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We study a theory of massive tensor gravitons which predicts blue-tilted and largely amplified primordial
gravitational waves. After inflation, while their mass is significant until it diminishes to a small value,
gravitons are diluted as non-relativistic matter and hence their amplitude can be substantially amplified
compared to the massless gravitons which decay as radiation. We show that such gravitational waves can
be detected by interferometer experiments, even if their signal is not observed on the CMB scales.
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1. Introduction

Cosmic inflation became a standard paradigm in primordial cos-
mology, while it is still the subject of intensive researches for its
unknown nature. A major prediction of the inflation theory is the
production of primordial gravitational waves (GWs) which is scale-
invariant and whose amplitude is proportional to the inflationary
Hubble scale. Thus, by measuring the amplitude, we can reveal
the energy scale of inflation. A number of different experiments
such as Planck [1], SKA [2], LISA [3], Advanced-LIGO (A-LIGO) [4]
and DECIGO [5,6] put bounds on or aim to detect it. Nevertheless,
it should be stressed that even if inflation occurred, the primor-
dial GWs may be different from the conventional prediction based
on general relativity. Among various possibilities to generalize the
gravity theory, massive gravity attracts conspicuous attention and
has been applied to the study on the primordial GWs [7-10].

The study of massive gravity stemmed from one of fundamental
questions in classical field theory, “Can a spin-2 field have a non-
vanishing mass or not?” This led Fierz and Pauli in 1939 [11] to
find a unique Lorentz-invariant mass term for a linearized spin-2
field, for which a nonlinear completion was found in 2010 [12,13].
Another motivation is the accelerated expansion of the universe
today: a graviton mass term may lead to acceleration without a
need for dark energy. From this point of view, the assumption of
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Lorentz-invariance does not seem to have a firm justification since
the graviton mass as an alternative to dark energy is supposed to
be of the cosmological scale today and the expansion of the uni-
verse anyway breaks the Lorentz-invariance at the cosmological
scale.

Once the assumption of Lorentz-invariance is relaxed at the
cosmological scale, new possibilities open up [14-19]. In particular,
a massive graviton forms a representation of the three-dimensional
rotation group instead of four-dimensional Lorentz group, and
therefore the number of physical degrees freedom in the gravity
sector does not have to be five. The minimal theory of massive
gravity (MTMG) introduced in [20,21] is one of such possibilities
and propagates only two physical degrees of freedom in the gravity
sector, allowing for self-accelerating, homogeneous and isotropic
cosmological solutions without pathologies such as strong coupling
and ghosts, that are usually unavoidable in Lorentz-invariant mas-
sive gravity [22]. The recently developed positivity bounds that
significantly shrink the viable parameter space of the Lorentz-
invariant massive gravity theory [23-26] also do not apply to those
Lorentz-violating theories, including MTMG, since those bounds
rely on Lorentz invariance at all scales. Moreover, because of the
absence of extra degrees of freedom, MTMG completely evades
the so called Higuchi bound, which states that the mass of a
Lorentz-invariant massive graviton should be greater than the Hub-
ble expansion rate up to a factor of order unity in order to avoid
turning extra degrees of freedom into ghosts in cosmological back-
grounds [27]. From the viewpoint of effective field theories, it is
plausible to expect that there should be other Lorentz-violating
massive gravity theories with similar properties and MTMG is just
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one concrete example of such theories.! As we shall see in the rest
of the present paper, those properties stated here open up a new
observational window to GWs produced in the early universe.

2. Setup

Our quadratic Lagrangian density for the tensor graviton
hij(t,X) is given by

28 g2
@ _9"Mp
Ly =—g— [hisht; —

h arhijorhij — a® e hishis], (1)
where prime denotes a derivative with respect to the conformal
time t, Mp is the reduced Planck mass, a(t) is the scale factor
and w(t) is the mass of the tensor graviton which depends on
time. The time dependence of @ (t) may originate in a dynamics
of other fields (e.g. a homogeneous scalar field w(¢(7))), while we
do not discuss any concrete model in this letter.

