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Observations in good agreement with
Λ (Planck & DES: w = −1± 0.05)

Kinetic self-acceleration from DE
always possible because of degeneracy
(but engineered with w = −1?)
[Kennedy, L & Taylor (2019)]

Genuine MG self-acceleration
challenged by GW170817
[L & Taylor/Lima (2015/16)]

DE & MG models typically do not
address old Λ problem

Back to Λ? Cosmological constant
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Old and new Λ problems
Dark Energy
Modified Gravity

Horndeski scalar-tensor action (simplest MG)

Horndeski action:

Dark Energy

S =
1

2κ2

∫
d4x
√
−g
{
G2(ϕ,X )− G3(ϕ,X )�ϕ

+ G4(ϕ,X )R +
∂G4

∂X

[
(�ϕ)2 − (∇µ∇νϕ)2

]
+ G5(ϕ,X )Gµν∇µ∇νϕ

− 1

6

∂G5

∂X

[
(�ϕ)3 − 3�ϕ(∇µ∇νϕ)2 + 2(∇µ∇νϕ)3

]
+Lm(gµν , ψi )

}
,

where X ≡ − 1
2 (∂µϕ)2

[Horndeski 1974; Deffayet, Gao, Steer, Zahariade 2011; Kobayashi, Yamaguchi, Yokoyama 2011]
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Breaking the Dark Degeneracy with GWs

[L & Taylor (2015)]

[L & Lima (2016)]
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Breaking the degeneracy with the GW speed
Remaining Horndeski action

GW170817

[Abbott et al. 2017]
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Remaining viable Horndeski (at low z)

Horndeski action:

Dark Energy

S =
1

2κ2
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d4x
√
−g
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∂G4

∂X
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(�ϕ)2 − (∇µ∇νϕ)2
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6

∂G5

∂X

[
(�ϕ)3 − 3�ϕ(∇µ∇νϕ)2 + 2(∇µ∇νϕ)3

]
+Lm(gµν , ψi )

}

+ beyond? → GWs decay to δφ

[Creminelli et al. (2018)]

where X ≡ − 1
2 (∂µϕ)2

[Kimura & Yamamoto (2011); McManus, L & Peñarrubia (2016)]

also see: [Ezquiaga & Zumalacárregui (2017); Creminelli & Vernizzi (2017); Sakstein & Jain (2017);

Baker, Bellini, Ferreira, Lagos, Noller, Sawicki (2017); . . . ]
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also see: [Ezquiaga & Zumalacárregui (2017); Creminelli & Vernizzi (2017); Sakstein & Jain (2017);

Baker, Bellini, Ferreira, Lagos, Noller, Sawicki (2017); . . . ]

Lucas Lombriser No Problem with the Cosmological Constant



Cosmological constant
Large-Scale Structure & Gravitational Waves

Planck mass variation and the Λ problem

A Dark Degeneracy in the LSS
Breaking the degeneracy with the GW speed
Remaining Horndeski action

Linear shielding for GWs

[de Rham & Melville (2018)]

Scale-dependent propagation of GWs:

h′′ij +

(
3 +

H′

H
+

(0)αM + (1)αMw(a)k2
H

1 + w(a)k2
H

)
h′ij

+

(
1 +

(0)αT + (1)αTw(a)k2
H

1 + w(a)k2
H

)
k2
Hhij = 0

with GW170817⇒ (1)αT ' 0 as kH ∼ 1019

[Battye, Pace & Trinh (2018)]

Self-acceleration driven by

∣∣∣∣∣Ω′

Ω

∣∣∣∣∣ =

∣∣∣∣∣(0)
αM +

(0)α′T
1 + (0)αT

∣∣∣∣∣ & O(1)

(cf. linear shielding for GWs) [L & Taylor (2014)]
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Einstein-Hilbert action

S = M2
Pl

∫
d4x
√
−g
(
R

2
− Λ

)
+

∫
d4x
√
−gLm(gµν ,Φm)

