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ABSTRACT: The low-energy and low-momentum dynamics of systems with a spontaneously
broken continuous symmetry is dominated by the ensuing Nambu-Goldstone bosons. It can
be conveniently encoded in a model-independent effective field theory whose structure is
fixed by symmetry up to a set of effective coupling constants. We construct the most
general effective Lagrangian for the Nambu-Goldstone bosons of spontaneously broken
global internal symmetry up to fourth order in derivatives. Rotational invariance and
spatial dimensionality of one, two or three are assumed in order to obtain compact explicit
expressions, but our method is completely general and can be applied without modifications
to condensed matter systems with a discrete space group as well as to higher-dimensional
theories. The general low-energy effective Lagrangian for relativistic systems follows as a
special case. We also discuss the effects of explicit symmetry breaking and classify the
corresponding terms in the Lagrangian. Diverse examples are worked out in order to make
the results accessible to a wide theoretical physics community.
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1 Introduction

The methods of effective field theory (EFT) have proven invaluable across a range of
disciplines as a tool for simplifying practical calculations in systems with two or more
widely separated energy or length scales [1, 2]. Physical observables at long distances can
be determined using an EFT that respects the correct symmetries and only includes the
low-energy degrees of freedom. The effects of microscopic, short-distance interactions are
then encoded in a set of effective coupling constants that are determined by experiment or
computed from an underlying fundamental theory.

A major problem in the construction of an EFT is the choice of the appropriate degrees
of freedom. Fortunately, there is a large class of physical systems where this task can be
accomplished at once: whenever a global continuous symmetry is spontaneously broken, the
spectrum of the theory contains gapless excitations, the Nambu-Goldstone (NG) bosons.
Examples of NG bosons include sound waves — the phonons — in solids and (super)fluids,
spin waves — the magnons — in (anti)ferromagnets, or pions in quantum chromodynamics
(QCD). Provided there are no other soft modes in the spectrum, not associated with
symmetry, the low-energy dynamics is dominated by the NG bosons alone. This assumption
will be implicit throughout the remainder of the paper.

The formalism of EFT for the NG bosons of a spontaneously broken symmetry was
developed in full generality in high energy physics. In particular, Coleman et al. [3, 4]
showed how to construct effective Lagrangians for the NG bosons, invariant under an ar-
bitrary compact internal symmetry group. As a consequence of the spontaneously broken
symmetry, the NG bosons interact weakly at low energy or momentum, and the EFT La-
grangian can be organized as a series of terms with an increasing number of derivatives [5].
A prime example of the application of EF'T methods to a precision analysis of low-energy
dynamics is chiral perturbation theory (xPT) of QCD [6, 7]. For nonrelativistic, con-
densed matter systems, the use of EFT techniques was on the other hand advocated by
Leutwyler [8], who developed a general EFT framework to leading, second order in deriva-
tives. Detailed applications including selected higher-order calculations were subsequently
worked out for the special cases of ferromagnets [9-13] and antiferromagnets [14-17].



Despite these examples, the application of EFT to NG bosons in nonrelativistic sys-
tems has not been developed to the same extent as in relativistic field theory. Provided
quantum anomalies are absent, the effective Lagrangian of Lorentz-invariant systems in
four spacetime dimensions can be assumed to be invariant with respect to the relevant
symmetries without loss of generality [18], and the methods of refs. [3, 4] can thus be used
to construct it. Once Lorentz invariance is given up, the Lagrangian, however, becomes in
general invariant only up to a total derivative. While this still guarantees the invariance
of the action, it makes its explicit construction a nontrivial problem. In his seminal paper,
Leutwyler [8] derived a set of differential equations for the nonlinear dependence of the
leading-order effective Lagrangian on the NG fields, dictated by symmetry. In addition, he
found their solution for the special case of an (anti)ferromagnet.

A general solution to Leutwyler’s differential equations was discovered only recently [19]
(see also ref. [20] for a more detailed discussion). The objective of the present paper is to
fill a gap in the development of EFT and show, assuming absence of anomalies, how the
construction of the effective Lagrangian can be carried out at higher orders in the deriva-
tive expansion. There are good reasons to be concerned with higher-order contributions,
despite the computational complexity that accompanies such an analysis. The first one
is precision, of which the calculation of selected observables in yPT to the sixth order in
derivatives sets an example [21]. Perhaps more importantly, the leading-order Lagrangian
often possesses an accidental symmetry which is not inherent to the microscopic theory.
Higher-order operators can then actually provide a dominant contribution to certain rare
processes [22]. Finally, higher-order operators are needed as counterterms whenever loops
are taken into account, which is a necessity if one wishes to discuss the thermodynamics
of broken symmetry [23-25].

The main results of this paper are: (i) classification of all terms in the effective La-
grangian, to order four in the gradient expansion, that are invariant up to a total derivative,
announced in ref. [26]; (ii) a transparent algorithm for the construction of all the remaining,
strictly invariant terms in the Lagrangian. We moreover provide an explicit expression for
the most general effective Lagrangian up to order four in derivatives, assuming for simplic-
ity rotational invariance. The effects of explicit symmetry breaking are also discussed.

1.1 Plan of the paper

Our ultimate aim is to provide a systematic framework suitable for applications in both
high energy and condensed matter physics. This determines the structure of the paper. In
section 2, we summarize our results, introducing only the minimum amount of notation
necessary. In order to make the complicated expressions more intelligible, we furthermore
highlight contributions to the effective Lagrangian that are specific to certain spatial dimen-
sions or that encode explicit symmetry breaking. Some concrete examples are subsequently
worked out in section 3 to further clarify the formalism. These two sections constitute the
essence of the paper, necessary for the reader interested in practical applications rather
than general developments.

After introducing the practical results, the rest of the paper presents the concep-
tual background behind the construction. Following largely the foundational work of



Leutwyler [18], section 4 explains how the construction of the effective Lagrangian can
be reduced to an elementary problem in field theory. As a warmup and for illustration,
we show in section 5 how the leading-order Lagrangian of ref. [8], including the explicit
solution for its coupling functions [19], is reproduced elegantly in our approach. We also
derive the corresponding equation of motion, which can be used to eliminate some of the
operators at higher orders. Section 6 then provides some details of the construction of
effective Lagrangians at the next two orders of the derivative expansion. In particular,
section 6.1 deals with the invariant part of the Lagrangian. The most subtle part of the
construction, namely the classification of terms invariant only up to a total derivative [26],
is reviewed in detail in sections 6.2 and 6.3. Finally, the effects of explicit symmetry break-
ing are discussed in section 6.4. Although most of the technical details are provided in
the main body of the paper, some auxiliary results that can be formulated separately are
deferred to the appendices.

2 Summary of the results

2.1 Setup and notation

To facilitate the unique definition of the effective Lagrangian, we first introduce the most
important notation necessary. More detailed properties of the individual building blocks
will be discussed below.

e Internal symmetry group: G.

e Corresponding symmetry generators: T ;. ..

e Unbroken subgroup: H.

e Unbroken generators: T, 3., ...

e Broken generators: T, p . ...

e Structure constants: fl-];; defined by [T;,T;] =i fZ-’;Tk; fgﬁ always vanishes; fg‘a =0is
assumed (can be ensured by a suitable choice of basis for all compact Lie algebras).

e Spacetime indices: Kk, A\, 4, v, . ...

e Spatial indices: 1, s,t,....

e Nambu-Goldstone fields: 7%; encoded in a matrix variable U(7); parameterization
arbitrary except for the requirement that the vacuum corresponds tom = 0, U(0) = 1.

e External gauge fields: AL.

e External gauge field-strength tensor: Fﬁy = GNAf, — OVAZ + f;kAiLAl’f

e Auxiliary field variables: ¢, Byj; defined by U_l(AZTi)U—i—iU_lﬁﬂU = ¢, Tu+ B T,.

o Auxiliary field covariant derivative: D, ¢} = 0,¢% + fgbBﬁ%ﬁfj.

e Auxiliary field-strength tensor: Gf, = 0,B; — 0, B + fg‘wBﬁ B).

e Explicit symmetry breaking parameter: m,, ...; enters the microscopic theory th-
rough the operator m,O°.

e Auxiliary mass field: Z,; defined by 2, = D(U)”,m,, where D is the representation
of the symmetry group in which O transforms.



2.2 Effective Lagrangian

To the order that we are interested in, the effective Lagrangian takes the form of a poly-
nomial in the auxiliary fields ¢}, and By, the field-strength tensor Gy;, and the covariant
derivative D, ¢¢. It is written as a sum .,%ﬁr = Y + Zcs + % .. The first part here is
strictly invariant under simultaneous gauge transformations of the NG and external gauge
fields, while the second part is only invariant up to a surface term. Finally, the third part
incorporates the effects of explicit symmetry breaking. Each part of the Lagrangian can
be further organized as a sum of contributions .Z(5%) carrying s spatial and ¢ temporal
indices. In practice, this splitting is only necessary for %, which includes a large number
of terms.

For the sake of simplicity, we assume invariance under continuous spatial rotations.
The same approach can, however, be applied without modifications to arbitrary spacetime
symmetry. Fully general expressions for Diﬂi](a‘i;t) with s+t < 2 and for .,E,”C(Ss’t) with s+t <4

are given in sections 5 and 6.2, respectively.

2.2.1 Invariant part of the Lagrangian
Here, we list all operators that appear in %> (s:1)

mv
integration by parts. As some operators exist in any spacetime dimensionality while others

with s+t < 4, modulo ambiguities due to

do not, we use color coding to highlight operators particular to one, two and three spatial
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Each of the operators listed above comes with an effective coupling that contracts all the
internal group indices carried by the operator, as in cabacﬁgdﬁ 6. BEach of the couplings

ab-- o8- 1s Tequired to be an invariant tensor of the unbroken subgroup H; for all allowed
values of the indices, it therefore has to satisfy the constraint

Ceb... ,aﬂ"fsa + Cac..- 7a5...f$b + -+ Cab...,g,g.,.fga + Cap... 7a5...f$/3 +---=0. (2.1)

We do not attempt to find a general solution to these constraints, but leave them to be
addressed case by case using tensor methods [27]. The simplest examples of couplings with
one and two indices that occur repeatedly throughout this paper are discussed to some
extent in appendix A.

The lowest-order Lagrangians, with s +¢ < 2, are well-known by now. The special
case of rotationally invariant theories in three spatial dimensions was addressed already
in ref. [8]; the full nonlinear dependence of the associated Lagrangian on the NG fields
was found recently in ref. [19]. The cases of one and two spatial dimensions are discussed
in ref. [20]. The fully general lowest-order Lagrangian, obtained with no assumptions on
the spacetime symmetry, is given below in section 5, where we also discuss its physical
implications in more detail. Specific examples of higher-order Lagrangians, including the
corresponding invariant couplings, are finally worked out in section 3.

2.2.2 Chern-Simons terms

The contributions to the Lagrangian invariant up to a surface term are most easily organized
by the total order in derivatives, s + t. It turns out that up to order four, only two types
of such terms exist, one at the first and another at the third order,

"E’ﬂéls) = €QB€7
3) 5 (2.2)
Zog = cage/\’“’Bf <(9MB§ + f 5BVB ) where co3 = cgq-

3)

While Zéls) exists regardless of the spacetime dimension, .Zg is only allowed in two or
three spatial dimensions. In the latter case, the indices A, u,v should be interpreted as



purely spatial ones. The effective couplings e, and c,g are again invariant tensors of the
unbroken subgroup H, but this time with a straightforward interpretation. First, there is
one free parameter e, for every U(1) factor of H, corresponding to the vacuum expectation
value of the associated conserved charge density. Second, ¢, is proportional to the Killing
form on every simple factor of H, and thus contains one free parameter for each such factor.
The Chern-Simons terms have distinct topological properties, in which they substantially
differ from the invariant part of the effective Lagrangian, and moreover they give rise to
specific interactions amongst the NG bosons. Both of these features are discussed in detail
in the companion paper [26].

2.2.3 Effects of explicit symmetry breaking

Precisely which explicit-symmetry-breaking operators appear at a given order of the deriva-
tive expansion depends on the order that one assigns to the parameters m, in the La-
grangian. We adhere to the usual practice and count m, as a quantity of order two in
derivatives, which follows from the fact that the kinetic term of the NG bosons typically
acquires a contribution linear in m,. Hence, determining the action to order four requires
classifying all terms in the Lagrangian with s +¢ < 2:
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These operators again come with effective couplings that now include one or two indices
of the type o. The couplings CZZ_'_'.'7 ap-. are invariant tensors of H and satisfy a relation

PO c po-- c po-- 5 po-- 5
Coprsapfra t Caceap oo T F Capt g Fya t G s Fyp + o

(2.3)
AT 5 DU 160 g DTy =0,

o3

generalizing the earlier eq. (2.1). Concrete examples of the above operators and couplings
will be discussed in section 3.

