyl connection),
also recalling the identity which relates the two Ricci tensors
R,, and R - the first calculated with the Weyl connection and
the second with the Christoffel symbols:

- 1 -~ ~ -
R/w = R(;w) + 5 (vugv + vuaﬂ + g;wvao-a)

(A1)

+3 (G[lab - gﬂbgaga)’

2

the symbol \Y standing for the Riemannian covariant deriva-
tive. Contracting the above equation with ¢g"* yields

3
R=R- Eaao“’, (A2)

where we have used the fact that (11) implies @ao” =0.

Substituting (A1) and (A2) into (12) leads to

1 A 1
R(;w) __g;wR +Zg/w +§(vﬂ6u + vyo-ﬂ) + 0,0,=

T
2

v

(A3)

0}
A

in which we have taken into account the following
relation between the Weylian and Riemannian covariant
derivatives:

V0,=V,0,+0,0,— igwaaa".
Recalling the expression of 7, in Sec. IIl we now see that all
terms in (A3) possess a well-defined transformation under (2)
and (3). Therefore, choosing the latter as being given by
G = % 9w and 6, =6, + %@R we get, after a straightfor-
ward calculation,

i 1. o _
Rw) = 1 R + V(8 + £V, V)R
_ 1 _ - W=
+ 6,0, + EG(ﬂV,J)R =% T,. (A4)

Multiplying the above equation by R clearly leads to (10).
Finally, the equation (9) is directly obtained by the same
procedure.

[1] H. Weyl, Gravitation und Elektrizitit, Sitzungsber Deutsch.
Akad. Wiss. Berlin 26, 465 (1918).

[2] See, for instance, M. P. do Carmo, Riemannian Geometry,
Chap. 2 (Birkhduser, Boston, 1992).

[3] L. O’Raifeartaigh, The Dawning of Gauge Theory
(Princeton University Press, Princeton, NJ, 1997).

[4] H. F. M. Goenner, Living Rev. Relativity 7 (2) (2004); See
also H. Reichenbach, Z. Phys. 53, 683 (1929); J. L. Bell and
H. Korté, “Hermann Weyl”, The Stanford Encyclopedia of
Philosophy (Winter 2016 Edition), edited by Edward N.
Zalta (Metaphysics Research Lab, Stanford University,
2016), https://plato.stanford.edu/cgi-bin/encyclopedia/
archinfo.cgi?entry=weyl. For a more recent appraisal of
Weyl’s contribution to modern physics see Hermann Weyl
and the Philosophy of the ‘New Physics’, Studies in History
and Philosophy of Science Part B, edited by S. De Bianchi
and G. Catren (2018), Vol. 61, pp. 1-80, https://doi.org/
10.1016/j.shpsb.2017.06.005.

[5] For a brief historical account of Weyl gravity theory see A.
Pais, Subtle is the Lord, Chap. 17. (Oxford University Press,
New York, 1982); P.G. Bergmann, Theory of Relativity
(Dover, New York, 1976); L. O’Raiefeartaigh and N.

Straumann, Rev. Mod. Phys. 72, 1 (2000); For a more
detailed account of Weyl geometry, see F. Dahia, G. A. T.
Gomez, and C. Romero, J. Math. Phys. (N.Y.) 49, 102501
(2008); A more formal mathematical treatment is given by
G. B. Folland, J. Diff. Geom. 4, 145 (1970); For a clear and
comprehensive review on Weyl geometry, see E. Scholz,
Einstein Stud. 14, 261 (2018).

[6] P.D. Manheim, Found. Phys. 42, 388 (2012).

[7]1 A. A. Starobinsky, Phys. Lett. 91B, 99 (1980).

[8] J. B. Jiménez, L. Heisenberg, and T. S. Koivisto, J. Cosmol.
Astropart. Phys. 4 (2016) 46.

[9] W. Pauli, Theory of Relativity (Dover, New York, 1981).

[10] K. S. Stelle, Gen. Relativ. Gravit. 9, 353 (1978).

[11] In this respect, see S. Cacciatori, V. Gorini, and A.
Kamenshchik, Ann. Phys. (Leipzig) 17, 728(2008); R.
Aldrovandi and J. G. Pereira, Found. Phys. 39, 1 (2009).

[12] A. Adler, M. Bazin, and M. Schiffer, Introduction to General
Relativity, Chap. 15 (McGraw-Hill, New York, 1975).

[13] See for instance, W. Greiner and J. Reinhardt, Field
Quantization (Springer, New York, 1996).

[14] For a clear explanation of the second clock effect, see R.
Penrose, The Road to Reality, Chap. 19, (Jonathan Cape,
London, 2004); See also H.R. Brown, Physical Reality,

124031-9


https://doi.org/10.12942/lrr-2004-2
https://doi.org/10.1007/BF01330826
https://plato.stanford.edu/cgi-bin/encyclopedia/archinfo.cgi?entry=weyl
https://plato.stanford.edu/cgi-bin/encyclopedia/archinfo.cgi?entry=weyl
https://plato.stanford.edu/cgi-bin/encyclopedia/archinfo.cgi?entry=weyl
https://plato.stanford.edu/cgi-bin/encyclopedia/archinfo.cgi?entry=weyl
https://plato.stanford.edu/cgi-bin/encyclopedia/archinfo.cgi?entry=weyl
https://doi.org/10.1016/j.shpsb.2017.06.005
https://doi.org/10.1016/j.shpsb.2017.06.005
https://doi.org/10.1103/RevModPhys.72.1
https://doi.org/10.1063/1.3000049
https://doi.org/10.1063/1.3000049
https://doi.org/10.4310/jdg/1214429379
https://doi.org/10.1007/978-1-4939-7708-6_11
https://doi.org/10.1007/s10701-011-9608-6
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1088/1475-7516/2016/04/046
https://doi.org/10.1088/1475-7516/2016/04/046
https://doi.org/10.1007/BF00760427
https://doi.org/10.1002/andp.200810321
https://doi.org/10.1007/s10701-008-9258-5

SANOMIYA, LOBO, FORMIGA, DAHIA, and ROMERO

PHYS. REV. D 102, 124031 (2020)

Chap. 7 (Clarendon Press, Oxford, 2005); I. P. Lobo and C.
Romero, Phys. Lett. B 783, 306 (2018).

