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The ACDM Standard Model
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ACDM problems: the dark sector

Dark Energy Dark Matter

Dark Sector Candidates, Anomalies, and Search Techniques
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ACDM problems: the H, tension
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ACDM problems: the H, tension
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Outline

* Why consider prerecombination solutions

» Brief review of existing solutions (extra radiation, Early
Dark Energy etc)

. Non-minimal coupling and the H, tension

» Degeneracies with neutrino sector
» Complementary tests of modified gravity
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H, tension or r, tension?

The H, tension is usually rephrased into a tension on the

comoving size of the sound horizon at baryon drag
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The H, tension is usually rephrased into a tension on the
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H, tension or r, tension?

The H, tension is usually rephrased into a tension on the

comoving size of the sound horizon at baryon drag
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H, tension or r, tension?

1. Determine w, and w,, and compute r,
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H, tension or r, tension?

1. Determine w, and w,, and compute r,
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H, tension or r, tension?

1. Determine w, and w,, and compute r,

-----

2. Infer 6, ~ z/AL i

3. AdustHo Dy = | Lto %
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H, tension or r, tension?
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H, tension or r, tension?

r. ~ 137 Mpc can
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attempts: extra dark radiation

“Origina
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attempts: extra dark radiation

“Origina
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attempts: extra dark radiation

“Origina
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“Original” attempts: extra dark radiation
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“Original” attempts: extra dark radiation
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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attempts: Early Dark Energy

“Origina

Minimally coupled canonical scalar field with potential V(¢)
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)

V() = m*f* 1 + cos (?)
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)

Vig) = Vo™
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attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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Unrealistic instanton expansion  fill etal 2020
Gonzalez et al 2020
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attempts: Early Dark Energy

“Origina

Minimally coupled canonical scalar field with potential V(¢)
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)

tanh(¢\/@)2p
[1 + tanh(¢y/6a)]?"
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MB, Emond, Finelli, Gumrukcuoglu,
Koyama 2020
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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“Original” attempts: Early Dark Energy

Minimally coupled canonical scalar field with potential V(¢)
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attempts: Early Dark Energy

“Origina

EDE only eases the tension if LSS data are included

Dataset H, JEDE OSHOES  OPlanck
Planck + BAO + SN 69.457972 < 0.14 (95% CL) 2.4 1.5
Planck + FS + BAO + SN 67.72794% < 0.07 (95% CL) 4.0 0.4
Planck + BAO + SN + SHOES 71.3+1.2 0.10470:93

Planck + FS + BAO + SN + SHOES 69.2711  0.06610:933

D’Amico, Senatore, Zhang, Zheng 2020,
Hill, McDonough, Toomey, Alexander 2020,
lvanov et al 2020
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Scalar-tensor theories

Traditional
ST theories

Extra DOF

\ Degenerate

. Higher-Order
Beyond Horndeski (GLPV) DHOST Scalar-Tensor

jHorndeski

Langlois 2018
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Scalar-tensor theories

Traditional
ST theories
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= R Degenerate
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Langlois 2018
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Scalar-tensor theories
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Scalar-tensor theories

g, B) = /d‘*w\/TQ

Ly = Ga(9, X),
L3 = —G3(6, X)DOo,

L4 = Ga(¢, X)R+ Gax (¢, X) [(DW - ¢;W¢W}

L5 = Gs(d, X)Gud™ — Gsx(6, X)[ (@0)

+2¢;uy¢;ua¢;au T 3¢;/JJ/¢;'UJVD¢i| :

Hordenski 1974 Ezquiaga & Zumalacarregui 2017
Deffayet, Gao, Steer, Zahariade 2011 Creminelli & Vernizzi 2017
Kobayashi, Yamaguchi, Yokoyama 201 1 Sakstein & Jain 2017

Baker et al 2017
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Scalar-tensor theories

5
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Hordenski 1974 Ezquiaga & Zumalacarregui 2017
Deffayet, Gao, Steer, Zahariade 2011 Creminelli & Vernizzi 2017
Kobayashi, Yamaguchi, Yokoyama 201 1 Sakstein & Jain 2017

Baker et al 2017
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Scalar-tensor theories

Cg =C Cqg F C
N ¢
( General Relativity quartic/quintic Galileons [13, 14] )
—E quintessence/k-essence [46] Fab Four [15]
—;: Brans-Dicke/f(R) [47, (48] de Sitter Horndeski [49]
:?‘ Kinetic Gravity Braiding [50] Guvo'o” |51], f(¢)-Gauss-Bonnet [52]
b <
as Derivative Conformal (119) 117] quartic/quintic GLPV [18]
g Disformal Tuning (E) quadratic DHOST [20] with A; # 0
g L quadratic DHOST with A; = 0 cubic DHOST 23] )
Viable after GW170817 Non-viable after GW 170817

Ezquiaga & Zumalacarregui 2017
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H&H: Hubble & Hordenski

10° 7

— Y Reconciling Hy (coupled Galileon):
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H&H: Hubble & Hordenski

mordial element abundances and gravitational waves. While further model building is required to
fully resolve the Hp problem and satisfy all available observations, these examples show the wealth
of possibilities to solve cosmological tensions bevond Einstein’s GGeneral Relativity.

