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Why not GR?

Successes:

e Solar System constraints;

o GPS;:

But there were still some conundrums:

e Large scale data requires DM and DE;
e It lacks a consistent high energy version;
Alternative theories of gravity:

e f(R)

e Horndeski gravity;

Jordan-Brans-Dicke;
NMC [Bertolami, Béhmer, Harko, Lobo 2007]...
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The non-minimal coupling between matter and
curvature (NMC)

s :/[Hﬂ(R)Jr(lJrfz(R))L] NerZ o (1)

where = M3 /2.
Varying the action relatively to the metric g,

1
21~ Fap) (R = 3830R ) =1+ B) o+ (6~ FuR) gt

+ F2pRguV + QAMV (KFI - ng)

where F; = df;/dR, and A, =V, V, — g, 0.
One recovers GR by setting 1(R) = R and f(R) = 0.
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Using the Bianchi identities, one finds the covariant non-conservation
of the energy-momentum tensor:

F
vV, TH = : +2f2 ("L —TH)VLR (3)

For a perfect fluid, the extra force due to the NMC can be expressed
as:

1 F
p+pll+h

with h* = gl + uty¥ being the projection operator.

(L—p)V,R+V,p| A", (4)
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Degeneracy-lifting of the Lagrangian choice [O. Bertolami, F. S. N.
Lobo, J. Paramos, 2008]

Mimicking Dark Matter (galaxies, clusters) [O. Bertolami, J. Paramos,
2010; O. Bertolami, P. Frazdo, J. Paramos, 2013]

Cosmological Perturbations [O. Bertolami, P. Frazao, J. Paramos,
2013]

Preheating scenario after inflation [O. Bertolami, P. Frazdo, J.
Paramos, 2011]

Modified Friedmann equation [O. Bertolami, J. Paramos, 2013]

Modified Layzer-Irvine equation and virial theorem [O. Bertolami, C.
Gomes, 2014]

Inflationary dynamics [C. Gomes, O. Bertolami, J.G. Rosa,
arXiv:1611.02124 [gr-qc]] ...
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Inflation in NMC
[Gomes, Rosa and Bertolami arXiv:1611.02124 [gr-qcl]

We are interested in the following formulation for the NMC action
(Einstein + pure non-minimal coupling):

S:/[R+(1+7‘2(R))L]\/—_gd4x. (5)

For a homogeneous scalar field the time component of the covariant
non-conservation of the energy gives at lowest order:

d+3H)+ V' (¢)~0. (6)
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Taking the slow-roll limit, for £L = p ~ —p, we obtain a modified
Friedmann equation:

1+ % P
H? ~ . 7
1+ 2722 | 3Mp "
P

Once specified the form of the non-minimal coupling function, the
Friedmann equation exhibits different behaviours for densities lower or
greater than a critical value which depends on £ (R).
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Cubic non-minimal coupling function

For f,(R) = (R/M?)3, defining HZ = 21/3M? /12 and j = p/ M3 HZ,
the modified Friedmann equation yields:

2/3
2_22/3ﬁ+ <ﬁ3+ /53(44[_53)) /
0 .

H2 - H 1/3 (8)
203 (7 + VB + 7))
which for p > M3M? (high density regime):
1 1
2 o2+ 1
H? ~ H (1 6><22/3,5) . (9)
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Hilltop models V' = Vg |1 —1 &

Hilltop n=2 Hilltop n=4
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Figure: The GR results are shown in Blue, whilst NMC'’s ones are in Red.
x = Vo/MEHZ = 5.
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Higgs model

V(6) = M2~ = Vo |13 () + % (i)

Higgs
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(a) x = Vo/M3HZ =5 (b) x = Vo/M2H3 = 2.
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Chaotic models V = (Mip)n
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Figure: Chaotic n = 1 models in Blue, and n =2 in Red. Both in NMC theories.
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Consistency relation
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Figure: In dashed blue it is shown GR prediction, whilst is solid orange the NMC

behaviour is plotted.
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Gravitational waves in f(R) theories [Alves, Miranda,

de Aratjo, 2009

e Null tetrad:
1
k = E(et + ez)
m= 1 (e, +ie,)
= — i
vt
e Newman-Penrose quantities:
v, = 1R
2 = 6 Iklk
Vs = —Rimim

)

Y

1
l= —(e; —e,
\/5( t )
_ 1
m=——(e,—ie
\/5( y)
1
V3 = —§R/k/ﬁ7
b2 = —Rimim

e Pretrov classification E(2): llg, s, N3, Na, O1, Op.
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Gravitational-Wave Polarization
o]

(U]

Figure: ReW, a), ImW, b), &5, ¢), W, d), ReVs e), ImW5 ). [Alves,
Miranda, de Araijo 2009]
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Example: f(R) =R —aR™#

e a=0: GR and N>.

e a#0and €] — o0, —2]UJ[1l,4o00[: most general case, llg, a
longitudinal mode W5 and the others are observer-dependent.

In any f(R) # R model there is a longitudinal model [Capozziello

et al. 2008] and a perpendicular one, 55, or breathing mode. So

that one can always find a Lorentz observer that measures the six

polarisation modes.
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Example: f(R) =R —aR™#

e a=0: GR and N>.

e a#0and €] — o0, —2]UJ[1l,4o00[: most general case, llg, a
longitudinal mode W5 and the others are observer-dependent.

In any f(R) # R model there is a longitudinal model [Capozziello

et al. 2008] and a perpendicular one, 55, or breathing mode. So

that one can always find a Lorentz observer that measures the six

polarisation modes.

But in the Palatini formalism f(R) theories have only two tensor

modes for polarisation as GR!
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Gravitational waves in NMC theories

[Bertolami, Gomes, Lobo, in preparation...]

Ongoing work:

e In the far-field (no matter): NMC become £ (R);

e Other regions: matter — so NMC plays a role;

e It is of class /h, with differences on the longitudinal mode (highly

non-trivial!)
w=w(dR,0L) (10)
which can decouple into two independent modes, under certain
conditions.
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For black holes (Schwarzschild and Reissner—Nordstrom), the NMC
dresses some quantities as [Bertolami, Cadoni, Porru, 2015]:

L ) __Q
bare’ GR m ,Q — dressed (1 + f(R — o0))m , 1+5(0)

Back to GWs: tensor perturbations:

1 .
D(huy—ihnﬂy—wnm,) = dressed source term + fluctuations from matter

(11)
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Thank you for your attention!
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