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Delta Models 3/20

Two kind of fields:

0 ®;=A}(D)ej. (1)
Then ®; =6 ®; transforms as:

§ ;=N (®)e;+ A (D)€, (2)

where we used that 60 CIDZ-:&? P, =06 P, and €;=0¢€;.

(6,91 = Suldl + [ dtag 05101 61(o). 3

the indexes I can represent any kind of indexes. This new action shows the standard structure

which is used to define any modified element or function for & type theories. In fact, this action
is invariant under our extended general coordinate transformations developed in (1,2).

Now, we consider general coordinate transformations or diffeomorphism in its infinitesimal form.



Definition of Delta gravity 4/20
/d4l’\/ <—+LM—§(GO‘B ’fTaB)gaﬁ‘FiM)» (4)

where Ly =Ly (¢1,0, ¢r) is the lagrangian of the matter fields ¢;.
Gy = Sg,w and:

v 2 )
THY = NI vV/—9 L] (5)
L= ¢; %{;M (0 &1) (56]\;[) (6)

gEI — Sgbf are the & matter fields.

1 Symmetries

Action (4) is invariant under the following transformations(¢),

0Gpuv = gupgg,y + gup&iu + Guv, p€0 = fOu;u + fOu;u
5§uy(x) — flu;u + fll/;u + §up€5,y + gupfg,u + §W,p€5 (7>



Particle motion in the gravitational field

The action of a particle in a gravitational field is

. ___
5 dy\/—gR—m/dt\/—gW:U“x

The variation in x* produces the geodesic equation.

Instead in § gravity we have:

—m / Ui (g™ + 25 =m / 8,505 (8)
\/—gaﬁiﬁai‘ﬁ \/ 9o T P

Far from the sources, we have the boundary conditions g,,, ~ 1, and g, ~ 0. In this limit we
recover the action for a massive particle of mass m in Minkowsky space.

Equation of motion for massive particles:
— Massive particles do not move on geodesics
— Second order in time derivatives

Massless particle moves in a null geodesic of g,,=g"" 4 gH":

K=i"i"g,,=0 , Lo=— / dti(i‘%’”guu)



Distances and time intervals 6/20

Remark 1. The equation of motion for massive particles satisfies the important property of
preserving the form of the proper time in a particle in free fall. Notice that in our case the
quantity that is constant using the equation of motion for massive particles is 2#2"g,,,. This
single out this definition of proper time and not other.

Proper time:

dT=/—gudatdz’ =\/—goo dxg (9)

The change in 2 for a roundtrip of a light ray from a point with coordinates 2 to a neighboring
point with coordinates = + dx® is:

2
Az = —\/(QOagoﬁ — §a5800)
900
goo g0ad0s
dl = - afs T
d00 \/g f goo
di2=yijdaidal, ;=22 (g;; — 222 (10)

go0 00



Friedman-Robertson-Walker metric 7/20

guv and g, are given by:

Guvdxtdx” —c?dt*+ R%(t) (da? + dy* +d 2?) (11)
Judatdz’ = —=3F,(t)c*dt*+ F,(t) R*(t) (da*+dy? +d 2?). (12)

These expressions represent an isotropic and homogeneous universe.



Red Shift 8/20

To make the usual connection between redshift and the scale factor, we consider light waves
traveling to =0, from r =11, along the r direction with fixed #, ¢. Photons moves on a null
geodesic of g:

—(14+3 Fy(t)) c?dt*+ R?(t) (1 + Fu(t)) dr*=0.

Define the effective scale factor:

R(t)= R“)\/ B 31;(2) | thenm=e LORdé) |

where t1 and t are the emission and reception times.

A typical galaxy will have fixed 71,601, ¢1. If a second wave crest is emitted at t =71 + 0 t1 from

o . . o to+doto dt o
r =1y, it will reach » =0 at tg+ J tog, where ft1+5t1 0] =1y N
Therefore, for 6 t1, 0 tg small, which is appropiate for light waves, we have gz(l) = Zgoi. A crucial
~ 1
point is that 0 £ measure the change in proper time. That is:Z—; = ZZO;, where 1 is the light
1

frequency detected at » =0 corresponding to a source emission at frequency 1. Or in terms of
the redshift parameter z, defined as the fractional increase of the wavelength A:

Bl M-

R(tl) )\1 (13)




Distances 9/20

Let us consider a mirror of radius b that is receiving light from a distant source. The photons
that reach the mirror are inside a cone of half-angle € with origin at the source.

b
o c=-— :
R(to) T1
e The solid angle of the cone is 7 &2 :ﬁ, where A =7 b? is the proper area of the mirror.
1 0
e The fraction of all isotropically emitted photons that reach the mirror is f = 7 21;(15 T
T™ry 0

e Each photon carries an energy h vq at the source and h 1y at the mirror. Photons emitted

at intervals 0 t; will arrive at intervals §tg. We have % _ B(to) 0t _ Rto) ~Tharefore the

