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The one-loop divergences are calculated for the recently proposed ghost-free massive gravity model,
where the action depends on both metric and external tensor field f. The non-polynomial structure
of the massive term is reduced to a more standard form by means of auxiliary tensor field, which is
settled on-shell after quantum calculations are performed. As one should expect, the counter-terms do
not reproduce the form of the classical action. Moreover, the result has the form of the power series in f.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that general relativity is a non-linear dy-
namical theory of symmetric second rank tensor field in curved
space-time. In the linear approximation this theory describes a
propagation of massless spin-2 irreducible representation of the
Poincare group. Dynamical theory of massive spin-2 representa-
tion of the Poincare group has been constructed by Fierz and Pauli
[1] in terms of symmetric second rank tensor field in Minkowski
space. It is natural to think that there should exist a non-linear
dynamical theory in term of symmetric second rank tensor field
in curved space-time, whose linear limit will be the Fierz-Pauli
theory. However, during a long time such theory has not been con-
structed.

An evident way to find non-linear generalization of Fierz-Pauli
theory is to add some kind of massive term into Lagrangian of
general relativity. It could be a cosmological constant, but in the
linear limit the cosmological term does not provide a true mass
term in Fierz-Pauli theory. As a result the only way to insert a
mass term to Lagrangian of general relativity is to use, additionally
to metric, an extra second rank tensor field (reference metric) and
find a coupling of metric to this extra field in such a way that in
the linear approximation for both metric and Minkowski reference
metric, this coupling should generate a true mass term in Fierz—-
Pauli theory.

The extension of general relativity described above has been
studied in details by Boulware and Deser [2]. They have shown
that inserting the mass term with the help of additional second
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rank tensor field can yield, in general, the inconsistent theory with
propagating ghost field (BD ghost). However recently there was a
progress in constructing a family of the non-linear dynamical the-
ories which are free of problem of BD ghost [3-6] (see also the
review [7]). As a result, at present one can have the Lagrangians
which satisfy the following set of conditions: (i) describe con-
sistent ghost-free non-linear dynamics of symmetric second rank
tensor field; (ii) have a number of propagating degrees of freedom
exactly corresponding to massive spin-2 field, (iii) depend of ref-
erence metric and on some mass parameter m, while in the limit
m = 0 reproduce the Lagrangian of general relativity without cos-
mological term; (iv) reproduce the Lagrangian of Fierz-Pauli theory
in linear approximation for dynamical metric and for Minkowski
reference metric.

In this Letter we study the quantum aspects of the mas-
sive gravity theory.? To be more precise, we compute the one-
loop divergences of a minimal massive theory [4] and investi-
gate their structure. Of course, the massive gravity theory is non-
renormalizable as well as general relativity since massive gravity
Lagrangian includes general relativity Lagrangian and hence should
lead to the quadratic in curvature tensor counter-terms at one
loop. In order to find the one-loop divergences we will use the
background field method and Schwinger-DeWitt proper-time tech-
niques [9].

Although the theory under consideration is non-renormalizable,
one can expect it to have many interesting features in quantum
domain. First, the massive term in the action possesses a com-
plicated structure in tensor indices and its background-quantum

2 Alternative approach to quantum aspects of massive gravity is developed in the
papers [8]. Unlike our approach, which starts with complete ghost-free non-linear
theory, in [8] the massive gravity model is treated as deformation of Pauli-Fierz
Lagrangian by some cubic interaction of the fields.
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splitting (decomposition of initial field into background and quan-
tum field, which is the element of the background field method)
is not trivial. Second, a functional determinant, defining the one-
loop effective action, has different and in fact more complicated
structure as compared to the massless case of general relativity.
Therefore, evaluation of effective method may require some nov-
elty in the method of calculation. Third, it is interesting to study
whether the one-loop divergences in massive gravity theory van-
ish on-shell as it is the case for the general relativity without
matter. Fourth, the one-loop divergences in massive gravity the-
ory are expected to depend on the reference metric. As a result
of computations we obtain the one-loop divergences in terms of
the specific general covariant functionals depending on reference
metric. They can be considered as the possible candidates for ac-
tions of reference metric if to treat this metric as a dynamical field.
Problem of Lagrangian for reference metric is broadly discussed in
the literature (see e.g. [4] and reference therein). Fifth, any new
gravitational model deserves a study of quantum aspects in the
hope to extend our understanding of a quantum gravity and to
shead a light on a possible role of gravity in quantum domain.