The tensor gravitons can be decomposed as
d’k th A

i v (T

iy = aMpl Z f(2n>3 e [

PN N Aot
where es; (Ie) is the polarization tensor and ay/a,,

+hel, )

are creation/anni-

hilation operators satisfying the commutation relation, [aﬁ, ﬁ;r,o] =
(2)38*° §(k — p). From the above action and the decomposition,
one finds that the equation of motion (EoM) for the mode function
vA(T) is

k

a//
v+ [kz +a*pu? — ;} v =0, (3)

where we have suppressed the polarization label A because the
EoM does not depend on it.

To solve the above EoM, we need to specify a(t), u(r) and
the initial condition for vi(t). For simplicity, we assume the de
Sitter expansion a o« ! during inflation as well as instantaneous
reheating followed by the radiation dominated era a oc 7. Then the
scale factor is written as

a(t) = :_1/(Hinff) (T <—1)
T/t (t>1)

where Hjys is the Hubble expansion rate during inflation and a; is
the scale factor at the reheating time 7, = (a,Hjnr)~'. Note that the
conformal time t jumps from —1/(aHjy) into 1/(aHiys) at reheat-
ing in this treatment for a and da/dt to be continuous. We further
assume that the graviton mass vanishes instantaneously,

w(T) = :m (Tt <tm) (5)

0 (t>1tm)’

(4)

where 7, is a certain time during radiation dominated era.” Here
we consider a simple step-function like behavior of the mass to
simplify calculations, while the final graviton amplitude is not sen-
sitive to the detailed behavior of w(7), if its transition takes place

1 A generalization of solid inflation [28,29] dubbed supersolid inflation [30] is
classified into these theories and the primordial GWs in supersolid inflation are
studied in [31-34].

2 In principle, gravitons can remain significantly massive for redshift z > 1072,
because only the recently detected binary neutron star merger (i.e. GW170817 and
GRB170817A) occurred at z~ 1072 puts a direct bound on the propagation speed of
gravitons [35]. However, we conservatively assume that the graviton mass vanishes
before the matter-radiation equality in this letter.

within a sufficiently short time scale, At <« m~!. Finally, we set the
initial condition for the mode function to be that for the Bunch-
Davies vacuum during inflation,

1.
lim vg(t) = ——e k7, (6)

kt——00 2k
These conditions suffice to obtain the evolution of the massive ten-
sor gravitons in our setup.

3. Evolution

In this section, we shall study the time evolution of the tensor
massive gravitons and calculate their dimensionless power spec-
trum,

43 |vi (1)|?

Pr(t, k)= ,

(7)
where the contributions from the two polarization have been
summed. The mode function of the tensor gravitons with a long
wave length changes its behavior twice; namely at the end of
inflation and when their mass vanishes. Therefore we have the fol-
lowing three phases, (i) inflation phase 7 < 7, (ii) mass dominant
phase 1, < T < T and (iii) massless phase T, < t. We shall dis-
cuss these phases in order.

(i) Inflation phase: Solving the EoM (3) in the de Sitter universe
with the initial condition (6), one finds the solution of the mode
function during inflation as

0 VT (1) - 9 m2
v (0)=——5—Hy (ktr), v= |- ——, (8)
) 2 4 Hinf

where Hf,l)(z) is Hankel function of the first kind. In the super-
horizon limit —kt — 0, it asymptotes v,(;) XTI VKV, Thus, mas-
sive tensor gravitons produce blue-tilted tensor power spectrum
Py o (tk)3>~2Y which decreases on super-horizon scales due to the
graviton mass during inflation, v < 3/2. The usual scale-invariant
spectrum is restored in the massless limit v — 3/2. This result can
be understood as an analogy to the fluctuation of a massive scalar
field.

