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In this work | have focused my attention on the following two kinematic
quantities of the Universe's expansion:
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In this work | have focused my attention on the following two kinematic
quantities of the Universe's expansion:

. H 2
@ Deceleration function: q(t) = —a,%p th
Doy 1 dB
o Jerk: j(t) = 5z 55

Ingredients that we need to extract trustable information from cosmological
observations:

@ Model-independent and unbiased data

@ A model-independent way to extract the desired information from
such data
As we will see, it is not easy to fulfill the last requirement. In fact, it is
impossible to obtain this information in a fully model or parametrization-
independent way.
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1998-1999: Discovery of the speed-up of the Universe

High-Z Supernova Search Team and the Supernova Cosmology Project col-
laborations:

@ Snla samples contained individuals up to z = 0.97 and 0.83,
respectively, and also included low-redshift Snla of z < 0.15 from the
Caldn/Tololo Supernova Survey and, in the first case, from the CfA
sample too.

e P(A > 0)=99%, and restricting the analysis to the purely
flat-ACDM, they found ~ 3 — 40 evidence in favor of the current
positive acceleration of the Universe.

See arXiv:astro-ph /9805201, arXiv:astro-ph/9812133
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In the early 2000's more Snla were discovered, some of them at redshifts
z > 1. Riess et al. (arXiv:astro-ph/0402512) analyze these new data by

assuming
q(z) = qo + q1z
They find:
e Evidence for positive acceleration: P(qo < 0) = 99.2%
@ Evidence for the existence of a deceleration-acceleration transition
point: P(gq1 > 0) = 99.8%
e z; =0.46+0.13
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In the early 2000's more Snla were discovered, some of them at redshifts
z > 1. Riess et al. (arXiv:astro-ph/0402512) analyze these new data by
assuming
q(z) = qo + q1z

They find:

e Evidence for positive acceleration: P(qo < 0) = 99.2%

@ Evidence for the existence of a deceleration-acceleration transition

point: P(gq1 > 0) = 99.8%
e z; =0.46+0.13

Question: how much are these evidences susceptible to the subjective choice
of cosmological model or the parametrization of the cosmographical func-
tions?

First aim of the paper: study such dependence — Not small!

Second aim of the paper: try to quantify qg in a fairer way.
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Fitting results for some simple nested models, using the

Snla from the Pantheon+MCT compilation and CCH

Model olf) Ho [kms~"Mpe~!] wp w @«
ACDM | 0.295 + 0.021 70.45 + 2.36 -1 0 —0.554 + 0.032
XCDM | 0.306 = 0.051 70.31 +2.42 ~1.03+£0.15 0 —0.578 £ 0.099 | 15.7:
CPL_ | 0301 +0.104 70.34 £ 247 —1.0440.16 | 0.10 £ 1.78 | —0.494 + 0.195 | 15.74
o CPL:
w1z
w(z) = wy +

e XCDM:

e ACDM:

A. Gémez-Valent (ITP Heidelberg) Evidence for the speed-up of the Universe



Short introduction to Cosmography
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T ED 4z
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Short introduction to Cosmography

ds? = dt? — a*(t)dx?
Taking into account that:

1+zdE
T ED 4z

q(z) =

Z2 2
@) = @)+ e T

1 . 1 . .
E(z)=14+(14+qo)z+ E(Jo—qg)22+6(3qg+3qg—310—4670J0—50)23+---
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Correspondance of g(z) with a family of DE models
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Correspondance of g(z) with a family of DE models

@ Given a form of g(z) one can obtain the associated form of H(z).
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Correspondance of g(z) with a family of DE models

@ Given a form of g(z) one can obtain the associated form of H(z).
@ Let us assume standard GR in the matter and DE-dominated eras.
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Correspondance of g(z) with a family of DE models

@ Given a form of g(z) one can obtain the associated form of H(z).

@ Let us assume standard GR in the matter and DE-dominated eras.

@ The pressure equation allows us to find the expression for the dark
energy pressure.

3H2(2) — 2(1 + z)H(z)% — _87Gpo(2)
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Correspondance of g(z) with a family of DE models

@ Given a form of g(z) one can obtain the associated form of H(z).

@ Let us assume standard GR in the matter and DE-dominated eras.

@ The pressure equation allows us to find the expression for the dark
energy pressure.

3H2(2) — 2(1 + z)H(z)% — _87Gpo(2)

@ In order to find the DE density | can make use of the covariant energy
conservation equation

1+zzd'+32[p, +pi(2)] =0,

but of course in order to integrate the equation we have to specify the
source function that sets the interaction between DE and the matter
sector.
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Correspondance of g(z) with a family of DE models

@ Given a form of g(z) one can obtain the associated form of H(z).

