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Desiderata for 
gravity models

‘Woods at Dusk’

G. Horndeski

Tessa Baker, ICG Portsmouth PASCOS 20263



Gravity theory wanted
Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

🌍 Has a screening mechanism → doesn’t break local gravity constraints

Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

🌍 Has a screening mechanism → doesn’t break local gravity constraints

😖 Not mess up structure formation at z > 2

Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

🌊 Consistent with GW propagation speed = c

🌍 Has a screening mechanism → doesn’t break local gravity constraints

😖 Not mess up structure formation at z > 2

Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

💪 Stable growth of scalar & tensor perturbations (no gradient instabilities, no ghosts 👻)

🌊 Consistent with GW propagation speed = c

🌍 Has a screening mechanism → doesn’t break local gravity constraints

😖 Not mess up structure formation at z > 2

Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

💪 Stable growth of scalar & tensor perturbations (no gradient instabilities, no ghosts 👻)

🌊 Consistent with GW propagation speed = c

🌍 Has a screening mechanism → doesn’t break local gravity constraints

😖 Not mess up structure formation at z > 2

🤷 Perhaps: fit BAO+CMB+SN phantom crossing? [Solve H0 tension ??]

Tessa Baker, ICG Portsmouth PASCOS 20264



Gravity theory wanted

🚙 Can drive late-time accelerated expansion

💪 Stable growth of scalar & tensor perturbations (no gradient instabilities, no ghosts 👻)

🌊 Consistent with GW propagation speed = c

🌍 Has a screening mechanism → doesn’t break local gravity constraints

😖 Not mess up structure formation at z > 2

🤷 Perhaps: fit BAO+CMB+SN phantom crossing? [Solve H0 tension ??]

Is that really so much to ask??
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The Phantom Crossing ‘Anomaly’
Fit from BAO+CMB+SN on the parameterised dark energy equation of state:
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→ Prefers models which cross w=-1 (from below to above) at late redshift.
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A real deviation from ΛCDM or systematics?
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A real deviation from ΛCDM or systematics?

Either way, we take the exercise of reverse-engineering viable 
underlying cosmological gravity theories.
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Phantom crossing in 
Horndeski gravity

‘Horndeski Scalar Theory 
— Past, Present & Future’

G. Horndeski
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where X = kinetic term 
of scalar field

Routes to Phantom Crossing

1) Non-minimal coupling: non-trivial G4  ⇒ see Philippe’s talk.

See: Yao+ 2025; Ye+ 2025, 2026; Wolf+ 2025a, 2025b.

Beware strong changes to Geff (a.k.a. 𝜇) in Poisson equation.

(non-exhaustive)
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where X = kinetic term 
of scalar field

Routes to Phantom Crossing

2) Non-canonical kinetic  structure: K ≠ X (Linder 2025). Keep shift symmetry → only X-dependence.

1) Non-minimal coupling: non-trivial G4  ⇒ see Philippe’s talk.

See: Yao+ 2025; Ye+ 2025, 2026; Wolf+ 2025a, 2025b.

Beware strong changes to Geff (a.k.a. 𝜇) in Poisson equation.

(non-exhaustive)
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where X = kinetic term 
of scalar field

Routes to Phantom Crossing

2) Non-canonical kinetic  structure: K ≠ X (Linder 2025). Keep shift symmetry → only X-dependence.

1) Non-minimal coupling: non-trivial G4  ⇒ see Philippe’s talk.

See: Yao+ 2025; Ye+ 2025, 2026; Wolf+ 2025a, 2025b.

Beware strong changes to Geff (a.k.a. 𝜇) in Poisson equation.

E.g. Dirac-Born-Infeld style kinetic term:
<latexit sha1_base64="e//gPkbrPa+Z2di+l/4BAxCAtSY=">AAACBXicdZDLSsNAFIYnXmu9RV3qYrAIddGQVK3tQii6EdxUsG2gKWUynbRDJxdnJkIJ2bjxVdy4UMSt7+DOt3F6oajoDwOH7z+HM+d3I0aFNM1PbW5+YXFpObOSXV1b39jUt7YbIow5JnUcspDbLhKE0YDUJZWM2BEnyHcZabqDi5HfvCNc0DC4kcOItH3UC6hHMZIKdfS9q7x9CM+g43GEk4KVJo645TKxCnaadvScaRxVKpXyCbQMcyxoGgoUreKM5MBUtY7+4XRDHPskkJghIVqWGcl2grikmJE068SCRAgPUI+0VBkgn4h2Mr4ihQeKdKEXcvUCCcf0+0SCfCGGvqs6fST74rc3gn95rVh65XZCgyiWJMCTRV7MoAzhKBLYpZxgyYaqQJhT9VeI+0jlIVVwWRXC7Pb/i0bRsEpG6fo4Vz2fxpEBu2Af5IEFTkEVXIIaqAMM7sEjeAYv2oP2pL1qb5PWOW06swN+SHv/Au4El6U=</latexit>

K(X) =
�1p
1�X

(non-exhaustive)
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where X = kinetic term 
of scalar field

Routes to Phantom Crossing

2) Non-canonical kinetic  structure: K ≠ X (Linder 2025). Keep shift symmetry → only X-dependence.

1) Non-minimal coupling: non-trivial G4  ⇒ see Philippe’s talk.

See: Yao+ 2025; Ye+ 2025, 2026; Wolf+ 2025a, 2025b.

Beware strong changes to Geff (a.k.a. 𝜇) in Poisson equation.

E.g. Dirac-Born-Infeld style kinetic term:
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K(X) =
�1p
1�X

(non-exhaustive)

3) G3 active + broken shift symmetry: this talk. Keep minimal coupling, G4=MP2/2.  
⇒ Kinetic Gravity Braiding (KGB) subspace of Horndeski.

See: Tsujikawa 2026; Calderon & Linder 2026; Wolf+ 2026.

Tessa Baker, ICG Portsmouth PASCOS 202612
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Asymptotic Cubic Galileons

‘The Fireball 
Approaches’

G. Horndeski

All figures & results from 
Naidoo et al. 2026. 

