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@ Assuming the Hawking entropy S, = % where A = 473

K

— 4’/TG(pm +Pm) = H - 327 (1)
81Gpm >, kA

=H 4+ —= — = 2

3 * a? 3 (2)
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Extending up to Wald—Gauss—Bonnet (WGB)

entropy

@ From the EH action one obtains the Bekenstein-Hawking
entropy of a BH: Igy — Sgy

@ When the action in 4D is extended up to the GB term,
then according to Wald [1993] the BH entropy will be
also extended Iey + Igg — Sgy + Sgs -

A 2w
Swes = ic + TX(h)- (3)

where h, the BH horizon, is a S sphere, thus its Euler
characteristic is x(h) = 2.
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is an integer decrease of
(52 Swes violating the second

X(5?) x(8%)
- thermodynamical law,
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Vice versa, during BH
formation oy = 2
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Resolving the the second law violation

@ By demanding that the topology of the causally
connected boundaries OIM = H | J | h; remain

constant y(H) + SN, x(h;) = cons.
@ each time a BH horizon is formed, two puncture disks
open up on the apparent horizon dx(H) = —2

@ while each time two BH horizons merge into one, two
disk punctures close up, 0x(H) = 2.

when dNg,,, BHs are formed
and 0 Npers BHs merge

SX(H) = =2 (6Nporm — Npmerg)
ox(H) = —2 6N (4)
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Modified Friedman equations from WGB entropy

If instead of the standard Hawking entropy we implement
the WGB entropy into the first law dE = TdS, follow the
steps in the spacetime thermodynamics procedure and
transform per redshift, then we obtain:

H(2) = %Pm+k(1+2)z+§—85/ [H*+k(1+2)P~dz.

; (5)

absorbing the extra terms in the DE density we define:

ppe(z) = 871'% {% — 85/:[H2 + k(1+ 2)2]2%dz} :
| (6)
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Black hole formation and merger rates

From the Star Formation Rate (SFR) best fit model of
Madau and Dickinson [2014]
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Black hole formation and merger rates

From the Star Formation Rate (SFR) best fit model of
Madau and Dickinson [2014]

(1+ 2)2'7
1+[(1+2)/2.9°

we have estimated the rate of the active number of BHs
per redshift inside the apparent horizon

dNz) () ©

dz  HYz)(1+2)’

Mgyear *Mpc 3, (7)

(z) = 0.015

where we have absorbed all the astrophysical parameters

9)

4T (]- - fbin X fmerge) fBH

3 <mpr0g>

C =
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Assuming a flat Universe (k = 0) and inserting the
expression for the active BHs rate we acquire the basic
expressions of the model:

H?(z) = Hngo(1+z)3+%—8dC/'z (ffl) dz, (10)

por(z) = 5o (g - 8aC / z (f’(jl)dz) Sy

woe (2) = —1 — —24€u() (12)
. A 6aC [ A gy
4 zi (142)
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The integral can be evaluated in terms of the
hypergeometric function »F1(a, b; ¢; z), and gives
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The integral can be evaluated in terms of the
hypergeometric function »F1(a, b; ¢; z), and gives

¥(2) B 2.7
/mdz = 0.37037 - (1 + z) (13)

oF1 (0.482143, 1.0; 1.48214; —0.00257378 - (1 + 2)>°) .

Range of the involved parameters according to the
literature.

H Parameter ‘ Value H

fBH 01% to 5%
(Mprog) 25 to 40 My
1% to 10%
foin 50% to 80%
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In all graphs we have used the models parameters |&| = 10° (in Hy units), fgy = 0.025,

Mprog = 30Mg, fpjn = 0.65, fmerge = 0.05 and we have implemented Qpgy = 0.69.
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Constraining the model's parameter space

In order to validate our results, we confront the scenario
with observational data from Supernovae Type la (SNla)
and Cosmic Chronometers (CC) using the Cobaya code
Torrado and Lewis [2021].

We have fixed the

Parameters 1o Values astrophysical
Ho 75.2 & 4.7 km/s/Mpc ~ Paramerer
fgr = 0.025,
Qmo 0.38 £0.05 Morog = 30Mo,
& (9.4+7.1) x 10* foin = 0.65,
Qpeo 0.62 £0.05 fmerge = 0.05 s0 as to
rdrag 212.1+31.2 |\/|pc constrain the free

parameter &.

Observational constraints at 1o confidence level.
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Bayesian analysis of the parameter space

Ho O a L Ope Tdrag

The 1o and 20 iso-likelihood contours for
Wald-Gauss-Bonnet topological dark energy, for the 2D
subsets of the parameter space using Cobaya code.
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Alleviating the og tension

DE does not cluster, hence modifications on the
overdensity evolution will depend mainly on H:

H'(z) 1 3Qmg HE (1+ z)

" m\we) L Yo 0 _

Om + <H(z) 11 z> om H? Om = 0.
(14)
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Alleviating the og tension

DE does not cluster, hence modifications on the
overdensity evolution will depend mainly on H:

(5”—{—<H/(Z) 1 >(5/ _3Qm0 Hg (1+Z)(5m20
m m H2

(14)
after extracting the solution for 0,,(z) we calculate the
important physical observable

H(z) 14z

fo8 = f(z)o(2), (15)
where f(z) := _% and o(z) == Uggzggg.
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Alleviating the og tension

0.55f
0.50f
0.45¢

fo8

0.40¢
0.35f
0.30f

0.25¢

0.0 0.5 1.0 1.5 2.0 25 3.0
redshift z

Evolution of fo8 in
Wald-Gauss-Bonnet cosmology with & = 4.5 - 10° in units where 870G = 1, and with fgy = 0.025,
Mprog = 30Mg), fpjn = 0.65, fmerge = 0.05 (red dashed), as well as in ACDM paradigm (black solid).
Additionally, the blue data points are from Baryonic Acoustic Oscillations (BAO) observations in SDSS-1II
DR12 Gil-Marin et al. [2018], while the gray data points at higher redshifts are from SDSS-1V DR14 Hou

et al. [2018], Zhao et al. [2019], Gil-Marin et al. [2018].
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