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Requirements & linear constraints
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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

Is that really so much to ask??
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where X = kinetic term of scalar field

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

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

E.g. f(R) gravity uses these two

Theorists’ preference: (luminal) Horndeski  
The most general action with one new scalar field — a ‘parent theory’ to lots of offspring.

We’ll deal with luminal Horndeski gravity, i.e. where cGW = 1. 

Motivated by GW170817 results.  (There are loopholes here, but I don’t recommend pursuing them right now)



Theorists’ preference: (luminal) Horndeski  

8

where X = kinetic term of scalar field

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

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

The most general action with one new scalar field — a ‘parent theory’ to lots of offspring.

E.g. cubic Galileon uses these two

G3 is key in Vainshtein screening

We’ll deal with luminal Horndeski gravity, i.e. where cGW = 1. 

Motivated by GW170817 results.  (There are loopholes here, but I don’t recommend pursuing them right now)



The Bellini & Sawicki Alpha ‘’Parameters’’
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↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

These describe linear cosmological perturbations only.

=
dG4(�)

d ln a
<latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit>

=
X

H2G4
[KX + 2XKXX � 2G3� � 2XG3�X ]

<latexit sha1_base64="s7WlfDK7JY8gkKDbruvX8nr46Bo="></latexit><latexit sha1_base64="s7WlfDK7JY8gkKDbruvX8nr46Bo="></latexit><latexit sha1_base64="s7WlfDK7JY8gkKDbruvX8nr46Bo="></latexit><latexit sha1_base64="s7WlfDK7JY8gkKDbruvX8nr46Bo="></latexit>

=
�̇

HG4
[XG3X �G4�]

<latexit sha1_base64="epH0M17oNu2S6eZgivKd+qFgkvI="></latexit><latexit sha1_base64="epH0M17oNu2S6eZgivKd+qFgkvI="></latexit><latexit sha1_base64="epH0M17oNu2S6eZgivKd+qFgkvI="></latexit><latexit sha1_base64="epH0M17oNu2S6eZgivKd+qFgkvI="></latexit>



The Bellini & Sawicki Alpha ‘’Parameters’’
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= `braiding’ — mixing of scalar + metric kinetic terms.

= kinetic term of scalar field.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

These describe linear cosmological perturbations only.

=
dG4(�)

d ln a
<latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit>

running of effective Planck mass.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)



The Bellini & Sawicki Alpha ‘’Parameters’’
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running of effective Planck mass.=
dG4(�)

d ln a
<latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit>

↵K(z), ↵B(z),

↵M (z), ↵T (z)

These describe linear cosmological perturbations only.

↵K(z), ↵B(z),

↵M (z), ↵T (z)↵H(z) — already ruled out by GW speed and GW decay (Baker+ 2017, Creminelli+ 2018)&[ ]

Must be accompanied by a free function fixing the background expansion, e.g. H(z) or w(z).

The alphas are linear combinations of K, G3, G4 and their derivatives, evaluated on the background solution.

= `braiding’ — mixing of scalar + metric kinetic terms.

= kinetic term of scalar field.↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)



The Bellini & Sawicki Alpha ‘’Parameters’’
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These describe linear cosmological perturbations only.

Must be accompanied by a free function fixing the background expansion, e.g. H(z) or w(z).

Note the alphas are functions of redshift. Without specifying a model, we must choose an ansatz, e.g.

Debate over these choices:
E.g. Linder 201X - poor theory representation

Gleyzes 2017 - mild impact on observation

↵i(a) = ci a
p

<latexit sha1_base64="h5u6wVdoCMFNg7WLBCZdXlObQXs="></latexit><latexit sha1_base64="h5u6wVdoCMFNg7WLBCZdXlObQXs="></latexit><latexit sha1_base64="h5u6wVdoCMFNg7WLBCZdXlObQXs="></latexit><latexit sha1_base64="h5u6wVdoCMFNg7WLBCZdXlObQXs="></latexit>

or↵i(z) = ci ⌦⇤(z)
<latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit><latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit><latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit><latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit>

<latexit sha1_base64="PADk+AtafjYRxat7JonHgEIyevs=">AAACGHicdZDLSgMxGIUzXmu9VV26CRahbsaZWmu7K7pxIVjBXqAzDJk004ZmLiQZoQ7zGG58FTcuFHHbnW9jeoMqeiBw+M7/k+S4EaNCGsaXtrS8srq2ntnIbm5t7+zm9vabIow5Jg0cspC3XSQIowFpSCoZaUecIN9lpOUOrsZ564FwQcPgXg4jYvuoF1CPYiQVcnKn2KGWxxFOrFuf9JBj3ajlLio8nqRzlMwYNNLUyeVN3ZgIGnr1vFI8q45NtWyYJTiP8mCmupMbWd0Qxz4JJGZIiI5pRNJOEJcUM5JmrViQCOEB6pGOsgHyibCTycdSeKxIF3ohVyeQcEIXNxLkCzH0XTXpI9kXv7Mx/CvrxNKr2AkNoliSAE8v8mIGZQjHLcEu5QRLNlQGYU7VWyHuI1WTVF1mF0v43zSLulnWy3elfO1yVkcGHIIjUAAmuAA1cA3qoAEweAIv4A28a8/aq/ahfU5Hl7TZzgH4IW30DRe/oHY=</latexit>

ci
⌦⇤(z)

⌦⇤0

running of effective Planck mass.=
dG4(�)

d ln a
<latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit><latexit sha1_base64="vjmGy5EREessnbelwkCRwr0RQ6A="></latexit>

↵K(z), ↵B(z),

↵M (z), ↵T (z)

= `braiding’ — mixing of scalar + metric kinetic terms.

