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General Relativity

• The current theory of  gravity is General Relativity. It was proposed by Albert 
Einstein in 1915.

• Gravity is considered as a consequence of  the deformation of  the space-time by 
the matter.

• Its representative action is:

where, in order to obtain the equations of  motion, one should apply variations 
with respect the degrees of  freedom. 

• The most usual procedure considers the metric as the only degree of  freedom, 
and the equations of  motions are:
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GR as gravitational 
theory

The Universe is considered 
homogeneous and isotropic 

à FLRW- metric
Observations

• Big Bang

• Cold Dark Matter (CDM) to explain the velocity curves of  galaxies and the 
structure formation

• Dark Energy (DE) related with the Cosmological Constant (CC) to explain the 
current acceleration of  the Universe à Introduction of  𝛬

• The Universe is (nearly) flat

• There are three epochs dominated by radiation, matter and CC respectively

• Early acceleration to solve the horizon, flatness and monopole problem

ΛCDM model

Cosmological Model



Results
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ProblemsAchievements

• GR has passed all precision tests

o Anomalous perihelion advance
of Mercury

o Gravitational lensing
o Gravitational time dilation
o …

• GR predicts gravitational waves

• ΛCDM is able to explain almost all
observations until now

• Singularities in GR

• GR can not be quantized

• CDM has not been detected
(directly)

• About the Cosmological Constant:
o The CC Problem, related with

theoretical predictions of its
value

o The Coincidence Problem
o The Fine-Tuning Problem

P. Bull et al. Phys. Dark Univ. 12 (2016) 
[arXiv:1512.05356 [astro- ph.CO]] 
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Attempts to explain the current acceleration of the Universe 
without a cosmological constant
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Introducing a new 
theory of  gravity

Maintaining GR as 
gravitational theory: 

Modified gravity
Changing the structure 

of  the space-time

Introducing 
inhomogeneities and 

anisotropies  

Modifying the 
matter content 

Backreaction models

Emanuele Berti et al, 
Class.Quant.Grav. 32 (2015) 

243001
[arXiv:0706.2151 [astro-ph]]
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Modify the gravity through the connection 

• Are we sure that the metric is the only fundamental degree of  freedom?

• The connection tells us how tensors are transported on the manifold through 
the covariant derivative. In principle, one could consider it as a degree of  
freedom, looking for the more general assumptions.

• In General Relativity the connection is defined as the Levi-Civita connection 
expressed as the Christoffel symbols. However, the most general connection 
reads:

J. B. Jiménez, L. Heisenberg, and T. S. 
Koivisto, Universe 5, 173 (2019), 

[arXiv:1903.06830 [hep-th]] 
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Levi-Civita
connection

Contortion

Disformation
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• Let me assume the connection as a degree of  freedom à metric – affine 
formalism.

• Thus, in this formalism, one should apply variations with respect to the metric 
and the connection. However, the peculiarity of  the Einstein-Hilbert action, 
i.e. the GR action, implies that the connection becomes the Levi-Civita
one.

• Therefore, for this action of  gravity, both formalisms converges and reproduces 
the same gravity equations.

• However, it will not be true for modified theories of  gravity any more.

Modify the gravity through the connection 
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• Are we sure that the metric is the only fundamental degree of  freedom?

• The connection tells us how tensors are transported on the manifold. In 
principle, one could consider it as a degree of  freedom, looking for the more 
general assumptions.

• A general connection can be decomposed as follows:

and:

where
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Torsion à antisymmetric part of  the connection

Non-metricity tensor

Modify the gravity through the connection 
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Can we build GR from the non-metricity scalar?

• So in GR:

• And therefore the scalar of  curvature:

SGR =
1
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Non-metricity scalar Q
We are going to work with the constraint
of a flat space-time. This framework of
modified gravity theories is called
teleparallel.