(On arXiv on tomorrow).

Tessa Baker, ICG Portsmouth PASCOS 202613



Crossing the phantom divide
Tessa Baker, ICG Portsmouth PASCOS 202614
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where X = kinetic term 
of scalar field



Crossing the phantom divide
Tessa Baker, ICG Portsmouth PASCOS 202614
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where X = kinetic term 
of scalar field
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Crossing the phantom divide

Start from Cubic Galileon:
<latexit sha1_base64="6F4OahPqqv71q0t8wS1KltnlICw=">AAAB63icdZDLSgMxFIbP1Futt6pLN8EiuHGYqVrbhVB0I7ipYC/QDiWTpm1oMjMkGaEMfQU3LhRx6wu5823MtKWo6A+Bw/efQ875/YgzpR3n08osLa+srmXXcxubW9s7+d29hgpjSWidhDyULR8ryllA65ppTluRpFj4nDb90XXqNx+oVCwM7vU4op7Ag4D1GcE6RbeXJ61uvuDYp5VKpXyOXNuZCjm2AUW3uCAFmKvWzX90eiGJBQ004ViptutE2kuw1IxwOsl1YkUjTEZ4QNumDLCgykumu07QkSE91A+leYFGU/p9IsFCqbHwTafAeqh+eyn8y2vHul/2EhZEsaYBmX3UjznSIUoPRz0mKdF8bApMJDO7IjLEEhNt4smZEBa3/180irZbskt3Z4Xq1TyOLBzAIRyDCxdQhRuoQR0IDOERnuHFEtaT9Wq9zVoz1nxmH37Iev8CqnqOBg==</latexit>

K = �X
<latexit sha1_base64="/gngDD0yDJDUR0CnyKLTPOFJyio=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcyDBjS6sLoehClxXsA9phyKSZNjTzMMkUytDvcONCEbd+jDv/xkxbiooeuNzDOfeSm+PFnEllWZ/G0vLK6tp6biO/ubW9s1vY22/KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8zvzWiArJovBejWPqBLgfMp8RrLTk3Lily76bliaoe9p2C0XLvMhQRbZpTYEss5x1e6EUYY66W/jo9iKSBDRUhGMpO7YVKyfFQjHC6STfTSSNMRniPu1oGuKASiedHj1Bx1rpIT8SukKFpur3jRQHUo4DT08GWA3kby8T//I6ifLPnZSFcaJoSGYP+QlHKkJZAqjHBCWKjzXBRDB9KyIDLDBROqe8DmHx9/9J88y0K2blrlysXc3jyMEhHMEJ2FCFGtxCHRpA4AEe4RlejJHxZLwab7PRJWO+cwA/YLx/AXhSkUg=</latexit>

G3 = g3 X
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where X = kinetic term 
of scalar field
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Crossing the phantom divide

Start from Cubic Galileon:
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G3 = g3 X

This parameter gets fixed by special properties of the Cubic Galileon (‘tracker solution’).

Tessa Baker, ICG Portsmouth PASCOS 202614
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Crossing the phantom divide

Start from Cubic Galileon:
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K = �X
<latexit sha1_base64="/gngDD0yDJDUR0CnyKLTPOFJyio=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcyDBjS6sLoehClxXsA9phyKSZNjTzMMkUytDvcONCEbd+jDv/xkxbiooeuNzDOfeSm+PFnEllWZ/G0vLK6tp6biO/ubW9s1vY22/KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8zvzWiArJovBejWPqBLgfMp8RrLTk3Lily76bliaoe9p2C0XLvMhQRbZpTYEss5x1e6EUYY66W/jo9iKSBDRUhGMpO7YVKyfFQjHC6STfTSSNMRniPu1oGuKASiedHj1Bx1rpIT8SukKFpur3jRQHUo4DT08GWA3kby8T//I6ifLPnZSFcaJoSGYP+QlHKkJZAqjHBCWKjzXBRDB9KyIDLDBROqe8DmHx9/9J88y0K2blrlysXc3jyMEhHMEJ2FCFGtxCHRpA4AEe4RlejJHxZLwab7PRJWO+cwA/YLx/AXhSkUg=</latexit>

G3 = g3 X Cannot cross w=-1

This parameter gets fixed by special properties of the Cubic Galileon (‘tracker solution’).

Tessa Baker, ICG Portsmouth PASCOS 202614

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

<latexit sha1_base64="IM++vQYcGYS2m+wvUwMjl8oFhwg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCw1JrbXdFd24UKhgbaGJYTKZtkMnD2YmQg39EjcuFHHrp7jzb5y0FarogQuHc+7hXo4XMyqkaX5quYXFpeWV/GphbX1js6hvbd+KKOGYtHDEIt7xkCCMhqQlqWSkE3OCAo+Rtjc8z/z2PeGCRuGNHMXECVA/pD2KkVSSqxePrtzmXdk+tC9VyEeuXrIMcwJoGvWTWvm4npF61bQq8NsqgRmarv5h+xFOAhJKzJAQXcuMpZMiLilmZFywE0FihIeoT7qKhiggwkknj4/hvlJ82Iu4mlDCiTqfSFEgxCjw1GaA5ED89jLxL6+byF7NSWkYJ5KEeHqolzAoI5i1AH3KCZZspAjCnKpfIR4gjrBUXRXmS/if3JYNq2pUryulxtmsjjzYBXvgAFjgFDTABWiCFsAgAY/gGbxoD9qT9qq9TVdz2iyzA35Ae/8Cj+eSbA==</latexit>

