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Gauge symmetries remove unphysical states and guarantee that field theories are free from the
pathologies associated with these states. In this work we find a set of general conditions that guarantee the
removal of unphysical states in field theories describing interacting vector fields. These conditions are
obtained through the extension of a mechanism for the emergence of gauge symmetries proposed in a
previous article [C. Barcel6 et al. J. High Energy Phys. 10 (2016) 084] in order to account for non-Abelian
gauge symmetries, and are the following: low-energy Lorentz invariance, emergence of massless vector
fields describable by an action quadratic in those fields and their derivatives, and self-coupling to a
conserved current associated with specific rigid symmetries. Using a bootstrapping procedure, we prove
that these conditions are equivalent to the emergence of gauge symmetries and, therefore, guarantee that
any theory satisfying them must be equivalent to a Yang-Mills theory at low energies.
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I. INTRODUCTION

The search for a theory of quantum gravity, i.e., a theory
which combines the principles of general relativity and
quantum mechanics, has been one of the key cornerstones
in fundamental physics of the last century. Until now, it has
not been possible to find a completely satisfactory theory,
although there are many illuminating approaches [1].
Among these approaches toward constructing a theory of
quantum gravity, we could distinguish whether the geo-
metrical and spacetime notions, characteristic of general
relativity, are emergent or not. On the one hand, we have
the theories that consider the geometrical degrees of free-
dom and the dynamics of spacetime as fundamental. Such
theories typically try to apply quantization schemes to these
degrees of freedom seeking for a background independent
theory of quantum gravity. Canonical quantum gravity in
its modern formulation in terms of loop quantization [2] is
the most popular approach within this category. On the
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other hand, we have approaches in which the fundamental
degrees of freedom are not taken to be the spacetime itself
but such a concept emerges with all of the properties of
general relativity in some regimes of the theory, typically in
low-energy limits. Within this category, we would include
string theory [3,4], but also theories that start from systems
akin to a condensed-matter system as the substratum for
emergence [5]. One of the main challenges of this last
approach is to explain when and how a diffeomorphism
gauge symmetry can emerge in physical systems that do not
include it in their microscopic description [6]. A related
problem is the possible emergence of gauge symmetries in
particle physics [7]. The emergent paradigm is, somehow,
the opposite direction to the one that has been explored the
most by the community, which is enlarging the gauge
symmetry group of the Standard Model at high energies,
instead of breaking it [8]. Grand unified theories [9] or
technicolor [10] are archetypal examples of this direction
of work.

In this work we pursue a program for understanding
emergent gauge symmetries in general, introduced by some
of the authors in a previous work [11]. In that work we
presented a linear system closely related to electrodynamics
and described how an effective gauge symmetry naturally
emerges, with the only prerequisite of having a Lorentz
covariant description with massless fields. Before address-
ing the more convoluted problem of diffeomorphism
emergence, in this work we shall analyze how the

Published by the American Physical Society
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Abelian description in [11] generalizes to non-Abelian
symmetries, and then, also interacting nonlinear theories of
relativistic fields. Such a theory offers new difficulties that
are not present in the linear theory, and would bridge the
gap between the simple linear electromagnetic case and the
more complicated gravitational case, that we leave for a
future work.

We begin by reviewing in abstract terms (Sec. II) the
main ideas of the mechanism presented in [11] for
the emergence of gauge symmetries. We emphasize the
differences between physical and gauge symmetries. In
[11] it was proved that these abstract ideas are clearly
implemented in a linear model tightly related to electro-
dynamics. In Sec. IIT we will introduce an equivalent linear
system but now with a collection of Lorentzian fields Ay
which in a second stage will be subject to interactions
among them. At this stage we again find an emergence of
gauge symmetries. We approach the problem by studying
the most general Lorentz-invariant quadratic action for a set
of relativistic fields and see how the gauge symmetry of a
system of uncoupled Maxwell systems emerges.

The more novel issues of the present work start when
discussing how to deform the linear theory into a nonlinear
theory (Sec. IV). To generate a nonlinear theory we apply a
bootstrapping mechanism. The bootstrapping of theories of
Yang-Mills type was worked out already in the seminal
work by Deser [12], with the starting point being a linear
theory of vector fields invariant under both Lorentz and
gauge transformations. Here we drop the assumption of
gauge invariance for the linear theory, which is essential in
order to discuss the emergence of gauge symmetries
following the ideas discussed in [11]. Hence, our boot-
strapping procedure represents an extension of Deser’s
analysis. In fact, we show that the results in the latter work
carry out to this extended framework and are therefore
more general, in the sense that they still apply even when
the assumption of gauge invariance of the linear theory is
relaxed. We will explain that the reason behind the result is
the existence of consistency conditions necessary for the
bootstrapping procedure to work and that turn out to be
equivalent to the nonlinear theory being gauge invariant.
We will discuss how these consistency conditions lead to
the construction of a family of theories with emergent
gauge symmetries, characterized by the choice of a specific
Lie algebra of the same dimension as the number of
relativistic fields involved in the construction. This emer-
gent gauge symmetry guarantees that the theory is free of
ghosts or any other sort of classical instability (in other
words, the bootstrapping procedure implies the decoupling
of unphysical states that would give rise to pathologies).
Our analysis will also illustrate some aspects that were not
addressed explicitly in previous works, such as the role
played by boundary terms in the iterative procedure and
their interplay with the possible uniqueness of the latter.
We will also discuss the bootstrapping procedure for the

charged matter sector, and discuss related issues such as the
physical interpretation in our formalism of the so-called
Gribov copies.

Weinberg-Witten theorems [13] and Marolf’s theorem
[14] are often invoked as impediments toward having a
successful framework in which gauge symmetries of
Yang-Mills and gravitational character can emerge. In
fact, these results are often used to state that such a
program is condemned to fail from the beginning. One of
the aims of this work is to provide a concrete framework
which illustrates how these impediments can be bypassed,
while also allowing us to describe the emergence of
gauge symmetries.

Notation and conventions. We work in four dimensions,
using Minkowskian coordinates and the signature
(= +.+.+). The symbol 0, represents the ordinary
derivative in Minkowski spacetime. We use greek
(u,v...) indices for the spacetime indices, latin indices
from the beginning of the alphabet (a, b...) for the internal
indices on the space of gauge fields, and from the middle of
the alphabet (i, j...) for the internal indices within the
flavor space of matter fields.

II. EMERGENCE OF GAUGE SYMMETRIES

In this section, we first clarify the meaning of gauge
symmetries, making special emphasis on the fact that local
symmetries, i.e., those whose generators are functions of the
position in spacetime, are not necessarily gauge symmetries.
We then review the mechanism presented in [11] for the
emergence of gauge symmetries in certain systems.

A. What are gauge symmetries?

For finite-dimensional systems it is straightforward to
discern whether a given symmetry is physical or gauge by
looking at the group parameters; physical symmetries have
a finite set of parameters, while gauge symmetries are
always parametrized by functions [15,16]. In the infinite-
dimensional case of a field theory, this shortcut does no
longer work because all symmetries are now parametrized
by functions [15].