(ii) Mass dominant phase: Next, let us discuss the evolution of
the massive tensor gravitons after inflation. The a”/a term in (3)
vanishes during the radiation dominated era, and almost all the
modes which exited the horizon during inflation satisfy k <« am
for m/Hiyr = O(1). Hence the EoM in this phase reads

82v(11)+a2 2 (11),\,0. (9)

We expect that these modes behave as non-relativistic matter. By
using the junction condition,

v =vP (@), av () = v (1), (10)

one finds that the mode function shows a damped oscillation at
sufficiently late times mt2 > Hint?,

v ~ 2 [C cos (amr n)+C sin (amr + n)]
k= Jmam L ! 2 8 2 2 8/1’
(11)

with the integration constants, Cq >~ —i/727 2 +”(k1:r) T'(v) x

[2:; ]ﬂ (2HM> +(1-2v) _]:t] ( )] Here ], (z) denotes the
Bessel function of the first kmd
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(11) implies that v, oca~1/2 in this phase and hence the gravi-

ton energy density evolves like non-relativistic matter mzhﬁ ¢4
a=?vi 3 as expected. Compared to the massless graviton
whose energy density decays as a—4, the decay of the massive ten-
sor graviton is slower and thus its final amplitude will be relatively

amplified.

x a-

(iii) Massless phase: At 7 = 1, the graviton mass disappears
and gravitons restore their normal behavior as radiation whose en-
ergy density decays as a—4. By using the junction conditions same
as (10) at T = 7, between v,((”) and v,(:"), we obtain the mode func-

tion as

2 mt

(iii) m .
v T)=— [————=|Djcos(kt) 4+ D5 sin(kt) |, 12
(O k‘/nHinfrrz[ 1€0s(kT) + D sin( )] (12)

with D1 >~ —sin(kty)[C2 cos(A + 1/8) — Cqsin(A — 1 /8)], Dy ~
cos(ktm)[Ca2cos(A + m/8) — Cysin(A — 7/8)] and A = mt,%/
(2Hmftr2). Here we used A > ktp,. In this phase, the mode func-
tion significantly grows and then starts oscillating with a con-
stant amplitude when it re-enters the horizon. In the case with
m/Hjns = O(1), the squared amplitude is roughly given by

. ‘[’
2kjv ™2 ~ ?”’(krr)—z”—l. (13)
r

Compared to the usual massless graviton with v = 3/2 and
Tm — Tr, the power spectrum of our massive graviton is amplified
by the two factors: the first factor 7, /7, represents the duration of
the epoch where the decay of the graviton energy density is slower
by a o 7; the second factor (kz,)~2"~! for v < 3/2 represents the
damping effect during inflation which leads to a blue-tilted spec-
trum. Therefore our final power spectrum of the primordial GWs
for T > 1, can be evaluated as

. T
,thasswe(.,:) ~ _m(k.’:r)3—2v »PFrlmssless(.c)’ (14)
Tr
where P,E“HSSI“S denotes the usual power spectrum of the massless
tensor modes from inflation.

4. Results

Now we study the parameter region in which the primordial
GWs generated in our scenario satisfy the current constraints and
can be observed by upcoming experiments. To this end, we con-
sider the energy fraction of the GWs per logarithmic interval of the
wave number k at the present time, Qgw,o(k) = ,ot_ot1 dpcw/dInk.
From (14) and using Qg\j{f,%ess(k) ~10715H2, for the modes which
entered the horizon during the radiation dominated era, one finds
Qpasve (k) ~ Tr—m (kTp)3 2V QTS (),

r

_ Tm V—‘rl —

~ 10 15t—rHl42f§ 2, (15)

where His = Hiye/(10'* GeV) and fg = f/(2 x 108 Hz). Here
the GW frequency f = k/2m is assumed to be lower than the
inflationary UV cutoff, fuy >~ a-Hins/(2m) ~ 2 X 108HL/12 Hz and
higher than the scale corresponding to the matter-radiation equal-
ity, feq~ 3 x 107" Hz.

The BBN bound Qcw.o < 10~ and the CMB bound Qcw.o(f ~
2 x 10717 Hz) < 10~1° are recast as

T
1 <10'°H;2,  (BBN) (16)

:
b < 75 — logw(H}‘/lz'cm/rr)
~  50+logyo(H14)

(CMB) (17)

10r
Hi=10°GeV
1074+ BBN ] Ly
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Fig. 1. We plot Qqw for Hipr = 108 GeV and 7,,/7, = 100 (black), 10'® (red) and
10%! (blue) as thick lines. The graviton mass is m = 0.5H;y¢ (solid) and m = 0.8Hiy¢
(dashed). The shaded regions are excluded by the BBN (green) and CMB (yellow)
constraints. The sensitivity curves of SKA, LISA, A-LIGO and DECIGO (with the orig-
inal and upgraded sensitivity curves [36]) are also shown as thin dashed lines.

