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Gravity can be regarded as a consequence of local Lorentz (LL) symmetry, which is essential in defining 
a spinor field in curved spacetime. The gravitational action may admit a zero-field limit of the metric 
and vierbein at a certain ultraviolet cutoff scale such that the action becomes a linear realization of the 
LL symmetry. Consequently, only three types of term are allowed in the four-dimensional gravitational 
action at the cutoff scale: a cosmological constant, a linear term of the LL field strength, and spinor 
kinetic terms, whose coefficients are in general arbitrary functions of LL and diffeomorphism invariants. 
In particular, all the kinetic terms are prohibited except for spinor fields, and hence the other fields are 
auxiliary. Their kinetic terms, including those of the LL gauge field and the vierbein, are induced by spinor 
loops simultaneously with the LL gauge field mass. The LL symmetry is necessarily broken spontaneously 
and hence is nothing but a hidden local symmetry, from which gravity is emergent.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction and summary

Quantization of gravity has been one of the most profound 
problems in physics for more than a century. It is known that 
the conventional metric theory starting from the Einstein-Hilbert 
(EH) action is perturbatively non-renormalizable and requires infi-
nite amount of free parameters in the counter terms.

What degrees of freedom (DOF) should be used in the formu-
lation of quantum gravity? First, the metric DOF is not sufficient 
and the vierbein is necessary even for just defining a spinor field 
in curved spacetime [1], namely a matter field in our universe.1

In this sense, the vierbein formalism is more fundamental than 
the metric formalism. In paving the way to quantum gravity, we 
thus discard the standard folklore of the metric theory and look 
at the more fundamental vierbein DOF that composes the met-
ric. When we place a spinor field in a curved spacetime, the 
local-Lorentz (LL) symmetry is indispensable. Indeed gravity can 
be regarded as a LL gauge theory as argued in [3–5]. Moreover, in 

* Corresponding author.
E-mail address: odakin@phys.sci.osaka-u.ac.jp (K.-y. Oda).

1 One may trade and get rid of the vierbein degrees of freedom by rather pro-
moting the gamma matrix γμ(x) = ea

μ(x) γa as a dynamical matrix variable; the 
fluctuation of γμ(x) can be decomposed into that of metric and SL(4, C) trans-
formation; if one assumes that this SL(4, C) transformation is not anomalous, one 
may get rid of it from the path integral by assumption (barring higher dimensional 
operators that include derivatives of γμ(x) in the action) [2]. We leave this issue 
open in this Letter, and choose to take the vierbein as the fundamental degrees of 
freedom.
https://doi.org/10.1016/j.physletb.2020.135975
0370-2693/© 2020 The Author(s). Published by Elsevier B.V. This is an open access artic
SCOAP3.
formulating quantum gravity, it is important to identify what the 
path-integrated off-shell DOF of the theory is. Regarding this point, 
the existence of the LL gauge symmetry in the vierbein formalism 
naturally leads to the idea that the LL gauge field is also a dynam-
ical DOF. These facts motivate us to formulate quantum gravity in 
terms of the vierbein e and the LL gauge field ω as independent 
DOF.2

We highlight here that there is a distinct difference between 
the LL and ordinary Yang-Mills (YM) gauge theories. In the lat-
ter, the lowest-order gauge-invariant action starts from the ki-
netic term 

∫
tr(G ∧ �G) that is quadratic in the field strength 

G = dA + A ∧ A of the YM gauge field A. On the other hand, the 
lowest order action for ω starts from a linear action 

∫
e ∧ e ∧ F

in its field strength F = dω + ω ∧ ω.3 The crucial difference arises 
due to the existence of the vierbein e, which is a vector field that 
transforms as a fundamental representation of the LL symmetry. 
We emphasize that, at this level, both e and ω do not have a ki-
netic term and then are regarded as auxiliary fields.

At classical level, solving the equation of motion for ω requires 
an introduction of the inverse vierbein e−1. Naively substituting the 
solution for ω, the gauge invariant linear action 

∫
e ∧ e ∧ F turns 

2 We comment that the distinction whether we take ω as independent DOF leads 
to a physically observable difference when we start from an action with an inflaton-
dependent conformal factor ∫ � (φ) e ∧e ∧ F such as in Higgs inflation (which is one 
of the best-fit model so far) [6]; see also Ref. [7] for a possible issue.

