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General relativity (GR) and unimodular gravity (UG) provide two equivalent descriptions of gravity that
differ in the nature of the cosmological constant. While GR is based on the group of diffeomorphisms that
permits the cosmological constant in the action, UG is based on the subgroup of volume-preserving
diffeomorphisms together with Weyl transformations that forbid the presence of the cosmological constant.
However, the cosmological constant reappears in UG as an integration constant so it arises as a global
degree of freedom. Since gauge symmetries are simply redundancies in our description of physical systems,
a natural question is whether there exists a “parent theory” with the full diffeomorphisms and Weyl
transformations as gauge symmetries so that it reduces to GR and UG, respectively, by performing suitable
(partial) gauge fixings. We will explore this question by introducing Stueckelberg fields in both GR and UG
to complete the gauge symmetries in each theory to that of the would-be parent theory. Despite the
dynamical equivalence of the two theories, we find that precisely the additional global degree of freedom
provided by the cosmological constant in UG obstructs the construction of the parent theory.
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I. INTRODUCTION

Unimodular gravity (UG) is a theory that is very similar to
general relativity (GR). The linearization of these theories on
top of flat spacetime leads to the propagation of a massless
spin-2 field. However, they are based on different gauge
groups. UG admits a formulation in which it is invariant
under Weyl transformations and transverse diffeomor-
phisms, whereas GR is based on the whole group of
diffeomorphisms. The differences between the two theories
were explored in [1] (see also [2]), showing that they are
equivalent up to the behavior of the cosmological constant at
the classical level. Whereas in GR the cosmological constant
is a coupling constant, in UG it is absent at the level of the
action and enters as an integration constant in the equations
of motion. Consequently, in UG, it behaves as a global
degree of freedom, in the sense that it does not depend on the
spacetime point (see [3,4] for further discussion). At the
quantum level, the tree-level amplitudes were shown to be
equivalent in both theories [5,6], whereas the analysis at the
loop level is more convoluted since the theory is not
renormalizable and one needs to treat the theory as an
effective field theory. Although there has been a lot of work
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in trying to discern whether the two theories were equivalent
ornot at the loop level [7-11], it was shown that there exists a
quantization scheme in which one could show the equiv-
alence of both theories [12,13]. Different choices of renorm-
alization and quantization schemes may lead to different
predictions (notice that some of the computations involve
running of coupling constants that are not directly related to
observables) but the existence of a quantization scheme that
provides the same predictions for both theories is enough to
ensure the equivalence at the perturbative quantum level.

Given that the two theories are so similar except for the
gauge symmetries, a legitimate question is whether there
exists a “parent theory” that is invariant under both Weyl
transformations and diffeomorphisms, and such that suit-
able gauge fixings of the parent theory lead to UG and GR.
We address such a question by introducing Stueckelberg
fields in GR to make it Weyl invariant and in UG to make it
invariant under longitudinal diffeomorphisms. We find that
the resulting theories are not equivalent, and we trace the
obstruction to find such a parent theory to the presence of
the global degree of freedom in UG, a global aspect that
was missed in the analysis presented in [14]."

'We thank Roberto Percacci for pointing out this reference
to us.
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Here is a brief outline of the article. In Sec. Il we present
the analysis for WTDiff and Fierz-Pauli, the linear versions
of UG and GR. Sections II A and II B provide a short
introduction to the origin of gauge symmetries as a need to
describe massless integer spin fields in a manifestly Lorentz
invariant way. Section II C illustrates how WTDiff differs
from Fierz-Pauli in the sense that it contains an additional
global degree of freedom, the linear version of the cosmo-
logical constant. Section II D looks for theories that are
invariant under Weyl transformations and diffeomorphisms,
introducing Stueckelberg fields in WTDiff and Fierz-Pauli.
The theories obtained in this way are inequivalent, and we
demonstrate that it is not possible to reach a parent theory
such that WTDiff and Fierz-Pauli are suitable gauge fixings
of it. Section I1I is devoted to repeating the same analysis for
the nonlinear theories. Section III A contains a brief pre-
sentation of GR and UG. After that, in Sec. IIIB we
introduce a Stueckelberg field to make GR invariant under
the Weyl transformations, and in Sec. III C we introduce
Stueckelberg fields to make UG invariant under the full set
of diffeomorphisms. In Sec. IV we present the trinity
formulation of UG, focusing on the metric teleparallel
equivalent to UG in Sec. IV A and the symmetric teleparallel
to UG in Sec. IV B. We show that they are inequivalent to
their GR version, in the same sense that UG is inequivalent to
GR. Finally, we finish in Sec. V by summarizing the
conclusions that can be drawn up from our work.

Notation and conventions. In this article, we use the
signature (—,+,---,+) for the spacetime metric, and we
work in natural units ¢ = 2 = 1. We also introduce H ;) :=
3 (Hyp, + Hy,) and Hiuy) := 5;(H,p — Hy,), and similarly
for an object with n indices instead of 2. Latin indices
(a, b, c.d,...)refer to arbitrary coordinates in spacetime and
run from O to n — 1, where n is the dimension of the
spacetime manifold that we assume to be n > 3. For the
curvature tensors we use the conventions in the book of
Wald [15], i.e., [Vq, V,]VE= — R1s Ve, Ry = Ry

II. LINEAR THEORY OF MASSLESS
SPIN-2 PARTICLES

A. The origin of gauge symmetry

Let us begin with the spin-1 field propagating on top of
flat spacetime as an illustrative example. If we have a vector
field A“, its n components may lead to the propagation
of n degrees of freedom. However, from the group theory
perspective, we know that if we aim to describe the
propagation of massless particles, we need to ensure that
it propagates only n — 2 degrees of freedom [16,17]. Let us
take a state that represents a plane wave,

Au(x) = €, (p)e™, (1)

p* =0, (2)

with p - x := p,x“. First of all, notice the A? field decom-
poses into 1 @ (n — 1) as irreducible representations of the
Poincaré group. Actually, the trivial representation corre-
sponds to the scalar encoded in A%, namely the projection in
the direction of p“, i.e., p,e“(p) or in coordinate space
0,A%(x). We can remove that scalar degree of freedom by
simply imposing a constraint p,e®(p) = 0, which, equiv-
alently, in coordinate space is d,A* =0, the so-called
Lorenz condition. However, we still need to eliminate
one of the remaining states that A® encode in order to
describe a massless particle. The first thing to notice is that
there are no more Lorentz invariant constraints that we can
impose on A? in order to remove degrees of freedom. If we
intend to preserve Lorentz invariance explicitly, we cannot
impose a non-Lorentz invariant constraint such as the
Coulomb gauge. It is this absence of additional potential
Lorentz-invariant constraints that leads to the introduction
of gauge symmetry. Notice that if we impose the constraint
€ - p = 0, any shift on the polarization vector of the form

€4 — 621 =€, + a(p)pa (3)
will lead to a new vector that still verifies the constraint

e-p=0->¢€-p=0, p?=0. (4)
Thus, it is natural to impose that configurations related by a
transformation of the form (3), are physically equivalent
(i.e., they belong to the same gauge orbit). We can write
down this equivalence in coordinate space, and it leads to
the standard form of gauge symmetry:

Ay = Ay + da(x),
Oa = 0. (5)

Up to this point, we have seen that in order to describe a
massless spin-1 particle through a vector field A,, we need
to ensure that it contains a dispersion relation of the form
p* =0, that the vector field is divergenceless d,A% = 0,
and that it displays the gauge symmetry in Eq. (5) (which
kills the additional degrees of freedom in A%).

