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Our Universe
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Our Universe

≪≪ ⋯𝟓𝟎 ≪ ⋯ ≪≪

Steven Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1.
Antonio Padilla, Lectures on the Cosmological Constant Problem, arXiv:1502.05296.



Weinberg’s no-go theorem

• A no-fine tuning theorem!

• Take metric 𝑔𝑎𝑏, self-adjusting fields 𝜙𝑖, assumptions:
i. Dynamics, Lagrangian 𝑳(𝑔𝑎𝑏 , 𝜙𝑖)
ii. Vacuum, translation invariant

𝑔𝑎𝑏 , 𝜙𝑖 = constant

• (ii) implies symmetry 𝑀: 𝑥𝑎 → 𝑀−1
𝑏

𝑎
𝑥𝑏, 𝑀 is a constant matrix:

𝑔𝑎𝑏 → 𝑔𝑐𝑑𝑀 𝑎
𝑐 𝑀 𝑏

𝑑

𝑳 𝑔, 𝜙𝑖 → det 𝑀 𝑳 𝑔, 𝜙𝑖
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Weinberg’s no-go theorem

• (ii) constant vacuum solution:

𝛿𝑀𝑳 =
𝜕𝑳

𝜕𝜙𝑖
𝛿𝑀𝜙𝑖 +

𝜕𝑳

𝜕𝑔𝑎𝑏
𝛿𝑀𝑔𝑎𝑏

• (i) and (ii), vacuum equations (for illustration, both independent):

𝜙𝑖 eqs.
𝜕𝑳

𝜕𝜙𝑖
= 0 and 𝑔𝑎𝑏 eq.

𝜕𝑳

𝜕𝑔𝑎𝑏
= 0

• 𝜙𝑖 eqs. →
𝜕𝑳

𝜕𝑔𝑎𝑏
=

𝑔𝑎𝑏

2
𝑳 → 𝑳 = −𝑔𝑽 𝜙𝑖 BUT 𝑔𝑎𝑏 eq. → 𝑽 𝜙𝑖 = 0

• Interpretation: 𝑽 𝜙𝑖 are VEV/mass scales, 𝑽 𝜙𝑖 = 0 is fine tuning.
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Weinberg’s no-go-theorem

Constant vacuum fields → Fine tuning



Weinberg’s no-go theorem
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VS
𝜙 𝑡

footnote 8, page 11
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Horndeski theory
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• Most general scalar-tensor theory with 
second-order field equations;

• Limits: GR, Brans-Dicke theory, f(R), 
quintessence, kinetic braidings…

• Derived from Lovelock’s theorem;
• About Gregory Horndeski: 

https://www.horndeskicontemporary.co
m/about

Horndeski’s painting at Leiden, < ℎ𝑡𝑡𝑝𝑠://𝑤𝑤𝑤. 𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑒𝑖𝑡𝑙𝑒𝑖𝑑𝑒𝑛. 𝑛𝑙/𝑏𝑖𝑛𝑎𝑟𝑖𝑒𝑠/𝑐𝑜𝑛𝑡𝑒𝑛𝑡/
𝑔𝑎𝑙𝑙𝑒𝑟𝑦/𝑢𝑙2/𝑚𝑎𝑖𝑛 − 𝑖𝑚𝑎𝑔𝑒𝑠/ℎ𝑜𝑟𝑛𝑑𝑒𝑠𝑘𝑖 − 𝑓𝑜𝑡𝑜 − 𝑏𝑟𝑢𝑛𝑜 − 𝑣𝑎𝑛 − 𝑤𝑎𝑦𝑒𝑛𝑏𝑢𝑟𝑔. 𝑗𝑝𝑔/
ℎ𝑜𝑟𝑛𝑑𝑒𝑠𝑘𝑖 − 𝑓𝑜𝑡𝑜 − 𝑏𝑟𝑢𝑛𝑜 − 𝑣𝑎𝑛 − 𝑤𝑎𝑦𝑒𝑛𝑏𝑢𝑟𝑔. 𝑗𝑝𝑔/𝑑390𝑥𝑣𝑎𝑟>

https://www.horndeskicontemporary.com/about
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Self tuning

• Theory admits Minkowski vacuum
for any Λ;

• survives phase transitions ΔΛ;

• permits nontrivial cosmology.