0o R(1)'0ti Rt

> 2
power at the mirror is FPy= LZE?;Q f, where L is the luminosity of the source.
0
.. 1 Py R(t1)? 1 , , : .
e The apparent Iuan05|ty isl=—= Flte)? 1mr3 Fi(to)Q'Thls permits to define the luminosity
: . — ] L n 2 T
distance:dr, =/ — = R(to) TR
o z dz’ T _E
° dL—(l—I—Z) 0 ﬁ(zf)’H_ R
2
e Angular diameter distance, dj = B (t1) —__dr

R2(to) LT (A +z1)2



Einstein's Equations: 10/20

In cosmology, the metric g,,, is given by (11). Moreover, we know that Einstein’s equations do
not change and 7, is conserved. Therefore, the usual cosmological solution is still valid.

e Equations of state:
Non-relativistic matter we use py;(t) =0;
- 1
Radiation pr(t) = pr(t)
We find:

_ _2vC -
HY) = 3H0\/Q_R<\/Y+C(Y—20)+20) (14)
R(1)

Ry’

Y = (15)

where t(Y') is the time variable, Ry is the scale factor in the present, C:g—;, and 2 and Q2 are

the radiation and non-relativistic matter density in the present respectively, with 23, =1 — Q.
e We know that Q2 <1, so 2y~ 1 and O < 1.

e Y > (U describes the non-relativistic era and Y << C describes the radiation era.



o Gravity with o matter: 11/20

We have § non-relativistic matter and radiation densities, given by p,, and pg respectively.

The solution to the field equations is:

Y |Y

F YY) =—Lo— /—=+1 1

(Y) 3\t (16)
i B 9Hs Qr (—Fu(Y))
pu(Y) - 9 g2 C Y3 (17)
i - 6 H3 QO (—Fa(Y))
pr(Y) - < C2 " (18)

e The effective scale factor Y= s((tto)) is:

_ \/1—L2§\/Y+C

Y(Y,L,Ls,0)=Y . 19
(Y, Ly, Ls, C) LY v EC (19)



Supernova la data 12/20

The supernova la data gives, m (apparent or effective magnitude) as a function of z. This is
related to distance dy, by:

dr,

m:M+5log(1OpC

)

Here M is common to all supernova and m changes with d;, alone.
We compare § gravity to General Relativity(GR) with a cosmological constant:
Before we start the data analysis, we must define the parameters of the model.

In the first place, d;, in GR depends upon four parameters: Y, Hy = 100 h km s=—! Mpc— 1,
Qar and Qr. However, from CMB black body spectrum we obtain the photons density in the
present, (1. Now, if we assume that (0p =2+ (1, = (1 - 3(%) (%)4/3) 2, (2, is the primordial
neutrino density), we get h? Qz =4.15 x 10°. Therefore, the parameters in d;, can be reduced

to three: Y, h and h?2 Q.

In the same way, in § Gravity with 0 matter, d; depends on three parameters: Y, C' and
Lo(related to the density of & matter). We will use Hy+/Qr =0.644 km s—1 Mpc™1.
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Figure 1. Distance modulus vs Redshift. We have fitted 580 supernovae to 5 Gravity.



In GR: h=0.743.37 x 1072 and h? Qy; =0.136 8.5 x 102 with x*(perpoint)=0.985.

In & Gravity with & matter: Lo = 0.457 + 0.0114 and C = 1.89 x 10~* & 4.92 x 10~ with
Y?(perpoint)=0.985.

Age of the Universe:1.391 x 10'° years

Big Rip:tBig— rip = 3.042 X 10 years

Phantom fields also produce a cosmological model that have this property.

In the 0 gravity model 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 temperatures, which are natural at a later
stages of the expansion of the Universe.



We obtain for the normalized density of 6 matter today:

Ay ~ 7QM

~ 0.23Q (20)
QR ~ 23L2 Qr

~ 0.30r (21)

Finally, we want to point out that since for t — 0, we have w—>é, then R(t) = R(t).



Delta Gravity plus delta matter(J.A. and M. San Martin)

o Age of the Universe:1,36 x 10 +£1, 56 x 10%years

e Hubble parameter today:

Lambda CDM with 3 neutrinos and Planck data:67.74 + 0.46 km/(s Mpc)

Best estimation:73.52 4+ 1.62 km / (s Mpc)(Riess et al.2018), 3.40 higher than Lambda
CDM.

Delta gravity : Hy=74.47+ 1.63 and Supernova data

e Desacelleration parameter and effective scale factor:
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Figura 6.4: Gréfico de  (amarillo) v ¥ (azul) versus tiempo cosmolégico en afios.



Density 17/20
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Evolution 18/20
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Conclusions and open problems 19/20

In a homogeneous and isotropic universe, we get accelerated expansion without a cosmological
constant or additional scalar fields.

Delta gravity calculation of H( agrees with Riess et al.
Growth of Density perturbations?

Anisotropies in the CMBR?

Inflation?

Meaning of Delta matter?
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