�M2
P ⇤

where X = kinetic term 
of scalar field

<latexit sha1_base64="Xsbb3Cnbpzy5xYC8votlHTMrEkY=">AAAB+3icdZBLS8NAFIUn9VXrK9alm8EiuJCQ1FrbXdGNG6GCbYUmhsl00g6dPJiZiCXkr7hxoYhb/4g7/42TtkIVPTBwOOde5vJ5MaNCmuanVlhaXlldK66XNja3tnf03XJXRAnHpIMjFvFbDwnCaEg6kkpGbmNOUOAx0vPGF3nfuydc0Ci8kZOYOAEahtSnGEkVuXrZ9jnCqZWl1cw+vnLbd1VXr1iGORU0jeZpo3rSzE2zblo1+F1VwFxtV/+wBxFOAhJKzJAQfcuMpZMiLilmJCvZiSAxwmM0JH1lQxQQ4aTT2zN4qJIB9COuXijhNF3cSFEgxCTw1GSA5Ej87vLwr66fSL/hpDSME0lCPPvITxiUEcxBwAHlBEs2UQZhTtWtEI+QgiEVrtIihP9Nt2pYdaN+Xau0zuc4imAfHIAjYIEz0AKXoA06AIMH8AiewYuWaU/aq/Y2Gy1o85098EPa+xdhgJQL</latexit>

1

2
M2

P



Crossing the phantom divide

Start from Cubic Galileon:
<latexit sha1_base64="6F4OahPqqv71q0t8wS1KltnlICw=">AAAB63icdZDLSgMxFIbP1Futt6pLN8EiuHGYqVrbhVB0I7ipYC/QDiWTpm1oMjMkGaEMfQU3LhRx6wu5823MtKWo6A+Bw/efQ875/YgzpR3n08osLa+srmXXcxubW9s7+d29hgpjSWidhDyULR8ryllA65ppTluRpFj4nDb90XXqNx+oVCwM7vU4op7Ag4D1GcE6RbeXJ61uvuDYp5VKpXyOXNuZCjm2AUW3uCAFmKvWzX90eiGJBQ004ViptutE2kuw1IxwOsl1YkUjTEZ4QNumDLCgykumu07QkSE91A+leYFGU/p9IsFCqbHwTafAeqh+eyn8y2vHul/2EhZEsaYBmX3UjznSIUoPRz0mKdF8bApMJDO7IjLEEhNt4smZEBa3/180irZbskt3Z4Xq1TyOLBzAIRyDCxdQhRuoQR0IDOERnuHFEtaT9Wq9zVoz1nxmH37Iev8CqnqOBg==</latexit>

K = �X
<latexit sha1_base64="/gngDD0yDJDUR0CnyKLTPOFJyio=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcyDBjS6sLoehClxXsA9phyKSZNjTzMMkUytDvcONCEbd+jDv/xkxbiooeuNzDOfeSm+PFnEllWZ/G0vLK6tp6biO/ubW9s1vY22/KKBGENkjEI9H2sKSchbShmOK0HQuKA4/Tlje8zvzWiArJovBejWPqBLgfMp8RrLTk3Lily76bliaoe9p2C0XLvMhQRbZpTYEss5x1e6EUYY66W/jo9iKSBDRUhGMpO7YVKyfFQjHC6STfTSSNMRniPu1oGuKASiedHj1Bx1rpIT8SukKFpur3jRQHUo4DT08GWA3kby8T//I6ifLPnZSFcaJoSGYP+QlHKkJZAqjHBCWKjzXBRDB9KyIDLDBROqe8DmHx9/9J88y0K2blrlysXc3jyMEhHMEJ2FCFGtxCHRpA4AEe4RlejJHxZLwab7PRJWO+cwA/YLx/AXhSkUg=</latexit>

G3 = g3 X Cannot cross w=-1

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

This parameter gets fixed by special properties of the Cubic Galileon (‘tracker solution’).

Tessa Baker, ICG Portsmouth PASCOS 202614

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

<latexit sha1_base64="IM++vQYcGYS2m+wvUwMjl8oFhwg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCw1JrbXdFd24UKhgbaGJYTKZtkMnD2YmQg39EjcuFHHrp7jzb5y0FarogQuHc+7hXo4XMyqkaX5quYXFpeWV/GphbX1js6hvbd+KKOGYtHDEIt7xkCCMhqQlqWSkE3OCAo+Rtjc8z/z2PeGCRuGNHMXECVA/pD2KkVSSqxePrtzmXdk+tC9VyEeuXrIMcwJoGvWTWvm4npF61bQq8NsqgRmarv5h+xFOAhJKzJAQXcuMpZMiLilmZFywE0FihIeoT7qKhiggwkknj4/hvlJ82Iu4mlDCiTqfSFEgxCjw1GaA5ED89jLxL6+byF7NSWkYJ5KEeHqolzAoI5i1AH3KCZZspAjCnKpfIR4gjrBUXRXmS/if3JYNq2pUryulxtmsjjzYBXvgAFjgFDTABWiCFsAgAY/gGbxoD9qT9qq9TVdz2iyzA35Ae/8Cj+eSbA==</latexit>

�M2
P ⇤

where X = kinetic term 
of scalar field

<latexit sha1_base64="Xsbb3Cnbpzy5xYC8votlHTMrEkY=">AAAB+3icdZBLS8NAFIUn9VXrK9alm8EiuJCQ1FrbXdGNG6GCbYUmhsl00g6dPJiZiCXkr7hxoYhb/4g7/42TtkIVPTBwOOde5vJ5MaNCmuanVlhaXlldK66XNja3tnf03XJXRAnHpIMjFvFbDwnCaEg6kkpGbmNOUOAx0vPGF3nfuydc0Ci8kZOYOAEahtSnGEkVuXrZ9jnCqZWl1cw+vnLbd1VXr1iGORU0jeZpo3rSzE2zblo1+F1VwFxtV/+wBxFOAhJKzJAQfcuMpZMiLilmJCvZiSAxwmM0JH1lQxQQ4aTT2zN4qJIB9COuXijhNF3cSFEgxCTw1GSA5Ej87vLwr66fSL/hpDSME0lCPPvITxiUEcxBwAHlBEs2UQZhTtWtEI+QgiEVrtIihP9Nt2pYdaN+Xau0zuc4imAfHIAjYIEz0AKXoA06AIMH8AiewYuWaU/aq/Y2Gy1o85098EPa+xdhgJQL</latexit>

1
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P



Crossing the phantom divide

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

Tessa Baker, ICG Portsmouth PASCOS 202615



Crossing the phantom divide

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

To cross w=-1, G3 must ‘overtake’ K at late times ⇒ either G3 grows or K weakens.