To circumvent this problem, one can perform a canonical
analysis in phase space following the procedure introduced
by Dirac [17], in which the existence of gauge symmetries
will manifest in the appearance of first-class constraints
[18]. Alternatively, one can study the Noether currents
associated with symmetries, given that gauge symmetries
are characterized by having identically zero Noether
charges, contrary to physical symmetries whose charges
are nontrivial and can be used as coordinates parametrizing
the space of solutions of the theory. Throughout this work
we will follow the second procedure, although both are
equivalent.

More specifically, the current associated with a general
gauge symmetry can be written as
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JH = WE S, (1)

where W* is zero on-shell (W#|g = 0, being S the space of
solutions of the theory) and S¥ = 9, N is a superpoten-
tial, i.e., the divergence of an antisymmetric tensor N**, that
is identically (i.e., not only on-shell) conserved. Once the
charge is computed on-shell as an integral of J?, it is clear
that the first term does not contribute. Furthermore, the
second term always produces a boundary term evaluated at
the spatial boundary of the spacetime in virtue of Gauss
theorem. Suitable boundary conditions supplementing the
equations of motion typically guarantee fall-off conditions
such that this contribution also vanishes, rendering a trivial
Noether charge [19].

B. A mechanism for the emergence of gauge
symmetries from physical ones

The mechanism presented in [11] for the emergence
of gauge symmetries is based on this characterization of
gauge symmetries. In a system displaying no gauge
symmetries a priori, all Noether currents are nontrivial.
However, if certain conditions are met that turn out to make
some of these Noether currents trivial, the corresponding
symmetries could be considered as emergent gauge
symmetries.

Let us consider a field theory depending on a collection
of fields {¢,},c,- Let us refer to them collectively as ®.
For simplicity we require that the system is free of gauge
symmetries [20]. This means that all of the symmetries
the theory might display will have nonvanishing Noether
charges. These charges can be used to parametrize the
space of solutions to the equations of motion &. This
follows from the fact that there always exists a complete set
of symmetries whose Noether charges parametrize the
space of initial conditions of the dynamical equations of
the theory [21].

These are in general complicated, contact and nonpoint
symmetries [21] that cannot be generally found explicitly,
although their existence is always guaranteed as long as the
initial value problem is well posed. Otherwise, we would
have that every system can be explicitly solved in terms of
these charges, which is not the case. Integrable systems
are those for which these symmetries can be explicitly
found out.

Let us now introduce a set of constraints defined as
Y = 0. This set of constraints, that might be satisfied only
approximately, can be understood as the decoupling of
some of the degrees of freedom. The situations we are
interested in are those in which the subspace & C S which
we define as the subspace of S for which ¥ =0 is
nontrivial, in the sense that there are nontrivial solutions
® # 0 for which ¥ = 0. Requiring the subspace U to be
nontrivial is a necessary condition that determines whether
a choice of constraints ¥ = 0 is suitable for our aim.

In terms of Noether charges, we can define Q as the
complete set of charges that parametrize S. One can always
find a parametrization such that the condition ¥ =0
amounts to the selection of a subset Q$ C Q with the

requirement Q$ = 0. There exist other sets of charges Qé
which parametrize the different solutions within the set U/,
i.e., there are different systems of Noether-charge coor-
dinates that one can use to distinguish solutions inside /. In
principle, one can decide to use as internal Noether
coordinates in U, those associated with symmetries that
can be defined within /, i.e., symmetries which leave the

condition ¥ = 0 untouched. Let us denote by Qi‘y those

coordinates. Then, depending of the specific system and the

condition ¥, we can have two different scenarios.
Nonemergence of gauge symmetry: One can find that

the set of Noether charges associated with symmetries Qi‘y
that preserve the subspace U (by assumption there will
always be some of them) is a proper system of Noether
coordinates in U{. This is the standard situation one can
find. These charges essentially parametrize {/ without
redundancies. Then, the projection onto U/ solely removes
the freedom associated with the value of ¥, or, equiv-
alently it only leaves the freedom parametrized by the

Noether charges Qlll,.

Emergence of gauge symmetry: This happens when
some of the physical symmetries preserving the subset U/
have trivial Noether charges when restricted to 4, i.e., when
Y = 0. In this case, we cannot find a properly constructed
internal Noether coordinate system in /. Not all the
different physical solutions in ¢/ can be distinguished by
using only operations within ¢/. However, they are clearly
distinguishable from the point of view of the entire theory.
If all the probes one has about the system were through
these charges, one could conclude that there exist equiv-
alent classes of solutions in ¢/ which, being indistinguish-
able, can be understood as representing a single physical
configuration. These equivalence classes correspond to the
emergent gauge orbits that appear within this subspace.
Then, apart from the reduction of freedom intrinsic to the
projection onto U/, in practice there is an additional
reduction of freedom since some of the configurations
within U/ are physically identified (they belong to the same
equivalence class that we have introduced). All in all, this
process can be interpreted as the entire elimination of
dynamical degrees of freedom (meaning whole solutions;
recall that each degree of freedom is defined by a pair of
initial conditions) when looking only at the sector of the
theory characterized by U.

This mechanism for the emergence of gauge symmetries
strongly relies on the naturalness with which a specific
system of effective equations and constraints ¥ = (0 might
appear in a low-energy regime of a possibly much more
complicated theory. Although quite abstract, as here for-
mulated, this mechanism for the emergence of gauge
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symmetries has been proved to work for an extension of
electrodynamics in [11]. We will pursue here a generali-
zation of the mechanism for Yang-Mills theory, the main
novelty being the nonlinear nature of the latter theory. The
existence of a suitable bootstrapping procedure connecting
nonlinear theories with their linear limit will prove crucial
for the definition of the decoupling conditions in the
nonlinear theory.

III. LINEARIZED YANG-MILLS THEORY:
THE EMERGENCE PARADIGM

Let us begin with the emergence of the linearized Yang-
Mills gauge symmetry. The starting point of our discussion
will be the most general Lorentz invariant action quadratic
in a collection of vector fields Ay and their first-order
derivatives, where the latin indices (a, b, c...) run from 1
to N. At this level, these indices are just labels without a
deeper physical meaning. Modulo boundary terms which
do not modify the equations of motion, the most general
action that we can construct for such a theory is the
following:

1 1
S= / d*x [—Pab 7 P F™™ + 28y (0,4)(0,A")

1 .
- 5Ma,,A;;Ahﬂ + Ay, J“”} , (2)

where the tensor Fy, is defined as
F, = 28[;4‘43]; (3)

Py, &y My, are symmetric, constant matrices; and j%
are conserved currents d,j = 0 representing the matter
field content. Furthermore, we require that the matrix P,
be nondegenerate and positive definite, as otherwise some
of the equations of motion will not be of second order and
the system will not correspond to 4N local propagating
degrees of freedom with the appropriate sign for the
kinetic term. We can eliminate the matrix P,, at the
expense of changing the matrices &,, and M ,,. Since P,
is a real symmetric matrix, we can always find an
invertible matrix Rj that transforms it to the identity,
i.e., that R{RGP,. = 0,4. Then the field transformation
Ay — RZAZ (which also changes the matrices &,,, M,
and the current j*, although we will keep the same
symbols to avoid a more cumbersome notation), provides
the following general action:

1 1
So = /d4x [—ZFZ,/FZ’/““ —l—zéab(aﬂA”")(auAb”)

1
- E MahAZAhﬂ + Aaﬂja”:| . (4)

The Euler-Lagrange equations derived from this action are
O F)y — Ep0"0,AY — M A" = jb. (5)

The case &,, = M, = 0 corresponds to the linearization
of a Yang-Mills theory whose gauge group is of
dimension N. This linearization is equivalent to a system
of decoupled Maxwell equations.

