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Abstract Here we apply different types of embeddings of
the equations of motion of the linearized “New Massive Grav-
ity” in order to generate alternative and even higher-order (in
derivatives) massive gravity theories in D = 2 + 1. In the
first part of the work we use the Weyl symmetry as a guiding
principle for the embeddings. First we show that a Noether
gauge embedding of the Weyl symmetry leads to a sixth-
order model in derivatives with either a massive or a mass-
less ghost, according to the chosen overall sign of the theory.
On the other hand, if the Weyl symmetry is implemented
by means of a Stueckelberg field we obtain a new scalar—
tensor model for massive gravitons. It is ghost-free and Weyl
invariant at the linearized level around Minkowski space.
The model can be nonlinearly completed into a scalar field
coupled to the NMG theory. The elimination of the scalar
field leads to a nonlocal modification of the NMG. In the
second part of the work we prove to all orders in deriva-
tives that there is no local, ghost-free embedding of the lin-
earized NMG equations of motion around Minkowski space
when written in terms of one symmetric tensor. Regarding
that point, NMG differs from the Fierz—Pauli theory, since in
the latter case we can replace the Einstein—Hilbert action by
specific f(R,J R) generalizations and still keep the theory
ghost-free at the linearized level.

1 Introduction

Massive spin-2 particles can be covariantly described by
means of a symmetric rank-2 tensor. Although this is not
the only possible tensor structure, it is very convenient. It
is closely connected with a geometrical point of view (fluc-
tuation about some metric) and it is a minimal description
in the sense that we need just one auxiliary field, i.e., the
trace of the tensor which vanishes on shell. If we further
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require a second-order theory, in derivatives, we end up with
a unique answer: the Fierz—Pauli (FP) theory [1]. Almost all
developments in massive gravity, from earlier works [2—5]
until recent developments, see [6,7] for review articles, are
built up on top of the free FP theory. It is remarkable that
the absence of ghosts [4] and of mass discontinuity [2,3]
have been both achieved in recent theories with one [8,9]
and two [10] dynamic metrics. A good question concerns the
uniqueness of those massive gravities; see for instance [11—
14]. Moreover, which features of those theories are model
independent? Can we still dream of a renormalizable mas-
sive gravity? One way of addressing those questions is to
abandon the FP paradigm as a starting point and allow for
higher-derivative kinetic terms. In fact, the reader can find
higher-derivative massive gravities and discussions regard-
ing their physical consequences in [15-19].

At the linearized level, those higher-derivative models are
specific generalizations of the FP theory which, however,
have the same spectrum: massive spin-2 particles without
ghosts. This is remarkable, since usually higher-derivatives
introduce ghosts. The above result requires of course a sys-
tematic investigation of all possible higher-derivative gener-
alizations of the FP model. In [20] we have addressed this
problem.

One way of producing higher-derivative models dual to
some “lower-derivative” theory is by means of the embed-
ding of its Euler tensor (equations of motion). The method
consists of adding to the action of some lower-derivative start-
ing theory, quadratic terms in its equations of motion with
coefficients which are functions of [J = 9,,0*. This guaran-
tees that the equations of motion of the original theory also
minimize the new action. We say that the equations of motion
of the starting theory are embedded into the new theory. The
particle content of the lower-order theory is inside the new
theory. Then the coefficients are fixed such that the new the-
ory contains exactly the same particle content of the lower-
order one without extra propagating modes. Such method
produces alternative dual models of higher order which by
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themselves are not very useful as free models; however, in
some cases those free models correspond to quadratic trun-
cations of nonlinear models which are not equivalent in gen-
eral to nonlinear versions of the starting lower-order theory.
In other words, the embedding procedure and the addition of
nonlinear terms do not commute. As a successful application
of this method we can mention the “New Massive Gravity”
(NMG) theory of [21] which is of fourth-order in derivatives
and can be obtained from the usual FP theory (of second
order) by the addition of quadratic terms in the FP equations
of motion with specific constant coefficients as explained in
[22]. Another example is the higher-derivative topologically
massive gravity of [22,23] which is obtained from the topo-
logically massive gravity (TMG) of [24]. The TMG itself, of
third order, can be obtained at the linearized level from con-
secutive embeddings of the first-order spin-2 self-dual model
of [25].

