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CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 = 0.54

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9 = 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.3613:23

No CMB, with BBN

Colas et al. (2020), BOSS DR12+BBN: 68.7 £1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 + 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 +0.97

Cepheids — SNla

Riess et al. (2020), R20: 73.2 +1.3

Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19:
Camarena, Marra (2019):

Burns et al. (2018):

Follin, Knox (2017): 73.

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73
Cardona, Kunz, Pettorino (2016): 73.
Freedman et al. (2012): 74

TRGB - S

Soltis, Casertano, Riess (2020): 72.1 +
Freedman et al. (2020): 69.6 £

Reid, Pesce, Riess (2019), SHOES: 71.1+1
Freedman et al. (2019): 69.8 +1.9

Yuan et al. (2019): 72.4 £ 2.0

Jang, Lee (2017): 71.2 £ 2.5

=
H

NN
WG
NS~ O

HHHFHH+HE+HMHT
NNEHERENEE
R YooYW

Masers
Pesce et al. (2020): 73.9+ 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +£2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 £ 2.5

Lensing related, mass model — dependent
Yang, Birrer, Hu (2020): Hyp = 73.65*332

Millon et al. (2020), TDCOSMO: 74.2 + 1.6

Qi et al. (2020): 73.6ii;§

Liao et al. (2020): 72.8%153

Liao et al. (2019): 72.2 £2.1

Shajib et al. (2019), STRIDES: 74.2i_%1;(7}

Wong et al. (2019), HOLICOW 2019: 73.31};?

Birrer et al. (2018), HOLICOW 2018: 72.5%;i

Bonvin et al. (2016), HOLICOW 2016: 71.9723

Optimistic average

Di Valentino (2021): 72.94 £0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7+1.1

HO tension

High Precision Measures of Hy

e Ho

Hr

[km s~ Mpc™]

Indirect

Direct

65 70 75

80

E. Di Valentino et a.I.
arXiv:2103.01183
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- . Zosso,
 arxiv:2201.11623
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rees of freedom Phys.Lett.B757 (2016) 455-411
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G.Tasinato JHEP 1404 (2014)067
arXivi1402.6450
© Dark Energy fixed point L.H. & de Felice,Kase, Mukohyama,

Tsujikawa,Zhang, JCAP
1606,2016,06,048, arXiv:1603.05806
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rametrization
edding into a Boltzman code is very expensive!
- analytically :

' " :

LH&H. Vlllarrubla Rao,
N . Zosso,
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Solving HO and sigma8 simultaneously

Assume: Small deviations from a given cosmological *
background (for example ACDM )

@ {HOygszQm)AS)nS)TT’eiO}

at the background level :
H = HACDM (Z) »
Gef = G

\\"‘4;;;:5,_\ L.H & H. Villarrubia Rojo,

B J. Zosso,
D arxiv:2201.11623



Solving HO and sigma8 simultaneously

Assume: Small deviations from a given cosmological =
background (for example ACDM )

at the background level .
H = Hxcpm(z) + 0H(2) .
Geﬂ’ =0 + 0G(2)

\\
\

| g\\ = L.H & H. Villarrubia Réjo,
% ..\ ' T

. J. Zosso,
arxiv:2201.11623



Solving HO and sigma8 simultaneously

Assume: Small deviations from a given cosmologlcal “
background (for example ACDM ) *,

»

{HO_|_ AH())QZ?_I_ Aﬂb 7Qm_|‘AQm oo

at the background level

L.H & H. Villarrubia R0]0
. Zosso,
arx1v.2201.11623




4 Solving HO and SIgmaS SlmultaneouSIY

oeneral deviation from ACDM

u »

Q-+ AQ,,, H(z) + 5H ‘ }

] ™
)
e -
N
LJ ' i
. -3
~ .
- -
- L
-
- . .
L . ’
' . - .
‘ .
-

:
:
-. ‘
> :
.

