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In the context of scalar quantum field theory, we introduce a class of generically nonlinear quantum-
background splits for which the splitting Ward identity, encoding the single-field dependence in the
effective action, can be solved exactly. We show that this can be used to construct an effective action which
is both covariant and dependent on the background and fluctuation fields only through a single total field
in a way independent from the dynamics. Moreover, we discuss the criteria under which the ultraviolet
symmetries are inherited by the quantum effective action. The approach is demonstrated through some
examples, including the O(N) effective field theory, which might be of interest for the Higgs sector of the

Standard Model or its extensions.
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I. INTRODUCTION

The effective action of quantum field theories, as the
generator of one-particle irreducible (1PI) vertices, pro-
vides the building blocks for constructing scattering ampli-
tudes, from which physical information such as cross
sections is extracted. It is well known that physical
observables, for example, constructed from S-matrix ele-
ments, should be in general invariant under field repar-
ametrization. In recent years, there has been a strong focus
on developing and applying on-shell methods which are
especially useful for gauge theories. On the other hand, we
note that implications of global symmetries at the quantum
level are generally investigated in an off-shell framework.
For example, spontaneous symmetry breaking analysis is
usually not done with S-matrix elements but using the oft-
shell effective action (or effective potential) as in the
Coleman-Weinberg approach [1]. In a standard definition,
the quantum effective action is not a scalar under field
reparametrizations, but nevertheless the S-matrix elements,
constructed with the well-known Lehmann-Symanzik-
Zimmermann procedure involving the asymptotic on-shell
fluctuations, are invariant under any well-behaved repar-
ametrization [¢p’ = ¢ + f(¢p)] which transforms one set of
coordinates to another in the configuration field target
manifold. Indeed, this is not the case for the off-shell
n-point connected Green functions constructed from the
proper vertices which change from one parametrization to
another by terms which vanish when evaluated on the
vacuum configuration and acting on the external asymp-
totic fluctuations (particles).

The desire to have an action invariant under reparamet-
rization already appeared long ago in the context of
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nonlinear sigma models [2—-6], since the target space field
manifold has no really preferred chart for parametrizing the
fields. There is a well-known covariant construction, the
formulation of which was completed by Vilkovisky and
DeWitt [7-9] and studied further by other authors including
those of Refs. [10-14], which allows us to obtain an
effective action that is a functional scalar under field
reparametrization.1 Such a description, if one is interested
in the computation of S-matrix elements, is clearly unnec-
essary even if more elegant. On the other hand, there are
cases in which a covariant off-shell description is certainly
desirable. Apart from the aforementioned analysis of the
global symmetries and the vacuum, it may be convenient
when dealing with an effective field theory approach or
with exact Wilsonian renormalization methods. Moreover,
covariant approaches in target space were also considered
in the studies of the quantum symmetries in string theory
models [19].

Such an approach is geometrical and based on the
introduction of a connection on the configuration space
manifold. The quantum field theory (QFT) generating func-
tionals are obtained by introducing a source coupled to a
quantum fluctuation, transforming as a contravariant vector
of the target manifold, which results in a highly nonlinear
dependence on the field. Because of the geodesic construction
(typically from an exponential map), in general, the covariant
effective action depends on a base point field (background
field) and on the (average) quantum field fluctuation.

In general, a nonlinear splitting of a quantum field into a
background and a quantum fluctuation leads to a double-
field dependence in the effective action, as is typical, for
example, in the covariant analysis of nonlinear ¢ models,
where here a “field” generically refers to a number of

'See also Refs. [15-18].
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fields. This fact is very inconvenient and questions the
main advantage of the background-field method since
from a background-field computation, wishing to keep
the covariance, one cannot reconstruct the full quantum
field dependence in the effective action functional.

In this work, we therefore address this problem and
determine the conditions and the procedures one should
use to construct a single field-dependent effective action,
which is also naturally covariant. In particular, we shall
consider a class of quantum-background splits for which the
splitting Ward identity (spWI) simplifies significantly to the
extent that it can be solved exactly. It turns out that for such
splittings any function of the total field will solve the spWI,
with a total field that depends on the background and the
fluctuation field in a local way, independent of the QFT
dynamics and in fact in the same way as that in the ultraviolet.
However, the splitting is still found to be general enough to
allow for the construction of a covariant effective action.

An important point that remains to be addressed regards
the symmetry properties of the effective action. Indeed, in
the standard quantization procedure, the quantum effective
action may not inherit the ultraviolet symmetries of the bare
action.” Here, we shall discuss, making use of old results of
Coleman et al. [20], that for a certain class of symmetries,
including linear and nonlinear ones, the covariant single-
field effective action may enjoy the symmetry properties of
the ultraviolet defining theory.

More recently, the covariant approach to nonlinear sigma
models has also received attention in applications to the
effective field theory of the Higgs boson [21-23], which
might be of interest for LHC phenomenology. While
having the benefit of preserving the ultraviolet symmetries
in the effective action, the applications of the covariant
formalism suffer from double-field dependence, that is, an
explicit dependence on the background field in addition to
the average quantum field, and the results are mainly valid
only at the background level. Our general results can
therefore be of interest in such applications.

Another field of application of the techniques developed
here regards renormalization group analysis. One interest-
ing framework consists in the functional renormalization
group (FRQG) approach inspired by the work of Wilson. We
address this problem in a separate work [24]. The covari-
ance and single-field properties will severely constrain the
set of operators that would otherwise be present in the
effective action. The Standard Vilkovisky-DeWitt approach
in the FRG context has been discussed in Refs. [25-27].

In this work, we concentrate on scalar theories and do
not address the more subtle problem of gauge theories,
which involves a gauge-fixing procedure that introduces
an explicit background-field dependence in the off-shell
effective action.

*We shall consider in the present work QFT models free from
anomalies.

PHYSICAL REVIEW D 96, 085001 (2017)

Our work is organized as follows. In Sec. II, we setup the
problem and review the Ward identity condition for the
single-field dependence of the effective action. We then
introduce a special class of quantum-background splits and
solve the corresponding spWI in this case. The resulting
effective action is shown to be covariant and manifestly
background independent. After dealing with the more
concrete construction of the one-loop effective action, we
then discuss at a general level the symmetries of the effective
action. Specifically, we classify the ultraviolet symmetries
that, in our construction, are preserved in the effective action.
In Sec. III, we discuss in some details two examples: a
single-scalar QFT and the O(2) linear model in flat field
space. In Sec. IV, we address the case of a nonlinear ¢ model
giving all the details necessary to construct the one-loop
covariant and single field-dependent effective action. In
Sec. V, we analyze general O(N) invariant N-scalar theories
for which the target space is not necessarily flat, and in the
Vilkovisky-DeWitt approach, the background result is not
enough to reconstruct the fluctuation dependence. Such
theories may be of interest for the extensions of the
Higgs sector of the Standard Model. After the conclusion,
we have also added two Appendixes. In the first, we show
how the splitting in background and quantum fields we have
introduced is related to the exponential splitting, and in the
second, for a general nonlinear sigma model, we have given
a more direct check of the single-field dependence of the
one-loop effective potential.

II. COVARIANT AND SINGLE-FIELD
EFFECTIVE ACTION

In this section, we shall consider a bosonic (nongauge)
quantum field theory and search for possibly nonlinear
splittings of the quantum field into a background and a
quantum fluctuation, which, by means of a usual path
integral quantization method, leads to a quantum effective
action that is manifestly background independent, i.e., can
be written as a functional of a single total field. This will
also serve as a basis for a subsequent work in the context
of FRG [24]. Our goal is to obtain a description that is
also covariant, that is, to find an off-shell effective action
that transforms as a scalar under field reparametrizations.
Before getting into the main discussion, let us review
briefly the notion of spWI.

A. Splitting Ward identities

Let us consider the quantization of a bosonic theory with
bare action S[¢], when the field (multiplet) ¢’ = ¢’ (g, £) is
split into a background field ¢’ and a quantum field &. The
generator of connected n-point functions Wigp,J] is a
functional of the background and a source field J; coupled
to the quantum field & and is given in Euclidean space by
the path integral
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We have allowed for a path integral measure that depends
only on the field ¢’ and not separately on the quantum field
& Deviations from total field dependence in the measure
will be irrelevant, for example, when using dimensional
regularization. As usual, on performing a Legendre trans-
form, one defines the generator of the 1PI vertices, the
effective action,

. & = Wip.J] - J - & (22)
with & = (£), which in general has a dependence on both
the background and the fluctuation field. The effective
action satisfies the following functional integrodifferential
equation:

oTlodl / Du(p)e-SHTCEE . (23)

Here, a semicolon denotes a derivative with respect to the
quantum field £, while a comma will be used for the
derivative with respect to the background field ¢, and, in
general, whenever convenient, we shall use the DeWitt
condensed notation.

