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Imaging surveys for cosmology
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KiDS-Legacy: Fiducial constraints
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Horndeski theory
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Horndeski theory

e,

L= Gy(¢.X) G.(¢, X): arbitrary functions of the scalar
Li=—-Gy (. X)O¢ field ¢ and its kinetic term X
Zi= Gi($X)R+Gix(4.X) |(O4) - but™
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Horndeski theory

e,

Zy= Gy (¢.X) G.(¢, X): arbitrary functions of the scalar
Zy=—G; (¢, X) field ¢p and its kinetic term X
_ , R
Zy= Gy, X) R+ Gux (¢.X) () — ¢ ™ -
1 - - In practice: Many well known MG models
Fs=  Gs(h.X) Gop™ ——Gsy (4. X) can be expressed via a specific choice of G;

(see Kobayashi et al. 2019)
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Parameterisation

1. Background
e (Constant dark energy equation of state
» Varying equation of state (e.g. wyw,)
2. Perturbations
» Effective tield theory of dark energy
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Parameterisation

1. Background
e (Constant dark energy equation of state
» Varying equation of state (e.g. wyw,)
2. Perturbations
» Effective tield theory of dark energy

Bellini & Sawicki 2014: Describe the evolution of linear
perturbations by four functions a(¢)

C(K: klﬂetICIty
ag: braiding
. Planck-mass run rate
arp: tensor speed excess
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Parameterisation

Horndeski in the Cosmic Linear
Anisotropy Solving System

1. Background
e (Constant dark energy equation of state
» Varying equation of state (e.g. wyw,)
2. Perturbations
» Effective tield theory of dark energy

Bellini & Sawicki 2014: Describe the evolution of linear
perturbations by four functions a(¢)

e.g. a(t) = aL2pp(?)
OIK: klﬂetICIty
ag: braiding
(,IMZ Planck-mass run rate Zumalacarregui et al. (2017), Bellini et al. (2020)
arp: tensor speed excess
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Parameterisation

KV450
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Stable parameterisation

a(t) — D > 0,M?>0,c?> 0, ag
(Kennedy at al. 2018, Lombriser et al. 2019)




Stable parameterisation

at) — Dy, > 0,M: > 0,¢7 > 0,05
(Kennedy at al. 2018, Lombriser et al. 2019)

» Gradient instabilities (negative square of sound speed)

 Ghost instabilities (wrong sign of kinetic term of
background perturbations)

 Tachyonic instabilities (negative effective mass squared
of scalar field perturbation)

 Mathematical (or classical) instabilities (can cause
exponentially growing perturbations)




Stable parameterisation

a(t) — D > 0,M?>0,c?> 0, ag
(Kennedy at al. 2018, Lombriser et al. 2019)

1 H 1 3(pm+rm) o
2 = [(2—(13)( — | 2aB+(xM) TIYE | a[lél]

ag o Initial condition for the braiding term




Stable parameterisation

mochi_class: Modelling Optimisation to Compute
Horndeski in CLASS

mochi_class

Authors: Matteo Cataneo, Emilio Bellini

This code is an extension of the hi_class code ( ), itself a patch to the
Einstein-Boltzmann solver CLASS ( ). The new features include:

a-functions replaced by stable basis { M2, Dyin, c2 } to ensure stability from the start.

No need for hard-coding of basis function parametrisations. The code can take general functions of time as
input, including the dark energy equation of state (wy) or its normalised background energy-density (54,).
Accurate quasi-static approximation connecting (u, y)-parametrisation to the Horndeski a's.

Additional stability test checking for mathematical (classical) instabilities in the scalar field fluctuations.

GR approximation scheme. Modified gravity/dark energy activated at late times, deep in the matter dominated
era.

* Free from gradient and ghost instabilities by design
* Implemented in mochi_class (Cataneo & Bellini 2024)
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Cosmic shear in modified gravity

Weyl potential: @y = (@ + W)/2




Cosmic shear in modified gravity

Weyl potential: @y = (@ + W)/2

O = y(k,a)¥ y: gravitational slip




Cosmic shear in modified gravity

Weyl potential: @y = (@ + W)/2

O = y(k,a)¥ y: gravitational slip

2
oy _ 3%nH

o, (k,a) u(k,a) u: effective Newtonian coupling

2c2a




Cosmic shear in modified gravity

Weyl potential: @y = (@ + W)/2

O = y(k,a)¥ y: gravitational slip
. 3Q H; | | |
— kY = > o, (k,a) u(k,a) u: effective Newtonian coupling
c4a

2(k,a) = utk,a)(1 +y(k,a))/2 2. lensing modification
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Cosmic shear in modified gravity

Weyl potential: @y = (@ + W)/2

O = y(k,a)¥ y: gravitational slip
o 3Q. Hp
— kY = > o, (k,a) u(k,a) u: effective Newtonian coupling
ca
2(k,a) = utk,a)(1 +y(k,a))/2 2. lensing modification

& %m%my

CJ (?) =J dy

0 () (k0. 200) Piine (kG- 2(o)