Let us now repeat the analysis with a tensor 2%° aiming
to describe a massless spin-2 particle. The first thing that
we notice is that the tensor ~9” contains 1 n(n + 1) potential
degrees of freedom, but we want it to propagate only the
1

sn(n—3) [16,17] associated with a massless spin-2 par-

ticle. Again, take that &, represents a plane wave:
hab = €ab (p)eipur’ (6)
p*=0. (7)

The first thing to notice is that again h,, decomposes
nontrivially into irreducible representations of the Poincaré
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group. For instance, it contains a symmetric traceless
representation, a vector representation, and two scalars;
i.e., the decompositionisn(n+1)=1® 1 & (n—1) &
I(n+1)(n=2). To be more explicit, the first scalar
encoded in h,, is, of course, the trace h = hu,,; then
we have the n-vector A* = d,h"“, which can be broken into
the scalar 9,A% = 0,0,h*” =: (9* - h) and the divergenceless
vector, as in the previous section. In addition, we have the
remaining traceless symmetric tensor h,, that contains
more components than the ones a massless particle con-
tains. We can remove the two scalars and the vector
component by imposing suitable conditions. These con-
ditions are that the tensor is traceless 47 = 0, which removes
one of the scalars; and the Lorentz transversality condition
P.€*? = 0, which removes simultaneously the other scalar
(6% - h) = 0, and the vector. This is the best that we can do
by using constraints that preserve Lorentz invariance. To
remove the remaining components of /., in a manifestly
Lorentz invariant way, we need to introduce gauge sym-
metries again. Given that we are imposing the constraints
€’ =0 and p,e® =0, any transformation on the
tensor €, of the form

€ap = €y =€ap +¢a(P)Pp +Ep(P) P a-p=0, (8)

will preserve the constraints
pleaws =€ =0— pie,, =€,y =0, p*=0. (9)

Hence, it is natural to impose that configurations related
by a transformation of this form are physically equivalent.
In coordinate space, these transformations take the form

hab - hab + aa‘fb + abgw
9,6=0, & =0. (10)

Thus, for describing a massless spin-2 particle through a
tensor field 4., in a minimal way, we need to ensure that it
contains a dispersion relation of the form p? = 0, the tensor
needs to be traceless & = 0 and divergenceless d,h" = 0,
and it realizes the gauge symmetry as in Eq. (10).

B. Nonminimal realizations: Enlarging
the gauge symmetries

In practice, it is cumbersome to work with constrained
fields (traceless, transversal, etc.). Thus, for practical
purposes, working with the previous minimal constructions
is not useful. The idea to avoid this is that we can eliminate
the constraints that we are imposing at the expense of
enlarging the gauge symmetry.

Let us illustrate this with the spin-1 field. Here there is
only one way of enlarging the gauge symmetry in such a
way that we only have the A“ field as a configuration
variable and we still propagate only the n —2 desired

degrees of freedom associated with the massless particle.
Once we relax the condition d,A“ = 0, we can consider
more general transformations, not only those that preserve
the constraint. This means that we no longer need to impose
any constraint on «, the gauge parameter of the trans-
formation, and we can perform arbitrary transformations of
the form

A, = A, + 0. (11)

Now, it is easy to write down a Lagrangian for such a
theory. We need to only write down only the most general
quadratic Lagrangian displaying this gauge symmetry and
such that it gives rise to a massless dispersion relation. This
is, of course, the Maxwell Lagrangian

1
['Maxwell = _ZFthab’ (12)

where F;, := d,A;, — 0,A,.

The situation is different for the massless spin-2 particle.
Here, there are two ways in which one can enlarge the
amount of gauge symmetry until one works with an
unconstrained field /,,. However, it is instructive to enlarge
the gauge symmetry in two steps. First of all, we relax the
constraint 9,h® = 0. With this, we notice that we can now
do more general gauge transformations, since we can relax
the condition that the vector generating them obeys a wave
equation, as in the previous case. The result is a trans-
formations of the form

hab - h/ab = hab + auf?{ + 025&;’ (13)

where &] is an arbitrary transverse vector field 9,&] 7% = 0,
in order to preserve the traceless condition on h,,. It is
possible to write a Lagrangian that gives rise to a linear
dispersion relation and implements this symmetry as long
as we keep the constraint that the tensor is traceless:

1
‘CTDiff = - iauhcdaahal + aahacabhhc' (14)

Hereinafter we drop boundary terms depending on gauge
parameters. Finally, we come to the point of relaxing the
constraint 7 = 0. This can be achieved by two different
enlargements of the gauge transformations. First of all, the
most natural thing to do is to relax the constraint that the
vectors generating the transformation are divergenceless
0,ET = 0, since we do not need to ensure that the trace of &
is preserved anymore. To put it explicitly, this means that
we work with a tensor field #,, with the following gauge
symmetry:

hab - hi;b + aaéfb + abga (15)

for arbitrary &,. These transformations enlarge the set of
linearly realized transverse diffeomorphisms to the whole
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set of linearly realized diffeomorphisms. The most general
Lagrangian that one can write down displaying this gauge
symmetry and giving rise to a quadratic dispersion relation
is, of course, the Fierz-Pauli Lagrangian [18]

1
~50chay0h + 0,h",0 he”

1
~ 0,1 dyh + 5 0,h0"h. (16)

'CFP =

There is though, another way of relaxing the constraint
h = 0. We can keep the transverse diffeomorphisms and
introduce the linearly realized Weyl transformations on the
tensor h,,. Explicitly, this means that we consider the
following gauge group:

hap = Hyy = hap + 0,84 + 0pE5 + alap.  (17)

where the y is an arbitrary scalar function and &} is
transverse (divergenceless). Imposing this gauge group,
the set of linear Weyl transformations and transverse
diffeomorphisms that are realized at the Lagrangian level
and the massless condition, leads up to a global constant to
the so-called WTDiff Lagrangian [19]

1
Lwrpitr = _Eachubachab + 0,h*,0.h*”

n—+2

2
——0 o h + ——- % 0,hd“h. (18)

C. Same local degrees of freedom, different number
of global degrees of freedom

At this point, one may lead to the conclusion that both
theories need to be equivalent since they lead to the
propagation of the same number of local degrees of
freedom. However, as we will now discuss, there is a
mismatch in the number of global degrees of freedom.

