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What is Delta Gravity?

B GR is finite on shell at one loop in vacuum, so renormalization is not
necessary at this level.

B We present a gauge theories, & gauge theories (DGT), which main
properties are:

m New kind of fields are created, (131, from the originals ¢;.

m The classical equations of motion of ¢; are satisfied in the full quantum
theory.

m The model lives at one loop.

m The action is obtained through the extension of the original gauge
symmetry of the model, introducing an extra symmetry that we call §
symmetry, since it is formally obtained as the variation of the original
symmetry.
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- m New kind of fields are created, ¢, from the originals ¢;.
Pablo m The classical equations of motion of ¢; are satisfied in the full quantum
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i theory.

m The model lives at one loop.

m The action is obtained through the extension of the original gauge
symmetry of the model, introducing an extra symmetry that we call §
symmetry, since it is formally obtained as the variation of the original
symmetry.

When we apply this prescription to GR, we obtain ) gravity. To Quantum
Delta-Gravity, see: Jorge Alfaro, Ricardo Avila and Pablo Gonzalez 2011
Class. Quantum Grav. 28 215020.
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d Variation:

These theories consist in the application of a variation that we will call 5.~
when we applied it on a field, it will give new elements that we define as ¢
field. As a variation, it will have all properties of an usual variation such as:

6(AB) = 6(A)B+ A§(B)
60A = O0A
S((b’”) = (S'I'),u

We use the convention that a tilde tensor is equal to the & transformation of
the original tensor associated to it when all its indexes are covariant:

S,u,ua... = S(Suvam)

and we raise and lower indexes using the metric g,. .
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d Variation:

These theories consist in the application of a variation that we will call 5.~
when we applied it on a field, it will give new elements that we define as ¢
field. As a variation, it will have all properties of an usual variation such as:

6(AB) = 6(A)B+ A§(B)
56A = 86A
5(D,) = (0®), (1)

We use the convention that a tilde tensor is equal to the § transformation of
the original tensor associated to it when all its indexes are covariant:

SYLLI/(!... = S(S/_wam) (2)

and we raise and lower indexes using the metric g,.. Therefore:

S(Suuam) = 5(9“P5puam)
= S(gup)spua... + gﬂpg (Spya“_)
= —§""Spva.. + o (3)
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5 Transformation:

In & Theories, the transformations are:

00, = Al(D)ey

60, = A(®)e; + A(D)g;

Where we used that §6®; = 56®; = §®; and &; = de;. Now, if we consider
general coordinate transformations in its infinitesimal form:

€T =

ozt =

! — & (x)

—&5 (x)

and defining & () = §¢/ (), we can see that, for scalar fields:
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B = 2t gl

bt = —&(x)

and defining €(z) = 6% (x), we can see that, for vector fields:

Vi = & Vs +E6,Va (6)
5V EVip + €8 Vo + E5 Vs + €6 . Va (7)
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oo Where we used that §6®; = 56®; = §®; and &; = de;. Now, if we consider
V. general coordinate transformations in its infinitesimal form:

B = 2t gl

st = —€l(x) (10)

and defining £ () = 64 (x), we can see that, for rank two covariant fields:

SM;W = ggMuV7ﬂ+f§,uMu5+§g,uMVﬁ (11)

5M;w = ’Efle“’wﬂ + le,uMuB + EfHMVﬁ + 55]\2;“4,0 + fg,uMuﬁ + &?’HMVB
(12)
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6 Gravity Action:

The Invariant action under our transformations is:

16,91 = Solol + 2 [ 52 (016 (o)

where k2 is an arbitrary constant, the index I refers to any kind of indices and
é1(z) = d¢r(x). This new action shows the standard structure which is used
to define any modified element or function for & type models. In particular, let
us consider the Einstein-Hilbert Action.
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Analysis ~ 0 ~
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nomenol- (S(b[ (:p)
ogy.
- where k2 is an arbitrary constant, the index I refers to any kind of indices and
oo ¢1(z) = d¢r(z). This new action shows the standard structure which is used

to define any modified element or function for § type models. In particular, let
us consider the Einstein-Hilbert Action. This action involves:

So = /d‘*wfg (% + LM> (14)

s = /d4m\/—g (% + Ly — ;‘—; (G* = KT"™) G + KZEM) (15)
with Kk = 8"G and:
= ~ 8L 0L
Ly = 16
M ¢I 6¢I ( #d)]) ( M¢1) ( )
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Anatyss
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by
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V.
Fr)(@B)pr P((Pu)(aﬂ))gvk +P((PV)(D¢B))9M>\ 7P((HV)(043))9P>\
_P((pk)(aﬁ))gw
« v 1 « v av « v
P(( B)(wv)) Z( ugﬂ +g g'B“fg Bgu)
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n Delta Now, if we vary g,. in (15), we obtain a new equation. This equation give us

Gra)\'i_ty: Guv- It is simplified to:
Anaiyss
and Phe- 1
nomenol- ~
i F(HV)(aﬁ)P)\DpD)\gaB + § (gMUROthaB _ gHVR) — xT™ (18)
by
Gonzdtez With T}, = 6T}, so TH = g**g"P§Tap. And:
V.
Fe)(@Bpr P((Pu)(aﬁ))gl'/\ + P((PV)(aB) P((W)(Otﬁ)) P (19)
_P((PA)(&ﬂ))gw
v 1 v v v
pled)m))  _ 1 (gau By | g gPu _ goB gp )

Besides, the symmetries give us two conservation rules:

D,T" = 0
~ 1
D™ = STD Gas — ST Dagl + Da(@ET™) (1)
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But, in & gravity, we will have a new test particle action. To obtain this
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S, y,9,9] = m/dtg“”jcuiu + (29T 4 guv,py’ ")

o V= Gap@>iP

where G, = guv + 2 Jur and y* = dx*. This action is invariant under

extended reparametrization:

ozt = e

oy
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Massive Free Particle Action:

In the standard case, the test particle action is:

Solz, 9] = —m/dt\/—g,wiﬂx"’

But, in & gravity, we will have a new test particle action. To obtain this

action, we need to use (13):

=0 Fixing €

29,9 T 4 guuv,py” Ttz
(9; Y Guv,plY ) (22)

a V;'Euj:l’ + k2
S[o'c,y,g,g]:m/dt"’” 2 —
/—ga,@l'al‘ﬁ

where G, = guv + %2 Jur and y* = dz*. This action is invariant under

extended reparametrization:

szt
oy*

o

= 1"

by Pablo Gonzalez V.
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Massive Free Particle Action:

In the standard case, the test particle action is:

Solz, 9] = fm/dt\/fgwj:#:b”

But, in & gravity, we will have a new test particle action:

Slt,g,3) = m / T T (24)
_gaﬁxalﬂ

where G, = guv + %2 Guv- If we vary (24) with respect to z*, we obtain the

equation of motion for a massive test particle:
Ko ~
=—K, 25
: (25)
Gopu) Gap = (1 + %R) gap + K2gap and
= —1, after choosing ¢ equal to the

G " +Fuaﬂx i’

with Tpag = 3 (Gua,s + Gou.a
K= ga,;a'cajsﬂ. Besides, we fix g, "z
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Massless Free Particle Action:

Unfortunately, (24) is useless for massless particles, because it is null when
m = 0. To solve this problem, it is usual to start from the action:

Soli, g,v] = %/dt (vm? — v g d"d")

where v is a Lagrange multiplier. To find the coupling of a test particle to a
gravitational background field, we follow the prescription to construct §

models. So, if we evaluate (26) in (13), we obtain:

S[i’.agmgvv?,ﬁ] -

= %/dt[um2 — 0 (v + K2Gp) B8

+KoD (m2 + v72gm,:'r“j:”)]

by Pablo Gonzalez V.
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models. So, if we evaluate (26) in (13), we obtain:

Slvg.g00] = 5 [ dtlom® =07 (g + wage) 8
+r20 (m® + v g ita”))

Two Lagrange multiplier are unnecessary, so we will eliminate one of them

The equation of motion for ¥ is:

b= m’+v? (gw + ”257#”) i
2k2v 3 gapi*aP
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Massless Free Particle Action:

Unfortunately, (24) is useless for massless particles, because it is null when
m = 0. To solve this problem, it is usual to start from the action:

Sol#,g,v] = %/dt (fum2 - Uﬁlgwj:“sb”) (26)

where v is a Lagrange multiplier. To find the coupling of a test particle to a
gravitational background field, we follow the prescription to construct §
models. Finally, our modified free particle action is:

= (27)

S[i:mgmévv] -
~ TR 2 3
[ (- e )2l

2 —2~ TN
v dgapiai? (m” + r2v" g d" )>
When m # 0, we can reduced (27) to (24) using the equation of motion of v.

That is:
/ eV
VTG (28)

V= —
m
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with g, = guv + K2Guw. Therefore, in the usual case we have g, t"&
but in our model the null-geodesic is g, &"&" = 0.
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with g, = guv + K2Gur. Therefore, in the usual case we have g, t"&
but in our model the null-geodesic is g, &"&” = 0.

To massive particle, gu. 2" " is conserved, so we can choose ¢ equal to the
proper time. Therefore, we measure proper time using the metric g,.. On the
other side, if we consider the motion of light rays along infinitesimally near

trajectories, the three-dimensional metric is:

di? = (% (gij - g:ij")) da’ dz’ (31)
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and Phe- of freedom by adopting some particular coordinate system, fixing the gauge.

ogy. One particularly convenient gauge is given by the harmonic coordinate

by conditions.
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aA_ty guv. This means that, if g, is solution, then exist other solution g, given by
e a general coordinate transformation z — z’. We can eliminate these degrees
and Phe- of freedom by adopting some particular coordinate system, fixing the gauge.

ogy. One particularly convenient gauge is given by the harmonic coordinate

by conditions. That is:

ELI
Gonzalez

V.

r Egaﬁfgﬁ =

It is always possible to choose an harmonic coordinate system. In the same

form, we need to fix the gauge for g...
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Extended harmonic gauge:

Cosmoll . -y . .
Ml We know that the Einstein’s equations do not fix all degrees of freedom of
Gravity: . . . . . - .

n guv. This means that, if g, is solution, then exist other solution g, given by
e a general coordinate transformation z — z’. We can eliminate these degrees
and Phe- of freedom by adopting some particular coordinate system, fixing the gauge.

ogy. One particularly convenient gauge is given by the harmonic coordinate

by conditions. That is:

ELI
Gonzalez

V.

=g, = (32)

It is always possible to choose an harmonic coordinate system. In the same
form, we need to fix the gauge for §... It is natural to choose a gauge given

by:
5 (1) = g5 (Th,) — 5T, =0 (33)

Where & (FZB) = %g‘”‘ (Dggra + Dagsr — Drgag). So, when we will refer
to Extended harmonic gauge, we will use (32) and (33).
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Vacuum Solution:

Ci‘fB‘;l?f’ In this case, we have that:
Gravity:
A
Classical
Analysis
and Phe- gude’dz” = —A(r)dt* + B(r)dr® + r*(d6® + sin®(0)do?)
nomenol- ~ ~ ~
ogy. Gude’dz” = —A(r)dt* + B(r)dr® + F(r)r?(d6® + sin®(0)do?)
by
feblo To simplify the equations, we will solve them outside matter, this means the

Gonzalez
Y region where T, = T},, = 0. To find A(r) and F(r), we need an additional
equation, fixing the gauge for G,.. The extended harmonic gauge say us that:

r2(r—2u) A" (r) 4+ 4r(r —2p)A'(r) — 4pA(r)
+r(r = 2u)(r — W E"(r) + 4(r — p)*F'(r) =0
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Vacuum Solution:

o pee In this case, we have that:
Gravity:
A
Classic_al
and Phe- guda’dz” = —A(r)c*dt® + B(r)dr® + r*(d0? + sin®(0)do?)
nomenol- ~ ~ ~
ogy. Gudatdz” = —A(r)cdt® + B(r)dr® + F(r)r*(d6” + sin®(0)d¢?)
by
ablo So, the complete solution is:

T
Ar) = 1-7

B(r) = (1 - 2:‘)1

A(T) _ _QaOM(T—N) _aip (2u+(r—,u) In (1 _ 27”))

By 2 —p) o (@ulr =20+ 07 = 3+ )l (1 = %)
(7’_2#)2 (7-_2#)2
Py = 2o (2M+(r—f>ln( =)
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Vacuum Solution:

In this case, we have that:

—A(r)2dt* + B(r)dr® + r*(d6® + sin®(0)dp?)
—A(r)dt* + B(r)dr® + F(r)r*(d6® + sin®(0)do?)

guvdatdz” =

Juvdatdz”
We must remember that this solution corresponds to the region without
matter, so » > R, and generally the Newtonian approximation, R > 24, can

be used. So, we must consider the leading order in £.
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Vacuum Solution:

b In this case, we have that:
Gravity:
A
Classical
nalysis guodxtdz” = —/}(T)c2dt2 + ?(r)er + r~2(d92 + sin®(0)d¢?)
oo Gudztde” = —A(r)Pdt® + B(r)dr® + F(r)r®(d6” + sin®(0)d¢?)
L We must remember that this solution corresponds to the region without
Gonzilez matter, so » > R, and generally the Newtonian approximation, R > 24, can
. be used. So, we must consider the leading order in £. That is:
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Gravitational Lensing:

To describe this phenomenon, we need the null geodesic. To solve these

equations, we will consider a coordinate system where 6 = gl

Figure: Trajectory by gravitational lensing. R is the radius of the star, rg is the
minimal distance to the star, b is the impact parameter, ¢ is the incident direction

and A¢ is the deflection of light.