In [20] we have investigated, to all orders in derivatives,
all possible embeddings of the equations of motion of the FP
theory which are ghost-free at the linearized level. We have
found a system of equations allowing for several solutions for
the coefficients. Those theories are in general of higher order
in derivatives but still ghost-free at the linearized approxi-
mation. They can all be nonlinearly completed with the help
of a fiducial metric. Most of them are f (R, [JR) modifica-
tions of the Einstein—Hilbert kinetic term plus the FP mass
term. Although a complete analysis has not yet been carried
out, at least a subset of such theories can be modified with
an appropriate non-derivative potential of the type suggested
in [8,9] and become, apparently, ghost-free beyond the lin-
earized approximation, as shown in [17].

It turns out that all higher-order models obtained in [20]
in arbitrary D-dimensions correspond to modifications of the
FP theory in the spin-0 sector of the propagator. Any modifi-
cation in the spin-2 sector leads to ghosts. There is however,
one exception in D = 2 + 1. Namely, the “New Massive
Gravity” (NMG) theory1 of [21]. Although of fourth order
in derivatives, the NMG is ghost-free, though it is apparently
still not renormalizable [27]. Here we take the NMG model
as our “lower-order” starting point and try different types of
embeddings in order to produce alternative massive gravity
models in D = 2 + 1. In this sense the present work com-
plements the work [20] by taking care of the special case of
D=2+41.

Sometimes the embedding of equations of motion leads to
new theories with gauge symmetries not present in the lower-
order starting theory. In those cases, as in [22], one may call
it a Noether gauge embedding (NGE). We have found useful

! In the FP model there is only one massive pole in the spin-2 sector
while in the NMG there is both a massive and a massless pole, see
(38); however, the massless pole does not correspond to a propagating
particle [26].

@ Springer

to split the embeddings here into two categories. Namely, the
ones based on requiring Weyl symmetry of the new model
(Sect. 2) and the other ones (Sect. 3). In the first part of Sect.
2 we require Weyl symmetry without introducing any extra
field. In the second part we introduce a scalar Stueckelberg
field and obtain a new scalar—tensor theory for massive gravi-
tons in D = 2 + 1. In Sect. 3 we look at rather general local
embeddings where quadratic terms in the NMG equations
of motion are added to the NMG theory with coefficients
which are arbitrary functions of []. We examine the propaga-
tor of the final higher-order model and require equivalence of
the particle content, i.e., the new dual theory must describe
massive spin-2 particles and nothing else. Differently from
the FP case we show here (Sect. 3) to all orders in deriva-
tives that there is no local ghost-free embedding of the NMG
equations of motion. In particular, the NGE embedding of the
Weyl symmetry of the first part of Sect. 2 also leads to a ghost.
Only the Stueckelberg approach leads to a ghost-free model
which, after elimination of the scalar field, becomes nonlocal.
The work in Sect. 3 is based on the analytic structure of the
propagator. In Sect. 4 we present some final comments and
our conclusions explaining that the negative results of Sect.
3 are related with the linearized reparametrization invariance
of the NMG theory which makes it hard to be embedded.

2 Weyl embedments of the “New Massive Gravity”

By a systematic Lagrangian procedure, called Noether gauge
embedment (NGE), one can deduce a gauge invariant mas-
sive theory out of a non gauge invariant one [28]. The gauge
symmetry of part of the initial Lagrangian is extended to the
whole final theory. However, there is no guarantee that the
particle spectrum is preserved. In [22] we have shown that
the linearized NMG theory can be obtained via NGE from
the usual Fierz—Pauli theory via embedding of linearized
reparametrizations. We have also shown that a linearized
higher-derivative topologically massive gravity is obtained
from the usual linearized topologically massive gravity of
[24] viaNGE of the Weyl symmetry. In all those cases the par-
ticle content is preserved. One could wonder what would be
the gauge invariant action obtained from the linearized New
Massive Gravity theory. Since part of the action of NMG, the
curvature square term, is invariant under Weyl transforma-
tion dwh,,, = ¢n,w, one might try to embed this symmetry
into a new theory. This is what we next do. The linearized
NMBG theory can be written, up to an overall constant, as

1 3
Snmc = 2 /d3x V=g [—R +— (RWR“" — —Rz)]

2
= /d3x |:h'quMV(h) + WGuv(h)Suv(h)} (1)
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where G, () is the usual linearized self-adjoint Einstein
tensor and S*V (h) is the linearized Schouten tensorin D = 3
defined as [R,w(h) — n,wR(h)/4]hh which has the useful
property of “commutativity” with the Einstein tensor in the
sense that inside integrals G ., (h) SV (f) = G, (f)SH*Y (h).
In the NGE procedure an important ingredient is the Euler
tensor,