2.2.4 Lorentz-invariant Lagrangians

Above, we have listed all terms in the effective Lagrangian allowed by rotational invariance.
Relativistic Lagrangians, invariant under the full Lorentz group, are in principle a special
case thereof. However, since we treated spatial and temporal indices separately, Lorentz
invariance will only be reflected implicitly, in a set of linear constraints on the effective
couplings. For the reader’s convenience, we will now explicitly spell out the resulting La-
grangian using the usual Lorentz-covariant notation. As space and time are mixed by



Lorentz transformations, the individual contributions are organized by the total degree in
derivatives, s + t. This time, we only consider the special cases of two and three spa-
tial dimensions, since in one-dimensional Lorentz-invariant systems spontaneous symmetry
breaking is prohibited by the Coleman theorem [28]. The result reads:

L S

LD Mg, ML DLgh, M HLGE,.
4 vV 1% 174 4 174

B oot Mk o, 6 D, €N GL0L D, Dt DIGY,
D¢ Dy g™,

GGG, N GLR G, DRO G, G, GO,

8 3 Y
Lios: B3 (9,8 + 4[5 BIBY).
P e bu =
e%.bn =gy —p—0o; Ha@bZQZ) M’ HUDMQZ)CW'

The associated effective couplings have to satisfy the same invariance conditions as before,
see egs. (2.1) and (2.3). The presence of a single term in the Chern-Simons sector indicates
that, as shown in ref. [18], in three spatial dimensions the effective Lagrangian can be made
strictly gauge-invariant by a proper choice of field variables and transformation rules.

2.3 Expansion in Nambu-Goldstone fields

The effective Lagrangians listed above are expressed exclusively in terms of the auxiliary
fields ¢j; and Bj. This is both an advantage and a drawback. On the one hand, we are
able to write the allowed interaction terms in a very compact way, largely independent of
the chosen parameterization for the NG fields. On the other hand, the implications for the
actual dynamics of the NG bosons may be somewhat obscured by this economic notation.
We wish to ameliorate the latter deficiency by providing here some explicit expressions in
terms of the NG fields 7®. To this end, we first introduce the Maurer-Cartan (MC) form

7

W,

(m) and the rotation matrix V;: (m), defined by
wa(m) = wy(MTi = =U(n)0.U(m),  vi(m) = vj(m)T; = U(m) ' TiU(x),  (2:4)
where 9, = 9/07°. In terms of these objects, our auxiliary fields read by construction
Pu(m) = ALZ/?(W) — wi(m) A7, B (m) = ALI/ZQ(TF) — wy (m)0,m, (2.5)
which can be viewed as an expanded form of the simple matrix relation
U AU +iU 10U = ¢y + By = ¢4T, + BTy, (2.6)

where A, = Afﬂ}; see section 4.2 below for a justification of this definition. Let us now

choose a specific, widely used parameterization for the NG field matrix, U(7) = el Ta,

The virtue of the exponential parameterization is that both the MC form and the rotation



matrix 1/}(77) can be easily evaluated in power series expansions up to any desired order in

the NG fields,

4 1 1 . .
we(m) =6, — ifébﬂb + gfgbf}cﬂbﬂc +oe
| - . (2.7)
vj(m) = 05 + fo;m" + §fékffj77a7fb +oee

This allows one to work out explicitly both the kinetic terms and interactions of NG bosons.

For various practical purposes, it is also useful to have an explicit expression for the
symmetry transformation of the NG fields. This is discussed in detail below in section 4.1;
its finite and infinitesimal versions read

U(n') = gU(m)b(m,0) " = e LU (m)e R (DTa, (2.8)

where g = ¢“Ti € G and h € H. The infinitesimal shift of the NG fields is denoted as
dm® = €'h¢(m). In geometrical terms, the functions h¢(r) define infinitesimal group motions
on the coset space G/H, and thus correspond to the Killing vectors of the symmetry group
G. Multiplying eq. (2.8) from the left by U(7w)~! and expanding to first order in €, we
obtain the simple relations vf = wl‘}hﬁ? and v{ = wyh{ + k. Using the already known
expressions for w! and V;-, we can solve these equations iteratively, and obtain for the
exponential parameterization U(m) = €™ Ta [20]

1 1
) =af = (fh+ 3w ke =07 - (J5 4 A A @9)

Furthermore, we can now give a particularly simple interpretation for the auxiliary field
¢y~ Plugging the relation vf = wh? into eq. (2.5), this field can namely be written as

¢ji(m) = —wp (m) Dyr”, (2.10)

where D, 7% = 9,m% — Al,h{(7) is a covariant derivative of the NG field. Note that this
agrees with the usual notion of a covariant derivative: the coefficient h¢(m) in front of AL
defines an infinitesimal symmetry transformation of the field 7.

3 Examples

3.1 Symmetric coset spaces — general considerations

In many cases of physical interest the coset space G/H turns out to be symmetric. This
means that the commutator of two broken generators is a linear combination of unbroken
generators only, or fi! = 0. Formally, this property is equivalent to the existence of an
automorphism R of the Lie algebra of G, under which R(T,) = T, and R(T,) = —T,.
Choosing the parameterization U(7w) = €™ e and applying the automorphism R to the
transformation rule of eq. (2.8) gives R(U’) = U'~! = R(g)U~'h~!. Taking the inverse
of this expression and multiplying it with eq. (2.8), we infer that there is a field variable
which, unlike U(7), transforms linearly under the entire group G,

S(m)=U(r)?,  X(r') = gS(m)R(g) " (3.1)



Due to this property, 3(m) (or an equivalent variable) is often taken as the starting point of
the construction of EFTs. We should nevertheless emphasize that ¢, and Bjj are concep-
tually more convenient, as they carry a derivative, implying that when expressed in terms
of them, the effective Lagrangian contains only a finite number of contributions at every
order in the derivative expansion. At the same time, adding a factor of ¥ or ¥~ does not
increase the order of a given operator, and one thus has to go through some extra effort to
classify all the possible terms in the Lagrangian.

The advantage of the notation (3.1) is, however, that it makes it trivial to construct
the covariant derivative

DY = 8,5 —iA, 5 +iSR(4,), (3.2)

as well as to take higher derivatives. Applying the automorphism R to the definition of
our auxiliary fields (2.6), we can project out the broken part and show that it equals

i _ i _
on=+5U YD, D)U !t = —;U(DuT Hu. (3.3)

Upon a straightforward although somewhat lengthy manipulation, a similar expression can
be found for D,,¢,; one possible and rather convenient formulation for it is

D¢, = %[U‘l(DuDVE)U_l —U(D,.D, 2~ HU]. (3.4)

To complete the dictionary between the two formalisms, we still need to find an expression
for G}},, in terms of linearly transforming variables. To this end, recall that a field-strength
tensor transforms covariantly, and hence by eq. (2.6) the field-strength tensor of the original
gauge field AL is related to one expressed in terms of ¢y, and B} via

U_lF;wU = a,uBu - 81/B,u, - i[B,Lm Bl/] - i[(z),ua ¢V] + a,ud)u - 8l/¢,u - i[B,Lw ¢V] + i[Bl/a ¢,LL]
- G/u/ - i[¢u7 Qbu] + Dud’l/ - Du(b;r (3'5)

This allows us to express G, in terms of ¢, D, ¢,, and F},,, of which the former two are
given above in egs. (3.3) and (3.4).

3.2 Pions in quantum chromodynamics

QCD possesses, apart from spacetime Poincaré invariance, an approximate global SU(N )y, x
SU(N)gr symmetry under independent unitary transformations of left- and right-handed
quarks, where N is the number of light quark flavors. The physically relevant cases are
N = 2,3. In the ground state, this chiral symmetry is spontaneously broken to its diagonal
subgroup, H = SU(N)y, which leads to the spectrum of QCD containing N? — 1 light
pseudo-NG bosons, denoted here collectively as pions. The low-energy EFT for pions (and
possibly other, heavier degrees of freedom) is the celebrated xPT, originally developed in
refs. [6, 7].



3.2.1 Coset fields and symmetry transformations

It is customary to represent the direct product structure of the chiral group using brackets;
a general element of the group takes the form (gz, gr) with gz, gr € SU(N). The unbroken
subgroup corresponds to elements of the type (g, g) and is generated by a linear combina-
tion of the left and right generators, (7', 1) 4 (1,7). The broken generators can be chosen
orthogonal, (T,1) — (1,T), and the coset element thus reads U = (u,u~'). The trans-
formation rule (2.8) reads accordingly (u/,u'"') = (gr,gr)(u, u"1)(h~1,5~1). The coset
space is symmetric due to the automorphism acting on the group as R(gr,9r) = (r, 91)-
The linearly transforming variable ¥ = U? = (u?,u~2), see eq. (3.1), can be traded for
the matrix 4/ = u? that transforms as U’ = gLZ/{gEl; this is the field variable that is
usually used to construct the Lagrangian of yPT. Each of the SU(N) subgroups is asso-
ciated with an independent set of gauge fields, in terms of which the total matrix gauge
field reads A, = (Aﬁ 1) + (H,Allf). The covariant derivative of ¥ then decomposes as
DY = (D,U,U )+ (U,D, U, where

DU = 0,U — AU +UATL (3.6)
Likewise, eq. (3.3) becomes

i _ i _
b= (P, 1) — (L, 2,), P, = +§U 1(D#U)u L= —§u(D#L{ D (3.7)
Finally, carrying out the conjugation of the field-strength tensor indicated in eq. (3.5) and
projecting out the unbroken part of the result with the help of the automorphism R, we
obtain the relation

1
gNV = i(uilFiyu—FuFlﬁuil) +i[¢l,“@y:|7 (38)

where the Lie algebra valued field G,,, is defined naturally by G, = (G, 1) + (1, Guw).
Since for the symmetry-breaking pattern of xPT both broken and unbroken generators
transform in the adjoint representation of H, the matrix elements of both basic building
blocks, (®,)4 and (G,,)%, as well as of their covariant derivatives constitute a traceless
tensor of H with the upper index A transforming in the fundamental representation and
the lower index B in its complex conjugate. The fundamental representation of SU(NV) has
three algebraically independent invariant tensors, namely 51‘%, eABC and eqpc..;' every
term in the invariant Lagrangian can be obtained by contracting the indices of ®, and
G, (and possibly their covariant derivatives) with products of these tensors. Moreover,
since all our fields have the same number of upper and lower indices, such an invariant

ABC gnd €ABC..., and can therefore

term must necessarily contain the same number of €
be decomposed into products of (5]‘3 alone. In short, every invariant term in the Lagrangian

can be written as a product of traces of ®,, G, and their covariant derivatives.

!This can be viewed as a consequence of the definition of SU(NN) as the set of all complex N x N matrices
satisfying the conditions UUT = 1 and det U = 1, which precisely encode the invariance of 64 and eapc....
The absence of any other algebraically independent invariant tensor means that the matrices do not satisfy
any other independent algebraic constraints [29].
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3.2.2 Invariant Lagrangians

At the leading order (s +t = 2), there is only one possible operator that can be assembled
from the available building blocks applying the strategy described above; using eq. (3.7),
the invariant Lagrangian thus acquires the form
1
L2 o Tr(D,0") = ; T(DUD U™ (3.9)
up to an overall factor that defines the pion decay constant. This agrees with the fact that
the NG bosons span an irreducible multiplet of H.

At the next-to-leading order (s + ¢ = 4), the list of possible operators in the invariant
Lagrangian is considerably longer, see section 2.2.4. Taking into account the fact that
operators of the type eﬁAu”qﬁZqﬁl/’\dﬁqﬁg and e”’\“”gzbZQSI/’\D”gbf, do not contribute due to the
cyclicity of the trace (the former vanishes at the level of the Lagrangian, while the latter
evaluates to a mere surface term), we obtain for the order-four invariant Lagrangian

LY = o) Te(®,0" P, DY) + co Tr(D, B, BHD”) + 3 Tr(, ") Tr(®, D)
+ ¢4 Tr(®,P,) Tr(PHPY) + 5 Tr (M9 D, ®,) + ¢ Tr (VP D, ) (3.10)
+ ¢7 Tr(D,®, DH®Y) + cg Tr(D,# D, ®") + co Tr(®HP"G,) + c10 Tr(D* DV G)
+ e Tr(GuG™) + 1o Tr(®rPAG ).

In deriving this result, we have only used the invariance of the Lagrangian under the
continuous SU(N)y, x SU(N)gr symmetry. Nevertheless, QCD is in addition invariant un-
der the discrete symmetries of parity, charge conjugation and time reversal. We may
use the fact that under parity, the pion fields transform as 7%(z) — —7%(Px), where
P¥, = diag(1,—1,—1,—1) is the spatial inversion matrix, in addition to which the left-
and right-handed background gauge fields are interchanged. In our notation, the parity
transformation can be expressed compactly as [30]

bu(x) = =P, ¢ (Px), B,(z) = P,”B,(Px). (3.11)

Parity invariance of QCD thus directly rules out the cs, cg, ¢10 and c12 operators.

