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Abstract

Different theories have been propsed to explain the current acceleration of the Universe by
screening the effect of the predicted, but not observed, large vacuum energy. One such
theory is the Fab Four which uses a scalar function model that dynamically adapts for a
large vacuum energy. The theory has been shown to screen the predicted vacuum energy, but
little work has been done to check its stability. Through this paper we checked the stability
of the late time attractor of flat space using perturbations. We found that using different
combinations of Lagrangians found in the Fab Four could result in an instability in the late

time attractor sheding doubts on the validity of the Fab Four.
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1 Introduction

For around a decade we have known that the expansion of the universe is accelerating.
The problem is that we do not know why it is accelerating at its current rate or what exactly
the dark energy is that drives it. The expected vacuum energy should be much larger and
causing more acceleration than we see. An idea came about that the acceleration could be
caused by a modification to General Relativity instead of being caused by an exotic form of
energy. One of the possibilities of these modifications has been adding a scalar field to the
tensors already in General Relativity. Normally General Relativity is only a tensor theory,
but the addition of a scalar field can lead to some interesting consequences. This scalar field
can be made to screen the effects of a large cosmological constant and prevent the universe
from expanding faster than we previously thought it would.

In [1] G. Horndeski derived what is thought to be the most general case of a scalar-tensor
theory with second order field equations in four dimensions. He started with a Lagrangian
that was a function of the metric, a scalar field and derivatives of the metric and scalar
field including derivatives greater than second order. With the defined Lagrangian and its
dependencies, he was able to derive an action for the most general scalar-tensor theory with
second order field equations in four dimensions. Recent work has used G. Horndeskis action
to derive a new class of models, called the Fab Four [2, 3], on the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric [4], which describes a homogenous, isotropic expanding
or contracting universe.

The Fab Four are a set of four Lagrangians that lead to a self-tuning of the cosmological
constant when used together. This self-tuning causes solutions of the equations of motion
to approach that of flat space given any initial cosmological constant and the self-tuning
remains there even when the cosmological constant goes through a phase transition. The
self-tuning must also permits non-trivial cosmologies, so the only possible cosmology is not
flat space. Some work has been done on the Fab Four in [5] to derive some cosmological

solutions for different conditions. There are solutions for inflationary, radiation and matter



dominated epochs. The problem is that none of these solutions have had their stabilities
tested.

If such a theory works for explaining the current state of the universe from earlier con-
ditions, then it is possible that it could solve the problem of where the acceleration of the
universe actually comes from. This theory would lead to further understanding of the uni-
verse and could help predict whats in store for the universe.

To be a viable theory, the solutions to the equations of motion have to be stable after
they reach flat space. If the solutions are unstable once they reach flat space then any
perturbation could cause the system to spiral out of control. The goal of the project is to
test the stability of the solutions obtained. We will need to check that the solutions will
return to that of flat space after being perturbed. This work will involve the derivation of
the equations that govern the evolution of the cosmology in different models and then the
examination of each solution individually. If the solutions are unstable then it will require

that some changes need to be made to the Fab Four to prevent them from being unphysical.

1.1 Honrdeski’s Lagrangian

Horndeski’s most general second order scalar-tensor theory yields a Lagrangian that at
most only contains two derivatives of the scalar field. Considering that Lagrangian origi-
nally included higher order derivatives this result is nice. The Lagrangian we obtain from
Horndeski’s theory is much better than only having second order derivatives. In general, a
Lagrangian with second order derivatives will lead to equations of motion with fourth order

derivatives. Taking the second order Euler-Lagrange equation
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will yield the the equation of motion

d4
d_tf — a3+ a*mPr =0 (3)

Fourth order differential equations require four initial conditions. The evolution of ev-
ery single particle (or physical degree of freedom) is determined (classically) by two initial
conditions. The presence of four initial conditions implies that there are really two physical
degrees of freedom propagating in this system, this means there is one extra particle com-
pared to what we would have had if the Lagrangian only involved second order equations of
motion. By taking (3) and going into Fourier space we can obtain a propagator