Taking a functional derivative of this equation with
respect to the background field ¢', one obtains the splitting
Ward identity [12,13,27-31]:

L+ F;j<§ji> =0.

(2.4)

In the next subsection, we will discuss some possible
quantum-background splittings for which the above
equation can be easily solved. In such cases in which
the Ward identity is solved, the effective action can be
explicitly written in terms of a total field ¢(¢, &), with no
extra background dependence.

B. Flat quantum-background split

The solution to the splitting Ward identity for the
effective action I' given in Eq. (2.4) can be, in general,
extremely involved with a nontrivial dependence on the
particular dynamics of the model considered. The source of
complication is the average quantity (&;) appearing in the
equation. In general, this term is a highly nonlocal function
of the quantum and background fields, with an implicit
dependence on the effective action itself. This makes
solving the equation very difficult if not impossible. To
avoid this complicated dependence of (') on the fields and

the effective action, it is sufficient to require 5{5 to depend at
most linearly on the fluctuation fields. This way, we avoid
two-point and higher correlation functions appearing in the
expression for (£/). With this requirement, the most general
form &/ can take is
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& = af () — ()& (2.5)

In this case, the average quantity simplifies (cfk) = Ek and
the splitting Ward identity reduces to

L 4+ =0, (2.6)
which admits the general solution T'[¢p(¢, &)], where &(¢, ¢)
is a solution to (2.5). This is because the first-order
differential operator acting on I'" in (2.6) is simply the
partial background derivative keeping the total field fixed,
and therefore the solutions to this equation consist of
functionals of the total field ¢ = ¢(¢., ). Equation (2.5)
is solvable if and only if & and f;, regarded as tensor-
valued 1-forms, satisfy

dat +ﬁf Aol =0, dﬁf + A ﬂ} =0. (2.7)
These are simply the Frobenius conditions for Eq. (2.5),
‘f,k[,;/-] = 0, where as in the equation itself, the derivatives are

taken keeping the total field fixed. Of course, one would
obtain the same conditions (2.7) by plugging the right-hand
side of (2.5) in (2.6) and imposing the condition that the
commutator of the differential operator in (2.6) vanishes.
The solution to the equations (2.7), which are the same as
the zero torsion and curvature Cartan structure equations, is

= (U)a0,Uf.  af ==(UT")g0if.

1

5 (2.8)
where f is a vector-valued function and U is a matrix-
valued function of the background field. The minus sign in
the solution for « is there for convenience. With the
integrability conditions (2.7), Eq. (2.5) can be solved to
give

Ep. ) = —(U@)s(f“(9) = (g7")*(e)). or

P (9.&) = ¢'1f (@) + U(p)é], (2.9)

where g is an arbitrary function. We have therefore shown
that the effective action I' solution of Eq. (2.6) can be
considered as a function of the single field ¢*(¢p, &), which
is a function of the background and quantum fields in
the special form given above. This functional dependence
of ¢* on ¢', & is the same as that in the ultraviolet theory
and is unaltered through the functional quantization pro-
cedure. From the above relations, it is also clear that the
choice g = f~! corresponds to the boundary condition
E(p, ) =0 or ¢*(¢,0) = ¢*. In such a case, the quan-
tum-background split introduced here is in fact related to
the exponential map [Exp,&]., defined with a flat con-

nection Ff] This is discussed explicitly in Appendix A,
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where we show that the construction is associated to the flat
connection’

TG = ==k 1o (2.10)

and therefore give it the name “flat splitting.”

C. Covariance

We want to stress that this “exponential” splitting can be
used to define an effective action covariant with respect to
field reparametrization. This can be seen without referring
to the exponential expansion. Under a coordinate trans-
formation 4, the total field is expected to transform as

¢ = h(),

() (fle) + UE) = h((f7) (f (@) + UE))
= ((fo ™)) ((f o h™")(h(g)) + U(Oh)~'OhS).

(2.11)
This means that ¢p — h(¢) follows from
p—h(p), E—0hE,  f—foh™, U-U(Oh)™".
(2.12)

In particular, the quantum field £ is seen to transform
linearly under a change of coordinates. This implies that
the effective action is invariant under the above trans-
formations; i.e., it is covariant. According to the single-field
property of the effective action, the background and
fluctuation dependencies are collected into its dependence
on the total field ¢. However, there can, in principle, be a
separate dependence on the function f, or equivalently the
flat connection we have introduced. This is explicitly seen
in the one-loop effective action discussed in the next
subsection. Also, a U dependence can appear only implic-
itly through ¢. The reason is that the ultraviolet action has a
symmetry & — Af, U — UA™!, where A is any matrix-
valued function of the background. This is also a symmetry
of the effective action, so a supposed explicit U dependence
would be removed by such a transformation with A = U,
and therefore it cannot appear explicitly. For this reason,
any choice for the matrix U that has the right trans-
formation property given in (2.12) will do the job. In
particular, U = Of is a natural choice in the sense that it is
related to the already existing function f and transforms
in the correct way under a field redefinition. This choice
also leads exactly to the exponential splitting with a flat
connection as discussed in the Appendix. So, except for the
next subsection where we would like to show explicitly
how U drops out in the final expression for the one-loop

*For quantities depending on a single field, a comma should be
understood as the derivative with respect to their argument.
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effective action, for the rest of the paper, we will stick to
this choice, and by “flat splitting,” we refer to
P (0.8) = () f(0) + £.8 (9)8]. (2.13)

The covariance and single-field properties of the effective
action are therefore summarized in the equation

Lo o] =Te (],

(or I'[¢'] =T[pl.T" =T p. I =Tg,), (2.14)
where we have made explicit the dependence of the
effective action on G, which represents not only the metric
but all the field-space tensors present in the ultraviolet
action S;[¢], and also the dependence on the flat con-
nection through the function f.
Let us stress here that in such a case the vector &, which
satisfies also Eq. (A13), is generically written as
&p.d) = [(0f (@) lalF* @) = f(@)]  (2.15)
and transforms covariantly. In particular, it can be seen
originating from a standard linear splitting (corresponding
to the case f =id) followed by a reparametrization of
the fields. The covariant dependence on f, as well as the
dependence in the total field only, can also be seen
explicitly by rewriting Eq. (2.3) as

’

Tl / Diu(p)e” PO DL~ @)
(2.16)

from which one can directly see that this expression can be
obtained also performing a change of variable on the case
of the standard linear splitting (f =id) according to
Eq. (2.12). As we will show in the next sections, we shall
be able to give a prescription for the choice of the function
f, which allows for the UV symmetries to be preserved,
making the dependence of the effective action I" on f not
an issue.

D. One-loop effective action

We will demonstrate the rather abstract ideas of the
previous sections through the explicit computation of the
effective action at one loop. The general expression for
the one-loop effective action in the background-field
formalism is

[!-oop — S[qﬂ + %Trlog ) [(M’ (217)

where S@ is the second fluctuation derivative of the
ultraviolet action. Before entering into the explicit
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computation of S for flat splitting, let us consider a
general split ¢p(, £). In this case, the quantity S can be
written as

S;ij[qj((p’é)] :S7pq¢;1;¢?j+s’p [;] (218)
Now, let us consider an exponential splitting with an

arbitrary connection of which the first few terms in an
expansion in ¢ are

. . R
P =9 +& —EF;q(fﬂ)f”é‘“r'“ (2.19)
Using this expansion in (2.18), one can see the well-known
fact that at leading order, setting £ = 0 in a £ expansion, the
second fluctuation derivative of the action is nothing but its
second covariant derivative at the background,

S.jle] = ViV;S[g]. (2.20)

One may expect that for £ # 0 this relation generalizes to

S;ij[¢] = VquS[(j;](j;fqﬁqj (2'21)
This is in fact not the case, and it is important to notice that
(2.21) does not necessarily continue to hold beyond leading
order. Instead, as we will now see, for flat splitting, this
identity is valid at all orders in the fluctuation field, that is,
at the level of the full (total) field. In this case, from the
general relation (2.18) and the explicit form of flat splitting