LFor instance, see S. Weinberg. Massachusetts Instituterof Technology (1972), Chapter 8.
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Gravitational Lensing:

To describe this phenomenon, we need the null geodesic. To solve these
™

equations, we will consider a coordinate system where 6 = 7. So, the
geodesic equations are reduced to:

it 1
du  A(r) + ke A(r)

ar _1\/ r2(1 + ko B (1)) — J2(A(r) + 2 A(r))
du T\ (A(r) + 52 A(r))(B(r) + k2 B(r)) (1 + k2 F (1))
o _ _J

du  r2(1+4 koF(r))

Where u is the trajectory parameter such that 2 = x*(u). We have fixed ¢
such that ¢ — wu for r — oo and J is a constant of motion related to the
angular momentum:

1+ K/QF(TO)

J=roy| ————"—
A(TQ) + /1214(7"0)

by Pablo Gonzélez V. Cosmology in Delta Gravity: A Classical Analysis and Phenomenolog;



Gravitational Lensing:

Cosmol . . -
in Delta So, the trajectory is given by:

Gravity:
A
Classic_al
L B(r) — doo =
nomenol-
o8- /oo (A(r) + k2 A(r))(B(r) + k2 B(r))
:D ~ ~ 2 oo B (1 r2(A(r)+ro A(r))
Paii v\ (14 52 F (1)) (A(ro) + KaA(ro)) ( Py _ A ) )

Gonzalez
To
X ( —) dr
T

We must use the approximation r > ro > u for the solar system.
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Gravitational Lensing:

Cosmol . . -
in Delta So, the trajectory is given by:

Gravity:
A
Classic_al
o B(r) — 6o =
nomenol-
ogy. /oo (A(r) + HQA(T))(B(T) + 523(71))
,:wo n A r2 ko F(r r3(A()+roA(r
ot P\ (4 RaF () (A(ro) + roA(ro)) (SRR - Hetirat))

Gonzalez
To
X ( —) dr
T

We must use the approximation r > ro > u for the solar system. That is:

¢(T)—¢w2/w%<1+§+%> <(:0)2—1>

T
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Gravitational Lensing:

Cosmol . . -
in Delta So, the trajectory is given by:

Gravity:
A
Classic_al
L B(r) — poo =
nomenol-
°”’ (A(r) + m2A(r))(B(r) + r2B(r))
r2(14roF(r))  r3(A(M)+r2A(r)

by / ~ ~
. (1+mF(r))(A(ro)+mA(m))( OtegP () _ p(A0) R 20 )

ELI
To

X (—) dr
T

Gonzalez
We must use the approximation r > ro >> u for the solar system. That is:

R (O

T

The deflection of light is given by:

Ap = 2|¢(ro) = ¢oo| =7
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Cosmology
in Delta So:
Gravity:
A

Classical
Analysis
and Phe- A¢

nomenol-

2|p(ro) = Poo| =7
1
ok oo 2, .2 2 2 2
B ~ 2/ ﬁ<1+u(2maor +r +rro+r0)) (L) . .
. S

ro(r +70)7

Gonzalez 0
V.

4/1,(1 + Ifza())
To
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Gravitational Lensing:

Cosmology

in Delta SO:
Gravity:

A
Classical
Analysis
Sl A0 = 206(r0) — ol —
nuronertu- 7l

liy ~ 2/w%<1+M(21€2a07‘2+1“2+7'1“0+7'8)) (r)21 2 .
Gonsiles ro ro(r +1o)r To

4p(1 + K2a0)

1

To

We have an experimental value A¢ga, = 1.761” £ 0.016” for the sun®. So:

|k2a0| < 0.009086.

2See E.B. Formalont and R.A. Sramek, Physical Review: Letter;136, 1475, (1976).

A Classical Analysis and Phenomenolog;

by Pablo Gonzélez V. Cosmology in Delta Gravi



Gravitational Lensing:

Cosmology
in Delta So:
Gravity:
A

Classical
Analysis

and Phel: A¢ 2|¢(T0) - ()boo‘ -7

ogy. _1

= * dr w(2k2a0m? + 72 + 1o + 19) r\? ’

by ~ 2 D14 ) o
Pablo I ro(r +70)7 To

Gonzalez

4/1,(1 + Ifza())
To

We have an experimental value A¢ g, = 1.761” 4 0.016" for the sun. So:

|k2a0| < 0.009086.

The deflection of light allow an additional mass given by M,4q = k2aoM,
where M is the mass of sun. If we accept that this mass is dark matter, we
have < 1% of dark matter in the solar system scale. However, in a galactic

scale, this effect could be even bigger.
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Newtonian Limit:

To express this approximation, we must use:

Guv

Guv

—(1 4 2¢€?)c? 0 0 0
0 1 — 2¢e> 0 0
0 0 1 — 2¢€? 0
0 0 0 1 — 2¢é?
—2¢€2c> 0 0 0
0 —2¢€? 0 0
0 0 —2¢¢? 0
0 0 0 —2¢¢?

where ¢ = ¢(z,y, z) and = &(w,% z) are gravitational potentials and e ~ 2
is the perturbative parameter. We have used that g,., — 1., and G, — 0 for

T — 00.
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Newtonian Limit:

Cosmology . . .
To express this approximation, we must use:

in Delta
Gravity:
A
Classical
Analysis —(1 —+ 2¢62)82 0 0 0
nomenol. B 0 1 — 2¢€ 0 0
o G = 0 0 1—2¢€ 0
e 0 0 0 1 — 2¢¢>
Gonzélez ~ 5 9
v. —2¢p€3c 0 0 0
— 0 —2¢¢” 0 0
Jpw = 0 0 —20 0
0 0 0 —2¢€?

v

where ¢ = ¢(z,y,z) and = qg(x,y, z) are gravitational potentials and € ~ 2
is the perturbative parameter. So, the equations of motion are reduced to:

24 - B
o = 5o
27 _ R
Fo = 5p

Besides, p = 5 = 0. Therefore, we do not have a relation between p and-j.
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Post-Newtonian Limit:

Cosmology . . R
in Delta If we introduce one order more for the Newtonian limit:

Gravity:
A

Classical
Analysis

2
and Phe- gul’dwudwu _ _ (1 4 2¢€2 + 2 (¢2 + w) €4) (%it>

nomenol-
ogy.

+ (1= 2¢¢” — 20 (dz” + dy® + d2?)

Gonzalez
V.

dt
+2¢3 (x1dz + x2dy + x3dz) (%)

+¢* (511d$2 + Exody® + E33dz® + 2612dwdy + 2613dzdz
+2&23dydz)
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Post-Newtonian Limit:

Cosmology . . R
in Delta If we introduce one order more for the Newtonian limit:
Gravity:
A

e ] o e
nomencr Guvdztdz’ = -2 (¢e2+ (2¢¢+w) 64) <T>
_9 (47362-1-1;64) (d$2+dy2+dz2)

ogy.
- - - dt
+26° (X1dx + X2dy + x3dz) (%)

+¢* (éndwz + Eaady® + E33d2”® + 2E12dady + 2€13dxdz

by
Pablo
Gonzalez

+2£23dydz)

All functions depend of (¢, z,y, z), but %% ~ €. For this reason, we use
ct — < to obtain the equations. Besides, we need to fix the gauge.
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Post-Newtonian Limit:

Cizsgg:ffy The extended harmonic gauge say us:
raAnty:
Classical
Analysis .
B Shel. 4o+ 9ixi = 0
HDTOHEITD- . 1
.g,% 2¢0;¢ — Xi — §3¢§jj +0;&; = 0

Pablo

Go-{/z:ilez 4(5 + 61561 - 0
- - L1 - ~
200:¢p + 2005 — Xi — 531'51;' +0;&; = 0
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Post-Newtonian Limit:

Cﬂsgg:ffy The extended harmonic gauge say us, with a perfect fluid, that the equations
G'a)\"_ty: of motion are reduced to:
Anatyss
and Phe- N
nomenol-
ogy. 82¢ = gp(o)
by
>ablo 2 . —_ 7 (1> ()
Glo_nglez a Xi - QHU’L
V. ]
Py = F 2( vOum - ) ©) 4 52 4 3, ) 5
Y 5 +p 7 +3p7(p)) + 0
ey = 280U — 4(0:9)(9;9)

+2& ((Uzil)Uxil) + ¢>) P +2p? (P)) 8ij + 4(0k¢) (0 )31
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Post-Newtonian Limit:

The extended harmonic gauge say us, with a perfect fluid, that the equations
of motion are reduced to:

9%
X

0%

9°&;

L0
K
2% (UZ-T(I)P(O) n U}”ﬁ“)))

i ((QU;EDU;CT(I) - 55) P + (U;il)Uzil) ¢+ gp’(z)(p)> ﬁ(o))
+507 +6

- T(1)rr(1) W T\ (0) 1) 77(1) ~(0)
—2i (VT OU® +UPUTO) g0 4 UM UM )

~4(0:9)(9;0) — 4(8:9)(9;9)
+26 (20007 + ) o + (UPUD + 64+ 202 (0) 50) 63y

+8(0k ) (Oxb)5i;

Where 5/ (p) = 22 ().

