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Horndeski gravity

» The Lagrangian describing the theory is

(1)

» L2 =K(o, X),

» L3=-G3(p,X) | |o,

» La= Ga(, X) R + Gax [([ J@)? - (VW) (VHPV )],

» Ls=Gs(p, X) Guw (VHVV ) - % Gsx [([ ] @)°-3([ ] @) (V.V.@)(VHVVe) +
2(VHVa @) (VOVs) (VPV.@)].




Horndeski gravity

= The functions K and Gi (i = 3, 4, 5) depend on:
a2  The scalar field ¢

J  And itskinetic energy X = -0“¢d, p/2

= The tferms Gix and Gie (I =3, 4, 5) - Gix = 0Gi/0X and
C.;i,cpE (’)‘G:/O([J



Horndeski gravity

» The total action is given by

(2)

» Lm:describesthe matter content of the universe, corresponding a perfect fluid
» Q:.the determinant of the meitric guv

Imposing a flaf background metric:

ds? = - dt? + a2(t)sidx dx’ e

where a(t) —» the scale factor



Horndeski gravity

» Varying the action (2) withrespect to the metric, we get

2XK x — K+ 6 X H Gz x — 2X Gz 4 — 6H? G4 + 24H?X (Ga x + )
X G-’-LXX)_ 12H X ¢ Gq,(;{;x —6H ¢ Gq1¢ —|—2H3X 0 (565?)(4—2)( G51)()() (4)
-6H%X (3G51¢'; + 2X G53¢_,x) = —Pm

K — 2X(G3,J,—|—aJGg)()+2(3H2+2H)Gq—12H2XG4X
-4H G.q_x — SHX G.-,]_)( — SHXX G.q_ xx T 2(¢J—|— 2Hﬂ)) G4u (5)
+4X G g5 +4X (0—2H §) Gapx — 2X(2H3¢:+2HH d+3H%p) Gs x

-4H2X2r+:: G5 xx + 4H X(X HX)G5 ox +2[2(HX + HX) +

The , With the Hubble parameter:



Horndeski gravity

» Variation of (2) with respect to ¢(f) provides its equation of motion

» with
J = {,J K1x +6H X ngx -2 I;J Ggﬁ.;‘_. + 6H2"~."£'(G4,K +2X Gf-l,xx) (7)
—12H X Ga yx + 2H>X (3Gs x + 2X Gs xx)
+6H2¢;1(G51¢'} + X G5 4x)
+ ¢ Gz px) + 6 (2H? + H) Ga g 8]

+6H (X + 2H X) G41¢;{ — 6H X 651,3},; + DH3X n;p G51¢;{




Horndeski gravity

We define:
0O Pressure: pm =0, energy density: om = pmo/a®
aK=-Voop + X

a0 Cosmological redshift: z=-1+ ao/a, do= 1

We choose suitable sub-classes of the theory to obtain a cosmological behavior that is
almost identical with that of ACDM at early fimes, but which at infermediate and late
times deviates from if, so:

a G3=0
o Ga4= 1/(161G)

0 We modify the parameter |, by varying the coefficients c, A in
the following cases: :

O (ACDM: arising from G4 = 1/(1611G), K= -2A = const, G3= G5 = 0)



Alleviating the Ho Tension in
Horndeski framework

» We choose the initial conditions for the scalarfieldin order
to obtain H(zeme) = HACDM(zems) and Qmo = 0.31.

» We solve numerically the equations (5), (ré) with respectto ¢
and q, for each of the modificationson the G5 and so we get the
H parameter values.

» We compare the results of the H parameter obtained by the
sub-classes of Horndeski theory with the corresponding one
obtained by the ACDM model assuming a flat universe:

Hov/Qmo(1+2)> +1— Qmo (9)

with: Hoacom = 67.27 £ 0.6 km/s/ Mpc
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The mechanism behind Ho
alleviation

» |In Horndeski theories we have

Gery _ 1

e 5 ((;4 —2XGyx + XG5 ¢ — (ﬁ’HﬁrGﬁ,}{)
. LN

(arxiv:1404.3713, arXiv:1712.00444)

And in our models this exhibits a decrease at infermediate redshifts

‘“weaker” gravity mmmsms"faster” expansion

(brought about in turn by the friction term)




Stability of the obtained solutions

» Condition for Horndeski/generalized Galileon theory in order to be free from
Laplacian instabilities, associated with the scalar field propagation speed (cs?):

wy (dwrws + 9 ”E )

= 2(Gs —2XGux) —2X (Gs.xoH — Gs.s) .
= —2GaxXo+4GiH — 16 X2Gaxx H + 4 dGaox —AH Gy x)X + 2 Gy ot
+ B X2 HGs 4x + 2H X (6G5.4 — 5 Gs x0H) — 4G5 xxd X2 H?

HISHAHX Gy xxx —HGy —5X0Gy ox —Gupd + THG x X + 16 HX?Gyxx — 2 X 0G4 sxx)
H6HX (2 HdGy xxx X2 — 6 X2C5 yxx + 13X HdGg xx — 2TC5 ox X + 15 HdG v — 18G5 )

2G4 — 2X G5 g —2X G5 xob.

Testing our models through the stability condition for each of the
sub-classes, regarding cs?, we get:



» (E.g. Case c=1.3)

- free from Laplacian instabilities

(13)

(A. De Felice and S. Tsujikawa, JCAP 02, 007)

» For our models:




Conclusions-Prospects

g

By choosing suitable sub-classes of the Horndeski theory we obtained a
cosmological behavior that is almost idenfical with that of ACDM at early fimes,
but which at infermediate and |late times deviates from it due to the weakening
of the gravitationalinteraction.

There exist regions of the free parameters that are able to reproduce the
observed Hubble function evolution and at late times potentially alleviate the Ho
tension, implying also the viability of the examined models.

A detailed verification of viability for the proposed models and their results is
necessary using observational data sets of SNIa, BAO, CMB
(etc.) samples.

Finally, if the tension isn’t a result of unknown systematics, then one should
indeed seek for alleviationin extensions of the standard lore of cosmology.



10 commandments for Hubble hunters

@ | am Hy, ~ 74 thy Goal

@ Thou shalt not fail to fit key data
(BAO, SNela, polarization)...

© ...or include a local Hy prior in vain

© Thou shalt not forget the true source
of the tension (from the SHOES side)

© Honour Hy's central value, and keep
2 3 . .
an eye on your Ax“/Bayesian evidence

© Thou shalt not murder o0g/Ss...

@ ...but aim to solve this and other
tensions/puzzles at the same time

@ Thy solution shall come from a
compelling particle/gravity model...

© ...which makes verifiable predictions...

@ ...which later better be verified!