3 Here the contraction of LL indices is understood as εabcd
∫

ea ∧ eb ∧ F cd .
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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into the EH one, which contains the kinetic term of the vierbein. At 
quantum level, however, the fluctuation of e−1 contains an infinite 
number of terms with unlimitedly higher powers of the fluctuation 
of e, and this theory after integrating out ω necessarily becomes 
perturbatively non-renormalizable.

In this Letter, we propose that the inverse, e−1, does not ex-
ist in the bare action at a certain ultraviolet (UV) cutoff scale �
and that e−1 is induced at quantum level by spinor fluctuations 
at lower scales. In particular, the LL gauge kinetic term 

∫
F ∧ �F

contains e−1 in �F , so that it is prohibited at �. If the ω kinetic 
term is induced by the spinor loop, as well as the mass term, the 
dynamical generation of this massive vector boson can be under-
stood as a spontaneous breaking of the LL gauge symmetry, where 
the longitudinal mode of ω eats a part of e. The LL gauge field ω
is an auxiliary field at �, whereas it becomes dynamical and, at 
the same time, massive at lower scales.

Indeed, such a phenomenon is observed in quantum chromo-
dynamics (QCD): There, the ρ meson can be understood as a 
gauge boson for the so-called hidden local gauge symmetry; see 
e.g. Ref. [8] for a review. Namely, we claim that the LL gauge sym-
metry is a hidden local symmetry. After integrating out ω at low 
energy, the EH term made of both e and e−1 is an effective opera-
tor as a consequence of the symmetry breaking.4

How can we guarantee the above scenario? In particular, can 
we naturally prohibit e−1 at � without excluding spinor kinetic 
terms that are indispensable to making other fields dynamical at 
lower energy scales? We will show that this is naturally achieved 
by imposing the existence of the degenerate limit of vierbein, 
det e → 0, on the bare action. It is noteworthy that the degener-
ate vierbein necessarily arises in the topology-changing configura-
tions including zero eigenmodes of vierbein in the path integral 
[9,10]. It would be naturally expected that such topology-changing 
processes significantly take place around � where quantum gravi-
tational fluctuations become relevant.

In this Letter, we will show that the finiteness of action in the 
degenerate limit restricts us to write down only three possible LL 
invariant terms: the cosmological constant, the linear term in the 
LL field strength, and the spinor kinetic term, whose coefficients 
are in general a function of LL singlets such as a scalar field and a 
spinor bilinear.5 In particular, it is forbidden to have a kinetic term 
for a scalar field and for an ordinary YM gauge field.

For our claim that the LL gauge symmetry is a hidden local 
symmetry, it is essential to show that the prohibited LL gauge ki-
netic term 

∫
F ∧�F is induced by the spinor loop. We demonstrate 

that the kinetic term of the LL gauge field ω is induced by the 
spinor loop below �, and ω acquires a mass of the order of �
at the same time. Consequently, the LL gauge symmetry is spon-
taneously broken from the beginning of the gauge field becoming 
dynamical. Therefore, it is nothing but a hidden local symmetry, 
from which gravity is emergent.

Our proposal provides a new insight for quantization of gravity 
in terms of the spontaneously broken LL gauge theory, similarly to 
the Nambu-Jona-Lasinio (NJL) model which has served for under-
standing the spontaneous chiral symmetry breaking and effective 
description of hadron generation in low-energy QCD.

4 Throughout this Letter, ω denotes the LL gauge field and should not be confused 
with the ω meson in QCD.

5 This theory differs from the spinor gravity in which the Lorentz symmetry is 
only global [11], and also from the spectral action of non-commutative geometry, 
where all the bosonic fields are required by cancellation of a scale anomaly of a 
fermionic action [12], both in the principle and in the resultant action.
2

2. Degenerate gravity at UV cutoff

We take the vierbein ea
μ and the LL gauge field ωa

bμ as fun-
damental DOF to describe gravity at a certain UV cutoff scale 
�.6 Here and hereafter, the bold roman letters a, b, . . . and the 
Greek ones μ, ν, . . . denote the tangent space basis and the space-
time coordinates in a given chart, respectively. Metric field is de-
fined as a composite of vierbein: gμν = ηabea