SSNMG
Shy
—Oh" — 943" h + 33, h™” + 9" 3 h"

— n"[8,05h*F — O h]

K = = 2GH(h) + —= G [S(h)]
m

0*0vh

O
- = [Dh’“’ — 00, h* — 8" 3 +
m

L

7y
5 (9 dph*? — Dh)}

1
+ z—nﬂa”a“(aaaﬂh“ﬂ). )
With the help of an auxiliary field a,, such that dwa,, =
—38wh,y we implement a first iteration of the form
SD = Syme + / dx a, K. 3)

The Weyl variation of (3) can be written as

SwSH = — / d3x Swla,wG* (a)]. 4)

Therefore we end up with the Weyl invariant theory,
Sw = SnmG + / &x (ap K™ + a0 G* (@) . (5)

Noticing that the Euler tensor (2) can be written in terms
of the Einstein tensor, i.e., K*¥ = 2G*Y(H) with H*W =
h*Y 42 S*V(h)/m? we can rewrite Sy as

Sw = SnMmG +/d3x (2a,,G* (H) + a,,,G*" (a))

= SNMG +/ d*x (= Hup G (H) + (a + H)uyG*(a + H)) .
(6)

After the shifta,, — a,— Hyy in(6),the a,,, auxiliary field
decouples. We can safely discard the last term, a,,G*"(a),
which is a linearized Einstein—Hilbert term without particle
content. Thus we have a sixth-order Weyl invariant action
which turns out to have a nonlinear completion,

2
Sw = / d3x {h,w(;““(h)+ —5 Gy (h)S* (h)
m

2 2
- [h + 75<h>] G [h + 2s<h>”
m m

j73Y

2 [ SR () + = nG* [S(h
_W X G;w( )S ()+WSMU( )G [S( )]

2 3
Y

hh

(N

Since the tensor structure of (7) is the same as the curvature
square term of the NMG theory, it is clear that Sy is invariant
under Weyl transformations. The particle content of Sy will
be examined in the next section. The theory Sy contains a
ghost.

Another way to embed the Weyl symmetry in the “New
Massive Gravity” is to introduce a scalar Stueckelberg field
in (1) by substituting h,,, — hy + 940 ¢. Since the fourth-
order term of Snvg is Weyl invariant we end up with

Sylh. ¢] = /d3x |:h,wG’“’(h)+ %Gw(h)S’“’(h)
1 1
+5¢0¢+ 26 (Oh - a“a“hw)} : ®)

By construction, the linear theory S, é [A, ¢]is invariant under
linearized Weyl transformations: Swh,, = nuwA; dwo =
—A. We can easily find a nonlinear version of S;; A, ¢],
namely,

Sé‘VL[gMV’q)] =2 /d3x\/—g |:—R + % (R/tule — ER2>
m 8
1 1
+§¢D¢—§¢Rj|. )

It is clear that the equations of motion § S&X = 0 contain
the trivial solution g,, = nuy, ¢ = 0. Expanding about
such vacuum up until quadratic terms in the fluctuations we
recover S é Therefore, the particle content of S consists,
at tree level, of one massive spin-2 particle just like the NMG
of [21]. However, as in the K-model (massless limit of NMG)
studied in detail in [29,30], we might have problems at non-
linear level since the linearized Weyl symmetry is probably
broken at nonlinear level and consequently the scalar field
stops being pure gauge in the full model (51). In particular,
the phenomenon of bifurcation of constraints found in [30]
might also be present here. A detailed study of the constraint
structure should be carried out.

3 Generalized Euler tensor embedment of “New
Massive Gravity”

Our starting point is the linearized NMG theory with the
addition of quadratic terms in its equations of motion:

1 1 1
Lglhuw] = Eh’wKW + EK’W dO) K" + EK SOK.
(10)

@ Springer
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The first term in (10) is the linearized NMG theory. The
NMG Euler tensor K*¥ is given in (2). The coefficients
d(0) and f(OJ) are so far arbitrary functions of [ = 9,,0"
such that the Lagrangian L remains local. Due to the
conservation law d# K, = 0 which holds identically due
to the linearized reparametrization invariance of the NMG
(Bhyy = 0,8, + 0,8,), other terms which might show up
in (10) like (E)MK‘“’)2 and 9, K*"9, K do not contribute.? In
terms of the original field /,,, we can rewrite Lg as

LG = 3 hyyc1(D) 3gh®” + 3*h c2(3) 8"hyy + he3(0)
h 4 R eq(O) hyy + 079 hyyes ()00 hap. (1)

The coefficients ¢; (CJ) are given by?