<latexit sha1_base64="I3EKMkKtzenoFM+iR9xykoz/6rg=">AAACDXicbZBNS8MwHMbT+TbnW9Wjl+AQxMNoRVEQYejF4wbuBdZa0izdwpK2JKkwSj+Dfhk9iXrz4hfw25jV4svmk8sv/+cJ5Pn7MaNSWdaHUZqbX1hcKi9XVlbX1jfMza22jBKBSQtHLBJdH0nCaEhaiipGurEgiPuMdPzR5cTv3BIhaRReq3FMXI4GIQ0oRkqPPPOg6aUOYvEQZeff6JzlhyfZTfrDnlm1alYuOAt2AVVQqOGZ704/wgknocIMSdmzrVi5KRKKYkayipNIEiM8QgPS0xgiTqSb5p0yuBdEAqohgfn9dzZFXMox93WGIzWU095k+J/XS1Rw6qY0jBNFQqwj2gsSBlUEJ6uBfSoIVmysAWFB9S8hHiKBsNILrOj69nTZWWgf1uzjmtU8qtYvikWUwQ7YBfvABiegDq5AA7QABvfgEbyAV+POeDCejOevaMko3myDPzLePgE8tpuV</latexit>
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<latexit sha1_base64="t8r7h2nPcozW/XsqNVJTaEsNSVo=">AAACDXicbVBLS8NAGNzUV62vqEcvwSKIh5KIoiBC0YvHFuwDmhg22y/N0s2D3Y1QQn6D/hk9iXrz4h/w37iNOWjr7GV2ZhZ2xksYFdI0v7TKwuLS8kp1tba2vrG5pW/vdEWccgIdErOY9z0sgNEIOpJKBv2EAw49Bj1vfD31e/fABY2jWzlJwAnxKKI+JVgqydWPbEnZELJ27tqYJQG+bN9ldpjmbmZfFKdQC0Wvmw2zgDFPrJLUUYmWq3/aw5ikIUSSMCzEwDIT6WSYS0oY5DU7FZBgMsYjGCga4RCEkxWdcuPAj7khAzCK++9shkMhJqGnMiGWgZj1puJ/3iCV/rmT0ShJJURERZTnp8yQsTGdxhhSDkSyiSKYcKp+aZAAc0ykGrCm6luzZedJ97hhnTbM9km9eVUOUUV7aB8dIgudoSa6QS3UQQQ9omf0ht61B+1Je9Fef6IVrXyzi/5A+/gGRQCcPg==</latexit>

Q̃↵ = Qµ
↵µ

<latexit sha1_base64="0LHPtoE5NJPKzeRRIVsos8TldbE=">AAACHnicbVBLSwMxGMzWV62vqkcvwSK0h5ZdURREKHrxaMVqoduWb9OvbWj2QZIVytL/on9GL4p6039j+hDUOqf5ZiaQGS8SXGnb/rRSc/MLi0vp5czK6tr6RnZz60aFsWRYZaEIZc0DhYIHWNVcC6xFEsH3BN56/fORf3uHUvEwuNaDCBs+dAPe4Qy0kVrZk6t84ibucFg4LVaKbgCegOZEabkgoh7kK80JKbqaizbS77vQyubskj0GnSXOlOTIFJet7LPbDlnsY6CZAKXqjh3pRgJScyZwmHFjhRGwPnSxbmgAPqpGMi45pHudUFLdQzq+f2YT8JUa+J7J+KB76q83Ev/z6rHuHDcSHkSxxoCZiPE6saA6pKOtaJtLZFoMDAEmufklZT2QwLRZNGPqO3/LzpKb/ZJzWLIrB7ny2XSINNkhuyRPHHJEyuSCXJIqYeSBPJE38m7dW4/Wi/U6iaas6Ztt8gvWxxeWC6IU</latexit>

R({}) = �Q�r{}
↵ (Q↵ � Q̃↵)
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And what about a modified gravity theory from Q?