Reggie Bernardo
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The Beatles, <https://www.masslive.com/resizer/-_GQoCduR6kVhaM3gN44q46H-Uo=/800x0/smart/arc-anglerfish-arc2-prod-advancelocal.s3.amazonaws.com/public/NJDUSZLU2BHADLZWGWXNQHTHAQ.JPG>



Fab Four

Scalar potentials that allow self-tuning within Horndeski:

𝑳𝑱 = 𝑉𝐽 𝜙 𝑮𝒂𝒃𝛁𝒂𝝓𝛁𝒃𝝓

𝑳𝑷 = 𝑉𝑃 𝜙 𝑷𝒂𝒃𝒄𝒅𝛁𝒂𝝓𝛁𝒄𝝓𝛁𝒃𝛁𝒅𝝓

𝑳𝑮 = 𝑉𝐺 𝜙 𝑹

𝑳𝑹 = 𝑉𝑅 𝜙 ෡𝓖

where 𝐺𝑎𝑏 is the Einstein tensor, 𝑃𝑎𝑏𝑐𝑑 is the double dual of the Riemann tensor, 
and መ𝒢 = 𝑅𝑎𝑏𝑐𝑑𝑅𝑎𝑏𝑐𝑑 − 4𝑅𝑎𝑏𝑅𝑎𝑏 + 𝑅2 is the Gauss-Bonnet combination.
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Fab Four: cosmology

The self-tuning vacuum (Milne slice of Minkowski):

𝐻2 = −𝑘/𝑎2

Hamiltonian constraint: 𝐻𝐽 + 𝐻𝑃 + 𝐻𝐺 + 𝐻𝑅 + Λ = −𝜌𝑚

where
𝐻𝐽 = 3𝑉𝐽 𝜙 ሶ𝜙2 3𝐻2 + 𝑘/𝑎2

𝐻𝑃 = −3𝑉𝑃 𝜙 ሶ𝜙3𝐻 5𝐻2 + 3𝑘/𝑎2

𝐻𝐺 = −6𝑉𝐺 𝜙 𝐻2 + 𝑘/𝑎2 + 𝐻𝜕𝑡 ln 𝑉𝐺 𝜙

𝐻𝑅 = −24𝜕𝑡𝑉𝑅 𝜙 𝐻 𝐻2 + 𝑘/𝑎2

On-shell: 𝓗 𝝓, ሶ𝝓, 𝒌 ≠ 𝟎 + 𝚲 = 𝟎

Reggie Bernardo
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Degeneracy

• 𝑯 = 𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭 (low energy vacuum), overconstrains the dynamical system

• In Fab Four,

𝐷 𝜙, ሶ𝜙,𝐻 = 𝐶 𝜙, ሶ𝜙,𝐻 = 0

• Other degeneracy:

𝑍 𝜙, ሶ𝜙, 𝐻 ∝ 𝐷 𝜙, ሶ𝜙, 𝐻 & 𝑌 𝜙, ሶ𝜙, 𝐻 ∝ 𝐶 𝜙, ሶ𝜙, 𝐻, ሶ𝐻

Reggie Bernardo
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ሶ𝐻 = ሷ𝜙𝑍 𝜙, ሶ𝜙, 𝐻 + 𝑌 𝜙, ሶ𝜙, 𝐻

0 = ሷ𝜙𝐷 𝜙, ሶ𝜙, 𝐻 + 𝐶 𝜙, ሶ𝜙, 𝐻, ሶ𝐻
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Well-tempered cosmology

• Use 𝜙(𝑡) to design a low energy vacuum state 𝐻 𝑡 = ℎ, 𝜙 𝑡 s.t.

• Result: Screen only𝚲, with mass scales of order unity.

• Price: 𝐾 𝑋 , 𝐺 𝑋 → 𝑞 𝐾 𝑋 , 𝐺(𝑋)

Reggie Bernardo
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3𝐻2 = 𝜌Λ + 𝜌𝜙
2 ሶ𝐻 + 3𝐻2 = −𝑃Λ − 𝑃𝜙

ሷ𝜙𝑓 + ሶ𝜙𝑔 + 𝜙𝑘 = 𝑗
Vacuum State : 𝜙 𝑡 vs 𝚲

S. Appleby and E. V. Linder, The Well-Tempered Cosmological Constant, JCAP 07 (2018) 034 [1805.00470].



Well-tempered cosmology: An example
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𝑆grav 𝑔, 𝜙 = ∫ 𝑑4𝑥 −𝑔
𝑴𝐏𝐥

