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Outline Introductory remarks

Books, Reviews and Lecture Notes

® Kochanek, Schneider & Wambsganss 2004, book (Saas Fee) Gravitational
lensing: Strong, weak & micro. Download Part I (Introduction) and Part
ITIT (Weak lensing) from my homepage
http://www.cosmostat.org/people/kilbinger.

o Kilbinger 2015, review Cosmology from cosmic shear observations
Reports on Progress in Physics, 78, 086901, arXiv:1411.0155

® Mandelbaum 2018, review Weak lensing for precision cosmology, ARAA
submitted, arXiv:1710.03235

® Sarah Bridle 2014, lecture videos (Saas Fee) http:
//archiveweb.epfl.ch/saasfee2014.epfl.ch/page-110036-en.html
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Basics of cosmology

Cosmology: The science of the Universe

Matter-energy content Expansion history

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. / Galaxies, Planets, etc.

a—:ﬂﬁ!k“'ﬁ'ﬂ
Bt

Dark Matter

Inflation

Dark Energy

Fluctuations

(+ photons, neutrinos) L
.77 billion years

”Standard model“: Flat ACDM cosmology.
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Basics of cosmology

Cosmology: The science

Structure formation
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Galaxies and dark matter; (Springel et al. 2005), 10'° simulated particles

2 Mpch

2 Mpcrh




Basics of cosmology

Dark matter

Indirect detection
Example: galaxy rotation curves.

Also gravitational lensing.

Direct detection
Large under-ground experiments, no detection so far.
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Basics of cosmology ||
Dark energy

Indirect detection: Supernovae type la = “standard candles”

F Hubble diagram
44 1St\(ear S
r sNLs A AL
3 42F
RS F 2
3L 40 =
eed £ 8
348 381 FNeY
5. F <
° 5 r —
8g 36 — (©,2,)=(0.26,0.74) @
£ e (@©2,)=(1.00,0.00) &
34 37
I R N R B <
0.2 0.4 0.6 0.8 1
SN Redshift
SNIa = “standard candles”, absolute luminosity (more or less) fixed, relative

luminosity (magnitude) only depends on distance.
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Basics of cosmology ||
Dark energy

(m=0.31,0A=0.69
m=1.0,0A=0.0
- Empty Universe (0=0) -
r This Poper (+(m=1.0,0A=0.0) -7 1
o Replenishing (+0m=1.0,0A=0.0) 4 1
E| = === High z dust - g

A(m—M)(mag)

-1.0 1 1 | ) T

0.0 0.5 1.0 1.5 2.0

SNIa fainter than for matter-only universe at medium redshift z;
But seems to follow matter-dominated law at high z, too bright for dust
absorptlon of light.
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Basics of cosmology

Nature of dark energy?

Einstein equations:

1 8rG
Ruu - §gpuR = C_QT[LV_Ang/'

Possible interpretations:

® A: integration constant (cosmological constant), most general (covariant)
expansion of Einstein’s original equation
Problem: Why is A so small, dominant today? Required fine-tuning in
early universe. No explained from particle physics.

® Ag,. as part of matter-energy tensor 7),,. Simplest case isotropic “fluid”,
T;w = diag(pczap,pvp)' With Guv = Npv = diag(lv -1,-1, _1)
— p = —pc?, vacuum energy.
Problem: Naive prediction wrong by 10%20!

Martin Kilbinger (CEA) Weak lensing & Euclid 10 / 84



Basics of cosmology

Nature of dark energy?

Einstein equations:

1 8rG
Ruu - §gpuR = C_QT[LV_Ang/'

Possible interpretations:

® Dynamical dark energy (quintessence, K-essence, ...). Add
time-dependence; add parameter w for equation of state:
p = wpc?. Holy grail of cosmology: Find w # —1, or w(z)!
Problem: Still need fine-tuning.

® Move Ag,, to left-hand side. Modification of Einstein’s equation,
modified gravity.
Problem: Models not well constrained, some require fine-tuning. GR
satisfied on very small and very large scales.
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Basics of gravitational lensing

Gravitational lensing
Gravitational lensing = light deflection and focusing by matter

Light is deflected by both dark and luminous matter.