<latexit sha1_base64="/iwOopXbkoGFDoTgybmYuXhDbik="></latexit>

S =

Z
d4x

p
�g


�1

2
f(Q) + LM

�<latexit sha1_base64="O1GKB+sxEmuEZsPBZMi30olx+NU=">AAACFHicbVDLTgJBEJzFN75Qj14mEhMvkF2Dj4sJ0Rg9qoCSsEhmh1mYMPtwptdIJvsb+jN6MurFePdvHJCDonWq7qpOusqLBVdg259WZmJyanpmdi47v7C4tJxbWb1UUSIpq9FIRLLuEcUED1kNOAhWjyUjgSfYldc7GuhXt0wqHoVV6MesGZBOyH1OCZhVK+dUWrpSPT65SA8Kri8J1U6qnV035vgkdXkIun1dwneuupGgC530PG3l8nbRHgL/Jc6I5NEIZ63cu9uOaBKwEKggSjUcO4amJhI4FSzNuoliMaE90mENQ0MSMNXUw2gp3vQjiaHL8HD+6dUkUKofeMYTEOiqcW2w/E9rJODvNzUP4wRYSI3FaH4iMER40BBuc8koiL4hhEpuvsS0S0w1YHrMmvjOeNi/5HK76OwU7fNSvnw4KmIWraMNtIUctIfK6BSdoRqi6AE9oVf0Zt1bj9az9fJtzVijmzX0C9bHF+z4nhM=</latexit>
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• Working in the coincident gauge, allows to use a null connection: 

and for a FLRW space-time: 

the non-metricity scalar becomes:

<latexit sha1_base64="vcQQorrrv8rPFgMSmTwP/ek3Fms="></latexit>

cg�
↵
µ⌫ = 0 ! r↵gµ⌫ = @↵gµ⌫

<latexit sha1_base64="tehGjIoIrngE3SHaRtAn4Fs6BM4=">AAACFXicbVBLSwMxGMzWV62vqkcvi0WoiGV3UfQiiF48iYK1hXZbstlv22D2QfKtWJf+Dv0zehL1IHj235jWHrR1DmEyM4HMeIngCi3ry8hNTc/MzuXnCwuLS8srxdW1axWnkkGVxSKWdY8qEDyCKnIUUE8k0NATUPNuTgd+7Rak4nF0hb0E3JB2Ih5wRlFL7aLjq5ZztHvecsq47WPL2aFD2hQQYMO/04LfGxz3LacpeaeLbrtYsirWEOYksUekREa4aBc/mn7M0hAiZIIq1bCtBN2MSuRMQL/QTBUklN3QDjQ0jWgIys2G3frmVhBLE7tgDu+/sxkNleqFns6EFLtq3BuI/3mNFINDN+NRkiJETEe0F6TCxNgcTGT6XAJD0dOEMsn1L03WpZIy1EMWdH17vOwkuXYq9n7FutwrHZ+MhsiTDbJJysQmB+SYnJELUiWMPJJn8kbejQfjyXgxXn+iOWP0Zp38gfH5DfwMnMs=</latexit>
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<latexit sha1_base64="Lzn6cKvMbPpQrDGLy8P0kncDp1o=">AAAB9XicbVDJTgJBEK1xRdxGPHqZSEw8kRnidjEheuFkIJElgZH0NDXQoWdJd49KJnyKnox680f8Af/GBueg4DtUXtV7lVQ9L+ZMKtv+MpaWV1bX1nMb+c2t7Z1dc6/QlFEiKDZoxCPR9ohEzkJsKKY4tmOBJPA4trzR9VRv3aOQLApv1ThGNyCDkPmMEqVHPbNQvzzr+oLQtHpXnqQ3uvTMol2yZ7AWiZORImSo9czPbj+iSYChopxI2XHsWLkpEYpRjpN8N5EYEzoiA+xoGpIApZvObp9YR34kLDVEa9b/9qYkkHIceNoTEDWU89p0+J/WSZR/4aYsjBOFIdUWrfkJt1RkTSOw+kwgVXysCaGC6SstOiQ6A6WDyuv3nflnF0mzXHJOS3b9pFi5yoLIwQEcwjE4cA4VqEINGkDhEZ7hDd6NB+PJeDFef6xLRrazD39gfHwD0AmRWg==</latexit>
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Q retains a residual time-reparameterization 
invariance, so we can choose N(t)=1.

