Are there late-time solutions to the Hy and og tensions?

Hector Villarrubia-Rojo

Max Planck Institute for Gravitational Physics (Albert Einstein Institute, AEI)

Universidad Complutense de Madrid

May 25, 2022

(Albert-Einstein-Institut)

MAX-PLANCK-INSTITUT g
FUR GRAVITATIONSPHYSIK

L. Heisenberg, HVR, J. Zosso, 2201.11623
L. Heisenberg, HVR, J. Zosso, 2202.01202

f GOBIERNO MINISTERIO

DE ESPANA DE UNIVERSIDADES mZU rIlCh
REER Funded by the
M European Union
il NextGenerationEU




Copheid: m-M (mag)

Type Ia Supernovas — redshifiz)
a=0.135 mag.

[Riess et al. 2112.04510]

REHTIO%E)

Copheids —» Type In Supernovee *|

=0.130 mag, N=42

SNIa: m-M

Goometry —> Cepheids |

; EYZ TEe
y
o we
of v
o 04 —
R { Ho = —
“ 04 today

Geametry: 5 log D [Mpel + 25

Hy and oy

[Millennium Simulation]

N

. <5R7(a§)‘>. )
<6,2?(w)> =

Clustering amplitude

R=8Mpch™!



Copheid: m-M (mag)

Type Ia Supernovas — redshifiz)

[Riess et al. 2112.04510]

a=0.135 mag.

<73.0.10)

(e

Copheids —» Type In Supernovee *|

=0.130 mag, N=42

SN Ia: meM (mag)

Geometry —> Cepheids

= .y El
w oy v.u!{ oo
P AR Y

/
e/ " Copheld: mM (mag)
iy way
a
04 _
- Ho = u
o4 today

Geametry: 5 log D [Mpel + 25

Hy and oy

[Millennium Simulation]

Clustering amplitude

og =o0r, R=28 Mpch_1

Both can be inferred from the CMB (after choosing a cosmoloy!!)
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Early and late-time solutions to Hy

Toy model of late-time ‘solution’: phantom dark energy with w = const. < —1
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Early and late-time solutions to Hy

Overall position of the peaks: acoustic
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Early and late-time solutions to Hy
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scale
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To infer a larger Ho from the CMB, we
need models such that 6, | (fixed Ho)

® Early-time solutions: 7s(z«) |

® Late-time solutions: da(z.) T

Both usually worsen the og tension!
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Motivation for our work

ACDM cosmology:
Hicon(2) = H3 (2 (2) + @ (2) + )

Alternative cosmology (late-time deformation of ACDM):

0H (z)

ey <! §H(z > 100) =0

H(z) = Hacom(2) +0H (2) ,

What is the effect of §H(z) on Ho and os? Can we tune it to solve the tensions?

® Model-independent approach: we do not parameterize 6 H(z)
® Fully analytical results

® Generalization: we will also include (some) additional effects on the
perturbations (Ger = Gn + 0G(2))
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Effects of late-time ACDM extensions

ACDM Alternative model
(Ho, Qm) (Ho, Qm, +new params.)
H = Hcom(2) H = Hacom(z) + 0H(2)
Gesf = G = const. Gerr = G + 3G (2)

After we compare with observations, the preferred values will be different from
ACDM

(Ho + AHo, Qm + AQ, ... | 08+ Aos, 0.+ A0, ...)

These changes are connected to the properties of the new model

H[) ’ g8 T H(Z) ’ G

(we will fix wm = Qmh? here, more details in the paper)



Some variations

The Hubble parameter is

H(z) = Hacom(z; h + 6h) + 6H(2)



Some variations

The Hubble parameter is
H(z) = Hacom(z; h + 6h) + 6H(2)
The variation of the Hubble parameter is (with dw,, = 0)

AH(z) _ H§oh 0H(z) \E/?Friatio: at fixjdlf,
H(z) ~ H?*h H(z) ect of, e.g., dark energy,
alternative dark matter




