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Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

e 8.4 meters telescope
e Camera of 3.2 GigaPixels

e 6 filters:u,g,r,i,zy (only 5 mounted on the telescope)

e ~]7000 square degree survey to ~26 mag depth in the
i filter after 10 years.

e Can observe the full sky in ~3 days

e First light in 2021
Lochner et al. 2018
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https://arxiv.org/abs/1812.00515

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

LSST-DESC Science Requirements Document, Mandelbaum et al. 2018

Stage 111
SN Y10
3x2pt Y10

LSST all+Stage 111

* LSST will provide multi-probe constraints

on Dark Energy properties:
* SNla

* Galaxy Clusters

* Cosmic Shear

* The 3x2pt should be the most powerful

cosmological probe within LSST.

* 3x2pt:

* <shear ; shear> (cosmic shear)
* <shear ; galaxy> (galaxy-galaxy lensing)
» <galaxy ; galaxy> (galaxy clustering)


https://arxiv.org/abs/1809.01669

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Cosmic shear, what is it?

Image of the galaxy before
gravitational shear




Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)
Cosmic shear, what is it?

Image of the galaxy before
gravitational shear

geodesics are bent in the
presence of gravitational
potentials

dark matter filament
galaxy cluster

background galaxy
CMB anisotropies

Propagation of photons
through the Universe

Image of gravitationally
sheared galaxy

distorted light-rays

Earth



Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Cosmic shear, what is it?

Spatial correlation of
the shear - Cosmology

10~
. , Troxel et al. 2017; Dark Energy Survey Y1
correlation function of °q =7 7
galaxies’ ellipticities ®eeo
E o0
S °.
C ®e,

?**

Measured on galaxies (weak-lensing signals) } l

10! 102
@ (arcmin)

Image of the galaxy before
gravitational shear

Propagation of photons
through the Universe

Image of gravitationally
sheared galaxy


https://arxiv.org/abs/1708.01538

correlation function of

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Cosmic shear, what is it?

1074

galaxies’ ellipticities

Y (pixel)

1078

Star @ PSF

Spatial correlation of
the shear - Cosmology

Troxel et al. 2017; Dark Energy Survey Y1
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tt

Measured on galaxies (weak-lensing signals) } l

101 102
@ (arcmin)

Star shape — PSF

Image of the galaxy before
gravitational shear

Propagation of photons
through the Universe

Image of gravitationally
sheared galaxy

Propagation of photons
through the atmosphere
and telescope optics

\4

Convolution with a function that
describes atmospheric turbulences
and optical aberrations (PSF)


https://arxiv.org/abs/1708.01538

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Cosmic shear, what is it?

Spatial correlation of
the shear - Cosmology

1074

Troxel et al. 2017; Dark Energy Survey Y1
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https://arxiv.org/abs/1708.01538

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Cosmic shear, what is it?

Spatial correlation of
the shear - Cosmology

1074

Troxel et al. 2017; Dark Energy Survey Y1
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Image of the galaxy before
gravitational shear

Propagation of photons
through the Universe

Image of gravitationally
sheared galaxy

Propagation of photons
through the atmosphere
and telescope optics

\4

Convolution with a function that
describes atmospheric turbulences
and optical aberrations (PSF)

Digitalization of the image
by the telescope camera

Final image that must be used to
measure the cosmic shear signal


https://arxiv.org/abs/1708.01538

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Image of the galaxy before
gravitational shear

Propagation of photons
through the Universe

Image of gravitationally
sheared galaxy

Cosmology

Propagation of photons
through the atmosphere
and telescope optics

\4

Convolution with a function that
describes atmospheric turbulences
and optical aberrations (PSF)

Digitalization of the image
on the telescope camera

Final image that must be used to
measure the cosmic shear signal
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Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

0€, /10~

25

0¢, /107"

0.0

2.5

0¢, /107

0.0

¢, /107"

0.96

0.90

0.84

0.78

0.72

Troxel et al. 2017, Dark Energy Survey Y1
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Abbott et al. 2017; Dark Energy Survey Y1

DES Y1
Planck
DES Y1 + Planck

I
0.24

0.30

I
0.36

I

0.42
Q"'l

« For DES Y|, the 3X2-point correlation function (cosmic
shear + galaxy-galaxy lensing + galaxy clustering) produced
cosmological parameters with uncertainties comparable to
the Planck results!


https://arxiv.org/abs/1708.01530
https://arxiv.org/abs/1708.01538

Introduction: Cosmic shear and the Large Synoptic Survey Telescope (LSST)