P
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Post-Newtonian Limit:

Besides, we have the conservation equations, but they are null with the gauge
50)  5(2)
P

Gra)\'i_ty: equations. However, it is useful to write them in terms of p(*, p@ 5
i'::fy'if's' and p@ in the case when Ui(l) = UiT(l) =0.
and Phe-
nomenol-

ogy.

Cosmology
in Delta

by
Pablo
Gonzalez
V.
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Post-Newtonian Limit:

cﬂsgg:?fy Besides, we have the conservation equations, but they are null with the gauge
G'a)\"_ty: equations. However, it is useful to write them in terms of p(©, p@ 5 532
e and p® in the case when U = U™ = 0. That is:
and Phe-
nomenol-
ogy.
by /')(0) = 0
G::ﬂ?ez p(2) - O
/L)(O) -0
/‘)(2) -0
o0p@(p) = —pVoig
o (PP (0)p”) = 06— V00

These equations give us additional information about p(*) that we did not
have in the Newtonian approximation. This information come from the gauge
fixing. To see this explicitly, we will analyze the case with spherical symmetry.
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Post-Newtonian Limit:

Cosmoll ce -
in Delta~ All densities are t-independent, therefore they are only dependent on r. So:

Anaiyes ©
el 000 (%0) = 00 (50)
Bl (000 0) = 00 (50) -0 (50)

Where we have used that (222 (1)) = p'® (p(r)) (222 (1)).
or or
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Post-Newtonian Limit:

All densities are t-independent, therefore they are only dependent on r. So:

v o) (B20) = 20 (520) (35)
2 6 °0) = 000 (20) -0 (50 )eo

Where we have used that (8‘5(:) (r)) =@ (p(r)) (8?,—(:)(1”)). Now, if we
combine (35) and (36), we obtain:

50 () — (agt)) (T))

g (22 ()

Where ¢ is an integration constant. This means that we can obtain an
expression for 50 if we know p(©.

(6 + o) (37)
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Post-Newtonian Limit:

Cosmol . . . . . .
in Delta~ Finally, we can study the Trajectory of a Particle. The acceleration is given by:

Gravity:
A
Classical
aAnaIysi: 1 de
gl o = <V (on + (208 +uw) €)
4t (35¢N 145 (T Vén) — v*Ven — Xn + (7 x V x X'N))

ogy.

by
Pablo

Gonzalez
V. 6 k’g

Vé* +0 (<)

Where ¢ = dt, I ¢n = ¢+ K2 and analogous expressions for the others fields.

We can conclude:
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Post-Newtonian Limit:

Cosmol . . . . . .
in Delta~ Finally, we can study the Trajectory of a Particle. The acceleration is given by:
Gravity:

A

Classical
Analysis 1 d2 —
gl =V (on + (26% +un) €)

ogy.

I 4t (317(73N 145 (T Vén) — v*Ven — Xn + (7 x V x X'N))
Gonzalez 4,9

) k3~
V. +622V¢2+O(66)

Where ¢ = %, éN = ¢ + K26 and analogous expressions for the others fields

We can conclude:
2 = . . . . .
LdZ — Ve in the Newtonian limit, so ¢ is the

m We can see that = %3
effective potential.
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Post-Newtonian Limit:

o Das” Finally, we can study the Trajectory of a Particle. The acceleration is given by:
Gravity:
Aty
Classical
Analysis 1 de
momenol 2aE = —€’V (¢ + (205 +¥n) €%)
ogy.
I 4t (317¢N 145 (T Vén) — v*Ven — Xn + (7 x V x X'N))
Go-{;:jlez 64](73

M

Where ¢ = %, éN = ¢ + K26 and analogous expressions for the others fields.

Vo' +0 (66)

We can conclude:

2 . o .
m We can see that C%% = —€e2V¢n in the Newtonian limit, so ¢ is the

effective potential.
m Acceleration is similar to the usual case with ¢ — ¢n, with the exception

of the last term. It is an attractive contribution.
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Post-Newtonian Limit:

o Das” Finally, we can study the Trajectory of a Particle. The acceleration is given by:
Gravity:

Aty
Classical
Analysis 1 de
momenol 2aE = —€’V (¢ + (205 +¥n) €%)

ogy. .

I 4t (317¢N 145 (T Vén) — v*Ven — Xn + (7 x V x X'N))
Go-{;:jlez 6 ]{,’2

Vé* +0 (<)

Where ¢ = %, éN = ¢ + K26 and analogous expressions for the others fields.

In spherical symmetry:

(5,,(0)

pess(r) = p () + n(f’())) (8r)+ )

Therefore, we have an additional mass, that could be identify with dark

matter.
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Density Profiles:

Classical
Analysis 1

Cosmology . . . .
The equation of motion can be written like:

and Phe-

nomenol-

(=(%)) = e

0
z2 Oz
W (e () - O o o),

ELI

Gonzalez
V.
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Density Profiles:

Cosmology R . . .
in Delta The equation of motion can be written like:
Gravity:
A
Classical

Analysis 1 a 8¢($) K/Rz
and Phe- - Y 2 _
nomenol- $2 833 (‘T < 82’} ) ) 2 p(l‘)

B 2 C() - T e

where x = 5. Then, we can define the ordinary and tilde mass respectively as:

m(z) = 47|'R3/Ooodx:v2p(x):¥x2 <3¢857$“))
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Density Profiles:

st The equation of motion can be written like:

Gravity:
Aty

Classical

LUEIVES 1 0 2 8¢(.’IJ) I{/RQ

and Phe- — — = — 38

momenol x? Ox (a: < Ox 2 pe) (38)
ogy.

by 2 5 x kR? ap( ) bt 2
paite %% (x (a‘gi)» = }; Eaf( ); (¢(x)—0(1+2e ¢(a:)))(,39)

where x = . Then, we can define the ordinary and tilde mass respectively as:

m(z) = 4nR® / dea’p(x) = 87;1:8322 <8q(;7§:’)> (40)

m(z) = 4nR® / dza’p(z) = SZR@} <8q(;7;x)> (41)
Finally, defining the total mass M (z) = m(x) + k2m(z), the rotation velocity
is:

() = o (0ta) + o) = S22, (#2)
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Density Profiles: Spherically Homogeneous

Classical
Analysis 1

Cosmol . .
M With p(z) = po©O(1 — z), the equations are:
and Phe-
nomenol-

Gravity:
A
10 (2 (D)) | g
e 2 92 (m ( O = 3 O(1—1z)
9
or

oo iQ (ﬁ(a‘gf)» - —“R;”OW(as(a:)—c(1+2e2¢(x))).