The largest GWs can be produced when these two conditions are
saturated for given Hj,s. In that case, the graviton mass during in-
flation is given by

2
9 65+ %logu) H]4
50 + log-lo H]4 '

m2
H

3 (18)
inf

max GW 4

It should be noted that gravitons are still massive at BBN if

T T Hi 1
> BN [ 2107 HZ, (19)
Tr T Hgpn

In this case, the BBN bound (16) should be relaxed, because gravi-
tons do not contribute to relativistic degrees of freedom during
BBN. In this letter, however, we conservatively respect the orig-
inal bound (16). Whereas, since we assumed the graviton mass
vanishes at Ty, before the radiation-matter equality at Teq, the am-
plification factor /7, cannot exceed,

. 1

Tm _ Tea _ M~2><1025Hf4. (20)
Tr Tr Heq

In Fig. 1, we show the accurate prediction for the primordial
GWs by numerically solving the EoM and compare them with the
sensitivity curves of the various experiments. Although the infla-
tionary Hubble scale is chosen as low as Hijy = 108 GeV, the
amplification during the mass dominant phase with 7/t > 1
makes the GWs large enough to be observed. Furthermore, the
blue-tilted spectra made by the graviton mass naturally enable to
avoid the CMB constraint and to have detectable amplitudes on
smaller scales at the same time. It is interesting to note that all
of SKA, LISA and aLIGO can detect the GWs for m = 0.8Hj,s and
Tm/Tr = 10%1 (see the blue dashed line). Except for the blue solid
line which is excluded by the CMB constraint, all the lines satisfy
other constrains including ones from the PTA [37] and the CMB
W distortion [38] which are not shown in Fig. 1. In Fig. 2, the de-
tectable parameter region of (m, t,;/7;) is explored. For sufficiently
large m and 1, /7, the detectability and the CMB constraint are
compatible, while a too large 7,;/7; violates (20) and requires to
revisit the BBN bound.

5. Discussion

In this section, we discuss the interpretation of the amplifi-
cation of the gravitational waves and a possibility to further ex-
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Fig. 2. The GWs can be detected only by DECIGO (yellow), by LISA and DECIGO
(pink), by aLIGO and DECIGO (green) and by all of aLIGO, LISA and DECIGO (blue)
in the colored parameter regions. The grey shaded region is excluded by the CMB
observation. The Hubble scale is fixed at Hi,y = 103 GeV which corresponds to
Qcw ~ 10727 in the massless graviton case.

tend the model based on the effective field theory (EFT) approach.
We also discuss the connection between the graviton mass and
the dark energy based on the minimal theory of massive gravity
(MTMG).

In our setup, the relative amplification of the graviton energy
density obtained in the mass dominant phase remains unchanged
while the graviton mass disappears. It can be interpreted as the
consequence of particle production. The graviton mode function
can be seen as a harmonic oscillator whose energy density o
consists of the time-kinetic energy (9; vi)?/2 and the potential en-
ergy w?v2/2, with w? =k? +a’?m? in our case. When the mass
quickly vanishes, since the time-kinetic energy is conserved in
such an abrupt process, pr does not change significantly unless
it is dominated by the potential energy at the time of the tran-
sition. Therefore, after averaging over a range of k and thus over
different phases of the oscillation, the energy density remains al-
most unchanged. As a consequence, the graviton particle number
Ny = pr/w increases as w(t) drops. If the transition process of
the mass is adiabatic, however, the particle number N is con-
served instead and the energy density (i.e. Qcw) may be reduced.
We leave it for future study to explore the cases with a longer
transition time of the graviton mass.

