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Galaxy Bias: Galaxies as Biased Tracers of the Matter Distribution
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LSS Probes: Galaxy clustering, weak lensing, and galaxy-galaxy lensing

Credit: Jessie Muir
Weak lensing:
- 2pt: Source clustering
enters at 2nd order
- >2pt: Source clustering
contributes directly

Galaxy clustering:
- Galaxy bias enters directly

Galaxy-galaxy lensing:
- Galaxy bias enters directly



Photometric galaxy surveys drive precision cosmology

Euclid: Photometery vs.
Spectroscopy

Forecast for Euclid DR3
cosmological constraints

Mellier et al. (2025)



Photometric uncertainties & sky projection make the natural geometry spherical

Projecting the 3D matter density field δ(x) onto the 2D celestial sphere, weighted by a
redshift distribution W(z):

δ(θ) =
∑
ℓm

δℓm0Yℓm(θ) =
∫

dzW(z)δ(θ, z); δ(θ, z) = δ(x)

Tessore et al. (2023)



Beyond Determinism: The galaxy bias is stochastic
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Beyond LIMD: The galaxy bias is non-local

Power spectrum of the halo counts field before and after permuting voxels with
approximately equal density
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e.g. Bartlett, Ho & Wandelt (2024) See also Chan, Scoccimarro & Sheth (2012)



Baryon feedback & galaxy/halo bias are coupled

Fit of HMF in Tinker et al. 2008

Castro et al. (2026)

ΛCDM constraints with mock
Euclid-like cluster counts (6 bins)

0.81
0.84
0.87

8

0.2
0.1
0.0

B M
0

0.08

0.02

0.12

0.1
0.2
0.3

ln
M

0

0.2
68

0.2
76

0.2
84

m

0.08

0.11

0.14

0.8
1
0.8

4
0.8

7

8

0.2 0.1 0.0

BM0
0.0

8
0.0

2
0.1

2 0.1 0.2 0.3
lnM0

0.0
8

0.1
1

0.1
4

Hydro Fit
DMO Fit
DMO Fit + Mass Correction

Hydro Fit
DMO Fit
DMO Fit + Mass Correction

Castro et al. (2026)



Simulation-based inference methods allow to incorporate all of this complexity

Weak lensing SBI with KiDS-1000
incl. 2pt source clustering

von Wietersheim-Kramsta, Lin et al. 2025
Lin, von Wietersheim-Kramsta et al. 2023

KiDS-Legacy 2pt SBI:
Lin, von Wietersheim-Kramsta et al. in prep.

Field-level multi-fidelity SBI with
KiDS-Legacy incl. source clustering

Saoulis, ..., von Wietersheim-Kramsta et al.
2026

KiDS-Legacy field-level SBI on data:
Saoulis, ..., von Wietersheim-Kramsta et al. in

prep.



Galaxy Bias Model Wishlist

• Make use of the photometric galaxies⇒ Spherical projection⇒ Halo mass, scale
radius, or substructure hierarchy are not available...

• Take into account additional effects in the galaxy-halo connection at linear and
quasi-linear scales

• ⇒ Stochasticity (baryon feedback, initial conditions, etc.)

• ⇒ Non-locality (tidal effects, environmental dependence, etc.)

• Flexible enough to be informed by hydrodynamical simulations to incorporate
baryon physics

• Be computationally efficient for inference (both for likelhood-based sampling and
simulation-based inference)
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BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

Linear bias model in spherical harmonic space:

δb
ℓm = bℓm δℓm. (1)

Enforcing homogeneity of each field:⟨
δℓm (δb

ℓ′m′)∗
⟩
=
⟨
δb
ℓm δ

∗
ℓ′m′

⟩
= δℓℓ′ δmm′ Cb

ℓ

= δℓℓ′ δmm′ ⟨bℓ⟩ Cℓ,
(2)

⇒ |bℓm|2 must be independent of m, i.e. ⟨|bℓm|⟩ = ⟨|bℓ|⟩ ∀m.

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

As ⟨|bℓm|⟩ = ⟨|bℓ|⟩ ∀m is only true in expectation, we may add a random contribution to
the bias model:

bℓm = βℓ + γℓm, (3)

where γℓm = ϵℓm + iηℓm ∈ C with ϵℓm, ηℓm ∈ R.

⟨γℓm⟩m = 0 ∀ ℓ to maintain homogeneity.

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

Simplest model with the allowed degrees of freedom:

bℓm ∼ CN (βℓ + i 0,Σℓ), (4)

where CN is a complex Gaussian or normal distribution.

In general,

(
ϵℓm ηℓm

)
∼ N

(
µℓ =

(
0
0

)
,Σℓ =

(
σ21,ℓ ρ σ1,ℓ σ2,ℓ

ρ σ1,ℓ σ2,ℓ σ22,ℓ

))
. (5)

In its simplest form, ρ = 0.