@ Let us assume standard GR in the matter and DE-dominated eras.

@ The pressure equation allows us to find the expression for the dark
energy pressure.

3H2(2) — 2(1 + z)H(z)% — _87Gpo(2)

@ In order to find the DE density | can make use of the covariant energy
conservation equation

1+zzd'+32[p, +pi(2)] =0,

but of course in order to integrate the equation we have to specify the
source function that sets the interaction between DE and the matter
sector.

e We can relate, therefore, a particular form of g(z) with a whole
family of DE models.
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q(2)-parametrization Hy [kms™Mpc™! @ 0N Q@ \fmu

0 72204237 —0.288 +0.036 - - 32.64

Qt+qz 70,35+ 247 —0.503+0.063 | 0.66 +0.16 - 16.26

G+ aqz/(1+2) 0554246 | 061120081 L50£036| - 1574

W+ az/(142) + @ (1+2) 7049251 -0594£020 | 1.33+£1.80 | 0.31£3.24 | 15.74

@ Similar problems to the case of using concrete cosmological models
are encountered.

@ Notice that the error bars found for qg in the two-parameter
expansions (the preferred cases) are quite different to the ones derived
in the ACDM, for instance.

@ In this work we want to mitigate these problems, by removing part of
the subjectivity on the choice of models/parametrizations.
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Some examples papers based on:

@ Concrete parametrizations of the deceletarion or jerk functions:
astro-ph /0106051, astro-ph/0402512, astro-ph/0603053,
astro-ph /0512586, astro-ph/0605683, astro-ph/0612196, 0706.0546,
0805.1261, 0904.3550, 0811.0981, 0905.4552, 0811.2379, 1105.1871,
1005.2986, 1203.3213, 1109.4574, 1303.1620, 1305.5190,
1601.05172, 1505.03814, 1610.07337, 1712.01075, 1805.02854,
1811.05400.

@ Individual truncated cosmographical series: gr-qc/0703122,
0710.1887, 0905.4552, 0911.1249, 1009.0963, 1610.08972,
1712.01075, 1808.06623, 1809.04043, 1903.11433.

@ Alternative expansions of the luminosity distance: 1505.04043.

@ Concrete cosmological models, including parametrizations of the DE
density or the DE EoS parameter: astro-ph/9805201,
astro-ph /9812133, astro-ph/0104455, astro-ph/0106051,
astro-ph /0309368, astro-ph/0402512, astro-ph/0605683, 1506.01354,
1610.08972, 1611.00999, arXiv:1702.08244.
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Cosmic Chronometers

The Hubble function can be written in terms of the redshift as:

-1 dz
H(z) = 1+zdt
If we have a pair of passively evolving-galaxies and we have access to their
spectra, then it is principle possible to obtain their associated redshifts and
also dt by making use of the so-called stellar population synthesis (SPS)
techniques.
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Pantheon+MCT sample of Snla

Scolnic et al. arXiv:1710.00845, Riess et al. arXiv:1710.00844

zZ E(z) Correlation matrix
0.07 | 0.997 £0.023 | 1.00
0.20 | 1.111£0.020 | 0.39 1.00
0.35 | 1.128+£0.037 | 0.53 —0.14  1.00
0.55 | 1.364+£0.063 | 0.37 037  —0.16  1.00
0.90 | 1.52+0.12 0.01  —0.08 017 -0.39 1.00
150 | 2.78+0.59 | —0.03 —0.07 —0.07 0.13 —0.16 1.00
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BAO data

| have considered the radial component of the anisotropic BAOs obtained
from the measurement of:

@ The power spectrum and bispectrum from the Baryon Oscillation
Spectroscopic Survey (BOSS) data release 12 galaxies [Gil-Marin et
al. (2017)], H(z = 0.32)r5(z4) = (11.55 + 0.38) - 103 km s~ ! and
H(z = 0.57)rs(z4) = (14.02 £ 0.22) - 103 kms L.

@ The complete Sloan Digital Sky Survey (SDSS) Il Lya-quasar auto
and cross-correlation functions [Bourboux et al. 2017],

c/[H(z = 2.40)rs(zq4)] = 8.94 +0.22.

@ The SDSS-1V extended BOSS data release 14 quasar sample
[Gil-Marin et al. (2018)],

H(z = 1.52)rs(z4) = (24.0 +1.8) - 103 km s~ .