Gonzalez felod
V. oz
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Density Profiles: Spherically Homogeneous

cizsgg:?fy With p(z) = po©(1 — x), the equations are:

ravity:

CIasAsicaI

Analysis 1 8 8¢($) KR2PO

and Phe- - Y 2 — _

nur:ge;ul- 8 (‘T ( 833 )) 2 6(1 ‘T’.)

by 1 0 5 (0o(x) _ kR%po 6(1 — ) /- B 2
<. I (x ( or )) T T3 (%) (6@ =€ (1+289(@)).
5R%po (z*=3) z<1
r) = 12 - 43

o) { w02 (43)
- %C — % z<1

3 2k R?
2o(1- 2 o>

On the other side, the force is F' = —¢? m]gz 2 (qS(x) + fiQ(f;(w)) We expect

that F' must be continuous, therefore C' = 011! In conclusion, if the ordinary
matter has a spherically homogeneous distribution, we do not have § matter.
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Density Profiles: Exponential

Cosmol . — 1
osmology With p(z) = poe™ %, the equations are:

in Delta

Gravity:

A

Classic_al

Sl L0 (2 (2@)) o et

nur:ge;ul- xza al‘ = B

L0 (o (00))) | Bt 2
egfvflfez 72 Oz <w ( o = W(fb(:ﬂ) C(1+2€ d)(x))).
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Density Profiles: Exponential

Cosmology

in Delta With p(z) = poe™“, the equations are:

Gravity:

A
0 22 O¢(x) _ KkR?ppe”
ox Ox N 2
9
2 0z

<w2 (a&@))) _ _% (9(2) - € (1+2¢%9(2)) )

Classical
Analysis
and Phe-
nomenol-
ogy.

by
Pablo
Gonzalez
V.

&\H &M\H

ox

bz) = kR?po ((z —2|—x2) e’ —2)

g@(aé(m)) e (fa) - (1- e 2 @+ 2)e7)))

a (2— (22 + 2z + 2) e %)
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Density Profiles: Exponential

cizsgg:ffy With p(z) = poe™“, the equations are:
ravity:
CIasAsic_aI
and Phe. 10 <x2 (3¢($)>> _ KkR?ppe”
nomenol- -
ogy. z? oz ox 2
by ig 2 8(2)(56) . KRoneiz ~ 2
Gifvi’l?ez 22 0z <w ( or RETETE) (ab(:v) C (14 2¢ d)(x))) :

oz) = kR?po ((z —2|—x2) e’ —2)

g@(aé(m)) e (fa) - (1- e 2 @+ 2)e7)))

2—(x2+2x+2)e?)

3
m(gg) ~ Mf”’ ﬁl(x) ~ GzcﬂR3p0x4. (45)
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Density Profiles: Exponential

()
™)

1

2
~ K0 =1
~ kO =1
~ m2C =10

Figure' Exponential Profile Calculation. (a) Ordinary and § mass vs normalize radius, with

mo = 87TR3/)0 The initial conditions have been chosen such that m(z) > 0 with C > 0. (b) :ig:g
(in units of C) vs normalize radius. In the beginning the relation is almost linear, 7Z§i; ~ z, but in
(z)

the end it is like a constant, miz) 3C. (c) Rotation velocity vs normalize radius for different values

of C. The Black-Dashed line corresponds to GR case, so the C value indicates the contribution of 5
matter. In these calculations we have used xpgR? = 107 4.
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Density Profiles: Einasto

With p(z) = poe~>", the equations are:

iﬁ( > (8¢(m))> _ rR?poe

220z \* ox N 2

ig( 2 (8@5(1‘))) kR2poaz®~te®"
z2 Oz ox 2 (%( ))

(qé(x) o1+ 26%(1))) .
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Density Profiles: Einasto

With p(z) = poe~>", the equations are:

3
47T]§ po 3 (46)
A7 R3 poe’Cax a+3 (47)

B+ a)
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Figure: Einasto Profile Calculation for o = {0.7,0.4,0.1}. (a) Ordinary and § mass vs normalize
radius, with mg = 87TR3p0. The initial conditions have been chosen such that m(z) > 0 with C > 0.

(b) % (in units of C') vs normalize radius. (c) Rotation velocity vs normalize radius for different

values of C. The Black-Dashed line corresponds to GR case, so the C value indicates the contribution
- 2 2(1—o)

of & matter. In these calculations we have used NpoRQ =4 (%) o x 10" % a
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Density Profiles: Navarro-Frenk-White

C_osmology . o P . )
Igrla:)veilt;a: With p(z) = W the equations are:

A
Classical
el 10 (. (000))) _ _ sR%
nomenol- 22 Or or - 20 ( + 1)377

ogy.

Paio % 9 (:CQ (a&(x))) R?po (v + 3) (& (1+ 262¢($)))'

Gonzalez _
[ V. Qac“/*l( + ) (gi (ac))
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Density Profiles: Navarro-Frenk-White

With p(z) = -7 1553== the equations are:

R2 Po

s (7 (%)) = S

R?po (v + 3z) (¢ (1+ 2&75(3:)))

207%1 (2 + 1) (gﬁ(w))

47 R%po 3,
4
5~ " (48)
4neCR?poy 5,
4
5-, © (49)
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Density Profiles: Navarro-Frenk-White

(a) (b)

Figure: Navarro-Frenk-White Profile Calculation for v = {1,1.2,1.4}. (a) Ordinary and & mass vs
normalize radius, with mg = 8w R3p. The initial conditions have been chosen such that m(z) >0
with C > 0. (b) igz; (in units of C) vs normalize radius. (c) Rotation velocity vs normalize radius
for different values of C. The Black-Dashed line correspond to GR case and the others C values

- - . . 2 —4 (3=m377
indicate the contribution of 6 matter. In these calculations we have used KpgR“ = 10 1"
-
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FRW and Photon Trajectory:

Cosmology
in Delta We have that:
Gravity:
A

Classical
aﬁ:‘iag:i:- _C2 0 0
nomenol- I VR () 0
o Guv 0 0 ad*(t)r?
Pablo 0 0 0
Gonzilez
Ve —2Fy(t) 0
. 0 F.(t)a?(t)
gl“’ = O O
0 0

0
0
0

Fa(t)a®(t)r? sin®(0)

we want analyze the trajectory of a supernova photon when it is traveling to
the Earth. For this we use a radial trajectory from r; to » = 0.

Cosmology in Delta Gravity: A Classical Analysis and Phenomenolog;

by Pablo Gonzalez V.