O 0?2
cr=0d—1+—|1-20d+—d|, (12)
m m
_,_ 0 +Df+Dd Od (O 12 1)
2= Tom 2 T 2 \m? ’
_u 14
C3—5C2, ( )
O
€4 = e, (15)
f+d 1 d0 /O
= — —2]). 16
e 2 +4m2 4m? \m? (16)

The Lagrangian L can be further rewritten in terms
of a four index differential operator L5 = h“”Gwaﬁh"‘ﬁ
whose inverse G~! does not exist due to the linearized
reparametrization symmetry. We choose the de Donder gauge
fixing term:

Lor = (0 hy — 0,h/2), (17)

which amounts to the shift c; — ¢1 + A, ¢y — ¢ — A
in Egs. (12) and (13) but not in (14) and (15). In (14) we
make c3 — c¢3 — AJ/4. Before we display G~! we take
a closer look at the coefficients ¢; ((J) in (12)—(16). A local
Lagrangian density in terms of 4, requires

a ~
d = 5 +d0), (18)

a ~
f=-5+70), (19)

where d (O) and f (OJ) are analytic functions of [J while a is
an arbitrary real constant. In terms of the spin-s projection
operators Pl(sj) given in the appendix A and suppressing the
four indices we have

2 We have restricted ourselves here to parity invariant theories, thus
avoiding terms like €*"* K ,,, 0, Ky .

3 Henceforth, unless otherwise stated, we replaced(0J), f(O)) byd, f
respectively, though they are still arbitrary functions of [J.
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2t P2

0@ — m?) [m2(1 —a)+a0+00- m2)a7]

(1) 0)
2pL 2P
A0 D[l—a+D(J+2f)]
22 (P8 + PiY)

D[l—a+D(&+2f)]

+

[1—a—|—D(d~+2f~)—)L]P‘§[9%,V
—4

m[1—a+D(J+2f)]

(20)

Regarding the local symmetries of L there is one special
case,

a=1 and d(d) = -2 f(0), (21)

since we have a zero in the denominator of the spin-0 sector
which indicates a spin-O symmetry. Indeed, under a Weyl
transformation dwh,, = Amn,, we have from (10) after
integrations by parts

SwLlg =hQRcs+6c3—0Ocp)A
+8M3Vhlw[2|:|65 —2c1 —3c]A

= (@Oh—0"3"h)[1 —a+0Wd+2 A (22)
In the special case (21) we need to add another (Weyl) gauge
fixing term, we may choose E‘gF = & h%. This implies the
shift c3 — c3+£&. Consequently, in the Weyl symmetric case
we have

4 52 (1)
G-l — 2m” Pgg B 2 Pgg
YO -m? -2 0 -m?] A0

1 1
©
———P
+<8g 2,\D> 5§
1 1 o N2 (1 4
I - 4
+<4g m) ww T T E T Ao

x [P&) + Py ] (23)

Next we analyze the particle content of L from the ana-
lytic structure of G~! and G;Vl. In momentum space we can
calculate the gauge invariant two-point amplitude A(k) by
saturating G lor G@] with external sources. For instance,

i *
2 7u

A(k) = — =T (k)G (k) Top (k). (24)

Here G~ '(k) = G’l(aﬂ — iky). Due to the linearized
reparametrization symmetry, the source must be transverse
k" Ty, = 0, consequently,
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. RO
Al =1 [kZ[l —a—kd+2/)]
mt §@
CRE A+ mD[m2(1—a) —ak? + kA2 + mz)]i| ’

[ so G
“HEPED T RE+mHowd) | ()

where d = d (—kz) and ? = f (—kz) are analytic functions
of k2 = k, k" and

0 T
SO T;v(Pés))MWﬂTaﬁ — _2 , (26)
2
@ _ 7 (p@yuvapy v _ L -
§5 = Tllv(PSS) Taﬁ - T;wT . 27

The quantity T = n,,T"*” = —Too + T;; is the trace of the
external source in momentum space. If the two conditions
for Weyl invariance (21) hold we must have T = 0.

A key role is played by the imaginary part of the residue

of A(k) at each pole. For instance, at k> = —m? we have
In=3 lim (k2 +m>)A®k). (28)
k2——m?