10° 7
Lo = GQ(gb’ X) 7 ] Reconciling Hy (coupled Galileon):
LUPE ---- |IDEE — EEG
LS — _G3(¢7 )D¢7 :
L4 = Gu(9, X (PRX e et “So
. y /’/n . \\\\
N 3 < gk RN
£5 — G%X ,uy¢ HY %(¢7 X) [ (D¢) _ ‘ d USo
+2¢;MV¢;V(X¢;QM, L 3¢;/JJV¢;,UJVD¢i| . .‘ \\\ -.-" S
: YA 2eq Qumtessence V(o)
_ _ R T L O P
B o 1+ 2

'3 M? “
»; £G3,C’ — TPC(¢)R+2WXD¢+CQX 2A—|—£m ;
1“ ‘

Zumalacarregui 2020
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Non-minimally coupled scalar field

Cg =C Cqg F C
r r
( General Relativity quartic/quintic Galileons [13, 14] )
= Fab Four [15]
de Sitter Horndeski [49]
asp Guvd"¢” |51], f(¢)-Gauss-Bonnet [52]
) <
as Derivative Conformal (119) 117] quartic/quintic GLPV [18]
E Disformal Tuning (i) quadratic DHOST [20] with A; # 0
g L quadratic DHOST with A; = 0 cubic DHOST 23] )
Viable after GW170817 Non-viable after GW170817
F (o) (00)? ]
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Non-minimally coupled scalar field

S:/d4x\/jg:

F(O’) — Ngl —I—SO'2

Massless Quintessence: N

1 =My, 6 =0

Jordan-Brans-Dicke (JBD): N, =0

Conformal coupling (CC): ¢ = _%
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Laboratory constraints

Cosmological Newton constant

1
SF

Gy =
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Laboratory constraints

Cosmological Newton constant o 6676
'> 6.674 {1 ;=
1 & 6672 ¢ t
ONE 3F 2 qoso) |
ﬂ: G :::wem;em%m:%m::u f}#::e}::e:{:eu—:
o 107F G 2
Effective Newton constant ® 40| : ° o 8
1 2F —|— 4F2 10 1970 1980 1990 2000 2010
G — o year
s Sk 2F + 3F§ Rothleitner & Schlamminger 2017
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Solar System constraints

ds* = — (1 + 2e = 2BppeD)dt* + (1 — 2yppne)dx>

F2
TPN = F QF%
| FF)U d’)/pN
PN —
SF + 12F% do
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Solar System constraints

ds* = — (1 + 2e = 2BppeD)dt* + (1 — 2yppne)dx>

F? y
—1 X4 “ 71
PN F 2F,%
| FF, dvypn
PN =
SF +12F2% do

Turyshev et al 2006
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Solar System constraints

ds* = — (1 + 2e = 2BppeD)dt* + (1 — 2yppne)dx>
N = 1 F+2F? | o ronging 107 // . o

1 1 1 1
1.000 1.001 1.002 1.003 ﬂ

Turyshev et al 2006
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Stability conditions

Scalar perturbations Tensor perturbations
F(F+3F7) >0 F>0
Positive kinetic term in Positive Newton constant

the Einstein frame

See e.g. Gannouiji, Polarski, Ranquet, Starobinsky 2006
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Non-minimal coupling and H, tension

AH 1

Increase or decrease depending on whether F <1 or F > 1
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Jordan-Brans-Dicke
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Umilta, Ballardini, Finelli, Paoletti 2015
Ballardini, Finelli, Paoletti, Umilta 2016
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Jordan-Brans-Dicke

1.00 h_l“”I“”I”””””III“lI”“””““_”.“-I:l'”‘“'l:l '''''' g
S 0.95 |
Fix G- to G today and get ¢, °
. o 0.90 _
then use a shooting algorithm -+ i
to find o 085 ot o T
10-° 10~° 10~4 10-3 102 10°1 10°

Umilta, Ballardini, Finelli, Paoletti 2015
Ballardini, Finelli, Paoletti, Umilta 2016
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Jordan-Brans-Dicke

1.04
103 iR BT T s
& 102} “~:~\
° d d ~ "’/,’\'","\
Fix G, to G today and get o =
DN
then use a shooting algorithm 100 DIeN
to find o, 0,99 et
d

Umilta, Ballardini, Finelli, Paoletti 2015
Ballardini, Finelli, Paoletti, Umilta 2016
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Jordan-Brans-Dicke

85

|
3 Planck 2013 + Hg
Emm Planck 2013 + H
B Planck 2013 + BAO |

80

Fix G, to G today and get o £ i
then use a shooting algorithm S
to find o | | |
.988 0.9927PN 0.996 1.000

Umilta, Ballardini, Finelli, Paoletti 2015
Ballardini, Finelli, Paoletti, Umilta 2016
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Jordan-Brans-Dicke: latest data