H & H. Vlllarrubla Rao,
. Zosso, -
arx1v.2201.11623'



Solving HO and"sigmaB.'simultanéo.u'sly E s R

u

)
: | -
N
N §ie
' 3
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& -
.
- . .
™ 3 .
’ . .‘ . 1]
‘ .
-

. * '3_

H & H. Vlllarrubla Rao,'
T 7. Zosso, ~
e - s 'arxlv.2201.11623'



Solving HO and sigma8 simultaneously

Consider:  a general deviation from ACDM % ' : ‘
{Ho+ AHp Q0+ AQ,,, H(2)+0H(2) . &.. F

Compute: the variations to first order in the observables
AH*, AUS,... ‘ ’

Relate: the deviations of the parameters AH 0y Aﬂm, el
with 0 H (Z ) using CMB priors |

L.H & H. Villarrubia Rojo,
J. Zosso, '
arxiv:2201.11623




Solving HO and sigma8 simultaneously

Consider:  a general deviation from ACDM % _ :
{Ho+ AHg 0+ AQ,,, H(2)+ 0H(2) . &. .}

Compute: the variations to first order in the observables

AH*, AO’S, o o

Relate: the deviations of the parameters AH 0, Aﬂm, i
with 0 H (Z) using CMB priors |

Generate: response functions | &
o Aos(z >~ dx OH(z.)
\\\'\\ L.H & H. Villarrubia R6] o,
g J. Zosso,

arxiv:2201.11623



Solving HO and sigma8 simultaneously

Consider:  a general deviation from ACDM % _ :

{Ho+ AHg Q2+ AQ, H(2)+ 0H(2) . 4. .}
Compute: the variations to first order in the observables -
AH*, AO’g,...

Relate: the deviations of the parameters AH 0, Aﬂm, i
with 0 H (Z) using CMB priors |

Generate: response functions | %
. Aog(2) * dx, 0H (1)
N0s) /o 1+ 0, Co (22)
\ \s\\f}\\‘ N L.H & H. Villarrubia R6] 0,

. '
Ly J. Zosso,

arxiv:2201.11623



Solving HO and sigma8 simultaneously

Consider:  a general deviation from ACDM % _ :
{Ho+ AHg 0+ AQ,,, H(2)+ 0H(2) . &. .}

Compute: the variations to first order in the observables

AH*, AO’S, o o

Relate: the deviations of the parameters AH 0, Aﬂm, i
with 0 H (Z) using CMB priors |

Generate: response functions | &
. A > '
- - (Z) IS / - RJS (.CI?Z, Z) 5G(x2)
0 3 (Z ) 0 1+, G (CE z )
\\\\ L.H & H. Villarrubia R6] o,

B J. Zosso,
e arxiv:2201.11623
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Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

0H(z) .

AH(z)  Hjoh

H(z) H2h  H(z)
o ©dz e

Observable: the comoving distance d =

o H(z)

L.H & H. Villarrubia I_{djo,
. J. Zosso, |
T arxiv:2201.11623



Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

AH(z)  HZsh SH(2) .
H(z) H2h  H(z)
. © dz e
Observable: the comoving distance d =
o H(z)
The change in the comoving distance
(\J(z) \ 1 /Zd AH(z) ]
d(z)y,  d(z) Jo ~ H(z)’ “

‘ll

L.H & H. Villarrubia Rdjo,
N J. Zosso, '
& arxiv:2201.11623



Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

AH(z) _ Hjoh  0H(z) g
H(z) — H2? h  H(z) .
Observable: the comoving di d — dz
o H(z)
The change in the comoving distance
Ad(z) = 1 /Zd AH (z) ;
d(2),  d(2) Jo ~ H(2)? |

\
;‘z
L.H & H. Villarrubia Rdjo,
S J. Zosso, '
T arxiv:2201.11623



Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

AH(z)  HZ6h JH(2) .
H(z  H2h H(2)

