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Abstract: We examined the basic conservation laws for diffeomorphism symmetry in the context of
spontaneous diffeomorphism and local Lorentz-symmetry breaking. The conservation laws were
used as constraints on a generic series of terms in an expansion around a flat background. We found
all such terms for a two-tensor coupling to cubic order in the metric and tensor field fluctuations. The
results are presented in a form that can be used for phenomenological calculations. One key result is
that if we preserve the underlying diffeomorphism symmetry in a spontaneous-symmetry breaking
scenario, one cannot decouple the two-tensor fluctuations from the metric fluctuations at the level of
the action, except in special cases of the quadratic actions.
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1. Introduction

The diffeomorphism, the operation of mapping points on a spacetime manifold, is
a fundamental symmetry transformation in gravitational theories of physics. Together with
local Lorentz transformations in the tangent space at each point, these comprise the gauge
symmetry groups that allow general relativity (GR) to be formulated as a local gauge theory
of gravitation [1]. Since local gauge symmetries can be broken in quantum field theories,
for instance, via spontaneous symmetry breaking, it is natural to question whether the same
could occur for local Lorentz and diffeomorphism symmetries [2]. Much recent work has
been devoted to the possibility of spacetime-symmetry breaking, and its possible detection
in sensitive tests [3-7]. Among the theoretical mechanisms for this symmetry breaking is we
have elegant spontaneous symmetry breaking, in which the underlying action maintains
the local symmetries, but due to the presence of a potential energy function with a nonzero
minimum for a tensor field, the solutions of the model break this symmetry.

A systematic approach to studying the theory and phenomenology of hypothetical
diffeomorphism and local Lorentz violation is the use of effective field theory [8-10]. In this
approach, generic symmetry breaking terms are added to the action of general relativity
and the standard model [11]. These terms can generally be written using coordinate invari-
ant contractions of background tensor fields and gravitational or matter field operators.
The imposition of perfect symmetry occurs when these background tensor fields vanish,
and any statistically significant nonzero value for their components would indicate a break-
ing of diffeomorphism and local Lorentz symmetry. The use of a standard Sun-centered
coordinate system to express the experimental measurements of these background coef-
ficients allows cross comparisons between a wide variety of tests [4]. For example, the
results of time-delay VLBI measurements in the solar system already limited the coefficient
500 that describes the variation of the speed of gravity compared to light at parts in 10° [12],
well beyond the initial constraints obtainable from the first gravitational wave observation.
These measurements were subsequently improved from the simultaneous observations
of electromagnetic waves and gravitational waves [13]. In both tests, the same set of
coefficients Suv controls the deviation from GR, at least in the lowest order description of
the effective field theory framework [14-17].
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To date, much of the development of effective field theory approaches to diffeomor-
phism and Lorentz breaking have focused on the weak-field regime, in which the spacetime
metric can be expanded around a flat background [15,18,19]. For many measurements, it is
appropriate to use this limit [20-25]. However, it is of importance to extend results beyond
this level, and some work already exists in this regard [26-34]. A generic action quadratic
in the metric fluctuations f;,, has already been constructed to describe any Lorentz vio-
lation that can be written in the form £ ~ hKh, where K contains arbitrary coefficients
and any number of partial derivatives [15,17,35]. This form assumes that the coefficients
are constant and the fluctuation around their background values can be eliminated from
the action by inserting their solutions from the field equations. The class of models in which
this “decoupling” is possible has been studied in various toy models with vectors and ten-
sors [36-38]. However, a full study remains incomplete at higher order in small fluctuations
hyy around a flat background.

We started the investigation in this work of higher-order terms in the weak-field
expansion around a flat background. A general cubic action is constructed for the case of
two-tensor couplings s;,, under the assumption of spontaneous-symmetry breaking. Using
an expansion around the background or vacuum values, we show that when proceeding
to cubic order in the action, terms that include the fluctuations 3, are needed for proper
adherence to the underlying diffeomorphism symmetry. Thus, one cannot generally
decouple the fluctuations from the metric fluctuations at the level of the action to cubic and
higher order, in contrast to past assumptions about the quadratic order terms [15]. We also
show that these terms can be matched to a general covariant version of the effective field
theory at the second and higher order in s, [31,39].