The number of independent operators in the Lagrangian (3.10) can be further reduced
by using the special algebraic properties of traceless matrices of dimension N = 2,3 [31]. In
both cases the identity Tr(X?%) = $[Tr(X?)]? holds. Substituting X = a4+ bB + cC +dD
where A, B,C, D are traceless matrices and a, b, ¢, d numerical coefficients and comparing
the terms proportional to abed, one obtains

Tr(ABCD + ABDC + ACBD + ACDB + ADBC + ADCB)

=Tr(AB) Tr(CD) + Tr(AC) Tr(BD) + Tr(AD) Tr(BC). (3.12)

This in turn leads to a relation among the ci, co, c3 and ¢4 operators,

Tr(4®,0 D, 3" + 28,3, D P") = Tr(®, ") Tr(®,P") + 2 Tr(P,®,) Tr(S*Y), (3.13)
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which allows us to eliminate one of them, say co. In fact, for NV = 2 the trace of a product
of four generators can be resolved in terms of traces of a product of two generators only
using the special properties of Pauli matrices, leading to

1
Te(3, 313, 8") = - Tr(D, ") Te(d, DY),
2 X (3.14)
Tr(®, P, PHP") = Tr(®,P,) Tr(PHP") — 3 Tr(®,P*) Tr(P,P").

Hence for N = 2, both ¢; and ¢y can be eliminated. All the independent operators in this
set (cg and ¢4 for N = 2, and ¢1, ¢3 and ¢4 for N = 3) can be easily rewritten in terms of
U using eq. (3.7).

What remains to be discussed are possible redundancies among the operators c7, cs, cg
and c11. As elaborated on in section 5.3, the leading-order equation of motion can be used
to simplify the effective Lagrangian at higher orders and thereby to reduce the number of
independent effective coupling constants. In Lorentz-invariant systems with a symmetric
coset space, this equation of motion reduces to D,¢* = 0; see eq. (5.14). The cg operator
is therefore redundant. Furthermore, the cg and c1; operators can be expressed in terms of
the physical field-strength tensors F; MLZJR by means of eq. (3.8). Since a trace of four factors
of ®,, is already present in the c¢; and ¢z terms, this gives us two new operators,

Tr(u ' Flu+uFfu ") = Te(FL FH + FL PR 4 op L UFRy =),
_ _ | Lo L (3.15)
Te{(u™"Flu+ uFu")[@", &'} = 5Tr(FMLVDWD U~ + FiLDMU DYU).

Finally, one can show that the ¢; operator gives, up to terms that vanish due to equation
of motion, an expression identical to the first line of eq. (3.15), just with an opposite sign
in front of 2F ML,/L{F Rrvyg=1. Since to see this requires some effort, we present the details in
appendix B in order not to interrupt the flow of the argument here.

Altogether, choosing a suitable basis of operators and redefining the coupling constants
appropriately, the most general invariant Lagrangian for QCD with two or three light quark
flavors at order four in derivatives acquires the form

L — & Te(DUD*U DUD U™ + & Te(DUDU™) Te(DUD'U™)

+ & Te(DUD,U™) Te(DFUD U ™)
+ & Te(FL, D'UD'U™" + F, D'U™' D"U) + & Te(FL UF™™ U™t
+ & Te(FL, Pl 4 PR FRm),

(3.16)

Up to possible difference in notation, this is recognized as the familiar order-four Lagrangian
of xPT; the ¢; term is redundant in the N = 2 case [30].

3.2.3 Explicit symmetry breaking

In real QCD, invariance of the Lagrangian under the full chiral group is violated in a
twofold manner. First, at the fourth order in derivatives, the effects of the chiral anomaly,
whose discussion goes beyond the scope of the present paper, enter the game [22]. Second,
the chiral symmetry is broken explicitly by nonzero quark masses. These appear in the
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microscopic Lagrangian of QCD through the mass term 1, Mg + 1rMT1r, where M is
the quark mass matrix. It is real and diagonal, yet we treat it as a complex matrix that
transforms under a chiral rotation as M — gr. M g}_zl. One can think of M as a background
(pseudo)scalar field akin to A,: gauge invariance restricts the way that M appears in
the low-energy EFT, and only at the end of the day one sets M = diag(m,, mq, ms).
In line with our general procedure, the effective Lagrangian will be expressed in terms
of the composite field = = u~!Mu~! that transforms as a complex adjoint field plus a
complex singlet (corresponding to Tr Z) of the unbroken subgroup. Note that under parity,
Z(z) — E(Px)'; this further constrains the way that = can appear in the Lagrangian.

At the lowest, second order in derivatives, there is only one chirally invariant operator
preserving parity, given solely by the singlet part of =,

LW o Tr(2 + &l = Tr(Mut + M), (3.17)

up to an overall factor that is to be treated as a free parameter. At fourth order, the
operators that contribute can be read off the list provided in section 2.2.4: 2,Z,, Eagngbb“
and Z,D,¢". The latter can be eliminated by using the equation of motion (5.14). With
the additional constraint due to parity, the remaining two operators give the following,

2 — 4y Te(MU) Tr(MTU) + do(Te MUT? + (Tr MU
+ d3 Tr(MUTMUT + MIUMTU) + dy Te(MMT) (3.18)
+ ds Te(MUT + MTU) Te(D,UDPUY) + d Tr[(MUT + UMD, UDUT.

For N = 2, we have an identity similar to eq. (3.12),
Tr(ABC + BAC) = Tr(AB) Tr(C), (3.19)

valid for traceless A, B and arbitrary C. (The proof is trivial in case A and B are Hermitian
and therefore inherit the anticommutation properties of Pauli matrices.) Applying this to
Tr(2®,®H) reveals that the dg operator can be expressed in terms of the ds one for N = 2.

3.3 Spin waves in ferromagnets

Ferromagnets are nonrelativistic systems with a global internal G = SU(2) spin symmetry,
which is broken by the spontaneous magnetization in the ground state to its H = U(1)
subgroup. The two broken generators correspond to one NG mode in the spectrum: the spin
wave, or magnon. Since its dispersion relation is quadratic at low momentum, the derivative
expansion of the effective Lagrangian has to be organized accordingly; see section 5.2 for
more details. One temporal derivative counts as two spatial ones [8], as a result of which
up to order four in momenta, only .i”e(f?o), .,fe(lc(f)71), e(ﬂz,o)’ e(é’l), e(é”o), e(f?’2), 6(52’1) and
.i”e(é’o) need to be taken into account. In order to simplify our discussion, we will restrict
ourselves to isotropic (rotationally invariant) ferromagnets in three spatial dimensions.
This immediately rules out all operators from .i”e(é’o) and .i”e(é’l). Moreover, we will assume
that the system is invariant under parity. Since angular momentum is an axial vector,
parity is not spontaneously broken in the ground state and the NG fields are parity-even:

7(z) — 7*(Pz). As a consequence, i”e(;’o) is ruled out.
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3.3.1 Leading-order Lagrangian

The leading, order-two Lagrangian is given by two pieces, oiﬂelgfo = .Ze(f(f)’l) + 62”‘3({%’0). Ac-
cording to sections 2.2.1 and 2.2.2, the available operators are e, B, e,¢f and gabqbﬁqﬁf.
Note that e, vanishes, being equal to the density of broken generators in the ground state.
The coset space SU(2)/U(1) is symmetric; choosing the magnetization of the ground state
without loss of generality to point in the third spin direction, the corresponding automor-
phism can be realized using the third Pauli matrix, R(g) = o3gos. One can then trade the
linearly transforming variable ¥ of eq. (3.1) for

N(7) = X(n)oz = U(n)ozU(x) L. (3.20)

The matrix N transforms in the adjoint representation of G, N(7') = gN(w)g~!

. Being
traceless, Hermitian and involutory, it can be equivalently expressed in terms of a unit
vector 7i(m) as N = 7 -d. It is this variable that is usually used to write down the EFT for

ferromagnets. The invariant part of the leading-order Lagrangian then reads

ZG" = =L (D, ND,N) = =2 Dyt Dy, (3.21)

where D7l = 0,7 + fTM X 7 is the covariant derivative. The gauge potentials qu can be
interpreted in terms of the intensities of external electric and magnetic fields [32], and the
parameter pg is usually referred to as the spin stiffness.

Unlike .i”e(é’o), the CS part of the Lagrangian, .Za(f(f)’l) = eqoBf, cannot be written in
a manifestly invariant form in terms of 7 [8, 9]. There are several different, physically
equivalent but mathematically distinct, expressions for it. The most straightforward one is
based on a mere power expansion in the NG fields using eq. (2.7). It is, in fact, possible to
write the Lagrangian solely in terms of 7, but only at the cost of extending the spacetime
by one extra dimension [8, 26, 33]. This way, one can derive the expression

hlng — h2n1

Dg/ﬂ(ovl) —

+mdy - it; (3.22)
the effective coupling m has the interpretation of the spin density in the ground state. The
temporal field Ay stands, up to a factor, for the external magnetic field intensity, and the
term mAj - i therefore represents the usual Zeeman coupling of spin.

3.3.2 Next-to-leading-order Lagrangian

The next contributions to the Lagrangian, .Ze(f[f)’Q), e(f?’l) and ,,iﬂe(é’o), are of order four

in momenta. Up to an overall factor and the replacement D, — Dy, the piece Diﬂc(f(f)’2) is

identical to .Ze(é’o) [8]. Moreover, being bilinear in ¢§ it is actually irrelevant, for it can be

)

eliminated using the equation of motion (5.14), which is linear in ¢§ when ,%(;f)’l is present.
As to ,,Za(;’l) , four different operators are available in three spatial dimensions; see the list
in section 2.2.1. Out of these, pp2¢¢ and ¢2GY. are clearly forbidden by symmetry since
¢y, transforms as a two-vector of the unbroken U(1) ~ SO(2) whereas By is a singlet. In

addition, the operator qbgDrgbf, can again be eliminated by using the leading-order equation
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of motion (5.14). Altogether, only one type of operator is therefore present: ¢2Dy¢l. In
order to make it invariant, the spin indices must be contracted either with &, or with €g.
The former however leads to an operator that is a total time derivative so that only the
latter can give a nontrivial result. Using egs. (3.3) and (3.4) as well as the fact that in
terms of matrices, Eab¢z is proportional to [03, ¢,], we obtain upon a short manipulation

L3 o Te([o3, 6,1 Dody) o (it x Dyif) - DDy ii. (3.23)

Note that despite containing just one time derivative, this interaction is strictly invariant
under time reversal, for this transforms the spin vector as 7i(¢t, ) — —7i(—t, ). Under the
same transformation, the Lagrangian (3.22) shifts by a total time derivative.

). Here we have seven different operators in three spatial
dimensions, two of which (¢¢¢%D,¢¢ and D,¢?G,) are immediately seen to vanish by the
unbroken SO(2) symmetry. We shall consider the remaining operators in the order given

(4,0
Let us finally construct £

in section 2.2.1. In order to see how to combine the indices in gb?(b?(;ﬁggbgl so as to get an
invariant, it is suitable to think of the two components of ¢, as the real and imaginary parts
of a complex field ®,,. Under the unbroken U(1) symmetry, this acquires a phase. It is now
obvious that there are two independent invariant operators, ®;®,®;®, and ;P P P,,
which can be mapped to linear combinations of Tr(¢,¢,) Tr(ps¢ds) and Tr(éros) Tr(pr¢s).
In terms of the unit vector 7, these can be rewritten as

L0 5 ¢)(D,ii - Dyii)(Dyii - D) + ea(Dyii - D) (Dyt - D). (3.24)

The operators of the type D,¢%D,¢% and D,¢¢Ds¢? are straightforward to evaluate us-
ing eq. (3.4) and the trace properties of Pauli matrices. One thus finds, for instance,
D, ¢%D,¢% < (D, Dgit)? — (71 - D, D4ii)? = (D, D4ii)? — (D, - Dsi1)?, where we used the fact
that 7 - Dgii = 0. The last term is already contained in the es operator. Altogether, the
Lagrangian therefore acquires two new independent operators,

L8895 63D, Dyiii - DyDyii + D, Dyii - D, Dyi. (3.25)

The remaining two types of operators, ¢2¢°G2, and G?SGES, both contain the auxiliary
gauge field G}j,. In ferromagnets this has only one component, and is found with the help
of eq. (3.5) to be

G2, it Frg — i - (Dyii X Dgit). (3.26)
The second term arises from the bilinear [¢,, ¢5] and its square is already contained in the

operators e; and ep. Using finally the fact that 7i- D, = 0 and thus D, 7 x D7 is parallel
to 7, we can write the two new operators contributing to the Lagrangian as

— —

LA S ey By (Dyii x Dyii) + e5(ii - Fp) (7 - Frg). (3.27)

The above-found operators already span a basis that gives the most general effective
Lagrangian at order four in momenta compatible with the symmetry. However, it is con-
venient to switch to a somewhat different basis in which the dependence on the NG and
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background fields is more transparent. The argument closely resembles the one in ap-
pendix B by which the operator c7 is eliminated from the yPT Lagrangian. Namely, using
integration by parts and the fact that the commutator of covariant derivatives [D,, D] is
proportional to Fi.s, the é3 operator is found to be a linear combination of the es, eq4, €5
ones and of ﬁrs . ﬁrs.