FRW and Photon Trajectory:

Ci‘fB‘;l?f’ We have that:
Gravity:
A
Classical
Lot ~¢ 00 0
nur:ertul- _ 0 a (t) 0 0
N I =1 "0 0 a*(t)r? 0 (50)
Grlai;!? 0 0 0 a?(t)r? sin?(0)
Ve —C2Fy(t) 0 0 0
o 0 F.(t)a?(t) 0 0
G = 0 0 F,(t)a?(t)r? 0 (51
0 0 0 Fa(t)a®(t)r* sin®(9)

we want analyze the trajectory of a supernova photon when it is traveling to
the Earth. For this we use a radial trajectory from r; to » = 0. So, we have:

—(1 + K2 Fy(8))Edt® 4+ a®(t) (1 + ko Fo(t))dr® = 0

We interpret that like a modified scale factor: acys(t) = a(t),/izzim.
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Redshift and Luminosity Distance:

Cosmology

in Delta If we integrate this expression from r; to 0, we obtain:
Gravity:

A
Classical
Analysis to
and Phe- _ dt
nomenol- r=c (t)

ogy. t1 aeff

e Where t1 and to are the emission and reception time.
Gonzalez

V.
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Redshift and Luminosity Distance:

Cosmol . . . -
in Delta If we integrate this expression from r; to 0, we obtain:
Gravity:
aA 13%
Classical
Analysi t
D @
nomenol- r=c t
ogy. t Gerr(t)
o Where t; and to are the emission and reception time. If a second wave crest is
Sl emitted at ¢ = t1 + Aty from r = rq, it will reach r =0 at ¢ = to + Ato, so:

/to-‘rAto dt
r=c —_—
t14+At; Qeff (t)
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Redshift and Luminosity Distance:

Cosmol . . . -
in Delta If we integrate this expression from r; to 0, we obtain:
Gravity:
aA 13%
Classical
Analysi t
D @
nomenol- r=c t
ogy. t Gerr(t)
o Where t; and to are the emission and reception time. If a second wave crest is
Sl emitted at ¢ = t1 + Aty from r = rq, it will reach r =0 at ¢ = to + Ato, so:

/to-‘rAto dt
rL==c —_
t14+At; Qeff (t)
Therefore, for At1, Ato small, which is appropriate for light waves, we get:

Ato _ aery(to)

Aty acrs(t)
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Redshift and Luminosity Distance:

Cosmol . . . -
in Delta If we integrate this expression from r; to 0, we obtain:
Gravity:
aA [3%
Classical "
Analysis / 0 dt
and Phe- rTHE =¢C _—
nomenol- t aeff(t)
ogy.
- Where t; and to are the emission and reception time. If a second wave crest is
oo emitted at ¢ = t1 + Aty from r =7y, it will reach 7 = 0 at ¢ = ¢o + Ato, so:
V.

/to+Ato dt
rnr ==¢ Y
t1+At; Qeff (t)
Therefore, for Atq, Ato small, which is appropriate for light waves, we get:

Ato _ acss(to)
Aty aepr(ts)

Since t is the proper time, the redshift is now:

aeys (to)
acrr(th)
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Redshift and Luminosity Distance:

Cosmol . . . -
in Delta If we integrate this expression from r; to 0, we obtain:
Gravity:
aA 13%
Classical
Analysi t
D @
nomenol- r =c t
ogy. t Gerr(t)
o Where t; and to are the emission and reception time. Then, the redshift is:
Gonzalez
a t
1+2(t) = aess (to) (52)
aeys(t)

and the luminosity distance is given by:

azsy(to)
d — eff
v acrs(t) '
_ gy (o) /t° dt (53)
acrr(te) Ju, aess(t)
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Einstein’s Equations: Exact Solution

Cosmol . . . . = . . .
in Delta Since we wish to explain DE with d gravity, we will assume that the universe
only have non relativistic matter (cold dark matter, baryonic matter) and

Gravity:
A
Classical . . -
ol radiation (photons, massless particles). For non relativistic matter we use
. e 1

and Phe- pam(t) = 0 and for radiation pr(t) = 3pr(1).

ogy.

by

ELI
Gonzalez

V.
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Einstein’s Equations: Exact Solution

Since we wish to explain DE with & gravity, we will assume that the universe
only have non relativistic matter (cold dark matter, baryonic matter) and
radiation (photons, massless particles). For non relativistic matter we use

pa(t) = 0 and for radiation pr(t) = £ pr(t). So, the exact solution is:

pv) = ARYLC (54

pv) = LSl (55)

HY) = ﬂ(\/Y+C(Y—QC)+2C%) (56)
3HoVQr

y - %) (57)

Where t(Y") is the time variable, aq is the scale factor in the present,

C = g—ﬁ, and Qg and Q; are the radiation and non-relativistic matter

density in the present respectively, with Qy =1 — Qg.
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New Equations:

Cosmology . - .
in Delta The equation of g, is:

Gravity:
A
Classical
Analysis e ~ 1 s » -
et FENDPAD D) Gas + 5 (g” R*Gog — §" R) = xT"
ogy.

by
Pablo
Gonzalez
V.

= 1 e ~ 1 ~a ~ [
DT = TP D"Gas — 5T"" DGt + Do (3aT"")
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New Equations:

Cosmology . - .
in Delta The equation of g, is:

Gravity:
A

Classical
Analysis e ~ 1 s » -
B FEICOAD Dy Gas + 5 (g” R Gas — " R) =rTH

ogy.
Y 1 e ~ 1 ~o ~ [e3
- DT = TP D"Gas — 5T"" DGt + Do (3aT"")

Gonzalez
Ve Besides, we need to fix the gauge. The extended harmonic gauge say us that
Fy(t) = 3F,(%).
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New Equations:

The equation of g, is:

1 -

FWV)(D‘B)‘AD;JDAgaB + 5 ( ‘WRQBQQLB _ MVR) = kTH (58)
~ 1 1

DT = ST D"Gag — 5T Dsga + Ds(3aT™") (59)

Besides, we need to fix the gauge. The extended harmonic gauge say us that
Fy(t) = 3F4(t). So, the solution to g, is:

9HEOR (C1 — Tu(Y))

pulY) = 2kc2C Y3 (60)
. 6H3QR (C Y
pr(y) = Oodn (G- Tal)) (61)
+1+1
F(Y) = (mx g ,/g ATy RAE N,
c+1—1
—205 + CgY X +1 (62)
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New Equations:

Using ¥ = a:{fo(;), we can see that, when ¥ < C,

Y = M%Y +0(Y?). We want Y =Y + O(Y?) in this case, because

we expect that § gravity explain dark energy and it is irrelevant in the early
universe. For this, we must use C> = 0. Besides, we chose the other constants

such that a Big-Rip is produced. That is ?’(YR,-Z,) = 0.
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New Equations:

Cosmol . ~
S Using Y = a:{i{o()t)’ we can see that, when Y < C,
Gravity:
Classical Y = iéﬁzg;Y +O(Y?). We want Y =Y + O(Y?) in this case, because
Analysis ~
and Phe- we expect that § gravity explain dark energy and it is irrelevant in the early
ogy. universe. For this, we must use Cy = 0. Besides, we chose the other constants
by such that a Big-Rip is produced. That is Y (Yrip) = co. Therefore, the
ELI s .
Gonzélez modified scale factor is:
V.

Y (Y, L1, Ly, C) =
| LY YT O+ L% (/T +1m (Ve o
— Loy +C + 1e o +1lln ,7%_‘_1_1 —
Y
_ Y Y Votitly
1 LQY\/Y—i—C—i—BLlc<,/C+1ln<\/§_l) 2)

We need a Big-Rip to explain the accelerated expansion of the universe
because we want that Y to grow quickly and simulate the dark energy.