Although we have assumed the quadratic Lagrangian (1) so
far, according to the general philosophy of the EFT approach, one
should consider a non-trivial sound speed of graviton cr intro-
duced as —c%a,h,-ja,hij in (1). Provided that ct < 1 is constant for
T < Ty and becomes unity at T = 7, in the same way as the gravi-
ton mass, the varying cr leads to the following three modifications.
(i) The UV cutoff frequency fyy increases by c;l. (ii) The tensor
power spectrum is amplified by c;z" for k < a(ty)m. (iii) For the
modes with a(typ)m <k, which are produced only if cr < t/7m,
the tilt of the tensor power spectrum becomes bluer. A detailed
study on the cases with a non-trivial ct is left for future work.
Supersolid inflation [30] based on EFT can also generate a highly
blue-tilted GWs [34]. However, the post-inflationary dynamics was
not considered and the amplification mechanism was missed in
the work. It would be interesting to combine such models with
our analysis.

In the present paper we have studied impacts of a class of
massive gravity theories on GWSs observations without specify-
ing a concrete theory. This is a totally rational attitude from the
viewpoint of EFTs. It is nonetheless interesting to discuss con-
crete examples. Here we thus consider one such example based

on MTMG [20,21]. The FLRW cosmology in this theory has two
branches of solutions, the self-accelerating branch and the normal
branch. In the former branch the effective cosmological constant is

mg 2
Nefr= TX(QX + 302X 4+ 3c3), (21)

where ¢; (i =1,2,3) are dimensionless constants in the gravity
action, mg is a mass scale and X is a constant satisfying cq X%+
2c2 X + c3 =0. The graviton acquires a squared mass,

m2

, mZ H

u'=—X|X+c+—C1X+c2)|, (22)
2 Hy

where Hy is the Hubble expansion rate of the fiducial metric that
can be freely specified as a part of the definition of the model.
One can promote the constants ¢; to functions of a scalar field,
¢; = ci(¢). When ¢ is constant, Ag and p? in the self-accelerating
branch are given by the above formulas. If ¢ starts with a constant
and changes to another constant then A.g and p? also exhibit a
transition. By tuning c;(¢) and Hy, one can in principle realize
such a model that 142 > |Aesf| before the transition.

6. Conclusion

In this letter, we have investigated the primordial GWs in the
theory of massive tensor gravitons (1). Contrary to the massless
graviton case, the massive gravitons with a mass comparable to the
inflationary Hubble scale m = O(Hj,r) generate a blue-tilted tensor
spectrum during inflation. Moreover, while their mass is significant
after inflation, the dilution of the energy density of the massive
gravitons becomes slower p;I“"SSi"e o a~? than the massless ones

p,TaSSleSS oca~?. Thus, Qcw,o in the massive case can be substan-
tially amplified compared to the massless case. Consequently, we
have obtained the blue-tilted and largely amplified primordial GWs
which are suitable for the detection by the interferometers and to
avoid the CMB constraint at the same time. We have derived the
analytic expression for Qgw,o (15) and illustrated its detectability
in Fig. 1 and 2. We have found that it is even possible to generate
primordial GWs detectable for all of SKA, LISA and advanced-LIGO.
Our findings further motivate the theoretical works on massive
gravitons and the experimental efforts to detect stochastic GWs.

Acknowledgements

We would like to thank Claudia de Rham, Tsutomu Kobayashi,
Misao Sasaki, Takahiro Tanaka and Gianmassimo Tasinato for useful
comments. In this work, TF is supported by Japan Society for the
Promotion of Science (JSPS) Grants-in-Aid for Scientific Research
(KAKENHI) No. 17J09103. SK is supported by JSPS KAKENHI No.
17K14282 and Career Development Project for Researchers of Al-
lied Universities. The work of SMi was supported by JSPS KAKENHI
No. 16K17709. The work of SMu was supported by JSPS KAKENHI
No. 17H02890, No. 17H06359, and by WPI, Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan.

References

[1] Y. Akrami, et al., Planck Collaboration, arXiv:1807.06211 [astro-ph.CO].

[2] G. Janssen, et al, PoS AASKA 14 (2015) 037, https://doi.org/10.22323/1.215.
0037, arXiv:1501.00127 [astro-ph.IM].

[3] P. Amaro-Seoane, et al., Class. Quantum Gravity 29 (2012) 124016, https://doi.
0rg/10.1088/0264-9381/29/12/124016, arXiv:1202.0839 [gr-qc].