Tessa Baker, ICG Portsmouth PASCOS 202615



Crossing the phantom divide

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

To cross w=-1, G3 must ‘overtake’ K at late times ⇒ either G3 grows or K weakens.

<latexit sha1_base64="Roc13pSLyoktQDe0WRrrWv66fwk="></latexit>

G3(�) = 1 + cg3�
<latexit sha1_base64="/rt3/I5LTjbbU8zKs4B76mPVdRo=">AAAB+nicdZDLSsNAFIYn9VbrLdWlm8Ei1E1IqtZ2IRTdCG4q2As0oUymk3boZBJmJkqJfRQ3LhRx65O4822cXigq+sPA4fvP4Zz5/ZhRqWz708gsLa+srmXXcxubW9s7Zn63KaNEYNLAEYtE20eSMMpJQ1HFSDsWBIU+Iy1/eDnxW3dESBrxWzWKiReiPqcBxUhp1DXzqYsRg9fjohsP6BE8d7pmwbaOq9Vq5RQ6lj0VtC0NSk5pQQpgrnrX/HB7EU5CwhVmSMqOY8fKS5FQFDMyzrmJJDHCQ9QnHV1yFBLppdPTx/BQkx4MIqEfV3BKv0+kKJRyFPq6M0RqIH97E/iX10lUUPFSyuNEEY5ni4KEQRXBSQ6wRwXBio10gbCg+laIB0ggrHRaOR3C4u//F82S5ZSt8s1JoXYxjyML9sEBKAIHnIEauAJ10AAY3INH8AxejAfjyXg13matGWM+swd+yHj/AtCYkxc=</latexit>

K(�) = 11. Growing G3:

Tessa Baker, ICG Portsmouth PASCOS 202615



Crossing the phantom divide

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

To cross w=-1, G3 must ‘overtake’ K at late times ⇒ either G3 grows or K weakens.

<latexit sha1_base64="Roc13pSLyoktQDe0WRrrWv66fwk="></latexit>

G3(�) = 1 + cg3�
<latexit sha1_base64="/rt3/I5LTjbbU8zKs4B76mPVdRo=">AAAB+nicdZDLSsNAFIYn9VbrLdWlm8Ei1E1IqtZ2IRTdCG4q2As0oUymk3boZBJmJkqJfRQ3LhRx65O4822cXigq+sPA4fvP4Zz5/ZhRqWz708gsLa+srmXXcxubW9s7Zn63KaNEYNLAEYtE20eSMMpJQ1HFSDsWBIU+Iy1/eDnxW3dESBrxWzWKiReiPqcBxUhp1DXzqYsRg9fjohsP6BE8d7pmwbaOq9Vq5RQ6lj0VtC0NSk5pQQpgrnrX/HB7EU5CwhVmSMqOY8fKS5FQFDMyzrmJJDHCQ9QnHV1yFBLppdPTx/BQkx4MIqEfV3BKv0+kKJRyFPq6M0RqIH97E/iX10lUUPFSyuNEEY5ni4KEQRXBSQ6wRwXBio10gbCg+laIB0ggrHRaOR3C4u//F82S5ZSt8s1JoXYxjyML9sEBKAIHnIEauAJ10AAY3INH8AxejAfjyXg13matGWM+swd+yHj/AtCYkxc=</latexit>

K(�) = 1

<latexit sha1_base64="VQwzqv4YeRj+rxRT2x8rI22CiUw="></latexit>

G3(�) = 1
<latexit sha1_base64="tppKy6nimA5BVjsDoj19Q1h7oz8=">AAACCXicdZDLSsNAFIYnXmu9RV26GSxCXRiSqrVdCEU3gpsK9gJNCJPptB06uTAzEUvI1o2v4saFIm59A3e+jdO0FBX9YeDw/edw5vxexKiQpvmpzc0vLC4t51byq2vrG5v61nZThDHHpIFDFvK2hwRhNCANSSUj7YgT5HuMtLzhxdhv3RIuaBjcyFFEHB/1A9qjGEmFXB0mNkYMXqVFOxrQA3hmk7soKR5id5iB1NULpnFUrVYrJ9AyzEzQNBQoWaUZKYCp6q7+YXdDHPskkJghITqWGUknQVxSzEiat2NBIoSHqE86qgyQT4STZJekcF+RLuyFXL1Awox+n0iQL8TI91Snj+RA/PbG8C+vE8texUloEMWSBHiyqBczKEM4jgV2KSdYspEqEOZU/RXiAeIISxVeXoUwu/3/olkyrLJRvj4u1M6nceTALtgDRWCBU1ADl6AOGgCDe/AInsGL9qA9aa/a26R1TpvO7IAf0t6/ACUTmWU=</latexit>

K(�) = exp (�ck�)

1. Growing G3:

2. Decaying K:

Tessa Baker, ICG Portsmouth PASCOS 202615



Crossing the phantom divide

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

To cross w=-1, G3 must ‘overtake’ K at late times ⇒ either G3 grows or K weakens.

<latexit sha1_base64="Roc13pSLyoktQDe0WRrrWv66fwk="></latexit>

G3(�) = 1 + cg3�
<latexit sha1_base64="/rt3/I5LTjbbU8zKs4B76mPVdRo=">AAAB+nicdZDLSsNAFIYn9VbrLdWlm8Ei1E1IqtZ2IRTdCG4q2As0oUymk3boZBJmJkqJfRQ3LhRx65O4822cXigq+sPA4fvP4Zz5/ZhRqWz708gsLa+srmXXcxubW9s7Zn63KaNEYNLAEYtE20eSMMpJQ1HFSDsWBIU+Iy1/eDnxW3dESBrxWzWKiReiPqcBxUhp1DXzqYsRg9fjohsP6BE8d7pmwbaOq9Vq5RQ6lj0VtC0NSk5pQQpgrnrX/HB7EU5CwhVmSMqOY8fKS5FQFDMyzrmJJDHCQ9QnHV1yFBLppdPTx/BQkx4MIqEfV3BKv0+kKJRyFPq6M0RqIH97E/iX10lUUPFSyuNEEY5ni4KEQRXBSQ6wRwXBio10gbCg+laIB0ggrHRaOR3C4u//F82S5ZSt8s1JoXYxjyML9sEBKAIHnIEauAJ10AAY3INH8AxejAfjyXg13matGWM+swd+yHj/AtCYkxc=</latexit>