μeb
ν , where η =

diag(−1,1,1,1) is the tangent-space metric.
To define the bare action, we make the following two assump-

tions: (I) The action at � is invariant under the diffeomorphisms 
(diff) and the LL transformation based on S O (1, 3):

diff:

⎧⎪⎨⎪⎩
ea

μ(x) → e′a
μ

(
x′) = ea

ν(x) ∂xν

∂x′μ ,

ωμ(x) → ω′
μ

(
x′) = ων(x) ∂xν

∂x′μ ,

ψ(x) → ψ(x) ,

(1)

LL:

⎧⎪⎨⎪⎩
ea

μ(x) → La
b(x) eb

μ(x) ,

ωμ(x) → (
∂μL(x)

)
L−1(x) + L(x)ωμ(x) L−1(x) ,

ψ(x) → S
(
L(x)

)
ψ(x) ,

where S
(
L (x)

)
is the LL transformation, S(L(x)) = 1 + 1

2 σ abθab(x)

for an infinitesimal La
b(x) = δa

b + θa
b(x) with σ ab = [

γ a, γ b
]
/4

being the LL generators, and we employ the short-hand no-
tation for the LL gauge field: 

(
ωμ

)
a

b = ωa
bμ , 

(
LωμL−1

)
a

b =
La

cω
c

dμ

(
L−1

)
d

b , etc.
(II) The bare action at � must admit any degenerate limit 

|e| := deta,μ ea
μ → 0. The requirement for the action to be finite 

in the degenerate limit guarantees that we may freely take one or 
some of the eigenvalues of the vierbein to be zero. As said above, 
the degenerate vierbein necessarily arises in the topology-changing 
configurations [9,10] in the path integral, and it would be reason-
able to require the existence of the degenerate limit.

The vierbein belongs to the fundamental representation of the 
LL symmetry and its vacuum expectation value (VEV) sponta-
neously breaks the LL symmetry. This is in parallel to the Higgs 
field being the fundamental representation of the Standard-Model 
gauge symmetry and its VEV breaks the gauge symmetry. In ef-
fect, assumption (II) forbids inverse of vierbein e−1 ∼ ea

μ in the 
bare action. This is again in parallel to the fact that we do not 
introduce the inverse of the Higgs-field-squared 

(
H† H

)−1
in the 

Standard Model, assuming the existence of the weak field limit 
H → 0, even though 

(
H† H

)−1
is not forbidden by any symme-

try.7 So to say, the degenerate limit ensures a “linear realization” 
of the LL symmetry.8

Under two assumptions (I) and (II), we find that only the fol-
lowing three terms are compatible with the “linear realization” and 
are relevant for quantum dynamics at �:

6 If one expects further UV completion above � such as in string theory, our 
claim is that the effective action at � becomes Eq. (2) after integrating out possible 
(stringy) modes.

7 There is no consensus on the space of gravitational configurations that the path 
integral is supposed to integrate over; at least in a Euclidean path integral, the ac-
tion of degenerate configurations is typically infinite so that their contribution to 
the path integral vanishes (barring the issue of unboundedness of Euclideanization 
of gravitational system coupled with matter; see e.g. Ref. [13] for a review). This 
situation is in parallel to the Higgs analogy: The contribution from H† H → 0 in 
the action SE = κ/H† H + · · · to the path integral vanishes if κ > 0. Such a term is 
dropped by hand by the assumption of existence of H → 0 limit, even though it is 
superrenormalizable and more relevant than any other ordinary term.

8 Formally, transformations of the inverse of vierbein are also linear: ea
μ(x) →

La
b(x) eb

μ(x) and ea
μ(x) → (

∂x′μ/∂xν
)

ea
ν (x). Therefore precisely speaking, the ter-

minology “linear realization” should rather be understood as the assumption itself, 
namely, only the vierbein ea

μ is the fundamental degree of freedom and the action 
does not contain its inverse.
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SB =
∫

d4x |e|
[

− V B + M2
B

2
ea

μeb
ν F ab

μν

− ZB

2

(
ψea

μγ aDμψ + h.c.
)]

, (2)

where F a
bμν = (

∂μων − ∂νωμ + [
ωμ, ων

])
a

b is the LL field
strength and Dμ = ∂μ + 1

2 ωabμσ ab + i Aa
μT a is the covariant deriva-

tive associated with the LL and ordinary gauge symmetries, with 
T a being the generators of YM gauge transformation. Here V B, M2

B, 
and ZB are the potential, the Planck mass-squared parameter, and 
the spinor field renormalization factor, respectively, which are in 
general arbitrary functions of singlets under both diff and the LL 
transformation such as φ, ψψ , etc. We see that the linear realiza-
tion severely restricts the possible form of terms at �.