¢ (9. &) = (f ) (flo) + U (2.22)
and its first two derivatives
#% = (F)a(f () Ui (@),
b= O F@)UH @)Ul ), (2.23)

we have

Sujlp(@.9)]=S., (f ) omn UL UG +8.,0 ()2 UP(f71)UY
= [S’pq _F][iqS’k] (f_l )[,)ﬂ U;'n (f_] )qn U;‘l
:VPVqS(f‘I)fnU;-”(f")?nU;’, (2.24)

where here the connection F’;q is defined in Eq. (2.10). In

the above, the argument of the derivatives of (f~!)? is

f(@), and the argument of f is ¢. Recall that in this case a

comma denotes differentiation with respect to the single

argument ¢. We stress that Fffi is a flat connection that
vanishes after a change of coordinates by f; for a general

transformation U, a connection C;‘., considered also as a

matrix-valued 1-form (C,)f transforms as
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Cf.‘j - (UhHeU[C, + 0,)UL. (2.25)
So, a vanishing connection will be transformed to
0— (U U0+ 0,)0!
= (Ui U,0,(071)]
= —(UNH(U);0.0}; (2.26)

therefore, under the coordinate transformation x/ — x'! =
(f~Hi(x), we have U, = 0x''/0x%, and the resulting
connection will be

(2.27)

The factor on the rhs of (2.24) is canceled by the Jacobian

5
5P

(f‘l)fn Us;, (2.28)

and therefore the one-loop effective action is given by

%] = S[g] + %Tr log [S,;; TSy ). (2.29)
Notice that for the case of an exponential expansion with a
flat connection U = Of (¢) the Jacobian and the extra term
on the rhs of (2.24) do not equal identity because (f ‘l)f“ is
evaluated at f(¢) while U, = re (@) is evaluated at ¢. For
£ =0, we would have ¢ = ¢, and this would give an
identity (f~')’ (f(@))f"(¢) = &). This effective action
depends on a single field ¢ through S[¢] and its derivatives
and also the flat connection I'};[¢¢]. This is the benefit of
using a parametrization of the form (2.9). Notice that this
kind of splitting includes the Exp splitting with a flat
connection when U = Jf. For other kinds of splittings
P(@, &), like the Exp splitting with a nonflat connection,
which also gives rise to a covariant effective action, the
simple single-field dependence is lost. In such a case, the
Christoffel symbol in (2.29) is replaced with

_deop of"
O’ O DE“DE"

(2.30)
which does not depend on a single field ¢.

E. Single-field dependence

The general discussions of Secs. II B and II D show that
the exponential splitting based on a flat connection leads to
an effective action that manifestly depends on a single field.
It would still be instructive to see this and, in particular, the
role of the flat connection, explicitly at the one-loop level.
For this purpose, let us consider the exponential expansion
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in the fluctuation fields, of the action based on a general
connection V,

1
Slg] = S[g] + &PV, S[g] + EépququS[fp]
1
+ agpgqfrV(pqur)S[(p]

1
+ afpqurfSV(pqurvs>S[(p] e (231)
From this, the second fluctuation derivative, at nonzero
fluctuating fields, is

S.jlé] = ViV;Sle] + &PV, V.V S[g]

+ %gpgqv@quivj)s[(p] + e (2.32)
This is what appears in the argument of the logarithm in the
expression for the one-loop effective action (2.17). At the
background level, this simplifies to V;V;S[p]. We would
like to see if one can reconstruct the one-loop effective
action (2.17) by taking the background result

[Hoopfg £ = 0] = S[g] + %Tr log VVS[g] (2.33)

and promoting the background field to the total field. To
find out, let us expand in the fluctuation field the second
covariant derivative of the action evaluated at the total field

V.V;S[p] =V, V,S[p] + £V ,V.V,S[y]
1
+2*!§p§qvpquivj5[(ﬂ} +ee

+ terms proportional to the Riemann tensor.

(2.34)

This expansion is valid only in the normal coordinate
system, but since it appears as the argument of a logarithm
in the one-loop effective action, the tensor transformations
required to take it to an arbitrary coordinate system will
be cancelled by the Jacobian of the change of variables in
the path integral measure. Then, to prove the single-field
dependence of the one-loop effective action or, in other
words, to verify if promoting ¢ — ¢ in (2.33) will
reproduce (2.17), one simply needs to see if the two
expressions in Egs. (2.32) and (2.34) match. This is clearly
seen to be true if the connection is flat, so the covariant
derivatives commute.

The aim of the above discussion was to explicitly see
the source of violation of single-field dependence due to
an exponential splitting based on a nonflat connection. Of
course, taking advantage of the covariance of the effective
action, there is a more general and even easier way to see
its single-field dependence. In fact, one can move to a
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coordinate system where the flat connection vanishes. This
leads to the linear splitting, which gives rise to a single-field
effective action. Then, moving back to the original coor-
dinates just changes the quantum-background dependence
of the single total field and generates flat connections, i.e.,
changes ordinary derivatives to covariant derivatives.

F. Symmetries of the effective action

The argument so far describes a quantization procedure
that leads to a covariant and manifestly background-
independent effective action. It is now natural to ask
whether a symmetry of the ultraviolet action is also
preserved in the effective action. To address this question,
let us take a look at the covariance relation (2.14), which
tells us how the effective action changes under a general
field transformation. If we further assume that the trans-
formation denoted by a prime is a symmetry of the
ultraviolet action, i.e., Sg[@'] = Sg[¢] or equivalently
G’ = G, then the covariance relation (2.14) reduces to

Lo pl¢'] =T sld). (2.35)
This is not exactly the symmetry property of the ultraviolet
action because the flat connection present as an extra object
in the effective action has to be transformed as well. The
symmetry (2.35) present in the infrared takes the same form
as that in the ultraviolet action if and only if the connection

coefficients are also invariant, i.e., F’fj = Fffj, or more
explicitly
k vk
(@) =T"5(9"),
Th(¢) = (U")00(¢) + 9]0,
. 8¢/i
U =55 (2.36)

Given a connection, the solution to this equation gives the
set of transformations that, if present as symmetries in
the ultraviolet, will also leave the effective action invariant.
It is easy to solve this equation for a flat connection. In such
a case, one can simply move to a coordinate system in
which the connection coefficients vanish, Ff-‘j = 0, in which
case the symmetry identity for the Christoffel symbols
reduces to

82¢i B
apog” "
(2.37)

(UH4U09,U'=0 or 9,U7'=0 or

This is simply saying that the symmetry transformations in
the coordinates in which the connection coefficients vanish
must be linear. This gives us a criterion for the preservation
of the symmetries in the effective action: a symmetry is
preserved in the effective action if and only if it is
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linearizable, i.e., if there exists a choice of coordinates that
transforms linearly under the symmetry and if we choose
our flat connection to vanish in this coordinate system. Of
course, the symmetry transformations and the connection
coefficients transform accordingly when the fields are
redefined.

It is also possible to find a criterion for the cases in which
this linearization is possible. Let H be a symmetry group
acting on the manifold of fields M. A sufficient condition
for the linearizability of the transformation follows from a
lemma proved by Coleman et al. [20], which states that if at
a point on M the group H is preserved, i.e., if the group H
has a fixed point in M, then at least in a neighborhood of
this point, there is a choice of coordinates on which the
group H acts linearly. Now, to find the necessary condition,
let us assume that there exists a set of coordinates that
transform linearly under the action of the group. In this
case, the point on the manifold corresponding to the zero
values of the fields is a fixed point. But this point does not
necessarily lie on the manifold. For instance, it might
correspond to the infinite values of the original coordinates,
as happens in a mapping of the cylinder to the plane. So, the
necessary condition for the linearizability of the group
action is that the field manifold has, or can be extended to
have, a fixed point. Interestingly, inspired by this, one can
take a step further and extend the sufficient condition
provided by the Coleman, Wess and Zumino (CWZ) lemma
to the case in which the manifold is obtained from the ones
possessing a fixed point but with the fixed point removed
from the target space.4 In summary, a linearly transforming
set of coordinates exists if there exists a fixed point of the
symmetry group or if there is a one-point extension of M
on which H smoothly extends to an action, which leaves
the included point invariant.

The argument above deals with the linearizability of
the group action and has nothing to do with the theory
itself. In fact, it is important to distinguish between the
linearizability of a theory and the linearizability of a group
action. The former requires, in addition to the existence
of a linearly transforming coordinate system, that the
Lagrangian has a good description in such coordinates.
It is also important to distinguish between a fixed point of
the theory and a fixed point of the group action. The former
refers not only to an invariant point on the field space but
also to the invariance of the Lagrangian at this fixed point.
With these definitions, a theory is linearizable if and only if
it has a fixed point.