J. B. Jiménez, L. Heisenberg, and T. S. 
Koivisto, JCAP 1808, 039 (2018), 

[arXiv:1803.10185 [gr-qc]]Ismael Ayuso



And what about a modified gravity theory from Q?
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• The equations of  motion for Coincident gauge, FLRW space-time and N(t)=1:

<latexit sha1_base64="/NSlkbspzXVSOiFHdSUPhalEeHI=">AAACCHicbVA7T8MwGHR4lvIKMLJYVJXKQJVUvBakCpaOrUQfUhMix3Uaq85DtoNURfkD8GdgQsDGzB/g3+CUDNBy0/nuLH13bsyokIbxpS0tr6yurZc2yptb2zu7+t5+T0QJx6SLIxbxgYsEYTQkXUklI4OYExS4jPTdyU3u9+8JFzQKb+U0JnaAxiH1KEZSSY5ePYee06l1jmHrrnFieRzh1MzSRuYp7crifgQtq+zoFaNuzAAXiVmQCijQdvRPaxThJCChxAwJMTSNWNop4pJiRrKylQgSIzxBYzJUNEQBEXY6q5PBqhdxKH0CZ+/f2RQFQkwDV2UCJH0x7+Xif94wkd6lndIwTiQJsYooz0sYlBHMV4EjygmWbKoIwpyqKyH2kRpDqu3y+uZ82UXSa9TNs7rROa00r4shSuAQHIEaMMEFaIIWaIMuwOARPIM38K49aE/ai/b6E13Sij8H4A+0j292YJcA</latexit>
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An example of  a f(Q) model

• We are going to focus on the case 𝛼=-1, which leads to:

• We consider the three usual kinds of  matter-energy: cosmic dust, radiation and 
cosmological constant.

• We will do the normalization of  the Hubble function: 

<latexit sha1_base64="uckXn5YsZKU2oneTbBFE2PfT9iE="></latexit>
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<latexit sha1_base64="PzdrsFwHhEGYv+NXjpJYeBPcLq0=">AAAB+XicbZDLSsNAFIZP6q3WW1Rw4yZYhIpYEi/oRii66bKCvUAbymQ6aYZOMmFmIpTYh9GVqDtfwxfwbZzULLT1X31z/n8O5xwvZlQq2/4yCguLS8srxdXS2vrG5pa5vdOSPBGYNDFnXHQ8JAmjEWkqqhjpxIKg0GOk7Y1uM7/9QISkPLpX45i4IRpG1KcYKV3qm3u9AVdpTwR8cn1yVq9kdBwf9c2yXbWnsubByaEMuRp981M3wklIIoUZkrLr2LFyUyQUxYxMSr1EkhjhERqSrsYIhUS66XT+iXXoc2GpgFjT9+9sikIpx6GnMyFSgZz1suJ/XjdR/pWb0ihOFImwjmjPT5iluJWdwRpQQbBiYw0IC6qntHCABMJKH6uk13dml52H1mnVuajad+fl2k1+iCLswwFUwIFLqEEdGtAEDI/wDG/wbqTGk/FivP5EC0b+Zxf+yPj4BoLAktY=</latexit>
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<latexit sha1_base64="kh+5Itkkr55BCo5xVvOxkCITfNw="></latexit>
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It is necessary to impose the condition:

