Cosmology from decaying dark
energy, primordial at the Planck scale

-Why is the dark-energy density similar to the
universe’s?

-Why does 1t differ from the Planck energy density by
122 orders of magitude?
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The cosmological constant

- Introduced by Seeliger and Neumann in the 1890°s to create a static universe
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. Applied to general relativity by Einstein in 1919
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. Zeldovich associated it to the quantum vacuum in 1967

1

77;1/ — (p."\vpx\vp:\vps\) — (/).v'\v —PAs —PA _/)."\) — j\g/U/



Coincidence problem

Today: dark ener Qo = pao/peo = .73
Yy gy
dark matter Qamd = Pdmo/peo =~ .22
baryonic matter Oy ~ 044

Fine-tuning problem

Today: critical density
pro ~ 4x107°% GeV / cm?

Planck time: Planck density

1 .'"[p . / G /V
PAP = 2n)? / kA k2 +m2 ~ 3 x 1011 eV

cm?



Standard cosmological equations

General relativity R, — %g/w R— Ag,, =871,
FRW metric (isotropy) ds? = dt? — R*(t)(da? + dy* + dz?)
Flat universe Y Q=1

Perfect fluid at rest T, = (pispis Pis Pi)

=)

-00 component of Einstein equations

H2 — ﬁf)c — 8_7‘—([)."\ + Pr + /)m) .
3 3 " Hubble constant H = R/R

-contraction of Einstein equations: energy conservation

o : \
within and expanding volume V ~ R Parametric

dependence on
» dpiV) ==Y pdV V..R, T, etc.
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GR Energy conservation

Matter

radiation

Independent components

A d(p;iV) = —pidV.

generalization

p=0

p=(173)p

generalization

4 Thermodynamics

d(p;V) = —pidV + p;dN; + T;dS;

=0 AN=0 ??
T=(0/a)" u=0
77



Dark-energy equation of state

||‘ E=cV""  c-constant

*Extensiveness: Need such a thermodynamic quantity

*Presence of quanta

||- N dependence



Dark-energy’s chemical potential

p=wp
: 1
Extensiveness s = T(p +p—npu)
Zero-temperature s =10
Prw = Cyn' T Nptye = (1 +wjp
Radiation-like p=>0

1
Spw = CpyPTHE



Intermediate case Npwy = (1 +w + x)p

1

Swy = n(rlnpﬁ)_\
Ly = =3 (G 1
Limits
Zero-temperature P~ P for v — 0
Radiation-like Swy = Srw for X = —w—1
Polytropic gas

Shw — “/ll L()g[l)/ (ZL“] }lL)]

nithe = pi1 4+ w — Log[p/(cpn' )]}



Dark-energy chemical potential
contribution

pAdN = pn(nadV + Vidny)
(1 @)

Using, dV=d(R’)=3RR dt

Part (1) NI'idt = napadV = (14+wy+\)prdV
ONN/ OV = ny

H ~ /)_'\/"} nal'y =31 +wy + ) Hpy ~ /).:’»\/'_)



Part ‘—)' ;”\"l"-_)(lf = i\ ‘_.f’"(-[“-\
=0Ty ~onyo~ l:_1/;\[15]'11_\/).]\/2
o~ (1/Mb)py

9 '
—aar /2
Zero-temperature naly ~ p " pr — U

—3 < wy < —1. r-_> < l—‘l

Small temperature o~ (1/M }Iv)T")- and py ~ pun



Two-component model
1) Dark-energy conservation — d(paV) = —padV + padNy

pAdN = pn(nadV +Vidny) (1) NUidt = napadV = (14w, +\)padV

nal'y

31+ 1wy + \JH pa Nty = (1 +w + x)p

pa + 3(wa + 1) Hpy = 3[(wp + 1) + x| Hpa

2) Total energy conservation »_,; d(piV) = > ,(=pidV + pdN; + T;dS;)

pi + 3(w; + 1)Hp; = =3[(wp + 1) + x|Hpa

3) 00 component of Einstein equations

2 _ 8w _ 8w
H* =S pe = F(pa + pi)