Fierz-Pauli case. To see this, let us begin with the Fierz-
Pauli theory. The corresponding equations of motion are
&P, = 0, where £, is given by

ENY = Ohgp — 20(40:hC )
+ 040ph + 114 (% - 1) = 14O, (19)
which fulfills
n*Eqy = (n=2)[(¢* - h) — O, (20)
e = (21)

We can now perform a gauge fixing to reach 7 = 0 and
d,h** = 0. Notice that given a value for 9,4’ and h, we
can always perform a diffeomorphism:

9, h'% = 9,h + OIE> + 99, &0, (22)
W = h+ 20,6, (23)

such that 0,4/ = h' = 0. This leads to the following
system of equations for £ that always admits a solution:

1
0,8 = —=h, 24
=3 (24)

1
e = —()“h a,h"e. (25)

Hence, we can always make a gauge fixing such that
Eq. (19) reduce to a sourceless wave equation for a
transverse traceless tensor:

Uh,, =0, (26)
0,h = h = 0. (27)
WTDiff case. Following [20], we can try to do the same

for the WTDiff theory (18) In this case, the dynamical
equations are EWPI = 0% with

EWTPI 2= Ohy, — 20(40:h° ) + %aaabh
2@ ) =" 0n (28)
which fulfills
”ab g}l’\;TDiff — O, (29)

. n—2
b cWTDIff __
a gdb — =

2, [(02 Ch) - % Dh} . (30)

From the second one we can derive the general result that,
on-shell, the quantity in the square bracket must be
constant, i.e.,

(az-h)—%Dh:c, (31)

where c is the integration constant.

Now one can try to find a gauge leading to [h,, = J
such that the field &, is traceless and transverse and such
that the source J,, is independent of /,,. However, it is not

*Because of the Weyl symmetry, this equation is actually
independent of the trace of ;. Indeed, if we decompose h,;, =
R, —0—%11‘,,,}1 (where by construction 7%h,, = 0), we find the
identity

o . 2 )
Eap " = Ohap = 20(010ch o) + —nap(0” - ).
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difficult to check that due to the presence of ¢ one cannot
achieve both conditions simultaneously. Let us show this in
more detail.

First, we perform a Weyl gauge transformation to reach
h = 0. It is always possible to do so since under a Weyl
transformation, we have

N =h+ny, (32)

and taking y = —h/n, we reach i’ = 0. The condition (31)
implies then that, in this gauge, (d° - h) = c. This can be
integrated to obtain an expression for the divergence of 49,

9,ht = Sxb 4 q™, (33)
n

where al is any arbitrary divergenceless vector field

0“al = 0. The vector a} can be removed through a gauge
transformation. To see this, notice that under a transversal
diffeomorphism,

0, = 0,k + CIE, (34)

so the condition 9,h"*" = < x leads to an equation for £
that always admits a solution:

0¢l = —aj. (35)

Hence, in this gauge, we end up again with a sourceless
wave equation for £,

Oh,, =0, (36)
with

9,h? =<3, h=0. (37)
n

Note that the transversality condition is violated for non-
vanishing c.

To explore the other possibility, we can make a field
redefinition,

lc
h H —— 2, 38
ab ™ Hgp +2n7]abx ( )

in such a way that this new tensor H,, is transverse,
although it is not traceless anymore:

1

0,H" =0,  HS=-7cx. (39)

The equation of motion (36) in terms of H,, contains a
constant source term proportional to c:

DHab = —CNgp- (40)

It is also remarkable that Eq. (40) coincides with the
lowest-order contribution to the graviton equation in the
presence of a cosmological constant ¢ (obtained, for
instance, from the linearization of GR). We will see later
that in the full nonlinear theory, the integration constant c is
promoted to be the full cosmological constant entering
Einstein equations. Since this c is arbitrary, it corresponds
to an additional degree of freedom of WTDiff, which needs
to supplement the set of initial conditions.

Up to this point, we have noticed that although both
theories lead to the propagation of the same number of local
degrees of freedom, they are not equivalent because there is
one additional number required to specify the initial
conditions for WTDiff, c. In that sense, they cannot be
regarded as two formulations of the same theory. Let us
further dig into this question in the following subsection.

D. Stueckelberg-ing

It is always possible to enlarge the number of gauge
symmetries of a theory at the expense of introducing
additional fields that are often called Stueckelberg fields,
being the opposite to minimal formulations in terms of the
number of fields. One natural question that we can ask is
whether there exists a “parent” theory that involves more
fields, not only the tensor 4, but is invariant both under
general diffeomorphisms and Weyl transformations acting
linearly on the tensor 4, such that Fierz-Pauli and WTDiff
are suitable gauge fixings of both of them. Although based
on our discussion about the global mode of WTDiff we
may anticipate that this is not possible, it is interesting to
perform the analysis explicitly.

Fierz-Pauli case. Let us begin with Fierz-Pauli. The
parent theory that we seek would be a theory in which the
action is invariant under linearized Weyl transformations on
the tensor h,;, in addition to linearized diffeomorphisms.
The way to achieve this through a Stueckelberg field is to
introduce a field ¢ in the action by making the replacement
hap = hap + ongp. In this way, we realize the Weyl
symmetry in the ¢ field as a shift symmetry

hab - h;b = hab + XMNabs (41)
p—9 =9p—z (42)

After introducing the field ¢, we are led to the following
Lagrangian:

Lrp.s = Lyp — (n = 2)0,h** 0, + (n — 2)0,hd"¢

+ % (n=1)(n—2)0,0p, (43)

whose equations of motion are
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1
Op — ———————n* &P =0, 44
Eap + (1 =2)(0,059 — npCep) = 0. (45)

One important thing to notice is that the equation of ¢ is the
trace of the second one, so it is redundant (in any gauge).
Therefore, from now on we just keep Eq. (45).

It is immediate to see that the unitary gauge ¢ =0 is a
legal one, since the equation of motion of ¢ becomes
redundant. Here by legal we mean that fixing the gauge
in the action and fixing it in the equations lead to the same
dynamics. However, we want to emphasize that what we call
here illegal gauge fixings can perfectly be used at the level of
the equations of motion (as long as there exists a gauge
transformation leading to them) without any inconsistency.
Itis only incorrect to use them at the level of the action, in the
sense of imposing the conditions directly on the fields before
performing the variation that leads to the equations of
motion of the theory. Notice that by “gauge fixing at the
level of the action” we do not mean to introduce a Lagrange
multiplier in the Lagrangian to enforce the constraint. Such a
procedure would introduce additional (algebraic) equations
of motions that would follow from the variation of the
Lagrange multiplier fields and would lead to the same
dynamics reached by fixing the gauge directly in the
equations of motion. We give a more elaborate analysis
of legal and illegal gauge fixings in Appendix A.

The question now is whether one can find a legal gauge
that leads to the WTDiff dynamics. In principle, fixing the
gauge at the level of the action to be ¢ = — % h leads to the
WTDiff Lagrangian (18). However, this is an illegal gauge
fixing, as we will see below. To show that it is always
possible to reach this gauge, we recall that under a generic
gauge transformation the fields change as

hap = hy, = hap + 20083y + XMap> (46)

p—=9 =9—7 (47)

We want to see if for generic {¢, h,;} we can find {&%, y}
such that we end up with ¢/ = —/’/n. The latter condition
fixes the divergence of the vector &,:

1 n
0,6 = —~h——g. 4
& Sh=50 (48)

A trivial example of such a vector field would be
! 1 .n .
g = 5a0/ ar <——h(t’,x’) ——(p(t’,xl)>. (49)
f 2 2

Let us now show that this gauge fixing is illegal. In this
gauge, the only independent equation of motion (45)
reduces to

on=2 1
glel?TDm + n . Nab [(52 -h) — ZDh} =0. (50)

Since EWTPIT is traceless and the second term in (50) is pure
trace, this equation is fulfilled if and only if both terms in
(50) vanish independently. The first one leads to the
WTDiff equations and this implies (31) with the appear-
ance of the integration constant c. However, the second
term in (50) enforces ¢ = 0. This proves that the gauge
fixing ¢ = —h/n is illegal since the equations resulting
from fixing the gauge at the level of equations do not
reproduce the dynamics of the WTDiff action, which
admits an arbitrary c.