The Letter is organized as follows. In Section 2 we consider
an equivalent representation of the theory via auxiliary tensor
field and the procedure of linearization. The derivation of bilin-
ear form of the action and the details of background field method
are treated in Section 3. In Section 4 we present the results of cal-
culating the one-loop divergences. In Section 5 we present some
discussions of the result and draw our conclusions.

2. Linearization of massive term

Consider the action of a minimal model of massive gravity [4]

Slguv]l = Solguv] + Smlguv]
=/a4X«/_—g[R+2A+m2tr( g7 1f)] (1)

Here m is a mass parameter, f means an external tensor field (ref-
erence metric) fy,,, expression g~ 'f in action S;, means g fy,,
all other notations are standard.?> According to [4] we have to put
A = —3m?, however it is more convenient to perform all calcula-
tions for an arbitrary value of A and fix it only in the final result.

To calculate the one-loop divergences of the theory under con-
sideration we should compute the second variational derivative of
action with respect g;,,. Such computation for the term Sy, is very
non-trivial since the matrices g% and f,, do not commute.* We
will avoid this obstacle considering the classically equivalent the-
ory formulated in terms of dynamical metric g,, and auxiliary
field @*,.

It is easy to see that the theory, described by the action (1) in
terms of dynamical field g, is classically equivalent to the the-
ory in terms of the fields g,, and auxiliary field ¢/, with the
following action

S[gumfpuv]:So[g]‘f‘gm[guv,(/’uv], (2)

where the action §m[g,w, o] is given by

S‘[ " _m_2 d4 — v a -1\ 3
m|&uv, @ v]— 2 X\/_g[g foa@ u+((ﬂ ) u]~ (3)

3 The gravitational constant « is suppressed.
4 The first variational derivative is computed simply enough [4], however the sec-
ond derivative cannot be computed analogously to [4].

Indeed, the equation of motion that follows from the variation
over ¢*, in (2) has the form
8§  8Sm
Sphy, Sk,
The solution to this equation is

1.\ —1/2
ety = [(g ]f) / ]Mw
Replacing this solution back into (2), we obtain the action (1). It
shows that the two actions are classically equivalent. Starting from
this point we will use the action (2).°

3. Background field method and bilinear form to action

Our main purpose is to develop the background field method
([9], see also the details in [10]) to the theory (2) and use it to
calculate the one-loop divergences of the theory. The first step is
to obtain the bilinear form of the action (2).

According to the background field method, the fields ¢*, and
guv are replaced by sums of background and quantum fields as
follows

ety — o'y + ity guv —> Euv +hyy. (4)
Here ¢#, and g,, are background fields, while y*, and h,, are

quantum fields. By means of a simple algebra one can obtain the
bilinear form for the actions Sg and S;; in the form

1 R
SG + Sgr = E/d“w—gh’”]w,aﬂh“ﬂ, (5)

and
~ l ~
Sm(z) _ mZ/d4x /—_g { Ehtxﬂcaﬁ’ﬂuhﬂu
1 ~ A
_EwaﬁAaﬂvukuv“"Bﬂawaﬂ}' (6)