𝟐

𝟐
𝑹 − 𝚲 + 𝜆3𝜙 −

𝜆3

18ℎ2
2𝛾

𝑋
+ ln𝑋 𝜕2𝜙

On-shell 𝐻 𝑡 = ℎ , dynamical equations

ሷ𝜙 𝑡 = 3ℎ ሶ𝜙 𝑡 → 𝝓 𝒕 = 𝒄𝟏𝒆
𝟑𝒉𝒕 + 𝒄𝟐

Hamiltonian constraint:

𝟑𝒉𝟐𝑴𝐏𝐥
𝟐 = 𝚲 −

𝟐𝜸𝝀𝟑

𝟑𝒉
− 𝒄𝟐𝝀

𝟑



Dynamics in a well-tempered de Sitter model
𝝆𝚲/𝒉

𝟐 ∼ 𝟏𝟎𝟏𝟎 : Λ is ten(!) orders of magnitude > de Sitter vacuum

Reggie Bernardo
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Figure 1. Hubble and scalar field evolution in a well-tempered model with 𝜌Λ/ℎ
2 ∼ 1010.



Dynamics in a well-tempered de Sitter model
𝝆𝚲/𝒉

𝟐 ∼ 𝟏𝟎𝟏𝟎 : Λ is ten(!) orders of magnitude > de Sitter vacuum
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Figure 2. Matter and dark energy density parameters in well-tempered model with 𝜌Λ/ℎ
2 ∼ 1010.
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Highlights of recent progress
• (2012) Fab Four derivation, cosmology [1106.2000, 1112.4866, 1208.3373]

• …

• (2018) The Well-Tempered Cosmological Constant [1805.00470]

• (2019) WTC broadened to Horndeski sectors with 𝑐 = 1 [1812.05480]

• (2020) Black hole in a FF-type self tuning model [1912.09199]

• (2020) WTC Horndeski Variations [2009.01720], WTC Fugue in B Flat [2009.01723]

• (2020) An expansion of well tempered gravity [2012.03965]

• (2021) Self tuning KGB [2101.00965, RCB]

• (2021)  WTC extended to teleparallel gravity [2107.08762, 2108.02500, RCB, Jackson Levi 
Said, Maria Caruana, Stephen Appleby]

Reggie Bernardo
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Highlights of recent progress

• (2021) Fab Four generalized to AdS vacuum [2111.11448]

• (2022) WTC Scales, exploring relation between the mass scales [2201.02211]

• (2022) A minimal self tuning model to solve the CCP [2201.09016]

• (2022) Nondegenerate self tuning [to appear, Stephen Appleby, RCB]

• (20xx) …

Reggie Bernardo
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Self-tuning KGB
(2101.00965, RCB, JCAP2021)
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• The tadpole 𝑺 ∼ 𝝀𝟑𝝓

• No-tempering theorem

• Self tuning VS 𝚲 VS Laplace condition

26

Shift symmetry: 𝜙 → 𝜙 + 𝐶 for constant 𝐶
Well tempering applies to the shaded sectors; trivial scalar/FF-type self tuning the all



Recent progress: teleparallel gravity extensions

• TEGR: Teleparallel Equivalent of GR

• Teledeski: Teleparallel Analogue of Horndeski gravity

• Well-tempered Teledeski models
❑2107.08762, RCB, Jackson Levi Said, Maria Caruana, Stephen Appleby, JCAP2021

❑2108.02500, RCB, Jackson Levi Said, Maria Caruana, Stephen Appleby, CQG2021

Reggie Bernardo
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𝜙(𝑡) 𝑇𝑎𝑏𝑐(𝑡) 𝜙 − 𝑇 couplings
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Old Fab Four, <https://www.teahub.io/photos/full/23-231788_fab-four-1968-large-wallpaper-beatles-old.jpg>



Fab Four: The long and winding road

Scalar potentials that allow self-tuning within Horndeski

[2111.11448, Edmund Copeland, Sukhraj Ghataore, Florian Niedermann, Antonio Padilla]:

where 𝐺𝑎𝑏 is the Einstein tensor, 𝑃𝑎𝑏𝑐𝑑 is the double dual of the Riemann tensor, and መ𝒢 =
𝑅𝑎𝑏𝑐𝑑𝑅𝑎𝑏𝑐𝑑 − 4𝑅𝑎𝑏𝑅𝑎𝑏 + 𝑅2 is the Gauss-Bonnet combination.
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FF2012 (Milne slice)