The operator in .;Sfe(f?’l) can be handled in the same way. We first write DgD,nn =
[Do, D,]ii+ D, Dyfi and observe that the first term leads to an operator of the type FOT -D,1.
As to the second term, note that the leading-order equation of motion (5.14) takes for
ferromagnets the form mDg7i = ps7i x D, D, i [8]. Hence (i x D,ii)- D, Dyfi can be absorbed
into a redefinition of the couplings e; and e3. Putting all the pieces together, we then obtain
the most general effective Lagrangian for an isotropic, parity-invariant ferromagnet up to
order four in momenta, which we collect here for the reader’s sake,

Lg— 2 s Psp Do
1+n3 2
+ e1(Dyit - Dyit)(Dyit - Dyit) + ea(Dyii - Dyit)(Dyit - Dyit) (3.28)
+ e3D, Dyt - DyDyiit + €4 Frg - (Dyii X Dyii) + €5(7 - Frg) (7 - Fog)

+66ﬁrs : Firs +€7ﬁ0r - D,

The order-four part of the Lagrangian contains seven independent couplings. In the lit-
erature, a somewhat reduced Lagrangian (see, for instance, ref. [34]) is usually employed
which can be obtained as follows. In the absence of external electric fields, fYr — 0, hence
the operators e4, e5 and eg disappear. If in addition the background magnetic field is
uniform, then Fy. = 0 and the er operator drops out as well. In uniform magnetic fields,
the order-four Lagrangian thus contains only three independent couplings: e1, es and e3.

4 Methodology

The problem of constructing the EFT can be transformed into an elementary exercise
in field theory by following a number of straightforward intermediate steps. In order to
stress the importance of these steps, and because they can be easily discussed on their own
footing, we formulate some of them as standalone “theorems”. Their proofs are either well
known or can be found in the literature, and we therefore only show details where it helps
to clarify the argument.

4.1 Symmetries of the effective theory

Consider now a system with a continuous internal symmetry group G. Each independent
generator T; of this group gives rise to a conserved Noether current. When the ground
state of the system breaks the symmetry spontaneously to its subgroup H, the low-energy
dynamics is dominated by the ensuing NG bosons. Their scattering amplitudes and other
low-energy observables can be extracted from the Green’s functions of the Noether currents.
Introducing a set of background gauge fields AL(I), coupled to the respective currents, the
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connected components of these Green’s functions can be collected in a generating functional
that we will denote as ['{A}.2

Theorem 1 (Ward identities) In the absence of quantum anomalies and explicit sym-
metry breaking, the symmetry of the theory under the group G is encoded in the invariance
of the generating functional T'{A} under a gauge transformation of the background fields,

ToA, = gAug_1 + ig@ug_l. (4.1)

Here A, = ALTZ-, and g € G is coordinate-dependent. When g is characterized by a set of

infinitesimal parameters €/, g = €' 7#, the transformation rule (to linear order in ¢’) takes

the more familiar form

0A, = firALe" + 0,¢, (4.2)

where f;k are the structure constants of (G. The low-energy observables are described
equally well by an EFT which is defined by a local action, Seg, in terms of the NG fields
7%(x), one for each broken symmetry generator T;,. Coupling the EFT to the same back-
ground gauge fields AZ, it must reproduce the generating functional of the underlying
microscopic theory by means of a functional integration over the NG fields,

oT{A} — ;/Dw eiSes{m A} (4.3)

Our main task is to construct the effective action Seg, or the corresponding local effective
Lagrangian, given by Seg{m, A} = [ da Lg[m, A]. It is customary, especially in high energy
physics, to assume that the Lagrangian is invariant under the group G. However, it is far
from trivial to see what the invariance of the generating functional, ensured by theorem 1,
actually implies for the effective action Seg. This problem was considered by Leutwyler, who
proved the following set of statements (abbreviated; see ref. [18] for the full formulation),
valid to all orders in the derivative expansion:

Theorem 2 (Action invariance) (i) There exists a mapping of the NG fields, = 2
f%g, 7, A] under which, together with the gauge transformation (4.1) of the external fields,
the action Seg{m, A} remains invariant, Seg{ flg, 7, A], T¢A} = Segi{m, A}. (i) The map
fg, m, A] defines a nonlinear realization of the group G, that is, obeys the composition law
felg201,m, Al = g2, flo1, 7, A], T, A]. (ii1) With a suitable change 7 — 7[m, A] of field
variables, the map can be brought to certain canonical form (introduced below). In these
variables, the transformation law of the NG fields is determined solely by the geometry of
the group G and is independent of the background fields AL.

In brief, by a suitable choice of field variables and the transformation law for NG fields,
the effective action can be made invariant under a simultaneous gauge transformation of
the NG and background gauge fields. Leutwyler presents his argument in the framework
of relativistic field theory and asserts in addition that in four spacetime dimensions, the
effective Lagrangian itself is necessarily gauge-invariant. The above-listed first three parts

2We follow the notation introduced by Leutwyler [18] and denote by curly brackets a nonlocal functional
of A. Square brackets will, on the other hand, indicate a local function of A and its derivatives.
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of his invariance theorem do not require Lorentz invariance though, and can therefore be
used without modification in the more general context of quantum many-body systems.
The “canonical” nonlinear realization of the symmetry group, asserted by theorem 2,
is defined as follows. Introduce an equivalence relation between two elements of G under
right multiplication by an element of the unbroken subgroup H: g; and gs are equivalent
if and only if g1 = gob for some h € H. The set of equivalence classes with respect to this
relation is called the (left) coset space and denoted as G/H. Introducing the notation for
the coset generated by a group element g, x4 = {gh | h € H}, one can define a natural action
of the group G on the coset space G/H by left multiplication, x4 EN Xgg'- The subgroup
H forms a coset, H = x,, which is left intact by the action of H itself. In physical terms,
the coset x. represents the vacuum, invariant by assumption under the subgroup H. It is
convenient to pick a unique element u € x to represent every coset. The group action on
the coset space then takes the form u % gu = w/h(u,g) where h(u,g) € H ensures that
u’ coincides with the representative element of the coset xgu. The NG fields 7% can now
be thought of as coordinates on the coset space G/H. Interpreting the coset element as a
matrix, u = U(), the transformation law for the NG fields takes finally the usual form

U(r') = gU(m)h(m,0)~". (4.4)

It is common to parameterize the coset element specifically as U(n) = €™ 7a. We would
therefore like to stress that our results throughout the paper apply to fairly arbitrary
parameterizations of U(w), or fairly arbitrary choices of the NG field variables, unless
explicitly stated otherwise. Namely, the only universal technical requirement is that the
trivial coset x. = H is represented by the unit matrix and corresponds to the origin in the
NG space, U(0) = 1, which implies that h(0,g) = g for all g € H.

4.2 General invariant actions

The next crucial step in the construction is the observation [18] that the dependence of
the effective action on the NG fields and on the background gauge fields is closely related.

-1

Indeed, by choosing g = U(mw)™", we can make the NG fields vanish. Gauge invariance of

the effective action, ensured by theorem 2, then implies
Sei{m, A} = Set{0, Tyr(m)-1 A} (4.5)

The action is therefore fixed solely by its dependence on the gauge field. Given that the
vacuum 7 = 0 is H-invariant, this dependence is constrained by gauge invariance with
respect to the unbroken subgroup H. Conversely, every H-invariant functional F{A} can
be used to define the effective action as Seg{m, A} = F{Ty(x)-1A}. That this is indeed
invariant under the full group G follows from eq. (4.4),

Ser{n’, A"t = F{Ty ()1 TgA} = F{Tv(z1)-14A} = F{Ty(rg)u(m)-1 A}

(4.6)
= F{Tyr ) To(m1 A} = F{Tirm)-1 A} = Sen{m, A}.

The problem of finding the most general G-invariant effective action for 7® and AL therefore
reduces to finding the most general H-invariant action for the gauge field alone. To that
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end, it is natural to split the gauge field Ty ;-1 A, into components in the subspaces of
the broken and unbroken generators, respectively, denoted as ¢, and B,, and defined by

To(my-1Ap = ¢u(m) + Bu(m) = ¢4(m)Ta + By (m) T (4.7)
From eq. (4.1) we readily obtain their transformation properties under H,

Todu = bub ™", TyBu=bhBub~' +ihduh 7",

a a b _« «a a pB vy «a (48)
00, = fra®,€"s 0B, = f3,B)¢€ + 0,€”.

This means that while B transforms as a genuine gauge field of H, ¢ rather behaves as
a set of covariant vector fields. Altogether, using eq. (4.5), we obtain a simple algorithm
for the construction of the effective action.

Theorem 3 (Action reconstruction) Find the most general action for the field ¢}, and
(0%
w ,
general G-invariant effective action for the NG fields m* and the original gauge fields Aj,

the auziliary gauge field BS, invariant under the gauge H -transformations (4.8). The most

1s obtained by the replacement

o) — [U(m) " AU (m) + iU (7)1 0,U ()],

«a -1 . -1 @ (49)
By — [U(m) AU (m) +1U(m) " 0,U (m)] .

We have already succeeded in reformulating the problem in terms of elementary field theory,
without referring to the geometry of the coset space G/H and the nonlinear transformation
law for the NG fields. However, the solution is still not completely straightforward. The
subtlety lies in the fact that standard field theory methods allow us to construct an invariant
Lagrangian, yet invariance of the action only requires that the Lagrangian be invariant up
to a surface term. This is not a mere technicality: a term in the Lagrangian invariant
only up to a total time derivative is responsible for the quadratic dispersion relation of
some NG bosons and for their number differing from the number of broken symmetry
generators [8, 35, 36] (see ref. [37] for a review). The problem can be further simplified
by observing that the possible surface term induced by a symmetry transformation only
affects a part of the Lagrangian, independent of the covariant field ¢f).

Theorem 4 (Lagrangian invariance) The most general H-invariant action for the
fields ¢¢. and By takes the form [ dx (Liny|¢, Bl4+-ZLes[B]), where the Lagrangian Liny[¢, B]
18 strictly gauge-invariant under H.

In order to understand this statement, note that the scalar current, defined by

0See{ 0, B}
YH[p, B] = ——1—= 4.10
bio. 5] = 42, (4.10)
transforms covariantly under the gauge transformation (4.8), namely 635 = — f2 S4e® (see

appendix C for a detailed proof). Using the fact that the functional derivative of the action
can be traded for an ordinary derivative with respect to a parameter,

9S.q{td, B .
ffgf} — / dz ¢4 te, B, (4.11)
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we can reconstruct the action by an integration of the current over this parameter,

1
Se{é BY = Sua{0, B} + / dz /0 dt 2 SH[t6, B). (4.12)

The transformation rule for ¢j; is homogeneous, hence the argument of the coordinate
integral above defines a gauge-invariant Lagrangian density, Zu[¢, B]. The remaining
part of the action depends solely on the gauge field By, as we wanted to show.

Let us now focus on the term Zcg[B], which represents a gauge theory whose La-
grangian may change under the gauge transformation (4.8) by a surface term, and therefore
constitutes a generalization of the Chern-Simons theory. We will henceforth refer to such
terms in the Lagrangian as Chern-Simons (CS) terms. The construction of the CS part of
the Lagrangian follows the same steps as sketched above in the case of %, [¢, B]. Namely,
the current

0Scs{B}
JHIB] = ———— 4.13
again transforms covariantly, that is, 6J§ = — %J# % (see appendix C for a proof), and

the Lagrangian can subsequently be reconstructed as
1
ZLcs|B] = / dt By JL[tB]. (4.14)
0

The essential difference to eq. (4.12) is that the gauge field does not transform homoge-
neously and thus the Lagrangian density is now not necessarily gauge-invariant.

4.3 Construction of effective Lagrangians

We can conclude that the construction of the effective theory reduces to the classification
of certain gauge-covariant objects: the Lagrangian densities in case of £ [¢, B] and the
currents in case of Zcg[B]. These can be obtained using common field-theoretical methods.
To be precise, let us denote as gauge-covariant a local function of the fields ¢, Bj and
their derivatives, whose infinitesimal shift under the gauge transformation (4.8) does not

contain derivatives of the parameters €¢*. We use the following well-known statement.

Theorem 5 (Covariance of building blocks) Consider a set of gauge fields AL, and
of matter fields ¢® transforming in a given linear representation R of the gauge group.
Every local gauge-covariant function of ¢* and Az and their derivatives can be expressed
solely in terms of ¢%, its covariant derivative D,¢* = 0,,¢" — iR(Au)“bqbb, the field-strength
tensor F/il, = 0,A! — 8,,AL + f;kAﬂAﬁ, and their covariant derivatives.

This is a standard textbook result, yet it does not seem easy to find its proof in the full
generality required here in the literature. For the sake of completeness and for the reader’s
convenience, we provide a detailed argument in appendix D.

The construction of both the invariant Lagrangian %, [¢, B] and the covariant current
J&[B] now proceeds as follows. First, we find all linearly independent operators, O,
as products of the basic building blocks (¢f;, G, and their covariant derivatives) that
contribute at a given order of the derivative expansion; since each of the building blocks
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contains at least one spacetime index, there is always a finite number of such operators. The
desired covariant object (Lagrangian or current) is then written as a linear combination,
Y4404, with unknown effective couplings c4. The linear independence of the set of
operators 04 guarantees that each term in the sum has to be covariant separately from
the others, while the covariance of our building blocks in turn implies that the couplings,
with all the group indices restored, have to be invariant tensors of the unbroken subgroup
H. Since (continuous) spacetime symmetries are by assumption not spontaneously broken,
the building blocks also transform covariantly under those, and the effective couplings cx
have to be simultaneously invariant tensors of the spacetime symmetry group.

Altogether, the classification of effective Lagrangians boils down to the enumeration of
all possible operators expressed using our basic building blocks, and to elementary group
theory, namely to finding all invariant tensors of H and the spacetime symmetry with the
appropriate number of indices of each type: a coming from ¢, a coming from B, and u
from both. Mathematically, this amounts to taking the direct product of representations
corresponding to all the fields in a given operator O 4 and finding all singlets in its decom-
position into irreducible components. To that end, we will often use the fact that given the
invariant tensors of two groups GG; and G2, the invariant tensors of their product G; x Ga
can be obtained by taking all possible products of invariant tensors of the two subgroups.

