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Abstract. Here we give a short summary of the the theory of minimal massive gravity. This
theory, by construction, possesses only two tensor modes, exactly as in General Relativity. This
theory is able to reconcile the original background of dRGT — which was proven to possess a ghost
— with a stable homogeneous and isotropic cosmological evolution. The theory is constructed
by imposing two constraints in a non-linear, background-independent way. The phenomenology
of the theory is also briefly discussed.

1. Introduction

Recently the construction of a Lagrangian which was able to give a non-zero mass to the graviton,
has attracted many people to try to connect its value to the tiny energy scale which is supposed
to the the source of the measured acceleration of our universe.

Unfortunately, this same model proved to lead, in general, to unstable homogeneous and
isotropic backgrounds, so that in order to do cosmology with massive gravity one had to renouce
either to isotropy or to homogeneity.

In order to try to reconcile a massive graviton to the standard Friedmann-Lemaitre-
Robertson-Walker (FLRW) background, several authors tried to introduce more degrees of
freedom, e.g. by coupling the gravity sector to a scalar field.

Here we discuss a recently proposed theory, which acts in the opposite way, by reducing
degrees of freedom. In fact, the theory is built in order to remove all the degrees of freedom of
massive theory but the tensor modes. In this way, both scalar and vector modes, in vacuum,
are not dynamical leading to the same number of degrees of freedom as in General Relativity
(GR). However, the tensor modes acquire a non-zero mass, leading, in general, to a different
phenomenology than GR.

2. The model
In order to build up the Lagrangian of the theory we first need to give a three-dimensional

fiducial metric as

Yij =61 B B, (1)
where E!; is the fiducial 3-vielbein, together with a second three-tensor as in

. 1

Czj = M ELi EL] 3 (2)
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Both these fields are considered to be given external fields (as long as we make use of the unitary
gauge for the Stiickelberg fields). In addition to these fields we need the three-dimensional
physical metric

Yij = 0ryelie’;, (3)

where e!; is the physical 3-vielbein. After introducing Yij & j» and 7y;;, we can define
K™ Hln = :Yms')/sn ) kmj ’ijn =0", s (4)

so that k™, is the inverse tensor of K.
Out of these quantities, we introduce the following 3-tensor

ﬁ
Vo

which is proportional to the difference between the values of the canonical momenta 7% between
this theory and GR.

Having defined all the building blocks of the theory we can write down the Lagrangian in the
metric formalism as

09 = X {ey (VT + A KN + eo [k (VT 4+ A ) — 23]} 4 26377 (5)

M2 ’ ME &
s = S [daN AR KK - K+ 5E Y [ataer
=1
2
MI% 4 m2N/\ ij 1 2
M2 4 )
— 7P/d .I'\F’Y[)\CO - (Dn)\z)cnz] + Smattera (6)
L1 = —m?cia® (N4 Mk), (7)
Lo = —%m262d3 (2Nk + MK? — MK ;7;), (8)
L3 = —m’cs\/7 (M + Nk), (9)
Ly = —-mPcy AN, (10)
1 2 ii 2 ﬁ m n m n
CO = —m MKij@]—mM 7[01<+C2(H<_"f nC m)]"‘ci’)k nC m ( (11)
2 Vi
v [1
¢y = —m*M {g {2 (c1 + cor) (K™ + "6 ) — cwnmlz} + 035’"1} ;o (12)
Smatter - / d4x [\/jgp(na S) + ‘]u(aﬂg + 68“8 + AlaﬂBl + A28:U‘BQ)] : (13)

Here, we have introduced two Lagrange multipliers, one 3-scalar A, and one 3-vector A’ in order
to implement four constraints. These constraints are the necessary ones neeeded to suppress the
scalar and vector perturbations of dRGT without spoling its self-accelerating FLRW background
solution. Notice that we have supposed here M = M(t), and E!; = a(t) §;. Furthermore N is
the lapse function, Kj; the extrinsic curvature (K being its trace), D,, represents the covariant
derivative with respect to the physical 3D metric, v;;.

Finally, we have also introduced the matter fields in terms of a perfect fluid, whose
action is written in the Schutz-Sorkin form, for which n the number density is written as
n = (JaJﬂgag/g)l/Q, and s is the entropy per particle. The fields A2 and Bj2 are scalar
fields out of which one can study the vector modes for such a fluid.
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3. Phenomenology
In terms of the Hubble factor H = a/aN and X = a/a, then the background exactly coincides
with the one of dRGT theory, namely

2

3H2 = % (c1+3c35 X + 3c2X% + 1 X3) (14)
and two branches still exist as solutions of the following equation

(c3+20X + 1 X?) (X +NHX — MH)=0. (15)

As for the perturbation, the self-accelerating branch, for which c3 4+ 2¢3 X + ¢; X? = 0, then the
dynamics of both scalar and vector modes exactly coincides with the one of GR, whereas the
tensor modes acquire a non-zero mass given by

1
p? = 3 m? X [e2X 4+ ez +7r X (aX + ). (16)
However, for the normal branch, the other solution of Eq. (15), we have that the scalar
modes for the perfect fluid (modeling dust), gets modified as the dynamics for the d,, = dp/p in
comoving matter gauge reads as

3 90Y Q 3
5 (2 — = Qm) 5 ( Ui ) QO = 1
mt\275 m oy —22 Ty —2 0, (17)

where 6 = p?/HZ, and Y = H3/H?.

A non-trivial phenomenology is then predicted to exist for the normal branch, as G.g gets
modified. This modification tends to disappear as soon as Y < 1, i.e. at early times and/or
high densities.

4. Conclusions

The theory described here succeeds to build up a theory with a massive graviton with only two
tensor degrees of freedom. This theory has non-trivial self-accelerating cosmological solutions
which are stable and viable.

Acknowledgments
ADF was supported by JSPS KAKENHI Grant Numbers 16K05348, 16H01099.

References

[1] A. De Felice and S. Mukohyama, Minimal theory of massive gravity, Phys. Lett. B 752, 302 (2016).

[2] A. De Felice and S. Mukohyama, Phenomenology in minimal theory of massive gravity, JCAP 1604, no. 04,
028 (2016).

[3] A. De Felice and S. Mukohyama, Graviton mass reduces tension between early and late time cosmological data,
arXiv:1607.03368 [astro-ph.CO].