WTDIiff case. We can repeat the same analysis for
WTDiff. We can introduce a Stueckelberg field to enlarge
the gauge symmetries from Weyl and transverse diffeo-
morphisms to Weyl and general diffeomorphisms, at the
expense of introducing an additional Stueckelberg field. We
want to distinguish between longitudinal and transverse
diffeomorphisms. For such a purpose, we notice that for an
arbitrary diffeomorphism, we can always decompose the
vector &, into a transverse part and a longitudinal part:

§a=Cat0,0 (09 =0). (51)
When we expand such a transformation acting on #,,
we have

hap = By = hyp, 4 0,88 + 0,EF + 20,040, (52)
To make WTDiff invariant also under longitudinal diffeo-

morphisms (18), we need to introduce a Stueckelberg field
making the replacement

hab - hab + 20a0b(p. (53)

The resulting Lagrangian, after some integrations by
parts, is

(n-2)

Lywrpitr-sc = Lwritr + 2 9,h"a,0¢p

n—2
)

+2(n—lign—2)

—2 0%, h
00,9000, (54)

whose equations are

e 2(n—=1)(n=2
99gb EWTDIff _ % Bp =0, (55
e 2(n—=2 1
SZ\IIJTlef _ M aaahlj(/) - —ﬂuhlj2¢ =0. (56)
n
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Observe that, again, the equation of ¢ can be obtained by
taking 0°0” in the second one so it is redundant (for any
gauge), so we can just keep the second one (56).

As a consequence of the substitution (53), the simulta-
neous transformation (52) and

p->¢ =¢p-o0 (57)

become a symmetry of the theory. Therefore, Eq. (54)
exhibits the following symmetry:

hab - h;b = hab + aa{g + abé}; + zauabo- + XMabs (58)

p—=>¢ =¢p—o. (59)

Notice that this is not the same as the one found in the
Fierz-Pauli case, Eq. (47). This shows explicitly two
different ways of realizing the gauge group of Weyl
transformations and full diffeomorphisms using only a
scalar field and a tensor /,,. One could wonder whether
there is some kind of field redefinition that maps one theory
into the other one, but we will now argue why this is not
possible because there is a mismatch in the global degrees
of freedom of the theory.

Let us now show that it is not possible to find a legal
gauge fixing of the Weyl symmetry leading to the Fierz-
Pauli theory. The gauge in which Lgp = — % h performed at
the level of the action leads to the Fierz-Pauli Lagrangian.
This means that performing such gauge fixing we would
lose the global degree of freedom associated with the
constant c. This seems contradictory, so let us analyze in
detail. Introducing this into the action (54), one recovers the
Fierz-Pauli Lagrangian from Eq. (16). First of all, it is
always possible to reach this gauge through a suitable Weyl
transformation: under a Weyl transformation, the trace h
and ¢ change as

h—h =h+ny, (60)
=@ =0, (61)
where y is the gauge parameter of the transformation. By

imposing ¢/ = —1 7', we find the y that generates the
gauge transformation that we are looking for is

7= —%(h +20¢p). (62)

Thus, it is always possible to reach that gauge. To see that
this is illegal, we realize that the only independent Eq. (56)

after evaluating the gauge [y = —%h becomes
O((0* - h) —Oh) =0, (63)
pp_ 1= 2 2
Eab = Map((0° - h) = TIh) = 0. (64)

By taking the divergence of the second one, and recalling that
the EFP part is divergenceless, we find that the combination
((0* - h) — Oh) must be constant. Therefore, Eq. (63) is
redundant and the system of equations becomes

855 = Cap (65)

for some constant c.

The equations that follow from the Lagrangian after
gauge fixing are not the equations that we obtain by
performing the gauge fixing directly at the level of the
equations of motion. To be more precise, since the gauge-
fixed Lagrangian is Fierz-Pauli, the equations that follow
from that Lagrangian do not contain an integration con-
stant. However, the equations obtained by performing the
gauge fixing at the level of the equations of motion do
contain such a constant (65). Thus, the gauge fixing is
illegal in the sense that we explain in Appendix A.

At the linear level, which we have analyzed until now,
we conclude that there is not a parent theory as we have
dubbed it, from which Fierz-Pauli and WTDiff are two
suitable (legal) gauge fixings. The reason behind it is that
while the two theories agree on the local degrees of
freedom that they propagate, WTDiff contains an extra
global degree of freedom that can be understood as the
linear version of the cosmological constant.

One might wonder whether this mismatch arises from the
fact that we are comparing WTDiff with Fierz-Pauli with-
out a cosmological constant and we should add it in our
analysis. Another possibility is that we are always focusing
on the trivial flat spacetime background, which is only
acceptable in WTDiff as long as the initial conditions fix
¢ =0, and we need to consider the theories in arbitrary
backgrounds. The reason for the impossibility to find a
parent theory is actually that UG contains all the possible
values of the cosmological constant within a single theory,
whereas in Fierz-Pauli different values of the cosmological
constant correspond to different theories. To remove any
doubt, we extend the analysis considering the nonlinear
versions of these linearized theories in the following
sections, and we find the same result.

III. NONLINEAR THEORIES

GR and UG are the nonlinear completions of Fierz-Pauli
and the linearized theory of WTDiff. Both of them propa-
gate 2 local degrees of freedom, just as their linear versions.
However, the difference due to the mismatch in the global
degrees of freedom is still present. UG contains a fiduciary
nondynamical background structure (see Appendix B), a
nondynamical volume form, something that is tightly
related to this fact. For a comprehensive review of UG
and its comparison with GR, see [1].

Because of this global degree of freedom and based on
the analysis at the linear level, we expect that it is not
possible to introduce Stueckelberg fields for GR and UG,
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enlarging the gauge symmetry by adding Weyl trans-
formations and longitudinal diffeomorphisms, in such a
way that we go to the same parent theory.

A. General relativity and unimodular gravity

Let us quickly review general relativity and unimodular
gravity in order to settle the notation that we will be using.
Let us begin with GR. GR is given by the equations
following from the Einstein-Hilbert action with cosmo-
logical constant

Saxale] = 53 [ ¢xVIgl(-2+ Rlg).  (66)

and the case with the vanishing cosmological constant will
be represented as Sgr. The equations of motion that follow
from this action are, of course, Einstein equations:

1
Rab[g] - ER[g]gab + Agab =0. (67)

The action is invariant under general coordinate trans-
formations (GCT), and since there is no background
structure, GCT are identified with active diffeomorphisms
(Diff).