K(�) = 1

<latexit sha1_base64="VQwzqv4YeRj+rxRT2x8rI22CiUw="></latexit>

G3(�) = 1
<latexit sha1_base64="tppKy6nimA5BVjsDoj19Q1h7oz8=">AAACCXicdZDLSsNAFIYnXmu9RV26GSxCXRiSqrVdCEU3gpsK9gJNCJPptB06uTAzEUvI1o2v4saFIm59A3e+jdO0FBX9YeDw/edw5vxexKiQpvmpzc0vLC4t51byq2vrG5v61nZThDHHpIFDFvK2hwRhNCANSSUj7YgT5HuMtLzhxdhv3RIuaBjcyFFEHB/1A9qjGEmFXB0mNkYMXqVFOxrQA3hmk7soKR5id5iB1NULpnFUrVYrJ9AyzEzQNBQoWaUZKYCp6q7+YXdDHPskkJghITqWGUknQVxSzEiat2NBIoSHqE86qgyQT4STZJekcF+RLuyFXL1Awox+n0iQL8TI91Snj+RA/PbG8C+vE8texUloEMWSBHiyqBczKEM4jgV2KSdYspEqEOZU/RXiAeIISxVeXoUwu/3/olkyrLJRvj4u1M6nceTALtgDRWCBU1ADl6AOGgCDe/AInsGL9qA9aa/a26R1TpvO7IAf0t6/ACUTmWU=</latexit>

K(�) = exp (�ck�)

1. Growing G3:

2. Decaying K:

Important quantity for both models:

<latexit sha1_base64="wkP7OxnRfdIbr8FPrvIp69jSdqk="></latexit>

f� =
⌦�

⌦⇤ + ⌦�

Tessa Baker, ICG Portsmouth PASCOS 202615



Crossing the phantom divide

where G3 , K → 1 at high redshift.

Asymptotically Cubic 
Galileon (ACG) models

<latexit sha1_base64="immDq4gcj87wJ/LPsN709OQjpuk="></latexit>

K = �K(�)X
<latexit sha1_base64="47t3pnmPCbAOFotHvZARbtBp+XA="></latexit>

G3 = g3 G3(�)X

To cross w=-1, G3 must ‘overtake’ K at late times ⇒ either G3 grows or K weakens.

<latexit sha1_base64="Roc13pSLyoktQDe0WRrrWv66fwk="></latexit>

G3(�) = 1 + cg3�
<latexit sha1_base64="/rt3/I5LTjbbU8zKs4B76mPVdRo=">AAAB+nicdZDLSsNAFIYn9VbrLdWlm8Ei1E1IqtZ2IRTdCG4q2As0oUymk3boZBJmJkqJfRQ3LhRx65O4822cXigq+sPA4fvP4Zz5/ZhRqWz708gsLa+srmXXcxubW9s7Zn63KaNEYNLAEYtE20eSMMpJQ1HFSDsWBIU+Iy1/eDnxW3dESBrxWzWKiReiPqcBxUhp1DXzqYsRg9fjohsP6BE8d7pmwbaOq9Vq5RQ6lj0VtC0NSk5pQQpgrnrX/HB7EU5CwhVmSMqOY8fKS5FQFDMyzrmJJDHCQ9QnHV1yFBLppdPTx/BQkx4MIqEfV3BKv0+kKJRyFPq6M0RqIH97E/iX10lUUPFSyuNEEY5ni4KEQRXBSQ6wRwXBio10gbCg+laIB0ggrHRaOR3C4u//F82S5ZSt8s1JoXYxjyML9sEBKAIHnIEauAJ10AAY3INH8AxejAfjyXg13matGWM+swd+yHj/AtCYkxc=</latexit>

K(�) = 1

<latexit sha1_base64="VQwzqv4YeRj+rxRT2x8rI22CiUw="></latexit>

G3(�) = 1
<latexit sha1_base64="tppKy6nimA5BVjsDoj19Q1h7oz8=">AAACCXicdZDLSsNAFIYnXmu9RV26GSxCXRiSqrVdCEU3gpsK9gJNCJPptB06uTAzEUvI1o2v4saFIm59A3e+jdO0FBX9YeDw/edw5vxexKiQpvmpzc0vLC4t51byq2vrG5v61nZThDHHpIFDFvK2hwRhNCANSSUj7YgT5HuMtLzhxdhv3RIuaBjcyFFEHB/1A9qjGEmFXB0mNkYMXqVFOxrQA3hmk7soKR5id5iB1NULpnFUrVYrJ9AyzEzQNBQoWaUZKYCp6q7+YXdDHPskkJghITqWGUknQVxSzEiat2NBIoSHqE86qgyQT4STZJekcF+RLuyFXL1Awox+n0iQL8TI91Snj+RA/PbG8C+vE8texUloEMWSBHiyqBczKEM4jgV2KSdYspEqEOZU/RXiAeIISxVeXoUwu/3/olkyrLJRvj4u1M6nceTALtgDRWCBU1ADl6AOGgCDe/AInsGL9qA9aa/a26R1TpvO7IAf0t6/ACUTmWU=</latexit>

K(�) = exp (�ck�)

1. Growing G3:

2. Decaying K:

Important quantity for both models:

<latexit sha1_base64="wkP7OxnRfdIbr8FPrvIp69jSdqk="></latexit>

f� =
⌦�

⌦⇤ + ⌦�

Some degree of cosmo-constant-like 
behaviour is allowed.

LCDM recovered if fɸ →0 at all z.

