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What is a field-level emulator for LSS?
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What is a field-level emulator for LSS?

+ extensions

Surveys Data

Model Forward-model 
prediction

Comparison 
& Inference

(      )
ICs

Parameters

Accelerate with 
machine learning

Constraints
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N-body simulations
Linear Nonlinear
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Map2Map

• U-Net/V-Net design

• 4 convolutional 
layers

• Receptive field:       
190 Mpc/h

• Preserves ZA on 
large scales

• Input ZA field at z=0

• Output nonlinear 
field at redshift z

Map2Map: https://github.com/eelregit/map2map
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How to capture the cosmology dependence?
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Style vs. content
ResultsContent Style

<latexit sha1_base64="H8VJAmrOk3psdVJLFKLSqBdOnsY=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwjAjpba7ghuXLdgHtEPJpHfa0ExmSDJCGQru3eovuBO3/op/4GeYTkuxogcuHM49h+QeP+ZMacf5tHIbm1vbO/ndwt7+weFR8fikraJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ7XzfeQCpWCTu9TQGLyQjwQJGiTZS82pQLDl2rVarVivYtZ0MeKGUnZVSQks0BsWv/jCiSQhCU06U6rlOrL2USM0oh1mhnyiICZ2QEfQMFSQE5aXZR2f4wihDHETSjNA4U38mUhIqNQ194wyJHqu1XebWPp/9TsytfyV6iQ6qXspEnGgQdPF8kHCsIzzvAg+ZBKr51BBCJTMXYDomklBtGiuYalaN/E/a17ZbscvNcqnuLEvKozN0ji6Ri25QHd2hBmohigA9oWf0Yj1ar9ab9b6w5qxl5hStwfr4BrFulls=</latexit>

+

<latexit sha1_base64="H8VJAmrOk3psdVJLFKLSqBdOnsY=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwjAjpba7ghuXLdgHtEPJpHfa0ExmSDJCGQru3eovuBO3/op/4GeYTkuxogcuHM49h+QeP+ZMacf5tHIbm1vbO/ndwt7+weFR8fikraJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ7XzfeQCpWCTu9TQGLyQjwQJGiTZS82pQLDl2rVarVivYtZ0MeKGUnZVSQks0BsWv/jCiSQhCU06U6rlOrL2USM0oh1mhnyiICZ2QEfQMFSQE5aXZR2f4wihDHETSjNA4U38mUhIqNQ194wyJHqu1XebWPp/9TsytfyV6iQ6qXspEnGgQdPF8kHCsIzzvAg+ZBKr51BBCJTMXYDomklBtGiuYalaN/E/a17ZbscvNcqnuLEvKozN0ji6Ri25QHd2hBmohigA9oWf0Yj1ar9ab9b6w5qxl5hStwfr4BrFulls=</latexit>

+

<latexit sha1_base64="H8VJAmrOk3psdVJLFKLSqBdOnsY=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwjAjpba7ghuXLdgHtEPJpHfa0ExmSDJCGQru3eovuBO3/op/4GeYTkuxogcuHM49h+QeP+ZMacf5tHIbm1vbO/ndwt7+weFR8fikraJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ7XzfeQCpWCTu9TQGLyQjwQJGiTZS82pQLDl2rVarVivYtZ0MeKGUnZVSQks0BsWv/jCiSQhCU06U6rlOrL2USM0oh1mhnyiICZ2QEfQMFSQE5aXZR2f4wihDHETSjNA4U38mUhIqNQ194wyJHqu1XebWPp/9TsytfyV6iQ6qXspEnGgQdPF8kHCsIzzvAg+ZBKr51BBCJTMXYDomklBtGiuYalaN/E/a17ZbscvNcqnuLEvKozN0ji6Ri25QHd2hBmohigA9oWf0Yj1ar9ab9b6w5qxl5hStwfr4BrFulls=</latexit>

+

<latexit sha1_base64="VkbngP1NtjmRwyQRrgYJgzUAqKs=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4Gmak1HYhFNy4bME+oB1KJr3ThmYyQ5IRylBw71Z/wZ249Vf8Az/DdFqKFT1w4XDuOST3+DFnSjvOp5Xb2Nza3snvFvb2Dw6PiscnbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPbuf7zgNIxSJxr6cxeCEZCRYwSrSRmjeDYsmxa7VatVrBru1kwAul7KyUElqiMSh+9YcRTUIQmnKiVM91Yu2lRGpGOcwK/URBTOiEjKBnqCAhKC/NPjrDF0YZ4iCSZoTGmfozkZJQqWnoG2dI9Fit7TK39vnsd2Ju/SvRS3RQ9VIm4kSDoIvng4RjHeF5F3jIJFDNp4YQKpm5ANMxkYRq01jBVLNq5H/SvrLdil1ulkt1Z1lSHp2hc3SJXHSN6ugONVALUQToCT2jF+vRerXerPeFNWctM6doDdbHN85Clm0=</latexit>=