The theoretical expression of the sound horizon at the redshift of the radi-

ation drag zy reads,
® ¢s(2)
rs(zq) = / dz.
° Zq H(Z)
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Some options are:
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Some options are:

@ The Planck Collaboration (2018) has found rs(zy) = (147.21 + 0.48)
Mpc fitting the ACDM model to the TT+lowE CMB data.
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Some options are:

@ The Planck Collaboration (2018) has found rs(zy) = (147.21 + 0.48)
Mpc fitting the ACDM model to the TT+lowE CMB data.

o Verde et al. [arXiv:1611.00376], allowing non-standard dark radiation
components in the pre-recombination epoch: rs(z4) = (150 £5) Mpc.
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But in the WFR method we are going to use expansions of the Hubble rate
E(z), from which we can build g(z) and j(z). Thus we need to transform
the H(z) data extracted from CCH and BAO to data of E(z).
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Some options are:
@ The Planck Collaboration (2018) has found rs(zy) = (147.21 + 0.48)
Mpc fitting the ACDM model to the TT+lowE CMB data.
o Verde et al. [arXiv:1611.00376], allowing non-standard dark radiation
components in the pre-recombination epoch: rs(z4) = (150 £5) Mpc.
@ Heavens et al. [arXiv:1409.6217]: rs(z4) = (145.6 £5.1) Mpgc;
Haridasu et al. [arXiv:1805.03595]: rs(z4) = (142.8 £ 3.7) Mpc.

But in the WFR method we are going to use expansions of the Hubble rate
E(z), from which we can build g(z) and j(z). Thus we need to transform

the H(z) data extracted from CCH and BAO to data of E(z). — prior on
Ho.

Ho = (70 £ 5) km/s/Mpc ; p=—0.56
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IIb. Weighted Function Regression (WFR) method
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We construct a family of fitting functions from the original Taylor series:

%) J
E(z)=1+) cagi(z) = E(2) =1+ cigi(z) VJ<N
i=1 i=1

where gi(z) = z'.
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o J
E(z)=1+) cagi(z) = E(2) =1+ cigi(z) VJ<N
i=1 i=1
where gi(z) = z'.

PIE(2)] = k - [P(E(2)[M1)P(My) + ... + P(E(z)|Mn)P(Mn)]
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o J
E(z)=1+) cagi(z) = E(2) =1+ cigi(z) VJ<N
i=1 i=1
where gi(z) = z'.

PIE(2)] = k - [P(E(2)[M1)P(My) + ... + P(E(z)|Mn)P(Mn)]
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We construct a family of fitting functions from the original Taylor series:

z):1+Zc,-g,-( ) — Ey(z —1+Zc,g, ) VI N
where gi(z) = z'.

PIE(2)] = k - [P(E(2)[M1)P(My) + ... + P(E(z)|Mn)P(Mn)]

/wamamz

/[DE]P (M) =1 VJell,N
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We construct a family of fitting functions from the original Taylor series:

z):1+Zc,-g,-( ) — Ey(z —1+Zc,g, ) V<N

where gi(z) = z'.

PIE()] = k- [P(E(2)|M0)P(My) + .. + P(E(2)|My) P(My)]
/wamamz

/[DE]P (M) =1 VJell,N

N
ZP (M) =1
J=1
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Weighted probability density

=2

PIE(z) Z (E(z)|My)P(My)
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Weighted probability density

where gg%ﬁ can be identified with the Bayes ratio By, i.e. the ratio of

evidences

_ JL(D|&y)r(ey)dEy
[ L(D|e)r(c)dc.

B =
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Analytical expression for the evidence £

_ 1 \D|e L0+ Fy+Ribi Py ~didD; )
(2m)N/2\/|C|

where

Fi = GuCﬂﬁlGJ G, = gi(z.)
l=yuC3 GiF;
D" = Fj+ Py

dk — DkI(FI_[I + 'DU pj)
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I1l. Results
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q(z)

15 20

Likelihood: Pantheon+MCT
Prior: CCH
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Likelihood: Pantheon+MCT
Prior: CCH+BAO
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Working with a family of expansions of g(z).
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Prior Likelihood q 2
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@ We have seen that many estimates of the cosmographical parameters
that can be found in the literature and that are presented as being
model-independent are not so.
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alternative set of reconstruction basis.

@ The Snla and CCH points towards moderate evidence in favor of the
Universe's speed-up. The addition of BAO information raises the
significance up to very strong level.

@ The jerk is still quite unconstrained by the data and it is unable in
practice to be employed as a null-test of the ACDM model.
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