Y
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New Equations:

Using ¥ = 2cr1() \e can see that, when Y < C,

a(to) '

Y = iéﬁzg;Y +0(Y?). We want Y =Y + O(Y?) in this case, because

we expect that § gravity explain dark energy and it is irrelevant in the early
universe. For this, we must use C2 = 0. Besides, we chose the other constants
such that a Big-Rip is produced. That is Y (Yrip) = co. Therefore, the
modified scale factor is:

Y (Y, L1, Ly, C) = (63)
1—L2%\/Y+C+L1%( %+1ln<7
Y
1— Yy (. /x Yottt
L21/\/Y+C+3L1C(,/C+1111(J§71 2

From (63), we can see that the Big-Rip is produced when:

2
14+2L;\3
YRip = < L2 1)

Y
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Results: Distance Modulus

Cosmol . .
o Delta The distance modulus is:
Gravity:
A
Classical
Analysis dL (Z)
and Phe- w(z) =m(z) — M = 5log,, (10 .
ogy. p
e where m(z) and M are the apparent magnitude and absolute magnitude
Gonzalez respectively. M is common for all supernova, so it is constant. The difference
between GR and § gravity is in di(z). In GR, we have that:

¢(1+ z) Mpc s

1 dy’
d = 65
L(Z) 100 km /141rz \/hQQAY/4 +hQQMY’ +h2QR ( )

With Qa =1 - Qum — Qr.
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Results: Distance Modulus

Cosmoll . .
in Delta The distance modulus is:

Gravity:

A

Classical

Analysis d ( )

nd Phe- _ L(z
D (z) = mle) 21 = 1og,, (4512

ogy. p

e where m(z) and M are the apparent magnitude and absolute magnitude
Gonzalez respectively. M is common for all supernova, so it is constant. The difference

between GR and & gravity is in dz(2). In § gravity, we have that:

F14+w)Y ()Y (u)d

dr(z) = c(l—l—zHOF NG OETe

where Y'(2) = 4X(2).

u
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Results: Distance Modulus

Pl The distance modulus is:
Gravity:
Aty
Classical
Analysis dL(Z)
and Phe- z)=m(z) — M =5lo
o (=) = m(2) o (422)
. where m(z) and M are the apparent magnitude and absolute magnitude

Pablo

by . . - .
Pablc respectively. M is common for all supernova, so it is constant. The difference
o between GR and § gravity is in dz.(z). In § gravity, we have that:

du (66)

. Y ()Y (1)
dele) = el HF/ \/W

where Y'(2) = 4X(2). To find Y (2), we must solve Y(Y(2)) = sz where:

Y (Y, L1, Ly, C) = (67)

|- LYY T O+ LY (\/ﬁh«g ) 2)

Y

1— LYY +C+ 3L, % (,/5+11 (\/%+1 1> 2)
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Results:

Cosmology

in Delta Using the supernova data (see N. Suzuki, et al., ApJ, Vol. 746, Number 1,
o Pp. 85, (2012)), we obtain that:

Classical
Analysis
and Phe- (a) (b)
nomenol-
ogy- u(z)
“

by
Pablo
Gonzalez

z
02 o4 05 (1] 1 02 04 05 [T 1

z

Figure: Distance modulus vs Redshift. We have fitted 580 supernovae to (a) GR and
(b) 6 Gravity.
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Results:

o Das” Using the supernova data (see N. Suzuki, et al., ApJ, Vol. 746, Number 1,

in Delta

o Pp. 85, (2012)), we obtain that:

Classical
Analysis
and Phe- In GR:

e h = 0.7 and h?Qa = 0.136 with x?(per point) = 0.985.

ogy.

by
Pablo -
Gonzélez N L

o In § gravity:

Ly = 1.565, Ly = 2.262 and C = 1.82 x 10™* with x*(per point) = 0.996.

We have used that Hov/Qr = 0.644 km s~! Mpc™.
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Results:

o Das” Using the supernova data (see N. Suzuki, et al., ApJ, Vol. 746, Number 1,

in Delta

o Pp. 85, (2012)), we obtain that:

Classical

s Wl R

i h = 0.7 and h?Qu = 0.136 with x?(per point) = 0.985.
l”;’lﬁlo = a

Gonzélez In & gravity:

Ly = 1.565, Ly = 2.262 and C = 1.82 x 10~* with x?(per point) = 0.996.

We have used that HO\/Q =0.644 km s~ Mpc~!. On the other side, we
can define the normalize § densities in the present®:

Kk Kaparo
3H2
KCQKQﬁRo
3H?
3We include ko in the definitions of pnro and pro because it is just a control parameter.

Actually, in all our ¢ definitions is possible to "absorb" k2 on another parameter. The
absolute value is incorporated to guarantee that the normalize § densities are positive. In

Q]\/I =

Qr

I

fact, in this case we need ko < 0.
by Pablo Gonzalez V.
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Results:

Using the supernova data (see N. Suzuki, et al., ApJ, Vol. 746, Number 1,

Pp. 85, (2012)), we obtain that:

h = 0.7 and h*Qar = 0.136 with x?(per point) = 0.985.

In é gravity:
L1 = 1.565, Ly = 2.262 and C = 1.82 x 10~* with x?(per point) = 0.996.

We have used that Hov/Qr = 0.644 km s~ Mpc™!. On the other side, we
can define the normalize § densities in the present:

Qe

Q

Q

|Lo —4L4|
0
5 M
2Q 0 (68)
2|Ly — 2L |
—0
3 R
0.580R. (69)
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More Results:

Cosmology The time is given by (56):

in Delta
Gravity:
A
Classical
Analysis
and Phe- 2\/5 3
A HY) = = (VW Oy —20) + 20%)
ogy. : ( 3H0 vV QR ( )
e where Hov/Qr = 0.644 km s™* Mpc™!.
Gonzalez
V.
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More Results:

Cosmology The time is given by (56):

in Delta
Gravity:
A
Classical
Analysis
and Phe- 2\/5 3
A HY) = = (VW Oy —20) + 20%)
ogy. : ( 3H0 vV QR ( )
e where Hov/Qr = 0.644 km s™* Mpc™!.
Gonzalez

Age of the Universe (to):
That is Y (¢) = 1.
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More Results:

cizsgg:?fy The time is given by (56):
raAnty:
Classical
Analysis
and Phe- 2\/5 3
v Hy 27(\/Y+OY—20 +202)
el ") = Sh,van (¥ -20)

e where Hov/Qr = 0.644 km s™* Mpc™!.

Gonzalez

Age of the Universe (to):

That is Y (¢) = 1. So:
In GR — to = 1.367 x 10" [yr]
In & gravity — to = 1.364 x 10'? [yr]
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More Results:

CESB;:?? The time is given by (56):
raAnty:
Classical
Analysis
and Phe- 2\/5 3
v Hy 27(\/Y+CY—20 +202)
el ") = Sh,van (¥ -20)

e where Hov/Qr = 0.644 km s™* Mpc™!.

Gonzalez

Age of the Universe (to):

That is Y (¢) = 1. So:
In GR — to = 1.367 x 10" [yr]
In & gravity — to = 1.364 x 10'? [yr]

Big Rip time (¢tBr):
That is Y (t) = co.

Cosmology in Delta Gravity: A Classical Analysis and Phenomenolog;

by Pablo Gonzalez V.



More Results:

CESB;:?? The time is given by (56):
raAnty:
Classical
Analysis
and Phe- 2\/5 3
v Hy 27(\/Y+CY—20 +202)
el ") = Sh,van (¥ -20)

e where Hov/Qr = 0.644 km s™* Mpc™!.