G= : (1

w? — a?w? 4+ a?m?

where w is the momentum in Fourier space, a is a scalar constant and m is the mass of
the particle this is reprsenting. Further work can be done on (4) to show that it is the same
as
A B
G = - (5)

w2 —m?  w?—m3

where w is the same as before, but A, B, m; and my are positive valued functions of a
and m from (4). Instead of being the propogator for one particle, (5) is the propagator for
two sperate particles. Because A and B are positive valued and there is a minus sign in front
of B it means that the energy of this two particle system is not bounded from below. The
two particle state is unstable and has infact an Ostrogadsky instability and a ghost. See
Appendix A for a more detailed dervation of the propator and its decomposition.

Although the Lagrangian that Horndeski found contains second derivatives it happens



to be ghost free. Using the Lagrangian will not lead to the previously described instability.
Because the Lagrangian is free from this Ostrogadski instability it allows it to be used and
modified without having to worry about its intial stability. Modifications can, and as we
will show in the case of the Fab Four, effect the stability of Horndeski’s Lagrangian, but it

is allowed to be a stable starting position for any theory to build off of.

1.2 Fab Four

The Fab Four is first formed by taking Horndeski’s Lagrangian on Friedmann-Lemaitre-
Robertson-Walker (FRLW) backgrounds with a homogenous scalar ¢ = ¢(t) that depends
only on time. An FRLW background is a homogenouis isotropic expanding or contracting
solution with to Einstein’s field equations of General Relativity that also contains spatial
curvature. Apoplying a set of three self-tuning criteria to this Lagrangian is what acutally

gives the Fab Four. These three criteria are

1. Solutions must approach that of flat space for any value of net cosmological constant

2. The previous criteria must remain true before and after any phase transition where

the cosmological constant jumps instantaneously by a finite amount
3. The theory should permit a non-trivial cosmology

The first criteria means that any given starting configuration will eventually turn into flat
space even if there is a cosmological constant involved. The second one allows for the
possibility of phase transitions. This would allow for different epochs of the universe such
as inflation or the matter dominated era. The third one is to make sure that the theory
will yield more than starting in flat space and staying that way. More complicated solutions
have to exist. Applying the self-tuning criteria to Horndeski’s Lagrangian leaves only four
terms that depend on an arbitrary scalar and other terms that can be determined from a
metric. Each term contains an arbitrary function of the scalar and possibly derivatives of

the scalar. The function of the scalar becomes the potential associated with each term of



the Fab Four. A side effect of the self-tuning is that the theory does not work for positive
spatial curvature. Combining all four term yields the Fab Four. All four terms are taken
together because self-tuning does not work on them individually. One can recover General
Relativity from the Fab Four by setting the scalar field to a constant.

The general form of the Fab Four is given by

Lyeorge = L1 = v/=gVjon ()R (6)

Lringo = L2 = \/=Vringo(0)G (7)

Lpaur = L3 = V/=9Vpau(¢) P*"*° D, Do D, Dy (8)
Lionn = L1 = v/=Vionn(¢)G" D¢ Dy ¢ (9)

where R is the scalar curvature, \/—g¢ is the square root of the determinant of the metric,
G is the Gauss-Bonnet combination, P,z is the Riemann double dual tensor, G* is the
Einstein tensor, ¢ is the scalar in this scalar-tensor theory, Dg is a covariant derivative, and
V.(¢) is the potential as a function of ¢ associated with each of the Fab Four.

There has been a group that has taken the Fab Four further and generated a Fab 5 in [6].
This Fab 5 adds a nonlinear term that combines the kinetic gravity terms to the Fab Four.
Adding this new term doesnt affect the self-tuning features of the Fab Four. More work was
done with the Fab 5 in [7] that showed that they cant be self-tuning, stable, and have flat
space as an attractor solution in the future and past. The Fab 5 can only have two of the
three previously mentioned properties at a time. To be a viable, we would expect all three
at once, so it prevents the Fab 5 from being a practical theory. While the Fab 5 have been

shown to not be a viable theory, there has been little previous work testing the stability of



the Fab Four to see if it is stable.