The paper is organized as follows. First, we consider the terms originally proposed
in Reference [11], and argue for the inclusion of dynamical terms for the fluctuations
in Section 2. In Section 3, we perform a general construction of all possible terms in the
quadratic and cubic order Lagrange densities. Then, we discuss the match to “covariant”
terms in Section 4. In Section 5, we display the field equations resulting from the general
action. Finally, we summarize in Section 6, and comment on generalizations of this work.
We adopt natural units in this work, and conventions in past articles [11,15].

2. Background on the Action

The observer covariant form of the action for the effective field theory framework
in the gravity sector is:

$ = Toncy / dixy —g((l — u)R +5,5RF + t,xﬁ%;R"‘m‘s) +9, @)

where t,5,5, 54, and u are the coefficient fields for Lorentz violation, controlling the size
of the mass dimension 4 (M%) Lorentz-violating terms [11] (the gravitational constant Gy
has the mass dimension M~2). The term S’ contains additional dynamical contributions to
the coefficients, should the origin of the symmetry breaking be spontaneous.

In the spontaneous symmetry breaking scenario, the following expansions are used:

8up = Waﬁ+haﬁ/

u = u-i,
Sap = gzxﬂ + SN/X;S/ 2)
tupre = tapys T lapye-

The vacuum expectation value for the coefficients are denoted with bars, for ex-
ample, for s,p it is (sys) = Sap, and we assume the constancy of these coefficients (e.g.,
9,5, = 0). A flat background spacetime metric is assumed so that 77, is constant in Carte-
sian coordinates and we assume that the partial derivatives of 5,5 vanish to avoid global
energy—momentum conservation violation [15]. From here on, we use the flat metric Nap

and its inverse 7% to raise and lower indices on quantities unless specified. Note that
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converting expressions from covariant form to linear, quadratic, cubic or beyond, must
include the appropriate use of (2) [40]. For example, for the metric inverse:

¢ = 4 — P s + P shey + O(R3),
7P — 1 + P+ O(hd), ®)

where in the second line it is understood that the indices are raised and lowered with
the Minkowski metric.

Much work has been done by assuming a quadratic order and “decoupled” version of
(1). This implies that only the vacuum values of the coefficients s, B fam,g, and u contribute
to the gravitational effects of Lorentz violation in the weak-field limit. The Lagrange
density for the gravity sector in this limit, up to overall constant scalings, can be written as

L= £ (—hypG"P +5,5h,5G°77), 4)

with ¥ = 871Gy and where the Einstein curvature tensor G*V and the curvature double dual
GBI are linear order in hyy. Despite the lack of fluctuations i, 5, f in the second term, this
remains invariant under linearized gauge transformations of /. Thus, the fluctuations
of the coefficients #, 5,5, and Etxﬁy& are assumed to have been decoupled via their field
equations. The latter process involves assumptions on the dynamics in S’ [15], which limits
the class of possible models included [38]. On the other hand, (4) represents the simplest
limit in which the focus is on the effects acting on only the known gravitational degrees of
freedom in h,, thereby invoking Occam’s razor for the already ambitious suggestion of
Lorentz violation.

We note that the coefficients f, pyo also do not appear in the quadratic action (4). The
fact that this occurs can be viewed as a consequence of the assumptions on the dynamics of
the coefficients that leads to the decoupled form of (4). Alternatively, (4) can be derived by
considering all possible operators in a general quadratic action of the form hKdo...h [17],
and then truncating the expansion to only mass dimension 4 coefficients for Lorentz
violation. Either way, a deeper understanding of why the #,4,s coefficients vanish in this
limit represents a statement of the “t-puzzle” [41]. While alternative covariant actions have
been countenanced leading to physical effects of £,5,4 [28,30,34], so it remains unexplained
why it does not occur in (4).

In this work, we include the fluctuation terms so that we relax the assumptions made
in (4), and thus consider a more general version of S’. To include the generality of possible
8,y dynamics, we posit all possible kinetic, potential, and coupling terms with the constraint
that we only consider terms in the Lagrange density with no higher than second order
terms in derivatives, and first-order terms in the vacuum coefficients 5,,,. We will attempt
here the s;,, case, however, other coefficients can similarly be accommodated.

