
Weak lensing emulators

Patricia Larsen and 
Nesar Ramachandra (see poster) 
On behalf of: 

Cosmological Physics and Advanced Computing Group 

Argonne National Laboratory 

prlarsen@anl.gov 

Credit: Nayantara Mudur, Mira-Titan collaboration, CPAC group 

mailto:prlarsen@anl.gov?subject=


Patricia Larsen, Argonne National Laboratory

Mira-Titan Universe

▪ 8 parameter 
cosmologies including 
time-evolving dark 
energy and massive 
neutrinos 

▪ Model space is 
progressively covered 
with a space-filling 
tessellation  

▪ Low resolution runs 
augment the parameter 
space

Heitmann et. al 2015

Heitmann et. al 2015

Heitmann et. al 2015

Lawrence et. al 2017
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Emulators (cosmicEmu)

▪ High-dimensional 
interpolator to make 
predictions from set of 
output simulation data 

▪ cosmicEmu quickly computes 
power spectra at any given 
cosmology within range  

▪ Emulators built on MT 
Universe can be accurate to 
<1%

See http://www.hep.anl.gov/cosmology/CosmicEmu/index.html
Heitmann et. al 2015

http://www.hep.anl.gov/cosmology/CosmicEmu/index.html
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Emulators

▪ Emulators can give accurate, fast predictions from a suite 
of simulations 

▪ For more implementation details of Mira-Titan based 
emulators, see Heitmann et. al 2015, Lawrence et. al 2017 
and associated papers, and cosmicEmu website: http://
www.hep.anl.gov/cosmology/CosmicEmu/index.html 

▪ For implementation details of weak-lensing emulators 
discussed in this talk see poster by N. Ramachandra

● S. Habib et al (2007), Cosmic Calibration: 

Constraints from the Matter Power Spectrum and 

the Cosmic Microwave Background

● K. Heitmann et al (2015), The Mira-Titan Universe: 

Precision Predictions for Dark Energy Surveys

● E. Lawrence et al (2017), The Mira-Titan Universe II: 

Matter Power Spectrum Emulation

● D. Higdon et al (2008), Computer Model Calibration 

Using High-Dimensional Output

● http://www.hep.anl.gov/cosmology/CosmicEmu

 Robust Uncertainty Quantification of forward 
modeling of Cosmological functions. 

 Incorporating variants of GP, improved 
experimental designs, nonlinear dimensionality 
reduction algorithms (including Deep Learning 
architectures like Autoencoders) are currently 
under development at Argonne. 

● Development of customizable emulators and 

calibration pipelines for next generation surveys. 

COSMIC EMULATORS FOR NEXT GENERATION SURVEYS

Fast Generation of Weak Lensing Power Spectra using Gaussian Processes

Nesar Ramachandra on behalf of Cosmological Physics and Advanced Computing Group, Argonne National Laboratory. 

● Gaussian Process (GP) emulators 

constructed from a small number 

of accurate simulations facilitate 

fast predictions for cosmological 

functions. 

● We present details of constructing 

the emulator -- the simulation 

design, the GP interpolation 

scheme and extension to obtain 

weak lensing shear power 

spectrum (see also: talk by 

Patricia Larsen).

CONCLUSIONS NEXT STEPS REFERENCES

EMULATION PROCESS

PRIMARY RESULTS

ABSTRACT MOTIVATION EXPERIMENTAL DESIGN

● Future cosmological surveys demand high 

precision requirements on the estimation of 

cosmological parameters. 

● Substantial improvements on calibration has been 

achieved using fast emulators of cosmological 

functions. 

● The weak lensing shear power spectra emulator 

presented above restricts the error to less than 0.5 

per cent while achieving a speed-up of 2-3 orders 

of magnitude.    

● Sampling strategy depends heavily on interpolation scheme. Since prediction from 

GP emulator is a weighted average of training points, good space filling sampling 

strategy is required. 

● Nested Maxmin Latin hypercube design ensures convergence of emulator 

accuracy, in addition to space filling requirements.

● Mira-Titan Universe 

simulation suite and the 

corresponding emulators 

use 8 parameters 

Cosmological function:

Cosmological parameters:

● At k ~ 1 h/Mpc for wCDM 

cosmologies, the FrankenEmu 

emulator predicts Dark Matter 

power spectra at under 1 per cent 

error as opposed to the semi-

analytic fitting models at 5-10 per 

cent level. 

● Similar high precision GP emulators 

are currently under development for 

CMB angular power spectra, weak 

lensing shear power spectra, delta-

sigma etc.  