2 Objectives

The purpose of this work was to test the stability of the Fab Four. First we wanted
an explicit form of the Fab Four on the FLRW metric. With the explicit form, we wanted
to obtain background solutions. We were really looking for a Friedmann like equation, an
equation of motion for the scalar field and the Hamilton. Our next goal objective was to
rederive the previous equations after perturbing the scalar field and the metric. From the

perturbed Fab Four we wanted to check the stability of the theory.

3 Methods

3.1 Background Solutions

The first thing to be done was to find the explicit form of the Fab Four on the FLRW

metric given by

—N? 0 0 0
0 =, 0 0

Guy = Lhr? (10)
0 0 r2a? 0

with distances given by

ds® = N(t)2dt* — a®(t)y;;da’da’ (11)

where N is the lapse, which relates the flow of proper time to actual time, a is the scale
factor, which describes the relative expansion of the universe and k is the spatial curvature of

the universe. Usually the lapse is set to one, but it is usefull to keep it in for now and set its



value after we find some background equations. The FLRW metric describes a homogenious,
isotropic expanding universe with spatial curvature.

This was done through standard tensor calculus to derive values that were based on the
metric and derivatives of the metric such as the scalar curvature, Gauss-Bonnet combination,

Riemman double dual and Einstien Tensor. The result was.

)2 . ) '
Ly = 1 = 2O (aNk = S A(0) - P H0)9) (12)
—24sin(0)r? ka .
£ringo = £2 = \/::Lg{jr); (3?\73 + Na)‘/é(qﬁ)(ﬁ (13>
sin(0)r? 3a , a® :
Lpou = L3 = ﬁﬁ(m + k) Vs()¢’ (14)

e |
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We used V/(¢) to reprsent %(;@. For the rest of the paper we adopt the notation of

reffering to the different Lagrangians by their numbers in (12)-(15). Now we can combine all
of the Fab Four and a term containing the energy density p(a) that would drive expansion

to form

£:£1+£2+£3+£4 —\/—gp(a) (16)

_ 6sin(f)r? aa® ata_,, . -
L= ﬁ[(a]\”{? =y Vild) = R Vi(9)o—
R .
U + VA9 + 35 (5 + RIVa(6)d'+
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ﬁ(ﬁ + k)Vi(¢)¢* — p(a)a®N] (17)



This new L reprsents the Lagrangian for the entire system. With the normal Lagrangian
formed from the FLRW metric we could find the Friedmann Equation by using the Euler-
Lagrange Equation with respect tot he lapse. We do the same with our Lagrangian £ and

find it contains no N terms so we wind up with only

oL

oy =0 (18)

or

S5H 3 :

1 .4 . .
HAVA(9) + Vi (0)6 + - HVE(9)9 — S5Vad' — 55 Va(6)6?] =
k 4 . 3H : 1 .
pla) = IVA(0) + T HVI(9)6 — Sz Vi(9)d - Vale)d?)  (19)

where H is %, otherwise known as the Hubble parameter. We can compare our Friedmann
Equation to the original one to see some effects of the Fab Four. Our units are set such that
the speed of light ¢ =1 and % =1
k

H* = p(a) — o (20)

In the left hand side of (20), H? describes the acceleration of the expansion of the universe
while the right hand side of the equation describes what is causing that acceleration. What
is predicted is a large p(a), which is the energy density, but a much smaller one is being
observed. The S term is expected to cancel out some of the energy density, but the fact
that positive curvature is needed for self tuning means that there is actually nothing there
to oppose the energy density. If we now look at (19) we see that there is now a factor
dependent on ¢ that can be used to increase the effect of S The potentials V; through
Vi can be formulated such that their effect allows the right hand side of (19) to yield the

observed value of a slower than predicted expansion.