In case of the invariant Lagrangians, the resulting list of possible terms can be further
reduced. Since every operator 4 is separately gauge invariant, we can rewrite it using
the integration by parts formula,

/dx 01(D,0s) = —/dx (D,01)O5 + surface term. (4.15)

Note that gauge invariance is essential to ensure that D,(0102) = 0,(0102) here is a
mere surface term. For topologically trivial field configurations, the surface term can be
discarded, and we will always do so since we are primarily interested in the low-energy
physics of the NG bosons.

5 Leading-order effective Lagrangian

In this section, we show in detail how the strategy outlined above can be used to work out
the most general effective Lagrangian up to the second order in the derivative expansion.
Owing to the simplicity of this problem, we are able to work out the solution without
making any assumptions on the spacetime symmetry.

Let us first focus on the invariant part of the Lagrangian, %,[¢, B]. Up to second
order in derivatives, the following operators are available,

¢, (order 1), ¢Z¢Z,M,% (order 2), (5.1)

where the crossed out operators do not contribute. Of them, D,¢? is a total derivative
and thus constitutes just a surface term, while the reason why G, does not contribute to
the action either will be explained shortly. The most general invariant Lagrangian up to

- 21 —



second order in derivatives therefore reads
c%nv = eud)a + g (Zsa (52)

where ¢} and g%} are invariant tensors of the unbroken subgroup H, whose action on the
ﬁelds is deﬁned by eq. (4.8). Hence, they have to satisfy the conditions e f% = 0 and
Gy f5a + ghe [, = 0 for all allowed values of the indices, see eq. (2.1). Likewise, they are
1nvar1ant tensors of the assumed spacetime symmetry.

In order to determine the CS part of the Lagrangian up to the second order in deriva-
tives, we need to list all possible covariant currents J4[B] up to order one. Since the
simplest covariant operator one can construct out of By is the field-strength tensor G},
which is of order two, there is obviously only one possibility, namely a constant current
J& = ehy. The integration indicated in eq. (4.14) is in this case trivial, leading to

Zos = ep By, (5.3)

where the coupling is again an invariant tensor of H, that is, ek fg‘7 = 0. It is now clear
why the operator G}, cannot contribute to the Lagrangian. Including the appropriate
effective coupling, it would produce ch” G}, however the 0,B; — 0, B;; part of the field-
strength tensor would drop out immediately being a surface term, while the non—Abelian
part ch f,B Bﬁ By would vanish by means of the invariance condition on the coupling ch
Altogether, the general leading-order effective Lagrangian together with the corre-

sponding constraints on the effective couplings can be written as

LO _
,%ﬁr = GZBQ + 65¢a 2 ab ¢p, (54)
65 dzj = 0’ gcb aa + ggcy gz = 0’

where the metric ¢g!;’ introduced in eq. (5.2) can in addition be assumed symmetric, gty =
9p 5 . This agrees with the result obtained recently in ref. [20]. In that paper, a generalization
of the EFT to the cases where the global symmetry under the group G cannot be gauged is
studied. It is obvious that assuming gauge invariance dramatically simplifies the derivation
of the most general effective Lagrangian, reducing a rather elaborate calculation to a back-
of-the-envelope argument.

In rotationally invariant systems, e}’ = e;6M0. In fact, even a discrete space symmetry
is sufficient to ensure this relation. In the following, we will always implicitly assume it,
since a term linear in spatial derivatives would otherwise necessarily lead to a spontaneous
breakdown of continuous translational invariance [20} Under rotational invariance, the
bilinear part of the Lagrangian further reduces to g ¢“<b = gabgbggbg — gabqb?qb?. In two
spatial dimensions, an additional, antisymmetric bilinear term is allowed, §abe”¢,‘f¢’;.

5.1 Physical implications

With the help of eq. (2.5), we can re-express the Lagrangian (5.4) in terms of the physical
NG fields and the background gauge fields,

. 1 v
D%If‘fo = —el'w (m)9,m* —|—e ( )AZ + 2gsb wi(m )wg(w)DNWCDl,Wd. (5.5)
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This Lagrangian takes the form first obtained by Leutwyler [8], and features explicit ex-
pressions for his coupling functions in terms of the objects w? and V;, defined in eq. (2.4).
Ty,

For the specific parameterization U(mw) = e , we can moreover use eq. (2.7) to obtain

the expansion of the Lagrangian in powers of the NG fields,
1 . |
L0 = ieif;baow%b + e Ay + ig(%/DuwaDl,ﬂ'b +--- (5.6)

Note that the same coupling e; appears both in the term linear in AL and in the term
quadratic in 7® with a single time derivative. The former implies that e; has the meaning
of the vacuum expectation value of the charge density associated with the generator Tj,
while the latter indicates that whenever the commutator [T}, 73] has a nonzero vacuum
expectation value, the field variables 7 and 7° are canonically conjugated [38]. Such a
pair of field variables excites one NG boson, classified as type B [35]; owing to the presence
of a term with a single time derivative, their dispersion relation is typically quadratic in
momentum [39]. On the other hand, the remaining NG fields excite one type-A NG boson
each, whose dispersion relations are, as a rule, linear in momentum.

The effective coupling in the bilinear part of the Lagrangian has a particularly simple
interpretation in the rotationally invariant case. Namely, the couplings g,;, and g,; encode
the amplitude for the creation of the NG boson by the associated broken current, usually
dubbed the NG boson decay constant. Their ratio in turn determines the phase velocity of
type-A NG bosons. As follows from the discussion in appendix A, there is one parameter
of each type for every irreducible multiplet of NG bosons.

Apart from the dispersion relations of the NG bosons, the nonlinear dependence of the
Lagrangian (5.5) on 7® determines the dominant interactions of NG bosons at low energy
or momentum. We emphasize what should already be clear from the above equations: this
nonlinear dependence is fixed by symmetry, and the low-energy physics of NG bosons is
fully determined by the set of leading-order effective couplings, that is, their decay constants
and phase velocities, and the charge densities in the ground state.

5.2 Power counting

Now that we have discussed the spectrum of NG bosons, we return to the question of power
counting, which determines how the derivative expansion of the Lagrangian is organized.
So far, we sorted the Lagrangian separately by the number of spatial and temporal indices.
However, for a well-defined expansion, one needs a unique expansion parameter. In fact,
we have so far been discussing the leading-order Lagrangian without having a clear notion
of what “leading-order” means.

Let us recall how the powers of derivatives are counted in xPT [30], or in general
Lorentz-invariant systems. There, spatial and temporal derivatives are treated on the
i
one. The propagator of a NG boson is then of order —2 and consequently a given Feynman

same footing, and each of them, as well as the background fields A?,, is counted as order

diagram with L loops and I propagators in d spacetime dimensions has the superficial
degree of divergence [40]

deg=dL —21+» dy=2+(d—2)L+ > (dy—2), (5.7)
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where d, denotes the number of derivatives in the operator representing the vertex v. Since
every operator in the Lagrangian contains at least two derivatives, the power counting is
well defined. The leading contribution to any Green’s function or scattering amplitude is
of order two, and constitutes solely tree-level diagrams with vertices from fe(f_%). Adding
loops (in d > 3) or vertices from higher-order operators increases the order. This guarantees
that, to any finite order in the derivative expansion, only a finite number of operators and
Feynman diagrams contribute. In the exceptional case of d = 2, adding loops does not
increase the order of the diagram. This is another manifestation of the strong infrared
fluctuations of the NG fields which eventually lead to the restoration of the symmetry [28].

The above argument applies to all systems with a purely type-A NG boson spectrum.
The fact that the phase velocities of the NG bosons are not equal to the speed of light does
not need to concern us: all that matters is that the energy scales linearly with momentum.
As a consequence, the part of the effective Lagrangian ,?é(;’t) is assigned the order s + ¢,
which enters eq. (5.7) through the vertex degree d,.

Let us now consider the opposite extreme, namely a system in which all NG bosons
are of type B and have a quadratic dispersion relation, such as a ferromagnet. In order for
the NG boson propagator to have a well-defined degree, each temporal derivative now has
to be counted as two spatial derivatives. It is therefore natural to count 9, as order one,
and Jy as order two. The power-counting formula (5.7) then changes accordingly,

deg=(d+ 1)L —2T+> dy =2+ (d—-1)L+> (dy—?2), (5.8)

where d,, is now the total order of the vertex v, taking into account the difference between
spatial and temporal indices. The same argument asserting the existence of a well-defined
power counting as above applies, except that now one has a valid derivative expansion even
at d = 2 [41]. The Lagrangian ,,iﬂe(é’t) is correspondingly assigned the total order s + 2t.

The above lengthy considerations finally define the notion of a leading order in our
expansion. Barring the occurrence of operators with a single spatial derivative, this always
carries two powers of momentum. In pure type-A systems, the leading-order Lagrangian
contains terms with two spatial or two temporal derivatives. In pure type-B systems such
as ferromagnets, it contains terms with two spatial or one time derivative. Operators with
two temporal derivatives, implicit in eq. (5.5), are then only subleading, of order four.

Our discussion suggests a natural question: how to define power counting in mixed
systems where both types of NG bosons appear? This is not merely an academic question;
such systems include for instance the canted phase of ferromagnets [10] or certain models
of relativistic Bose-Einstein condensation [42, 43]. For operators built solely out of ¢y, and
G, without additional derivatives, one can alternatively assign a fixed order directly to
the respective component of the MC form, ¢j; or Bjj. If the field 7* belongs to a pair of
variables canonically conjugated by the coupling e;, ¢§ is counted as order two, otherwise
it is assigned the order one. However, this still does not give a unique prescription for
operators carrying extra covariant derivatives D,, since these can be moved by partial
integration within a product of fields. How to define power counting in this general case
remains a problem to be resolved in the future.
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5.3 Equation of motion

It is instructive to find the equation of motion stemming from the leading-order La-
grangian (5.4). As we argue below, this allows one to eliminate some of the numerous
operators contributing at higher orders of the derivative expansion. Also, it may help to
elucidate the spectrum of the NG modes and other physical observables such as the re-
sponse of the system to external fields. In this section, we sketch its derivation in a form
manifestly covariant under all the symmetries.

It is convenient to collect the auxiliary fields ¢}, and B} in a single variable, flﬂ =
AT = Ty-1Au = ¢+ By In terms of the objects introduced in eq. (2.4), it reads

Ay (m) =U(m) (A, +19,)U(7) = [Aiu;(ﬂ') — W (m) 0,7 T (5.9)

We know from eq. (4.5) that the effective action can be expressed solely in terms of AM(TF).
The general equation of motion is then

. 5Seff{7T7A} :/ 5Seff 5;1;(3/) (510)

0= oma(x) Y 5[1};(y) om?(x)

Using the above expression for flz in terms of w’ and 1/;, it is straightforward to evaluate
the second of the functional derivatives under the integral. In order to bring the equation
of motion into a covariant form, one can in addition use the identity d,v; = —i|w,, ;] and
the Maurer-Cartan structure equation [44],

Oqwp — Opwg = —i[wg, wp), or 8awl§ — 8bwf1 = f;kwgwf, (5.11)

both of which are easily obtained from the definitions of w! and I/]i- in eq. (2.4). The
equation of motion then acquires the form

o O0Se - =1 0Sef
il gig 226t i AkZEel )
w? <5]3M (LZXZ + fikAy (LZXL 0. (5.12)
Let us now see what this implies at the leading orders of the derivative expansion. In
terms of flz the Lagrangian (5.4) takes the rather compact form .,Sfelgfo =el flfﬁ— % gty AZAZ.
Plugging this into eq. (5.12) and expanding in all possible combinations of broken and
unbroken indices seems to produce a lot of terms. However, some of them vanish due to
the invariance conditions: (i) wi f;kflﬁef vanishes unless both j and k are broken indices;
(ii) wgfgkflllj (gé‘é’fli) = wgfgdgl‘f:ﬁﬁflﬁ vanishes since as follows from appendix A.2, fgdggcy
is antisymmetric under the simultaneous exchange of ¢,d and u,v. Upon some relabeling
of the indices, the equation of motion then reduces to

wh (gt 0, AL + frighy AL AL + el flLAS) = 0. (5.13)

From eq. (2.7) we know that at 7 = 0, w?(0) = 62. Therefore, there is a neighborhood of

b

() is nondegenerate.> In this

the origin of the coset space G/H in which the matrix w

3This conclusion is independent of the specific choice of parameterization, used to derive eq. (2.7).
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neighborhood, we can divide the entire equation by this factor. Upon finally splitting the
index ¢ in the second term into its broken and unbroken part, we realize that the equation
of motion can be cast in a manifestly G-invariant form, solely in terms of ¢{,

el D + gy Dudt, + fugh 000 = 0. (5.14)

This form of the equation of motion does not make any assumptions on the spacetime sym-
metry, and constitutes a generalization of the Landau-Lifschitz equation for the spin waves
in ferromagnets [8]. Of course, in most cases of physical interest, it takes a particularly
simple form. First, in rotationally invariant systems (in two or more spatial dimensions),
the first term reduces to f;beigbg. Second, in rotationally invariant systems in three spa-
tial dimensions, the second term reduces to gangqbg — gabDrgbﬁZ, that is, to the covariant
Laplacian. Finally, the last term is missing when the coset space G/H is symmetric.