The following comments are in order:

(i) In the ordinary YM gauge theory, the internal gauge space and 
the spacetime are independently defined and never mix with 
each other. In our transformation law (1), we have separated 
the LL gauge symmetry and the spacetime diff as in the ordi-
nary YM theory. However, once vierbein acquires a non-zero 
VEV ēa

μ at lower energies, these two spaces necessarily mix 
with each other. This is a distinct aspect of the LL gauge the-
ory from the YM one, in addition to being able to write down 
the gauge invariant linear action. This is an essential point 
in understanding why the spontaneous LL-symmetry breaking 
plays a crucial role of the generation of spacetime.

(ii) The apparent existence of the inverse vierbein ea
μ in the 

action (2) is spurious since it disappears when combined 
with the determinant: |e| ea

μ = 1
3! ε [abcd] ε [μνρσ ] eb

νec
ρed

σ

and |e| e[aμeb]ν = 1
2!2! ε [abcd] ε [μνρσ ] ec

ρed
σ , where the sum-

mation with the totally anti-symmetric symbol with ε [0123] =
1 is understood.

(iii) The “linear realization” of the LL symmetry forbids the scalar 
and ordinary gauge kinetic terms − 1

2 |e| gμν tr(
(

Dμφ
)†

Dνφ)

and − 1
2g2 |e| gμρ gνσ tr(Gμν Gρσ ), where g in the denominator 

is a gauge coupling, Dμ = ∂μ + i Aμ .9

(iv) It is also forbidden to put the Levi-Civita connection �μ
ρσ =

gμν

2

(−∂ν gρσ + ∂ρ gσν + ∂σ gνρ

)
and the Levi-Civita spin con-

nection �a
bμ = ea

λ

(
∂μeb

λ + �λ
σμeb

σ
)
.

(v) In principle, we can also add the so-called Euler, Pontryagin, 
Nieh-Yan, and Immirzi terms, which do not involve the inverse 
of vierbein; see Ref. [14]. These terms are topological or exact, 
and hence we omit them here for simplicity; see also Ref. [15]
for discussion on the special case of (anti) self-dual choice of 
the Immirzi parameter.

At this level of the action (2), there are no apparent kinetic 
terms for both e and ω, while there is a mixing term such as ee∂ω
as well as their interaction term with the spinor field. One may 
regard e and ω as auxiliary fields. Their kinetic terms will be gen-
erated at the loop level by the spinor field fluctuations, as we will 
see later. In this sense, these auxiliary fields might be interpreted 
as composite fields of spinor fields, which will become dynamical 
below � at the loop level. We may also recall the compositeness 
condition [16], with which the action (2) at the cutoff scale � is 

9 Suppose that we take the zero field limit, ea
μ → 0, for all the components uni-

formly. Then, since we have four vierbein components from |e|, they are enough 
to cancel two inverse vierbein from gμν . In contrast, when we take the degenerate 
limit in which we only make part of eigenvalues of ea

μ to be zero such that there 
is some components of inverse vierbein that do not go to zero, there remains some 
component of gμν that is left constant and hence |e| gμν diverges in general. In 
this sense, the degenerate limit is wider than the uniform zero limit as the former 
includes the latter as a part of it.
3

a boundary condition of the low energy effective theory for this 
system.

Let us clarify our stance in proposing the action (2) in analogy 
with the NJL model; see Ref. [17] for a review. The NJL model has 
QCD as its UV completion, and the linear σ /quark-meson models 
as its infrared (IR) effective field theory.10 As we lower the en-
ergy scale further, we end up with the non-linear σ model. The 
theory (2) is analogous to the NJL model in the sense that it has 
general relativity (GR) as its low energy effective theory, and is 
supposed to have (yet unknown) UV completion above; see the ta-
ble below.