𝐿𝐽 = 𝑉𝐽 𝜙 𝐺𝑎𝑏∇𝑎𝜙∇𝑏𝜙

𝐿𝑃 = 𝑉𝑃 𝜙 𝑃𝑎𝑏𝑐𝑑∇𝑎𝜙∇𝑐𝜙∇𝑏∇𝑑𝜙

𝐿𝐺 = 𝑉𝐺 𝜙 𝑅

𝐿𝑅 = 𝑉𝑅 𝜙 መ𝒢

FF2021 (AdS vacuum, curvature −𝑞2)

𝐿𝐽 = 𝑉𝐽 𝜙 (𝐺𝑎𝑏−𝟑𝒒𝟐𝒈𝒂𝒃)∇𝑎𝜙∇𝑏𝜙

𝐿𝑃 = 𝑉𝑃 𝜙 𝑃𝑎𝑏𝑐𝑑 + 𝟐𝒒𝟐𝒈𝒂[𝒄𝒈𝒅]𝒃 ∇𝑎𝜙∇𝑐𝜙∇𝑏∇𝑑𝜙

𝐿𝐺 = 𝑉𝐺 𝜙 𝑅 + 𝟏𝟐𝒒𝟐

𝐿𝑅 = 𝑉𝑅 𝜙 መ𝒢 − 𝟐𝟒𝒒𝟒



Beyond degeneracy

• Degeneracy allows an ansatz 𝐻 = constant (e.g., low-energy vacuum) 
to be an “exact” solution to the system of equations;

• Price: Special 𝜙 and 𝑔𝑎𝑏 couplings in the action;

𝑆𝐺 𝑔𝑎𝑏 , 𝜙 = ∫ 𝑑4𝑥 −𝑔
𝑀Pl

2 𝑅

2
− Λ − 𝜆3𝜙 + 𝜖𝑋 +

𝜖2

𝜅3
𝑋𝜕2𝜙

If 𝜅 = 𝜆, degeneracy is satisfied, but, “Isn’t this another

kind of fine tuning?”

• Q: “Can we break degeneracy and retain its desirable features?”



Nondegenerate self tuning

• Minimal self tuning to solve the CCP [2201.09016, Khan & Taylor]

𝑆𝐺 𝑔𝑎𝑏 , 𝜙 = ∫ 𝑑4𝑥 −𝑔 EH − Λ − 𝝀𝟑𝝓+ 𝑋 −
2𝑋

3ℎ
𝜕2𝜙

• Tadpole cosmology [to appear, Stephen Appleby & RCB]

𝑆𝐺 𝑔𝑎𝑏 , 𝜙 = ∫ 𝑑4𝑥 −𝑔 EH − Λ − 𝜆3𝜙 + 𝜖𝑋 +
𝜖2

𝜿3
𝑋𝜕2𝜙 +

𝒎𝟐𝝓𝟐

𝟐
+𝑴𝟐−𝒏𝝓𝒏𝑹

Reggie Bernardo
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Tadpole cosmology

Canonical scalar + Tadpole:

𝑆𝐺 𝑔𝑎𝑏 , 𝜙 = ∫ 𝑑4𝑥 −𝑔
𝑀Pl

2

2
𝑅 − Λ − 𝜆3𝜙 + 𝜖𝑋

Field equations:

−2𝑀Pl
2 ሶ𝐻 = 𝜖 ሶ𝜙2

0 = 𝜖 ሷ𝜙 + 3𝜖𝐻 ሶ𝜙 + 𝜆3

❖If 𝜆 = 0, the standard 3𝑀Pl
2 𝐻2 = Λ,𝜙 = constant is a solution;

❖If 𝜆 ≠ 0, the fields 𝐻 and 𝜙 must be time dependent.

Reggie Bernardo
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Tadpole cosmology
Self tuning without degeneracy



Outlook
✓CCP challenges our understanding 

of the Universe;

✓What not to do? No-go theorem;

✓Degeneracy:
✓ Fab Four

✓ Well Tempered Cosmology

✓Timeline of recent progress

✓Self tuning beyond degeneracy

❑Fab Four departures? WT beyond 
flat FLRW? Observational 
constraints? Laplace instability? …
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“The effort to understand the Universe is 
one of the very few things that lifts human 
life a little above the level of farce, and 
gives it some of the grace of tragedy.”

- SW