Gonzalez

Age of the Universe (to):

That is Y (¢) = 1. So:
In GR — to = 1.367 x 10" [yr]
In & gravity — to = 1.364 x 10'? [yr]

Big Rip time (¢tBr):

That is Y (t) = co. So:
In § gravity Yri, = 1.826 — trip = 3.366 x 10 [yr]
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5 Inflation:

o pee In inflation, the fluid is represented by a scalar field with an action given by:
Gravity:
Aty
Classical
Analysis R 1 o
e $0= [[atov=5 (F - 30" 0u0) @39) - V() (70)
ogy.
e where ¢ is the inflaton and V() is the potential of the scalar field.
Gonzélez
V.
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5 Inflation:

Cosmol < . . . ~
in Delta~ In 0 Gravity we have an additional scalar field, @, then:

Gravity:
A
Classical
K2 )\

Analysis V _ 1 N
:::in:nhuel: S = /d4xv <2KJ - 2HG” ny 5 (1 + 79/\) g b (80450) (ngo)
ogy.

K2 ~a o ~ ~
+25°7 (9a) (959) = k29" (9ap) (959) = V(,9))

Gonzalez
V.
where @ is the new inflaton and V (¢, 9) = (1 + 22 gﬁ) V(p) + k2V,(p)p is
2

the effective potential, with V() = - ).
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5 Inflation:

cizsgg:ffy In § Gravity we have an additional scalar field, @, then:
raAnty:
Classical
Analysis R K 1 K
and Phe- $ = [dav=g (5~ 226" 5 — 5 (14 2R) 9™ (9.9) (@
remerl / V=g <2R 5. G = 5 (1+50x) 97 (Gay) (95¢)
K2 .o o ~ -
e +25°7 (a0) (95) — hag™” (9ap) (052) = V(9,) ) .
Gonzélez

where ¢ is the new inflaton and V(p,3) = (1 + 233) V(¢) + k2Vie(9)@ is

the effective potential, with V() = ‘g—‘;(@). In the background, we have

that ¢ = po(t) and ¢ = @o(t). The cosmological equations are:

w0 = 5 (340 V) ()

H() = —5450) (72)
HOEu(t) = Vgo)Fa(t) = 5 (2o()do(t) + Ve (po()Bo(1)) (73)
F,(t) —3H@)EL(t) = —2kpo(t)Go(t). (74)
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5 Inflation:

cizsgg:ffy In & Gravity we have an additional scalar field, @, then:

raAnty:
Classical

Analysis R Ko 1 K2 )
and Phe- s = [day=g( 2 - F2gug V—f(1 f2 g ) B (Dap) (D
remerl / x 9<2FD 5. G = 5 (1+50x) 97 (Gay) (95¢)

K2 .o o ~ -

o +25°7 (0a9) (959) — rag™” (9a) (052) = V(9,@)) . (75)
Gonzalez

V.

where & is the new inflaton and V(p,3) = (1 + 233) V(¢) + k2Vie(9)@ is
— 9V

the effective potential, with V() = 50 (¢). Additionally, the field equations
of motion are:

Go(t) +3H ()o(t) + Vie(po(t)) = 0 (76)
Go(t) + 3H()po(t) + Vieu (po(t))Bo(t)

|
[
w
=
Y
>
B
o
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Inflation Parameters:

pstel e define:
Gravity:
A
Classical
Analysis .
ELL e- _ H I .
nu:i:g%hm_ € = _ﬁ = ﬁ(pg (78)
i _ o V,
n = —7r 3+ 2 79
(.u'::?il\'loez Hepo Hpo (79)
N Kk .
€= v (80)
n = o Fa k(3 — 1) PoPo
= - —3°% _3(3—¢)F, + 22T Po¥o
K Hepo 5 H 3@ - F+ H (81)
_ Geyy K2 Fy
He = —_— = 1— 82
" Geff < H(1+r2Fy)(1+ 3n2Fa)) (82)
: Vi, ~
c _  Heyy 7€+H(3—e) Heypy . 2k2 (3Fa+7"’tpo)
eff = Hfff Heyy H (14 koF,) (1 + 3k2F,)
2
_2H (2 + 3k2F,) (Heff _ 1> . (83)
Heff H
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Inflation Equations:

Cizsgg:ffy Using the number e-folds (IV):
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Fi- (3-508) (R4 222) - Sy = 0 (85)
“ 2% 3V 3
, Vv
v0 (3*5800) (SDOJFT/) =0 (86)
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©o
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(3 QSDO) {(( 6% )7+mpOV vo
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( 3 +H(P62V)tpo+<3+2 + oV R = 0, (89)

with:
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RRablo We obtain that a photon, or a massless particle, moves in a null geodesic of
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8uv = Juv + K2Juv, but the proper time is given by g... On the other side, a
massive particle do not move in a standard geodesic, but it is a second order
equation.
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8uv = Juv + K2Juv, but the proper time is given by g... On the other side, a
massive particle do not move in a standard geodesic, but it is a second order
equation.

We solved the Schwarzschild case outside matter. This solution could be used
to study a black hole. For the sun, we used the Newtonian approximation and
found a new deflection of light. & matter is < 1% of the total mass at a solar
system scale. This means that the modification of § gravity is not important at
a solar system scale. However, a different result could be find at other scales.
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Conclusions:

We studied the Non-Relativistic case. In the Newtonian limit, we obtained a
similar expression as in GR, where we have an effective potential. This
potential depends on p(o) and ﬁ(o), where the last one correspond to § matter.

We found a relation between p(® and 5(¥.
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Conclusions:

We studied the Non-Relativistic case. In the Newtonian limit, we obtained a
similar expression as in GR, where we have an effective potential. This
potential depends on p(o) and ﬁ(o), where the last one correspond to § matter.

We found a relation between p(® and 5(¥.

We used this relation to study a few density profiles: Spherically
Homogeneous, Exponential, Einasto and Navarro-Frenk-White profiles. An

amplified effect in the rotation velocity is produced by § matter.
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Conclusions:

We studied the Non-Relativistic case. In the Newtonian limit, we obtained a
similar expression as in GR, where we have an effective potential. This
potential depends on p(o) and ﬁ(o), where the last one correspond to § matter.

We found a relation between p(® and 5(¥.

We used this relation to study a few density profiles: Spherically
Homogeneous, Exponential, Einasto and Navarro-Frenk-White profiles. An

amplified effect in the rotation velocity is produced by § matter.

We find an exact solution for the cosmological case and obtain that § gravity
do not require dark energy. With this exact solution, we could also study very

early phenomenon in the universe.
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Conclusions:

In this model, the universe only has non relativistic matter and radiation. A
1> C # 0 is necessary to obtain an accelerated expansion of the universe.
This model ends in a Big Rip.

We can avoid a Big-Rip at later time by a mechanism that give masses to all
massless particles. Some options are quantum effects (which are finite in this
model) or massive photons due to superconductivity which could happen at

very low temperature.
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We can avoid a Big-Rip at later time by a mechanism that give masses to all
massless particles. Some options are quantum effects (which are finite in this
model) or massive photons due to superconductivity which could happen at

very low temperature.

Finally, we introduce the cosmological inflation with & gravity. The
background equation have been introduced to explain the accelerated

expansion such as dark energy.
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Future Works:

Cosmology
igr:)v?ry? m To explain the anomalous secular increase of the eccentricity of the orbit
e of the Moon, using the Newtonian and Post-Newtonian approximation
Ll (See L. lorio. Mon.Not.Roy.Astron.Soc.415:1266-1275 (2011)).
s To use the exact Schwarzschild solution to study a black hole.

o To develop the § standard model.
Gonzdlez To continue the study of cosmic inflation with § gravity.

To fit the CMB power spectrum with § gravity.

To study quantum effects at times close to the Big-Rip.

m etc...
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