<latexit sha1_base64="XQ8zwnPBuJbZk+3huHU7mQx5jDg=">AAACCHicbVDLSsNAFJ34rPUVdekmWAqCUJKi6KKLohsXghXsA5oQJtPbduhMEmYmQgn9Af0ZXYm6c+0P+DdOagRtPatz7zkX7jlBzKhUtv1pLCwuLa+sFtaK6xubW9vmzm5LRokg0CQRi0QnwBIYDaGpqGLQiQVgHjBoB6OLTG/fgZA0Cm/VOAaP40FI+5RgpVe+WbZr7jWHAfb5UU7cK33ewz+jqFWLvlmyK/YU1jxxclJCORq++eH2IpJwCBVhWMquY8fKS7FQlDCYFN1EQozJCA+gq2mIOUgvncaZWOV+JCw1BGs6//ammEs55oH2cKyGclbLlv9p3UT1z7yUhnGiICTaorV+wiwVWVkrVo8KIIqNNcFEUP2lRYZYYKJ0d1l8ZzbsPGlVK85Jxb45LtXP8yIKaB8doEPkoFNUR5eogZqIoAf0hF7Rm3FvPBrPxsu3dcHIb/bQHxjvX5oPmFg=</latexit>

0 < ⌦m + ⌦⇤ + ⌦r < 2

J. B. Jiménez, L. Heisenberg, T. S. 
Koivisto, and S. Pekar, Phys. Rev. 

D 101, 103507 (2020), 
[arXiv:1906.10027 [gr-qc]]



• At the end of  the day, the model becomes:

We will focus on the positive branch which could have a similar behaviour to 
𝚲CDM. 

• The case, where the term associated with Q vanishes, converges to General 
Relativity with a Cosmological Constant.

• How can we fit these parameters?

<latexit sha1_base64="Mh5yAiEmmtx29N6tkB29GXXl/nE="></latexit>
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An example of  a f(Q) model
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Fitting the free parameters through a MCMC 

• The tests, to fit the free parameters, will be implemented using a Markov Chain 
Monte Carlo (MCMC) code, upon minimization of  a total χ2 (which measures 
how far the parameters are from fitting data)

• Our results are drawn under the assumption of  some priors, which  give some 
room from modified gravity features, enforce the choice of  the right branch and 
preclude nonphysical behaviour and  pronounced departures from the well 
established standard evolution:

<latexit sha1_base64="YWyBflZXiyfPfIARZEt04HkbKWE=">AAAB7HicbZDLSgMxFIYz9VbrrerSTbAIrsqMKLpwUXTjzgr2AtOhZNIzbWguQ5IRSulb6ErUnU/jC/g2ZuostPqvvpz/D5z/xClnxvr+p1daWl5ZXSuvVzY2t7Z3qrt7baMyTaFFFVe6GxMDnEloWWY5dFMNRMQcOvH4Ovc7D6ANU/LeTlKIBBlKljBKrBuF/mXvVsCQ9EWlX635dX8u/BeCAmqoULNf/egNFM0ESEs5MSYM/NRGU6ItoxxmlV5mICV0TIYQOpREgImm85Vn+ChRGtsR4Pn7Z3ZKhDETEbuMIHZkFr18+J8XZja5iKZMppkFSV3EeUnGsVU4b44HTAO1fOKAUM3clpiOiCbUuvvk9YPFsn+hfVIPzur+3WmtcVUcoowO0CE6RgE6Rw10g5qohShS6Am9ojdPeo/es/fyHS15xZ999Eve+xfvw44I</latexit>

0 < ⌦m
<latexit sha1_base64="MWNu27K1dw16Gv1D8BwL2c0Zv1Y=">AAACAHicbZDNSsNAFIUn9a/Wv6hLEQaL4KokoujCRdGNOyvYH2hDmExv2qEzSZiZCKV0oy+jK1F3PoMv4Ns4qSlo6119c88ZuOcECWdKO86XVVhYXFpeKa6W1tY3Nrfs7Z2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAZXmd68B6lYHN3pYQKeIL2IhYwSbVa+ve9cdG4E9IgvpxBMQZR8u+xUnMngeXBzKKN8ar792enGNBUQacqJUm3XSbQ3IlIzymFc6qQKEkIHpAdtgxERoLzRJMYYH4axxLoPePL+7R0RodRQBMYjiO6rWS1b/qe1Ux2eeyMWJamGiBqL0cKUYx3jrA3cZRKo5kMDhEpmrsS0TySh2nSWxXdnw85D47jinlac25Ny9TIvooj20AE6Qi46Q1V0jWqojih6RM/oDb1bD9aT9WK9/lgLVv5nF/0Z6+MbT+yVgQ==</latexit>