If and only if ,, > 0 we have a physical particle. If I, = 0
we have a non-propagating mode while 7, < 0 or no definite
sign for I, signalizes the presence of ghost. In order to verify
the sign of /,, we fix a convenient coordinate frame splitting
the cases of massless and massive poles. In the massless case
we fix a frame such that k* = (ko, €, ko), thus k*k, = €2,
We will take ¢ — 0 at the end. This caution is necessary
for the analysis of double poles. From the three conditions
k*T,, = 0 we have in this frame

€
Tor = =T — — T, (29)
ko
€
Too = =T — — T, (30)
ko
€ e
Too = T2 +2—Tio+ — T €1y
ko ko
Consequently,

€
i, T = Tul? = 20— (Tia Ty + T )
0

2

€
+ o [Tl + (T3 + TiT) =217 ).

0
(32)

€
|T|2 = |T11|2 - ZE(leTl*l + TI*ZT“)
e’ 2 2
+2p(2|T12| —1Tul"). (33)
0

In the case of massive poles we choose the frame k#* =
(m, €, 0) such that k2 + m? = €2. From k* Ty, = 0 we have

2

€ € €
Tor = ——Tn; Too=——Ti2; Too=-—5Tu. (34)
m m m
Thus,
) ) 2\? 5 2
T;:,kuTuv:|T22| + [T11] l_ﬁ +2|Ty2| l_ﬁ R
(35)

2\ 2
€

T = |Tn|* + |Tu|? (1 - —2>
m

2
€
+ (1 - W) (T T55 + T{ Tr2). (36)

Since d(k?) and 7(/(2) are arbitrary analytic functions, there
might be double poles in the denominator of A4 (k). We first
examine those poles. From (26), (27), (35), and (36) we see
that is impossible to take linear combinations of $© and
S in order to end up only with terms of order 2. There-
fore a massive double pole 1/(k*> + m?)? = 1/€* cannot be
reduced to a simple pole by any fine tuning of the functions d
and f. So henceforth we assume that all massive poles must
be simple poles. The conclusion remains the same for the
Weyl symmetric case. In the latter case Tog = 771 + T2 and
(34) imply Ta = —T11 + (€2/m?)Ty1, which does not help
canceling the term |73 1 in (35).

The massless case is a bit different. From (26), (27), (32),
and (33) we see that we do have one special combination
of order €2 which may turn double poles into simple ones,
namely,

2
2 0 2_ ¢
SO — 5O =1 T — T =
0
x [T+ TT0) =21Tl | (37)

However, the term (77 755 + T}, T22) has no definite sign. So
we end up with a ghost. In the special case of Weyl symmetry,
using (31) in Tog = T11 + To2 we have Ty = 2(e/ ko) T12 +
O(€?). Thus, the dangerous term of (37) becomes of order
€3 and will not contribute to the residue. So we may hope to
turn a double massless pole 1/k* into a physical pole only
in the Weyl invariant case after a specific fine tuning of d
and f. In particular, this is the mechanism behind the fourth-
order K-term which describes a physical massless particle
as explained in [29] via decomposition of /4, in orthogonal
modes and in [31] via the analytic structure of the propagator.

In summary, multiple poles lead us to ghosts in general
except for the double massless pole in the Weyl symmetric
case which will be examined later on.

Henceforth we split our analysis in four cases:

a#1 (Casel)

@ Springer
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a=1 and d+2f#0 (Casell)
a=1 and d+2f =0 (Case Il
a=0=d and f=1/Q2k% (CaselV)

In the cases III and IV we have Weyl symmetry. The case IV
corresponds to the Sy model of (8) after elimination of ¢.

3.1 Casel:a # 1

As a warm up we start reproducing the results of [26] for
the NMG theory. We take ¢ = 0 = d = f. We have one
massless and one massive pole,

(38)

Ao — i [ 5 m2 s®@ }

K2 K22+ m?)

Taking € — 0in (32) and (33) we have a vanishing residue at
the massless pole and consequently a non-propagating mode:

Ip =3 lim k> A(k) = S© — §@
k2—0

T2 IT|?