Some variations

The Hubble parameter is
H(z) = Hacom(z; h + 6h) + 6H(2)
The variation of the Hubble parameter is (with dw., = 0)

AH(z) _ H§oh 0H(z) \E/?Friatio: at fixdedlf,
H(z) ~ H?*h H(z) ect of, e.g., dark energy,
alternative dark matter

The comoving distance is

? dx,
o H(zz)

x(2) =




Some variations

The Hubble parameter is
H(z) = Hacom(z; h + 6h) + 6H(2)
The variation of the Hubble parameter is (with dw., = 0)

AH(z) _ H§oh 0H(z) \E/?Friatio: at fixdedlf,
H(z) ~ H?*h H(z) ect of, e.g., dark energy,
alternative dark matter

The comoving distance is

_ [7 dz Ax(2) 1 z - AH(zz)
X = G x<z>/o :

H(c.)



Some variations

The Hubble parameter is
H(z) = Hacom(z; h + 6h) + 6H(2)
The variation of the Hubble parameter is (with dw., = 0)

AH(z) _ Hsdh 6H(z) \E/?Fria:io: at fix;edlf,
H(z) ~ H?> h  H(z) ect of, e.g., dark energy,
alternative dark matter

The comoving distance is

* dz, Ax(2) 1 /z AH(zz)
= — = — Xz
M=) ) & X@ o )
In general, any variation can be written as
Ax(z) oh /°° dz. 0H (z)
) O T e



Some variations

The Hubble parameter is
H(z) = Hacom(z; h + 6h) + 6H(2)
The variation of the Hubble parameter is (with dw., = 0)

AH(z) _ Hsdh 6H(z) \E/?Fria:io: at fix;edlf,
H(z) ~ H?> h  H(z) ect of, e.g., dark energy,
alternative dark matter

The comoving distance is

* dz, Ax(2) 1 /z AH(zz)
= — = — Xz
M=) ) & X@ o )
In general, any variation can be written as
Ax(z) oh /°° dz. 0H (z)
) O T e



Some variations

The Hubble parameter is
H(z) = Hacom(z; h + 6h) + 6H(2)
The variation of the Hubble parameter is (with dw., = 0)
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We can relate 0k and §H (z) by fixing A0, = 0 (CMB angular scale) ‘




Fixing the angular scale of the CMB
(Af. = 0), we can relate 6h and §H(z)

6h:/0°° dz Rh(z)dH(z)

h 142

Aos 5h+/°° dz 0H (%)
0

o8 :Iasf 1—|—ZRUS(Z) H(z)

Response functions



Fixing the angular scale of the CMB
(Af. = 0), we can relate 6h and §H(z)

6h:/0°° dz Rh(z)dH(z)

h 142

Aog . Oh * dz 0H (%)
=1, +/0 1_'_21%08(2') H2)

agsg 8%
_ [T dz ; 0H (z)
7/0 1+2R08( ) H(z)

Response functions



Fixing the angular scale of the CMB
(Af. = 0), we can relate 6h and §H(z)

oh [ dz 0H (z)
E"‘A T+

Aos _7 dh +/ dz RUS(Z)éH(z)
0

os 7 h 1+2 H(z)
_ [T dz ; 0H (z)
‘*A T2 )

Response functions

10° 10 10°



Fixing the angular scale of the CMB
(Af. = 0), we can relate 6h and §H(z)

oh [ dz 0H (z)
E"‘A T+

Aos _7 dh +/ dz RUS(Z)éH(z)
0

os 7 h 1+2 H(z)
_ [T dz ; 0H (z)
‘*A T2 )

Response functions

10° 10 10°

(Both Ry and R, are fully analytical!)
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0 Solving Hy tension (6h > 0) = 3z|dH(z) <0 = Fz|w(z) < -1
® Solving both tensions (0h > 0, Acs < 0):

a) If Get = G = 0H(z) changes sign = w(z) crosses —1

b)If G #G = 7
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Modifying the perturbations

The matter density perturbation on small scales evolves as

d%s,, dlog(a®H) dd,  3QmH3 Ger

da? da da 2a°H? G
where Gef = G in ACDM.