The equation of motion (5.14) is expressed in terms of the same building blocks as
the invariant part of the Lagrangian %, allowing us to eliminate some of the operators
that appear at higher orders of the derivative expansion. This is equivalent to a certain
field redefinition, and therefore provides a tool to reduce redundancy in the higher-order
Lagrangians [31, 45]. How precisely this procedure works again depends on the classification
of the NG bosons. For a type-B NG boson 7%, ¢§ appears linearly in eq. (5.14), hence it can
be eliminated altogether from the higher-order operators. For all the remaining generators,
corresponding to type-A NG bosons, Dy¢f can be eliminated in favor of D, ¢ and products
of ¢y,s. In the special case of Lorentz-invariant systems, the equation of motion allows one
to remove operators containing D,,¢*.

6 Higher-order contributions

In this section, we provide some details of the construction of the order-three and four
effective Lagrangians presented in section 2. It is worthwhile to stress the conceptual sim-
plicity of our approach: we merely have to list all possible operators up to the desired order
and find all invariant tensors of the unbroken subgroup H to contract their indices. The
nontrivial task turns out not to be to make sure that the list of operators is complete, but
to detect possible redundancies. There are several tools that allow one to relate apparently
different operators for general G and H [31, 45]: integration by parts, Bianchi identity for
the field-strength tensor G, Schouten identity for the fully antisymmetric tensor A
and the use of the leading-order equation of motion (5.14). In addition, specific algebraic

relations of the symmetry group or its representations may give rise to further constraints.

6.1 Invariant terms

In order to obtain explicit expressions for the invariant part of the Lagrangian, we re-
strict ourselves to rotationally invariant theories. However, if needed, our approach can
be straightforwardly applied to more complicated cases such as condensed matter systems
with a discrete space group. The problem to solve is then as easy as it gets: find the
appropriate invariant tensors of the unbroken subgroup H.
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Following the steps outlined in section 4 and applied to the lowest orders of the deriva-
tive expansion in section 5, we first list all types of operators that contribute at orders
three and four:

order 3: ¢36},¢7, 63 Dudy, Dbt 3G, Dxinar

order 4: ¢} a5 b, $dk Dy, SrDxBHE,, Dwd Dud)y, DebrBdy, (6.1)

Oh R Gy Dt Gl DG, D, GinGl,

The crossed out operators are redundant since they are either total derivatives, or can be
eliminated in favor of the remaining operators using integration by parts. As the next
step, we have to determine all contractions of the Lorentz indices that are allowed by
the assumed spacetime symmetry. Here, it is convenient to discuss separately the case of
one spatial dimension, where Lorentz invariance is not an issue for spontaneous symmetry
breaking does not occur in one-dimensional Lorentz-invariant systems [28]. Since there is
no (continuous) spacetime symmetry in this case, the most straightforward approach is to
simply assign the temporal and spatial indices 0,1 to the above operators in all possible
ways. Along the way, one encounters further redundancies as some of the operators can be
eliminated using integration by parts. For instance, ¢8¢8D0¢‘f does not appear among the
operators contributing to ,ng;g), shown in section 2.2.1, as it can be integrated by parts to
ngqS’{Do(;Sg (but not vice versa). Similar reasoning allows us to eliminate other operators.

In higher dimensions, one can follow two approaches, resulting in somewhat different
classifications of operators in the Lagrangian. The first approach relies on the fact that the
only algebraically independent invariant tensors of the Lorentz group are the Minkowski
metric 7, and the Levi-Civita tensor €y,,... The assumed rotational invariance is taken
into account by introducing an additional invariant: a time-like rest-frame vector, n* =
(1,0,0,...). One next has to enumerate all tensors obtained by products of 7, €xup...,
containing the desired total number of indices. Bearing in mind that a product of two
€’s can be decomposed into a linear combination of products of the n’s, the full list of
rotationally invariant tensors up to order four reads:

order 1: ny,.
. T

order 2: My, NNy, €’ . (6.2)
. ag ag

order 3: Mo AT Ny EX s MAELve Tl s EXppa Tt -

. o, o o
order 4: NeXTpy s TeATu T, MM Ny €Ay ExAa Tl N s ExAa Tl TNy Exdpr s M€ pve™ -

As before, we use color coding to highlight tensors that are only available for certain spatial
dimensionality; moreover, tensors that are explicitly Lorentz-invariant are highlighted by
underlining.

While the above is certainly a complete list of rotationally invariant tensors, it is,
unfortunately, not minimal. To understand why, take the antisymmetric tensor €,;,...,,, in
d spacetime dimensions, and construct a tensor of rank d +1 as €,...,7y,, ,- By summing
over cyclic permutations of the indices, we obtain a rank-(d 4+ 1) antisymmetric tensor
which must identically vanish,

d

d —
€pur-wpaMpars T (1) €paopgpain Yy €psopagapn Mo+ -+ (1) €y g1 Mg = 0+ (6.3)
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This is a particular example of the Schouten identity. Multiplying the whole equation by
nHd+1_ we then obtain a constraint relating tensors of rank d, listed above,

d

(—1)d+15u1---ud = Z(—l)(d+1)(k+1)”uk €yt -Ham 1™ - (6.4)
k=1

This means that a manifestly Lorentz-invariant tensor €,,..,, can be recovered from a
linear combination of other, Lorentz-noninvariant tensors. We have in principle two options:
either keep manifest Lorentz invariance, or keep the set of tensors minimal by dropping €y,
and €.\, from the above list. In view of the applications of the formalism in condensed
matter physics, we use the former approach to work out the effective Lagrangian only
in Lorentz-invariant theories, see section 2.2.4. There, the result is obtained by merely
contracting all of the operators in eq. (6.1) with the tensors of eq. (6.2) at the given order.

In nonrelativistic systems one has to treat spatial and temporal indices separately,
and using the Lorentz-covariant formalism proposed above would only obscure the power
counting. We therefore use a different strategy. Instead of Lorentz-covariant tensors, we
list all rotationally invariant tensors with spatial indices only:

order 2: O, €.
order 3: €. (6.5)

order 4: 0,504, Ors€iy-

These are again put together with operators from eq. (6.1) in all possible ways, except that
not all indices now have to be contracted; the leftover ones are assigned the value 0. This
way, one obtains the list of operators presented in section 2.2.1.

In the process, we again encounter a number of additional redundancies that somewhat
reduce the final list of operators. Let us point out some of them explicitly:

e Some of the operators can obviously be expressed in terms of others using integration
by parts. For instance, ¢$¢£Ds¢§ can be converted into ¢?¢2DT¢§ and thus is not
independent.

e In two spatial dimensions, G, = G{5€,s, therefore the naively anticipated operators
eSLp2ptGY, and €' D, ¢ G, reduce to the operators € ¢2¢2GS, and €% D, ¢*GS,.

e In three spatial dimensions, the operator €' D, ¢3G¢, vanishes through the Bianchi
identity when integrated by parts.

«

e The two-dimensional operator €"* D, ¢gGg, can be expressed in terms of € DypfGYy,

and the three-dimensional operator €*!D,¢%GS, in terms of €"*!Dyp2G%, via the

Bianchi identity.

e The operator eTStGg‘,,Gft is a topological density and thus does not contribute to the
action.
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6.2 Chern-Simons terms

In order to determine the CS-type terms in the Lagrangian, we have to find all admissible
currents J4[B] and integrate them by means of eq. (4.14). The current is constrained by
the requirement of covariance (C.5), which however follows already from global symmetry
alone. The assumed gauge invariance imposes an additional constraint on J4. To see this,
simply express gauge invariance using the transformation rule (4.8) as

0= dScs(B) = [ do (75, BL + 9,e) 2B (6.6)
from where an integration by parts leads us to the conservation condition
OuJl + fla BTt = Dy Ji = 0. (6.7)

Due to theorem 5, the current can be constructed out of covariant building blocks. Since
Scs{B} depends solely on the gauge field B}, we have Gy, and its covariant derivatives
at our disposal. The validity of eq. (C.5) is then ensured by contracting indices in the
operator with a coupling which is an invariant tensor of the unbroken subgroup H, leaving
free one overall Lorentz index and one adjoint group index. This part of the construction
is accomplished using exactly the same steps as in the case of the invariant Lagrangian
Linv|®, B]. Finally, in order to get a gauge-invariant action, we impose the conservation
condition (6.7) which further restricts the possible values of the couplings.

Let us now proceed to the construction. It is worth stressing that up to order four in
derivatives, the CS contributions to the Lagrangian can be worked out without making any
assumptions on the spacetime symmetry. At order zero in derivatives, the current has to
be constant, J4 = eh. In this case, eqs. (6.7) and (C.5) impose the same condition on the
coupling, namely ek fgw = 0. Integrating the current according to eq. (4.14) then recovers
the CS term shown in eq. (5.4), while the special case of rotational invariance is displayed
as E(gls) in eq. (2.2). At order one, there is no covariant current since the simplest building
block we have, Gy, is already of order two. This explains in very elementary terms why
the part of the effective Lagrangian with two derivatives is strictly gauge-invariant.

At order two, the current has to be proportional to the field-strength tensor,

A
Tt = G, (6.8)

As explained above, the covariance of the current requires that the coupling cgg‘ is an

invariant tensor of H. Also, without loss of generality, it can be assumed antisymmetric in
the indices v, A\. The conservation condition (6.7) on the other hand takes the form

0= DG\ = 2c9,0,B) + -+, (6.9)

where the ellipsis denotes terms with fewer than two derivatives acting on Bjj. Since
all components of Bjj with different « and g are in principle independent functions of
spacetime, this implies that cgg/\ has to be antisymmetric in u, v. Given the assumed anti-

symmetry in v, A, it must thus be fully antisymmetric in all three indices u, v, A. This is a
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necessary as well as sufficient condition for current conservation, since the whole CZE)‘DMGf A\
then vanishes by means of the Bianchi identity. Integration using eq. (4.14) now finally
gives

b v a 1
28 = Ny BS (%Bg + 3f5<;BZBS> : (6.10)

The coupling ci‘é’é” is fully antisymmetric in A, g, v and is an invariant tensor of the unbroken
subgroup H. Also, it can without loss of generality be considered symmetric in «, 3, since
swapping these two indices changes the Lagrangian at most by a surface term.

In one spatial dimension, a rank-three fully antisymmetric tensor does not exist, while

Apv

in two dimensions, CQ’EV has to be proportional to e Finally, in three dimensions, it

can be equivalently written in terms of the dual vector, cg‘éy = Cpap€™

. In principle,
the internal group structure of the vector ¢, o can be chosen independently for each com-
ponent k. Under the assumption of rotational invariance, only the x = 0 component can
be nonzero, while in higher dimensions no rank-three fully antisymmetric and rotationally
invariant tensor exists. This reproduces the most general rotationally invariant CS La-
grangian of order three in derivatives, given in eq. (2.2). Note that our result is implicit in
older works dealing with the general problem of classification of effective actions without
the assumption of gauge invariance [46-48]. It is therefore worth emphasizing that we
have obtained it using solely elementary field theory. In the next subsection, we discuss its
implications in more detail.

So far, we have found nontrivial CS terms at orders one and three in derivatives. It
can be shown that no such terms appear at order four, the highest order of concern in
this paper. Although a proof of this statement is elementary, it is rather lengthy and the
details are therefore deferred to appendix E. Before concluding, it is, however, instructive
to inspect the variation of the CS Lagrangians under the gauge transformation (4.8). For
the order-one term, this is nearly trivial,

8L = e (0,c™ + [5,BEC) = D (chie®), (6.11)

where the second term drops out as a consequence of the H-invariance of eh. Trivial
as it seems, it is good to realize that the surface term actually depends nontrivially on
the NG fields 7. Indeed, as is clear from eq. (2.8), the parameter of the compensating
transformation h € H by which the auxiliary field By} shifts equals e® = eikf‘ (7), where €
is the parameter of the original gauge transformation, g € G. Finally, we just add that the
order-three CS term varies by

L5 = () 8, BY). (6.12)

The proof of this statement follows upon a brief manipulation using the invariance condition

on cg‘é’éy and the Jacobi identity for the structure constants.

6.3 Physical content of the Chern-Simons terms

The CS terms are singled out by our construction, based on the auxiliary field variables
¢y, and Bji. A natural question then arises, whether this division is purely technical or
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whether the CS terms differ from the invariant part of the Lagrangian .Zj,, in actual
physical consequences. One aspect of the CS terms certainly is special: as a consequence
of the global topology of the coset space G/H, the couplings e, and c,p are, as a rule,
quantized. This follows from a rather deep analogy of our CS terms with the so-called
Wess-Zumino term in xPT [22, 49], discussed in detail in the companion paper [26]. The
topological nature of the order-one term ZC(IS), for instance, manifests itself in the Berry
phase that the ground state of the system acquires when adiabatically dragged through
G/H by a weak external field [20, 50].