Because we know what the end state of any system under the Fab Four is a flat one, we
can write down the Friedmann Equation for the late time attractor, which is only flat space
under a possible net cosmological constant. To describe this we set the scale factor a to a
constant. Having a as a constant means that ¢ = 0 and H = 0. Our Friedmann Equation

for the late time attractor is then

2

©pla) = A(6) - V() 1)

Another usefull equation to have was the background equation of motion for the scalar
field ¢. We obtained this by applying the Euler-Lagrange equations again, but this time

with respect to ¢. After setting the lapse equal to one we obtain

([2ak + 30°V(¢) + [ad® + ak]Vi(9) + [—ad® — a’ii — ak]V/(¢)) o+
(42 — ARa)VI(6) + [—3ka]VY (6)6 + [ga% + gak]vg(¢)q32+

[a* + ak)Vy(¢)0” + [a* + 2aad + ak]Vi(6)6 - %[c‘ﬂ + ak]Vi(¢)¢” =0 (22)

In its current form, (22) is not very useful. The four different potentials V, are yet left
arbitrary and leave no anaylitic solution to the equation of motion for ¢. We re-write this

in during our late term attractor phase to get

Vi(9)
(Va(9) = Vi(9))

We see that (23) is much easier to solve than (22) and involves only two of the potentials.

- " =0 (23)
Vi(¢) and V(@) are still arbitrary functions of ¢ and can take different forms. If we were to
look for solutions that satisfy the Fab Four than (23) would be a good place to start, but our

main goal is to look at the stability of the theory as a whole and not individual solutions.

If we consider a and ¢ as the dynamic quantities in the Fab Four then we can define the
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Hamiltonian as follows.

H = paa + ppd — L (24)

which gives an explicit form of

_ 6sin(6)r?

H= ﬁ[—(adQ — ak)Vi(9) — a2aV{ () — 4(a® + ka)Vyo+
(g 7° + gkd)vﬁs + (gaéLQ + %ak)Vé@? + p(a)a®] (25)

As with the equation of motion, the Hamiltonian would be useful for finding and analyzing

specific solutions of the Fab Four.

3.2 Perturbations

Now that the background equations have be obtained we can work on actually testing the
stability of the system. To test this we add scalar perturbations into both the scalar field and
the metric. Before the scalar field depended only on time, but now we add a perturbation
that depends on both time and space. The metric also get two perturbations depend on
both time and space. One effects the time component of the metric, while the other one

effects the spatial components. Our perturbations take the form of

¢ = o(t) + edg(t, 7,0, ) (26)

ds® = N(t)*dt* — a*(t)vy; jdz'dx? —

ds® = N(t)*(1 +2¢€(t, 7,0, 9))dt* — (1 = 2e0(t, 7,0, ))a* (t) iy’ da? (27)

These perturbations represent the degrees of freedom in our system. In normal General

11



Relativity, where we don’t have our scalar field, the perturbations on the metric ¢ and ¥
would be the normal two degrees of freedom of a system. We want to check and make sure
that the perturbations evolve in time and don’t grow infinetly.

Now that the perturbations have been added, most work must now be done in Mathemat-
ica. Even keeping to only second order in perturbations in the Lagrangian is too unyieldy
to do by hand, so we were assisted by Ricci.m in our calculations. It is even too large to
bother putting into this paper.

With the Fab Four recreated with perturbations we want a way of looking at the per-
turbations and seeing thier behavior. One way is to look at the an-isotropic stress in the
Stress-Energy Tensor. We can find the Stress-Energy Tensor by varying the Action. The

action for the Fab Four is given by

S = / —V/—gM,; L dz* (28)

were M, is the Plank Length. Now that we have the Action, we can vary it with respect

to the metric to get

1 45

Vg 29)

and

1 6S 18
\/—gégl“/ - pl,/—géglﬂ/

with 7}, being the Stress-Energy Tensor. Because varying with respect to the metric is

(—vV=9L)=Tu (30)

linear, we can split up the variation of the Lagrangian to be done on each of the individual
Fab Four. Each one will give their own Stress-Energy tensor that can be added together to

formt he total one.
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Using modified forms of what is found in [8] and [9], we can find actual forms of the

individual Stress-Energy Tensors.