In Eq. (5) we have introduced the so-called minimal gauge fixing
term

1
Sgr =5 [ d%VTEL ™
where

1
Xu = Vah*, — EVMh. (8)

The operators Juv.ap, Gap v, Aaﬁ,u" and BA,, which were
used in (5) and (6), have the form

juv,aﬁ = %K/w,ozﬂl:‘ + Rpuovg + EupRua
- %(gp.vRaﬁ + gapRuv) — %(R +20) K105,
Gappy = —}lKaﬁ,uv[g”erDAa + (wil)ga]
- %ga,sfww"ﬂ + 8up foo 9’ a
B = =516 ale ™) o™
+ (™) o™ ale™ ],
By =~ fia, 9)

5 We assume that this equivalence is fulfilled on the quantum level as well, since
there is no any source for possible anomaly.
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where we define

1
Kag, v =0ap,uv — Egaﬁguv (10)

and use notation

1
Sap.uv = E(gaugﬂv + Zav8pu)

for the DeWitt identity matrix in the space of symmetric matrices.
In the expressions (9) one has to assume symmetrization in both
couples of indices wv and ofS. Let us note that the expression for
],w,o,ﬁ in (9) is one for the usual Einstein quantum gravity with
the cosmological constant and the other terms here are because of
the massive terms in Eq. (1).

It is easy to see that the path integral over the quantum field
YH, can be taken at once. It is well known that the following
identity holds for Hermitian matrices A(y, X):

/Dwexp{—%/dy[dxw(ym(y,x)w)
+i/de(x)1p(x)}

= (DetA)~/% x exp{%/dy/de(y)A‘l(y,x)B(x)}. (11)

Let us note that the quantity (Det A)~1/2 corresponds to the deter-
minant of a numerical matrix. Since we assume dimensional regu-
larization here, this object is irrelevant to the analysis of quantum
corrections to the effective action and therefore will not be omit-
ted. Using Eq. (11) in the expression for the generating functional
of Green functions, we present the bilinear form for the action (2)
as follows

- ~ 1 N

2 2
§@ = Sé )+ Sgr + S,(n) =3 /d“xa/—gh“ﬂHa,g,Wh“",
where the operator I:Iaﬂﬁlw is given by

N A A 1 A
Hoppuv = Juv,ap +mZGaB,p,v + ZmzfﬂA(A 1)0[)\7 p,gfvzr (12)

In order to obtain the matrix A=, let us consider the follow-
ing procedure. The result (11) is valid for the Hermitian matrix A.
Therefore we need to take only symmetric part of the matrix A.
Consider first the matrix A which is not symmetrized. It is an easy
exercise to find its inverse, however one has to work a little bit
more to do the same with the symmetric part of it. One can write
A as
- —1\O —_1\B —1\V
Al == ) ale™) ule™) . (13)
The corresponding inverse matrix is given by

——1

(A )ﬁa,a'{):_(l)prq’rﬁ(Paa- (14)
Consider now the following symmetric structure
Xﬁaaap:_ﬁapr(/)rﬂfpac _(/)at@Tzrﬁapﬂ- (15)
Then we arrive at the equation
ApY aP x X% 6P =ZuP 6" =808 + Y P 6", (16)
where

1 1
Yo" = 5(9"_1)[)11(0”0 + §(¢_1)U0‘PPM- (17)

Finally, we have the inverse to the symmetrized matrix in the
form of the series

(A7), = X007 x (271 o, (18)
where the matrix (Z~1),*, o? is given by
(Z7)o P =885 — Yo of + Yo, pTY P, 6P

SR LAV SOV CLNLE S (19)
Multiplying the operator I:Iaﬂ,,w by the operator 2K~1,,,®#,
where
. 1
K ]onaﬁ =5Mr,aﬁ - Eg}\agaﬁ,

we arrive at

21%710[/3’ )LJI:I)\O',/M) = 6(15,/,w =8ap, 3+ ﬁaﬂ,uv: (20)

where we have

ﬁaﬁ,;w =2Rapupy + ZgﬁuRo:u — ZapRuv
— 8uvRap — RKop v — 24808, v
2
m 51
+ Tfp(a(A )ﬁ)pv,uffvt
m? A-1\0P T 2 o
_Tgaﬁfa,o(A ) s for +2m° fuoo0° (88ayu

2
- mTfSaﬁ,,uv[gorerDAa + ((0_])0(7]- (21)

4. Derivation of one-loop divergences

The one-loop quantum corrections to effective action are writ-
ten by standard way (see e.g. [11])

_ i L .
rh= 5 LnDet(H) = 3 TrLn(H), (22)

where the operator a corresponds to the bilinear part of the action
in quantum fields and Tr means the functional trace.

