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 CDM problems: the dark sectorΛ
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Dark Energy Dark Matter

US Cosmic Visions: New Ideas in Dark Matter 2017: 
Community Report 
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 CDM problems: the  tensionΛ H0

Verde, Treu & Riess 2019 

R19

V19



Outline
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• Why consider prerecombination solutions 
• Brief review of existing solutions (extra radiation, Early 
Dark Energy etc) 

• Non-minimal coupling and the  tension 

• Degeneracies with neutrino sector 
• Complementary tests of modified gravity 

H0
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comoving size of the sound horizon at baryon drag 

H0

rd
s = ∫

∞
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Bernal, Verde, Riess 2016 
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The  tension is usually rephrased into a tension on the 
comoving size of the sound horizon at baryon drag 

H0

rd
s = ∫

∞

zd

dz
H(z)

cs(z)

Aylor et al 2019 
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1. Determine  and  and compute ωb ωm rs

rd
s = ∫

∞

zd

dz
H(z)

cs(z)

Potential envelopeBoost and suppression 
of odd and even peaks
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1. Determine  and  and compute ωb ωm rs

2.  Infer θs ≃ π/Δℓ

3.  Adjust  in  to                   H(z) DA = ∫
z*

0

dz
H(z)

match and get θs H0
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Knox & Millea 2019 
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Knox & Millea 2019 

 tension or  tension?H0 rs

 can 
solve the tension
rs ≃ 137 Mpc
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ρr = 1 +
7
8 ( 4

11 )
4
3

Neff ργ

Riess et al 2011 

Neff = 3.30 ± 0.14 (68 % CL)
H0 = 70.01 ± 0.89 (68 % CL)

MB, Ballardini, Finelli, Gumrukcuoglu, Koyama, Paoletti 2020 
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Fit to CMB is 
worsen!! Planck 2018 results. VI. Cosmological parameters
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V(ϕ) = m2f 2 [1 + cos ( ϕ
f )]

n

Poulin et al 2018, 2019 
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Minimally coupled canonical scalar field with potential  V(ϕ)

V(ϕ) = m2f 2 [1 + cos ( ϕ
f )]

n

Poulin et al 2018, 2019 
Smith, Poulin, Amin 2019 

fEDE =
ρϕ(zc)

ρcrit(zc)
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V(ϕ) = m2f 2 [1 + cos ( ϕ
f )]

n

V(ϕ) = V0ϕ2n

Minimally coupled canonical scalar field with potential  V(ϕ)

Agrawal et al 2019 
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V(ϕ) = m2f 2 [1 + cos ( ϕ
f )]

n

V(ϕ) = V0ϕ2n

V(ϕ) =

V0ϕn for ϕ ≥ 0

0 for ϕ < 0{

Minimally coupled canonical scalar field with potential  V(ϕ)

Lin, Benevento, Hu, Raveri 2019 
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V(ϕ) = m2f 2 [1 + cos ( ϕ
f )]

n

Minimally coupled canonical scalar field with potential  V(ϕ)

Hill et al 2020 
Gonzalez et al 2020 

= m2f 2 ∑
n

cn cos ( nϕ
f )

c2

c1
= −

2
5

,
c3

c1
=

1
15

, cn≥4 = 0

Unrealistic instanton expansion
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V(ϕ) = m2f 2 [1 + cos ( ϕ
f )]

n

V(ϕ) = V0ϕ2n

V(ϕ) =

V0ϕn for ϕ ≥ 0

0 for ϕ < 0{

Minimally coupled canonical scalar field with potential  V(ϕ)

}R V(ϕ) = V0
tanh(ϕ 6α)2p

[1 + tanh(ϕ 6α)]2n

Linder 2015, 
García-García et al 2018 
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Koyama 2020 
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Minimally coupled canonical scalar field with potential  V(ϕ)

V(ϕ) = V0
tanh(ϕ 6α)2p

[1 + tanh(ϕ 6α)]2n

MB, Emond, Finelli, Gumrukcuoglu, 
Koyama 2020 
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EDE only eases the tension if LSS data are included 

D’Amico, Senatore, Zhang, Zheng 2020, 
Hill, McDonough, Toomey, Alexander 2020, 
Ivanov et al 2020 !
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Scalar-tensor theories
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Hordenski 1974 
Deffayet, Gao, Steer, Zahariade 2011 
Kobayashi, Yamaguchi, Yokoyama 2011 

Ezquiaga & Zumalacarregui 2017 
Creminelli & Vernizzi 2017 

Sakstein & Jain 2017  
Baker et al 2017 

Scalar-tensor theories
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Ezquiaga & Zumalacarregui 2017 

Scalar-tensor theories
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Zumalacarregui 2020

H&H: Hubble & Hordenski
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Zumalacarregui 2020

H&H: Hubble & Hordenski
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Non-minimally coupled scalar field
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Non-minimally coupled scalar field