T = OVig,, — 1Y) + G, (32)

1~ . -
T = 9w V2G = 20,09v8V2(RR® — 2ROR™ + R RD, 4+ 2R*PPR )+
20,0905((D*DPVo) R — g°?(OV3) R — 2(D,D*Vo) R? — 2(D,D"V3) R+

2(OV3) R + 2¢°°(D,DyVa) R? — 2(D,DyVa) R*7) (33)

T4 = 6(113)7 — 6[P)(IIR)? + 32 — [(I1¥)*)II) —

Gy ([P = B[] 4 2[(T1)%]) + gLuawH“”(a‘N/a)Q (34)

—_

1 ~ e 1 -
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" 0,0,
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iz

Vi = (V))*(9)

We can seperate terms in the Stress-Energy tensor based off of their order of perturbations

to get

T,

14
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T, will satisfy the background equation and should be zero. Now we will only focus on

the first order of perturbations and raise the first index with the inverse metric to obtain

0=06TH = 0TWH 46731 4 sTOR 4 TR (41)

We are interested in the stability of the late-time attractor, so we can use (21) and (41)
to find how the perturbations evolve in time after a flat solution is obtained. The anisotropic
stress from the Stress-Energy tensor will give us relations between the different perturbations
and (21) allows one to eliminate some of the terms in the Stress-Energy tensor. By using the
T, Té, and T compoenents of the Stress-Energy tensor and (21) we can get the relations

that we want.

4 Results

As a test, we wanted to see what would happen if we only had V; and all other potentials
were zero. In other words we are testing General Relativity. Under these assumptions (21)
becomes

a* ~
7P =" (42)

We see that V) is a constant and when we work through to find equations governing v
and ¢ we find that ¢ = £ and that they are both a constant. ¢ and & are supposed to be
degrees of freedom, but because there are no dynamics at all they aren’t degrees of freedom.
This loss of two degrees of freedom means that the Fab Four aren’t stable when only V;
is non-zero. A result like that is not unexpected considering that using only V; yields no
self-tuning.

We also checked to see what would happen if only V,; was non-zero. This case seems as

a possibility for something interesting to happen as V} is one of the two potential in the late
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time attractor (21). For this we can rewrite (21) with

a2

©pla) = —5 (Vi) (43)

After analyzing the Stress-Energy Tensor in the case of (43) we find that

Sp=1p=¢=0 (44)

All of the perturbations have dissapeared. We should expect something bad like this to
happen as having only Vj is not that physical of a system. It certainly doesn’t give self-tuning
on its own and doesn’t represent General Relativity or any other standard model alone.

If we now look at what happens when we have V; and VJ and (21) in its entirety, we have
our first case of something that could self-tune. The problem is that when we solve for 1,

we find it has the form of

O+ (K =m> =0 (45)

where £ is the momentum in Fourier space and m is a scalar. In normal General Relativity

we would find a form of

¢+ (k*+m)p =0 (46)
for ¢). The difference between (45) and (46) is that ¢ in (46) has two time derivatives

while it has one in (45). We can solve (45) to get

P = Ae (K =m? (47)

It’s possible that the perturbations are unbounded in this case. Having no bound would
allow the perturbations to grow infinetly. Looking at (3.2), this makes the distance between

any two points infinite. We are also dealing with the fact that we lost the kinetic term on

16



what we thought was a degree of freedom. v is not dynamical anymore. The value of 1) can
be solved for as it has in (47), so it is not independent as the ¢ from (46) would be. With
all of this going on the quantum corrections at this point run out of control.

What we see is that the flat solution to the Fab Four is not actually stable and physical.
The main problem with this is that the flat solution is the late time attractor and all solutions
of the Fab Four will eventually become flat. It is supposed to be the end state. There will
be self-tuning that will bring everything to a flat solution, but they won’t stay there. They
will try to find a more stable solution. Without the late time attractor, the Fab Four can’t
be stable. It is possible that the addition of \N/g and 173 could fix the stability issue, but it
seems unlikely.

The instability that we are looking at happens when using only Vi and V; and both
simultaneously. It is believed that the same thing would happen if one were to include Vs
and Vj into the calculations. Time constraints prevented further analysis.