Since our concern in this paper is the construction of EFTs for NG bosons, we now
concentrate on the perturbative interactions induced by the CS terms. The case of .,5,”((;15)
was already discussed in detail in section 5.1. We saw in eq. (5.6) that this CS term affects
the spectrum of NG bosons by canonically conjugating some of the fields 7%, provided two
conditions are satisfied: e, # 0 for some « and the existence of generators T,, T} such that

% # 0. The first condition amounts to the presence of an unbroken charge density in
the ground state, and can only be fulfilled when T}, (or more precisely 7%, see appendix A
for the definition of the notation) generates a U(1) factor of H. The second condition
guarantees that T, does not commute with the whole group G, in which case the charge
density would completely decouple from the dynamics of the NG bosons [8].

Let us reformulate the latter condition in a more formal fashion which will prove
useful below when discussing -gc(?é) Assume that there is a set of couplings E! such that
El f;k = 0 and Ef = ef. This means that .,Z”C(ls), expressed in terms of Bf as in eq. (2.2),
can be ~embedded into a CS term for the entire field flu =Ty-1A, = ¢u+DB,, jéls) = EfflL
Since Aj, differs from the original gauge field Aj, just by a gauge transformation, the action
stays unchanged if we replace AL by AL.A‘ On the other hand, we obviously have

L = BUBS + Blgl = 28 + Bligp. (6.13)

Our assumption on E!' implies as a special case that Ef f4, = 0. Hence EY is an invariant
tensor of H and the term E¥ cZ)Z can be absorbed into the redefinition of %,,. We have

therefore established that provided the couplings E!" exist, fc(ls) is actually independent of
the NG fields, being gauge-equivalent to E Az plus a term that belongs to Zy. In rota-
tionally invariant systems, B! = E;6" and the couplings F; with the desired properties
exist when the Lie algebra of G possesses a U(1) generator E‘T; which, when projected to
the Lie subalgebra of H, reduces to e*T,.

The same steps can be followed in case of jfé‘? We first assume that there is a set of

couplings C’{}W such that C’Qg” = ci’gf’ and C’Z)}Wffk + C'i)f”ffk = 0. We use this to promote

.i”c(?é) to a CS term containing the full gauge field flfw .i”c(? = C%“ VA <8Mflj; +1 f,zzflﬁflﬁ)

By an explicit manipulation, we can then show that ZC(%) is gauge-equivalent to

v oAi . 1 1 vV oia o vV a 1 123 a C
C" AL (émAi + 3f,ieA,’iA£) — Col63Gh, — Cal " 83Dudy, — SCl" fidiohiot. (6.14)

4Strictly speaking, this is only true for topologically trivial NG field configurations. In general, the action
may shift by a topological #-term, which nevertheless does not qualitatively modify our argument [26].
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In other words, g((;;) is independent of the NG fields up to terms that can be absorbed

into a redefinition of the couplings in Zyy.

Under what conditions does the extension C;; exist? (For the sake of simplicity, we drop
the Lorentz indices here since they are not essential for the discussion.) The coupling c,g
defines an H-invariant symmetric bilinear form on the Lie algebra of H, and mathematically
speaking we are therefore investigating the existence of its extension to a G-invariant
symmetric bilinear form on GG. According to appendix A, ¢* 5 commutes with all generators
of H in the adjoint representation. Provided that H is simple, its adjoint representation is
irreducible, and by Schur’s lemma caﬁ has to be proportional to 5%. In this case, it can be
naturally extended to C"; 6;. When H is not simple, ¢® 518 allowed by Schur’s lemma to
contain several blocks, each proportional to unity, but with different eigenvalues. In case
two such blocks lie in the same invariant subspace of G under the adjoint action, there is
obviously no G-invariant extension of s

We conclude that the necessary condition for .i’é?é) to trigger interactions among NG
bosons is that H is not simple. As a concrete example, consider the symmetry-breaking
pattern SU(2) x SU(2) — U(1) x U(1). The adjoint action of G splits the generators into
two invariant spaces, one for each of the SU(2) factors. Consequently, the most general
G-invariant bilinear form has to be proportional to unity on either of them. Denoting the
indices of the two SU(2)s as i,4,... and 4,7, .., this means that

Chocsy,  CLoxdl,  Ch=C7 =0 (6.15)

However, the unbroken subgroup H = U(1) x U(1), assumed without loss of generality to
correspond to T3 and T3, is Abelian so that c,3 can be chosen completely arbitrarily. Once
we choose nonzero cs3 = ¢35, an extension of ¢,z to a G-invariant coupling obviously does
not exist. We can go even further and say that the parts of .i”é?é) corresponding to c33
and c3z can be absorbed into the redefinition of %,y via eq. (6.14), while that containing
¢33 = C34 Will give nontrivial interactions among the NG bosons. What kind of interactions
does it then represent? Note that since G is given by a direct product of two subgroups,
the fields ¢y, By} split into completely separated parts carrying the NG and gauge fields of
the respective SU(2) factors. A glance at egs. (5.1) and (6.1) reveals that up to order three
in derivatives, there is no term in the invariant Lagrangian the would mix the fields from
the two subgroups. Therefore, Zé?é) in this case provides the leading interaction among all
the NG bosons of the theory.

To see the above more explicitly, let us for simplicity discard the external gauge fields
AZ. Using eq. (2.5) together with the expansions (2.7), it is easy to obtain the leading

term in the power expansion of z(%??

1 V rax a C
.i”c(?é) = Zci’é abfcﬁdﬂ' (%\771’(9“% md (6.16)

This interaction term is fully antisymmetric in the indices a, b, ¢, d, and thus requires that
the dimension of G/H is at least four. Our [SU(2) x SU(2)]/[U(1) x U(1)] example there-
fore provides a minimal model in which Zé?é) is nontrivial, another simple example being
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for instance the symmetry-breaking pattern SU(3) — SU(2) x U(1). Finally, note that the
interaction (6.16) has a very similar structure to the Wess-Zumino term in xPT [30]. The
important difference between the two however is that our interaction arises from a strictly
gauge-invariant action.

6.4 Explicit symmetry breaking

So far, we have assumed that the symmetry of the physical system under the group G is
exact. However, examples of exact global symmetries are rare, and as a rule correspond to
Abelian groups. In realistic situations, non-Abelian global symmetries are broken explicitly,
albeit weakly. A prototypical example is the chiral symmetry of QCD, which is explicitly
broken by the nonzero masses of the quarks. It is therefore mandatory to understand how
to incorporate the effects of such explicit symmetry breaking in the EFT.

Following the treatment of ref. [18], we assume that in the microscopic theory, the G-
invariance is broken by a term in the Lagrangian, m,O?, containing a set of operators that
transform in some (nontrivial) linear representation of G: 07 & 07 = D(g)?,07. The in-
variance under G can be formally restored by assigning the parameters m, a contragredient
transformation rule, m,, = D(g™1)’sm,. In the EFT, the parameters m,, can be treated as
a background field with the above transformation rule. The generating functional I'{ A, m},
defined in analogy with eq. (4.3), is invariant under a simultaneous gauge transformation of
the fields AL and m,. The invariance theorem 2 can be seen to still hold in this case so that
the effective action Seg{m, A,m} is gauge-invariant under a simultaneous transformation
of all its arguments.

Upon the gauge transformation that eliminates the NG fields from the EFT, we find,

analogously to eq. (4.5),
Seff{ﬂ'a A» m} = Seff{07 TU(ﬂ')_lA’ E(Tr)}a (6'17)

where 2, () = D(U(w))’sm,. The dependence of the action on the fields A!, and m,
at m = 0 is constrained by the invariance under the unbroken subgroup H. Vice versa,
repeating the steps in eq. (4.6), it is easy to see that every H-invariant functional F'{A, m}
gives rise to a G-invariant action by means of Seg{m, A,m} = F{Ty(x)-1A4,E(7)}. The
most general effective Lagrangian respecting all the symmetries is therefore obtained using
three basic building blocks: the already familiar fields ¢}, and By, and Z,. By an extension
of the proof of theorem 4, one can likewise show that the full dependence of the Lagrangian
on the field Z, resides in its invariant part, L |[¢, B, E].

The above argument allows us to determine the dependence of the effective Lagrangian
on the explicit-symmetry-breaking parameters using the same strategy as before, namely
by listing all covariant operators up to the desired order in the derivative expansion and
contracting their indices with H-invariant tensor couplings. The precise way that =, and
hence m,, appears in the Lagrangian depends on how we define its power counting. Since
we expect m, to give rise to a quadratic mass term for the NG modes, it is natural to
count it as second-order in the derivative expansion. Up to order four in derivatives, we
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then have the following operators containing at least one factor of =,:

order 2: =,.

order 3: 2,6, BrEs. (6.18)
_ = = b — —_ —_

order 4: E,Z¢, Ep$8%, Zo Dy, DoEetts, DibsZa, Z,C5,.

We again crossed out the operators that are either total derivatives or can be expressed in
terms of the others by partial integration. Working out all the possible contractions of the
spacetime indices in these operators, allowed by the spacetime symmetry, reproduces the
result advertised in section 2.2.3.

7 Conclusions

In this paper, we have worked out a systematic framework for the construction of effec-
tive actions for the NG bosons of a spontaneously broken internal symmetry in arbitrary
quantum many-body systems. Building on the pioneering work of ref. [18], we have pro-
vided explicit expressions for the most general effective Lagrangian up to order four in the
gradient expansion. Although we have assumed rotational invariance, the generalization of
the results to other spacetime symmetries is in principle straightforward. To conclude the
paper, we would like to make a number of comments on our results.

First, we worked out the constraints on the effective Lagrangian based solely on the
continuous symmetry. Real physical systems often possess additional, discrete symmetries
such as parity, time reversal or charge conjugation. These may dramatically reduce the
number of independent parameters in the Lagrangian, as we saw in the examples discussed
in section 3.

Second, from the outset we made the assumption that NG bosons are the only low-
energy degrees of freedom. This is often not the case, a generic example being the gapless
fermionic excitations in presence of a Fermi sea. In principle, adding such non-NG degrees
of freedom is straightforward using the techniques developed in refs. [3, 4].

Last, for the sake of simplicity, we assumed that the continuous symmetry that de-
fines the EFT can be gauged, that is, there are no anomalies. Taking the anomalies into
account is nontrivial, but in principle possible [18]. One has to construct a contribution to
the effective action that reproduces the anomaly in the Ward-Takahashi identities for the
Green’s functions of the microscopic theory. Once this is found, the remaining part of the
effective action can be obtained using the methods presented in this paper.

Of course, constructing the effective action is just the initial step in a more long-
term program. To get a full-fledged EFT framework, our results need to be augmented
with tools for performing loop computations in the many-body system in question. These
have already been developed for numerous concrete examples, and will be invaluable for
the applications of the formalism presented here. To work out such explicit cases will
constitute the main direction of our future efforts.
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A Invariant tensor couplings

The effective couplings that appear in the effective Lagrangian are invariant tensors of
the unbroken subgroup H. They carry indices of the representations Ry and Rp of H
in which the fields ¢}, and By transform (the latter being the adjoint representation).
Mathematically, finding all independent parameters contained in the effective Lagrangian
therefore corresponds to finding all singlets of H in tensor products of the appropriate
number of R4s and Rps, corresponding to the operator that one deals with. Obviously,
the actual number of independent parameters strongly depends on the size and structure of
the unbroken subgroup H. (In the unfortunate case that the continuous symmetry is fully
broken, the couplings can take completely arbitrary values.) While the general solution to
this problem is probably available in the mathematical literature, for practical purposes it
is most convenient to find it case by case using tensor methods [27].

Here we discuss the consequences of the invariance constraint (2.1) in the simplest
cases that occur repeatedly throughout our analysis. Let us first introduce the necessary
notation. Choose some faithful representation of the generators 7; and define a bilinear
form on the Lie algebra of G by A;; = Tr(T;Tj).” It is assumed to be nondegenerate,
but not necessarily proportional to d;;. The latter can always be ensured for compact
semisimple Lie algebras by a suitable choice of basis. The matrix A;; and its inverse A
can be used to lower and raise indices of covariantly transforming objects.

The matrix A;; represents a symmetric rank-two tensor and is obviously invariant
under the adjoint action of G, which implies a condition of the same type as (2.1),

Agifti + Diefi; = 0. (A1)

This can also be proven directly from the cyclicity of the trace, Tr([T;,1%])1; )= Tr(T;[Ty,}]).
It follows immediately that the combination Ay ffk is fully antisymmetric in the indices
1,7, k. By restoring the proper ordering of indices in the structure constants, f]l.k = f"jk,
and setting fi;r = Ay fej ;-» this antisymmetry can be interpreted as a generalization of the
usual property of the structure constants in a basis-independent way. Likewise, it is easy
to show that the tensor fkijAje = fkif is antisymmetric in the indices k, £.

50ur effective Lagrangian of course depends solely on the structure constants of G and hence is inde-
pendent of such a choice of representation.
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In the following, we will in addition assume that A;; is block-diagonal with respect to
the broken and unbroken indices, that is, Agq = Ane = 0. This is reasonable: the broken
generators are defined to be “orthogonal” to the unbroken ones. More precisely, a specific
choice of indices in eq. (A.1) gives (we use the fact that the algebra of unbroken generators
always closes so that fi; = 0)

0= AW’“ ;IB =Ajq éﬂ = _Aﬁif(ia = _Aﬁ’Yf(;ya' (A2)

Since A;j;, and thus A,g, is by assumption nondegenerate, we can divide by it and thereby
obtain fq, = 0. This is nothing but our assumption that the broken generators furnish a
representation, Ry, of the unbroken subgroup H. A practical consequence of the assumed
block-diagonal structure of A;; is that (un)broken indices remain (un)broken after raising
or lowering so that, for instance, u,v® = u®v,. This would not necessarily hold otherwise.