Let us focus on the general case in which both matrices
&y and M, are nondegenerate. Since the currents jj are
conserved, there is a physical symmetry of the theory, given
by the following transformations:

AL = AL+ D0 (6)
where y¢ are not arbitrary functions as in the linearized
Yang-Mills case, but they need to obey

(‘gabD + Mab))(a =0. (7)

Clearly, we need to impose boundary conditions such that
¢ vanish at infinity, ensuring that there are no zero modes.
We can compute the conserved quantities associated with
such symmetries by considering the previous transforma-
tion to be infinitesimal and applying Noether’s theorem. If
we compute the current J/, associated with the infinitesimal
transformations §A; = €0,y we obtain

‘])}; = _ngay)(a + éabavAayaﬂ)(b + jaﬂ)(a + MabAaﬂ)(b-
(8)

This expression can be rewritten as

Ty = =0,(Fa'5") + $ap0, A0y
+OFa " + J" % + MupA%y", ©)

which has the form of a divergence of a superpotential (first
term) plus additional terms. Once we evaluate this current
on-shell we find

Jmon»shell = _au(Fam/ a) + gab(auAayaM)(b _)(baﬂauAaD)'
(10)

As in the electrodynamics case [11], these symmetries are
physical symmetries and not gauge. Actually, they are
equivalent to the local symmetries discussed in the electro-
dynamics case for a collection of real fields ¢ = 9,A.
This can be made explicit by noticing that, under the
hypothesis of a conserved matter current, the divergence of
the equations of motion

(éabD =+ Mab)aﬂAaﬂ =0, (11)
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are always source-free Klein-Gordon equations for the
scalar fields @“. Thus, the local symmetries we have
introduced carry nontrivial Noether charges. Indeed, they
can be seen to correspond to the Fourier components of the
free field expansion [11].

If we restrict ourselves to the subspace U/ given by the set
of fields obeying

9 = 0,A% =0, (12)

which is quite natural since there are no Lorentz invariant
sources that might produce excitations on this scalar sector
of the theory, the local transformations (6) and (7) become
gauge symmetries as long as the matrix M, identically
vanishes, M, = 0. That is, the Noether charges in (10) all
become zero. This is completely analogous to the electro-
dynamics case, where we required the mass to vanish for
the gauge symmetry to emerge. This is because the gauge
transformations (6) do not leave the subspace U/ invariant
unless the mass matrix M, is equal zero, since they have
the form [see (6) and (7)]

" — " = (EDNPM ot EU. (13)

It is just for M, = O that we have

@ = ¢, (14)

under the transformations (6). Moreover, as we have
mentioned, once we restrict ourselves to that subspace,
the Noether charges associated with these transformations
(10) become trivial as it should happen:

Q)( = /Ed3xaﬂ(Fa0”)(a)

= | Vrdam iy, =0, (15)

where X is a generic ¢ = constant spacelike surface, 0 is
the boundary of X whose normal vector we call n*, and y is
the corresponding induced metric on 0X,. Here we have
used Gauss theorem and the last equality follows immedi-
ately from choosing appropriate boundary conditions to
exclude unphysical solutions with nonvanishing field
strength at infinity. To summarize, we have a subset U
of solutions selected by ¢“ = 0 that, when M, =0, is
invariant under symmetry transformations (6) and such that
the Noether charges identically vanish in it, although not in
the whole set of solutions. So, we have precisely all the
conditions described in the previous section for the emer-
gence of gauge symmetries. Actually, we can identify these
emergent gauge symmetries with the linearization of Yang-
Mills gauge symmetries, which constitute a gauge theory
whose gauge group is U(1)®V. In fact, the analysis up to

now is completely equivalent to that in [11], but now
having several copies of vector fields.

We have seen how linearized Yang-Mills theory in the
Lorenz gauge has emerged from a theory without this
gauge symmetry. The emergence of a linearized gauge
symmetry is equivalent to the decoupling of degrees of
freedom that would correspond to ghosts, and therefore
renders classical instabilities that would be present
otherwise irrelevant. This will be even more clear when
dealing with the whole nonlinear theory in the following
section, where we will apply a bootstrapping procedure.
For the moment, let us discuss in this linearized frame-
work two observables that are fundamental in the theory:
the energy-momentum tensor and the Yang-Mills current.
We will omit the matter content and focus on the
contribution from the Aj fields exclusively in the rest
of this section.

Applying Hilbert’s prescription, we can find the sym-
metric energy-momentum tensor 7', which agrees with the
one obtained following Belinfante’s prescription [22,23]

p 1 (; 1 o
T,uv = _Fz/)F/al/ - Z”ﬂpFu/)o’Fap + EnﬂyfahapAapaﬁAb

+ zé:abA?ﬂav)apAbp - éabr//wap (AapaaAbg)' (16)

The projection of T, onto the subspace U is clearly built
out of the tensor Fy,, being by construction invariant under
the transformations (6). Therefore, the stress-energy tensor
is unable to tell the difference between elements of the
equivalent classes of solutions within .

On the other hand, we can build Yang-Mills currents
in the system. These currents are associated with rotations
in the internal space represented by the latin index a.
Starting from the action S, given in (4), we can see that,
for general &,, and M,;,, there are no such symmetries
in the complete theory. However, under certain restrictions
we notice that the action is invariant under the rigid
transformations

A 5 AdH +fabcAIZCcv (17)

where (€ is an arbitrary set of constants and the constants
¢ need to verify

fabc _ f[ab]c ) (18)

Let us stress that this condition is weaker than the
Jacobi identity for f%¢. The necessary restrictions are
the fields being massless, M, = 0, and &,;, satisfying the
following condition (written for simplicity in terms of
Eacd — ngbcd):

Eacd _ E[ac]d' (19)
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This condition guarantees that the term in the action
proportional to £, is invariant under the transformations
(17). This condition is satisfied for instance if

gab = /15111)- (20)

There may be more general situations in which Eq. (19) is
satisfied. However, for simplicity we will restrict our
analysis below to theories in which &,, satisfies Eq. (20).