“In fact, one can even remove a region including the fixed
point, provided that the linearizable patch around the fixed point
covers (at least part of) the manifold. With this assumption, one
can roughly state that the necessary and sufficient condition for
the linearizability of the group transformation is that there exists a
fixed point of the symmetry group or that there is an extension of
M on which H smoothly extends to an action that possesses a
fixed point.
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We just argued that whenever there is a coordinate
system in which the symmetry group acts linearly on the
fields there is a flat connection that is invariant under the
symmetry group. This is the connection that vanishes in
the linearly transforming coordinates.

A theory defined on M — {fixed point} does not nec-
essarily have a good description in a coordinate system
in which the flat connection vanishes, but this does not
invalidate our argument. In fact, we never need to refer to
such a (Cartesian) coordinate system. This, for example,
allows us to extend our argument to a general O(N)
invariant effective field theory of scalars, the field space
of which is an N-dimensional manifold with arbitrary
topology. These include purely nonlinear sigma models
such as O(N) invariant theories defined on field spaces
with the topology of a cylinder R x SV~

An O(N) invariant theory of N scalars defined on a space
with cylindrical topology provides an example of a non-
linearizable symmetry that is preserved in the effective
action. There are also examples of nonlinearizable sym-
metries such as an O(N) invariant theory defined on the
(N — 1)-sphere, for which the symmetry is not preserved
in the effective action. However, generally, theories of the
second type can be turned into the first type by adding extra
(neutral) degrees of freedom, i.e., embedding them in
higher-dimensional spaces. Choosing the extra degrees
of freedom to be decoupled from the original ones, the
physical content and universal critical properties of the
original lower-dimensional (target space) theory can be
extracted from the higher-dimensional theory of which the
symmetry is preserved in the effective action.

Finally, we find it instructive to work out the infinitesi-
mal form of the identity (2.35). This consists of two pieces,
one is the variation of the effective action §,I" under an
infinitesimal change ¢ — ¢ + ¢ in the field, and the other
18 (SfF, which is the result of the infinitesimal variation
f = f — 6¢0f induced by the corresponding change in the
field. The latter can be easily computed from the identity
(2.16). The infinitesimal version of (2.35) then takes the
form

oI’

59 @) (F( @) #)op) =0.  (2.38)

For the special case in which f is the identity function, that
is, where the splitting reduces to the standard linear one, the
identity above takes the familiar form

or

5¢<5¢> =0,

(2.39)

which is nothing but the usual Ward identity corresponding
to the symmetry ¢ — ¢ + 0¢.
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III. COUPLE OF EXPLICIT EXAMPLES

We shall discuss here two simple examples. The first is
the case of a single scalar field theory for which a kinetic
term can always be put in a canonical form by a suitable
redefinition of the fields. Then, we briefly discuss some
aspects of the linear O(2) model with a flat target space
wherein some extra features of the background-fluctuation
splitting can be shown in this covariant formalism.

A. Case of one field

To illustrate the approach in the simplest terms, let us
take as an example the sigma model with a single scalar
field

s - [ [rwosov-vel. ey

where we consider here, as well as in what follows, a space-
time with a Lorentzian (mostly minus) signature. The
action (3.1) is the most general scalar theory with at most
two derivatives.

Following our prescription, we use the background-field
method with the exponential splitting based on a flat
connection, denoted by I'. This should not be confused
with the effective action. A connection in a one-
dimensional space is always flat, so I" can be written as

r=—(""(f)7 (3.2)
for some function f. The expansion for flat splitting
therefore takes the form

P9.9) = (F)F9) + 058 = 9 + £ 3T+
(3.3)

To find the one-loop effective action (2.29), we need to
compute S [g], which is the second é-derivative of S[¢]
at £=0, or V2S[p] = §"[¢] =TS [¢], where V is the
covariant derivative with respect to the connection I
For example, we have

V,=08,+0,0l. VJ=J -2IJ,
V2] = (VJ) - 3I'VJ, VvV =V,
ViV =V"-TV. (3.4)

The two quantities are of course equal. Without referring to
the flatness of the connection, these are found to be

SPg] = =JV, V¥ =V J0,pV* = VIV,0,

1
~3 V20,0049 — V2V (p) (3.5)
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1
S"[p] - T(@)S'[g) = —JO* = J' 0,90 — 37" 0009

1
+ EFJ/(?ﬂqoa”(p - J 0

+TJPp - V" +TV, (3.6)
where S©)[¢] is the second & derivative of S[¢g] at & = 0.
One can easily check that the above two expressions are
indeed the same. To be concrete, let us stick to four space-
time dimensions. For simplicity, we restrict ourselves to the
case of a constant background, which only gives the one-
loop effective potential

PE (] = S[g] + 5 Triog [S., ~T%8..]
:ﬂ@+?ﬂ%Pﬂ@W—WW@]
= S[] + 4 Trlog [-07 = VAV($)/J(9)

1
+§Trlog ()] (3.7)
To proceed with the computation, we adopt dimensional
regularization d = 4 — 2¢. The last term therefore vanishes.
Having renamed the quantity V}V(qﬁ) /J(p) = F(¢), the
second term becomes

i

5 [ el + ). (38)

This can be computed, restricting ourselves to a constant
field and, for example, using Eq. (11.72) of Ref. [32]:

L / log [p* + F(&)]

2
_ 1 2¢ F(_d/2) Fd/2

o 5” (47)4/?

:%;)2<2L€_7+§+0(€)>

x (14 elog(4zu®) + O(e))(1 — elog F + O(e))

F? 1 3 1 F
=——|—- ———log——+ 0O . 39
2(4r)? <2€ r+ 2 2 0g477,’/.l2 + (€)> (39)
For the more general case of a space-time—dependent
field, the calculation of the divergent term in dimensional
regularization will be discussed in Sec. IV. In the MS
scheme, the renormalized finite part becomes

i 2 ren F2
5 [ log [p° + F(¢)] = ———>log
P

TR (3.10)

Ap®’

so finally the one-loop effective potential reads
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(V)2 ViV(@)
4(4n2 2 (g) Camli(h)

ViyT(g) = V(g)+ (3.11)

Notice that the quantity F is a scalar, so the above equation
is covariant as expected. This is in the sense that

Vi (@) = VivE(e). (3.12)
where
¢ =hp).  T@)= (02 (),
Vi) =V(e).,  f(d)=1@) (3.13)

Moreover, the one-loop effective action is manifestly
single-field dependent, and therefore one can compute it
just for the background field and then trivially reconstruct
the full dependence to all orders in the fluctuations. This
means that with the above computation one can obtain
the effective potential contribution to all the 1PI off-shell
vertices at one loop.

In the above analysis, we have adopted dimensional
regularization and MS, which we have found to be the most
convenient scheme to study perturbative renormalization in
the functional form. However, one can regularize the theory
in other ways, such as cutting off the Euclidean momenta
explicitly at p = A. In such a case, for instance, the integral
in (3.9) evaluates to

3] el + @)

1 1 Fo1
= PN+ F2(log—— 2| + O(1/A2).
2(471)2[ *3 <OgA2 2)]+ (1/A%)

(3.14)

where we have dropped the O(A*) field-independent terms.
To remove the divergences, one needs to impose some
Renormalization Group (RG) conditions, which, to guar-
antee the covariance of the resulting effective action, must
be covariant themselves. For simplicity of discussion, let us
restrict ourselves to renormalizable theories, i.e., those that
involve operators of dimension no more than 4 in some
parametrization, and further require Z, symmetry in such
parametrization. In this case, one needs only two RG
conditions that can naturally be taken to be V?Veff(O) =0,

which fixes the mass to zero, and (V7)*Vex(M) =
(V7)?V(0), where M is some renormalization scale.

These are simply covariant extensions of the RG conditions
used in Ref. [1]. With these conditions, the one-loop
effective action is found to take the following simple form,
which is both covariant and single-field dependent:

PHYSICAL REVIEW D 96, 085001 (2017)

F(¢) Fl¢g) 25
1(an) <log FM) F) (3.15)

Let us summarize the main advantages of this procedure.
The one-loop effective potential can be computed with the
background-field method using the nonlinear quantum-
background splitting introduced in Sec. III. The result
(3.11) is manifestly background independent, in the sense
that it depends on the total field only. Notice that in
Eq. (3.11) the total field is given by (2.13) with the quantum
field replaced by its average. Moreover, Eq. (3.11) trans-
forms covariantly under field redefinitions of the total field.
One might wonder if, through the covariant derivative V ,
there is an extra dependence on the function f in Eq. (3.11).
In fact, this function must be fixed, and, in particular,
one can relate it to the function J. In the model considered
here, there is a natural choice for f. We know that a
redefinition ¢ — h(¢), where h'(¢p) = J'/%(¢), brings the
field into canonical form. It is natural to assign the
vanishing connection to the canonical coordinates .
With this choice, the connection in the original ¢ coor-
dinates satisfies f'(¢) = J'/?(¢).