3. General Construction of Lagrange Density

First, we start with the quadratic action terms. These Lagrange density terms, discard-
ing those equivalent by partial integration, are constructed from scalar density contractions
of the following;:

£® 5 Allcontractions of {/1,50,9she, Suph59e9zhyo, 5259,955¢z, Sapdyshers
E,XﬁSNWE)Eagh,?g,§a5§758€8§§,79}. (5)

In addition, there are potential-type terms that are dealt with separately below. We
note that the form of the terms considered in (5) includes, in the second set of terms ~5hddh,
the general structure of the Lorentz-violating terms considered in the quadratic Lagrangian
construction of Ref. [17], and it will include the general relativity terms from ~hdoh. We
truncate the series in this work by considering terms of second order in derivatives, though
the pattern could be generalized to accommodate higher derivative terms.
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For the cubic terms in the action, the construction follows similarly by including
all possible terms cubic in h,g, or quadratic in h,g and linear in 5,5, etc. We truncate
the expansion to leading order in the vacuum values 5, since these terms will be of
primary interest for phenomenology. The structure of these terms, again discarding those
equivalent by integration by parts, is:

£B) 5 AllContractions of {lysh,50c; 0, hapd5cdg o, SaphysherOydohia,
Suphys0ehzyOhip, hapSy60e0¢ 30k, hupOvS5e950x, SupSysherdydoha,
Sup5700ct 7y 0T, Supltys0ed My, Supd s My, Sus5,60e0z5 0, ©)
5050155050, Suplyo5e Oy D05er, Suphys0e3ydo5e -

Among all the terms considered in (5) and (6) are the would-be decoupled terms,
i.e., those terms that do not have § in them. If such terms are possible through cubic order,
they will appear in this construction.

We then impose the requirement of diffeomorphism invariance of the action without
assuming that the field equations are satisfied (this is an “off-shell” requirement). The
quantity constructed by the series

L=L2 4204 @)

is a scalar density of weight —1. In the spontaneous-symmetry breaking scenario, this
function depends on the matter fields, the vacuum values of the coefficients for Lorentz
violation (5,), the metric fluctuations h,, and coefficient fluctuations 3,,. To impose
the symmetry requirement, we will need the infinitesimal diffeomorphism symmetry
transformations, which are given by the Lie derivatives of the underlying fields g;, and
sy along an arbitrary vector field ¢#. These transformations are:

‘Cﬁglﬂ/ = g)\yavg/\ + g/\vaygA + g/\aAgw,
Lo = siu08" + 508" + 05y (®)
From this, we can derive the effective Lie derivatives, or diffeomorphism transforma-
tions for the field fluctuations:
»Cghyv = au‘:v + avgy + hy)\avg/\ + hw\ayg)L + ‘:Aa)\hyw
ﬁgg;u/ = (g)\y + §Ay)av§/\ + (g/\v + §/\v)a}t€)\ + g/\a/\gyv- (9)
where we impose 9,5,, = 0 in the chosen asymptotically flat Cartesian coordinates.
In this treatment, it is necessary to keep all terms in linear order in ¢,, in order to re-
sult in the correct conservation laws. This includes terms typically discarded like ~¢h

in the linearized limit.
The total action will take the form:

S_SM+/d4 £ 404 ), (10)

where the first term is the matter sector, which we assume to be minimally coupled to
gravity. The remaining terms are those that we seek to construct and are the focus in what
follows. Under a diffeomorphism, one can show that total change in the action takes

the form:
65 = [ dx (M Lahep + 55 oL Lgsaﬁ> (11)

At this stage, we make no assumption about whether the field equations are satisfied.
The insertion of (9) and using integration by parts gives:



Symmetry 2021, 13, 834 50f 11

5L 5L 5L
S = —/d4x{8 = 4T 4 975,05 —
ﬁ(‘”%ﬁ) oy &P B

oL

+ 857%(8045135 + 9p3as — 955ap) m }gvece‘ (12)
[

The quantity in braces will vanish for “off-shell” diffeomorphism invariance of the ac-
tion in the spontaneous-symmetry breaking scenario. For more details, the reader is
referred to expositions on Noether identities in the context of Lorentz and diffeomorphism
breaking presented in Refs. [11,42-47].