[15] See, for instance, R. d’Inverno, Introducing Einstein’s
Relativity, Chap. 3 (Oxford University, New York, 1992).

[16] J. Ehlers, F. A. E. Pirani, and A. Schild, Gen. Relativ. Gravit.
44, 1587 (2012).

[17] V. Perlick, Gen. Relativ. Gravit. 19, 1059 (1987).

[18] R. Avalos, F. Dahia, and C. Romero, Found. Phys. 48, 253
(2018).

[19] A great deal of work has been done in WIST theories. See,
for instance, M. Novello, L. A. R. Oliveira, J. M. Salim, and
E. Elbaz, Int. J. Mod. Phys. D 01, 641 (1992); J. M. Salim
and S. L. Sautd, Classical Quantum Gravity 13, 353 (1996);
H.P. Oliveira, J.M. Salim, and S.L. Sauti, Classical
Quantum Gravity 14, 2833 (1997); V. Melnikov, Classical
solutions in multidimensional cosmology, in Proceedings of
the VIII Brazilian School of Cosmology and Gravitation II,
edited by M. Novello (Editions Frontieres) (Editions
Frontiere, Gif-sur-Yvette (France), 1995), pp. 542-560,
ISBN 2-86332-192-7; K. A. Bronnikov, M. Yu Konstanti-
nov, and V.N. Melnikov, https://www.actaphys.uj.edu.pl/

fulltext; J. Miritzis, Classical Quantum Gravity 21, 3043
(2004); J. Phys. Conf. Ser. 8, 131 (2005); J. E. M. Aguilar
and C. Romero, Found. Phys. 39, 1205 (2009); J. M. Salim
and F. P. Poulis, Int. J. Mod. Phys. 3, 87 (2011); R. Vazirian,
M. R. Tanhayi, and Z. A. Motahar, Adv. High Energy Phys.
7, 902396 (2015); I. P. Lobo, A. B. Barreto, and C. Romero,
Eur. Phys. J. C 75, 448 (2015); M. L. Pucheu, C. Romero,
M. Bellini, and J. E. M. Aguilar, Phys. Rev. D 94, 064075
(2016); M. L. Pucheu, E. A. P. Alves-Junior, A. B. Barreto,
and C. Romero, Phys. Rev. D 94, 064010 (2016); F. A. P.
Alves-Junior, M. L. Pucheu, and A. B. Barreto, Phys. Rev.
D 97, 044007 (2018).

[20] P. Teyssandier, Acta Phys. Pol. B 29, 987 (1998).

[21] M. Atiyah, Curr. Sci. 89, 2041 (2005).

[22] See, for instance, T. S. Almeida, M. L. Pucheu, C. Romero,
and J. B. Formiga, Phys. Rev. D 89, 064047 (2014).

[23] For an extensive review on the subject, see T. Clifton, P. G.
Ferreira, A. Padilla, and C. Skordis, Phys. Rep. 513, 1
(2012).

[24] S. Nojiri and S. D. Odintsov, Phys. Lett. B 639, 144 (2006).

[25] L. H. Ford, Phys. Rev. D 40, 967 (1989).

124031-10


https://doi.org/10.1016/j.physletb.2018.07.019
https://doi.org/10.1007/s10714-012-1353-4
https://doi.org/10.1007/s10714-012-1353-4
https://doi.org/10.1007/BF00759142
https://doi.org/10.1007/s10701-017-0134-z
https://doi.org/10.1007/s10701-017-0134-z
https://doi.org/10.1142/S021827189200032X
https://doi.org/10.1088/0264-9381/13/3/004
https://doi.org/10.1088/0264-9381/14/10/010
https://doi.org/10.1088/0264-9381/14/10/010
https://www.actaphys.uj.edu.pl/fulltext
https://www.actaphys.uj.edu.pl/fulltext
https://www.actaphys.uj.edu.pl/fulltext
https://www.actaphys.uj.edu.pl/fulltext
https://www.actaphys.uj.edu.pl/fulltext
https://www.actaphys.uj.edu.pl/fulltext
https://doi.org/10.1088/0264-9381/21/12/014
https://doi.org/10.1088/0264-9381/21/12/014
https://doi.org/10.1088/1742-6596/8/1/017
https://doi.org/10.1007/s10701-009-9340-7
https://doi.org/10.1142/S2010194511001176
https://doi.org/10.1140/epjc/s10052-015-3671-7
https://doi.org/10.1103/PhysRevD.94.064075
https://doi.org/10.1103/PhysRevD.94.064075
https://doi.org/10.1103/PhysRevD.94.064010
https://doi.org/10.1103/PhysRevD.97.044007
https://doi.org/10.1103/PhysRevD.97.044007
https://doi.org/10.1103/PhysRevD.89.064047
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physletb.2006.06.065
https://doi.org/10.1103/PhysRevD.40.967

