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The CMB

@ The Cosmic Microwave Backgroung (CMB) are photons which we
can detect from all directions of space, whose distribution of
temperature is practically isotropic: TomB ~ 2, 725 K.

e The CMB is a “photograph” of the early universe, which
corresponds with the period in which the photons decoupled from
matter. This time corresponds to a Red-shift: z ~ 1100.
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The CMB

o Its small anisotropies, AT ~ 10~*, provide valuable information
about the formation and evolution of the universe.

@ This information is mainly extracted from the multipolar
distribution of correlations in temperature anisotropies 7',
polarization £ and B, ...
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What do we know about the components of our

Universe?

e Last discoveries in cosmology have revealed that most part of
matter is in form of unknown matter, dark matter, and that the
dynamics of the expansion of the Universe is governed by a
mysterious component that accelerates its expansion, the so called
dark energy.

Curvature
=0%

Baryonic

C. Rubio and J. Alfaro (PUC) XII Latin American Symposium on H November 29, 2018 5/ 28



What do we know about the components of our

Universe”?

e Last discoveries in cosmology have revealed that most part of
matter is in form of unknown matter, dark matter, and that the
dynamics of the expansion of the Universe is governed by a
mysterious component that accelerates its expansion, the so called
dark energy.
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Baryonic

e Although General Relativity (GR) is able to accommodate both
dark matter and dark energy, the interpretation of the dark sector
in terms of fundamental theories of elementary particles is
problematic.
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What do we know about our Universe?

@ There are some candidates that could play the role of dark matter,
however none have been detected yet.

e In GR, dark energy can be explained if a small cosmological
constant (A) is present. At early times, this constant is irrelevant,
but at the later stages of the evolution of the Universe A will
dominate the expansion, explaining the observed acceleration.
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@ There are some candidates that could play the role of dark matter,
however none have been detected yet.

e In GR, dark energy can be explained if a small cosmological
constant (A) is present. At early times, this constant is irrelevant,
but at the later stages of the evolution of the Universe A will
dominate the expansion, explaining the observed acceleration.

@ Such small A is very difficult to generate in quantum field theory
(QFT) models, because A is the vacuum energy, which is usually
predicted to be very large.

@ In order to understand the nature of dark energy in the context of
a fundamental physical theory is that there has been various
proposals to explain the observed acceleration of the Universe.
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0 Gravity

) Gravity is a model of gravitation based on two symmetric
tensors.
@ In its construction, we consider an important point.
o This theory is a type of gauge theories, é gauge theories (DGT),

which main properties are:
e A new kind of field (/5 7 is introduced, different from the original set

¢r1-

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

@ When we apply this prescription to GR we obtain 0 Gravity.

C. Rubio and J. Alfaro (PUC) XII Latin American Symposium on H November 29, 2018 7/ 28



Equation of motion

Let’s consider the Finstein-Hilbert Action:
Soz/d‘lw«/_( +LM) (1)

where Ly = Las(¢1,0,) is the lagrangian of the matter fields ¢;.
Using the ¢ theories, this action becomes:

1 ~
/d%\/—( + Ly =5 (Gaﬂ Taﬁ) o +LM> . (2)

87TG ~

where Kk = y Qv = 5gW
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And:

2 1)
THY — \/__gé_g'uy [\/—QLM} (3)
- ~ 0L ~ oL
Ly = 1 q;‘j + (8,61) 5((9“];[), (4)

where ¢; = 8¢y are the § matter fields. From this action, we can
obtain the equations of motion of g,,, and g, .

@ The equations of motion are:

G = rgTH (5)
1 1 .
F(W)(Oéﬁ)PADpD)\gaﬁ + §QW/RQB§aﬂ _ 5@“”}2 = kT™. (6)
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0 Gravity action and equation of motion

@ On the other side, it is possible to demonstrate that:

S[G/W] — F((Zg)pADpD/\gaﬁ + %guvRaﬁgaﬁ — %guvR- (7)
This means that (6),, = 6 [(5) ).
@ Besides, we have two conservation rules:
D,T" = 0 (8)
D, TH = %T“ﬁDﬂgaﬁ - %TﬂﬂDggg + Dg(glT™).  (9)