Important to study dark matter:
® Dominant over luminous (baryonic) matter (27% vs. 5%)
® Dark matter easy to understand and simulate (N-body simulations), only
interaction is gravity

We will be looking at the small distortion of
distant galaxies by the cosmic web (weak
cosmological lensing, cosmic shear).
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Basics of gravitational lensing Brief history of gravitational lensing

Brief history of gravitational lensing

® Before Einstein: Masses
deflect photons, treated as
point masses.

® 1915 Einstein’s GR
predicted deflection of
stars by sun, deflection
larger by 2 compared to
classical value. Confirmed
1919 by Eddington and
others during solar eclipse.

Photograph taken by Eddington of solar corona, and
stars marked with bars.
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Basics of gravitational lensing | Brief history of gravitational lensing

Lensing on cosmological scales

® 1979 Walsh et al. detect first double image of a lenses quasar.

i
&
LB |
T
5 zz &
{5 LR =
ﬁ - -dL 1 1 = A | I T .__:"-.:J—
3,700 IR00 3,900 ENT

Waveleneth (&

(Walsh et al. 1979)
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® 1987 Soucail et al.
strongly distorted
“arcs” of
background
galaxies behind

galaxy cluster,
using CCDs.

exclude that it is an off-chance superimposition of
faint cluster galaxies even if a diffuse component
seems quite clear from the R CCD field.
gravitational lens effect on a background quasar is a
possibility owing to the curvature of the structure
but in fact it is too small (Hammer 86) and no blue
object opposite the central galaxy has been detected.
It is more likely that we are dealing with a star
formation region located in the very rich core where
Weak lensing & Euclid




Basics of gravitational lensing | Brief history of gravitational lensing

e Tyson et al. (1990), tangential alignment around clusters.

Abell 1689
Cluster outskirts: Weak gravitational lensing.
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Basics of gravitational lensing | Brief history of gravitational lensing

® 2000 cosmic shear: weak lensing in blind fields, by 4 groups (Edinburgh,
Hawai’i, Paris, Bell Labs/US).
Some 10,000 galaxies on an area of a few square degrees on the sky.

® By 2018: Many dedicated surveys: DLS, CFHTLenS, DES, KiDS, HSC.
Competitive constraints on cosmology.
Factor 100 increase: Millions of galaxies over 100s of degrees. Many other
improvements: Multi-band observations, photometric redshifts, image and
N-body simulations, . ...

® By 2025: LSST, WFIRST-AFTA, Euclid data will be available.
Another factor of 100 increase: Hundred millions of galaxies, tens of
thousands of degrees area (most of the extragalactic sky).
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Basics of gravitational lensing | Basic gravitational lensing effects

Light deflection

Simplest case: point mass deflects light

Deflection angle for a point mass M is
4GM  2Rs
2 €

Rg is the Schwarzschild radius.

& =

This is twice the value one would get
in a classical, Newtonian calculation.
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Basics of gravitational lensing Basic gravitational lensing effects

Deflection angle: general case

source S

Perturbed Minkowski metric, weak-field (¢ < c?)

| ds? = (1+2¢/¢) dt® — (1 - 2¢/¢?) de?
One way to derive deflection angle: Fermat’s principle of
least light travel time.
Light travels on geodesics, ds? = 0
— light travel time t is
1 2
t== (1—2¢/c*)de
c path
observer O
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Basics of gravitational lensing Basic gravitational lensing effects

Deflection angle: general case
Fermat’s principle: Minimize light travel time.
Analogous to refraction in medium with refractive index n > 1,

1
i _ 2 —
= p /path (1-2¢/c*)de p /path n(x)dl

fast slow
medium medium
(smaller index b B

of refraction)

Minimize ¢ to derive Snell’s law, sinf;/sinfy = ny/n;.

Assume t is stationary, dt = 0.
Integrate Euler-Lagrange equations along the light path to get

9 [O
deflection angle &= - / Vipdl
" Js
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Basics of gravitational lensing | Basic gravitational lensing effects

Exercise: Derive the deflection angle for a point mass. I
Derive & = 4GM/(c%¢).