Scale-factor dependence

~ R3X
Dark energy pr ~ R
other dominant component pi ~ R3X
baryonic matter oy~ 1/R3
Asymptotic limit
PA d; +3x d; = 3(w; + 1)

lim,, o— =
Ao T di — 3(wa + 1) —di/3<x <0




Time relations

Planck time

general equation of state pi = wip;
standard cosmology pe ~ 1/(672)
decaying dark-energy pe ~ 1/(6my*t?)

||‘ po ~ pp(te/to)’

can explain fine tunning!



Supernova data

distance-redshift relation

dr, = Hy'(1+2) [ d2/[Quo(142")2 + (1 — Qo) (L + 2/) 0]~ 1/2

ty = —1

¢ = blog.(dp) + 25 ) o .
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Cosmic Rays
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Cosmic Rays

Galactic origin up to E.. ~ 10" GeV

Emissivity 1079 GeV

cm2sec
. ~ —19GeV
Energy density Per = 4 X107V ==

Dark energy decays to dark matter

( E(}I’ / M P ) s PAO H 0 — Fa. Per

gravitational interaction Ly ~m2/M,

mass of intermediary particle  m, ~ 10* GeV



Future work

-Structure formation

-Cosmic background radiation
-Inflation

-Microscopic basis of dark-energy

Conclusions

-The model represents a departure from the zero-temperature cosmological constant.
-It maintains the results of the standard cosmology.

-Dark energy's coincidence with the critical density today is connected to the
universe evolution.

-This favors contingency, rather than chance.

-Account of dark energy's quanta connects today's energy-density scale with
Planck's, within classical general relativity and thermodynamics.

-The universe emerges as flat, interconnected, evolving deterministically, and in an
inexorable process of accelerated expansion and decay.



Cantidad Simbolo Valor
Constante Gravitacional g 6.673 x 1'Grkg’'sed
Velocidad de la luz en el vacio . 299,792,458 m' seq
Constante de Planck h 6.626 x 1Om kg segy
Cantidad Simbolo E cuacidn Valor
Longitud de Planck ' \/he 4.051 x 100y
L
P C3
Cantidad Simbolo Ecuacion Valor
p hG 4.051 x 1070

Longitud de Planck |
L




Early universe

Dark energy pa ~ R
Dark matter component pi ~ R3X

baryonic matter py~ 1/R3
radiation pr~1/ R!

Matter domination:
structure formation: dark energy
Oy <1 xo= —.48
Radiation domination:

nucleosynthesis: dark energy
Oy < 1 Xr 7 _4/3



Time constraints

Radiation Xr ~ —4/3
Average Xt = S = 67
Recent Yo = —.48

) v <vi<y

Consistency: time of the universe until dark-energy
baryon density equality

Jot dz' (14 2") o (1 + 2) + (1 = Quo) (1 + 2) 0] ~1/2 = .9 < Hotp == 1



Nature's constants

Constante Gravitacional G 6.673 x 1Gr'kg’sed
Velocidad de la luz en el vacio . 299,792,458 m' seg
Constante de Planck h 6.626 x ¥0m kg sey

Natural units of length,
time, mass
Planck length 4.051 x 1035 m

Planck time 1.351 x 1043 seg
Planck mass 5.456 x 108 kg






Solutions and asymptotic behavior
P
247X 2p%

pPi = —pPA+
6x papr+ (di —6x) p3 —24m[d; —3 (1 +wy)] x*pr*=0

Exact solution

PA; d; + 3x
t—t;, = dp —
7 PA 24y 27[d; — 3(wy + 1)]p3 + 3(d; + 3x)x Cp* =

d

24x°7|d; — 3(wy + 1)]pa + (d; +3x)3 x Cpp 5
2472 (d; + 3x)

pe R

Asymptotic limit

PA d; + 3x d; = 3(w; + 1)

pe  di —3(wp +1) —d;/3<x <0

lim,, .o