O0m =0

We will assume that the effects of the new model can be described with a
scale-independent, small deviation 6G(z)

Get = G + 5G(2)

Then, only the growth factor D is modified

(2, k) o (D(z) + (AD) (;G)T(k)

10



Response to dG(z)

Following the same steps, we compute the response to dG(z) so now the full
variation is
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Response to dG(z)

Following the same steps, we compute the response to §G(z) so now the full
variation is

AO’s_/OO dz 6H+ * dz g oG
os  Jo 1+z *H " J, 14z 7%G
os T os W

@ If we want to solve the Hy and o3 tensions (6h > 0 and Acg < 0) and
if 6H(z) does not change sign (§H (z) < 0)

0G(z) 0H(z)
¢ <Oy

= < 0 for some z

Again, a(z) is a known, analytical function
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tension (i.e. Ho 1) and the o tension (i.e. o5 |):

O Solving the Hy tension =  §H(z) < 0 for some z

S ‘w(z) < —1 for some z ‘

® Without modifying the perturbations (Ger = G):
® Both tensions cannot be solved if § H(z) does not change sign

@ Solving the Hp and og tensions =—> ‘w(z) crosses the phantom divide

@ If Gesr = G + G(z) and 0H(z) does not change sign:

Solving Hy and og tensions — %@ < a(z) 6:((;)> < 0 for some z

12






100 x (H — Hxcpm)/Hacom

]

w = const.
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=== ACDM

10!
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Example 1: wCDM

100 x 0h/h 100 x Aos/os
w class Analytical class Analytical

-0.8 | -8.57 -10.97 -8.98 -7.13
-0.85 | -6.47 -7.76 -6.29 -5.32
-0.9 | -435 -4.89 -3.93 -3.53
-0.95 | -2.19 -2.32 -1.85 -1.76
-1.05 | 2.22 2.10 1.65 1.75
-1.1 4.47 4.01 3.12 3.48
-1.15 6.75 5.74 4.45 5.21
-1.2 9.07 7.33 5.66 6.93
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w = wy + we(l —a)

o d
=3 13

|
I
o

100 x (H — Hacpm)/Hacom
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=== ACDM

10°
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Example 2: wow,CDM

wo = —1.05 100 x 6h/h 100 x Aosg/os
Wq class Analytical class Analytical
-0.05 2.81 2.61 2.24 2.08
-0.01 2.35 2.22 1.86 1.75
0.03 1.89 1.80 1.47 1.39
0.07 1.42 1.37 1.07 1.03
0.11 0.946 0.93 0.66 0.64
0.14 0.465 0.46 0.24 0.23
0.174 0.095 0.093 -0.089 -0.092
0.18 -0.022 -0.025 -0.19 -0.20
0.22 -0.52 -0.53 -0.64 -0.65
0.26 -1.02 -1.07 -1.09 -1.13
0.3 -1.54 -1.62 -1.56 -1.64
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Example 2: wow,CDM

w = wy + we(l —a)

o wo = —1.05 100 x 6h/h 100 x Aog/os
Wq class Analytical class  Analytical
s 05 / -0.05 2.81 2.61 2.24 2.08
S -0.01 2.35 2.22 1.86 1.75
= o 0.03 1.89 1.80 1.47 1.39
g 0.07 1.42 1.37 1.07 1.03
= 0.11 0.946 0.93 0.66 0.64
ml —05 0.14 0.465 0.46 0.24 0.23
e 0.174 0.095 0.093 -0.089 -0.092
s 0.18 -0.022 -0.025 -0.19 -0.20
~-10 0.22 -0.52 -0.53 -0.64 -0.65
0.26 -1.02 -1.07 -1.09 -1.13
0.3 -1.54 -1.62 -1.56 -1.64
15 === ACDM
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