Bl P18 + BAO
Bl P18 + BAO + R19
B P18

73.5 1

72.0 1

v

66.0 1 . . . .
0.0000 0.0003 0.0006 0.0009 0.0012 0.0015

H [kms "Mpc 1]

69.0

67.5

¢
'

Ballardini, MB, Finelli, Paoletti, Starobinsky, Umilta 2020
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Jordan-Brans-Dicke: latest data

P18 + BAO

P18 + BAO + R19

0.02239 £ 0.00013
() 12()1 :t () 0011

P18
A 14
002244730013
_We 7 0.1198 4 0.0012
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Jordan-Brans-Dicke: latest data
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Jordan-Brans-Dicke: latest data
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Jordan-Brans-Dicke: other works

Baseline Baseline+ H
Parameter GR-ACDM BD-ACDM GR-ACDM BD-ACDM
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Jordan-Brans-Dicke: other works

Baseline Baseline+ H
Parameter GR-ACDM BD-ACDM GR-ACDM BD-ACDM
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Jordan-Brans-Dicke: other works

Bl BD baseline
B BD baseline+H,
B BD baseline+Hy+SL
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NMC and H, tension
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NMC and H, tension
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NMC and H, tension

B Planck TT+lowP+lensing+BAO - NMC
B Planck TT+lowP-+lensing+BAO - IG
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NMC and H, tension
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NMC and H, tension

NS

0.25} — AN, =10"°H

0.20 +

La—

G, fixed to G today to get g =

L b g10}

o decreases for £ <0, do we

.

really need this? CEEE O

Rossi, Ballardini, MB, Finelli, Paoletti, Starobinsky, Umilta 2019

yT—— 06/30/2020



NMC and H, tension

MB, Ballardini, Emond, Finelli, Gumrukcuoglu, Koyama, Paoletti 2020
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NMC and H, tension

0.6 - n=2, €= —1/6

n=4, £&=—1/6
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Agrawal et al.
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NMC and H, tension
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NMC and H, tension
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NMC and H, tension
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NMC and H, tension

B n=2P18+BAO+R19
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NMC and H, tension
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NMC and H, tension
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NMC and H, tension
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CC and H, tension

One parameter (o) extension to ACDM
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CC and H, tension
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CC and H, tension

B CC P18

B CC P18+BAO+R19

e — _ = _____

I F‘

¢s7 well constrained, bounds on PN

. parameters tighter than Solar System ones

: : l : AR 1 . P A : | : :
220 2.25 0.118 0.122  1.0415 1.0425 3.01 3.05 3.09 0.96 0.98 0.04 0.06 0.08 02 04

MB, Ballardini, Emond, Finelli, Gumrukcuoglu, Koyama, Paoletti 2020

yT—— 06/30/2020



CC and H, tension

What about H,?
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CC and H, tension

CC P18 P18 + BAO + R19|P18 + BAO + V19
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CC and H, tension

Conformally coupled
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CC and H, tension
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CC and H, tension
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CC and H, tension

Conformally coupled V19
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CC + AN, and H, tension
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CC + AN, and H, tension
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CC + AN, and H, tension

Little degeneracy
between extra radiation
and modified gravity 3.6 -

3.8 -

w 3.4 -

Ay = — 14.54

3.0 -~

2 —
Ardcin., = —20.48

2.8 - T T T T 70
—0.04 —0.03 —0.02 —0.01 0.00

Eo;
MB, Ballardini, Emond, Finelli, Gumrukcuoglu, Koyama, Paoletti 2020

yT—— 06/30/2020




JBD & Neutrino physics

JBD + N4
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JBD & Neutrino physics

JBD JBD + N,
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JBD & Neutrino physics

JBD + N4 +m,
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JBD & Neutrino physics
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JBD & Neutrino physics
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Constraining NMC: where to look

 Full shape of the power spectrum
D’Amico, Senatore, Zhang, Zheng 2020, Hill, McDonough, Toomey, Alexander 2020,
lvanov et al 2020 0.08 [ >0 -
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Rossi, Ballardini, MB, Finelli, Paoletti, Starobinsky, Umilta 2019
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Constraining NMC: where to look

 Full shape of the power spectrum
D’Amico, Senatore, Zhang, Zheng 2020,
Hill, McDonough, Toomey, Alexander 2020,

lvanov et al 2020
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Constraining NMC: where to look

» Standard sirens
Caprini & Tamanini 2016

Belgacem et al 2019
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Constraining NMC: where to look

» Standard sirens
Caprini & Tamanini 2016

» Scalar gravitational wave effect
Koyama today
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Constraining NMC: where to look

« Standard sirens
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Constraining NMC: where to look

* N-body simulations
Winther, Koyama, Manera, Wright, Zhao 2017
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Conclusions

» Modifications to gravity offer a natural framework to
address the H, tension which is worth exploring

extensively

* A non-minimal coupling to gravity, though not as
effective as EDE models, can ease the tension without
the need of fine tuning. Again, this triggers model
building in this direction

» Future experiments that aim at testing gravity can
further constrain these models
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