According to Noether’s theorem, associated with any
symmetry of this sort we have a conserved current, which
reads

JWew — phea[pr g 3(5,AM)A), (21)

It is instructive to check that this current is conserved upon
imposing the equations of motion. Taking the divergence of
Eq. (21) and suitably grouping the terms we find

9, JVan = fhea(d, FyY — 204 0,A)A,,
+ free(FL,A,, — 210,A50,A%).  (22)

We have four terms in this divergence. The first two terms
vanish on-shell, i.e., imposing the equations of motion,
Eq. (5), with M, = 0 and j* = 0. The third term vanishes
due to the symmetry structure of the Lorentz and internal
indices. Since the tensor F%;” is antisymmetric in its Lorentz

indices F)’ = F [wa], its contraction with another tensor just
picks the antisymmetric part of such tensor. In our case, the
antisymmetric part of d,A,, is proportional to F,,.. This
means that the third term can be written as

=0, (23)

1 1

EfbmFIl;UFﬂuc = Ef[bC]aF?aFﬂvlc)
where we have taken into account the antisymmetry of f>¢¢
in its two first indices, and the fact that the contraction of
the Lorentz indices of the F-tensors is symmetric in the
internal indices. Finally, the fourth term is manifestly the
same kind of contraction of a symmetric object with an
antisymmetric one

1tea9,Av0, Ak = f[bc]“&,A?blﬁﬂA"’C) =0. (24)
Thus, we have proved that the current given by Eq. (21) is
conserved on-shell.

Here we find the first difference with the respect to a
single vector field. Having several copies of vector fields
allows us to prescribe interactions between them, which in
turn allows for the A7 fields to become charged themselves.
As we will see, there are many different possibilities to
prescribe interactions, essentially as many as different Lie
algebras of dimension N. But the important observation at
this stage is the following: even restricting to the constraint

surface ¢ = 0,A“ = 0, which eliminates the second term
in (21), none of the currents that we can build are invariant
under the emergent gauge transformations. Notice however
that the charges Q¢ obtained by integrating the zero
component of the currents are indeed invariant under these
transformations and nontrivial.

Therefore, these charges are in principle observables that
one could use to distinguish between different solutions
within the equivalence classes associated with emergent
gauge symmetries. The presence of these charges can be
interpreted as traces of the complete theory, recalling that
it is not a gauge theory, ab initio. We will continue the
discussion of this important issue in the discussion section.
To finish the section, let us just mention that the currents
(21) are the ones that we will use to couple the fields Ay
with themselves at first order, on the way toward building a
proper Yang-Mills theory.

IV. BOOTSTRAPPING LORENTZ-INVARIANT
VECTOR FIELDS

Up to now we have seen that if in a complicated theory
there is a low-energy regime with an emergent Lorentz
symmetry for a collection of Lorentz-invariant vector
fields, then one will immediately deduce that the system
develops for free, under the massless assumption, the
appearance of emergent gauge symmetries. But once the
linearization of Yang-Mills theory has emerged in our
system, it is natural to analyze whether this emergence can
be extended (perhaps in a unique way) to the nonlinear
regime. This question will be explored in this section.

A. General idea and bootstrap procedure

To answer this question, let us assume for simplicity that
we are dealing with the theory in vacuum (vanishing source
currents, j% = 0). Including the matter content back in the
equations of motion will be straightforward and we will
comment on that in Sec. IV C.

Let us recall that the projection that we have made onto
the subspace U/ for which the gauge invariance emerges
is defined by the constraints (12), i.e., 8”A“" = 0. These
constraints emerged when analyzing the equations of
motion of the linear theory, and can be therefore considered
on-shell from this perspective. Given that the bootstrapping
procedure aims at deriving the action of a suitable nonlinear
completion of a given linear theory, the most straightfor-
ward procedure is not to include these constraints as a part
of the bootstrapping procedure (otherwise, the problem
would be equivalent to a gauge-fixed version of the one
considered by Deser in [12]). In other words, we will be
analyzing the bootstrapping of Lorentz-invariant linear
theories of vector fields with no gauge invariance a priori.

In practice, the starting point for the bootstrapping pro-
cedure is the action S defined in Eq. (4) with &,;, = 16,
M, =0, and j* = 0, namely
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1 A
So = / d*x [—ZF,';”F’;HE(@,,A’;)(@,,A“”) . (25)

Let us recall that Fy,, was defined in Eq. (3). The additional
condition that we will have in this perturbative reconstruction
of the theory will be preserving the order of the equations of
motion: We want the most general theory compatible with
having second order differential equations.

The case 4 = 0 corresponds to the usual description of
the bootstrapping of Yang-Mills theory. In that case, for
consistency reasons, any kind of self-interactions that we
add to the equations of motion of the free theory need to be
introduced via a conserved current [12,24]. The idea is to
consider a small coupling constant g and introduce a
conserved current present on the free theory on the right
hand side, that is any of the currents J (Mar in (21) without
the second term (as the latter vanishes when A = 0):
JWan = fbeapi¥A - Any current on this set is bilinear
in the A% fields, and will introduce the first nonlinearities
in the theory. In other words, we will consider that
JH = gJ(l)“" to first order. While for A # 0 one does
not need to consider conserved currents, our discussions of
the electrodynamics case in [11] and linearized Yang-Mills
in the previous section strongly suggest that this will be a
necessary ingredient for the emergence of gauge sym-
metries at the nonlinear level. In any case, it has been
discussed in [24-26] that, even when considering con-
served currents, there is no unique current that can be
chosen at this stage of the procedure in a natural way.
A complementary approach toward making a consistent
nonlinear extension of the linear spin-1 and spin-2 theories
was put forward by Ogievetsky and Polubarinov [27-29]
(see also the brief review in [30]).

This ambiguity in the choice of current comes from the
possibility of adding boundary terms to the action which
translate into identically conserved additional pieces for
the current computed via Noether’s procedure. For the first
nontrivial interaction J()%_ such pieces come from the
possible boundary terms that we can add to the quadratic
action S, while keeping its linear, second order character
and containing at most quadratic terms in the time
derivatives,

Sop = /d4xQ“hm,,,(,8”(A“”8/’A””), (26)

where Q% wwop 18 constructed with the tensorial quantities
available, namely 5 and Ny

Qab/wpa = 5abB(77yal1vp - nyvrlpa)’ (27)

with B an arbitrary constants. The contribution of this
boundary term to J()% can be straightforwardly computed,
adding to the current in Eq. (21) terms of the form

l'B ca ca
I = (pleagt, o pleaghd

+ fdba QCd/wpa _ fdca deﬂg/}y)AcyﬁpAba. (28)
When using Eq. (27) this expression is simplified to

I’B ca C g (o2
Jl(l )a = be (77;40'771//) - 77;41/’7/)0’)‘4 ya/ Ab . (29)
It is straightforward to check that the tensor
1P (MuoMup = Mutpo) in the equation above is antisym-
metric under the exchanges y <> p, v <o and b < ¢

independently, which in particular implies that Ji'® is

identically conserved. These ambiguity is inherent to the
bootstrapping procedure, as this procedure by itself does
not prefer one choice of current or another. The specific
current that we use (namely, the specific value of B) needs
to be given as an input.

In summary, we will consider the conserved source given
in Eq. (21) (with possible contributions from boundary
terms added to it) as the source of the equations of motion
at first order, even if such conservation is not required from
the perspective of bootstrapping. Hence, this represents an
additional assumption of our construction, that at this stage
can be motivated by the invariance under the rigid trans-
formations (17), which singles out this conserved current.
We will provide additional motivation for this choice
below, once the implications that it has for the boot-
strapping procedure become clear. We will also keep in
mind the inherent ambiguity in the choice of a current that
is associated with boundary terms, as discussed above, and
eventually explain how to deal with it.