For a more detailed derivation of the equations describing the perturbations please see

Appendix B

5 Conclusions

While checking the stability of the Fab Four, in the late time attractor phase, we found
what was found in [2], that using only one of the four potentials doesn’t work. In the case
of only Vj or V; we wound up with constant perturbations or no perturbations at all. When
we did consider a case with V; and Vj, we found the form of one of the metric perturbations
¥ given by (45). The problem was that the perturbation was unbounded and it led to
instability. Because the late time attractor appears to be unstable, it sheds doubt onto the
validity of the Fab Four as a theory. More work would need to be done to check and see
if the additon of Y72 and 175, would make it stable, but as said before, it seems unlikely that

they would fix the instability.
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Appendix A

Green’s Function, Propogator and

Ostrogadsky Instability

To get the propagator out of (3) and give it a source J and use ¢(t) to reprsent the

particle instead of x.

d'o(t)
dt

+d?P(t) + a*m?p(t) = J (A1)

We know transform the function into Fourier Space using

o(t) = /dwqﬁ(w)em (A.2)

J:/ﬁw@ﬁm (A.3)

where w is the momentum in Fourier Space and J,, is the Fourier Transform of J. Now

applying (A.2) and (A.3) to (A.1) will yield

/dwi4¢(w)em —1—/dwi2a2¢(w)em+/dwa2m2¢(w)eiwt = /deweiwt (A.4)

18



Taking the derivative with respect to w and then dividing out ! leaves

(w* — a*w? + a®>m?)p(w) = Jy, (A.5)

or

o) = i (A.6)

(U}4 — a?w? + a2m2)

To make sense of (A.6) we first need to know what a Green’s function is. For a linear

differential operator L and

a Green’s function G(z, s) is defined as

u(z) = /dsG(m,s)f(s) (A.8)

Where f(s) is the Fourier transofrm of f(z). Now if we use

L= (- +ad— +a*m? (A.9)

and

Lu(t) = J (A.10)

we can rewrite (A.6) as

Ju

<w4 — a?w? + a2m2)

et (A.11)

o) = [ awowye = [ au

From this we can see that the Green’s function

19



6zwt

(w* — a®>w? + a?m?)

G(t,w) = (A.12)

In field theory we would call this the propagator. The propagator can be seen as the
inverse of the waver operator which is a linear differential operator, so it is infact a Green’s
function. We can also ignore the ¢! as it is only a phase that won’t effect the dynamics of
particle. This work has led us to obtaining the propagator

G(w) = ! (A.13)

(U}4 — aw? + a2m2)

We can modify the the propagator in (A.13) to be the propagator for two seperate
particles of the form
A B
G(w) = + (A.14)

w2 —m?2  w?—m}

Setting (A.13) equal to (A.14) gives a system of equations that can be used to solve for

A, B, m; and ms.

(A+ Buw? =0 (A.15)
—(Ami+Bm?) =1 (A.16)
@® = (m? +md) (A17)
a*m? = mim; (A.18)

Using (A.15)-(A.18) leads to the values of

20



A= -B=——u (A.19)
mj = % + g\/a2 + 4m? (A.20)

ms = < F g\/a2 + 4m? (A.21)
and allows us to rewrite the propagator as

1 1
G(U)) — ava?+4m?2 ava?+4m? <A22)

w? — (L +2Va? +4m?) w2 — (% — 2Va2 + 4m2)

We have no transformed what we though was a propagator for a single particle into

that of two particles. The second term of the propagator should look troubleing as it has a
negative mass squared term and on top of that ther is an overal negative in front of it. If the
propagator was used to construct a Hamiltonian, we would see that the second term leads to
a particle with a negative energy kinetic term or an Ostrogradsky instability. This negative
energy means that there is no lower bound on the energy of the system, so any push from a

metastable position could lead to a drastic drop of energy that is possibly infinite.
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Appendix B
Perturbation Derivations

Only V;

From (42) with a = constant, we see that there are no derivatives of ;. The components

of the Stress-Energy Tensor that we need are then given by

0T = 26(t)V10,0,)

%
0T} = —-[=0u6 + 00 + 10,06 — 10,0, (B.1)

The TSZ term can be rewritten as

0= = A (B.2)

which implies that ¢ is a constant with respect to ¢ and . We can then rewrite the 7

as

= o, (e~ )] (B.3)

r

0

From this we see that & = . The fact that £ and 1 have no time dependence means
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they don’t actually vary in time. These perturbations no longer reprsent any degrees of
freedom as they have no ability to vary in time. We have lost two degrees of freedom out of

an expected three, so we can say that this is unphysical.