<latexit sha1_base64="VkbngP1NtjmRwyQRrgYJgzUAqKs=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4Gmak1HYhFNy4bME+oB1KJr3ThmYyQ5IRylBw71Z/wZ249Vf8Az/DdFqKFT1w4XDuOST3+DFnSjvOp5Xb2Nza3snvFvb2Dw6PiscnbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPbuf7zgNIxSJxr6cxeCEZCRYwSrSRmjeDYsmxa7VatVrBru1kwAul7KyUElqiMSh+9YcRTUIQmnKiVM91Yu2lRGpGOcwK/URBTOiEjKBnqCAhKC/NPjrDF0YZ4iCSZoTGmfozkZJQqWnoG2dI9Fit7TK39vnsd2Ju/SvRS3RQ9VIm4kSDoIvng4RjHeF5F3jIJFDNp4YQKpm5ANMxkYRq01jBVLNq5H/SvrLdil1ulkt1Z1lSHp2hc3SJXHSN6ugONVALUQToCT2jF+vRerXerPeFNWctM6doDdbHN85Clm0=</latexit>=

<latexit sha1_base64="VkbngP1NtjmRwyQRrgYJgzUAqKs=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4Gmak1HYhFNy4bME+oB1KJr3ThmYyQ5IRylBw71Z/wZ249Vf8Az/DdFqKFT1w4XDuOST3+DFnSjvOp5Xb2Nza3snvFvb2Dw6PiscnbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPbuf7zgNIxSJxr6cxeCEZCRYwSrSRmjeDYsmxa7VatVrBru1kwAul7KyUElqiMSh+9YcRTUIQmnKiVM91Yu2lRGpGOcwK/URBTOiEjKBnqCAhKC/NPjrDF0YZ4iCSZoTGmfozkZJQqWnoG2dI9Fit7TK39vnsd2Ju/SvRS3RQ9VIm4kSDoIvng4RjHeF5F3jIJFDNp4YQKpm5ANMxkYRq01jBVLNq5H/SvrLdil1ulkt1Z1lSHp2hc3SJXHSN6ugONVALUQToCT2jF+vRerXerPeFNWctM6doDdbHN85Clm0=</latexit>=

Gatys, Ecker, Bethge arXiv:1508:06576
Karras, Laine, Aittala, Hellsten, Lehtinen, Aila arXiv:1912.04958

Drew Jamieson MPA                                                                                                                                KIAS, 01.11.2024



Cosmology dependence

Layer input

Modulation

Weights and biases

Demodulation

Layer output

Effective weights

• Based on StyleGAN2: https://github.com/NVlabs/stylegan2

•         is a style parameter input for every convolutional operation

• Model learns to interpolate predictions of LSS for different cosmologies
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⌦m

StyleGAN2: http://arxiv.org/abs/1912.04958

Style

Content
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⌦m, D(z)
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⌦m, D(z)

Layer input
Modulation

Weights and biases

Demodulation

Layer output

Effective weights

Do not need a velocity model!

Evaluate velocities during training and add to loss
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Training Data: Quijote Latin Hypercube

• 2000 simulations

•         particles 1 Gpc/h box

• Latin hypercube  sample of 5 parameters
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ns 0.8 – 1.2
�8 0.6 – 1.0
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Villaescusa-Navarro et al. arXiv:1909:05273
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Cosmology and time dependence
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Formation Redshift

Mass Accretion

Individual Merger Trees
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Conclusion:
• Emulator is fast and accurate in the nonlinear regime

• Differentiable, can sample over cosmology and ICs

• Models the phase space of N-body at the field level

• Models the redshift dependence of structure formation

<latexit sha1_base64="mQT8mQWu8t4Pk0Bm20nyJtsmIio="></latexit>

⌦K ,M⌫ , w(z), ...• Additional parameters: 

• Super-resolution?

• Baryons?

• Lightcones?