0 < ⌦r < ⌦b < ⌦m
<latexit sha1_base64="JZd3EbNaWDuKsmjMo2/BlDT5jKM=">AAAB53icbZC7TsMwFIZPyq2UW4GRxaJCYqoSBIKhQwULY5HoRWqjynFPGlPnIttBqqI+A0wI2HgfXoC3wSkZoOWfPp//t3T+4yWCK23bX1ZpZXVtfaO8Wdna3tndq+4fdFScSoZtFotY9jyqUPAI25prgb1EIg09gV1vcpP73UeUisfRvZ4m6IZ0HHGfM6rNqGM3goZTGVZrdt2eiyyDU0ANCrWG1c/BKGZpiJFmgirVd+xEuxmVmjOBs8ogVZhQNqFj7BuMaIjKzebbzsiJH0uiAyTz9+9sRkOlpqFnMiHVgVr08uF/Xj/V/pWb8ShJNUbMRIznp4LomOSlyYhLZFpMDVAmudmSsIBKyrQ5TV7fWSy7DJ2zunNRt+/Oa83r4hBlOIJjOAUHLqEJt9CCNjB4gGd4g3eLW0/Wi/X6Ey1ZxZ9D+CPr4xvTroua</latexit>

0 < h < 1
<latexit sha1_base64="XQ8zwnPBuJbZk+3huHU7mQx5jDg=">AAACCHicbVDLSsNAFJ34rPUVdekmWAqCUJKi6KKLohsXghXsA5oQJtPbduhMEmYmQgn9Af0ZXYm6c+0P+DdOagRtPatz7zkX7jlBzKhUtv1pLCwuLa+sFtaK6xubW9vmzm5LRokg0CQRi0QnwBIYDaGpqGLQiQVgHjBoB6OLTG/fgZA0Cm/VOAaP40FI+5RgpVe+WbZr7jWHAfb5UU7cK33ewz+jqFWLvlmyK/YU1jxxclJCORq++eH2IpJwCBVhWMquY8fKS7FQlDCYFN1EQozJCA+gq2mIOUgvncaZWOV+JCw1BGs6//ammEs55oH2cKyGclbLlv9p3UT1z7yUhnGiICTaorV+wiwVWVkrVo8KIIqNNcFEUP2lRYZYYKJ0d1l8ZzbsPGlVK85Jxb45LtXP8yIKaB8doEPkoFNUR5eogZqIoAf0hF7Rm3FvPBrPxsu3dcHIb/bQHxjvX5oPmFg=</latexit>

0 < ⌦m + ⌦⇤ + ⌦r < 2
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Set of  data

Pantheon

• Sample of 1048 Type Ia Supernovae
(0.01<z<2.26) used as standard
candles, though the use of the
distance modulus.

Hubble

• Sample of values of H(z)
(0.007<z<1.965), obtained from
Early-type galaxies with a passive
evolution (from the age difference of
these galaxies at somewhat different
redshifts)

CMB

• This set of  data is condensed into the 
three so called shift parameters, 
which inform us of  the position of  
the first peak in the temperature 
angular power spectrum.