We take the general expansion in Equations (5) and (6) and insert an arbitrary parame-
ter in front of each independent contraction. The starting Lagrange density for quadratic
order takes the form:

L®) = C1h*P57°0,9ph.5 + Coh*P57,0,05h° s + C3h*P5, 70,0105 + ..., (13)

with the remaining terms not displayed here for brevity. For the cubic terms, these take
the form:

LO) = A1 P50, 0ghse + AshhP5€9,dghse + Ashy WP 0,0ph + ..., (14)

only displaying the first few terms. Note that because the Lagrange density has mass
dimension 4, and sy, is taken as dimensionless, the parameters C;; and A, have mass
dimension 2.

The idea is to insert the total Lagrange density into the vector combination of terms
in brackets (12) above, and demand the result be zero. All tensorially independent terms
must vanish and this imposes many relations among the arbitrary parameters {C, } and
{Ay}. When one imposes these relations on the parameterized Lagrange densities (13) and
(14), a vastly smaller subset of these terms remains, each obeying the off-shell conservation
law expected from the underlying diffeomorphism symmetry. This entire calculation is
carried out within the Mathematica set of packages in xAct, including in particular, the xTras
package [48].

We now display the Lagrange density result in several pieces. Firstly, the entire process
produces the quadratic and cubic Lagrange densities of general relativity, up to integration
by parts. Secondly, scalings of GR by the trace 5%, occur, which we leave out of our tables
below because these are unobservable scalings, as expected. Neglected also are terms that
satisfy the constraints (12), but do not contribute to the gravitational field equation for
hyy, such as, for example, terms in equation (5) of the form 59595. We find the following
quadratic terms organized in the generic form:

10
Lo =224y auMP, (15)

n=1

where the Mﬁlz) terms are listed in the Table 1. Where necessary for clarity, terms with
the parentheses label of (1) are first order in the metric 1,5 and 5, fluctuations, while those
with the label (2) are second order. All Christoffel symbols are taken to first order in /1,
with indices raised and lowered with the flat metric. It is also useful to use a linearized
Christoffel symbol " with the substitution hyp = Sap. Thus:

(aﬁhw + avhlga — aahm),
(a‘BSNrM + 875[;“ — 81,4557). (16)

r apy

NI— NI—

f“ﬁv =

Two different contractions of the Christoffel symbols with one free index are defined by
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Tay = T%.
r, = 1, (17)

with the same definitions holding for I'. We employ some shorthands like I, = (I'4)*(T'4)a,
h = h, ﬁiy”‘ﬁ, and 5§ = 5, 1517"‘5. Finally, we use shorthands for curvature-like quantities built

from T4, like, for example, G;ﬁ,) = 0,1, — 9Ty — 31 (3*T gy — 0°T py).-

Table 1. Quadratic order terms in (15).

Term Expression
@ Ly
MEZ) gaﬁgﬂfﬁR(l)
M 5Pl — 130T 45 + 55900, T g
s ) Ty LTy,
M f) _gup Glilﬁ)
M gaﬁgaV(Ré{r) +0Tpys) — 35T Top,
M® 25579 R% 5 = 9oTapy) +359,T7
M ;2> —§“ﬂayf’yaﬁ + 25%P5700,T o 5,
M é2> —50°T g + 25°P30°T s
M 151G s — 5%, gR) 425 R ()
M2 (5 —5%hyg) R
Similarly, the cubic terms can be organized as
10
£® =28 4+ V" a,MmP, (18)

n=1

and they are listed in Table 2. We use parenthesis around indices to denote symmetrization
with a factor of 1/2, and brackets denote antisymmetrization with a factor of 1/2.

One consequence of this construction is that there are no terms ./\/l,(f) + /\/l£,3) that are de-
void of the fluctuations §,4, save for the GR terms. In other words, in Equations (5) and (6),
terms of the form shddh with cubic counterparts h50hoh, hshdoh would be decoupled, how-
ever, such terms do not occur in the results in the Tables 1 and 2. Furthermore, no linear
combination of these terms can be taken to eliminate the fluctuations. This shows it is not
possible to construct terms in the action at the cubic order, and second order in deriva-
tives, that arise from spontaneous symmetry breaking that also fully decouple the metric
fluctuations and the coefficient fluctuations.