ViR () = V(g) +

B. Flat linear O(2) model, in Cartesian
and polar coordinates

For a second example, we consider here the two-scalar-
field linear model O(2) model in flat field space, first
discussed by Kunstatter [33], the Lagrangian in Cartesian
coordinates of which is given by

1 o -

L= 009 VD).  F=¢d. (.16

We start by performing a standard one-loop computation of

the effective action in this frame. One needs the second
derivative of the action

S’ij _ _Dfsij _ 25ijV/(¢2) _ 4¢i¢jvn(¢2)
= (-O0=2V')(Py); + (-O=2V' - 4¢2V”)(PL)ij’
(3.17)

where in the last equation we have introduced the projec-
tors

(PJ_)ij = 0;j — PP, (PL)ij =P/ (3.18)
Then, one finds trivially
TrlogS.;; = Trlog (- —2V’)
+ Trlog (=00 =2V —4¢*V").  (3.19)

In four space-time dimensions, and restricting to a
renormalizable theory, the divergent part of the one-loop
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effective action in dimensional

d=4-2¢1is

regularization with

V/2 4 (V/ +2¢2V//)2
2(4rn)%e |

div%Tr log ., = (3.20)

and in the MS scheme, the one-loop effective potential
becomes (V(x) = Ax*/4!)
V/Z \vd (V/+2¢2V//)2 V’+2¢2V”
slog——+ 5 log >
(4r)* "2mp (4r) 27u
) /12 4 y) 2 9&2 4 3/12 2
=—¢*+ 4 5log 4 5 4 slog (’{)2
41 144(4rn)* “24zu* 144(4m)* " 24zu
12454 5 o ﬂ¢2 9&2¢4
4(4)218 2 24m | 144(4n)

Vesr=V+

Aoy
:4—!¢ + 5log3.

(3.21)

We note that, since the defining theory is linear, in such a
frame, one can consider a simple linear background-
fluctuation splitting that is respected by the quantization
procedure so that the result can be considered single-field
dependent.

We now repeat the computation in polar coordinates. Let
us first define the mapping among the two charts of the
target manifold:

¢! =psind = f'(p.0),

¢* =pcosd = f2(p,0). (3.22)

Rewriting (3.16) in terms of these new fields gives the
Lagrangian

1 1

To find the one-loop effective potential, according to the
general formula, we need to know the connection. This is
given by

I = [(0)7'1a0:0;. (3.24)

where the functions f7 are defined in (3.22). The matrix in
the brackets is the inverse of

p 0
‘ 1 sinf pcosf \ .
of].. = 9, f, of =
[ f]z_/ jf f 2 (COS@ —pSin9>

(3.25)
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Also, regarding the factor on the right as two matrices

[32fa]ij = aiajfa’ a=1,2,

P 0
P = P ( 0 cos 6 )
0 cos —psinf
(3.26)
p 0
P — P < 0 —sinf ) .
) —sinf —pcosf

The connection, also considered a matrix [I"%]; ;= Fj‘l can
be expressed as

7\  / siné cos 0 02 f! 397
(F‘9>_<6089/p —sin9/p)<82f2)’ (3-27)

explicitly, the components of the connection are found to be

rﬂ:<8 _Op), F9:<0 Up). (3.28)

1/p 0

So, the only nonzero components of the Christoffel
symbols are I, = —p and Fﬁe =1/p. We stress that
in the polar coordinates, in order to get an effective
potential that is simply a result of expressing (3.21)
in terms of p, 6, a linear splitting cannot be used.
Instead, one needs a nonlinear splitting according to
¢ (0.8) = (f)(f(¢) + 0f8), with the function f
defined in (3.22). Denoting with p, and 6, the background
fields and with &, and ¢, the fluctuations, the nonlinear
splitting is given by

P = \/(p() + 5/})2 +p%§§v

sin0y(po + &,) + po cos Op&y

6 = arctan - .
cos Oy(po +&,) — posin Oy

(3.29)

One can check that, expanding in powers of the fluctua-
tions, the expressions for the exponential splitting in terms
of the connection are recovered:

1 1
P=P0+~fp+§l)o<§?)—§§p§?)+"'

1 1 1
9290+§9——<§p59+—zf§fa——fg+"‘ (3.30)
Po Po 3

In fact, one could have read off the components of the
connection this way, by looking at the coefficients of the
quadratic terms. We can now compute the second variation
of the action in polar coordinates:
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"
S(2>:_(1 O)D_<V(p) 0)’
0 p 0 0

S, ==V'(p), S,9=0, (3.31)

Using the connection (3.28), the second covariant deriva-
tive (at the background level) is

32)5 - (V”ép) pv?@))

(o )= vl

(3.32)

»

S@ _1rs :_<1
0

and finally the expression for the one-loop effective
potential is found by computing the trace

%Trlog (S»-17S,,) = %Trlog (=0=V"(p))

+2 Trlog (<0 = V(s /p)

+ Trlogp. (3.33)
Therefore, if we rename the potential in the Cartesian
theory as V(¢'¢'), it is readily seen that (3.33) is nothing
but the one-loop effective potential in Cartesian coordinates
rewritten in terms of the polar fields (¢'¢p' = p?):

Vip) =V(p?). = V(p)=20V'(p?.

V(p) = 2V'(p?) + 4p?V"(p?). (3.34)
We see that employing the nonlinear flat splitting the
off-shell effective potential is indeed fully covariant, as
expected from the discussions in Sec. II. C. The results
presented here are also valid not only at the background
level but at all orders of the fluctuation field. For this linear
model that has a flat target space, the covariant method
of Vilkovisky matches our prescription and enjoys the
single-field property. We stress here that in our approach
the single-field property continues to hold for models with
nonflat field spaces. In the next section, we generalize the
discussion to such models.

IV. NONLINEAR SIGMA MODEL

So far, we have been dealing with examples that are
essentially in flat field space. In these examples, the flat
connection used to construct the exponential map coincides
with that compatible with the metric of the theory. For a
theory on curved space, this is no longer true. Let us now
consider the most general effective field theory of scalars at
second order in the derivative expansion:

PHYSICAL REVIEW D 96, 085001 (2017)

s = [ [yan@oow -via)]. @)

This is characterized by a metric g;;(¢) and a potential
V(¢). We would like to compute, in dimensional regulari-
zation, the one-loop counterterms required to cancel the
divergences in the effective action. Following our pre-
scription to construct a covariant single-field effective
action, we use the background-field method with the
exponential splitting with a flat connection,

¢'(@.8) = (F7) (flo) + 0%
:(pi—l—éi—%ri,qufq‘i‘"w
Tpg = —(f"), fo 17

sab

(4.2)

To find the one-loop effective action (2.29), we need to
compute the second variation of the action with respect to
the fluctuation fields. For notational convenience, let us
stick to the background computation but keep in mind that
one can promote the background field to the total field.
At the background level, this second variation is nothing
but the second covariant derivative V of the action, with the
covariant derivative being compatible with our flat con-
nection FZ However, it is useful to write this in terms of the

covariant derivative V compatible with the metric g;; of the
theory

~ 1
F{'(j = Egkl(glj,i + Giij = Gjia)- (4.3)
These are simply related as
ik
Sy =ViV;S =8, —ThS. = S.;; =TS8 +0TS.

where
. . ) 1 .
5F;<j = chj - Fij = Egll(vkglj + nglk - vlgjk)- (4-5)

It is convenient to raise the indices with the metric g;; so
that in the expression for the one-loop effective action the
quantity

'S, = g'VV;S + gleTLS (4.6)
appears in the argument of the logarithm. The first term in
(4.6) is the usual quantity used in the covariant background-
field method. The second term is proportional to the
equations of motion. It does not affect physical quantities,

but it makes the effective action single-field dependent.
This dependence is in fact the same as the one in Eq. (2.13).
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Of course, one could have used V; V S=3S,
direct computation gives

ij —I* S A

oS
5" (x;)

1
= Eaigpqaugapaﬂ(pq - akgiqaﬂ(panQDk

S.ilo] =

- 9i,0*0" = V.; (9) (4.7)
5%S
5! (x;)8¢0" (x;)

1
= Eaiajgpqa,,(ppaﬂ(pq —0,0,49:,0,0" 1

S,ij lp] =

- gijaz - akgij8y¢kaﬂ +0,940,010"

— ;9iy0, 00" (4.8)