Unimodular gravity can be understood as the theory that
is derived from the FEinstein-Hilbert action principle by
imposing the constraint that the determinant of the metric is
fixed to be a nondynamical background volume form
® = w(x)d"x (see Appendix B):

Sucalg A = 5 [ lvIgl(-2A + Rlg)
+/ gl - )] (68)

where A(x) is a suitable Lagrange multiplier. The variation
of this action yields to the traceless version of Einstein
equations. However, it is convenient to work with uncon-
strained variables again, at the expense of enlarging the
gauge symmetry. This can be achieved by introducing the
auxiliary metric tensor § whose components are

wz)%
gab =Yab\ 77 > (69)
(Igl

which by construction satisfies

Vi = w. (70)

The reason for introducing this metric is that, when
performing variations, only the g-metric is varied, since
o is not a dynamical field. Thus, any object written in terms
of the tensor g that we vary with respect to g will
automatically produce the traceless variation with respect
to the tensor g:

~ab a)Z _% ab 1~ab~ cd
e 89" —=4"G.a09 ). (71)
|9 n

In terms of this metric, the unconstrained action of UG can
be expressed as

Sucli 0] = 5z [ CroREgw)  (72)

We separate the background volume form with a semicolon
instead of a comma from the rest of the fields to indicate
clearly that it is nondynamical. We will follow this notation
from now on. The equations of motion that follow from this
action principle are, of course, the traceless version of
Einstein equations

Raslg] = Riglgus = (73)

which, upon using Bianchi identities, become the Einstein
equations with the cosmological constant entering as an
arbitrary integration constant [1]:

U S N
Rab[g} - ER[g]gab =+ Agab =0. (74)

Finally, we comment on the local symmetries of this theory.
Contrary to the GR case, UG presents a background
structure, @(x), which remains unaffected under active
diffeomorphisms [i.e., it transforms as (B6)]. With this in
mind, we proceed to enumerate the symmetries of the UG
action:

(1) General coordinate transformations. This is clear
since the theory is written in terms of two tensor
quantities: the metric g,;, and the scalar density @, in
addition to the matter fields (we assume they are
introduced as usual via tensor-valued quantities).

(2) Active diffeomorphisms of unit determinant (TDiff).
These diffeomorphisms are also called transversal or
volume-preserving, and they are defined by (B3)
together with the condition |J| = 1. To be precise,
by this symmetry we mean the realization in which
o(x) is treated as a background structure in the sense
of Appendix B.

(3) Weyl reescalings of the metric. By this we mean
transformations of the form

gab(x) - e(Mx)gab(x)’
o(x) = w(x). (75)

This symmetry is explicitly manifest in formulation
(72) of UG. This action depends only on the metric g
through the auxiliary metric g, which is constructed
with the Weyl-invariant quantities @ and g,/ |g|"/".
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The gauge symmetries (those besides GCT) that this
theory displays act at the infinitesimal level as follows:
55@(117 = 6(15}) + vbga +)(?]uh9 vaga =0, (76)
where V is the Levi-Civita connection associated with the
metric g. If we couple to the matter fields through the metric
g as we do in GR, they automatically inherit the invariance

under TDiff and Weyl transformations of the metric (notice
that g is already Weyl invariant).

B. Making GR gauge invariant under
Weyl rescalings of the metric

Let us begin with the GR action with an arbitrary
cosmological constant A, Eq. (66). We want this action
to be invariant under Weyl rescalings of the metric, and this
means transformations that act on the metric as

Yab- (77)

For such a purpose, we introduce a new field z(x) in the
action to build the new action depending on both fields #
and the metric as

YGab = eZzﬁ(x)

Scr-a-st(g> 7] = Saroa [GZ”g ]. (78)

For this action to be invariant under Weyl rescalings of the
metric we need that the 7 field transforms through a shift

T T—q, (79)

which in conjunction with Eq. (77) allows us to deduce that
the combination e*”g,, is invariant. Hence, the action
SGr-a-silgs 7] is Weyl invariant. We can use the trans-
formation properties of the Ricci scalar under these
rescalings of the metric to write down the action
SGr-a-stlg: 7] explicitly in terms of the Stueckelberg field
7 and the metric g. Under a transformation g — e’?g the
Ricci scalar transforms as [Eq. (D.9) from [15] with
Q =e?]

R[e*'g] = e (R[g] = 2(n = 1)g"" V., V¢
—(n=1)(n=2)g"V,pV,).  (80)

where (I := ¢**V,V,, and (d¢)?> = ¢**V .V, .
The change in the determinant is a simple exponential

factor in 7: |g| = €*™|g|. We obtain the following action
after integration by parts:

1
Sacr-silg, 7] = 2_1<2/dnx |g|e<"_2>”[—2/\ez” +R
+(n—=1)(n-2)(0r)?]. (81)

Here we may want to go to a gauge in which the theory is
still invariant TDiff and Weyl transformations but not under

longitudinal Diff. To achieve this, we would do the
following. We can write down the metric as follows:

19ab 1
Mol (82)

where we have introduced the auxiliary field ¢, :=

Gab = |9

Jav/| gﬁ, which is automatically invariant under Weyl
rescalings and transforms as a tensor under TDiff, though
not under longitudinal Diff. Now, to end up in an action that
is only Weyl and TDiff invariant, we fix the longitudinal
Diff by imposing

"= o, (83)

el

where @ is an arbitrary (but fixed) background structure.
Consistency of (83) requires @ to be a scalar density with
the same weight as \/m under GCT.

The question now is whether it is possible to reach this
condition through a longitudinal Diff. The answer is in the
affirmative, since for an arbitrary value of the factor e*| gﬁ,
let us call it a density function F(x)s, a longitudinal Diff
leads to the following transformation rule:

), (84)

where we have used that e?” is a scalar and that |g| picks a
factor of |J|. Thus, to reach the gauge (83), we just take:

Y

%:F%_>(F|J

e*lg

_a)_ w
7F7 |g|enﬂ‘

(85)
If we fix this gauge at the level of the action, and call

i > g1\
YGab = a)igilb = (—2 Yab> (86)
we get

1 A
SGR-A-St[g|(83)’7Z} :Z_KZ/d"W)R[g] —K—z/d”xa), (87)

where in the first equality we used (78) and in the second
one we took into account (70). In (87) we see that, as a
result of the gauge fixing, we obtain UG action (72) plus a
nondynamical constant contribution.

Fixing this gauge at the level of the action leads to UG,
but this gauge fixing turns out to be illegal. To see it, we can
compute the equations of motion from (81). By varying
with respect to 7 and ¢%°, we, respectively, get (after
recasting the equations a bit)

0 = (n—2)R[e¥g] - 2nA, (88)
1
0=R.lgl - ER[g]gah +Ae” g, — (n=2)V,V,7m
+ (n—2)guz + (n —2)0,70,7

43 (= 2)(n = 3)gup (02 (59)
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Notice that the first one implies the following constraint
between the Ricci scalar R[e*”g] and the cosmological
constant:

2
A

p— (90)

Rle*"g] =
Fixing the unitary gauge 7z = 0 in (88) and (89) leads to
Einstein equations with cosmological constant A and its
trace, meaning that both of them are not independent, as it
should be. Similarly, in the gauge e"* = w|g|~'/?, which
leads to UG at the level of the action, we get that the Ricci
scalar is still fixed by the coupling constant entering the
action when we perform it at the level of the equations of
motion

Rlg) = A, o1)
Hence, we conclude that this gauge fixing is illegal.