For the potential terms for the two-tensor s,p, these are functions of the four possible
independent scalar traces of products of the tensor s, ¢P7 [49]. Note that this includes
the possibility of having "steep” potentials that vanish in the linearized or higher-order
approximations. For example, one useful potential is a function of s*, via

1
V=A% - x)*, (19)
where x is a constant. When expanding around a flat background, it can be shown that the
leading order effects in the field equations are of the cubic order in the fluctuations.
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Table 2. Cubic order terms in (18). Each term, M,(f) —+ M£,3), is invariant under the diffeomorphism transformations of
the metric fluctuations 1,4 and the fluctuations §,4 in Equations (8) and (9).

Term Expression
3 o 9
L) BT Thy +T7 Ty = T Tonp = BTays U™ + TaaTp + 3T, Tay = 317, Tysp = 3TaqaT ™)
+h(3TT g — 3T aaT% + TP T 5, ) + 3 (3h0F — thﬁy)aﬁraﬁ,,-
MmP 15ups PR — 205,755, R(O) 4 5,55% (I, T71 — T3 + JRRM) — 279R"Y)
3 —aB ~ —aB~ & 5 5
MP) 2557 (T 45T — T Tpsy) — 5P5(200 " Tiyp + Tl + TrsT 5+ Toal )

+hP (20, T g — T Tys + 17 Toyp — 28, Ty + Tpal'ag) — W(T1T,, + 312)
+(3hssP — 25175, — n105 55 (R + 0T oy, ) + 20785, 70, T g — h5PAuT 4g — hPS1950,T 5

M ST e py” + 5985, T (2T psel %0, + 2 eq T + Ty T — TpsTP )
1B (317 Tonp — ATanoTp" = Tagol g + Tapy T 4 Ty Ty 4 Ty Tay + 17 0T )
—h(3T g TP10 4+ Ty 19 + 113 4 AT 407G + 312 + hP5195, € (0 Tspe + Rfl )
5705, (9T gpe — Ry ) + 3 1sP 755‘5(1?(7]5) = 0Tysc) — ghsPT(8°T gy +95T%,)

pé R
S hB5, 570 (9T s — RW) 4+ 1B5,75.° (9T 50 — R\ + 2098 (57991 15 — 5,7 0T
v poe Bé B v 6 (a7)B (Br)o
MY —hB5, 65T RY) 4 259510 (e gy — Talpys) + 55(TpaT b — Tugel 5 ) + (T sT1 — T ppTh)

+sl"A5(l"i +T0) 4+ 1B (T 4T pp + 20T ap + 207 Tay = 20, Tay — Taalp

~ ~ ~ ~ 5 ~ ~ A ~ ~ 5 - ~
+2T Ty — 20500, — rWr"”ﬁ + TagoT " + 80T sp)

~ ~ 5 ~ -
Mé?)) —s”‘ﬁs”ﬂsrm Fﬁ(;e — SD“BS“ (21”/5 D,—ey + FMJFB + T5 F(gm) + htx'B( 7 F%;/g — Fmﬂ; + %F’WS rg,ﬂg)
—jh(FﬁV‘SFwﬁ —: 71“3 + FA,},FE + %1“2 ) haﬁﬂ{ssav( (ﬁé) + a F(;ﬁ, ) ]’la'BS,X Sfy (861”,305 + R(ﬁé))
—&—%hEﬂ“@ﬁ (0T y5e — 05T a) — 3h5P7 (0T o5 + agr%) + h*B5, 7 (0°T g5 + 9, By)
5
0eI€
Yo

—htP5, 55" (RU) + 0T 5e) — 15705, QT s + 11i5P75,

MY 25579 (2T 4T g5 + Ty Tens + TeyaTyp + TansTg) + 208 (F 5 Ty + T g Ty — BT5)
= = — Y~ 1 —Bry ~ 1
TP 5 + 25,75 (2R () + DeTys + 0T sp) + HSPTS0 (R - —0cTp,)

S~ 1 ~ ~ ~ = 0 =
+25705,€ (R 5+ 95T pe + 0Ty ps) + 215109y, — 25,7 (35T, ° + 0519

3 —aB ~
My 25579 (2, Teps + Ty Teqs + TepsTur + TayoTp)
= o = o =76 = &y R PR & R
+hB (T, T pys — 20 Tosp — 7 s + 2raﬁ7r3,y + 2rlxﬁ’YrA7 —Tpal'Bg — 20Bal ap — Faul ap)