- 0;9;,0°0" = V.i; (9).

where the latter is symmetric under the exchange
(i,x;) < (j.x;). To see explicitly this fact, it helps to
rewrite the second, third, and fourth terms in the second line
of Eq. (4.8), reintroducing the space-time integral and the
delta distributions in order to perform the integrations by
parts. Let us notice that in the operator S,;; [¢] there are
single derivative terms that are eliminated passing to a
description with the covariant derivative 6; this is the main
reason to adopt such a choice. Indeed, the first term in (4.6)
has a simple expression in terms of g;; and V,

¢'V,V ;S

= -6V, V' — RY;, 0,07 01 — ¢'V,V,V,

(4.9)

where indices are raised and lowered by g;;. In our
convention, the Riemann tensor is defined as

R =0l —oTI

i 1l i 1l
Jjqa p Jtqp q-jp +Fjqup _Fqlrip'

Using (4.9), one can write (4.6) as
g”S;U = =0 V VF - ’ (4.10)

where we have defined

Qi = R, 0,070 ¢ + ¢!V V;V + giP g 0T% V0 ¢

pjvH
+ gPETy;V oy (4.11)

Recall also that

Q;Q{ = mR{(l,a PP @10,9* ¥ ¢! +2V'V VRkllaﬂ(ka”(p +V V AVAVAY + 9" iy Fk AV 8"(qu
+ gPeTs Vi R, 8,00 ¢ + 9 GrgOT jvﬂaﬂ(pqva V4 girers.v

ris

+ 97 ¢ Gy 91,0 0T, V, 0 IV, ¢ + 297 g7 g1y T 6T, V, 4V, .

ri Y p
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gilVIVjV + gip(sF];jV,k = g’lle]V (412)
We now compute the divergent part of the one-loop effective
action in dimensional regularization. We are especially
interested in two and four space-time dimensions.
Denoting the space-time dimension by #n, in dimensional
regularization, we choose d = n — 2e. The general formula
giving the (logarithmic) divergence in Minkowski space can
be obtained with heat-kernel techniques [34]

1

In n =2, we just need a; = —Q so that

div%Tr l0g[V,V* + 0]

8re J,

div%Tr log[V, V¥ + Q] = w[Q].  (4.14)

In n = 4, we need to know a,, which is

1 1=, - 1oy ey =
:7Q2+6[Vﬂ, V,.0]] +E[V”,V”][V”,VD],
[6 v Jgo? —aﬂ(ppa,,(pqi?pq”hvb
1~ -
v I v/
—2Q +6V v,0

Ry

1
+ E@”qo”a”(pq(?”(pkﬁy(p qu .

(4.15)

The divergent part of the one-loop effective action in four
dimensions is therefore given by

1 2 vk
4e(dn)? / {Q +6R’”“ R ]
(4.16)

div%Trlog[@ﬂ@” +0]=

where

(4.17)

Rﬂ”ij = u(ppavq’quql/

Compared to the n = 2 case, the expression for one-loop
divergences in dimension n =4 is more involved. In
particular, one needs to compute the square of the matrix
Q; For later use, we report it here:

ay(pral/(ps
A VIV,V 4 gy STLV ( V

ris

(4.18)

riVp
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The first two terms in (4.11) and the first line in (4.18) give
the usual terms found by expanding with the connection
compatible with g;;. The rest are deviations from that due to
our different choice of connection Fffj for the exponential
expansion. They vanish when 8T'%; = I'}; — I'%; = 0. Since
Ff]- 1s chosen to be flat, these extra contributions will make
the expression for the one-loop divergence of the effective
action valid to all orders of the fluctuation field, while
without them, Eqgs. (4.14) and (4.16) are valid only at the
background level, i.e., when the fluctuations are set to zero
& =0.

Despite the general discussions of Sec. I, it might still be
useful to perform an explicit check of the single-field
dependence. In Appendix B, we discuss a more explicit
version of the general analysis given in Sec. I[IE with a
particular focus on the effective potential.

V. O(N) EFFECTIVE FIELD THEORY

In this section, we apply the ideas developed in previous
sections to an effective field theory of N scalars, with O(N)
symmetry. Instead of working in a completely general
coordinate system, we choose to do the analysis in the
“polar” coordinates, which makes the O(N) symmetry
manifest. In the polar coordinate system, N — 1 fields y%,
interpreted as “angular” fields, are used to parametrize the
orbits of O(N), and the extra “radial” field h, which is
invariant under O(N), parametrizes different orbits. The
angular fields transform nonlinearly under O(N) and are
left unspecified throughout the section.

We emphasize that the topology of field space is also left
arbitrary. The particular case of N = 4 leads to an effective
field theory of the Higgs scalar with custodial symmetry
called Higgs effective field theory (HEFT) in Ref. [21].

Our goal will be to compute the one-loop divergences
of the effective action in dimensional regularization and
discuss its different properties including covariance, single-
field dependence, and symmetry properties, expected from
the discussions in Sec. II.

To be specific, let us consider the model defined by the
action, which contains derivatives up to second order,

1 1
£ = Eaﬂh(?"h + EFz(h)gaﬂ(Z)aﬂx“@”)(ﬂ - V(l’l), (51)

where g, is the O(N) invariant metric on the unit (N — 1)-
sphere. It is convenient to introduce in the (%, y*) space the
O(N) invariant metric

(o o) O

which characterizes the kinetic term in (5.1). Clearly, the
special choice F(h) = h leads to a flat metric, which is
simply a polar reparametrization of the identity metric in
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the linearly transforming coordinate system. According to
our prescription, in order to have a covariant single-field
effective action that inherits the O(N) symmetry of (5.1),
this is the flat metric that has to be used to construct the
geodesics defining the exponential splitting.

The nonzero components of the connection Ffj compat-
ible with (5.2) are given by
0 F 6
Faﬁ = _FF/g{lﬂ’ Fgﬂ = (F//F)ég’ Faﬂ = (Fg)gﬂ’ (53)
where (I'y)J; is the connection compatible with the metric
Jap- The difference between this connection and the flat one
Ff]- given by F(h) = h appears in the expression (4.6) for
the second derivative of the action. The nonzero compo-
nents of 51“5 = Ffj - Ff-‘j are given by

5fgﬂ = _(FF/ - h)ga[)”

8TGs = (F'//F = 1/h)85 = ((F'h - F)/Fh)83.  (5.4)
Also, the Riemann and Ricci tensors associated with (5.2)
appear in the expression for the one-loop divergences of the
effective action in two and four dimensions. For later use,
we collect the nonzero components here [35]:

i}

ayps = (1-F /Z)F 2 (gaﬂgy6 - gmsgyﬂ)

’

i}

a0p0 = —-FF //gaﬂ
Raﬁ = [(N - 2)(1 - FIZ) - FF"]ga/i

~ (5.5)
Rpp = —(N = 1)F"/F.

Finally, we will also need the second covariant derivative of
the potential with the covariant derivative being compatible
with (5.2). This is given by

V'V,v =V"5,87 + (F'/F)V'(5; - 6,8Y).  (5.6)
We proceed by computing different components of the
tensor Q' in (4.10),

9"S1; = =5V, V' = 0;

Jj’

(5.7)

the trace of logarithm of which appears in the expression
for the one-loop effective action. The general expression for
Qj is given by

Qi =R ,;,0,070 91+ V'V;V + GG, 6T} V0 ¢
+ Gi”cSF’;jV,k . (5.8)
Because of our choice of coordinates, it is more convenient

to decompose the indices into radial and angular ones. In
components, we find
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Q) = —FF"gus0, 0" 0"y + V" (5.9)

for the pure radial components, which does not get any
contribution from the 5Ff?j terms in (5.8), and

Q% = (F'/F 4+ 2F?/F* = 2F' [ hF)0,ho"x*

+ (F'/F = [h)V2y” (5.10)
QY = (FF" +2F"? —2FF' | h)g,30,hd"y"
=+ F<F/ - F/h)g(z/}v%])(ﬂ (511)

for the mixed components, where the second terms are the
or i-‘j contributions required to have a single total field
dependence. We also find for the angular components the

expression

Q% = —(F"/F)830,hd"h + (1 — F)(8%9,5 — 810,5)
X 0,0y + (] FA)V'5; = ((FF' = h)/F)&50%h
+ FF/((FF/ _ h)/FZ)ézgpo_aMPaﬂ)("’ (512)

in which the second line is the 51“{-} contribution. Note that
if, instead, we expand the total field with the connection I:fcj
compatible with G;; there will be no 51”;; contribution, and
we would get

0} = R, 0,07 +V'V,V, (5.13)
or in components,
00 = —FF" 0,0 0"y + V", (5.14)
0§ = (F"/F)d,ho"y", (5.15)
05 = FF" g,30,hd"y", (5.16)

Qjf = —(F"/F)830,hd"h
+ (1= F?)(839,5 — 839,p) 00" "% + (F' | F)V'55.
(5.17)

We emphasize that both Q} and Qj. are covariant and O(N)

invariant, but using Q} to evaluate the one-loop effective
action leads to a result that is essentially valid only at the
background level. In other words, the extra 51“5»‘/ contribu-
tions in (5.8) make the result valid at all orders of the
fluctuation field. In the following subsections, using dimen-
sional regularization, we will compute explicitly the diver-
gent (pole) terms in the one-loop effective action in d = 2,
where the theory is renormalizable, and in d = 4, where it
is not. This is the approach normally used in a perturbative
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study of effective field theories with a mass-independent
subtraction scheme.

