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 as moving with velocity: 

 

The force is 

 

Decompose: 

γ

v ≈ c ̂ℓ

F ∝ − ∇Φ

∇Φ = (∇⊥Φ) + (∂ℓΦ) ̂ℓ
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bending ( )  lensingα̂ ≈
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Image Credits: 
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β = θ − α(θ)

β = θ − ∇θψ(θ)

Δ
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Lens equation: 

 

 

Jacobian  

(magnification matrix): 

 

β = θ − α(θ)
β = θ − ∇θψ(θ)

A ≡ ∂β/∂θ

dθ = A−1dβImage Credits: 
Normann et al. (2025)
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𝒜ij = (1 − κ − γ1 −γ2

−γ2 1 − κ + γ1)

𝒜ij = (1 − κ 0
0 1 − κ) − (γ1 γ2

γ2 −γ1)

𝒜ij = 1 − κ (1 0
0 1) + γ (cos 2ϕ sin 2ϕ

sin 2ϕ −cos 2ϕ)

Gravitational Lensing 
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Ωm → (0.2 − 0.4)
h → (0.6 − 0.8)

w → (−1.5 − −0.7)
σ8 → (0.7 − 0.9)

z → (0.3 − 6)

Parameters

Emulator  
Statistics
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Traditional Methods Emulator-Based Method

Use Case

Computational Cost

Speed

Flexibility

Accuracy

Detail modeling

High

Slow

Depends on simulation 
or model

High

Fast parameter 
estimation

Low

Fast

High

Good approximation

Emulator  
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Image Credits: 

galaxiesbook.org of Jo Bovy
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Weak Gravitaional Lensing 

Image Credits: 
galaxiesbook.org of Jo Bovy

Convergence Shear

μ =
1

(1 − κ)2 − |γ |2

http://galaxiesbook.org
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Magnification Maps 

κ(x) =
4πG
c2 ∑

i

W(zi, zs) [Σi(x) − ⟨Σi⟩] (1 + zi)2 G(zi)
G(zsnap)

ϕ̃(k) = −
2

|k |2 κ̃(k)

γ1 =
1
2

(∂xxϕ − ∂yyϕ) , γ2 = ∂xyϕ

μ =
1

(1 − κ)2 − γ2
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Principal Component Analysis 

Image Credits: 
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Principal Component Analysis 

DKL(P ∥ Q) = ∑ P(x)log ( P(x)
Q(x) )

Kullback–Leibler (KL) divergence :
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XGBoost 
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Results 

Mean KL Div.: 0.014 

Median KL Div.: 0.007 

Std. of KL Div.: 0.031
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