The change in any observable

AO(z) oh [ dx, 0H () .
o) = lo(2) -1 /O 1_|_$ZRO($272) H(z,) &

L.H & H. Villarrubia Rdjo,
N J. Zosso, '
& arxiv:2201.11623



Solving HO and"sigmaB.:simu_ltanéo,u'sly E s R
The var f the Hubble parameter iy o & ‘

5 Oh  0H(z) , L E
R CH

B ‘h with 0H (2)

.
? -
.
.
’ H ‘
. -
. .
¢ -
.
. . .
" 2 L}
z X e d 1
‘ .
.

| t ':.

H & H. Vlllarrubla Rao,
£ . Zosso, |
_ © arxiv:2201.11623



Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

AH(z)  HZ6h O0H(2) L
H(z  H2h H(2)

Weneed torelate Oh Wwith 5H(Z)

Ts (Z*) In order to agree with CMB
¥ F _
(MB priors! ‘9* - d observations the acoustic
A (Z*) scale needs to remain
unchanged!

L.H & H. Villarrubia Rojo,
J. Zosso, |
arxiv:2201.11623



Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

AH(z)  Hjoh 0H(z) -
=3 |
Weneedtorelate 0h with o0 H (Z )
. Ts (Z*) In order to agree with CMB
CMB priors! (), — y (Z ) observations the acoustic
A\~x scale needs to remain’

unchanged!

L.H & H. Villarrubia Rdjo,
J. Zosso, |
arxiv:2201.11623




Solving HO and sigma8 simultaneously

The variation of the Hubble parameter

AH(z)  HZ6h JH(2) .
H(z  H2h H(2)

response function relating oh with 0H (Z )

NS dz 0H(z)
h _/O T2 2 ey -

L.H & H. Villarrubia Rdjo,
N J. Zosso, '
& arxiv:2201.11623



Solving HO and sigma8 simultaneously
The variation of the Hubble parameter

AH(z)  HZo6h  SH(z) L.
H(z  H2h H(2) £

response function relating oh with 0H (Z )

L.H & H. Villarrubia R(;jo,
- J. Zosso, |
N arxiv:2201.11623
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Solving HO and sigma8 simultaneously

Remember, the variation of any observable

AO(z) oh / dx, R@(xz,z)(SH(xz)
0

0(z) folg) 7 1+, H(z.)

*

oh [T dz 0H(z)
F —/O Rh(z)

L.H & H. Villarrubia Rojo,
P J. Zosso, '
- arxiv:2201.11623



Solving HO and sigma8 simultaneously

Remember, the variation of any observable

AO(z) oh [ dux; 5H(£Z)
Sh [ dz 0H (z)
f_/o T4 nl®) H (=)
AR & Ro(z) il
1 , Tz H(z) tnen Villarrubia Rojo,

._\j\”"x\\\\‘ J. ZOSSOI
e arxiv:2201.11623



Example: the variation of sigma8

0.00

—0.25
—0.50 -
—0.75 -

& _1.001
—1.25-
—1.50

—1.757

08

10

14+ 2

100

oh

h

Aog /OO dz (5H(z)
- = A Z .
(O] 0 1‘|"Z 2 H(Z)

Solving HO and sigma8 simultaneously

1+ z Rh'(z').- H(z).

) /O@ . SH(2)

“*

-

L.H & H. Villarrubia Ré'jo,
J. Zosso, '
arxiv:2201.11623



Solving HO and sigma8 simultaneously

6-
4
2 -
()
—9 _\—‘/72’]1.7
10" 10! 10°
|
Rp(z)
'D
08(2

o
1

10° 10! 102

L.H & H. Villarrubia R(‘)'jo',
J. Zosso, o
arxiv:2201.11623



Solving HO and sigma8 simultaneously

0 1 1 -
3-
1
2-
2 L
0
0 - i /‘
2 oH Rp - o H R
H B H
10° o0t 0 10! R
1+~ 1+ 2
0H (z
H(Z) : . : . .- -
L.H & H. Villarrubia Rojo,
- OH (2) J. Zosso, -