We can approximate the potential as

where G is Newton’s constant, M the mass of the object, R the distance, and
Rg the Schwarzschild radius
The distance R can be written as

R? = 22 + ¢y + 22,

(Weak-field condition ¢ < ¢? implies R > Rs.)
(Here z is not redshift, but radial (comoving) distance.)

We use the so-called Born approximation (from quantum mechanic scattering
theory) to integrate along the unperturbed light ray, which is a straight line
parallel to the z-axis with a constant z? 4+ y? = ¢2. The impact parameter ¢ is
the distance of the light ray to the point mass.
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Basics of gravitational lensing Basic gravitational lensing effects

Exercise: Derive the deflection angle for a point mass. II
The deflection angle is then
N A e
o = ——2/ VJ_¢ dz.
& —0o0
The perpendicular gradient of the potential is

v ¢_62RS T _CQRS & cos
UTRARB Ny ) T 2 (@422 \ sing )

The primitive for (&2 4 22)73/2 is 2672(€2 + 22)~1/2]. We get for the absolute
value of the deflection angle

o z * _Rs. , .. 2Rs 4GM
o= L(é?m%lﬂ]m_ g 1= (WI== =
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Basics of gravitational lensing Basic gravitational lensing effects

Generalisation I: mass distribution I

Distribution of point masses M;(€,, z): total deflection angle is linear vectorial
sum over individual deflections

£-&
=2 dale-¢&) Z‘W Conlg g

A small mass is related to a volume element via the density, M = pdV'.
Perform transition to continuous density

Z&Mi — /dM = /p(:c)dgx = /d2§’ /dz' p(€, 2

and introduction of the 2D
surface mass density (& / dz’ p(&

we get

&)= [eeneiin fP

Thin-lens approximation
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Basics of gravitational lensing | Basic gravitational lensing effects

Generalisation I: mass distribution 11

Gravitational lensing Can probe complex mass profiles p, or (2D projected) X.

“Einstein cross”, zs = 1.7, 21 = 0.04 WFI2033-4723, zs = 1.66, 2 = 0.66

-
Image C

CLASS B16084-656, zs = 1.394, z; = 0.63. SDSS J22224-2745, zs = 2.82, 2z = 0.49.
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Basics of gravitational lensing | Basic gravitational lensing effects

Generalisation II: Extended source

Extended source: different light rays impact lens at different positions &, their
deflection angle a(&) will be different: differential deflection — distortion,
magnification of source image!
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Basics of gravitational lensing Basic gravitational lensing effects

Lens equation

Source plane \K

Lens plane ‘\M Ds

Dy

Observer
Defining rescaled deflection angle o = %"5 &.
The simple equation relating lens to source extend is called lens equation

B=6—alb).

This is a mapping from lens coordinates 0 to source coordinates 3. Why?
26 / 84



Basics of gravitational lensing | Convergence, shear, and ellipticity

Cosmic shear: continuous deflection along line of sight

Martin Kilbinger (CEA)

With the Born approximations, and
assumption that structures along line of sight
are un-correlated:

Deflection angle can be written as gradient of a
potential, called lensing potential 1):

a(8) = V()

2 x /X_X/ / /
— = o .
¥(0) 02/0 dx Y (xX'8,x")

for a source at comoving distance .

Note: Difference between Born and actual light
path up to few Mpc!
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Basics of gravitational lensing Convergence, shear, and ellipticity

Linearizing the lens equation

We talked about differential deflection before. To first order, this involves the
derivative of the deflection angle.

9Bi
aej = Aij = 6ij — 8j04i = (Sij — 816]¢ ,Y
Jacobi (symmetric) matrix
[ K

l-k—m —Y2
A= .
( —72 I—Kk+m

® convergence k: isotropic magnification

® shear +: anisotropic stretching

Convergence and shear are second derivatives of the 2D lensing potential.
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Basics of gravitational lensing Convergence, shear, and ellipticity

Convergence and shear I

The effect of k and ~ follows from Liouville’s
theorem: Surface brightness is conserved (no
photon gets lost).