The residue at the massless pole vanishes for the very same
reason as it does in the Maxwell-Chern—-Simons theory of
[24], namely, the lowest-order term (in derivatives) of the
theory (linearized Einstein—Hilbert) has no particle content.
Taking € — 0 in (35) and (36) we have a positive residue at
the massive pole, a physical massive spin-2 particle,

Iy =5 lim (k2+m2)A(k) §@
k2——m?2
Ti1 — Tn)?
= 21T + % > 0. (40)

Now we go back to the general case a # 1. Except for the
NMGcasea =0 =d = ?, which will not be treated here
anymore, we have in general extra massive poles stemming
from the polynomial Q (k?). Requiring that no tachyons show
up we can write

—im? S4 (k%) 1‘[1  m?

k) =
A (a — DK2(k2 +m2) (k2 +m?) - -

k2 +my)
(41)

where N > 1 is the number of extra massive poles coming
from Q(k?). Since we are specially interested in the massive
poles, we can write from (26), (27) and (35), (36) ate — 0,

Sa(k?) = S + Ak SO =212 + [Ty | + | Toa)?

(A-1
+ |T11 + Tl (42)

The quantity A(k?) is an analytic real function of k> whose
specific form is not important, it is defined by comparing (41)

@ Springer

with (25). Defining the polynomial of degree Ng + 1:

P = (& + mp) (K> +m}) -+ (K +my,), (43)
where m% = m? is the mass squared already present in the
NMG theory, itis clear that the sign of the residue Imj at some
pole k* = —m? depends essentially upon the sign of the
ratio S /P’ calculated at k> = —m?, where P’ = dP/dk>.
Since the derivative of a polynomial has alternating signs at
its consecutive simple zeros, the only hope of having posi-
tive residues at the different massive poles is to require that
Sa also has alternating signs at such points. However, it is
easy to prove that Sy (—m?) either has no definite sign or is

definite positive. The point is that if A(—m?) > 0 we can
guarantee that the last three terms of (42) add up to a non-
negative number, so in those cases S A(—m?) > (. On the
other hand, since the three complex numbers 772, 711, 152 are
totally unconstrained, even if we take A(—m%) < 0, depend-
ing on the relative strength of those three complex numbers,
the sign of (42) may change. Thus, we cannot guarantee that
Sa (—m?) < 0. In conclusion, whenever we have more than
one massive pole we have ghosts and only the NMG case is
safe ata # 1.

32 Casell:a=1landd +2f #0

In this case we have in principle a double massless pole and
massive poles:
) . 50
kK2 +m2)[(k2 +m2)d — 1] kK*d+2F)
(44)

Ak) = —

We can choose d(0) + 7(0) = ﬁ and turn the double
massless pole into a simple one. However, since we have no
Weyl symmetry, as explained in the paragraph of Eq. (37),
we are doomed to have a massless ghost. Therefore we go to
the next case.

33 Caselll:a=1andd +2f =0

Ifweseta=1andd = —2 f,ord = —2 f, in Egs. (12)—
(16) and plug those results in (11) we have

1 1
Ly = — 0, " "0 H@)8%hay — z—70"h0 H(O)0"hey
m 2m

- Lh 02 H(O)h
1
+ 5 4hW|Z| HOR" + 00"y H()8% 8P hyg,
(45)
where H(O) = (O —m?)[1 —2 (0 —m?) f(0)]. The above

Lagrangian can be nonlinearly completed in terms of the



Eur. Phys. J. C (2016) 76:373

Page 70f9 373

square of curvatures in the form of a K-term of the NMG
theory, i.e.,

2/— 3
LyE = —m4g (R”V - gg’” R) O —m?)

x [1 =20 —=m?) f(O) R (46)

In the case f = 0 we recover the Weyl embedding of the
previous section; see (7).

Back to the two-point amplitude A(k): we have again a
double massless pole and massive poles in general. Assuming
that the analytic function k> = f (O — —k?) is such that
we have no tachyons, we can write

mts@
Ak) =i
k4 (k2 +m?)[1 42 f (k> + m?)]
ZSQ)IINQ
= @0

where P (k?) is defined in (43). From (27), (35), and the fact
that 7 = 0, due to the Weyl symmetry, we have at each
massive pole

2(1T2 > + 1T %)
P'(—m?)