C. Making UG gauge invariant under longitudinal
diffeomorphisms

Let us now consider UG, and let us make it invariant
under the full Diff (i.e., including longitudinal ones). For
such a purpose, we will introduce the Stueckelberg fields
Y“(x) as follows:

Sug-silg. Vo] = d”xa) )R { <|9 >
ye( —2/n
det <a ) gea(Y(x))
L Ore(x aYd (x)
. 92
ox*? ] (92)

This can be obtained from the UG action (72) by making
the following replacement everywhere:

aY*<(x) oY%(x)
ox®  oxP

gab(x) - Gab(Y(x)) = gcd(Y(x)) (93)
The fields Y are assumed to be invertible functions. The
theory enjoys a symmetry that is WTDiff x Diff’. Here,
WTDiff is the symmetry that UG already displays, realized
in the metric as in Eq. (76) while leaving the Y“ untouched,
and Diff’ comes from the introduction of the Stueckelberg
fields Y“. The latter corresponds to the following realiza-
tion of the whole set of diffeomorphisms:

it OfC of¢
0 2% L g ). o
o(x) Dig (x), (95)

Y“(x)ﬂ(

DX (), (96)
where the transformations of Y have been implemented to
leave G,;,(Y(x)) invariant under these transformations:

G (Y () 25 Gy (Y (). (97)

To recover the original UG action, one just has to take the
gauge fixing Y*(x) = x“. This can always be achieved, due
to the invertibility of Y“, by just performing the diffeo-
morphism for which f¢ = Y, so that in this gauge we find

Gab(Y(x>) Ye(x)=x¢ — gab(x)' (98)

Let us now derive the equations of motion. If we introduce
the abbreviation

_ o(x) \r N
w00 = (i) CantY o)
G = det(G,) (99)

Q

(notice that the Y does not enter the dependency of ), we
realize that the dynamical fields ¢“” and Y“ only appear in
the action through the combination G, so

9’

Y(x)
(100)

0SuG.st = /d"xw(x) |:Rab[G] _%GabR[G]] 5GP

where we took into account that, since G*’(¥(x)) has a
fixed determinant [equal to 1/w(x)], varying with respect
to it is equivalent to varying with respect to the traceless
part of G*(Y(x)). In (100), the subscript Y(x) indicates
that the object in the square bracket is evaluated in Y (x).
Now we can compute the variation G*” coming from both
Y and ¢. It is convenient to introduce

M), = 0,Y", Ny = 0,(Y™1)", (101)
where d, just means partial with respect to the ath slot. These
matrices are the inverse of each other in the following sense:

M, (x)Nb (Y (x)) = N, (Y(x))MP . (x) = 6, as a conse-
quence of the chain rule, which implies
SNP4(Y (x)) = =N’ (Y (x))N/ 4 (Y (x))5M* 4 (x).  (102)
Then
5GP (Y (x)) = 8[g/N* N"qly(x)
= =2[g" !N N® N’ g y() M 4 (x)
+ [6g°NP N ]y () (103)
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where we made use of (102). The first piece of (103), which
corresponds to the variations with respect to g°*, leads to

{N“CN”d <Rab [G] - % GabR[G]>] =0,

Y(x)

(104)

which can simply be written as the traceless Einstein
equations by multiplying by appropriate factors of M, (x):

{Rab @ - %GabR[G}} o, (105)

Y(x)

On the other hand, the second term in (103) (the equation of
motion of Y), which contains 5M° ;(x) = d,6Y¢(x), can be
integrated by parts to obtain

dd{a)(x) {ZQL'defN”L.Nbe
y (Rab[é} —%GabR[GDL(X)} —0. (106)

This equation is redundant because it is an immediate
consequence of the first one (105). For this to be a well-
defined Stueckelberg-ization of the UG theory, we have to
check that the gauge fixing Y“(x) = x“, which leads to the
UG action, also works at the level of equations of motion.
Since the equation of Y is redundant, we can just focus on
the equation of the metric (105), which clearly reduces to that
of UG if we take Y*(x) = x“, thanks to (98).

We can now try to fix a gauge in which we reach GR. For
that purpose, we would make a Weyl transformation (77)
that allows us to reach the gauge in which

o(x) \» (Mg Y2/ —
(|g<Y<x>>) det(Me,)I = = 1
& w(x) = v/Ig70)]|det(M%,).

In this gauge, the action reduces to

/ dx|det (‘)Z i(bx)> (Y]

(x) oY4(x
<R a0 75 ().

(107)

(108)

and this is the GR action after applying an active diffeo-
morphism x* — Y“(x). Of course, this gauge transforma-
tion is illegal, in the sense that when performed at the level
of the action it does not lead to traceless equations of
motion, unlike what we find in the equations of motion
after fixing the gauge in them.

IV. TRINITY FORMULATION OF GR AND UG

For the sake of completeness and also to extend and
clarify a bit the results presented in [21], in this section we
will present the trinity formulation of UG. We will also
show how the trinity formulation of UG is different from
the trinity formulation of GR in the same sense that UG is
different from GR: due to the difference in the behavior of
the cosmological constant. For that purpose, we will argue
that introducing Stueckelberg fields in the trinity formu-
lation of GR still leads to theories that are not inequivalent
to the trinity formulation of UG, since we miss the global
degree of freedom encoded in the cosmological constant.
For this section, we do not perform the analysis of making
the trinity formulation of UG invariant under diffeomor-
phisms because it is more convoluted and it does not add
anything new into the discussion.

To present UG and its trinity formulation, let us begin
with unimodular gravity in the second order formalism:

1 ~
SUG<2) g;0] = 2_1<2/ d"xwR[g] + GBH, (109)

where GBH represents the Gibbons-Hawking-York term
which is there to ensure that we have a well-defined
variational problem [22,23].

First of all, let us show that this action is equivalent to its
version in which we consider an arbitrary connection that
we impose to be torsionless and metric compatible,
resulting in the Levi-Civita connection. For that purpose,
let us consider the following action:

1 y
Sug, g Th o] = M/d'lxa’gahRab[r]

—|—/d"xa)/10bCT“bc[F]
+ / d"xwl" Q.. lg. Tiw],  (110)

where we have introduced the torsion 7. := 21", and
the nonmetricity Q.. == V.3, (V' being the covariant
derivative of I'). Notice that we are defining the non-
metricity with respect to the auxiliary metric g, not
the dynamical metric g. In this way we ensure that the
action is Weyl invariant since it is built out from Weyl-

invariant objects. The fields 4,7 and 1%’ are Lagrange
multiplier densities that enforce the torsionless and metric-
compatibility conditions. These constraints can be solved
and plugged back into the action. This automatically leads
to the action from Eq. (109).