Tessa Baker, ICG Portsmouth PASCOS 202615



The ISW* plateau in the CMB probes                   . In ΛCDM this is negative at late times (potentials decay).�̇+  ̇
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ISW-galaxy cross-correlation
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*ISW = Integrated Sachs Wolfe 
→ effects large scales of CMB



The ISW* plateau in the CMB probes                   . In ΛCDM this is negative at late times (potentials decay).�̇+  ̇
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*ISW = Integrated Sachs Wolfe 
→ effects large scales of CMB



The ISW* plateau in the CMB probes                   . In ΛCDM this is negative at late times (potentials decay).�̇+  ̇
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But the ISW-galaxy cross-correlation is → ruled out the cubic Galileon model with fϕ=1 (red).

ISW-galaxy cross-correlation
Tessa Baker, ICG Portsmouth PASCOS 202616

*ISW = Integrated Sachs Wolfe 
→ effects large scales of CMB



The ISW* plateau in the CMB probes                   . In ΛCDM this is negative at late times (potentials decay).�̇+  ̇
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But the ISW-galaxy cross-correlation is → ruled out the cubic Galileon model with fϕ=1 (red).

ISW-galaxy cross-correlation
Tessa Baker, ICG Portsmouth PASCOS 202616

*ISW = Integrated Sachs Wolfe 
→ effects large scales of CMB

←Flipped sign!



• We solve background & linear growth in our Asymptotically Cubic Galileon models.

Expansion History Constraints 

• Constrain using compressed Planck likelihood, DESI DR2 BAO & DES Dovekie SN sample.
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• We solve background & linear growth in our Asymptotically Cubic Galileon models.

Expansion History Constraints 

• Constrain using compressed Planck likelihood, DESI DR2 BAO & DES Dovekie SN sample.
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Dark bands = reject models where integrated galaxy-ISW signal is negative (NB: not a full data analysis at present.)
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BAO fits
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Linear scales
• Linear growth rates — no unpleasant surprises here.
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Linear scales
• Linear growth rates — no unpleasant surprises here.

• Because G4 is standard (minimal coupling), these ACG models have no gravitational slip: “𝜇 = Σ” .
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Linear scales
• Linear growth rates — no unpleasant surprises here.

• Because G4 is standard (minimal coupling), these ACG models have no gravitational slip: “𝜇 = Σ” .

• Automatically consistent with GW propagation bounds.  
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How significant is the fit?
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How significant is the fit?

These 2-parameter MG models perform about the same as w0-wa.
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How significant is the fit?

These 2-parameter MG models perform about the same as w0-wa.

But, our models are predictive → we can evaluate their consequences on linear & nonlinear scales.

Tessa Baker, ICG Portsmouth PASCOS 202620
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Nonlinear scales
• Horndeski models can suffer pathologies in voids. See: Barreira+2013; Winther & Ferreira 2015; 

Baker+ 2017; Moretti+ 2026. 
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In a spherically symmetric void:

→ See James Hallam’s talk in the cosmology parallels tomorrow (Tues).

Today’s ACG models are have Vainshtein screening, which likely dominates.  
BUT what happens for general choice K, G3, G4 ? 
→ See Sergi Sirera’s talk in the cosmology parallels on Thursday + arXiv 2605.04154
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<latexit sha1_base64="KObHzzLbU8hcp5YrMdtpRGpUgsc=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEtSah+7UjcuK9gHJKFMppN26OThzERaQjdu/BU3LhRx6z+482+ctEV8HbhwOOde7r3HjRgV0jA+tMzS8srqWnY9t7G5tb2j7+61RRhzTFo4ZCHvukgQRgPSklQy0o04Qb7LSMcdXaR+55ZwQcPgWk4i4vhoEFCPYiSV1NMP7QYdWNCEp9AWN1wm5hkcj+E0lZ2enjcKtapRLJ5DRSo1s2RCs2DM8EXyYIFmT3+3+yGOfRJIzJAQlmlE0kkQlxQzMs3ZsSARwiM0IJaiAfKJcJLZF1N4rJQ+9EKuKpBwpn6fSJAvxMR3VaeP5FD89lLxP8+KpVd1EhpEsSQBni/yYgZlCNNIYJ9ygiWbKIIwp+pWiIeIIyxVcDkVwp+X/5J2sWCWC+WrUr7eWMSRBQfgCJwAE1RAHVyCJmgBDO7AA3gCz9q99qi9aK/z1oy2mNkHP6C9fQL7qJcE</latexit>h
1 +

p
1� xx

i
🔥=  

In a spherically symmetric void:

→ See James Hallam’s talk in the cosmology parallels tomorrow (Tues).

Today’s ACG models are have Vainshtein screening, which likely dominates.  
BUT what happens for general choice K, G3, G4 ? 
→ See Sergi Sirera’s talk in the cosmology parallels on Thursday + arXiv 2605.04154

• Predictions for nonlinear scales — requires a simulation which can run Horndeski models….

Tessa Baker, ICG Portsmouth PASCOS 202621
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Hi-COLA

Density field snapshot

A COLA solver for rapid simulations 
of Horndeski cosmologies.

Tessa Baker, ICG Portsmouth PASCOS 202622



Conclusions
tessa.baker@port.ac.uk

https://github.com/Hi-COLACode/Hi-COLA

Main publications: 

2209.01666, 2407.00855

Validation exercise:  2406.13667

Unified screening: 2605.04154 

Background 
expansion Linear perturbations Nonlinear scales
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<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

<latexit sha1_base64="IM++vQYcGYS2m+wvUwMjl8oFhwg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCw1JrbXdFd24UKhgbaGJYTKZtkMnD2YmQg39EjcuFHHrp7jzb5y0FarogQuHc+7hXo4XMyqkaX5quYXFpeWV/GphbX1js6hvbd+KKOGYtHDEIt7xkCCMhqQlqWSkE3OCAo+Rtjc8z/z2PeGCRuGNHMXECVA/pD2KkVSSqxePrtzmXdk+tC9VyEeuXrIMcwJoGvWTWvm4npF61bQq8NsqgRmarv5h+xFOAhJKzJAQXcuMpZMiLilmZFywE0FihIeoT7qKhiggwkknj4/hvlJ82Iu4mlDCiTqfSFEgxCjw1GaA5ED89jLxL6+byF7NSWkYJ5KEeHqolzAoI5i1AH3KCZZspAjCnKpfIR4gjrBUXRXmS/if3JYNq2pUryulxtmsjjzYBXvgAFjgFDTABWiCFsAgAY/gGbxoD9qT9qq9TVdz2iyzA35Ae/8Cj+eSbA==</latexit>