I, =3 lim (k2+m2)A(k)

i . (48)

k2—— m/
Due to the alternating signs of P’ at its consecutive single
Zeros, it is impossible to have Imj > Oforallj =0,..., Ng.
We are forced to assume Ng = 0, i.e., 7 = 0. In this subcase
PKk?) = k? + m2, so P’ = 1 and the massive pole is a
physical one I, = I, = 2(1T1n )2 + T %) > 0. Regarding
the massless double pole, we have already seen that due to
the Weyl symmetry we have Ty; = 2(e/ko)T12 + O(ed),
substituting back in (32) we obtain [31]

2

€
—2k—2|le|2 + O(e). (49)

0

T, =

Consequently, although the apparent double pole has become
a simple pole, we still have a ghost due to the negative sign
of the residue:

2
. . m
Ip=% klzlino sz(k)zglE)rz) 6—2T“”T;v:——|T12|2

(50)

Therefore, the Weyl invariant theory (7) of the previous sec-
tion will unavoidably contain a ghost.

34 CaseIV:a=0=dand f = 1/(2k?)
In this last case we have a nonlocal theory corresponding to

the Weyl invariant action Sy given in (8) after the elimination
of ¢:

Sg 18, @1 =2 f d*x =g [—

3 2
— (R,U,R‘“’—gR >

1R ! R Sh
8 D hh '

After adding a gauge fixing term like (17) plus another one

for the Weyl symmetry LX;VF = ¢ h? the action acquires the

form (11) with the coefficients

O . 1 O
A=tk =TT
0> 2
C3=—m+7(1—c), (52)
O s 1
64:ﬁ(D—m); C5_4m2|j(|j m?). (53)

The propagator, suppressing indices, is given by

2P aP P (1 4
8 ¢ A0

G = OO -m2 A0
@ +20) /o ©)
T Ta I (P + Pys). (54)

After saturating the propagator with transverse and traceless
sources as in (24) we are left with two simple poles, one
massive and one massless which come both from the pure
spin-2 sector:

m2 @

A(k) = —1 m .
As expected, the dependence on the gauge parameters A and
¢ disappear which guarantees gauge invariance of the two-
point amplitude. When we look closer at the massless pole
using k;, = (ko, €, ko), it is easy to see that its residue van-
ishes with power €2. From (32), (33),and T = 1, TH”" =0
we have

(55)

o~ 1 2 1 e TAY
_K\klzlglok Ak) = GIER)TIWT
E2
= — lim 55 [ 21Tl + (Tu T35 + 11 ) | = 0. (56)
0

The massive pole is a physical one (positive residue). From
(35) we have

lim (k2+m YAK) = 8@ = T2 |>+2|T12)* > 0.

k2——m?

In=23

(57)

Therefore, the linearized version of the model (51) is unitary
and contains only massive gravitons in the spectrum.

4 Conclusion

Recent work on massive gravity [8—10] has shown how
to overcome longstanding problems like the appearance of
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ghosts at the nonlinear level [4] and the vDVZ [2,3] mass dis-
continuity. Those models can be described in terms of one
[8,9] or two [10] dynamic metrics. In the linearized limit
those theories reduce, respectively, to the old paradigmatic
Fierz—Pauli (FP) theory [1] and to the addition of the lin-
earized Einstein—Hilbert plus the FP theory. In fact, those new
massive gravity models are built up on top of the second-order
FP theory which describes free massive spin-2 particles. It
is expected that if we change the starting point (underlying
free theory) we might end up with alternative massive grav-
ities. Those alternative massive gravities might help us to
understand which physical features of the new theories are
really model independent and eventually we might still hope
of finding a renormalizable massive gravity model.

In [20] we have shown that there are several higher-
derivative modifications of the Fierz—Pauli theory which
describe free massive spin-2 particles and are still ghost-
free at linear level. So they could be used as new starting
points for alternative massive gravities. Indeed, they can be
identified with quadratic truncations of f (R, ] R) modifi-
cations of the Einstein—Hilbert theory plus the Fierz—Pauli
(FP) mass term; see [20]. Some of those models have been
further changed, see e.g. [19], by the addition of a convenient
non-derivative nonlinear potential of the type found in [8,9]
in order to account for the absence of ghosts at nonlinear
level. They define massive gravity theories with interesting
cosmological properties.

All modifications of the FP model found in [20] occur in
the spin-0 sector of the theory. Modifications in the spin-2
sector lead in general to a ghost, with the exception of the
so-called “New Massive Gravity” of [21] which only exists
in D = 2 4 1. In section III we have used the embedding
procedure used in [20] in order to search for arbitrary higher-
order modifications of the NMG model similarly to what has
been done in [20] for the case of the FP theory. Although the
embedding procedure does not guarantee full equivalence
of the initial and final models, it ensures that the particle
content of the initial theory is contained in the new theory.
At the end one always has to check both particle contents and
fix the embedding coefficients, see (10), in order to achieve
full equivalence.