= kinetic term of scalar field.↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)
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Strong 
growth

Linear phenomenology of the Alphas
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drops out of the linearised field equations, so gets fixed — typically to a value ~0.1-1.↵K(z), ↵B(z),

↵M (z), ↵T (z)

drops out of the linearised field equations, so gets fixed — typically to a value ~0.1-1.drops out of the linearised field equations, so gets fixed — typically to a value ~0.1-1.

Stability conditions (absence of ghosts, gradient instabilities) place time-dependent bounds in the 
space of                  &                   .↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

Instabilities

cM

cB

No slip:� =  
<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

Using the ansatz:

↵i(z) = ci ⌦⇤(z)
<latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit><latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit><latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit><latexit sha1_base64="6qMkNmdmZbxSl6xLGLVouM1ywNE="></latexit>

<latexit sha1_base64="PADk+AtafjYRxat7JonHgEIyevs=">AAACGHicdZDLSgMxGIUzXmu9VV26CRahbsaZWmu7K7pxIVjBXqAzDJk004ZmLiQZoQ7zGG58FTcuFHHbnW9jeoMqeiBw+M7/k+S4EaNCGsaXtrS8srq2ntnIbm5t7+zm9vabIow5Jg0cspC3XSQIowFpSCoZaUecIN9lpOUOrsZ564FwQcPgXg4jYvuoF1CPYiQVcnKn2KGWxxFOrFuf9JBj3ajlLio8nqRzlMwYNNLUyeVN3ZgIGnr1vFI8q45NtWyYJTiP8mCmupMbWd0Qxz4JJGZIiI5pRNJOEJcUM5JmrViQCOEB6pGOsgHyibCTycdSeKxIF3ohVyeQcEIXNxLkCzH0XTXpI9kXv7Mx/CvrxNKr2AkNoliSAE8v8mIGZQjHLcEu5QRLNlQGYU7VWyHuI1WTVF1mF0v43zSLulnWy3elfO1yVkcGHIIjUAAmuAA1cA3qoAEweAIv4A28a8/aq/ahfU5Hl7TZzgH4IW30DRe/oHY=</latexit>

ci
⌦⇤(z)

⌦⇤0



DESI constraints on the Alphas
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Strong 
growth

Instabilities

cM

cB

No slip:� =  
<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

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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Bringing in ISW-galaxy cross-correlation
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CMB lensing potential 
grows with redshift

Instabilities

cM

cB

No slip:� =  
<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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←  Using Planck CMB + BOSS, SDSS, 6dF & 2MPZ.



Linear constraints on the Horndeski Alphas
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4) From Seraille et al. (left):

cB cM

From the DESI MG paper:

cB
cM

Slight preferences for cB>0 allowed by CMB & 
clustering can probably be removed with ISW-gal.



Simulating nonlinear 
scales in Horndeski gravity

17



Back to the Horndeski Lagrangian

where X = kinetic term of scalar field

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

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

1818



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

19

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

*but, Garbage In ⇒ Garbage OutTM
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Density field snapshot

20



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.

21



Hunting viable models 
in Horndeski space

22

‘The Fireball 
Approaches’

G. Horndeski



Gravity model Olympics

Background 
expansion Linear perturbations Nonlinear scales

CMB ang. diameter distance
SNIa luminosity distances
BAO distances ⍺∥ and ⍺⟂

Linear growth, fσ8

Galaxy-ISW cross-correlation
GW luminosity distance

3 x 2pt signal
Galaxy clustering

incl. nonlinear scales

H
EA

TS

SE
M

IS

FI
N

AL

Expense (time/compute/postdocs) of test 😥

23



Some contenders for ‘good’ models 
What does the fit from BAO+CMB+SN imply?

24
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Binned w(z)

→ Prefers models which cross w=-1 (from below to above) at late redshift.