�M2
P ⇤

https://github.com/Hi-COLACode/Hi-COLA
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Hi-COLA Components

Background 2LPT growth Screening factor
<latexit sha1_base64="yM10gcbQcJJCTh9frI//8n9LIMg=">AAACGHicdZDLSgMxFIYzXmu9jbp0EyyCCxmntajdFd10I1awF2iHIZNm2tBkZkgyQhn6GG58FTcuFHHbnW9jph3F64HAx/+fk+T8XsSoVLb9ZszNLywuLedW8qtr6xub5tZ2U4axwKSBQxaKtockYTQgDUUVI+1IEMQ9Rlre8CL1W7dESBoGN2oUEYejfkB9ipHSkmse1Q5htxeqpDbOoBsNaMpXnPSRe/lJM8M1C7ZVqRyXyzb8DUXLnlYBZFV3zYm+FcecBAozJGWnaEfKSZBQFDMyzndjSSKEh6hPOhoDxIl0kuliY7ivlR70Q6FPoOBU/TqRIC7liHu6kyM1kD+9VPzL68TKP3MSGkSxIgGePeTHDKoQpinBHhUEKzbSgLCg+q8QD5BAWOks8zqEj03h/9AsWcUTq3RdLlTPszhyYBfsgQNQBKegCmqgDhoAgzvwAJ7As3FvPBovxuusdc7IZnbAtzIm76l5n5w=</latexit>

H, Ḣ, �̇,⌦M ,⌦� Linear growth factor, D1

2nd-order growth, D2

Inter-particle forces
<latexit sha1_base64="3xeGBWjOJBANltMJZ/mLOeMPDTs=">AAACC3icdVBLSwMxGMzWV62vVY9eQosgCMtuLWoPQlEQT1LBPqBdlmyabUOzD5KsUJa9e/GvePGgiFf/gDf/jel2BZ8DgcnM95HMuBGjQprmu1aYm19YXCoul1ZW19Y39M2ttghjjkkLhyzkXRcJwmhAWpJKRroRJ8h3Gem447Op37khXNAwuJaTiNg+GgbUoxhJJTl6+dxJ+tyHMpQpPIH57TKF+xmPRjR19Ipp1OsHtZoJfxPLMDNUQI6mo7/1ByGOfRJIzJAQPcuMpJ0gLilmJC31Y0EihMdoSHqKBsgnwk6yLCncVcoAeiFXJ5AwU79uJMgXYuK7atJHciR+elPxL68XS+/YTmgQxZIEePaQFzOVHE6LgQPKCZZsogjCnKq/QjxCHGGp6iupEj6Twv9Ju2pYh0b1qlZpnOZ1FMEOKIM9YIEj0AAXoAlaAINbcA8ewZN2pz1oz9rLbLSg5Tvb4Bu01w90UJoU</latexit>

Ftot = FN + F�

Currently Hi-COLA can do:

•  Vainshtein screening

•  K-mouflage screening

No Chameleon yet, but we’re working on it…

+ Initial conditions
Back-scaled from z=0 with 
appropriate growth factors

25

The code takes any user-specified form of K, G3 and G4* and computes:

*but, Garbage In ⇒ Garbage OutTM



Code Diagram

User specifies forms 
for K, G3, G4

Symbolic algebra 
routines Background solver

Fifth force expressionCOLA simulation in 
MG theory

Outputs, e.g. matter 
power spectrum

Hi-COLA front-end 

(~ seconds)

Hi-COLA simulation 

(~ O(1) hr on small cluster)

Dynamic 
equations

Background 
solutions

Density field

Forces between ptls

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

26



Force Expression in Hi-COLA

• Start with: i) spherically symmetric mass distribution
ii) Quasi-static approximation (drop time derivatives of metric potentials and ϕ)

• The force experienced outside the mass is of the form:                (derivation in arXiv 2209.01666)

Ftot = FN
GG4

GN
[1 + �(z)S(z, �m)]

<latexit sha1_base64="LMAmISyd7iGTEpJN2bonwikvjKg="></latexit><latexit sha1_base64="0QV4bK3UDElQ0eIlsmz2INV3d6s="></latexit><latexit sha1_base64="0QV4bK3UDElQ0eIlsmz2INV3d6s="></latexit><latexit sha1_base64="0QV4bK3UDElQ0eIlsmz2INV3d6s="></latexit>

Effective G

                 Coupling 

Gives overall strength of 

fifth force (function of time)

Screening factor

Modulates fifth force between 0 
and 1 depending on environment

— NB: unscreened, modifies Newtonian force 

27

• Removes need to solve e.o.m. for ϕ everywhere → major speed-up (~same speed as LCDM). Introduces 
a well-characterised error on small scales (k ≳ 1 h/Mpc)



Results — Cubic Galileon 
• K ∝X, G3 ∝ X, G4 = MP2/2 (⇒ no change to Newtonian forces). 

• Validated against the N-body simulations of  Barreira et al. (2014).

Scale-independent 
enhancement here

Screening 
kicks in here 

Scale-dependent growth here

NB: as a ratio to 
LCDM predictions, 
i.e. the BOOST (B)

Fraction of DE 
made up by the 

scalar field

This plateau + 
bump shape is 
classic Vainshtein 
behaviour.

28



Validation

29

Comparison of approximate simulation methods with N-body results:

Bose+, arXiv 
2406.13667

Cubic 
Galileon

K-mouflage

(Vainshtein 
screening)
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SN fits 
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Posteriors
(For the Growing G model)

Recall:
<latexit sha1_base64="wkP7OxnRfdIbr8FPrvIp69jSdqk="></latexit>

f� =
⌦�

⌦⇤ + ⌦�

→ ISW constraint disfavours 
models with high fɸ.