Strong interaction Gravity

E > � QCD A conceivable UV completion
E = � NJL model at � ∼ �QCD Theory (2) at � ∼ MP

E < � Linear σ /quark-meson 
model with dynamical ρ

Effective theory of (2) with 
dynamical ω

E � � Non-linear σ model GR without ω

More precisely, we will see that the theory (2) dynamically gen-
erates the kinetic term for the LL gauge field ω below � from a 
spinor loop. This corresponds to the dynamical generation of the ρ
meson field (hidden-local gauge field) by integrating out the higher 
frequency modes of fermions in the NJL model, after which the re-
sultant effective theory becomes a quark-meson model including 
the ρ meson field, analogously to the theory below � that have 
dynamical ω.

In the linear σ /quark-meson model as a low energy effective 
theory of the NJL model, the field renormalization factors in the 
kinetic terms of all the hadronic fields go to zero as we raise 
the energy toward �QCD from below in the renormalization group 
flow. The forbidden kinetic terms in the action (2), due to the re-
quirement of existence of degenerate limit, would correspond to 
this vanishing kinetic term in the quark-meson model. Further 
pushing this analogy, one might interpret the vierbein and/or LL 
gauge field as a composite of some spinor fields. To establish this 
analogy, one needs to verify that a pole corresponding to the com-
posite field appears in the scattering amplitude of the constituent 
spinors. Then the composite field can indeed be regarded as an 
auxiliary field written by the constituent spinors through an equa-
tion of motion, analogously to the bosonization of the NJL model. 
At the moment, we leave it open whether or not the LL gauge field 
and/or vierbein (or even the Higgs and ordinary gauge fields) be-
come composite in a UV completion of our model.

3. Generation of LL gauge kinetic term

We demonstrate that a spinor loop generates a kinetic term for 
the LL gauge field, starting from the (bare) action (2) with only 
taking into account the spinor mass term mψψ in V B and with 
regarding M2

B and ZB as constants, for simplicity. When ZB is con-
stant, we may redefine the spinor field such that ZB = 1, as we 
will do hereafter.

The vierbein background ē should be determined dynamically 
by a stationary condition for the quantum-dressed effective poten-
tial V eff at low energy. A possible approach to this issue is to first 
make an ansatz for ē, compute V eff that depends on ē, and ex-
amine the self-consistency condition from its stationary condition; 
see Ref. [18].

Our approach in this paper is similar to the treatment in elec-
troweak theory before the discovery of Higgs particle: Although 

10 More precisely, the linear σ model is obtained by integrating out fermions 
from the quark-meson model and discarding the perturbatively non-renormalizable 
terms. Here we do not distinguish them in this analogy; see also the discussion 
below.
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the mechanism of electroweak symmetry breaking was not estab-
lished, one had set 〈H† H〉 = v2

h/2 with vh = 246 GeV, and had 
computed predictions on that assumption. In gravitational theory, 
a flat background field is a simple solution to the Einstein the-
ory with no cosmological constant. Therefore, it is reasonable to 
discuss the dynamics of gravity by choosing a specific background 
field as a first step.

In this Letter, we start from an ansatz of a flat spacetime back-
ground ēa

μ = Cδa
μ and ω̄a

bμ = 0, where C → 0 corresponds to a 
degenerate limit in the symmetric phase, whereas C 
= 0 to the 
broken Higgs phase; see Discussion below. Here, we concentrate 
on the theoretical motivation whether or not it is valid that we 
claim the LL gauge symmetry is a hidden local symmetry. To this 
end, we concentrate on generation of the LL gauge kinetic term 
in this work, and leave the evaluation of V eff for future study.11

When there is not (yet) the kinetic term for the vierbein as in 
the bare action (2), we may always redefine the vierbein field for 
C 
= 0. Hereafter we put an ansatz C 
= 0 and set C = 1.

We calculate the kinetic term for the LL gauge field
Zω
2 gμν gρσ F a

bμρ F b
aνσ , which contains a term

− Zω

2
ωabμ

(
ηc[aηb]d (

ημν∂2 − ∂μ∂ν
))

ωcdν, (3)

where Zω is the field-renormalization factor and the square brack-
ets for indices denote anti-symmetrization. Generation of a finite 
value of Zω indicates that the LL gauge field has become dynami-
cal. The kinetic operator (3) is induced from the two-point function 
of the LL gauge field:

Iabcdμν(p) = .