Now, to be able to derive these currents from an action
principle, we need to add a term of order g to the action,
S =S8y + g5, such that

58,

J(l)ay _
6A

(30)

ap

Adding this new term to the action will modify the current
obtained via Noether’s procedure by a term of order O(g?),
in addition to possibly imposing some consistency con-
ditions on the original symmetry that we identified in the
free theory. Thus, we will have J% = gJ(Nar 1 g2 j@an,
We have again the presence of ambiguities in the choice
of J?)a These come now from the possibility of adding
additional boundary terms to S; of the same order and
containing the same number of fields it contains. This new
piece added to the action will require adding a term of order
O(¢%) to the action S = S, + gS; + ¢*S, such that

58,

J@)ap
A

(31)

ap

This will iteratively generate an action of the form
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S = i 9'S,, (32)
n=0

where at each step we may produce additional constraints
and the functionals S, are built in order to match the
contribution to the current generated by the n — 1 term. At
each step, we produce ambiguities with the same nature as
the ones we have already discussed, as at each order we can
add additional boundary terms to the action that translate
into additional pieces for the current.

At the end of the day, we will have that we can break the
action into a free and an interacting part S = S, + S}, such
that the variation of the interacting part will give us the
whole current to which we couple the free term

5S;
5A

— g, (33)

ap

Although when applied to gravity this procedure requires
the sum of an infinite series [26], we will see that for the
Yang-Mills theory this procedure stops at order O(g?) and
S,=0, for n > 2. As an additional part of the boot-
strapping procedure we will also discuss how this affects
the charged matter sector. Then in the next section we will
discuss what happens when applying the bootstrapping to
the unconstrained theory.

B. Explicit integration and summation of the series

Let us begin the process with the action S, given in
Egs. (25) and (26). We have already discussed that we will
select the current in Eq. (21), plus possible contributions
from boundary terms (45), as the source J (an at first order.
Before discussing the role of boundary terms, let us focus
on the term in this current that is proportional to 4, namely

T = afted, Ay AL (34)
As the equation to be solved in order to obtain Sy, namely
Eq. (30), is a linear equation, we can consider independ-
ently the piece of the action S,y that leads to the piece of
the current above under its variation. As it is discussed in
Appendix, there is no choice of Sy, that can lead to this
current. This implies that the bootstrapping procedure can

be completed for the current associated with the rigid

symmetries (17) if and only if JE/IUW

vanishes, which
generically leads to the same condition that we identified
at the linear level when discussing the emergence of gauge
symmetries, namely 9,A% = 0.

This condition now appears as a requirement that must
be satisfied in order to be able to find an action (and
therefore, to proceed with the bootstrapping) for the choice
of current at first order. This constraint appears then as a
structural requirement of the bootstrapping procedure.

As in the analysis of the linear theory described in
Sec. II, this constraint ensures that the scalar degrees of
freedom encoded in A“ decouple. The resulting theory is
by construction equivalent to Yang-Mills in the Lorenz
gauge and is therefore free of ghosts and other pathologies
expected in the absence of gauge symmetries. Let us stress
that the ambiguity associated with boundary terms cannot
change this conclusion, as shown in Appendix. In physical
terms, this implies that this decoupling is a robust condition
that must be satisfied for every conserved current associ-
ated with the symmetry under the transformations (17).

Hence, in the following we will assume that the fields are
divergenceless, which we will implement in the action
through a Lagrange multiplier to be added to S;, which we
can write without loss of generality (more details are
provided in Appendix) as

S = / AP, AP AP A, (35)

where

Pahc/u/pa = ’hu’?paa(f“bc - fcab)
+ nﬂp’luﬂ(ﬂlfabc + ﬁwah + ﬂ3fhca)
- ﬂﬂanw)(ﬂZbec + ﬂlfcah + ﬂ?sfbca)‘ (36)

The condition that this action leads to J()% when varia-
tions with respect to A“ are considered implies the
following algebraic relation:

Pbcam/py - Pabco‘/wp = fbca (nmrnup - '7/41/77/)6)
+ beca (77;41/7]/70' - 77/4;7’71/0')' (37)

This translates into an incompatible set of equations for the
parameters (a, {#;}3_,, B). Thus, the system of equations
that follows from (37) has no solution as long as we do
not impose further constraints on the components of the
tensor f¢*¢. This system of equations has no solution as
long as we do not impose further constraints on the
components of the tensor f¢¢ that reduce its number of
independent components, which may result in a compatible
system. A natural condition to impose is full antisymmetry
of fe¢. The naturalness of this choice stems from the
fact that, once we consider the action (35), requiring the
constants f¢*¢ to obey the Jacobi identity

fadefbcd + fbdefcad + fcdefabd =0 (38)

ensures that the transformations (17) remain symmetries
of the theory with action S, + ¢S;. Hence, Eq. (38) is an
additional consistency condition to the antisymmetry in
Eq. (18), being these imposed to guarantee that the rigid
transformation (17) is a symmetry at first and zeroth order,
respectively. Without this additional consistency condition,
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the iterative procedure cannot be continued. Taking into
account that the tensor f¢*¢ obeys the Jacobi identity and
we have an Euclidean metric 5%° in that space, we conclude
that f?¢ needs to be completely antisymmetric. Hence,
f¢ can be understood as the structure constants of a
compact semisimple Lie algebra [31]. Our latin indices
run from 1 to N, meaning that the dimension of the Lie
algebra and its corresponding group is the number N of
independent generators. If we want the structure constants
to close an 8u(M) algebra, for instance, we would addi-
tionally require N = M? — 1. Imposing this ansatz with the

full antisymmetry of f%%¢, the tensor P**?,,,, reduces to

wao’y/)ﬂ = ﬁfabc (77;40-771//) - ﬂnﬂvﬂfm)' (39)

Plugging this ansatz in the algebraic relation (37), we

obtain the a compatible system of equations for the

parameters (3, B) whose unique solution is f = B = —1.
We have thus obtained

1
Sl = _E/d4x[fabCFaﬂvAlijAlc/ - '9tlaﬂAaﬂ}’ (40)

where we have added explicitly the Lagrange multipliers 9¢
that enforce the required constraints on the fields A%
for the self-consistency of the bootstrapping. As already
noticed by Deser [12], the direct current J (Dan jn Eq. (21)
does not lead to the action in Eq. (40). The ambiguity in the
definition of the current due to boundary terms in S, must
be taken into account in order to provide additional
contributions to the current necessary for the bootstrapping
procedure to work. We notice that these general ambiguities
were not emphasized enough in the past, as it was
considered that the bootstrapping procedure did not require
to take these ambiguities into account. The reason for this
was that the fist-order formalism used by Deser in [12]
leads to Yang-Mills for a trivial choice of these boundary
terms, while this is no longer true for the second-order
formalism defined using the vector fields A“#. However,
this does not imply that the second-order formalism cannot
be used for the bootstrapping procedure, as we have seen
explicitly that the self-consistency of the iterative procedure
is enough to select the necessary boundary terms so that
there is a unique solution, up to a choice of a semisimple
Lie algebra of the same dimension as the number of fields
involved in the construction. The important role played by
boundary terms in the gravitational case was discussed in
[25,26,32]. It would be interesting to have a clear under-
standing of the similarities and differences between Yang-
Mills and gravitational theories from this perspective.