Stueckelberg-ing Palatini equivalent of GR to have Weyl
invariance. In the same vein that we did for GR, we can
introduce a Stueckelberg field that realizes the Weyl
invariance. We want to make the theory invariant under
transformations of the form
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YGab = ez¢(x)gabv (1 1 1)
which are Weyl transformations realized in the standard
way. For such a purpose, we would need to introduce
everywhere a Stueckelberg field that compensates the
transformation on g,;,(x), i.e., a field z(x) transforming as

7(x) = n(x) - $(x) (112)
that we introduce replacing g,;, everywhere in the action by
e’ g,»- In that sense, we consider the theory

1
Scr,, (8- T] :W/d"x 1919“"R (8. T]

+ / drey/ gl T ]

+ / /[ Quelg. T, (113)

This theory is clearly invariant under diffeomorphisms. If
we introduce the Stueckelberg field, we promote it to a
theory that is Weyl and Diff invariant. The resulting action
reads
Sorsi, & T 7] = Sar,, [¢7"g. T. (114)
We can now repeat the same exercise that we did before and
integrate the constraints. The torsion is trivially integrated,
and we simply get that the connection needs to be
symmetric. The nonmetricity is a little bit subtle, due to
the term 7z appearing in the constraint
VE(eg,,) = 0. (115)
This implies that the connection is compatible with the
metric €7g,;, (not only the metric, g,,). We can plug this
back into the action and the result is the Stueckelberg-ized
version of GR that is invariant under diffeomorphisms and
Weyl transformations. The inequivalence between this
version of GR and UG has been shown in Sec. III B and
it arises here also. Hence, the Palatini version of UG is

again different from the Palatini version of GR, in the sense
that there is an additional global degree of freedom.

A. Metric teleparallel equivalent to UG

We consider the most general even-parity scalar that can
be built with the torsion that is given by

—l]—[gv r; w] == % TabcTabC - % TbacTabC

+C3Tbachac’ (116)

where indices have been raised/lowered with g. We con-
sider the theory whose Lagrangian density is precisely this

term and impose that the Riemann curvature is zero as well
as the compatibility of the connection with the auxiliary
metric g. This leads to the following Lagrangian:

1
Stlg. T w) —z—lg/d”xwﬂg,r;w}
+/dnxa)j'deaRbcda[r]

+ [l Qu g Tiwl. (117)

Let us begin again by solving the constraints. First of all,
we have the constraint that the connection is locally flat:

R[] = 0. (118)
Following [24], we see that the most general connection
which has zero Riemann curvature is the one associated
with an arbitrary matrix function belonging to the general
linear group GL(4,R) since the curvature is the field
strength associated with the connection. Hence, since the
trivial connection (all components vanishing) satisfies the

constraint, any GL(4,R) transformation of the trivial
connection will lead to another solution:

Fabc = (A_l)adabAdc' (119)
If we now impose the second constraint, we have:
vlt;gbc = 040pc — 1—‘dabgdc - Fdacgbd =0. (120)

Plugging in the general connection from Eq. (119), we find
the constraint
0aTbe = Gac(A™")?0aAp + Goa(AT1),0,AC . (121)
The torsion is the antisymmetric part of the connection,
which for the connection in Eq. (119) is given by
Tabc = Z(A_l)ada[bAdc]- (122)
In the absence of nonmetricity, we can relate the Ricci
scalar R[I'| associated with the general connection I and

the Ricci scalar R[g] associated with the Levi-Civita
connection compatible with g as

Rg.T] = R[g] - Tlg. T; ], _, +2V,T¢.  (123)

Note that the scalar T with ¢; = ¢, = ¢3 = 1 is equivalent
to the Ricci scalar of the Levi-Civita connection, which
constitutes the UG Lagrangian. Therefore, this formulation
of UG is equivalent to the original formulation of UG,
Eq. (109), and hence is different from GR.
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B. Symmetric teleparallel equivalent to UG

We want to describe now everything in terms of the
nonmetricity. For that purpose, we introduce the most
general parity-even scalar that is quadratic in the non-
metricity

C C C
@[g, I; (0] == Zl Qabc Qabc + 32 Qabc Qbac + Z3 Qabeacc

+(cs = D00 =5 00, (124)

To this action we have to incorporate the Lagrange multi-
pliers that enforce the zero Riemann curvature condition
and restrict the connection to be torsionless:

1
Solg, T; ] :ﬁ/d"xw@[g,l’;w]

+/d"xa)/1b”daRbcd“[F]

+ / d"xwl T, [T). (125)

For a torsionless connection, we have the following relation
among the Ricci scalar for the general connection and the
scalar Q with suitable choices of the parameters c;:
RIg.T) = Rlg] - Qlg.T:0], _, +V,(Q%, - 0,%). (126)
Thus, the dynamics encoded by the tensor Q for this choice
of parameters is the same as the Ricci scalar for the metric g
for a flat connection: R[g,I'] = 0. Again, we find the same
result that we have found for the metric teleparallel
equivalent. Introducing the Stueckelberg fields would not
alter this conclusion in any way, and hence we would obtain
a theory invariant under Diffs and Weyl transformations.
However, the global degree of freedom that we miss in the
GR version of the trinity formulation would still be lacking
in the Stueckelberg-ized version.

Up to this point, we have carefully presented the trinity
formulation of UG, and we have compared it to the trinity
formulation of GR. As we have advanced, there is a
mismatch between the global degrees of freedom: the
UG trinity displays the cosmological constant, whereas
the GR trinity contains no degrees of freedom. Hence, we
also conclude that the trinity formulation of UG is
inequivalent to GR (and its trinity formulation) because
of the global degree of freedom present in the theory, a fact
that does not seem to be emphasized enough in [21].

V. CONCLUSIONS

In this paper we have explored the relation between GR
and UG from the point of view of their gauge symmetries.
We have posed the question of whether there exists a parent

theory that is invariant under Weyl transformations and
diffeomorphisms such that GR and UG are suitable gauge
fixings of it. We approached the problem by introducing
Stueckelberg fields, in GR to make it invariant under Weyl
transformations and in UG to make it invariant under the
whole set of diffeomorphisms. We have found that the
resulting theories are not equivalent, and we have isolated
the obstruction that forbids one to find such a theory: the
cosmological constant that appears in UG as a global
degree of freedom, something that is tightly related to the
existence of a background volume form.

The difference between UG and GR points toward future
extensions of UG that may lead to an interesting phenom-
enology. The cosmological constant, as it appears in UG as a
global degree of freedom, contains no dynamics. However, it
is clear from our analysis that future works attempting to
make extensions of UG should go in the direction of giving a
dynamics to the cosmological constant [25,26]. It is this
approach that can give rise to a phenomenology that is
different from the phenomenology of GR as it is found
in [25]. Direct extensions of UG in the form of higher
derivative generalizations or additional fields lead to theories
that are equivalent to their associated higher derivative
generalizations from GR [1].

We have also taken the opportunity to present a careful
discussion of the trinity formulation of UG and clarify its
relation with the trinity formulation of GR. We have
developed some points regarding the inequivalence between
these formulations that were not completely clear in [21].
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APPENDIX A: EXAMPLES OF ILLEGAL
GAUGE FIXINGS

Let us study two examples of theories in which perform-
ing a gauge fixing at the level of the action and at the level
of the equations of motion do not lead to the same results.
This is what we will call an illegal gauge fixing. Let us
emphasize again that an illegal gauge fixing always refers
to imposing the conditions on the fields before performing
the variation on the action. By no means are we suggesting
that it is not possible to use these gauges in the equations of
motion. Notice, however, that it is also possible to impose
them at the action level as long as one introduces suitable
Lagrange multipliers to enforce the constraints (the gauge
fixing conditions). Their variation leads to a set of algebraic
equations equivalent to the equations found by performing
the gauge fixing directly in the equations of motion.