Jordan-Brans-Dicke (JBD): Npl = 0

Massless Quintessence:  Npl = Mpl, ξ = 0

Conformal coupling (CC): ξ = −
1
6
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GN ≡
1

8πF

Cosmological Newton constant
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Geff ≡
1

8πF
2F + 4F2

σ

2F + 3F2
σ

GN ≡
1

8πF

Cosmological Newton constant

Effective Newton constant

Rothleitner & Schlamminger 2017 

Laboratory constraints 
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Solar System constraints 

ds2 = − (1 + 2ϵ − 2βPNϵ2)dt2 + (1 − 2γPNϵ)dx2

Turyshev et al 2006 

Deviation of 𝒪 (10−5)
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Stability conditions

Scalar perturbations

F > 0F (F + 3F2
σ) > 0

Tensor perturbations

Positive kinetic term in 
the Einstein frame 

Positive Newton constant

See e.g.  Gannouji, Polarski, Ranquet, Starobinsky 2006 
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Non-minimal coupling and  tensionH0

rd
s = ∫

∞

zd

dz
H(z)

cs(z) ΔH
H

∼
1
F

− 1

Increase or decrease depending on whether  or F < 1 F > 1
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Jordan-Brans-Dicke

Umiltà, Ballardini, Finelli, Paoletti 2015 
Ballardini, Finelli, Paoletti, Umiltà 2016

F(σ) = ξσ2
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Jordan-Brans-Dicke
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F(σ) = ξσ2

Fix  to  today and get   

then use a shooting algorithm 
to find 

Geff G σ0

σi
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Jordan-Brans-Dicke: other works

Sola, Gomez-Valent, de Cruz Perez, Moreno-Pulido 2019-2020

!
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Jordan-Brans-Dicke: other works

Sola, Gomez-Valent, de Cruz Perez, Moreno-Pulido 2019-2020

ξ < −
1
6

ϵBD = 4ξ < −
2
3
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Rossi, Ballardini, MB, Finelli, Paoletti, Starobinsky, Umiltà 2019
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NMC and  tensionH0

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

F(σ) = N2
pl + ξσ2

 decreases for , do we 
really need this?

σ ξ < 0

  fixed to  today to get Geff G σi



Matteo  Braglia  APC seminar 06/30/2020

NMC and  tensionH0

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

F(σ) = N2
pl + ξσ2 F(σ) = M2

pl+ξσ2
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NMC and  tensionH0

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

F(σ) = M2
pl+ξσ2

 decreases/increases for /  
and naturally starts to thaw around 

matter-radiation equality

σ ξ < 0 ξ > 0
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NMC and  tensionH0

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

F(σ) = M2
pl+ξσ2

 always decreases, but 
approaches  for  and departs 

from   for 

G

1 ξ < 0

1 ξ > 0
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NMC and  tensionH0
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NMC and  tensionH0

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

 which measures the modification to 

gravity at early times is quite constrained

ξσ2
i
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NMC and  tensionH0

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

Hard to constrain , but  is favoredξ ξ < 0
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NMC and  tensionH0

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

PN parameters consistent with GR, but 
less constrained
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NMC and  tensionH0

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

Larger H0
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CC and  tensionH0

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

F(σ) = M2
pl−

1
6

σ2

One parameter  extension to CDM(σi) Λ
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CC and  tensionH0

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

 well constrained, bounds on PN 

parameters tighter than Solar System ones

ξσ2
i
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CC and  tensionH0

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

What about ?H0
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CC and  tensionH0

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

Δχ2
CC = − 5

Δχ2
Neff

= − 2.8

 In contrast with 
 Ballesteros, Notari, Rompineve 2020
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CC +  and   tensionΔNeff H0

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

Little degeneracy 
between extra radiation 
and modified gravity 

CC +  and   tensionΔNeff H0
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MB, Ballardini, Emond, Finelli, Gumrukcuoglu, Koyama, Paoletti 2020

Little degeneracy 
between extra radiation 
and modified gravity 

CC +  and   tensionΔNeff H0

Δχ2
CC+Neff

= − 20.48

Δχ2
Neff

= − 14.54
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JBD & Neutrino physics

Ballardini, MB, Finelli, Paoletti, Starobinsky, Umiltà 2020

JBD +  Neff

Constraints on  are relaxed ξ
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JBD  
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JBD +  +Neff mν

Constraints on  and  are relaxedξ mν

JBD  
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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, 
Ivanov et al 2020 

Rossi, Ballardini, MB, Finelli, Paoletti, Starobinsky, Umiltà 2019
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• Standard sirens
Caprini & Tamanini 2016

Power to constrain JBD Hard to constrain NMC models 
that ease the  tensionH0

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

• Standard sirens

Power to constrain NMC models with late time modifications 
to gravity
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Constraining NMC: where to look

• N-body simulations
Winther, Koyama, Manera, Wright, Zhao 2017

In preparation
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Conclusions

• Modifications to gravity offer a natural framework to 
address the  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

H0