● Trained GP model interpolates in the 
weights space, generating new co-
efficients corresponding to new input 
parameters.

● The PCA coefficients in a reduced 
basis vector space are then used to 
generate function values at 
unobserved locations.
 

● Hold-tests have shown that GP 
emulated weak lensing shear power is 
more than 99.5 per cent accurate with 
respect to the theoretical spectra 
calculated on FrankenEmu matter 
power spectra.

● Running MCMC with the emulator 
against data to obtain posterior fits is 
done about 1000 times faster 
compared to conventional methods. 

● Our weak lensing emulator currently 
incorporates Gaussian/custom defined 
galaxy redshift distribution n(z)
(more on this in P. Larsen’s talk) 

● GPs can be applied directly to data or to 
it’s reduced representation. Latter 
approach is suitable for big data. 

● Principal Component Analysis (PCA) is 
used here to find suitable set of 
orthogonal basis vectors and weights. 

● GP is applied as a local interpolator to 
the weights of basis functions. 

PCA Bases  GP weights

●  GP is specified by a mean function and 
a covariance function

● Model selection i.e., the choice of 
covariance function and determining 
hyperparameters can be done by 
maximum likelihood or other Bayesian 
techniques.

http://www.hep.anl.gov/cosmology/CosmicEmu/index.html
http://www.hep.anl.gov/cosmology/CosmicEmu/index.html
http://www.hep.anl.gov/cosmology/CosmicEmu/index.html
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Emulators for lensing applications

▪ Current work: theory and 
modelling  

▪ Perform computations at 
limited points in 
parameter-space  

▪ Can obtain speed and 
accuracy simultaneously 
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Current work: theory emulator

▪ Weak lensing power spectrum emulator in real and harmonic 
space, built off Franken-Emu matter power spectrum 

▪ Emulated over two parameter Gaussian n(z) or created for 
arbitrary input n(z)



Patricia Larsen, Argonne National Laboratory

Current work: theory emulator

▪ Extrapolate to high k using Pade approximants 

▪ Shot noise characterisation  

▪ Optimized theory codes to create emulator
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Current work: 
theory emulator

 
See poster by N. 

Ramachandra
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Example 1: Fisher matrix computation

▪ Easy to obtain cosmology dependence and 
derivatives (e.g. Holsclaw et. al 2010) 

▪ Hold-out tests show emulation error subdominant to 
accuracy of input points
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Example 2: MCMC analyses

▪ Individual emulation 
instance takes 
approximately 0.02-0.04s 
on a laptop

Plotting credit: pyGTC
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Planned work: theory emulator

▪ Provide framework to 
build emulators on top of 
specified redshift 
distribution  

▪ Allow for input arbitrary 
numbers of nuisance 
parameters and custom 
theory codes

Dark Energy Survey Collaboration 2017
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▪ Provide framework to 
build emulators on top of 
specified redshift 
distribution  

▪ Allow for input arbitrary 
numbers of nuisance 
parameters and custom 
theory codes

Planned work: theory emulator
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Emulators for lensing applications
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Planned work: simulations

▪ Can build an emulator off 
higher-level simulation 
measurements 

▪ Dark-matter simulation 
outputs or galaxies 
painted on using 
additional parameters 

▪ Existing example: halo 
mass function emulator

Heitmann et. al 2015
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Planned work: simulations

▪ Example: Lensing profiles 

▪ Example: Halo clustering 

▪ Example: 3x2pt measurement 

▪ See recent paper by 
Nishimichi et. al 2018, 
previous talks in this 
meeting. Harnois-Deraps et. al 2018



Patricia Larsen, Argonne National Laboratory

Planned work: simulations

▪ Compute quantities from 
Mira-Titan Universe 

▪ Determine accuracy and 
limitations of these 
outputs 

▪ Different output types 
including biases and 
noise properties
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Long-term opportunities

▪ Emulators can be built off any simulation suite, 
input parameters do not have to be cosmology 

▪ Suite of hydro simulations with different sub-
grid parameters to fit for baryonic effects, can 
also incorporate gas-related outputs such as tSZ 
and kSZ effects 

▪ Halo shapes, parameterised prescriptions for 
adding, orienting galaxies.
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Conclusions

▪ Emulators can achieve the high levels of modelling 
accuracy required for future analyses  

▪ We have created a customisable weak lensing 
power spectrum emulator  

▪ We are planning more weak lensing related 
emulators from the Mira-Titan Universe  

▪ If you have comments/suggestions/want to use 
these emulators, come and talk to us!