In the next step, the first term from S; produces a
contribution to the current given by

TN = Frefp AGAZAL. (41)

The second term from S gives a current of the form
U abeq an
Ja” - Efa nghAc, (42)

which cannot be derived from variational principle for A%.
The only term that might give rise to a current proportional
to A% is a term of the form AﬁAb”. However, we would
need to contract this with £, which is antisymmetric and
hence this term would identically vanish. Thus, this second
contribution to the current would apparently break the
bootstrapping procedure. To avoid breaking the bootstrap-
ping procedure, we need to add a boundary term that
cancels the contribution from (42) once it is evaluated on-
shell. The equations of motion of the constrained theory
(after imposing the transverse condition) are such that the
Lagrange multipliers need to be constants.

Notice that the equations of motion when we add the
Lagrange multipliers are the following

9, F4 — 8°9,A% — 0" = I + Og?,
9,A% =0, (43)

where we have explicitly indicated that the first equation is
correct up to order ¢> (since it is obtained through a
bootstrapping procedure). Taking the divergence of the first
equation, using the second equation and additionally taking
into account that the current J{* is conserved up to order ¢?,
we have that to the desired order the equations for the
Lagrange multipliers 8“ reduce to a set of sourceless wave
equations

0,010 = 0. (44)

The same arguments that we have put forward below
Eq. (12) apply to the #“ fields here. Hence, the Lagrange
multiplier reduce to be constants on-shell. If we ask for
them to vanish asymptotically, as we do for the A% fields,
these zero-modes need to be equal to zero. However, for
our purposes it is irrelevant what the actual value of the
zero-modes is.

Hence, on-shell we have that 94 = k¥ € R. Thus, the
addition of a boundary term of the form

1
S, = —Eg/d“xkaaﬂA”“, (45)

identically cancels the contribution from Eq. (42). Notice
that we have not added any other boundary terms to S; to

build JEIZ)” , except the one from Eq. (45). This choice is
precisely the choice that fulfills our criteria of providing a
nonlinear theory obtained through a bootstrapping pro-
cedure that implements a deformation of the original gauge
symmetry and preserves the number of degrees of freedom.
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For the sake of completeness, let us mention the
existence of an alternative procedure that, while being
equivalent on-shell, is arguably simpler. In this alternative
procedure, the constraint J,A% is implemented quadrati-
cally instead of linearly, using a scalar Lagrange multiplier
that enforces 0,A%0,A, = 0. In this implementation, the
corresponding contributions to the current vanish on-shell
without the necessity of further considerations.

The action that leads to this current is

S, = i / dixfbedfy,,  ALAZALAL. (46)
The iterative procedure happens to stop here. The reason is
that the S, term does not contribute to the current 7% It
contains no derivatives of the Ay fields and it is strictly
invariant under the rigid transformations (17), thus making
its contribution to the current computed via Noether’s
procedure identically zero.

The final action S =S, + ¢S, + ¢S, can then be written,
after conveniently reorganizing the terms, as

1 y ,
S = / d*x {—Zf,zbfz + 9,0,A* (47)

+30,a0(0.4%)|. ()

where 9, are Lagrange multipliers and the nonlinear field
strength tensor 7, has the Yang-Mills field form

Fiy = 20,A4 + 9f*“ApAc,. (49)

In this way we have found the free Lagrangian of a non-
Abelian Yang-Mills theory in the Lorenz gauge. The
conditions (18) and (38) on the coefficients f¢*¢ that
determine the symmetry transformations prescribe the
structure of a particular Lie algebra (they are the structure
constant of the corresponding algebra). In the process of
making the theory nonlinear we are selecting a particular
form of Lie algebra among those of dimension N. Then, we
can write A# = AT ,, with T representing the generators
of a semi-simple and compact Lie algebra which satisfy the
algebraic relations [T%, T?] = if®*T,.

The equations of motion resulting from this action
are invariant under the deformation of the linear trans-
formations (6). These transformations are given by the
exponentiation of the transformations

AL — AS+ 00" + gf Ay (50)
with y“ obeying the following constraints that guarantee

that the transformations above do not make the fields leave
the subspace U/ defined by the Lorenz condition:

Oy + gf“bCA’;(?M)(C =0. (51)

For the purposes of doing perturbative calculations, the
propagator associated with the quadratic part of the action
can be worked out directly as that of N free Maxwell fields
within the subspace of transverse fields; See [33] for an
explicit and straightforward derivation of such propagator.

C. Inclusion of matter

The coupling to the matter content can also be obtained
perturbatively via another bootstrapping process, as we
have advanced in the previous section. Let us make explicit
how this is done, for instance, for a set of fermionic fields
as if we aimed at constructing an emergent QCD theory.
Let us represent the label corresponding to diferent flavors
of fermions y/i with latin indices i, j, k and assume that
those indices run from 1 to M. In the logic of our iterative
construction we first use as source of the A% fields a free
fermionic current which has the form

J = Ty, (52)

where the matrices y* are Dirac gamma matrices and Tj‘j are
certain unspecified matrices. The free equation for the
fermionic fields guarantees that this current is conserved no
matter what 7% we use. To see this, we just need to take the
divergence of this current and use the equations of motion
at zero order. Under these conditions, the decoupling of
longitudinal degrees of freedom is ensured and we have
the emergent gauge symmetries that we already had in the
electrodynamics example.

We want to obtain the equations for A% from a
Lagrangian in such a way that the source of the field
includes both the first order nonlinearities of the fields A%
and this fermionic source current. In a first iteration, we
therefore prescribe an action of the form Sy +§; + Sy
[see (40)] with

Sy = /d4x[‘/7j}’”(i5ijau = q. 50w (53)

Here the constants g, represent the charges associated with
each of the U(1) copies of the system that we found in the
linearized theory. From a physical point of view, it implies
that the fermionic source not only affects the fields A“* but
that in return they also affect the fermionic fields. Then, the
resulting new equation for the fermions no longer need to
fulfill an exact conservation condition, only conservation
up to O(q,). This is reasonable, as potentially only a sum
of fermionic plus Yang-Mills currents should be conserved,
and moreover, a proper conservation will only appear when
closing the bootstrapping procedure. As an aside, let us
mention that by choosing the matrices 7% to be commuting
matrices, or equivalently, multiples of the identity, one
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would be able to maintain the conservation of the fermionic
current at this first order, but at the cost of killing any
possibility for the action to be invariant under rigid
rotations of Yang-Mills type. This structure for the fer-
mionic current would be consistent with a theory without
the §; term, that is a linear theory in which a set of
noninteracting Maxwell field are coupled to a set of
noninteracting fermionic fields. But this is not what we
are seeking for here.