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

Complete model for redshift bin j:

b(j)ℓm ∼ CN

β(j)
ℓ + i 0, Σ(j)

ℓ =


[
σ
(j)
1,ℓ

]2
0

0
[
σ
(j)
2,ℓ

]2

 . (6)

With a predicted angular power spectrum of the biasing field:

⟨
|bℓm|2

⟩
=
⟨
(βℓ + ϵℓ)

2 + η2ℓ
⟩

= β2ℓ +
⟨
ϵ2ℓ
⟩
+
⟨
η2ℓ
⟩

= β2ℓ + σ21,ℓ + σ22,ℓ.

(7)

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

As opposed to deterministic local bias linear bias:

• βℓ captures the scale-dependent bias
• σ21,ℓ + σ22,ℓ captures the scale-dependent stochasticity and non-locality

100 101 102 103

10 1

100

Local bias

b = b = C bb/C =

100 101 102 103

Non-local bias

b = C bb/C =

100 101 102 103

Stochastic non-local bias

b = C bb/C = 2 + 2

| |

von Wietersheim-Kramsta et al. (in prep.)



Testing with Hydro Simulations: FLAMINGO
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BOLTS Model: Non-locality and stochasticity naturally emerges in hydro sims

As measured from FLAMINGO lightcones for different halo mass bins:
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BOLTS Model: Non-locality and stochasticity naturally emerges in hydro sims

As measured from FLAMINGO lightcones:
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BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

z = 0.5

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

z = 0.5

von Wietersheim-Kramsta et al. (in prep.)



BOLTS model reproduces the galaxy field better than local deterministic bias
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von Wietersheim-Kramsta et al. (in prep.)



BOLTS model reproduces the galaxy field better than local deterministic bias
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von Wietersheim-Kramsta et al. (in
prep.)



BOLTS model reproduces the galaxy field better than local deterministic bias
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BOLTS model reproduces the galaxy field better than local deterministic bias
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BOLTS model reproduces the bispectrum better than local deterministic bias

Equilateral term of angular bispectrum for Mh ∈ [1013,∞)
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1011.5 M⊙ < Mh < 1013 M⊙ : accurate down to 11-27Mpc over 0.25 ≤ z ≤ 1.5 and to 9-19Mpc at 2 ≤ z ≤ 3

Mh > 1013 M⊙ : accurate down to 3-4.5Mpc over 0.25 ≤ z ≤ 0.5, to 27-35Mpc at 1 ≤ z ≤ 1.5, and to 50-90Mpc at 2 ≤ z ≤ 3

von Wietersheim-Kramsta et al. (in prep.)



WPH Moments: Non-Gaussian Summary Statistics

Covariance between phase-harmonic wavelet coefficients:

Cλ,p,λ′,p′(τ) = Cov
(
[X ∗ ψλ(r)]p, [X ∗ ψλ′(r+ τ)]p

′
)
, [z]p = |z| eipφ (8)

• S11 (p=1, λ=λ′): wavelet power spectrum, equivalent to 2-point statistics; fully
characterises Gaussian fields

• S01 (p=0, λ=λ′): amplitude-phase coupling, vanishes for Gaussian fields; signals
non-linear structure

• C01 (p=0, λ ̸=λ′): cross-scale mode coupling, sensitive to coherent structures
(filaments, sheets)

Regaldo-Saint Blancard et al. (2023)



BOLTS Model: WPH, Mh ∈ [1011.5, 1012)M⊙, z ∈ [0.50, 0.55)
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S11:wavelet power spectrum, S01: amplitude-phase coupling

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: WPH, Mh ∈ [1011.5, 1012)M⊙, z ∈ [0.25, 0.30)
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C01: cross-scale mode coupling, sensitive to coherent structures
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Non-Locality & Stochasticity of Galaxy Bias Matters on Interesting Scales...
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At these scales, baryons, neutrinos, and modified gravity impact LSS
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Conclusions & Outlook

BOLTS: minimal harmonic-space bias, inherently non-local &
stochastic. One the arXiv soon...

• βℓ (deterministic) & σℓ (stochastic), closed-form estimators from
2-point calibration only

• Reproduces bispectrum & WPH moments beyond local bias
• βℓ(z) & σℓ(z) ⇒ fast forward model/SBI on Euclid, Rubin, Roman

True

BOLTS mock (1 realisation)

Local mock from c

Local mock from m

0 2
g( )

z = 0.5, Mh [1011.5, 1012)M

Outlook:

• Baryon feedback model & cosmology dependence of βℓ, σℓ across FLAMINGO variants
• Modified gravity & neutrino mass imprints on scale-dependent bias
• Assembly bias: condition on stellar mass, colour, SFR



Questions?



Baryon Feedback

Relative power spectrum
suppression
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HMF hydro (red)
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Motivation: Unprescedent Precision

Wright et al. (2025)



BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

FLAMINGO vs. BOLTS
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BOLTS Model: Bias of Overdensities in Large-Scale Tracers on the Sphere

As measured from FLAMINGO lightcones:

Consistent with Gaussian distribution of harmonic coefficients, as assumed in the BOLTS model.

von Wietersheim-Kramsta et al. (in prep.)



BOLTS Model: WPH, Mh > 1013M⊙, z ∈ [1.50, 1.55)
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C01: cross-scale mode coupling
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