Cosmology

|

A L
i ® LSST will be systematic limited and not statistic
} limited:

i
®* ~ 6 galaxies / arcmin?for current survey

* ~ 40 galaxies / arcmin? for LSST

T IR =  ————— - — -

* Systematic uncertainties related to the shear
measurement (will) matter:

. * PSF

* Model bias

* Noise bias

Blending

* Need an unbiased estimation of the shear
(understand shear calibration to the %o level)

Image of the galaxy before
gravitational shear

Propagation of photons
through the Universe

Image of gravitationally
sheared galaxy

Propagation of photons
through the atmosphere
and telescope optics

\4

Convolution with a function that
describes atmospheric turbulences
and optical aberrations (PSF)

Digitalization of the image
by the telescope camera

Final image that must be used to
measure the cosmic shear signal



Shear measurement systematics: The Point Spread Function
B PSF”? Hw a Iigt poi’nt. sbrce“r'e;}acts'o‘nc':leuit
goes through all of these: !

* The Atmosphere
-+ The Optics of the Telescope
-+ The Sensors



Shear measurement systematics: The Point Spread Function

Instentaneaous PSF (wavelength= 692nm)

2.1

[arcsec]
2

0.7

0 0.7 1.4 2.1 2.8
[arcsec]

integrated PSF

2.8

2.1

[arcsec]
-
»

0.7

0 0.7 1.4 2.1 2.8
[arcsec]

b+ PSF ~ How a light point source reacts once it i
goes through all of these: ‘

« The Atmosphere
+ The Optics of the Telescope
-+ The Sensors

* What does the PSF really look like ?

* High definition movies of bright stars taken on
Gemini South with the Differential Speckle
Survey Instrument

* 0.0l arcsec / pixel (LSST 0.2 arcsec / pixel )

* Exposure time of 60 ms with 2 ms of readout

* See Hébert et al.2018



https://arxiv.org/abs/1807.09337
https://www.youtube.com/watch?v=FegCTShLbsM

Shear measurement systematics: The Point Spread Function

Changing PSF size (YouTube link):

e Understanding the PSF is
fundamental for measuring the
shear

* Changing the PSF size/ellipticity,
changes galaxy ellipticity

* Wrong PSF size/ellipticity,
involves bias in the shape
measurement of individual

Changing PSF ellipticity (YouTube link): .
e B} L galaxies

—— = —_ — = =—— e —

|
|
\

Truth image PSF Observed image

For LSST, PSF size should be
known at 0.1%

— e — - —— =

* However, a wrong PSF is not
the real problem, the real issue
is that the PSF is spatially
correlated like the cosmic shear
signal...

S ————p .
-


https://youtu.be/hdSJ5s67au0
https://youtu.be/Q02JAXLftc8

Shear measurement systematics: The Point Spread Function

Weak lensing signal Point Spread Function ellipticity

Ellis 2010 (simulation)
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https://arxiv.org/abs/1110.4913
https://royalsocietypublishing.org/doi/10.1098/rsta.2009.0209
https://arxiv.org/abs/1708.01538

Shear measurement systematics: The Point Spread Function

PSFs In the Full FoV (Piff) package

- Piff is a new python software for PSF estimation developed initially to replace PSFex
in DES and now also developed for LSST

 Modular package where it is easy to implement new PSF modeling and interpolation
scheme over the FoV

- Package with unit testing and code review
* Will be used for the Weak-Lensing analysis of DES Y3

« Contributors:

Mike Jarvis, Chris Davis, Pierre-Francois Leget, Erin Sheldon, Josh Meyers, Gary Bernstein,
Aaron Roodman, Pat Burchat, Daniel Gruen,Ares Hernandez,Andres Navarro, Flavia
Sobreira, Reese Wilkinson, Joe Zuntz, Sarah Burnett

10


https://github.com/rmjarvis/Piff

Shear measurement systematics: The Point Spread Function

PSFex Piff
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» Piff and PSFex are applied on ~50% of DES Y3 data
* Both used the same ‘Pixel Basis’ model of the PSF

* Both used a Polynomial interpolation per CCD chip
* The main difference is the coordinate system

* Rowe statistics is computed to compare both

* Analysis and plots done by Mike Jarvis

11

Rowe statistics:

p,(0) = (Ae’ (x)Ae(x+0))

[ AT (AT
p3(9)=<(6 T )(x)(e T j(x+9)>

p,(0)= <Ae*(x)(eAT—T)(x + 9)>

p,(0)= (e (x)Ae(x+0))
p5<0>s<e*<x>(eAT—Tj<x+9>>



Shear measurement systematics: The Point Spread Function

Piff ++: An optical and an Atmospheric description of the PSF

Davis et al. 2016

For a given exposure

PSF size

PSF ellipticity |
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Dark Energy Camera


http://spie.org/Publications/Proceedings/Paper/10.1117/12.2233366?SSO=1

Shear measurement systematics: The PSF & Brighter-Fatter
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Since 2014, PSF was supposed
to be flux independent (i.e.
PSF parameters do not
depend on flux)

This is wrong due to sensor/
electrostatic effects.