1. Electrodynamics in the Coulomb gauge
with matter content

Take Maxwell action coupled to a conserved current j*:

1
S:/dnx[—ZFabFab +Aaja . (Al)

Its equations of motion can be directly computed, and one
finds

[A¢ — 0%(0,AY) = je. (A2)
Now we can always perform a gauge transformation such
that Ay = 0. To see this, under a gauge transformation we
have

A, > A=A, +0,a, (A3)
and we can always choose an a such that Aj = 0; for
example,

alt, x) = — / "dr A (7, x) (Ad)

does the job. In this gauge A“d, is a purely spatial vector
that we denote as A, and the equations of motion reduce to

9,(V-A) =", (AS)

(=02 +VHA-V(V-A) =j. (A6)
The same is not obtained if we fix the gauge at the level of
the action though. In this sense (i.e., at the action level),
this gauge fixing is “illegal.” To see this, upon substituting
Ay = 0 in the action we find

1 1
S|y_ = /d”x [E(alA)2 ~5(VxA) +j-A|. (A7)

If we vary this action, we notice that all the information
related to charge conservation [the Gauss law (AS5)] is lost,
and we only get the second equation for A:

(=0? +V?)A -V(V-A) =j. (A8)
Thus, this gauge fixing cannot be performed at the level of
the action in order to reduce the number of variables since
we lose information about the existence of a conserved
charge. Although it should be possible to still fix this gauge
at the level of the action and implement a variational
principle (by enforcing the Gauss law somehow), we will
still refer to these kinds of gauge fixings as illegal gauge
fixings.

2. Stueckelberg-ing Proca and the Lorenz gauge
Let us consider now a massive spin-1 theory:

1 1
SProca = /dnx |:__FabFab - EmzAaAa . (A9)

4

We introduce a Stueckelberg field by making the replace-
ment A, — A, + d,@, giving the following action:

1 1
Sbroca—st = /dnx |:_1FabFab - EmzAaAa

1
—m?A%0,¢p — §m2aa¢a“¢ . (A10)

This action is invariant under the following gauge trans-
formation that hits the two fields:

A, = A, =A,+0,a, (A11)
p=9 =p-a (A12)
The equations of motion of the theory are
U +d,A* =0, (A13)
0,F*" —m?A? —m?0’¢p = 0. (A14)

We now can fix the gauge in which d,A* = 0, which is the
Lorenz gauge, since we can always find a gauge trans-
formation that ends up in that gauge. To see this, given a
field configuration A,, upon a gauge transformation we
have that the divergence of the transformed field is

9,A"" = 9,A% + Ola. (A15)
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Hence, we can always find a a obeying the following
equation:

Ua = —0,A“. (A16)

The situation is completely different if we try to imple-

ment this gauge fixing at the level of the action. The whole

coupling between the A and the Stueckelberg field occurs

through a term that vanishes in the Lorenz gauge. To see it

explicitly, we can take the action and perform an integration
by parts to reach

1 1
SProca—Sl = /dnx [_ZFabFah - EmzAaAa
1
+ m?0,A% — zmzaa(pa"go} . (A17)

If we fix the Lorenz gauge, we lose the coupling between
A% and ¢, reaching the following action:

N Proca—St

1
0,A7=0 — / d"x {— 4 FabFab

1 1
k) m>A, A® — 3 m20,p ¢|,

(A18)
and its equations of motion are clearly the decoupled
equations of the vector A and the scalar ¢:

(A19)

0,F* —m?AP = 0. (A20)
We conclude that again, this (partial) gauge fixing is not
acceptable since it does not lead to the same equations of
motion.

APPENDIX B: PASSIVE AND ACTIVE
DIFFEOMORPHISMS

In this appendix we discuss the difference between
passive and active diffeomorphisms in the presence of
background structures, in order to fix terminology and be
clearer in the subsequent sections. In a sense, as groups,
both active and passive diffeomorphisms are the same
group but simply realized in a different way on the fields.

On the one hand, passive diffeomorphisms correspond to
general coordinate transformations (these we are abbrevi-
ating in this paper as GCT). These transformations only
relabel the points of the manifold with new coordinates but
do not move them nor the fields. For a given tensor field, a
coordinate transformation affects both its components and
its functional dependency on the coordinates. In practice, a
coordinate transformation x% — x'* = f%(x) modifies a
tensor field 797, as it is well-known, as

Ty (x) = () g Il T (£ (x)),

ofe

Fole =55 () (B1)

At the level of the action it is also important to keep in mind
how the product of d”"x and a volume scalar density
transforms under these transformations. They do it in an
opposite way so their product is invariant:
8(x)d"x = 8'(f(x))d"x'. (B2)

On the other hand, active diffeomorphisms truly act
on the points of the manifold (abbreviated as Diff). With
respect to a fixed coordinate system, the fields must

transform so that they take the same value at the same
points. In practice one does the substitution’

T () 2 () Il T (F(). (B3)
where now in x* — x'* = f*(x), f* should not be seen as
functions describing “how the coordinates of an arbitrary
given point change” but as the functions that, at a fixed set
of coordinates, give “the new coordinates of the considered
point after the transformation.” Of course, an additional
factor with a power of the determinant |J| must be added
to (B3) in the case of a tensor density. By default, the
functional expressions of all the fields are assumed to be
affected by these Diff.

In general, any theory written in a covariant way (i.e., in
abstract tensor notation) is invariant under both GCT and
also under Diff that hit all of the tensorial quantities
simultaneously. Because of (B2) the invariance of a
covariant action under GCT is guaranteed. To see that
such an action is also invariant under Diff we first perform
the substitutions (B4) for all tensors and densities but not
for the d"x, which remains the same (because coordinates
are not changing in an active diffeomorphism). As a result
we get (where 8 represent some scalar density and D a
certain domain in R")

So :=/£(x)§(x)d"x

Diff

S RCUOCHUTITTECD

[if done with care for all the fields, the Lagrangian £ should
transform exactly as in (B4)]. Finally, we perform a change
in the variable of integration and work with y¥ = f%(x)

*Infinitesimally, the effect of an active diffeomorphism is
described by the Lie derivative 6:7¢7,... = (EfT)“”‘bm. In par-
ticular, for the metric field, we have the following infinitesimal
transformation: 6:9,, = (£:9) ,, = Vil + Vi,
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instead of x“. Then, from the d"x we will get an inverse
Jacobian |J|~! so at the end, the action looks as

[J L()8()d", (BS)

which is nothing but the original action S, because y is just
a dummy variable.

Although mathematically different, the transformations
GCT and Diff are actually in one-to-one correspondence.
From now on we will adopt the passive point of view and
simply refer to this symmetry as GCT.

Besides all of this, the situation changes dramatically
when we consider background structures. We say that a
tensor density Q.. is a background structure if it is not
affected by active diffeomorphisms. More precisely, such a
field transforms as a scalar (ignoring indices and density
weights),

Diff
Q. (x) — Q. (f (). (B6)
When there are background structures, the theory distin-
guishes between GCT and active diffeomorphisms [since
they preserve Q“, . in the sense of (BO)].
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