After some computation, we obtain a result containing the ten-
sor structure corresponding to Eq. (3), Iabcdμν(p) ⊃
−iηc[aηb]d

[
f
(

p2
)(

ημν − pμ pν

p2

)
+ g

(
p2

) pμ pν

p2

]
, with the form fac-

tors

f
(

p2
)

= m2
ω + 1

128π2

1(
1 + m2

�2

)2
p2 + · · · ,

(4)

g
(

p2
)

= m2
ω − 1

96π2

(
ln

�2 + m2

m2
− 1

1 + m2

�2

)
p2 + · · · ,

where we have cut off the momentum integral by �; the dots 
denote higher powers of p2

�2+m2 ; and m2
ω = �2

64π2

(
�2+4m2

�2+m2 −
4m2

�2 ln �2+m2

m2

)
is a quadratically divergent mass-renormalization 

constant.
Now we can read off Zω = d f (p2)/dp2|p2=0 for m2/�2 � 1: 

Zω = 1/(128π2). It is remarkable that both the logarithmic and 
quadratic divergences have canceled out in Zω . As we define 
the renormalized field ωR := √

Zωω to canonically normalize its 
kinetic term, its mass Mω becomes of the order of �: Mω =
mω/

√
Zω 
 √

2� for m/� � 1. To conclude, we have found that 

11 We do not discuss the kinetic-term generation for the scalars and the ordinary 
gauge bosons, which can be trivially done as in the NJL model describing chiral 
symmetry breaking in QCD; see e.g. Ref. [17] for a review.
4

the LL gauge field acquires the kinetic term and becomes a dynam-
ical field.12

Naively one might find it obvious that a charged spinor gives 
a contribution to a YM kinetic term via loop diagrams, follow-
ing from standard heat kernel formulas. However, the heat kernel 
method can only take into account divergent contributions. Indeed, 
there are earlier works based on the heat-kernel expansion, and it 
is concluded that the field renormalization of LL gauge fields is not
generated by spinor loop [9]. We, for the first time, have shown 
the generation of kinetic term for the LL gauge field by directly 
computing the finite correction.

We have also computed the same vacuum polarization diagram 
for the vierbein. We have found that the trace mode of (dimen-
sionless) vierbein acquires a quartically divergent mass operator 
around the symmetric phase ēa

μ = 0, as well as a logarithmically 
divergent kinetic term.

4. Discussion

The LL gauge symmetry is spontaneously broken once the vier-
bein background is determined to be any non-zero value such as 
the flat spacetime in the above example, whereas the zero-field 
limit ēa

μ → 0 corresponds to the symmetric phase in the Higgs 
mechanism. The vierbein field plays the role of the Higgs field, 
being a fundamental representation of the LL gauge symmetry. A 
difference here is that the “Higgs” field is a vector field, unlike in 
an ordinary Higgs mechanism in which it is a scalar. Once vier-
bein kinetic terms are generated from loop effects, its LL covariant 
derivative in the broken phase ēa

μ 
= 0 will also contribute to the 
mass of the LL gauge field through the Higgs mechanism, to be 
added to m2

ω above. Indeed, our ansatz ēa
μ = Cδa

μ with a finite 
constant C corresponds to the Higgs field obtaining an expecta-
tion value H̄a = v Hδa1 
= 0 in the Standard Model as a solution of 
the stationary (self-consistency) condition, leading to the massive 
gauge bosons W and Z .

The vierbein background induces, via the spinor loop, not only 
the transverse term with f

(
p2

)
but also directly the non-vanishing 

longitudinal term with g
(

p2
)

in Eq. (4). This is the very charac-
teristic of the LL gauge symmetry, in contrast to the usual Higgs 
mechanism, where the gauge symmetry is only broken by the mass 
term of the gauge field.