Pixels’ size shrink as it gathers
electrons due to changes of
the electric fields == makes

PSF « fatter » as the PSF
becomes « brighter »

This is the « brighter-fatter »
effect and involves bias in
shape measurements

PSF is estimated on bright
stars, and weak-lensing on
faint galaxies...


https://arxiv.org/abs/1507.05603
https://arxiv.org/abs/1501.01577

Shear measurement systematics: The PSF & Brighter-Fatter

Gruen et al. 2015

I J ' J J | T T T T |

0.004 __ Before brighter—fair corrections —» W __

: = :

% 0.002 |- -
& - W |
3 I :
ar S 1 J D h
G i -
+’< N ]
S ‘ _
=-0.002 |- -
—-0.004 N
I I l ] ] ] | ] ] L | | |

104 1.5%10% 2x104

peak flux [ADU]

* Current solution implements what was
presented in Antilogus et al. 2014 ; Guyonnet

etal.2015

e See Gruen et al.2015 for DES or Coulton et
al. 2018 for HSC as examples

* Measured spatial correlation of the effects
from flat fields and apply linear corrections on
pixels.
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https://arxiv.org/abs/1402.0725
https://arxiv.org/abs/1501.01577
https://arxiv.org/abs/1501.01577
https://arxiv.org/abs/1501.02802
https://arxiv.org/abs/1711.06273
https://arxiv.org/abs/1711.06273
https://arxiv.org/abs/1501.02802

Shear measurement systematics: The PSF & Brighter-Fatter

Gruen et al. 2015
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Current solution implements what was

presented in Antilogus et al. 2014 ; Guyonnet
etal.2015

See Gruen et al. 2015 for DES or Coulton et
al. 2018 for HSC as examples

Measured spatial correlation of the effects
from flat fields and apply linear corrections on
pixels.

~ |0 % percent of the effect remain

Astier et al. 2019 proposed to go to higher
order description of the covariances and
this model better describes the shape of
covariances in terms of the flux!


https://arxiv.org/abs/1501.02802
https://arxiv.org/abs/1905.08677
https://arxiv.org/abs/1402.0725
https://arxiv.org/abs/1501.01577
https://arxiv.org/abs/1501.01577
https://arxiv.org/abs/1501.02802
https://arxiv.org/abs/1711.06273
https://arxiv.org/abs/1711.06273

Shear measurement systematics: Model bias

Messier 87 Mgssier 101 i

> (alaxies don’t follow an elliptical profile...

Credit: ESO Credit: HST

e All shear estimators are biased because there
is not a general model for estimating galaxy
shape

Zuntz et al. 2017

Telescope Pr::;i?ng
SE. wCS
Images
SSmple | se | st S * One solution: use realistic simulation to
Se s [ ore €zl calibrate your shear estimator
e e.g.:.im3shape in DESY| (bulk+flow model
“ Main \| SExtractor . , .
sumple Yipsrs _— using Sérsic profile)
H 1 Catalogue
|
Asp]z::-d A MEDSMaker Seg.
/g \ Maps
s \\\
Hoopoe Slmulatcd \ .
= S | \ (¥!MEDS * Other solution: Use only the observed
o | st T\ / - images and try to self-calibrate it
Sims Seg Maps

Im3shape = Metacal —

I e e.g.:Metacalibration in DESY |

SExtractor Cahblra tlon /" Initial Metacalibrated
Cata ogue . Catalogue Photometry
H I
Calibration ,( Final
Model Catalogues
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https://www.eso.org/public/images/eso1907b/
https://www.spacetelescope.org/images/opo0907h/
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

16


https://arxiv.org/abs/1702.02600
https://arxiv.org/abs/1702.02601
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

e = e - Oe v +
— —0 —_—
Y 8,7 o
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https://arxiv.org/abs/1702.02600
https://arxiv.org/abs/1702.02601
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

Taylor expansion of the measured
ellipticity around null shear

16


https://arxiv.org/abs/1702.02600
https://arxiv.org/abs/1702.02601
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