T, TPT® + 15,5 (04 T) 4 0,17 ) — 4hF5, 85T (55 + 15°P57°05T g, — 4h*F57°5,€9, T g5
ME) 45PSTT, T e + 40500, Tope + Tyaslag) — 20 (28,5 T gy + T aaT ap)
—45%T Ty + WTG = 25T 7Ty + 8ROP5,TT o T g
My BB (AT 0y Tigsle + 2T 5 e — 3 Tape — 2 5 Teup + 2ay Teps + 205 Ters

~ ey, + TepsTuy — 8T (sl ap + 4T apl a5 — 8T (ay)sT'p)
+h“!3§,,ﬂ(2r5€7r5€ﬁ + 2r5€ﬁr€5,, — 2lgglp, — 6F( M‘s Tps — 4T psI® gy — 2087 T ap
+4T gl — 8T, T T s — 5= 8% Tss)
15" (T (5) T, + 3T5alpp + L5 Ty + Ty I ﬁ+r3“rAﬁ+ 3Taalap = Tpp'Tay — T 5T as)
+25% (T 5", — Ty T, ) + 2050 RV o — b5, TRE) - hsPRY) — 2hBh195,€9,T (5,

—3h"‘ﬁh7‘5§,wa§l"A/5 — 4ha ha'BS‘B ael"(%;)e + ]’ll’l ﬁsﬁ 8 l"(%;)e

M g) §(TopyT*PY — T, I%) + hP57 (2T, ;rwg -T, s Teap + Ty0aT ap — 3Bl 16p)
7%}1“:350(/5(]"371”% + rA’Yer) + 4haﬁ§tx7(r(ﬁ7)5rf\6 - r(ﬂ,y)ﬁrBé) + hs*P (raﬁvrB'Y B raﬁryrA’y)
—2hBSRY) + (345 — 1F5,5) R — JnBH195, 60T 50
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4. Covariant Construction of Lagrange Density

As an alternative method to Section 3, we can construct fully covariant Lagrangian
for the gravitational sector including the s,z terms. We seek kinetic Lagrangian terms
that would produce the ones in the expansion in the previous section. These terms were
included as a second order in s, expansion in Ref. [31]. These are labeled a7 — a1; and ob-
tained by considering all possibilities of scalar contractions of s,55,5Ryxx and V5,5V ssuy,
and discarding surface terms:

Leov = % [ﬂlsAAR + as RM + a3 3 (Vyus,2) (VHs) + ﬂ4%(VV5”A)(VASﬁﬁ)
+ﬂ5%(V;,s’”\) (Vys')) + a6%(VysVV) (V”s’\)\) + a7swst"K")‘ (20)

+agsyvs”AR"/\ + ags’\)\szF‘V + alosP‘szR + ans’\)\s”},R} .

The covariant terms can be matched to the cubic and quadratic terms by expanding
them to the relevant orders. The expansion, however, is cumbersome, hence the advantage
of the earlier construction. We find the following matches at quadratic order in the expan-
sion:

Lo = $ME+0(3)+0()

L, = %Méh 0(3) + O(5)

Loy = ”—3(/\4§>—M<Z>)+o<3)+o(gz)

Lo, = f( +IME )) 0(3) + 08

Loy = H(ME 1M<2>) 0(3) +0(%) @
L, = M +0 <> 0@

Lo = —£(MT+MP)+006)+0E)

L = H(M 2>+M ) ()+O(§2)

Loy = g (MP+ MP —2MP + 152 M) +0(3) + O)
Loy = “MP10(3)+0@E)

Loy = w5, MP +0(3)+0()

Here, O(3) denotes terms of cubic order in fluctuations 1%, 53, 3, etc. while the O(5?)
includes terms of second order in the vacuum values 5,,. We note that one could have
started with the covariant expansion instead of going through the process of the earlier
section in the work. However, the quadratic and cubic expansions are more useful for
approximate solutions for weak fields, for which one has to expand, order by order, in any
case. Furthermore, the conservation law construction can be used for more general tensor
couplings, for which it may be challenging to construct the covariant terms. The terms
in (20) are a subset of the recent construction in Ref. [39].