The previous action for the fermions has another
problem equivalent to that appearing with the action $;
in Eq. (40) for the field A%: As it stands it is not directly
invariant under rigid rotations (17). On the one hand, it is
clear that this action can only have the chance to be
invariant under rigid rotations if the fermionic fields
simultaneously transform as

w' =yt — iy Ty (54)

On the other hand, not all sets of couplings ¢, and matrices
T?j allow for a rigid symmetry, which one needs to continue
the bootstrapping procedure. In the case of the S; action,
requiring the existence of a rigid symmetry restricted the
form of the coefficients f19%l¢ to those closing a Lie algebra
(Jacobi property). In the bootstrapping process one has
to actively select a specific Lie algebra. It is now clear that
the bootstrapping procedure does not select or point toward
a concrete one. Now, requiring the presence of a rigid
symmetry in the fermionic sector implies setting all the ¢,
to a single g and requiring the matrices T?j to be precisely
fermionic-space representation of the same Lie algebra
selected for the A% sector:

[T9, 4] = ifebefe. (55)

We will denote these specific matrices T, (without a tilde).
Again, unless one forces the theory to follow this specific
rule one does not obtain a consistent theory.

Once we make this choice, there do not appear any more
restrictions in the fermionic sector at the next order O(g?)
and, as such, the bootstrapping process is identical in its
next step to the one described in previous sections. The
result is that we need to add the matter term

5, = / (15,0, — gT4AL ). (56)

to the action (48).

Once the iterative process has finished, the final fer-
mionic current plus the Yang-Mills current is the one that is
conserved; neither of them is divergenceless separately.
Equivalently, we can rephrase this assertion saying that the
fermionic current is not conserved but covariantly con-
served. For instance, the covariant conservation of the
matter current is the necessary condition in the nonlinear

theory for the decoupling of degrees of freedom. Moreover,
this action is invariant with respect to the infinitesimal
gauge transformations (50), if we additionally perform an
infinitesimal local transformation of the form

w' =yt =iy ()T (57)
in the fermionic sector.

Thus, we arrive to the conclusion that the result of the
bootstrapping process is that in order to have a consistent
theory we need all the coupling constants g, to be the
same ¢. Furthermore, we need the matrices T;-‘j (that
determine the interactions between fermions and Ay fields)
to be representations of the Lie algebra defined by the
selected constants f**¢. Similar comments apply straight-
forwardly to other kind of matter coupled to the fields Aj.

Spin-zero and spin-one matter fields were considered
in detail for field theories displaying gauge symmetries
ab initio in [34]. We notice that these results can be
straightforwardly extrapolated to our framework of emer-
gent gauge theories, as the bootstrapping in the matter
sector does not interfere with the bootstrapping in the
gauge sector.

D. Gribov copies in this framework

The standard approach to construct a gauge theory
assumes that there are redundancies in our description
from the start. Configurations related by gauge trans-
formations, i.e., those with vanishing Noether charges,
represent the same physical state. Gauge symmetries define
classes of equivalence within the configuration space of
fields. In such situations, the gauge fixing conditions, like
the Lorenz gauge

0,A% = 0. (58)
are introduced in order to choose a representative of each
class of equivalence. However, such conditions do their
job well if there is a unique representative of those classes
that respects the condition. The problem is that for non-
linear gauge theories, the Lorenz gauge does not cross each
gauge orbit [35] once, as was shown by Gribov [36,37].
In general there exist more than one configuration of the
fields Ay related by gauge transformations, all of them
obeying the condition (58). They are typically referred to
as Gribov copies.

This is, for instance, problematic from the point of view
of defining the quantum theory via path integral techniques.
The gauge fixing conditions are needed in order to make
sense of the theory by summing over physically inequiva-
lent configuration and the Lorenz gauge condition is
typically used because it is explicitly Lorentz invariant.
At the perturbative level, this ambiguities are not relevant
because we are exploring small deviations in field space
from the background solution (which is typically the
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Ay =0 configuration, although it could be any other
stationary point of the action where we can base our
Gaussian perturbative expansion of the theory [38]). The
Lorenz gauge condition is good enough to ensure that there
are no Gribov copies around these saddle points but, when
exploring the nonperturbative regime of the theory, nothing
forbids them to appear. Thus, one enters in conflict with
defining the theory nonperturbatively. Gribov actually
argued that these ambiguities could have a huge impact
in the structure of the quantum theory. He even provided
arguments supporting how an appropriate treatment of these
features (for example, reducing the path integral to a region
absent of Gribov copies, often called a fundamental modular
region) could be related to the color confinement character-
istic of gauge theories. This is because the restriction of the
integration to that region has the effect of generating a linear
increase of the interactions between color charges in the
deep infrared. Thus, it is a possible mechanism for the
explanation of confinement, although a conclusive analysis
is not yet available: The theory becomes strongly coupled in
that regime and the typical perturbative computations are
not reliable [36,37].

The procedure we have followed to construct a gauge
theory is quite different from the standard approach. In our
formalism, we began with a theory that had no physical
symmetries and the gauge symmetries emerged after a
suitable projection onto a natural subspace of the theory
described, precisely, by the Lorenz condition (58). The
emergent gauge symmetries we refer to are the trans-
formations given by the exponentiation of (50). This means
that these symmetries are the set of transformations acting
on the A, = AJT, fields as

A, > Q(x)A,Q7 (x) +iQ(x)9,Q7 (x),  (59)

with Q(x) = exp [iy?(x)T,], where the functions y“(x)
have to vanish asymptotically.

Our construction points out that the configurations
related by these emergent gauge transformations are really
different physical solutions, it is only that it is difficult to
operationally differentiate them. Therefore, being faithful
with our construction we should not eliminate these
redundancies from the path integral. This offers the first
instance of a distinction between the standard Yang-Mills
theory and our emergent Yang-Mills theory. Any such
difference would appear in the nonperturbative regime.

E. Internal and external observers

The emergent Yang-Mills construction that we have
developed leads to several interesting observations that
go beyond the electrodynamics case discussed in [11].
When studying standard Yang-Mills theory it is usual to
read that the theory does not possess meaningful local
currents (see Sec. 2.6 of [39] for a discussion of this point).
We have seen that this is already a characteristic of the

linear theory: there are no gauge-invariant Yang-Mills
currents. In fact, this is just an instance of the Weinberg-
Witten theorem [13]. However, this cannot be taken as
evidence that Weinberg-Witten implies that no Yang-Mills
theory can emerge from a system akin to a condensed-matter
system, the very reason behind this being the emergent
nature of gauge symmetries in such a framework. If gauge
symmetries are emergent, field configurations that are
equivalent at low energies are not equivalent from the
perspective of the high-energy theory. Alternatively, internal
observers that experience only the low-energy physics
cannot distinguish operationally between certain configura-
tions, while external observers that are aware that the
description used by the internal observer is limited to low
energies can certainly distinguish between them (see e.g.,
[40] for another example in which the distinctions between
internal and external observers are discussed explicitly).
Hence, it is not needed to demand the existence of certain
observables (e.g., a current) that are gauge invariant as a self-
consistency condition necessary for emergence. Conversely,
that such a current does not exist in the low-energy
description cannot be taken as an indication of the impos-
sibility of embedding this description in an emergent
framework in which the difference between configurations
that are equivalent at low energies has a definite operational
meaning. We hope that this clarifies that claims in the
literature that the Weinberg-Witten theorem forbids the
emergence of certain theories are using a too narrow notion
of emergence. At most, Weinberg-Witten theorem could be
taken as an indication that Lorentz and gauge symmetries
must emerge simultaneously, which is indeed compatible
with our discussion.