Outlook

https://github.com/eelregit/map2map
https://github.com/dsjamieson/map2map_emu
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Modulation

Weights and biases

Demodulation

Effective weights
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⌦m, D(z)

Drew Jamieson MPA                                                                                                                                KIAS, 01.11.2024



Why Convolutional Neural Networks?

•  Nonlinearity is sensitive to local environment

•  Convolutions combine neighborhood information

•  Linear theory capture global information

Poisson equation

•  Multiple convolutions probe difference scales

Mode coupling
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How serious is the       error dependence?
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Biased galaxy field in Lagragian space:

Drew Jamieson MPA                                                                                                                                KIAS, 01.11.2024



≠m = 0.3175

æ8 = 0.8340

M = 1£ 1014

[MØ h°1]

°3 0 3

°20

°10

0

10

20 SIM

°3 0 3

SNN

°3 0 3

COLA

°3 0 3

FNN

°0.2

0.0

0.2 R
esid

u
als

102

1
+
±
m

0.0 0.2 0.4 0.6 0.8 1.0
x [Mpc h°1]

0.0

0.2

0.4

0.6

0.8

1.0

y
[M

p
c
h
°
1
]

Fiducial ≠m, æ8

≠m = 0.3175

æ8 = 0.8340

M = 1£ 1014

[MØ h°1]

°3 0 3

°20

°10

0

10

20 SIM

°3 0 3

SNN

°3 0 3

COLA

°3 0 3

FNN

°0.2

0.0

0.2 R
esid

u
als

102

1
+
±
m

0.0 0.2 0.4 0.6 0.8 1.0
x [Mpc h°1]

0.0

0.2

0.4

0.6

0.8

1.0

y
[M

p
c
h
°
1
]

Fiducial ≠m, æ8

Redshift space and noise parameters 
absorb the      dependence

≠m = 0.4599

æ8 = 0.7011

M = 1£ 1014

[MØ h°1]

°3 0 3

°20

°10

0

10

20 SIM

°3 0 3

SNN

°3 0 3

COLA

°3 0 3

FNN

°0.2

0.0

0.2 R
esid

u
als

102

1
+
±
m

0.0 0.2 0.4 0.6 0.8 1.0
x [Mpc h°1]

0.0

0.2

0.4

0.6

0.8

1.0

y
[M

p
c
h
°
1
]

High ≠m, low æ8
Redshift space 

Drew Jamieson MPA                                                                                                                                KIAS, 01.11.2024



Adding redshift dependence
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Can it learn the initial conditions?

?
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Jasche, Wandelt arXiv:1203.3639
BORG

Ludvig Doeser
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Ludvig Doeser
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Is it learning physics?
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Density Power Momentum Power
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Density Bispectrum
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Results: Halos

For abundance matching with COLA 

see Izard, Crocce, Fosalba arXiv:1509.04685
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Learn the map from linear theory to nonlinear, N-body evolution

Input the Zeldovich approximation displacement field on uniform grid

Output nonlinear displacements after N-body evolution

Model evaluation: (128 + 96) 3 particles + padding = 0.7375 seconds
Number of CNN parameters: 3,347,078
Number of style parameters: 5132
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Adversarial attack
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• Fast gradient sign attack


• Take sign of gradient of loss 
wrt input


• Multiply by small constant 
and add to original input


• New input is a nearly worst 
case scenario


• Preferentially adds power to 
small scales

Attack field is an extremely unlikely configuration of initial Gaussian field

Drew Jamieson MPA                                                                                                                                KIAS, 01.11.2024



Results: density field
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≠m = 0.3175

æ8 = 0.8340
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Results: momentum field
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Results: density power spectrum
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Results: momentum power spectrum
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Results: Bispectrum
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Results: Halos
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Results: RSD Halos
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Results: RSD
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Modelling simulations with neural networks

• Linear theory captures the global features of structure formation

• Nonlinear corrections should be dominated by local information

• Initial conditions are on a uniform grid (Lagrangian space): 3D 
image of voxels with 3 “channels” (coordinates)

• Convolutions are nearest-neighbour operations in real space: begins 
with local information

• Multiple layers correspond to different scales in Lagrangian space

Simulations

Convolutional Neural Networks
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Emulating large-scale structure formation at the field 
level with styled neural networks

Map2Map with style parameters:

https://github.com/eelregit/map2map

https://github.com/dsjamieson/map2map_emu
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Early Universe:

•  One scalar source of fluctuations

•  Gaussian random field

•  Nearly scale-invariant power 

Cosmology

Planck 2018

Contents of the Universe:
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