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Bigravity

Two gravitons with both gravitons coupled
to matter with a non-diagonal mass matrix

Why?

Ghost free massive gravity with one graviton massless and one
massive on diagonalisation of the mass matrix Could have interesting
predictions. Could give rise to signals in gravitational waves



The Model

The action consists of three terms. Here we are using the vielbein formulation

The Einstein Hilbert term

with vielbeins constrained to satisfy the symmetric condition
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The potential term which gives rise to the graviton mass




Finally thereOs the matter term
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with matter coupling to the Jordan metric, dePned as

where the symmetric tensor is
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choosing a cosmological background
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The ratio of the two lapse functions, b, plays a crucial role in the
modibcation of gravity in this class of models, as we will see later

Matter couples to the Jordan frame metric with scale factor
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The cosmological dynamics are governed
by the two Friedmann equations
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with H1 and H2 derived from the respective scale factors
and the mQOs arise from the potential term. There are two
branches. We consider the branch satisfying

arH -

bh—
aiH,




The dynamics at both early and late times simplify. In both
radiation and matter era when dark energy is negligible the ratio
of scale factors converges to a constant
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When dark energy dominates, ie when the lambda
terms dominate in both Friedmann equations then
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For most of the evolution of the Universe we found b=1

In between eras b deviates from 1 and X deviates from its
asymptotic value. In particular in the currentera bE 1

When b deviates from 1, as in the present era, we bnd
non-standard gravitational wave propagation
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The potential term induces a mass term for the gravitons via a mass matrix

M/ (ay) = ! 24m*(b b))V °mr (ay)

this is symmetric of order m?

The mass matrix is non-diagonal and evolves with time.!
This induces a mixing between the two gravitons which!
could be observed as birefringence.

This leads to a coupling term in the evolution of the two gravitons
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Gravitational Waves

We can now study the emission of gravitational waves. Note that
matter couples to the Jordan frame energy-momentum tensor and
assuming we can neglect the cosmological evolution, we have
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We expect deviations from GR when b deviates from 1,
le today. We can analyse this in a different situations.



Binary Pulsars
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We can compute the energy loss in binary pulsars in
our bigravity model and compare to that in GR.
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Note this only deviates from GR when bE1

This is the case in the present Universe. Since the energy loss In
binary pulsars in know we can use this to constrain bigravity

| 2 b|2 a4
0.995< (55 22)2a—;{ < 1
1 * 2 J

which constrains b at O(lO! 3)



Now consider the propagation of gravitational waves. If the initial wave Is
due to a localised source we can approximate the waves as plane-waves

The propagation

equations for the e = A . et K. %)
gravitons have - tT
eigenmodes
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where the MOs come from the mass matrix and are of order HO



This gives two eigenmodes
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Computing the gravitational waves after emission we
then Pnd the Jordan frame gravitational wave to be
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this is the wave form of a far away source when the
gravitational waves show birefringence



when Ly
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with a small time dependent phase shift



Graviton Speed

The wave propagates with energy
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The effective speed is tightly constrained when b < 1 by
Cerenkov radiation since cosmic rays can emit gravitons,
depleting the number of cosmic rays observed.This gives
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Cerenkov Radiation
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Figure 2: A graviton decaying into two photons .
& & yins p Figure 3: A graviton Cerenkov producing two photons



For b > 1 the strongest constraint comes from binary pulsars,
but computing the graviton decay is good for the soul!

What are the prospects?

Consider gravitational waves at distance d from source and
consider the square of the amplitude. We bnd the signal has
a change in amplitude and time modulation and at time t=d
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with the spectrum modulated by a frequency dependent pre-factor



When one of the betaOs vanishes we get
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Where C is constant for K ! K and vanishes for large k

This retrieves the result for the singly coupled case,
but note thetermin ~ SIN~ never vanishes
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the modulation of the GR signal is relevant. It is possible
that sources around d=100 Mpc and a sensitivity in nano
Hertz range we might observe effects for |b—1|! 10 7



Conclusions

Emission and progagation of gravitational waves in doubly coupled bigravity

Deviations from GR governed by the parameter b, which only
differs from 1 in the transient cosmological era between the matter
era in the past and the future dark energy era

When bE1 the speed of gravitational waves Cr E1

but b is tightly constrained by cosmic rays and binary pulsar, so
small deviation from unity. May still get possible modulations of the
wave form in Jordan frame Nie when coupled to matter

Detection of gravitational wave and an electromagnetic counterpart
would constrain b, or give rise to interesting detections

Multi-messenger signals are important