Contrary to the FP case, we conclude here that there
is no local embedding of the NMG theory which remains
ghost-free. We have carried out a thorough calculation of
the residues at all possible massive and massless poles in
the propagator. There is always a pole with negative residue
(ghost). A key technical point is the fact that the Euler
tensor K,,,, which defines the NMG equations of motion
K, = 0, satisfies 0" K, = 0 identically due to the lin-
earized reparametrization invariance 6, = 9,§, + 0,&,.
Consequently, the quadratic terms (8“K,w)2, (8“8”K,w)2,
and 0" K,,d"K identically vanish too and strongly restrict
the embedding Ansatz (10), contrary to the embedding of the

@ Springer

FP theory where we have five independent quadratic terms in
the equations of motion which can be added to the FP theory.
The more local symmetries we have, the more difficult is to
embed it into a higher-order model.

In Sect. 2 we have used the Weyl symmetry as a guid-
ing principle for the embedding of the NMG. First we have
looked at the Noether gauge embedment of the Weyl sym-
metry, which leads to the sixth-order model (7). In this case
we have one massive and one massless pole. Unfortunately,
their residues have opposite signs. If we reverse the over-
all sign of (7), we have a physical massless graviton and a
massive ghost. In this case we might use the Weyl invari-
ant model (7) with reversed sign as a phenomenological toy
model along the lines of [32]. Namely, we can have a consis-
tent unitary theory if the ghost mass stays above the energy
cut-off of the theory. Although the model (7) is of sixth order
in derivatives, the would-be double massless pole is reduced
to a simple pole and the analytic structure of the propagator
is similar to some curvature square modifications of general
relativity in D = 4.

At the end of Sect. 2 we have obtained a promising candi-
date for a consistent massive gravity different from the NMG
model. From the introduction of a scalar Stueckelberg field
in the linearized version of the NMG theory we have derived
the linearized Weyl invariant model given in (8). As in the
case of (7) we have one massless and one massive pole but
differently from (7) both poles are simple poles. The Weyl
symmetry now kills the residue at the massless pole such that
the “would-be” massless ghost does not propagate at all as
shown at the end of Sect. 3 (Case IV). The residue at the
massive pole is positive and we are left with physical mas-
sive gravitons, at least in the linearized approximation. The
model can be nonlinearly completed leading to the scalar—
tensor theory (51) which might be an alternative to the usual
NMG model. However, as in the case of the pure K-term
(massless limit of NMG) analyzed in [30], the Weyl sym-
metry is probably broken beyond the linearized level which
might lead to a ghost in the full theory. This is probably true
also for the higher-derivative topologically massive gravity
of [22,23]. Those examples require detailed investigations of
the constraints structure which are beyond the scope of the
present work.

Finally, we mention Ref. [33] where stability and uni-
tarity of fourth-order (quadratic in curvatures) three dimen-
sional gravities, including the parity breaking gravitational
Chern—Simons term of [24], have been investigated around
maximally symmetric spaces. Whenever our results overlap
(fourth-order theories around Minkowski space without par-
ity breaking terms) we have agreement.

Acknowledgments The works of D.D. and E.L.M. are partially sup-
ported by CNPq under grants 307278/2013-1 and 449806/2014-6,
respectively.



Eur. Phys. J. C (2016) 76:373

Page 9 of 9 373

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix

Here we display the operators P,(‘j), the coefficients A;; ().

They make use, as building blocks, of the spin-0 and spin-1

projection operators acting on vector fields, respectively,
9,0 9,0

I|1:|V , euv =Ny — MTV’ (58)

Wy =

we define the spin-s operators PI(SJ) acting on symmetric rank-
2 tensors in D dimensions:

2\ e 1 )
)= g (0 ) - (59)
(P( )) af 2 <9k GM/S +6", ekﬂ) D—1
O AT O R TR PR nooa
(PSS> aﬁ_2<9aw ﬂ+0awﬂ+9ﬂwa+9ﬁwa>,
(60)
OV Sy O\

(PY) w=5-1" bup (P = o (61)
UM A o+ _ 1 it
(PSW) wp Jﬁe Pap: (PWS) B JD-1" Oup-

(62)

They satisfy the symmetric closure relation

_ Nualv + NupNva

(2) (1) 0) 0)
I:PSS+PSS+PSS+PWW:| -
nvaf 2

(63)

and the algebra

(7, () =),
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