[4] B.P. Abbott, et al., LIGO Scientific and Virgo Collaborations, Phys. Rev.
Lett. 118 (12) (2017) 121101, https://doi.org/10.1103/PhysRevLett.118.121101,
arXiv:1612.02029 [gr-qc], Erratum: Phys. Rev. Lett. 119 (2) (2017) 029901,
https://doi.org/10.1103/PhysRevLett.119.029901.


http://refhub.elsevier.com/S0370-2693(18)30952-3/bib416B72616D693A323031386F6462s1
https://doi.org/10.22323/1.215.0037
https://doi.org/10.1088/0264-9381/29/12/124016
https://doi.org/10.1103/PhysRevLett.118.121101
https://doi.org/10.1103/PhysRevLett.119.029901
https://doi.org/10.22323/1.215.0037
https://doi.org/10.1088/0264-9381/29/12/124016

T. Fujita et al. / Physics Letters B 789 (2019) 215-219 219

[5] N. Seto, S. Kawamura, T. Nakamura, Phys. Rev. Lett. 87 (2001) 221103, https://
doi.org/10.1103/PhysRevLett.87.221103, arXiv:astro-ph/0108011.

[6] S. Kawamura, et al.,, Class. Quantum Gravity 28 (2011) 094011, https://doi.org/
10.1088/0264-9381/28/9/094011.

[7] S. Dubovsky, R. Flauger, A. Starobinsky, I. Tkachev, Phys. Rev. D 81 (2010)
023523, https://doi.org/10.1103/PhysRevD.81.023523, arXiv:0907.1658 [astro-
ph.CO].

[8] A.E. Gumrukcuoglu, S. Kuroyanagi, C. Lin, S. Mukohyama, N. Tanahashi, Class.
Quantum Gravity 29 (2012) 235026, https://doi.org/10.1088/0264-9381/29/23/
235026, arXiv:1208.5975 [hep-th].

[9] M. Fasiello, RH. Ribeiro, J. Cosmol. Astropart. Phys. 1507 (07) (2015) 027,
https://doi.org/10.1088/1475-7516/2015/07/027, arXiv:1505.00404 [astro-ph.
CoJ.

[10] S. Kuroyanagi, C. Lin, M. Sasaki, S. Tsujikawa, Phys. Rev. D 97 (2) (2018) 023516,
https://doi.org/10.1103/PhysRevD.97.023516, arXiv:1710.06789 [gr-qc].

[11] M. Fierz, W. Pauli, Proc. R. Soc. Lond. A 173 (1939) 211, https://doi.org/10.1098/
rspa.1939.0140.

[12] C. de Rham, G. Gabadadze, Phys. Rev. D 82 (2010) 044020, https://doi.org/10.
1103/PhysRevD.82.044020, arXiv:1007.0443 [hep-th].

[13] C. de Rham, G. Gabadadze, AJ. Tolley, Phys. Rev. Lett. 106 (2011) 231101,
https://doi.org/10.1103/PhysRevLett.106.231101, arXiv:1011.1232 [hep-th].

[14] N. Arkani-Hamed, H.C. Cheng, M.A. Luty, S. Mukohyama, J. High Energy Phys.
0405 (2004) 074, https://doi.org/10.1088/1126-6708/2004/05/074, arXiv:hep-
th/0312099.

[15] V.A. Rubakov, arXiv:hep-th/0407104.

[16] S.L. Dubovsky, J. High Energy Phys. 0410 (2004) 076, https://doi.org/10.1088/
1126-6708/2004/10/076, arXiv:hep-th/0409124.

[17] D. Blas, D. Comelli, F. Nesti, L. Pilo, Phys. Rev. D 80 (2009) 044025, https://
doi.org/10.1103/PhysRevD.80.044025, arXiv:0905.1699 [hep-th].

[18] D. Comelli, F. Nesti, L. Pilo, J. High Energy Phys. 1307 (2013) 161, https://doi.
org/10.1007/JHEP07(2013)161, arXiv:1305.0236 [hep-th].

[19] D. Langlois, S. Mukohyama, R. Namba, A. Naruko, Class. Quantum Gravity 31
(2014) 175003, https://doi.org/10.1088/0264-9381/31/17/175003, arXiv:1405.
0358 [hep-th].