Our result is consistent with the Weinberg-Witten theorem [19]: 
The above-mentioned longitudinal term results in the violation of 
the naive current conservation, pμ Iabcdμν(p) 
= 0. That is, the LL-
current conservation is spontaneously broken as soon as the LL 

12 For reader’s reference, we show the full form:

Iabcdμν(q) = Îρσ (q) ea′ μeb′ ρec′ νed′ σ

×
(
εaba′d′

εcdc′b′ + εaba′b′
εcdc′d′ − εaba′eεcdc′e′

ηee′ηb′d′ )
+ Ĵ (q) ea′ μec′ νεaba′eεcdc′e′

ηee′ ,

where ̂Iρσ (q) and ̂ J (q) are the standard loop functions:

Îρσ (q) =
∫

d4 p

(2π)4

(p + q)ρ pσ

[(p + q)2 − m2][p2 − m2] ,

Ĵ (q) =
∫

d4 p

(2π)4

m2

[(p + q)2 − m2][p2 − m2] .

This contains the contributions to the other terms such as the “Ricci-tensor-
squared” Faμ F aμ and “Ricci-scalar-squared” F 2, where Faμ := ebν Fabμν and F :=
eaμ Faμ , as well as the topological terms such as the Pontryagin term F ab ∧ Fab and 
the Euler term εabcd Fab ∧ Fcd . In this Letter we focus on the validity of our claim 
that the LL gauge symmetry is a hidden local symmetry and have only shown the 
coefficients (4). From the above expressions, we see that our results do not change 
if we employ the dimensional regularization instead of the naive cutoff.
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gauge field becomes dynamical no matter whether the LL gauge 
field becomes massive or not. This implies that the LL gauge sym-
metry is necessarily spontaneously broken, that is, the LL symme-
try is nothing but the hidden local symmetry [8]. In other words, 
the theory at � retains the LL gauge invariance even when we 
integrate out the auxiliary LL gauge field, where the LL gauge in-
variance is “hidden” in the UV scale physics and is dynamically 
emergent in the infrared-scale physics, analogously to the hidden 
local symmetry carried by ρ meson in the low-energy QCD.

In the original action at �, there is a local diff × S O (1, 3) sym-
metry, which has 4 + 6 = 10 DOF. Within 16 DOF of vierbein fluc-
tuations, the 6 modes of the S O (1, 3) Nambu-Goldstone direction 
are eaten as the longitudinal modes of the LL gauge field, while the 
remains correspond to the 10 classical DOF of the graviton. Among 
them, 4 modes of vierbein fluctuations are reduced by the trans-
verse condition for the diff. At the quantum level, remaining 6 DOF 
are further subtracted by the loop of 4 diff ghost fields, resulting in 
the 2 DOF of quantum graviton fluctuation.13

Let us discuss possible future directions in the following para-
graphs:

We have assumed that the flat vierbein background becomes 
a vacuum solution. On physical ground, we expect that the vier-
bein fluctuation will become massless around a vacuum ēa

μ 
= 0
in the end. To confirm this expectation, we need to compute the 
full effective potential. In this Letter, we have computed the spinor 
loop correction with the naive momentum cutoff. It is important 
to improve it by a non-perturbative method such as the functional 
renormalization group.

It is also necessary to verify the vanishing kinetic term in the 
renormalization-group flow toward UV direction within the effec-
tive theory below �.

It is worth studying not only UV but also IR fixed-point struc-
ture in the proposed theory (at E < � in the table above). This 
theory might have a Caswell-Banks-Zaks-like fixed point in the IR 
limit since it is a large flavor non-Abelian gauge theory, given the 
SM spinor degrees of freedom. Such an IR fixed point, if exists, 
could belong to the same universality class to which a UV fixed 
point of asymptotically safe gravity belongs [15,21–23]. (Asymp-
totically safe gravity in this context should correspond to the line 
E � � in the table above.) One may remind that in three space-
time dimensions, there is an example of known such equivalence 
of UV and IR limits of the IR and UV theories, respectively: The UV 
fixed point of the (IR) non-linear σ model and the IR fixed point of 
the (UV) linear σ model belong to the same universality class [24].

In this Letter we have not included possible loop effects that 
are generated if we take into account the EH term, the second 
term in Eq. (2), as kinetic mixing between the vierbein and the 
LL gauge field.14 Instead, we have demonstrated that the kinetic 
terms for the vierbein and LL gauge field are induced from the 
spinor loop. In the complete treatment of the hidden local sym-
metry, we should include all the possible induced terms, including 
the kinetic terms and the EH one, and examine whether the com-
positeness condition can be satisfied at �, namely, whether all but 
the ones in Eq. (2) vanish as we raise the energy scale upwards.
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