7 I arxiv:2201.11623



Solving HO and sigma8 simultaneously

T o
4 H \\\ o H
‘l \\ R(TS X H '
31 ) \
I \
1' !
241 \\
i \
I \\
1 \
:
0 -
_l | /—;
2 OH Ray
—3 H
10° 10 10°
1+ =

L.H & H. Villarrubia R(‘)'jo',

J. Zosso,
arxiv:2201.11623



Solving HO and sigma8 simultaneously

6- _ 0H . n M
A0 X \’ff‘g 11
H N
4-
2 AO},
oh —>
2 G — | 1 ) il OF
= h
0
N /‘
—2 - R
oH 78
—3- 7
hr — ml : 103 e : |O‘ ———— 103
l + 2 1+ z
oh > dz Ry (2) 0H (z)

L.H & H. Villarrubia R(;jo,

Aog [T dz 5H(z) J. Zosso,
os  Jo 1+zU ) H(z) arxiv:2201.11623
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‘Solving HO and sigmaSsimultane'o;uSIy il o5
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Solving HO and sigma8 simultaneously

I+ z

102



Solving HO and"sigma'S._'simu.lta';iéqu'sly Ay

th tensions requires (Geﬁ"n’ #G) : “ ¥ ":.0 ¢
] ACDM(Z) + 5H(Z) f -

H & H. V111arrub1a Rao,'
. Zossc),
,arx1v.2201.11623'
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‘ F??'? Solving HO and’sigmdS.Simultané'Quély_ TN

ACDM(Z) +o0H(z)

+ 0G(2) g

l tensions requires (GeH#G) : “ ¢

H & H. Vlllarrubla Rao,'
£ J- Zosso
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Solving HO and sigma8 simultaneously

QSolving both tensions requires (Geﬂf # G) .
H = Hxcpm(z) + 0H (2) .
Geff =G - 5G(Z)

- (2, k) ~ (D(Z) + (AD)|5G>T(I€)'

Aag / - /OO dz 5G .
1+ 2078 08 G

L.H & H. Villarrubia Rdjo,
S J. Zosso, '
. arxiv:2201.11623



Solving HO and sigma8 simultaneously

QSolving both tensions requires (Geﬂf # G) . “
H= HACDM(Z) -+ 5H(Z)

Geff =G - 5G(Z)




Solving HO and sigma8 simultaneously

‘Solving both tensions requires (Geﬂf # G) . ‘.
H= HACDM(Z) -+ 5H(Z)

Geff =G + 5G(Z)




f i —iSolving HO and sigmaSSimultaneo;uSIy

‘Solving b*h tensions requires (Geﬂ“‘ #G) : . , s
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HO tension
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Summary .- - . .

0 tension | T MR O SR s

dz|0H (z) <“() ~? .' :
dzlw(z) < -1
.\ ' A
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[
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Summary .-

H0 tension

0H(z) <
w(z) < —

0o




H0 tension

z|0H(z) < O" .
zlw(z) < —1

' (Geff _ G)

0H|(z) changes sign
~ w(z) crosses — 1

Summary .- -




!"

gy

'
J

‘ “
‘ »

H0 tension

’ z|0H (2)
zlw(z) <

|

= < ons (Geff — G)

» O0H(z) changes sign
- w(z) crosses — 1

W,

\ = Eﬁ;tensions (Geff # G)

Summary oAy, S g




Summary

‘ Solving HO tension

6h>0 weip- d2|0H(2) <O
zlw(z) < —1

‘ Solving both tensions (Geﬂ‘ = G)

5h > (0 == O0H(z) changes sign
Ags <0 w(z) crosses — 1

ing bpth tensions (Geff # G)