If we were only talking about interpretative choices,
then the internal observer position could be argued to be
superior. However, it is well known that the importance
of having alternative interpretations is that they suggest
different extensions when the time comes. Here we have
already identified one potential physical difference between
both interpretations: the need to eliminate or not Gribov
copies from the path integral. This might already go beyond
an interpretative issue.

V. DISCUSSION AND CONCLUSIONS

In this work we have presented how an emergent
Yang-Mills theory with an emergent gauge invariance
can represent part of the dynamics of a system with more
degrees of freedom and no gauge invariance a priori. Our
main result is the existence of a natural coupling scheme
that leads to the emergence of gauge symmetries. The logic
underneath the construction is the following:

(1) One can start from a very complex theory, for instance
from a system akin to a condensed-matter system,
with a very large but finite number of degrees of
freedom.
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(2) We restrict our attention to theories in which there
is a low-energy regime which can be effectively
described in terms of a set of weakly coupled
relativistic fields Ay and fermionic matter fields
w' (examples of how this can happen can be found
in [40] and references therein). The important point
here is that some collective excitations acquire a
relativistic behavior which, in systems akin to a
condensed-matter system, is typically associated
with the presence of Fermi points [41-43].

(3) In addition, it is typically not difficult to find
situations in which the effective fields by themselves
are massless (representing soundlike excitations).
Later, there might be a Higgs-like mechanism giving
mass to some of the fields.

(4) Then, one can write down the most generic quadratic
Lagrangian compatible with these considerations
and show the existence of a symmetry under rigid
transformations that provides with a conserved
current. The existence of this symmetry allows us
to define a nonlinear completion in which the
relativistic vector fields couple to this current. For
the nonlinear completion to be derivable from an
action principle, the vector fields must satisfy a
constraint under which the nonlinear theory devel-
ops emergent gauge symmetries.

In summary, the emergence of gauge symmetries relies
only on a few simple principles: low-energy Lorentz
invariance, emergence of massless vector fields describable
by an action quadratic in these fields and their derivatives,
and self-coupling to a conserved current associated with
specific rigid symmetries. Self-consistency between these
principles leads to the emergence of gauge symmetries
described by semisimple Lie algebras of the same dimension
as the number of massless vector fields. Any theory
satisfying these conditions at low energies must therefore
be describable by a Yang-Mills theory, which in particular
implies that these conditions suffice to guarantee the absence
of classical instabilities when expanding around a classical
solution to the equations of motion. Equivalently, unphysical
states are removed from the nonlinear theory.

The emergence process can be understood as depending
on a particular parameter, something like the temperature in
a condensed matter system. Using this language, we would
say that below a certain temperature this effective field
theory provides a convenient description of the system;
above this temperature the description could be very differ-
ent and not easily related to the former. Therefore, we need
not imagine the emergence procedure as something that can
be described in terms of an effective field theory (with
more degrees of freedom than the one presented here), and
such that the Lorenz condition is nonzero in one regime
of the theory but becomes zero dynamically in another
regime. There are indications that dynamical mechanisms
which completely suppress degrees of freedom in an

effective field theory are accompanied by different
pathologies.

We finish this work by recalling the structural similarity
between Yang-Mills theory and general relativity. We will
devote a future work to investigate whether we can extend
the scheme of this paper to gravity. In fact, the motivation to
analyze the electromagnetic and Yang-Mills cases comes
from the gravitational case. It is indeed reasonable to
assume that, if gravity is emergent, being this force special
in the sense that describes the causal structure of the
spacetime itself, then most surely the rest of interactions
would also be emergent. In any case, we expect that the
present analysis will pave the way toward the more
complicated gravitational case.
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APPENDIX: SOME ALGEBRAIC
CONSIDERATIONS

In this Appendix we show that there is no action that,
after variation with respect to A%, leads to the contribution
proportional to A, namely Eq. (34), to the current J()a,
Let us consider a generic Lagrangian at first order

Ly = PP,,,,0" AW AP A, (A1)
Its variational derivative is given by
L) _ poea geatenes
SAL, ™
+ PbacpwwapAbuAca _ Pacbwmaz/ (ACpAbo‘)' (A2)
This variational derivative can be rewritten as
5Ly _ poca ., poa
= (P 4 Py,
_ Pabco‘/wp _ Pacbgﬂpv)ao'AbbAcp. (A3)
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Hence, if we use the equation above for the piece of the
current in Eq. (34), we obtain the equation

b b b b b
P wo‘vp;t +P acavﬂp - P Ca/u/p o oupy XV Car]ﬂpnua'

(A4)

Let us note that we have replaced f2°* with a generic (that
is, not satisfying specific antisymmetry requirements)
tensor 727,

The equation above can be further simplified using the
fact that Pb<@ is symmetric under the simultaneous
|

oupp

exchange of ¢ <> a and p <> u. As a result, we have the
simplified equation

(AS)

be be be
P Cao’p/)ﬂ - P C(mzz/) Xy La”ﬂpﬂwy'

Let us make the ansatz for P’
generic tensor linear in y“*° and quadratic in 7,,. The

oupy CONSisting in the most

symmetries of P?¢¢_,  allow us to write the following ansatz:

oUpp

Phcawp” — nypnwr(alyabc 4 (sz/qu 4 a3},bac + a3ybca + azycab + al},cha)

+ Moty (Brr ™ + Bar™? + B3P + Bar®® + sy + Por )

+ o (Bsr™ + Bsy® + Pay?ec + B3yrPed + Baye? + Bryte).

Plugging this ansatz in Eq. (A5), we obtain a system
of algebraic equations for the coefficients {a;}7 , and
{B:, }°_,, which turns out to be an incompatible system.
Given that Noether currents are not unique as discussed
above, it is necessary to check that the introduction of
boundary terms given in Eq. (26) does not allow for a
solution to exist. In the presence of boundary terms,
Eq. (AS5) is modified to

Phcum//m - Pabc{ml/p = tha’?ﬂp’?m + Bybca (77;41/77/)0' - nﬂ/)”yo')‘
(A7)

Let us recall that, for the purposes of the discussion
in this Appendix, we are replacing f“* with a more

(A6)

general y“*°. The analysis of the corresponding system
of equations for the coefficients {e;};_; and {f;, }°_,
shows also that there is no solution.

For completeness, let us also consider the case in which
yebe = fab¢ is totally antisymmetric, which as we have
discussed in Sec. IV appears as a necessary condition
for the bootstrapping procedure to work. In this case, the
most general ansatz we can make for P“”CM,(, is given by
Eq. (39). Plugging this ansatz in Eq. (A7) leads to an
incompatible system for the parameters (f3, B). Thus, we
conclude that it is not possible to derive the piece of the
current in Eq. (34) (plus identically conserved pieces
coming from boundary terms) from a Lagrangian contain-
ing only the vector fields A.
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