It is easy to see that (9) is ¢ (D, T**) = 0. In conclusion, the
equations of our model are (5), (6), (8) and (9).
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Perfect Fluid

@ The energy-momentum tensors are

T = p(P)gu + (p+p(p)) UuU, (10)
= . dp, | - _Op, ..
T = L+ 2£ ) op U.U,

u P(P)Gu + 5 p(p)pgu + (p+ 6p(p)p> p

1 ) .
00D (5 (U0 + U,U"00) + UV, + 0,07 1)

with U, = e%qu, and Uy = e*“u,, where e, is the Veirbein.

e Now, we can use (10) and (11) to solve (5), (6), (8) and (9) for a
perfect fluid.
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Test Particles and Harmonic Gauge

e When we apply 5 prescription to study test particles we found:

e Free massive particles do not follow a geodesic.

o Massless particles trajectories are null geodesics of an effective
metric g, = Guv + Guv-

@ Beside, in this prescription the harmonic gauge is extended, and
for FLRW the effective metric for photons is

Sur = YGuv + g/,u/
— (14 3F,(1)Pde + R2(1)(1 + F, (1) (da? + dy® + d=2) (12)
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Photon Trajectory, Luminosity Distance and Angular

Distance

When a photon emitted from a supernova travels to the Earth, the
Universe is expanding. This means that the photon is affected by the
cosmological Doppler effect. For this, let’s use a null geodesic in a
radial trajectory from r; to r = 0. So we have

—(1 4+ 3F,(t))c2dt? + R*(t)(1 + Fy(t))dr* = 0.

In GR, we have that cdt = —R(t)dr. So, in the 6 Gravity case, we can
define the effective scale factor:

R@:R@¢1+%@ (13)

such that cdt = —R(t)dr now.
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Photon Trajectory, Luminosity Distance and Angular

Distance

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

o dt
7“120/151 %7 (14)

where t1 and ¢y are the emission and reception times.
So, the redshift is now:

14+ Z(tl) =

(15)

We see that R (t) replaces the usual scale factor R(t) to compute z.
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Photon Trajectory, Luminosity Distance and Angular

Distance

Furthermore, one can show that the luminosity distance is given by:

And the angular distance is:

D2
dy = If”(tl)dL
R%(tp)
dr,

(1 + Z1)2 .

Therefore, the relation between d4 and dj, is the same to GR.
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The CMB

In order to compute the scalar contributions we will assume both
important facts:

e Hydrodynamic limit: near the time of recombination the rate of
collisions of photons with free electrons was so great that photons
were in local thermal equilibrium with the baryonic plasma, and so
photons at these time can be treated hydro-dynamically.

@ Sharp transition from thermal equilibrium to complete
transparency at a moment t;, of last scattering.
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The CMB

It is possible to derive formulas for the scalar temperature fluctuations
by following photon trajectories, without needing to use the Boltzmann
equation formalism.

We write the perturbed metric in the form

gOO — _((1 + BF(t))C2 + E(Xat) + E(X7t))
go = 0
gi; = R(t)(1+F(t)8i; + hij(x,t) + hij(x,t) (18)
where
9B
o 2 g
hij = (1+ F)R [Aéw + 8xi8xﬂ']
N N 0?B
o 2 g
hij = (1+ F)R" | Adi; + 5B (19)

C. Rubio and J. Alfaro (PUC) XII Latin American Symposium on H November 29, 2018 17 / 28



The CMB

The redshift is now

Yo _ 52 R(tr) ! rrn,t) —
vL 670 R(to) [H g (Flren ) = B0 10))

~

_/tLO (%N(M,t)) ) dt—R(t)(cSuZ;(rLﬁ,t)+5ﬂ§(mﬁ,t))] (20)

(21)

A+62B+ A+82B . E E
or2 1+3F 143F
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The CMB

The temperature observed at the present time ¢y coming from direction
n is

7(0) = () (T(ee) + T (s 1) (22)

Likewise, in absence of perturbations the temperature observed in all

directions would be 3
R(t _
Ty = ( it L)> T(tr), (23)