BAO

• Sets of  data about the Baryon 
Acoustic Oscillations. We use 5 sets:
ü WiggleZ
ü BOSS
ü eBOSS
ü Boos-Lyman 𝛼
ü Voids-galaxy cross-correlation



Results: best fits
<latexit sha1_base64="zB44wrRET33bGmqGR9QJTX3Oa4M="></latexit>

Pantheon Hubble CMB BAO Total

⌦m

⇤CDM 0.297+0.023
�0.023 0.327+0.067

�0.056 0.3156+0.0074
�0.0073 0.320+0.016

�0.015 0.3229+0.0048
�0.0048

f(Q)⌦⇤ 6=0 0.337+0.075
�0.073 0.341+0.070

�0.060 0.346+0.092
�0.080 0.323+0.020

�0.017 0.32503+0.0067
�0.0065

f(Q)⌦⇤=0 0.400+0.024
�0.024 0.350+0.057

�0.049 0.2384+0.0058
�0.0057 0.348+0.016

�0.016 0.2848+0.0044
�0.0042

h
⇤CDM 0.50+0.32

�0.32 0.677+0.031
�0.031 0.675+0.0054

�0.0053 0.73+0.16
�0.14 0.6700+0.0034

�0.0034

f(Q)⌦⇤ 6=0 0.51+0.31
�0.30 0.674+0.039

�0.054 0.645+0.090
�0.071 0.70+0.18

�0.14 0.6674+0.0065
�0.0067

f(Q)⌦⇤=0 0.51+0.31
�0.31 0.703+0.029

�0.030 0.7768+0.0065
�0.0065 0.76+0.14

�0.12 0.7301+0.0040
�0.0039

⌦⇤

⇤CDM 0.703+0.022
�0.023 0.673+0.056

�0.067 0.6843+0.0073
�0.0074 0.680+0.015

�0.016 0.6770+0.0048
�0.0048

f(Q)⌦⇤ 6=0 0.43+0.47
�0.49 0.64+0.59

�0.60 0.87+0.43
�0.57 1.11+0.21

�0.18 0.701+0.054
�0.053

f(Q)⌦⇤=0 - - - - -

⌦Q

⇤CDM - - - - -
f(Q)⌦⇤ 6=0 0.23+0.42

�0.40 0.03+0.58
�0.61 �0.22+0.65

�0.52 �0.43+0.18
�0.22 �0.027+0.057

�0.058

f(Q)⌦⇤=0 0.599+0.023
�0.024 0.650+0.049

�0.057 0.7615+0.0057
�0.0058 0.651+0.016

�0.016 0.7151+0.0042
�0.0044

⌦b

⇤CDM - - 0.04905+0.00060
�0.00060 0.063+0.012

�0.031 0.04962+0.00041
�0.00040

f(Q)⌦⇤ 6=0 - - 0.057+0.014
�0.012 0.081+0.019

�0.036 0.0501+0.0010
�0.0010

f(Q)⌦⇤=0 - - 0.03706+0.00050
�0.00048 0.042+0.011

�0.021 0.04073+0.00037
�0.00036



Results: contour plots
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Results: how good best fits are

Results: effective matter component 

<latexit sha1_base64="wDCx/MwN6UE5+zdnAQeGsmAfBd8="></latexit>

Pantheon Hubble CMB BAO Total Total

�2
⇤CDM 1035.77 14.4942 0.00104677 16.5496 1072.19
f(Q)⌦⇤ 6=0 1035.72 14.3987 0.00534963 11.3411 1072.01
f(Q)⌦⇤=0 1036.48 14.5340 0.00287402 51.3390 1207.96

<latexit sha1_base64="g0laqdCDA6Mo+9l+Jxo0mVfcoX0="></latexit>

H
2 = H0⌦m(1 + z)3 +

8⇡G

3
⇢e↵

<latexit sha1_base64="01DqTLvUC7dmeLeCsmp6YuRFBPI="></latexit>

we↵(z) =

2

3
(1 + z)

d lnE(z)