The divergent part of TrLnH can be obtained by calculating
TrLn(K—1H) and then subtracting the TrLn K !

~TrlnA = —Trln(K~'H) + TrlnK . (23)

However, as far as we are interested in the logarithmic divergent
part of the effective action, the contribution of the last term can
be safely omitted.

The computation of (22) can be performed by the use of the
Schwinger-DeWitt proper-time technique [9]. This technique pro-
vides the efficient method of evaluating the LnDet O, where the
operator O has the form (see e.g. [12,13])

0 =10+ 20"V, + 1. (24)

Also we introduce the operators

~ N 1 - ~ A A
P=11+ Ri- Vuh* —hthy,,
Syuv =1V, Vol + Vol — Vyhy + [y, by, (25)

In our case, exactly as for the Einstein quantum gravity, the ﬁﬂ =0
and this essentially simplifies the calculations.
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__In the framework of dimensional regularization, the quantity
I'D is written as follows

~

o B BT
dv= " (4m)2(n—4) | 180\ AveE Tmy
1., 1
—p24 82 1 26
U /”} (26)

where p is the parameter of dimensional regularization, the oper-
ators P, S, are defined above and the surface terms are ignored.

In our case the operators Pand S wv have the form

Igaﬁ,lw =2Raqupy +28pvRap —
5
6

SapRuv — guvRap

1
R8up,puv + ERgaﬁguv -

2
—8ap, v [ggrfr)»(p)\d + ((/)71)0‘7]
2
m ~_
7fp(0t (A

2 A48, v

2
+2m2fva(ﬂa(zxgﬁ)u + l)ﬁ)pvurfur
2
m ~
_Tgaﬁfap(A 1)0p,ltrfvr,
Sie = [Siclyv.ap = —2Ruart vp- (27)

Replacing these operators in the expression (26), after some alge-
bra we obtain the expression for the divergent part of the one-loop
effective action,

7
7 B 2
il a=—3m> = (471)2(11 4)/ X [ + 50 Rm

ROdBp (A

1 m? .
+—R2+7 D27 @ fprp

120
- ER[948 +236(,/g7 1),
587 ) 5 (A (87 )"
+5 far (A—l)ﬂk,aa fpo —5fap (A—l)aﬂ,/waU]
2
+ TR 12( )87,
+ (&) (AP Fpye
+ Frp (AP ! foye
~ m4
—2f5r (A1) frp] + Tg[1440

+12(27 1) (A a2 (871 )
+ 12 for (A7) fpo —12fup (A

—240(,/g= )" i+ 24(g7 )
+4(Je 1 N u (Ve )"

(g_]f)/\(p('z‘_l)f)mg(g_lf)va

( 1f)P0(A—1)r9;L ( _1f)av

(&) A ) ente (g7 1)

% (g 1f):00( )rev ( 71f)a
—4(Je ) e ) fow(ATT) 10

+2( g1 f)" 5 fap (A1) PH0 £,

)aﬂ’lwflw

X

~4fp0 () i (A

+2fan frp (5 ) o (A0

120 g 1Y o (o1 ) 0 (A)a"

+2(g7 ) (8 1) () (A e
2e ) (1) (30 28)

where we included the mass-independent ghost contribution and
used the special value A = —3m?. In Eq. (28) E=R?,, —4R?, +

R? is the integrand of the Gauss-Bonnet topological term and the
expression (A~1)@PKV has been defined in Eq. (16). One has to
note that the matrix (A)*] is an infinite power series on the
external field f and hence the divergences (28) have essentially
non-polynomial structure in this field too.