Only V,
With only Vj, (43) becomes

Vi==z
¢

Two things can be done here. One of them is to actually solve for V, as a funciton of

~20(a) (B.4)

time by treating ‘74’ as ‘ﬁl—% and (75 as %s to get

Vs
dt
Vi = av/—2p(a)t (B.5)

= ay/=2p(a)

The analytic form of ‘74 in this case is nice, but serves no practical purpose here. From
B.4) we can also get an equation relating V/ and V. We get this by taking the derivative
g & Vy 4 g y g

of ‘74’ with respect to time.

V{¢* + Vip =0 (B.6)

Using (B) along with components of the Stress-Energy Tensor T, é, T and 1 we can

determine the behavior of the perturbations. From
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. r(=1+ k)Y =y = o  1~,- £ —1
(5T¢ - ( a2 ) 2 [(V2¢ + V2 ¢2)a<par7 + 5‘/4¢28s08TT] (B-7>
and (B) we are able to see that
£=—v (B.8)
Now we use
ST = %[/ﬁa 5¢ + a2$8,0p)] (B.9)
e T2 @ top .
to see that
—a2d .
5 = Z¢¢ (B.10)

We know take our last two results and combine them with 67, which has become too

big and cumbersome to just look at the equation to grasp, to get that

Sp=1 =¢=0 (B.11)

Only V; and V}

The first thing we want to do is get an equation relating derivatives of Vi to derivatives

of V4 from (21) to get

Vi = VIVI$® + (V)% (B.12)
or
. T T2
b= A ViV (B.13)
(V))?
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Using (B.13) after integrating by r and ¢ and §7T;) we can get an equation relating ¢ and

S0 (e
and using 5T£, after integrating with respect to ¢, and its time derivative we can find
equations relating (5g25 and 66 to 1.
Now we can use (B.14), the solutions for d¢ and §¢, and T7" to find a differential equation

describing 1. After some simplifying the equation found is of the form

Jt (2 = ) =0 (5.15)

25



Bibliography

1]

G. Horndeski, “Second-Order Scalar-Tensor Field Equations in a Four-Dimensional

Space”, Int.J.Theor.Phys.10 (1974) 363-384

C. Charmousis, E. Copeland, A. Padilla and P. Saffin, “General second order

scalar-tensor theory, self tuning, and the Fab Four”, arXiv:1106.2000 [hep-th]

C. Charmousis, E. Copeland, A. Padilla and P. Saffin, “Self-tuning and the derivation

of the Fab Four”, arXiv:1112.4866 [hep-th]

S. Carroll, “SPACETIME and GEOMETRY: An Introduction to General Relativity”
(Addison Wesley, California, 2004), pp. 329-333

E. Copeland, A. Padilla and P. Saffin, “The cosmology of the Fab-Four”,
arXiv:1208.3373 [hep-th]

S. Appleby, A. De Felice and E. Linder, “Fab 5: noncanonical kinetic gravity, self tuning,

and cosmic acceleration”, arXiv:1208.4163 [astro-ph.CO]
E. Linder, “How Fabulous Is Fab 5 Cosmology”, arXiv:1310.7597 [astro-ph.CO]

C. de Rham, L. Heisenberg, “Cosmology of the Galileon from Massive Gravity”,
arXiv:1106.3312 [hep-th]

K. Nozari, N. Rashidi, “DBI inflation with a non-minimally coupled Gauss-Bonnet

term”, [arXiv:1310.3989 [astro-ph.CO]]

26