[20] A. De Felice, S. Mukohyama, Phys. Lett. B 752 (2016) 302, https://doi.org/10.
1016/j.physletb.2015.11.050, arXiv:1506.01594 [hep-th].

[21] A. De Felice, S. Mukohyama, J. Cosmol. Astropart. Phys. 1604 (04) (2016) 028,
https://doi.org/10.1088/1475-7516/2016/04/028, arXiv:1512.04008 [hep-th].

[22] A. De Felice, A.E. Gumrukcuoglu, S. Mukohyama, Phys. Rev. Lett. 109
(2012) 171101, https://doi.org/10.1103/PhysRevLett.109.171101, arXiv:1206.
2080 [hep-th].

[23] C. Cheung, G.N. Remmen, ]. High Energy Phys. 1604 (2016) 002, https://doi.org/
10.1007/JHEP04(2016)002, arXiv:1601.04068 [hep-th].

[24] ]. Bonifacio, K. Hinterbichler, R.A. Rosen, Phys. Rev. D 94 (10) (2016) 104001,
https://doi.org/10.1103/PhysRevD.94.104001, arXiv:1607.06084 [hep-th].

[25] B. Bellazzini, F. Riva, ]. Serra, F. Sgarlata, Phys. Rev. Lett. 120 (16) (2018) 161101,
https://doi.org/10.1103/PhysRevLett.120.161101, arXiv:1710.02539 [hep-th].

[26] C. de Rham, S. Melville, AJ. Tolley, ]. High Energy Phys. 1804 (2018) 083,
https://doi.org/10.1007/JHEP04(2018)083, arXiv:1710.09611 [hep-th].

[27] A. Higuchi, Nucl. Phys. B 282 (1987) 397, https://doi.org/10.1016/0550-
3213(87)90691-2.

[28] A. Gruzinov, Phys. Rev. D 70 (2004) 063518, https://doi.org/10.1103/PhysRevD.
70.063518, arXiv:astro-ph/0404548.

[29] S. Endlich, A. Nicolis, ]. Wang, J. Cosmol. Astropart. Phys. 1310 (2013) 011,
https://doi.org/10.1088/1475-7516/2013/10/011, arXiv:1210.0569 [hep-th].

[30] A. Nicolis, R. Penco, RA. Rosen, Phys. Rev. D 89 (4) (2014) 045002, https://
doi.org/10.1103/PhysRevD.89.045002, arXiv:1307.0517 [hep-th].

[31] D. Cannone, G. Tasinato, D. Wands, ]. Cosmol. Astropart. Phys. 1501 (01)
(2015) 029, https://doi.org/10.1088/1475-7516/2015/01/029, arXiv:1409.6568
[astro-ph.CO].

[32] N. Bartolo, D. Cannone, A. Ricciardone, G. Tasinato, J. Cosmol. Astropart. Phys.
1603 (03) (2016) 044, https://doi.org/10.1088/1475-7516/2016/03/044, arXiv:
1511.07414 [astro-ph.CO].

[33] A. Ricciardone, G. Tasinato, Phys. Rev. D 96 (2) (2017) 023508, https://doi.org/
10.1103/PhysRevD.96.023508, arXiv:1611.04516 [astro-ph.CO].

[34] A. Ricciardone, G. Tasinato, ]. Cosmol. Astropart. Phys. 1802 (02) (2018)
011, https://doi.org/10.1088/1475-7516/2018/02/011, arXiv:1711.02635 [astro-
ph.CO].

[35] B.P. Abbott, et al., LIGO Scientific and Virgo and Fermi-GBM and INTEGRAL
Collaborations, Astrophys. J. 848 (2) (2017) L13, https://doi.org/10.3847/2041-
8213/aa920c, arXiv:1710.05834 [astro-ph.HE].

[36] S. Kuroyanagi, K. Nakayama, J. Yokoyama, PTEP 2015 (1) (2015) 013E02, https://
doi.org/10.1093/ptep/ptul76, arXiv:1410.6618 [astro-ph.CO].