dz
� 1

1� E�2(z)⌦m(1 + z)3

<latexit sha1_base64="t5375ryaALowDDhJR6yHI+lqpMw=">AAAB/nicbZDNSsNAFIUn/tb6F3XZzWARXJVEFN0IRTcuK9gfaEOYTG+aoTNJmJkoJRT0ZXQl6s6H8AV8G6c1oLbe1Tf3nIF7TpByprTjfFoLi0vLK6ultfL6xubWtr2z21JJJik0acIT2QmIAs5iaGqmOXRSCUQEHNrB8HKit29BKpbEN3qUgifIIGYho0SblW9XUj/vSYEhDMfndz/ck1Hi21Wn5kwHz4NbQBUV0/Dtj14/oZmAWFNOlOq6Tqq9nEjNKIdxuZcpSAkdkgF0DcZEgPLyaYgxPggTiXUEePr+7c2JUGokAuMRREdqVpss/9O6mQ7PvJzFaaYhpsZitDDjWCd40gXuMwlU85EBQiUzV2IaEUmoNo2VTXx3Nuw8tI5q7knNuT6u1i+KIkqogvbRIXLRKaqjK9RATUTRA3pCr+jNurcerWfr5du6YBV/9tCfsd6/AK3hleE=</latexit>pe↵ = we↵⇢

<latexit sha1_base64="AB7wJGEPXc6oIVTowdTYvn+qnOU=">AAACEnicbZDLTgIxGIU7eEO8oS7dNBITEyPOoAZckBDduMRELgngpFP+gYbOJW1Hg5N5C30ZXRl1xwv4NhZkoeDZ9Ot/TpOe3wk5k8o0v4zUwuLS8kp6NbO2vrG5ld3eqcsgEhRqNOCBaDpEAmc+1BRTHJqhAOI5HBrO4GrsN+5BSBb4t2oYQscjPZ+5jBKlR3b25MGO28LD4LpJWweVHT+WzaR8bOYvSkU71qdZKCZ38ZGG00JiZ3MaJsLzYE0hh6aq2tlRuxvQyANfUU6kbFlmqDoxEYpRDkmmHUkICR2QHrQ0+sQD2YknxRJ84AYCqz7gyf13NiaelEPP0RmPqL6c9cbD/7xWpNxSJ2Z+GCnwqY5oz404VgEe7wd3mQCq+FADoYLpX2LaJ4JQpbeY0fWt2bLzUC/krfO8eXOWq1xOF5FGe2gfHSILFVEFXaMqqiGKntEr+kCfxpPxYrwZ7z/RlDF9s4v+yBh9A0zxmy4=</latexit>

we↵ |z=0 = �0.987+0.032
�0.027
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Summarize and conclusions

• We are able to build modified gravity models from the non-metricity.

• We have focused on the case given by:

• and fitted the free parameters through an MCMC to compare them with the 
values of  the parameters of  the 𝚲CDM model.

• ΩQ and Ω𝚲 are super-correlated because both parameters play a similar role. But 
the introduction of  ΩQ  breaks the correlation between other parameters as Ωm
and Ω𝚲

<latexit sha1_base64="/ywz3+gUTdb+rDgQuARdOAgthtI="></latexit>

f(Q) =
1

8⇡G

"
Q� 6�M2

✓
Q

6M2

◆�1
#

<latexit sha1_base64="ZCvR1EouGiY2KZezQ7inHArwm5A="></latexit>

H
2 =

H0

2

⇥
⌦⇤ + ⌦m(1 + z)3 + ⌦r(1 + z)4

⇤
 
1 +

s
1 +

4⌦Q

[⌦⇤ + ⌦m(1 + z)3 + ⌦r(1 + z)4]2

!

10th IDPASC School



Summarize and conclusions

• The f(Q) model seems as good as the 𝚲CDM model. However, this is because 
the best fit is when the f(Q) model converges to 𝚲CDM, i.e. ΩQ=0.

• From the Bayesian evidence, according to Jeffreys' scale no model is preferred 
over the other. However, this is an obvious fact since the new phenomenology 
of  the model vanishes when we obtain the best fit.

• Concerning to the cosmographic parameters, its values reflect the striking 
similarity between both models. However, for the modified gravity model, these 
parameters are more poorly constrained as their complexity penalizes error 
propagation.

• This model is not able to reproduce the phenomenology of  𝚲CDM without the 
problems associated with the Cosmological Constant.
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