5. Field Equations

We turn to the field equations from the action above. Considering the large number
of terms in the tables above, abbreviations will be used for different pieces of the field
equations. Multiple partial derivatives will be abbreviated as dyg.. = dy9g.... The variation
of the entire Lagrange density (through cubic order) with respect to the metric fluctuations
yields the field equations in the form:
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oL
5h]11’

oL

08y

— o (G T+ 37 + G+ 3P (@ — ' O)3

Faa(51H0") 9, — L5005 + s (3*P90 v) _geligt) 1nys*h9.,65,")

a5 (5°010V)3p5," — 3175053, 7) + e (3" 9 p" — 25" 19,5 )F) @)
278" 955" + 55" 05 + g (2(C V) 4 25,5 (G1))2HAY)

+ (@9 + 1) [(" — 7" D) (5 — 5% heg) —5*RM)),

where 7% contains the full variation of the cubic terms T/’ = 25£3)/ 0hyy, and the factor
of 2 was chosen so that it matches the GR pseudo tensor in the correct limit. Here, Ly
is the portion of the Lagrange density with the potential energy function for §,,, and
TII\JAV comes from the variation of the matter sector with respect to the metric fluctuations.
Similarly, the variation of the Lagrange density with respect to the two-tensor fluctuations
S,X/g 1S:

()" + ngV + a5 RW + o [2(GIYW — Ly (05 + 5% (Daph — 20,6h,"))]

+ag[A067 — 152099,k 4 5413, sk — 5 TR — 20y (G

tos[— 308" — 15¥(H9M) g,k + 5419V an,P) (23)
g[8 + 20,018V 4+ 5% (3, 5ht — 959 Fh'))]

oy (051 — 20,08 +5%P0M Iyg) — gy OI(3 — 5%Phgp)

+209(RWYM 4 oqm”"R(l),

where (1,)" = 6£03)/ 05,y. The matter sector will have its own field equations which
depend on the system to be modeled. We note here that when the field equations hold, the
stress—energy tensor for matter will be conserved, a fact that can be exploited in solving
the post-Newtonian limit.

The generic case of Equations (22) and (23) with arbitrary parameters contains “ghost”
kinetic terms for the fluctuations 5,4, when treated as a field theory on a flat background.
For example, a kinetic term of the form £ ~ s~“ﬁD§aﬁ will contain non-positive definite
contributions to the Hamiltonian density, and could thereby result in unstable solutions.
It is of general interest to study this issue in detail, but we do not attempt it here.

We note that this effective field theory construction represents a test framework for
Lorentz and diffeomorphism breaking. Rather than just the nine coefficients in (4), we
now have up to 10 arbitrary parameters a; — a9 and nine coefficients s,,,, for a total of 19
quantities describing Lorentz and diffeomorphism violation for gravity.

6. Summary and Outlook

In this work, we described the method to construct quadratic and cubic effective
actions for weak-field gravity studies of spontaneous symmetry breaking. The main
results are the Lagrange density terms in Equations (15) and (18) and the Tables 1 and 2.
Furthermore, we showed that the complete decoupling of the fluctuations from the metric
fluctuations cannot occur at the level of the action with only the second derivatives when
going to the cubic order in the fluctuations.

The field equations for the metric fluctuations and the two-tensor fluctuations are
given in Equations (22) and (23). Future work will solve these equations in the post-
Newtonian limit, with near-field and radiation zone solutions for applications in astro-
physics. Some preliminary analysis of the field equations in (22) and (23) shows that
the near-field post-Newtonian metric contains many of the same fluid potential function
terms that were found in Ref. [15]. We conjecture that including all of the extra terms
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in the Lagrange density could potentially provide an interesting re-analysis of the match to
the parametrized post-Newtonian metric [50,51]. The match of the action above the vector
models of Lorentz violation should also be revisited [36,52,53]. Finally, the method adopted
in this work for the two-tensor s, could be continued and applied to other gravity sector
coefficients, such as the t,4,5 coefficients, or non-minimal coefficients.

Analysis could also proceed with the general covariant action (20), such as exploring
black hole solutions or cosmology solutions. Progress has already been made studying
strong-field gravity solutions with vector and tensor models of spontaneous Lorentz-
symmetry breaking [54,55]. Complimentary analysis with (20) would be of interest.
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