Let us note that before the use of the condition A = —3m? the
divergences represent the corresponding expression for Einstein
quantum gravity [12] with the contribution of the cosmological
term and the rest of the expression is due to additional mass de-
pendent term in the action. The reason for such a result is that we
performed calculations is the situation when the diffeomorphism
symmetry is unbroken. This means we treat f;,, as external ten-
sor field which does not violate general covariance of the theory,
hence the number of physical degrees of freedom does not change
due to the extra massive term in (1). Indeed, our approach follows
the standard practice when, e.g., the divergences in the Yang-Mills
theory with the spontaneous symmetry breaking are calculated in
the unbroken phase. It would be, definitely, interesting to perform
the calculation in the broken phase, however it is not immediately
clear how this can be done in the softly broken non-Abelian theory
such as quantum gravity.

An interesting observation concerning Eq. (28) is that there is
an explicit simple hierarchy of the terms, for example the ones
with higher derivatives do not depend on mass and/or on the
field f. At the same time, if we consider the classical action with
the algebraic structures presented in (28), we note that there are
no derivatives acting on f there. However, despite there are no
such derivatives of f, this field will be dynamical in action (28) be-
cause of the mixture with Ricci tensor and scalar curvature which
emerge in the third line of the expression.

The next problem is to see what happens with the result (28)
on-shell. For this end we have to derive the classical equations of
motion and replace them into (28). The equation of motion for the
theory (1) with A = —3m? has the form

)peaw

1 1
RW — S Rgh = —3m?g" 4 omPghY (g 1 f) e
1
- imz( g*lf)v“. (29)

After using this relation in Eq. (28), we arrive at the following on-
shell result

=)
T jivlon shell = (47r)2(n 2) / "X~ |:

+mZR(Malc)ﬁfM(A*l)kr(alplfﬂ)p]

—8far (A7) fgg +04-77( g1 )"
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)"
+1.5-13-29(\/ﬁ)"u( g 1f)"
+(g _1f)/\(p(;‘_])mua(g_]f)vﬂ
(&7 f) o(AT)  a(eg™" 1)
+(E ) (Aot (g7 )
( )P 1)T0va(g_1f)au

(A
4z 1) (87 ) fora (AT 0
#3016 fup ()
~4f0(y/2 1) @ fon (A
+ 2 fao frp (\/E)AP(AA)MW

+20p (g Y o (o1 1) o (A)a"
25 ) e ) o (e ) (AT 0
~2(g7 1) o5 ) (A1)

- [0 o]

x (&7 )" p (AP W™ fye

2(y/g 1 ) (g7 ) p (AP W e
(a1

)pfhw

X (g_lf)kﬂ(;‘_l)akaa (g_lf)ﬁa:|' (30)

It is easy to see that the on-shell result does not vanish as it was
for the massless theory [12]. Moreover, in the first and second lines
one can see the term which explicitly depends on the Riemann
tensor which is mixed with the components of f,;. It is easy to
see that the specific tuning of the mass term which results (af-
ter symmetry breaking) in the ghost-free massive theory, does not
hold at the quantum level.

5. Conclusion

We have developed the background field method and calcu-
lated the one-loop divergences for minimal massive gravity models
suggested in [4]. The divergences are formulated in terms of geo-
metrical invariants constructed from metric and reference metric
and contain the inverse matrix (16) which is an infinite power
series in the reference metric f;,. There are no doubts that the

divergences for the non-minimal, more complicated actions of [4]
will have qualitatively the same structure. The final expression (28)
shows that the UV completion of the massive gravity theory would
be essentially more complicated than the one of Einstein quantum
gravity. Along with the usual fourth-derivative metric-dependent
terms such completion should include also dependence on the
reference metric f,,. Furthermore, this field gains dynamics due
to the mixture with curvature tensor components. Therefore the
counter-term (28) can be considered as the action functional defin-
ing dynamics of reference metric.