§CDM (CMB)
w0waCDM (CMB+BAO+SN)
Growing G(¡) (CMB+BAO+SN)
Growing G(¡) (CMB+BAO+SN+[ISW])
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DESI constraints on the Alphas
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DESI constraints on the Alphas
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The best-fit DESI model probably breaks the ISW-galaxy cross-correlation sign.
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DESI constraints on the Alphas
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<latexit sha1_base64="Eo4MQQMk8J8n66OjJzD2XDC659E=">AAACHXicdVDLSsNAFJ3UV62vqEs3g0VwUUIigepCKLpxWcE+IAllMp20QycPZiZCCfkRN/6KGxeKuHAj/o2TtBUVPTDM4dxz79w5fsKokKb5oVWWlldW16rrtY3Nre0dfXevK+KUY9LBMYt530eCMBqRjqSSkX7CCQp9Rnr+5LKo924JFzSObuQ0IV6IRhENKEZSSQPdztxyiMNHvpeZRvNMwW5YhlmiYRp2cVu52x5TeA7dtqD5QK8vnHDhhAvnl1IHc7QH+ps7jHEakkhihoRwLDORXoa4pJiRvOamgiQIT9CIOIpGKCTCy8rFcniklCEMYq5OJGGpfu/IUCjENPSVM0RyLH7XCvGvmpPK4NTLaJSkkkR49lCQMihjWEQFh5QTLNlUEYQ5VbtCPEYcYakCrakQvv7+P+meGJZpWNd2vXUxj6MKDsAhOAYWaIIWuAJt0AEY3IEH8ASetXvtUXvRXmfWijbv2Qc/oL1/AoTVnc8=</latexit><latexit sha1_base64="Eo4MQQMk8J8n66OjJzD2XDC659E=">AAACHXicdVDLSsNAFJ3UV62vqEs3g0VwUUIigepCKLpxWcE+IAllMp20QycPZiZCCfkRN/6KGxeKuHAj/o2TtBUVPTDM4dxz79w5fsKokKb5oVWWlldW16rrtY3Nre0dfXevK+KUY9LBMYt530eCMBqRjqSSkX7CCQp9Rnr+5LKo924JFzSObuQ0IV6IRhENKEZSSQPdztxyiMNHvpeZRvNMwW5YhlmiYRp2cVu52x5TeA7dtqD5QK8vnHDhhAvnl1IHc7QH+ps7jHEakkhihoRwLDORXoa4pJiRvOamgiQIT9CIOIpGKCTCy8rFcniklCEMYq5OJGGpfu/IUCjENPSVM0RyLH7XCvGvmpPK4NTLaJSkkkR49lCQMihjWEQFh5QTLNlUEYQ5VbtCPEYcYakCrakQvv7+P+meGJZpWNd2vXUxj6MKDsAhOAYWaIIWuAJt0AEY3IEH8ASetXvtUXvRXmfWijbv2Qc/oL1/AoTVnc8=</latexit><latexit sha1_base64="Eo4MQQMk8J8n66OjJzD2XDC659E=">AAACHXicdVDLSsNAFJ3UV62vqEs3g0VwUUIigepCKLpxWcE+IAllMp20QycPZiZCCfkRN/6KGxeKuHAj/o2TtBUVPTDM4dxz79w5fsKokKb5oVWWlldW16rrtY3Nre0dfXevK+KUY9LBMYt530eCMBqRjqSSkX7CCQp9Rnr+5LKo924JFzSObuQ0IV6IRhENKEZSSQPdztxyiMNHvpeZRvNMwW5YhlmiYRp2cVu52x5TeA7dtqD5QK8vnHDhhAvnl1IHc7QH+ps7jHEakkhihoRwLDORXoa4pJiRvOamgiQIT9CIOIpGKCTCy8rFcniklCEMYq5OJGGpfu/IUCjENPSVM0RyLH7XCvGvmpPK4NTLaJSkkkR49lCQMihjWEQFh5QTLNlUEYQ5VbtCPEYcYakCrakQvv7+P+meGJZpWNd2vXUxj6MKDsAhOAYWaIIWuAJt0AEY3IEH8ASetXvtUXvRXmfWijbv2Qc/oL1/AoTVnc8=</latexit><latexit sha1_base64="Eo4MQQMk8J8n66OjJzD2XDC659E=">AAACHXicdVDLSsNAFJ3UV62vqEs3g0VwUUIigepCKLpxWcE+IAllMp20QycPZiZCCfkRN/6KGxeKuHAj/o2TtBUVPTDM4dxz79w5fsKokKb5oVWWlldW16rrtY3Nre0dfXevK+KUY9LBMYt530eCMBqRjqSSkX7CCQp9Rnr+5LKo924JFzSObuQ0IV6IRhENKEZSSQPdztxyiMNHvpeZRvNMwW5YhlmiYRp2cVu52x5TeA7dtqD5QK8vnHDhhAvnl1IHc7QH+ps7jHEakkhihoRwLDORXoa4pJiRvOamgiQIT9CIOIpGKCTCy8rFcniklCEMYq5OJGGpfu/IUCjENPSVM0RyLH7XCvGvmpPK4NTLaJSkkkR49lCQMihjWEQFh5QTLNlUEYQ5VbtCPEYcYakCrakQvv7+P+meGJZpWNd2vXUxj6MKDsAhOAYWaIIWuAJt0AEY3IEH8ASetXvtUXvRXmfWijbv2Qc/oL1/AoTVnc8=</latexit>

Minimal impact on 
ISW

GR
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Minimal impact on 
ISW

GR

Large scales of the CMB, CMB lensing and galaxy clustering probe                                         .&                  ↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)
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Minimal impact on 
ISW

GR

Large scales of the CMB, CMB lensing and galaxy clustering probe                                         .&                  ↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

BAO & SN probe the background expansion*, here fixed to ΛCDM.

*Subtlety here about what it means to have ΛCDM background when ⍺M≠0.
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Large scales of the CMB, CMB lensing and galaxy clustering probe                                         .&                  ↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

BAO & SN probe the background expansion*, here fixed to ΛCDM.

*Subtlety here about what it means to have ΛCDM background when ⍺M≠0.
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