R(to)
so the fractional shift in the radiation temperature observed is
AT(R) _ T(M)—Ty wR(to) | 0T (i tr)
TO o To VLR(tL) T(tL>
1 to s,
= —(E(rpn,t) — E(0,ty)) — / dt (—N(m,t))
2 tr ot r=s(t)

— R(t)(SuL (rpi, t) + 6 (ron, t)) + 5T(TT(LZ’;L) . (24)
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The CMB

After a few steps more we get

(5 - (5 (5 (5.,

early late

where the three terms are Gauge Invariant!
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The CMB

Finnally, the scalar coefficients of temperature fluctuations are given by

Cobs — / 24 / &R/ Py(h - 7)) AT(R)AT (1), (26)

with a little of algebra, we get

8TAT2I3 [0 d
1+ 1)CPry = ~ 0 / oo

SR )]

C. Rubio and J. Alfaro (PUC) XII Latin American Symposium on H November 29, 2018



Fla) = —3R0B(t) - FROACB, ) + 5Eilt) + T 29
Fa) = —5R0)By(te) — 5R() Rl By(ir) (29)
Gla) = ~a (R0 B(t) + TR R(tL)aum)) (30
Gla) = —a(FR)B) + a0 6)

are the so called form factors.
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Where to go next. ..

@ We are computing the equations of motion for all the
perturbations.

e For this task we need to choose a gauge, we are using the
Synchronous gauge.

@ As an approximation, we are interested at the the time of last
scattering ¢y, when the Universe was dominated by matter, so we
can solve the equations for perturbations at that regime.
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@ Due the problems in GR with the interpretation of the dark sector
in terms of fundamental theories of elementary particles, is
suggestive try new theories.

'Riess, A. et al. Astrophys. J. 826 (2016) no. 1, 56 axXiv:1604.01424
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@ Due the problems in GR with the interpretation of the dark sector
in terms of fundamental theories of elementary particles, is
suggestive try new theories.

e We present a new theory, called Delta Gravity (DG), based in two
symmetric tensors.

@ DG does not need dark energy in order to explain the observed
acceleration of the Universe. The age of the Universe is in accord
with the accepted actual age of the Universe predicted by ACDM
model. Also the Hubble constant is in accord with all the observed
values until now, even with the last Hubble Space Telescope result
Hy = 73.02 £ 1.79 km/(s Mpc)!, where ACDM is out of error
range.

'Riess, A. et al. Astrophys. J. 826 (2016) no. 1, 56 axXiv:1604.01424
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@ Because we add a new kind of matter, delta matter, it is
important to test the theory with different measurements such as
supernovae data and the CMB, this will help us to test the theory
and establish how important is this new matter.
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@ Because we add a new kind of matter, delta matter, it is
important to test the theory with different measurements such as
supernovae data and the CMB, this will help us to test the theory
and establish how important is this new matter.

e We are working on it!

Thank you!
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Scalar contributions to the CMB

L\ S :

(Ajj:(()n) ) carly _%R(tL)R(tL)B(TLna tp) — 5 R (tp) B(ron, tr)
+ —E(rpn,tp) + Mj;({;i;l)

_ o (1. 1 7
—  R(t1) P (§B(m,tL) + 1+ 3F)}?2(tL)6W(Tn’tL)>rrL]

_ { (1 R(tL)R(t1)B(rpi,tr) + %R%m)é(rm, m))

1:, . 1 L
. (§B(Tn,tL)+ (HSF)R%%)MW(WJL))rJ} (32)
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Scalar contributions to the CMB

AT(n) s 1 . |
( T, )1ate5R(t0)R( 0)B(0,t0) + R( 0)B(0, to) — 3 E(0, )
~ 0 (1 A 1

+  R(to) o (—B(rn,to)+( +3F)f€ v )5%(7% t0)>r_0]
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Scalar contributions to the CMB

AT(R)\° 1 [to 9 [ A o
( To )ISW - _Q/tl dt{g [R (t)B(rn,t) + R(t)R(t)B(r, t)
E(rn,t)
oAl =g ¥ 3F(1)
£ RO B, 0) + ROR( B 1) + Ari, 1
E(rﬁ,t)
14+ 3F (34)
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