Abdul Karim+, 
DESI DRII 
results



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

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

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

Simplest choice: G4=MP2/2   (standard value) 

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

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

E.g.1 Linear (G3 grows):

E.g.2 Exponential (K weakens):

<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
<latexit sha1_base64="8YVWGTFBXxfa24JoFLzrtMHYxeE="></latexit>

K = �X exp

✓
� �

�0

◆

<latexit sha1_base64="ebsVcVamBk1PIMUFT3VIIJQvHSE="></latexit>

G3 = g3 X


1 +

�

�0

�
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E.g.1 Linear (G3 grows):

E.g.2 Exponential (K weakens):

<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
<latexit sha1_base64="8YVWGTFBXxfa24JoFLzrtMHYxeE="></latexit>

K = �X exp

✓
� �

�0

◆

Fig. by James 
Hallam

 ←40% Cubic Galileon, 60% Λ

Crossing the phantom divide
<latexit sha1_base64="ebsVcVamBk1PIMUFT3VIIJQvHSE="></latexit>

G3 = g3 X


1 +

�

�0

�

*ACG = Asymptotic Cubic Galileon
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E.g.1 Linear (G3 grows):

E.g. 2 Exponential (K weakens):

<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

<latexit sha1_base64="8YVWGTFBXxfa24JoFLzrtMHYxeE="></latexit>

K = �X exp

✓
� �

�0

◆

BAO & SN data

<latexit sha1_base64="ebsVcVamBk1PIMUFT3VIIJQvHSE="></latexit>

G3 = g3 X


1 +

�

�0

�

Figs. by Krishna 
Naidoo
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Fig. by Krishna 

Naidoo

Linear model vs. 
Background data

CMB+BAO+SN

CMB+BAO+SN+ISW

• For the linear model: <latexit sha1_base64="6F4OahPqqv71q0t8wS1KltnlICw=">AAAB63icdZDLSgMxFIbP1Futt6pLN8EiuHGYqVrbhVB0I7ipYC/QDiWTpm1oMjMkGaEMfQU3LhRx6wu5823MtKWo6A+Bw/efQ875/YgzpR3n08osLa+srmXXcxubW9s7+d29hgpjSWidhDyULR8ryllA65ppTluRpFj4nDb90XXqNx+oVCwM7vU4op7Ag4D1GcE6RbeXJ61uvuDYp5VKpXyOXNuZCjm2AUW3uCAFmKvWzX90eiGJBQ004ViptutE2kuw1IxwOsl1YkUjTEZ4QNumDLCgykumu07QkSE91A+leYFGU/p9IsFCqbHwTafAeqh+eyn8y2vHul/2EhZEsaYBmX3UjznSIUoPRz0mKdF8bApMJDO7IjLEEhNt4smZEBa3/180irZbskt3Z4Xq1TyOLBzAIRyDCxdQhRuoQR0IDOERnuHFEtaT9Wq9zVoz1nxmH37Iev8CqnqOBg==</latexit>

K = �X
<latexit sha1_base64="ebsVcVamBk1PIMUFT3VIIJQvHSE="></latexit>

G3 = g3 X


1 +

�

�0

�

• Model has some degree of cosmological const.:
<latexit sha1_base64="wkP7OxnRfdIbr8FPrvIp69jSdqk="></latexit>

f� =
⌦�

⌦⇤ + ⌦�

• g3 set to ‘tracker’ value  
(even though model is not perfectly shift symmetric) 

PRELIMINARY



Conclusions
tessa.baker@port.ac.uk

Hi-COLA simulations

0

0

cM

cB

GR

Models crossing w=-1Horndeski parameter space

CMB+BAO+SN

CMB+BAO+SN+ISW

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

Main publications: 

2209.01666, 2407.00855

Comparison/validation exercise:

 2406.13667

Send like to modified gravity?

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


Back-up Slides
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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
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They map {μ,Σ} into Horndeski alphas. Also some treatment of nonlinear scales with HMCode (bit dodgy). 

3232

3 x 2 pt from KiDS+GAMA

0

0

Strong 
growth

CMB lensing 
potential grows 

Instabilities

cM

cBcB

No slip:� =  
<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

cB

cM

cB = 0.36+0.18
�0.22

cM = 0.15+0.13
�0.31

<latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="tZaCECZC9d3rEbvB/zsbR2YDxzk="></latexit><latexit sha1_base64="NablDwTO8776QfyylgE/xsLNz3k="></latexit><latexit sha1_base64="eLFNAEx7+2WWm6fCusHWXFI+SJc="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit>

Including Planck 
they find:

(+ treatment of intrinsic alignments)
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Now binning μ into four redshift bins: 

3333

3 x 2 pt forecast for Rubin
cB = 0.36+0.18

�0.22

cM = 0.15+0.13
�0.31

<latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="tZaCECZC9d3rEbvB/zsbR2YDxzk="></latexit><latexit sha1_base64="NablDwTO8776QfyylgE/xsLNz3k="></latexit><latexit sha1_base64="eLFNAEx7+2WWm6fCusHWXFI+SJc="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit><latexit sha1_base64="3RURN/BGwX5Q+W982Idn7dXxn5E="></latexit>

KiDS+GAMA
+Planck :

(Linear)

(Linear)

(Linear)

unconstrained

BNT transform makes 
lensing kernels 
compact in redshift

Including concentration- 
mass fit into ReACT
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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 
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• 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)


