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Cosmology: Big Questions

• Our universe is expanding and accelerating due to an extra force, called Dark Energy.

• Most of the matter in the universe is invisible and emits no light: Dark Matter.

• The universe seems to have started with a period of exponential expansion, called inflation.

• Is Einstein’s theory of General Relativity the best explanation for the behaviour of the universe?

Peak Statistics: Better Answers
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Cosmological Surveys

Planck Mission Dark Energy Survey Euclid Mission

PAST PRESENT FUTURE

Observing the Cosmic 
Microwave Background 
(CMB)- the oldest light in 
the universe.

Telescope in Chile, observing 
galaxies clustering and 
distortions (lensing)- probing 
the late universe.

Planned space telescope 
mission to observe more 
galaxies to probe the late 
universe than current 
ground-based projects.

Credit: ESA/NASA & DES



Density Field of the Universe4

Dark matter L-PICOLA (Howlett et al. 2015) simulation from the early universe.

This box is expanding- cosmic expansion vs. collapse due to gravity



Power Spectrum of the Density Field 15

• Cosmology’s premier statistic.

• Power spectrum of the matter density field:

• Contains all of the statistical information in 
an isotropic, Gaussian random field.

• Density field in the universe at late times in 
highly non-Gaussian due to the gravitational 
collapse.

Matter Power Spectrum (Tegmark et al. 2004) 

as measured by different cosmology probes



Power Spectrum of the Density Field 26

• Due to the non-linear density field in the late universe, there is much information missed 
by the power spectrum.

• Counting the number of structures formed, peaks in the density field, can tell us much 
more.

• Problem: Dark matter is invisible…
Matter Power Spectrum (Tegmark et al. 2004)



Weak gravitational lensing7

• Matter (including invisible Dark Matter) bends spacetime.

• Light follows the “shortest” path along spacetime.

• The light from distant galaxies curves, depending on the matter distribution in its path.

Credit: ESA/NASA
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• Observe a galaxy shape, encoded in the shear, 
γ, at first order.

• Images of galaxies are distorted by the 
perturbations to the spacetime metric along the 
line of sight.

• Know galaxy shapes are randomly oriented on 
the sky, so non zero shear signal can be 
inferred.

• A weighted line of sight density, causing the 
perturbations, is called convergence.

DATA
high z

CONVERGENCE
MASS MAP*

(*Using “lens_your_face”- provided by A. Leonard)

γ

Weak lensing Mass Maps



• Convergence is a weighted projection of the density along the line of sight to a 
point.

• Shear due to weak lensing is related to the observed convergence through a 
linear transformation.

• Objective: use shear data, γ, from background galaxies to reconstruct the 2D 
convergence, κ, or the 3D density, δ.

Mass mapping from weak lensing formalism

Weak lensing Mass Maps9
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Kaiser-Squires 1993 Estimator

• Kaiser-Squires deconvolution is an analytic inversion from shear measurements 
to convergence.

• Requires angular binning of the shear measurements.

• It is an inversion which does not take into account noise or missing data.

DATA
LINEAR 

TRANSFORM
SIGNAL

(MASS MAP)

SHAPE NOISE

Weak lensing Mass Maps
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• Often reconstructed maps have a 
Gaussian post-smoothing applied.

• Linear filters, such as the Wiener Filter, 
can be optimal for Gaussian fields, but 
they suppress the peak structure.

• Non linear methods of reconstruction 
can be useful…

Shape noise and missing data

DATA
LINEAR SIGNAL

SHAPE NOISE

Reconstruction from simulation of sheared 
background galaxies due to foreground clusters
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• A sparsity prior assumes that the unknown signal is 
sparse in a chosen basis, α, with its associated fast 
transform operator, φ. 

• The sparsity is tuned by a regularisation parameter λ.

• Denoises and inpaints, returning a smoothed map 
with no binning, which has preserved the small scale 
structure.

Sparse Regularisation

Signal not sparse in time domain

Signal is sparse in frequency domain



• GLIMPSE provides a 2D or 3D reconstruction.

• GLIMPSE requires no binning of the galaxy shear.

• Sparsity encouraging l-1 norm in a wavelet basis.

• B-modes hard prior.

• Takes into account reduced shear.

Σ is the noise covariance matrix of shear measurements, and the parameter λ 
controls the sparsity of the solution.

GLIMPSE 
(Leonard, Lanusse & Starck 2014, Lanusse et al. 2016)
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2D Starlet coefficient profile 
(Lin et al. 2016)



DES SV 20 arcmin smoothed 
convergence map  (Vikram et 

al. 2016)

14 Dark Energy Survey Data

• DES is a ground based 5-band photometric galaxy 
survey.

• The Science Verification (SV) data come from an initial 
run over 3% of the final sky coverage, but to almost the 
full exposure time of the final survey.

• Peaks (Kacprzak et al. 2016) used to constraint 
cosmology.

• Aim to map 5000 square degrees of the sky by Year 5 
(currently 4/5 observing completed).

Observing the Southern sky from the 4m Blanco telescope in Chile.



15 Application to the Dark Energy Survey

• 1.6 million background galaxies with 0.6 < z < 1.2 in this DES SV sample.

• GLIMPSE performs de-noising so doesn’t need post-smoothing, unlike Kaiser-Squires, so 
peaks are more pronounced.



16 Which mapping method is closer to the truth?
Use Simulations

• Realistic matter and weak lensing simulations (DES BCC), with realistic noise properties.

• Can compare which map reconstruction is closer to the true mass map.

• Use this to “tune” the smoothing scale or regularisation parameter λ.



17 Which mapping method is closer to the truth?
Use Simulations

• Calculate the correlation between the pixels in the 
truth and the reconstructed map.

• Pearson r correlation coefficient:

• 10 independent simulations mean r:

• GLIMPSE ( λ = 3 ): r = 0.37

• KS ( 10 arcmin ): r = 0.33

• At these “tuning” parameters, the ratio of pixel 
variance between the truth and reconstruction is 50% 
for GLIMPSE and 37% for KS.

Kaiser-Squires

GLIMPSE



18 Are the peaks “real”?

• Random catalogues (no signal - only noise) can create maps that look real with real peaks.

• Here, peaks are defined as local maxima in the convergence map:

WHICH IS SIMULATED DATA AND WHICH IS A “RANDOM” CATALOGUE?



19 Are the peaks “real”?

• Random catalogues (no signal - only noise) can create maps that look real with real peaks.

• Here, peaks are defined as local maxima in the convergence map:



20 Are the peaks “real”?

• Need to 10 set of data simulations and 10 sets of randoms.

• Peaks as a function of the value at the peak.

• If the two functions are identical, the method is useless for peak statistics.



21 Peak function signal-to-noise ratio

• Model the peaks as having Poissonian scatter.



22 Signal to noise of the Peak function: n(κ)

• KS:

• Largest Positive SNR = 1.52

• Largest Negative SNR = -1.28

• GLIMPSE:

• Largest Positive SNR = 2.20

• Largest Negative SNR = -6.08

• GLIMPSE probes higher κ values at this SNR 
ratio.

• High κ implies non-Gaussian information.



23 Summary

• Weak lensing mass maps can provide 
better constraints of cosmology.

• Peaks in the dark matter density field 
tell us information the power spectrum 
cannot.

• GLIMPSE returns peaks with higher 
signal-to-noise and at higher values 
than Kaiser-Squires.

credit: P. Melchior “Skymapper” Visualisation Package:
https://github.com/pmelchior/skymapper

https://github.com/pmelchior/skymapper