[37] L. Lentati, et al., Mon. Not. R. Astron. Soc. 453 (3) (2015) 2576, https://doi.org/
10.1093/mnras/stv1538, arXiv:1504.03692 [astro-ph.CO];

R.M. Shannon, et al., Science 349 (6255) (2015) 1522, https://doi.org/10.1126/
science.aab1910, arXiv:1509.07320 [astro-ph.CO];

Z. Arzoumanian, et al., NANOGRAV Collaboration, Astrophys. J. 859 (1) (2018)
47, https://doi.org/10.3847/1538-4357/aabd3b, arXiv:1801.02617 [astro-ph.HE].

[38] A. Ota, T. Takahashi, H. Tashiro, M. Yamaguchi, ]. Cosmol. Astropart. Phys.
1410 (10) (2014) 029, https://doi.org/10.1088/1475-7516/2014/10/029, arXiv:
1406.0451 [astro-ph.CO].


https://doi.org/10.1103/PhysRevLett.87.221103
https://doi.org/10.1088/0264-9381/28/9/094011
https://doi.org/10.1103/PhysRevD.81.023523
https://doi.org/10.1088/0264-9381/29/23/235026
https://doi.org/10.1088/1475-7516/2015/07/027
https://doi.org/10.1103/PhysRevD.97.023516
https://doi.org/10.1098/rspa.1939.0140
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1103/PhysRevLett.106.231101
https://doi.org/10.1088/1126-6708/2004/05/074
http://refhub.elsevier.com/S0370-2693(18)30952-3/bib527562616B6F763A323030346562s1
https://doi.org/10.1088/1126-6708/2004/10/076
https://doi.org/10.1103/PhysRevD.80.044025
https://doi.org/10.1007/JHEP07(2013)161
https://doi.org/10.1088/0264-9381/31/17/175003
https://doi.org/10.1016/j.physletb.2015.11.050
https://doi.org/10.1088/1475-7516/2016/04/028
https://doi.org/10.1103/PhysRevLett.109.171101
https://doi.org/10.1007/JHEP04(2016)002
https://doi.org/10.1103/PhysRevD.94.104001
https://doi.org/10.1103/PhysRevLett.120.161101
https://doi.org/10.1007/JHEP04(2018)083
https://doi.org/10.1016/0550-3213(87)90691-2
https://doi.org/10.1103/PhysRevD.70.063518
https://doi.org/10.1088/1475-7516/2013/10/011
https://doi.org/10.1103/PhysRevD.89.045002
https://doi.org/10.1088/1475-7516/2015/01/029
https://doi.org/10.1088/1475-7516/2016/03/044
https://doi.org/10.1103/PhysRevD.96.023508
https://doi.org/10.1088/1475-7516/2018/02/011
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.1093/ptep/ptu176
https://doi.org/10.1093/mnras/stv1538
https://doi.org/10.1126/science.aab1910
https://doi.org/10.3847/1538-4357/aabd3b
https://doi.org/10.1088/1475-7516/2014/10/029
https://doi.org/10.1103/PhysRevLett.87.221103
https://doi.org/10.1088/0264-9381/28/9/094011
https://doi.org/10.1088/0264-9381/29/23/235026
https://doi.org/10.1098/rspa.1939.0140
https://doi.org/10.1103/PhysRevD.82.044020
https://doi.org/10.1088/1126-6708/2004/10/076
https://doi.org/10.1103/PhysRevD.80.044025
https://doi.org/10.1007/JHEP07(2013)161
https://doi.org/10.1016/j.physletb.2015.11.050
https://doi.org/10.1007/JHEP04(2016)002
https://doi.org/10.1016/0550-3213(87)90691-2
https://doi.org/10.1103/PhysRevD.70.063518
https://doi.org/10.1103/PhysRevD.89.045002
https://doi.org/10.1103/PhysRevD.96.023508
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.1093/ptep/ptu176
https://doi.org/10.1093/mnras/stv1538
https://doi.org/10.1126/science.aab1910

	Blue-tilted primordial gravitational waves from massive gravity
	1 Introduction
	2 Setup
	3 Evolution
	4 Results
	5 Discussion
	6 Conclusion
	Acknowledgements
	References