Shear response

16


https://arxiv.org/abs/1702.02600
https://arxiv.org/abs/1702.02601
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

I €, — €
e = e|y=o + T e R'Yi,j Ny
Gl N
= e|y=o HERA Y + - Compute directly on the image by

introducing artificial shear

Shear response

16


https://arxiv.org/abs/1702.02600
https://arxiv.org/abs/1702.02601
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

Oe €, — €
e=elh=0ot+—| v+ Ry, j =~
Y|, —o \’” Ay;
= e|ly=0 + Ryv + ... Compute directly on the image by

introducing artificial shear

_ _ Unbiased estimate of the average shear
- 1 N 1
(Yw = (Ry) (Byy) = (Ry) (e) using the Metacalibration process
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https://arxiv.org/abs/1702.02600
https://arxiv.org/abs/1702.02601
https://arxiv.org/abs/1708.01533

Shear measurement systematics: Model bias

The idea of Metacalibration (Huff et al. 2017; Sheldon et al. 2017; Zuntz et al. 2017):

Oe el —e;
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= ely=0 + Ryy + ... Compute directly on the image by
introducing artificial shear
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Huff et al. 2017
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Shear measurement systematics: Model bias
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Shear measurement systematics: Noise bias

YouTube link
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Maximum Likelihood
estimator is biased at low

signal to noise ratio (Refregier
et al. 2012)

Problem because a lot of the
galaxy would be at low SNR

A simple example of noise
bias:

* Elliptical gaussian with
known flux and center and
not convolved with a PSF
(not fitted)

e Fit ~8000 times using a
Maximum Likelihood

fit with different realization
of the same SNR


https://arxiv.org/abs/1203.5050
https://arxiv.org/abs/1203.5050
https://youtu.be/xnBIYJmeAuI

Shear measurement systematics: Noise bias

YouTube link
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Other estimators, like the
« moment based » method,
don’t have this problem

Simple example:

* Elliptical gaussian with
known flux and center and
not convolved with a PSF
(not fitted)

e Fit ~8000 times using a
moment based fit with
different realization of the

same SNR

But this kind of estimator has
other bias due to:

e  Weight function

e Error on centroids


https://youtu.be/fGEpEnDcP6c

Shear measurement systematics: Noise bias

* Solutions for Noise bias applied to real data:

e Use simulations to correct the effects.
e e.g.:im3shape on DESYI (see Zuntz et al 2017)

e Cutin SNR and use a method that corrects the bias introduced by the cut
e e.g. METACALIBRATION on DES Y| (see Zuntz et al 2017)
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* Some thoughts on other solutions:

* A « Metacalibration-like » method using a moment based estimator of the shear. But
need to correct for centroids error!
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137108 | gp prediction

Atmospheric
modeling of
astrometric
residuals using a
Kolmogorov like
correlation function

-1000 0 1000

u (arcsec)

3000


https://arxiv.org/abs/1708.01533
https://arxiv.org/abs/1708.01533

SDSS DR 14

210 sdss website link



http://skyserver.sdss.org/dr14/en/tools/chart/navi.aspx?ra=150.45&dec=+2.05
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https://arxiv.org/abs/1702.08449

Shear measurement systematics: Blending

From SUBARU-HSC (~LSST like depth) 58%-74% of objects are identified as blend
(Bosch et al.2017)

Current techniques to deal with blending:

Used simulations:
e DESYI in3shape catalogue (Zuntz et al 2017)
e HSC (Mandelbaum et al. 2017)

Used an algorithm to identify common pixels:
e DESYI metacalibration catalogue using a Multi Object Fitting (Zuntz et al 2017)

In any of those methods you need a realistic simulation...

e e.g. Blending is not linear due to dust extinction...

Holwerda et al. 2008

¢ Modeling dust of galaxies is complicated

e Example of modeling dust properties of galaxies:
L4 e Chotard etal.2011|
o Léget 2016 Ph.D., Leget et al. 2019 submitted

* Butalso a photo-z problem ...
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https://arxiv.org/abs/1705.06766
https://arxiv.org/abs/1708.01533
https://arxiv.org/abs/1710.00885
https://arxiv.org/abs/1708.01533
https://arxiv.org/abs/1103.5300
https://tel.archives-ouvertes.fr/tel-01663698
https://arxiv.org/abs/0810.2646

Conclusions:

e Shear measurements have a lot of systematics
e Some of them have a looks to have solutions which should be good enough for LSST

e PSF / Brighter-Fatter
e Model bias

e Noise bias

e Blending looks really the most challenging
e Having help from space experiment as Euclid may help (Rhodes et al. 2017)
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