Acknowledgements

I.B. is grateful to CAPES for supporting his visit to Juiz de Fora,
where the main part of this work has been done. Also he ac-
knowledges to RFBR grant, project No. 12-02-00121, RFBR-Ukraine
grant, project No. 11-02-90445 and grant for LRSS, project No.
224.2012.2. D.P. thanks FAPEMIG for supporting his PhD project.
I.Sh. is grateful to CNPq, CAPES and FAPEMIG for partial support.

References

[1] M. Fierz, Helv. Phys. Acta 12 (1939) 3;
M. Fierz, W. Pauli, Proc. Roy. Soc. Lond. A 173 (1939) 211.
[2] D.G. Boulware, S. Deser, Phys. Lett. B 40 (1972) 227;
D.G. Boulware, S. Deser, Phys. Rev. D 6 (1972).
[3] C. de Rham, G. Gabadadze, Phys. Rev. D 82 (2010) 044020;
C. de Rham, G. Gabadadze, AJ. Tolley, Phys. Rev. Lett. 106 (2011) 231101,
arXiv:1011.1232 [hep-th];
C. de Rham, G. Gabadadze, A.. Tolley, Comments on (super)luminality, arXiv:
1107.0710 [hep-th];
C. de Rham, G. Gabadadze, A]. Tolley, Ghost free massive gravity in the Stdck-
elberg language, arXiv:1107.3820 [hep-th];
C. de Rham, G. Gabadadze, AJ. Tolley, Helicity decomposition of ghost-free
massive gravity, arXiv:1108.4521 [hep-th].
[4] S.E. Hassan, R.A. Rosen, JHEP 1107 (2011) 009, arXiv:1103.6055 [hep-th];
S.F. Hassan, R.A. Rosen, Resolving the ghost problem in non-linear massive
gravity, arXiv:1106.3344 [hep-th];
S.F. Hassan, R.A. Rosen, Confirmation of the secondary constraint and absence
of ghost in massive gravity and bimetric gravity, arXiv:1111.2070 [hep-th];
S.E. Hassan, R.A. Rosen, A. Schmidt-May, Ghost-free massive gravity with a gen-
eral reference metric, arXiv:1109.3230 [hep-th].
L. Alberte, A.H. Chamseddine, V. Mukhanov, JHEP 1104 (2011) 004, arXiv:1011.
0183 [hep-th];
AH. Chamseddine, V. Mukhanov, JHEP 1108 (2011) 091, arXiv:1106.5868 [hep-
th].
M. Mirbabayi, A proof of ghost freedom in de Rham-Gabadadze-Tolley massive
gravity, arXiv:1112.1435 [hep-th];
A. Golovlev, On the Hamiltonian analysis of non-linear massive gravity, arXiv:
1112.2134 [gr-qc].
[7] K. Hinterbichler, Theoretical aspects of massive gravity, arXiv:1105.3735 [hep-
th].
[8] M. Park, Class. Quant. Grav. 28 (2011) 105012, arXiv:1009.4369 [hep-th];
M. Park, JHEP 1110 (2011) 130, arXiv:1011.4266 [hep-th].
[9] B.S. DeWitt, Dynamical Theory of Groups and Fields, Gordon and Breach, New
York, 1965.
[10] LE. Abbott, Acta Phys. Pol. B 13 (1982) 33.
[11] LL. Buchbinder, S.D. Odintsov, LL. Shapiro, Effective Action in Quantum Gravity,
IOP Publishing, Bristol, 1992.
[12] G. ‘t Hooft, M.].G. Veltman, Ann. Poincare Phys. Theor. A 20 (1974) 69.
[13] A.O. Barvinsky, G.A. Vilkovisky, Phys. Repts. 119 (1985) 1.

(5

6



	One-loop divergences in massive gravity theory
	1 Introduction
	2 Linearization of massive term
	3 Background ﬁeld method and bilinear form to action
	4 Derivation of one-loop divergences
	5 Conclusion
	Acknowledgements
	References