A. O(N) EFT in two space-time dimensions

To calculate the poles around two space-time dimensions
in the one-loop effective action, we take the dimension of
space-time to be d = 2 — 2¢. Using heat kernel methods,
the pole term is given as

i SR 1
d1V2Trlog[VﬂV + 0] ——26(4E)Ltra1

1
= T 2e(dn) / Q.

a; = —Q. (5.18)

The expression is simple in this case, and we only need to
find the trace of Q} This is given by

0l = R, 0,079 + V'V,V + GP G, 6TV, 01

+ GPOTRV . (5.19)
The first term reproduces the well-known results [36,37]. The
third term in this expression includes second space-time
derivatives of the field. This operator is not of the type that
appears in the original action. However, since Q' appears as
an integrand, one can integrate by parts to bring this into the
form of the kinetic term. This is expected from the renorma-

lizability of the nonlinear sigma model in two space-time
dimensions. After integration by parts, this becomes

Q! > R,,0,p? 091 + V'V, V - G”quﬁpél“f.‘laﬂ(pl’a*‘(pq

pPq=p
+ GPSTY, V. (5.20)

Using (5.4), (5.5), and (5.6), this can be evaluated

explicitly:

0} = (N~ 1)(1 = hF'/F) = (1 = F?) = FF"|g,0,"0""
—(N=1)(1 + F?=2hF'/F)/F*d,h0"h

+V"+(N-=1)hV'/F2. (5.21)

Without the 51“5-3 contributions, this reduces to

Qi = [(N =2)(1 = F?) = FF") g0, 05"
~ (N =1)(F"/F)0,hd"h + V" + (N = 1)(F'/F)V'.
(5.22)
Let us consider the particular case of F(h) being a constant
independent of /2 where the geometry of the target space is the

cylinder R x S¥~!. In such a case (remember that in d = 2
both 4 and F' are dimensionless), the trace of Q’] simplifies to

085001-14



COVARIANT AND SINGLE-FIELD EFFECTIVE ACTION ... PHYSICAL REVIEW D 96, 085001 (2017)

0! = (N =2) gupd "0y (N-1) 0,h h B. O(N) EFT in four spac'e-timé dimf:nsio.ns
The pole term in four space-time dimensions is more
h . . — _ . . .
V(N1 V. (5.23) involved. Taking d = 4 — 2e, this is given by
this result, one can observe that, in addition to the O(N) div = Tr log[%ﬁ” + Q]
symmetry that was expected, at least at the one-loop level, in 2
the kinetic term, cylindrical symmetry is also preserved. One _ 1 / tra,
can verify that the one-loop beta function for the coupling 4e(4n)? /.

A = 1/F is given by the well-known relation [38]

where a, was given in Eq. (4.15) of the previous section.
where p is the additional mass scale required in dimensional Here, we need to compute the trace of O} Qlf This is given
regularization. by the following expression:

,ui/lz __M,14

= 5.24
du 27 ( )

Qi0] = % R],0,0" 9 ¢?0,¢" 9" +2V'V,VR],0,0* 09! + V'V, VVV,V + GPGyoT V, 049 R], 0,070 ¢°
+GPSTY V ( R]D,0" 0 9* + GP Gy T N, 0 NIV, V + GIPoTS v VIV, V + GIPGIrsTY STLV , V.

ris

+ GG Gy G 8T 8TV, 04N, 0 @° + 2G P GI G 8T 8TV, 04V . (5.26)

ri Y ri Y

The first line is the result of exponential expansion with I'

and the rest are contributions proportional to 5Fffj. In
components, this is

ijs
Q10! = (FF")9,39,50,0" 0" 1P 0,0 4% = 2V"FF" 930, 00"y + (V")

+ (F" +2(F'/F)(F - F/h))zaﬂhaﬂhgaﬁaﬂ)(“a“)(ﬂ + (F' = F/h)?g,sVox®Vay’

+2(F" +2(F'/F)(F' — F/h))(F' = F/h)g,30,h0" y*Voy”

+ [(1 = hF' | F)g,50,0° %° + (h/FX)V' = (F" | F),hd*h — ((FF — h)/F*)3*h*(N — 1)

+[(1 = hF'[F)g,50,0" 0" x° + (h/F2)V' — (F"/F)0,hd"h — ((FF' — h)/F*)0*h]

X 2(1 = F?)g,50,0" %° + (1 = F)2 4, 9050, O 10, 00° 1. (5.27)
Without the 6I" fl corrections, this simplifies to
0i0] = (FF'V9u0p0,50, 02 0,00 0% = 2V FF' g0, 005 + (V') + (F")gup "0, 01, h

+(1=F?) 9,179658,,;(”3’%58,,;(”8")(? + (1= F?)g,50," % + (F'/F)V' = (F" | F)9,h0"h]*(N — 1)
—2(1 = F2)[(1 = F2)g,50,0"0"%° + (F' | F)V' = (F" | F)3,hd" h] gy, 0,2° 0"y . (5.28)

To evaluate (4.16), we also need the trace of the Riemann tensor squared. This can be computed using (5.5)
i?ﬂl,ijk””{ = —4(F”)2g(,ﬁawaﬁy]hawﬁay]h +4(1 - F’z)28w”ay])(”8[f‘)(ﬂ8’“])("gm,g/,/;. (5.29)

The particular case of N = 4 gives the one-loop divergences in the effective field theory of the Higgs scalar with custodial
symmetry. Inserting (5.27) and (5.29) in (4.16) gives a result that allows us to compute not only the one-loop pole term at the

background level I'1°°P[¢, 0] but also all the fluctuation derivatives F ]°°p i [, 0]. Let us mention that, contrary to the two-

dimensional case, we see that, even setting F (/) constant in the bare actlon the cylindric symmetry is broken at one loop,
while O(N) is preserved as expected.
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VI. CONCLUSIONS

We have addressed the question of if it is possible to use a
background-field method in order to construct an off-shell
effective action that is invariant under field reparametriza-
tions in the ultraviolet and at the same time avoid its separate
(or complicated) dependence on the background and fluc-
tuation field, which is a source of limitation in applying the
covariant method beyond the background level. Our answer
is in the affirmative, provided one uses an exponential
splitting generated by a flat connection. Adopting such
splittings, which are constructed by geodesics based on a flat
connection, any functional of the total field will solve the
splitting Ward identity. This total field splits into a back-
ground and average quantum field in a dynamical-indepen-
dent way. As mentioned at the beginning, the analysis
presented here is restricted to scalar theories.

Another interesting theoretical question regards the
preservation of symmetries of a quantum field theory in
the infrared. Given a symmetry group and its realization on
the degrees of freedom, we have explained in Sec. Il F the
criteria under which the symmetry of the ultraviolet action
is inherited by the effective action. Making use of the
lemma of Coleman et al. on the linearizability of symmetry
realizations, the preservation of the ultraviolet symmetries
in the infrared is subject to the existence of a fixed point of
the group action, either in the field space itself or in an
extension of it. Examples not enjoying such criteria may be
embedded in higher-dimensional theories. Therefore,
choosing the extra degrees of freedom to be decoupled
from the rest, one can extract some universal features of
such theories by studying higher-dimensional (target space)
ones with a covariant approach, which also allows for the
preservation of ultraviolet symmetries in the infrared. An
example of this is the O(N) nonlinear ¢ model on SV~!.
which can be embedded in the space R x S¥~! with
cylindrical geometry.