A.1 Couplings of the type c, and c,

The invariance conditions here read c, fg‘7 = 0 and ¢, f3, = 0, respectively. A simple
manipulation using the above-defined symmetric form A;; leads to

0= caf§,A°Ts = —cafh, ATy =i [T, T)] = i[Tp, T, (A.3)

(In the first step, we used the antisymmetry of ngAV‘S in the upper two indices.) We
conclude that the H-invariance of ¢, is equivalent to the statement that the matrix ¢*T,
commutes with all unbroken generators. Likewise, ¢, is an invariant tensor of H if and
only if ¢*T, commutes with all unbroken generators. Thus, the possible existence of a
rank-one invariant tensor of H is determined by group theory: the space of (un)broken
generators must contain a singlet of H. In particular, the couplings e; in D%;fn) correspond
to the vacuum expectation values of the generators T;. The group-theoretic condition on e;
translates into the (obvious) statement that only generators commuting with the unbroken
subgroup H can have a nonzero vacuum expectation value.

A.2 Couplings of the type c,g and cgup

The invariant tensor c,g satisfies a condition analogous to eq. (A.1). Raising the first index
of cop with A8 it can be rewritten as

. f35 — f5¢’ 5= 0. (A.4)

In other words, the matrix c® 5 commutes with all generators of H in the adjoint representa-
tion. This determines ¢4 completely up to a few unknown parameters. When H is simple,
its adjoint representation is irreducible and by Schur’s lemma, caﬁ must equal 5% up to an
overall factor. A general compact group H is given by a product Hy x --- x Hp x U(1)?
(possibly multiplied by another, discrete group), where all H; are simple. Then, co‘ﬁ is de-
termined by a single constant on every simple factor H;, while it can take arbitrary values
on the Abelian part U(1)7.

A completely analogous statement holds for ¢4, except that now c%, commutes with
all generators of H in the representation Ry4. The allowed values of c%, are determined
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by the decomposition of R4 into irreducible components. By Schur’s lemma, ¢%, has to
be proportional to J; on every irreducible representation which appears only once in the
decomposition of Ry. When Ry itself is irreducible, ¢, must be proportional to Ay, and so
is necessarily symmetric. This in particular means that the antisymmetric two-derivative
term €"*¢%¢? in the leading-order Lagrangian (5.4), allowed in two-spatial dimensions by
rotational invariance, is forbidden by the internal symmetry.

B The c; operator in chiral perturbation theory

Here we provide the missing details behind the construction of the effective Lagrangian for
xPT, worked out in section 3.2. Our aim is to analyze the consequences of the operator c7
in eq. (3.10). Using eq. (3.4) for D, ®, and the identity

(D, DUU +U(D, DU = —(DUDU + DUD U, (B.1)
which follows by differentiating the relation U~ = 1 twice, we immediately get

1
Tr(D,®,D"®") = — - Tr[D ,UD"U' D,UD'U" + D UD U™ D*UD U™
K R [ K (B.2)

—2(D,D,U)(D"D'U™Y)].

Consequently, modulo terms that can be absorbed into a redefinition of the couplings c;
and cz, the 7 operator is proportional to Tr[(D,D,U)(D*D"U~1)]. We therefore focus on
this combination of the fields.

Let us now make a step aside and rewrite the equation of motion D, ®* = 0, eq. (5.14),
in terms of Y. Using eq. (3.4), it takes the form

D, D"id = U(D, D*UMU. (B.3)

Substituting for D, D*UU~! from eq. (B.1), this becomes D, DU = (D, U)U~1(D*UU), and
equivalently D, D*U~1 = (D, U~U(D U™T). As an immediate consequence, we get that
Tr[(D, D*U)(D, D*U™Y)] = Te(D UD*U D, UD UY) for fields satisfying the equation of
motion. This is used in the next step, where we rewrite a similar operator using integration
by parts (the resulting equivalence up to a surface term is indicated by the symbol ~),

Tr[(D,D,U) (D" D*U™Y)] ~ — Tr[(D, D, D"U)(D*U™)]
~ — Tr{([Dy, D,)D"U)(D"U™") — (D, D'U)(D,D"U™)}
=i Tr(FL, D'UD" U™ + Fl D"~ D"U) (B.4)
+ Tr[(D,D*U)(D,D"U)].

We also used that a commutator of two covariant derivatives gives the field-strength tensor,
(D, DU = —iFLU +UF,. (B.5)

Since the first term on the right-hand side of eq. (B.4) arises already from the ¢g and c11
operators, see eq. (3.15), while the second term from c;, as argued above, we conclude that
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upon using the equation of motion, a term of the type Tr[(D,D,U)(D* D*IA~')] can be
completely dropped from the Lagrangian.

This seemingly irrelevant observation allows us to antisymmetrize the Lorentz indices
in Tr[(D, D, U)(D*D*U~1)], which is what we are eventually after. We thus obtain

Tr{([Dy, D, JU)([D*, DU~} = Te(F L FY + FR PR —oF L yFpfvy—).  (B.6)

This ultimately confirms that, up to terms that vanish upon using the equation of motion
and terms that can be absorbed into a redefinition of the other couplings present in the
Lagrangian (3.10), the ¢7 operator reduces to the first line of eq. (3.15) with a flipped sign
in front of 2F HLVL{ FRwy=1 Together, these operators therefore give rise to the independent
couplings ¢5 and é in our Lagrangian (3.16).

C Covariance of the scalar and vector currents

In this appendix, we discuss the transformation properties of the scalar and vector currents,
defined by a functional derivative of the action with respect to the fields ¢, and By,

) o
wufo. 5] = 0 pep = 250
i 1

Consider an arbitrary infinitesimal shift of the fields, ¢f, — ¢ + uj, and B} — Bjj + vy,
and the induced shift of the action,

(C.1)

S{o+u B+ v} - S(0,B) = [ do(uShlo. B + i o B). (€2
Next apply the gauge transformation (4.8) to this equation. This leads to
[ o (21, B+ o816 BY) = S0+ B 40} - S0 B)

= S{¢' +u, B' + v} — S{¢, B}.

(C.3)

Taking the difference of eqs. (C.3) and (C.2) allows us to determine the transformation of
the currents, induced by the gauge transformation of the fields (4.8),

/dx(u;525[¢, B+ 1267416, B]) = S{&' + u, B' + v} — 5{6+u, B + )
— [ o {FudherSto+ u. B0l + (5, BIE + 0,6+ w Bol}) (C)

~ / Ao (fLuse@ L0, B] + f1,006 TE[g, B).

In the last step, we used invariance of the action S{¢+ u, B+ v} under the gauge transfor-
mation of the variables ¢ +u and B +wv, and approximated X5[¢+u, B+v], J&[¢+u, B+v]
by 34 [¢, B, J&[¢, B]. Comparison of the coefficients at uy, and vy finally leads to the trans-
formation rules

OSt = =[50, 0Tk = —flg Tl (C.5)

e

These demonstrate that despite the inhomogeneous transformation of the gauge field, both
the scalar and the vector current are covariant under the gauge transformations.
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D Gauge-covariant local functions

The sole aim of this appendix is to prove in detail theorem 5. For most of what follows, we
can afford the luxury of dropping group indices. Thus, the local gauge-covariant function
under consideration can be written symbolically as

V[p, A] = (¢, 00,009, ... ; A,0A,004,...). (D.1)

Although we do not insist that the fields only appear with at most one derivative attached
to them (we are talking about a derivative expansion of an EFT after all), we do assume
that the degree of the derivatives appearing in ¥[¢, A] is bounded from above. Take now
a (possibly higher) derivative of ¢ and rewrite it in terms of the covariant derivatives,

O =" HDp+iAg) = 0" D+ 140" Lo+ - - -, (D.2)

where the ellipsis denotes terms with less than n — 1 ordinary derivatives acting on ¢.
Iterating this manipulation, the function ¢ [¢, A] can be expressed solely in terms of ¢ and
its covariant derivatives, and of A and its ordinary derivatives. This is merely a change of
variables; so far we have by no means used the assumed gauge covariance. The advantage
of writing 1[¢, A] in terms of the new variables,

V[6, A = (6, D, DD, ... : A, 0A, 004, ...), (D.3)

of course is that the covariant derivatives of ¢ do not contribute terms with derivatives of
the transformation parameter € to the gauge variation .

We now proceed by induction and show that the derivatives of the gauge field can all
be combined into the field-strength tensor F' and its covariant derivatives. Start with the
highest-degree derivative acting on A, say 0" A. The gauge variation of 1[¢, A] gets a sole
contribution with n + 1 derivatives on e,

o
Iy O A ) G

diplg, A] =

L€ + terms with less derivatives on €.  (D.4)

Next introduce two tensors with a partial (anti)symmetry under the exchange of the indices
K1, -5 Bn+1,

n+1

m P+l T Z aul Pt aﬂn-‘rlAMk’
(D.5)

Ay = 10y Appir E :am Oy O Ay

where the hat indicates an omitted factor in the product. The n-th derivative of A can be
expressed in terms of these tensors, Oy, -+ Oun Appiy = (Spropnis + Apsopingr)/(n+1). In
terms of the Abelian part of the field-strength tensor, f,, = 8,4, — 9, A,,, we also have

Ml Hntl T Z a}u T ) '8#nfuk#n+1' (D'G)
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Altogether, 0, -+ Op, Apyy
type Ou, -+ Oup_y funpny- The latter are antisymmetric in a pair of indices and thus do

can be traded for a combination of S, ...,,,,,, and terms of the

not contribute to ¢ a term with n + 1 derivatives on e. From eq. (D.4) and the assumed
gauge covariance of ¥[¢, A] we then infer that 0v/0S,,..u,.,,
in terms of F},, and a product of A’s so that the gauge-covariant function acquires the form

= 0. Finally, re-express f,

Y[p, Al = (¢, Dp, DD, ... ; A, 0A,... 0" A 0" 'F). (D.7)

This argument can now be iterated. At each step, there are at most k derivatives acting on
each A and k ordinary derivatives acting on F' and its covariant derivatives. The latter can
be reduced by expressing 0*F in terms of 0* "1 DF and 0¥ "'AF. The absence of explicit
dependence on 9 A is then proved following the same steps as above. Eventually, we reach
the point at which the gauge-covariant function can be written as

¥[¢, A] = (¢, Dp, DD¢, ... ; A;F,DF,... . D" 'F). (D-8)

Now absence of derivatives of € in 1) simply requires that di)/90A = 0. This completes the
proof that ¥[¢, A] can be expressed solely in terms of ¢, F' and their covariant derivatives.
The question of possible gauge invariance of 9[¢, A] thus boils down to the consideration
of global symmetry transformations alone.

E Absence of Chern-Simons terms at order four

In this appendix, we sketch the proof that there are no nontrivial CS terms of order four in
derivatives. First, the most general gauge-covariant current of order three takes the form

A
T = D,GY, (E.1)
where CZZK)\ is without loss of generality antisymmetric in x, A. The current conservation

condition (6.7) takes the form
0= D, D, G\ = 2c0,0,0.B5 + - | (E.2)

where the ellipsis denotes terms with less than three derivatives acting on Bjj. Let us for
the moment set THVF = cgg”)‘. We can always decompose this tensor into components with
partial (anti)symmetry, TH'F = SHVE + ARVE 4 [JHVE 4 VIVE  where

1
SHVE — E(TWM + THEY 4 TVER 4 TVRR L TRIY 4 TRVEY symmetric in p, v, k,

1

AWVE — E(TW”‘ — THRV 4 VR — TVHE L PRRY _ TRVRY antisymmetric in y, v, K,
1

UHrvr = §(TW“ + TVHE — THRY — TRRYY), antisymmetric in v, s, (E.3)
1

VHVE — g(TW’“ + THRY — TVRE VR antisymmetric in p, v.

The condition (E.2) ensures that S*** = 0. Moreover, both A*** and U are antisym-

metric in v, k, giving rise to ngm\ which is fully antisymmetric in v, s, A and thus drops
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out from the current thanks to the Bianchi identity. The whole tensor T+#”* can therefore
UVEA
op

w,v. As a consequence, the conservation condition (E.2) becomes simply

UVK

be replaced with its part V#** which finally implies that ¢ must be antisymmetric in

N G, G = 0, (E.4)

and is satisfied if and only if cggm\ fﬁ; is symmetric under the exchange of u,v and &, \.

1L

ag”)‘ must be an invariant tensor of (the adjoint representation of) H, which

Moreover, c

means among others that cgg’“)‘ fﬁs is antisymmetric in the three indices a,7,d (see ap-

pendix A for details). It is now a matter of a straightforward, if somewhat tedious, calcu-
lation to show that the corresponding Lagrangian, defined by eq. (4.14), is up to a total
derivative equal to %czgﬂ v g/\Gg,,. Hence the Lagrangian is necessarily gauge-invariant,

and there are no nontrivial CS terms at this order.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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