Field and constraint equations

Gµν + Λgµν = M−2
Pl Tµν ,

∫
dV4

(
R

2
− Λ

)
= 0

Combined field equations

Gµν +
1

2
M−2

Pl 〈T 〉gµν = M−2
Pl Tµν , M2

Pl Λ =
1

2

∫
dV4T∫
dV4

≡ 1

2
〈T 〉

[L (2019)] (also see, e.g., vacuum energy sequestering, unimodular gravity, Barrow & Shaw (2011), 4-form

field strength of a 3-form gauge field, δ-function from scalar-vector term, multiverse type II,

higher-dimensional scalar-tensor theory, supergravity, string theory . . . )
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Additional variation wrt Planck mass
Old cosmological constant problem
New cosmological constant problem

Old cosmological constant problem

Combined field equations: ∫ dV4 (R − 2Λ) = 0, M2
Pl Λ = 1

2

∫
dV4T∫
dV4

≡ 1
2
〈T〉

Gµν +
1

2
M−2

Pl 〈T 〉gµν = M−2
Pl Tµν

Non-gravitating vacuum energy (old Λ problem)

Example 1: M2
PlΛvac ∝ M2

PlM
2

(1-loop: mi → λiMPl; Wheeler space-time foam [Wang, Zhu & Unruh (2017)])

Example 2: M2
PlΛvac ∝ M2α

Pl M
4−2α

(α = 1; α = 0 local sequestering)

Gµν +
1

2− α

[
(1− α)Λ +

M−2
Pl
〈T〉

2

]
gµν = M−2

Pl Tµν

Example 3: expansion of Λvac in M2
Pl cancelled by expansion of classical Λ
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Value of the cosmological constant, M2
Pl Λ = 1

2

∫
dV4T∫
dV4

≡ 1
2
〈T〉

assume spatially perfectly homogeneous matter-only universe with instantaneous collapse at tend

collapse at a = 0.926 at age of 0.88H−1
0 (1 Gyr in the past)

collapse today instead accounts for 81% of observed value
interesting proximity (but not exact and no imminent collapse predicted)

Universe is inhomogeneous on small scales (backreaction)
(final conditions clearer than initial conditions: ultimate critical matter cells)

Sm =
∑
i

∫
Ui
dV4Lm,i +

∫
M\

⋃
i Ui

dV4L∅

Matching Λ between Ui and M\
⋃

i Ui : L∅ = M2
Pl(Λ/n + M2n

Pl Λ̄∅)
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Spherical collapse equation from energy-momentum
conservation in matter cell

y ′′ +

(
2 +

H ′

H

)
y ′ +

1

2
Ωm(a)(y−3 − 1)y = 0

where y ≡ (ρm/ρ̄m)−1/3 and primes denote derivatives wrt ln a

Self-consistent production of cosmological constant

1
2M
−2
Pl 〈T 〉

Λobs
=

Ωm

4(1− Ωm)

tmax∫ tturn
0

dt a3y3
>

tmax

2tturn
= 1

Standard field equations (w/ non-gravitating vacuum)

Rµν −
1

2
Rgµν + Λobs = M−2

Pl Tµν
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Measure for likelihood for our location
in process: y ∈ [0, 1).

Uniform prior: 〈y〉 = 1/2

Present time: y(t0) = 1/2

Normalisation today: a(t0) ≡ 1

⇒ ΩΛ = 0.704

1σ & 3σ agreement w/ DES & Planck
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Conclusions

Challenges to cosmic acceleration from DE or MG.

Variation of Einstein-Hilbert action wrt Planck mass yields a
topological constraint equation that prevents vacuum energy
from gravitating (old Λ problem).

Evaluation of the constraint equation for matter patches that
form ultimate critical cells yields backreaction effect that
predicts ΩΛ = 0.704, giving rise to cosmic late-time
acceleration & coincident current Ωm ∼ ΩΛ (new Λ problem).

No problem with the cosmological constant.
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Hubble tension?

But what about the 4.4σ H0 tension?
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Hubble tension?

[L (2019)]

B̂eq = 4
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Thank you!
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