Additionally: < Phenomenological Vainshtein screening in the non-linear regime (recovering GR at high k)
* Non-linear matter power spectrum from HMcode2020 within an approach inspired by the
reaction framework of Cataneo et al. (2019)




Sampling parameters

Horndeski parameters

o ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation
% o 1.0 Effective sound speed of the scalar field perturbation
N AM? U(-1.0,10.0) Deviation of the effective Planck mass from its fiducial value
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Sampling parameters

Horndeski parameters

o ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation
% 8; 1.0 Effective sound speed of the scalar field perturbation
N AM? U(-1.0,10.0) Deviation of the effective Planck mass from its fiducial value
‘;‘) ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation
% 6; U0.0,2.0) Effective sound speed of the scalar field perturbation
N AM? 0.0 Deviation of the effective Planck mass from its fiducial value
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Sampling parameters

Horndeski parameters

o ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation

c_'§ 8; 1.0 Effective sound speed of the scalar field perturbation

N AM? UC-1.0,10.0) Deviation of the effective Planck mass from its fiducial value

‘;‘) ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation

% o U0.0,2.0) Effective sound speed of the scalar field perturbation

N AM? 0.0 Deviation of the effective Planck mass from its fiducial value
ag U-2.0,2.0) Braiding

% aMm U-1.0,3.0) Run rate of the effective Planck mass

< & 1.0 Kineticity

aT 0.0 Tensor speed excess
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Sampling parameters

Horndeski parameters

o ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation

c_'§ 8; 1.0 Effective sound speed of the scalar field perturbation

N AM? UC-1.0,10.0) Deviation of the effective Planck mass from its fiducial value

‘;‘) ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation

% o U0.0,2.0) Effective sound speed of the scalar field perturbation

N AM? 0.0 Deviation of the effective Planck mass from its fiducial value
ag U-2.0,2.0) Braiding

% aMm U-1.0,3.0) Run rate of the effective Planck mass

< ax 1.0 Kineticity
aT 0.0 Tensor speed excess
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Sampling parameters

Horndeski parameters

o ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation
c_'§ 8; 1.0 Effective sound speed of the scalar field perturbation
N AM? UC-1.0,10.0) Deviation of the effective Planck mass from its fiducial value
‘;‘) ) U(0.0,10.0) De-mixed kinetic term of the scalar field perturbation
% o U0.0,2.0) Effective sound speed of the scalar field perturbation
N AM? 0.0 Deviation of the effective Planck mass from its fiducial value
ag U-2.0,2.0) Braiding
% aMm U-1.0,3.0) Run rate of the effective Planck mass
< ax 1.0 Kineticity
aT 0.0 Tensor speed excess
~  Qpp(a)
Xi(a) = X, + cosmological & nuisance parameters
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KiDS-Legacy
Planck
Results DESI BAO + eBOSS RSD
combined
prior
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KiDS-Legacy
Planck
Results DESI BAO + eBOSS RSD
combined
prior

T) Dyin U 0.0,10.0)

— A2

s Cs 1.0

N AMf U(-1.0,10.0) f\g
<

Best-fit Ay* = — 3.12 g&
Bayesian suspiciousness: N_ = 1.40

PN IR L SIS
Stolzner et al. (2026)
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KiDS-Legacy
Planck
DESI BAO + eBOSS RSD
ReS U I tS combined
prior
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KiDS-Legacy
Planck
DESI BAO + eBOSS RSD
Res U I tS combined
prior
Q
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Results

ACDM
o | stable: Dy, AM? "
stable: Dy, é2

Stolzner et al. (2026)
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Constraints on derived parameters
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Background cosmology: wywa

wow,CDM background
ACDM background
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Conclusions

 Cosmic shear can place significant constraints on the Horndeski parameter
space

o KiDS-Legacy constraints are competitive with those from the CMB

o Current data show no significant preference for modified gravity over GR

« S constraints are robust with respect to changes in the cosmological model
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Constraints on derived parameters

< Z
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Constraints on derived parameters
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Non-linear power spectrum and screening

. Non-linear matter power spectrum: PMS (k,a) = %(k, a)PIfif\I“fo(k, a)

. Pnplsle\luf"(k, a). non-linear power spectrum in a reference (pseudo) cosmology
2

. Reaction: Z(k, a) = [(1 - S (ka) ) /Pa /PR + S (k. a)

. Screening factor: &8'(k,a) = exp _ (k/kv)n(a)_

MG ~ WoWa
- Poxe ® PN for k > ky (recover GR on small scales)

. PV~ Plljlf;lfo for k < ky (modified gravity on large scales)

e 2N (kya) =1+ Sk, a) [ZL(k, a) — 1]
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Best fit (KIDS + Planck + DESI + eBOSS)

Model S'g Qn, Xeoiti PTE  Miewrc No
0.008 0.003

ACDM 0.804700%8  0.2997000°  1147.63 0.73  — —

MG: Dyin, AM?  0.8137099%  0.298%00% 114451 0.78 -3.12  1.40

MG: Dy, &2 0.80370008  0.297+098 114630 0.76 -1.33  1.09

MG: @z, dm 0.8227001:  0.2967000:  1142.69 0.78 -4.93 1.43
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