We have applied these ideas to a few examples, in
particular, focusing on the structure of the one-loop diver-
gences of the effective action. Apart from two simple cases
with flat target space, we have considered the most general
case of a nonlinear 6 models. We have given some general
results in this context, including the expression for the one-
loop divergences, and furthermore we have shown explicitly
that the one-loop effective potential is single-field depen-
dent; i.e., even a background computation leads, simply by
replacing the background field by the total field, to the
construction of a covariant (off-shell) effective action with
the correct dependence on the fluctuating fields to all orders.

Finally, we have discussed in some details O(N)
invariant effective field theories of N scalars. This provides
an example of a theory with curved target space for which
the standard Vilkovisky-DeWitt approach leads to a back-
ground-dependent effective action. It also fulfills the
criterion discussed in Sec. IIF so that O(N) invariance
is present in the effective action as well. This is of interest

PHYSICAL REVIEW D 96, 085001 (2017)

for the analysis of the Higgs sector of the standard model
and its extensions. In particular, it applies to the so-called
HEFT. We plan to study in future analyses such effective
field theories, also with the full electroweak symmetry, as
well as the case of supersymmetric extensions of the
standard model.

Regarding the issue of spontaneous symmetry breaking,
it is worth emphasizing that the single-field and covariant
construction presented in this work concerns the off-shell
effective action, and the notion of vacuum is by definition
independent of this choice (as are scattering amplitudes).
Just like the linear split, one is free, for instance, to choose
the background field also in the nonlinear case to coincide
with the vacuum of the theory, in which case .fi =0 will
correspond to a possible symmetry-breaking point.

We have not addressed the extension to the more subtle
case of gauge theories here. Even though (at least) Yang-
Mills theory possesses a flat geometry, maintaining a local
description has been the main obstacle in dealing with
gauge theories. In fact, in this case, the approach presented
here can coincide with that of Vilkovisky-DeWitt. We will
leave for a future investigation the exploration of other
possible ideas in this direction.

Throughout this work, we have chosen dimensional
regularization along with MS. However, as briefly pointed
out in Sec. III A, the main features of our approach, i.e.,
covariance and single-field dependence, are independent
of the scheme of perturbative regularization. Further, we
believe that our approach may prove useful also for
nonperturbative analysis within the framework of the
Wilsonian functional renormalization group. One of the
advantages of having a covariant and single field-
dependent description is the strong constraint on the possible
operators appearing in the effective action. Investigation
along this direction is presented elsewhere [24].

APPENDIX A: EXPONENTIAL SPLITTING
WITH A FLAT CONNECTION

In this Appendix, we explain how the splitting intro-
duced in Sec. IIB is related to the splitting with the
exponential map. Specifically, we show that for a flat
torsion-free connection Ffj the exponential map, which

includes in its expansion all powers of the fluctuation field,
can be written as a function of a simple combination of
the background and fluctuation field, which is linear in
the fluctuations. More explicitly, denoting by [Exp,&]- the

k

ij» we will show

exponential map based on the connection I"
that

[Se]

. . . 1 . . .
Expydli =o' +& =) T, (@)&h &

n—=

=[f""(f(o) + O£, (A1)

085001-16



COVARIANT AND SINGLE-FIELD EFFECTIVE ACTION ...

where f is a coordinate transformation function under
which the connection I'j; vanishes and T,  are the
covariant derivatives of the connection ignoring the upper
index i. To show this, we need to express the connection in
terms of the function f. The flat connection is the one
generated from the vanishing connection by the trans-

formation x' — x’%,

X = f(x), Ui, = : (A2)
This is found in the following way:
“)i0,(U)]

o0t o
OxP Ox'10x'

0- UkU

= Up0/(U7")] = = (f8 7, =T5().
(A3)

An expansion in the fluctuation field of the function on the
right-hand side of Eq. (Al) gives

[ (fle) +0r8))
®. ]
Z:On_ el f ()

where fifjk
see that the first two terms in this expansion match those
in (Al),

U@ =0 )L @) (0) =8

To complete the proof of (A1), we need to show that for
n>2

fi}jl "'fi'fjn‘gj] e En (A4)

are evaluated at the background. It is easy to

(AS)

(L F@)f - (A6)

fl" = _Fil .. ln ((p).

2ipip *Jn

This is easily shown by induction. Taking another deriva-
tive of the right equation in (AS5), we find

0= (/) 7 f" + (F7)0 S

= (F) o 72 + Ty (A7)

which gives (A6) for n = 2. This can also be rewritten as
£ =T (ViV;fr =0), (A8)

where in the equation in parentheses b is not considered as
a tensor index. Assuming that (A6) holds for some n > 2,

0=(f),  (F@)f", - fi +T% . (A9)
we need to show that it also holds for n + 1. Simply taking
another derivative of the above equation, we get
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0= (f), ., fo o S S
+---+(f‘1) (o ))f“ e f s F 05
(A10)

The second line can be rewritten as

ajn+lr,;i"'jn + <f ) iy A,,fl] Jl/n+] o .fi?./'n + o
-I—(f'l) . (f(g ))fn ...fink f,,m]

— 9. i _Ti k ... _Ti k
- a./rr+lrj[”' Jn Fk]z ];1F11]11+1 F]l ]nkrjn]n+l
- anHFJ[-v,, - F]i"']n]n+1’ (Al 1)

where we have used (AS8) in the first line and (A9) in the
second line. This completes the proof of (Al). Given the
above results, the more general split (2.9) also has an
interpretation in terms of the exponential map, but with a

(9f)"'Ue,
= (f(p) +0ré) =

redefined vector & =

(@) + Ug) (A12)

[Exp (pé]l"'
In terms of 5 the differential equation (2.5) takes the form

EVE+E =0, (A13)
where V is the covariant derivative related to the flat

connection Fi‘j We shall mostly consider the case Ui (¢) =

[(8f (¢))~"], for which & = & has the specific dependence
on the total (¢) and the background (¢) fields given in
Eq. (2.15). Finally, notice that defining as usual the biscalar
quantity ¢ = J (geodesic distance)® and recalling the form
of the induced metric g;; = ff“; one trivially has

o(¢.9) =% (f*(¢) — f*(@))*. This also follows starting
from the result in Euclidean space and changing para-
metrization from the case f = id. One can check also the
well-known expression for the tangent vector as

APPENDIX B: SINGLE-FIELD DEPENDENCE:
AN EXPLICIT CHECK

Let us take the action (4.1) and compute the one-loop
divergences of the effective action at next-to-leading (first)
order in the fluctuation field. For this purpose, we need to
expand the action up to third order in the fluctuations. This
can be done using (4.2) in the potential and making the
replacements

9ij(#) = 9ij(@) + &PV 9, +

' — 0,0" +V, E + (B1)
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in the kinetic term. For simplicity, we focus on quantum
correction to the potential only. Keeping terms that con-
tribute to the potential at one loop (keeping terms with no
space-time derivatives of the background field and at most
two space-time derivatives of the fluctuations) and up to
third order in the fluctuation fields, we find

1 . 1 . .
Egij(fﬁ)aﬂ(ﬁ’a”(ﬁ" =3 (9ij(@) + &PV ,g;;)0,E'HE + - -
(B2)
1
V($) = V(p) +&7V,V(p) +58767V,V,V(e)
1
+ igpgqgrvpqurv((o) + (B3)

Taking the second fluctuation derivative of the action and
setting the fields to constants, we get

S.iild] = —(9ij(@) + &PV ,9,;) 0 = Vi,V 5y V(e)
- frv(ivjvr)v((/’) +-
= (9i9) + &'V ,95) [-08, — ¢ (0)V(, V)V (9)
—&V,g" @)V, V) V(p) = &gV, V;V,)V(p)
+-- (B4)
where we have used the fact that to first order in the

fluctuations the inverse of the quantity behind the brackets
in (B4) is

g () + EPV gt (B5)
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The divergent part of the one-loop effective action is
proportional to the trace of the terms in front of [1. Up
to first order in the fluctuations, this is

FUp)V V) V(e) g (9)V (, ViV ()

+28 ¢V ViV, V(o). (B6)
At the background, this becomes
7 UV VyV(e)g” @)V, ViyVie).  (BT)

Now, we would like to see if replacing ¢’ — ¢’ =
@' + & + - - in the background result (B7) and expanding
up to first order in the fluctuations we can reconstruct the
first-order result (B6). The result of the expansion of (B7)
up to first order is

1@V NV V(@)lg” @)V, ViV ()
+28V, ¢ (9)V(,Viy V(p)
+28¢7 (0)V,V(, Vi V(g)]. (B8)
The first two terms here are the same as the first two terms

in (B6). Therefore, the two expressions (B6) and (B8)
match if

V(
V(

This is not generally the case, but it is true if the connection
is flat, so the covariant derivatives commute with each
other.
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