We see that shear transforms a circular image
into an elliptical one. Yy

Define complex shear

v =+ i = |[y]e*?;

The relation between convergence, shear, and
the axis ratio of elliptical isophotes is then
1-b/a

1+0b/a

vl =1l

Martin Kilbinger (CEA) Weak lensing & Euclid
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Basics of gravitational lensing | Convergence, shear, and ellipticity

Convergence and shear II

Further consequence of lensing: magnification.
Liouville (surface brightness is conserved) + area changes (d3? # d6? in
general) — flux changes.

magnification p = detA~ ! = [(1— FL)Q — 72]71.

Magnification important to account for by other cosmological probes:
Changes population of objects (selection effects), magnitude of standard
candles (SNe Ia), standard sirens (GWs), galaxy clustering amplitude.

Summary: Convergence and shear linearly encompass information about
projected mass distribution (lensing potential ). They quantify how lensed
images are magnified, enlarged, and stretched. These are the main observables
in (weak) lensing.
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Basics of gravitational lensing Convergence, shear, and ellipticity

Effects of lensing, 0% /0"

effect ==

At

symbol name spin

time delay

1 a deflection 1
Light follows the contours
of space-time
2 K convergence O
shear + flexion
2 4 shear 2
3 F flexion 1 ’
3 G flexion 3 -1+ Gy

image credit Massimo Meneghetti

Martin Kilbinger (CEA) Weak lensing & Euclid 31 / 84



Basics of gravitational lensing Convergence, shear, and ellipticity

Convergence and cosmic density contrast

Back to the lensing potential
® Since kK = %Alp:
L =X
K(0,x) = 6—2/ dx'%Aﬂ)(x’@,x')
0

® Terms A,/,¢ average out when integrating along line of sight, can be
added to yield 3D Laplacian (error O(¢) ~ 1075).

® Poisson equation

2 _ =
Ap — SHm (5:u)
2a p

2 N\
— u(6.0 = 30 () [Tar DX 5 v, x).
0

c xa(x’)
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Basics of gravitational lensing Convergence, shear, and ellipticity

Convergence with source redshift distribution

So far, we looked at the convergence for one single source redshift (distance
X)- Now, we calculate  for a realistic survey with a redshift distribution of
source galaxies. We integrate over the pdf p(x)dx = p(z)dz, to get

Xlim Xlim

K(0) = /dxp(x)f-’»(&x)= /dXG(X)X5(X97X)

with lens efficiency

_ 3 (Hp\ Qm ¥, X =X
600=3 (%) o [ avanS

The convergence is a projection of the matter-density contrast, weighted by
the source galaxy distribution and angular distances.
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Basics of gravitational lensing | Convergence, shear, and ellipticity

Parametrization of redshift distribution, e.g.

INE T

0.6

0.16
0.5 | 1 0.14 t ]
2l ] 0.12 | [ 1
- :\NQ 01}/ "\\ ]
x 0387 1S oo8ff | 1
0.2 | 1S oo0sf 1
0.04 ! ]
0.1 | ] 1
0.02 3 ]
oL ob -
0 051152 25 3 35 4 0051152 25 3 35 4
Z %

a=28=152=1
(dashed line: all sources at redshift 1)

Max. lensing signal from halfway distance between us and lensing galaxies.
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Basics of gravitational lensing Convergence, shear, and ellipticity

More on the relation between x and
Convergence and shear are second derivatives of lensing potential — they are
related.

One can derive x from 7 (except constant mass sheet Kg).
E.g. get projected mass reconstruction of clusters from ellipticity observations.

Projected matter density Distortion field
convergence x hhk‘ﬂ.l’ 0
—~0.041 0.095 023

tangential distortions around mass peaks

Source galaxies at z = 1, ray-tracing simulations by T. Hamana
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Basics of gravitational lensing

Basic equation of weak lensing

Weak lensing regime
k<1 |y < 1.

Convergence, shear, and ellipticity

The observed ellipticity of a galaxy is the sum of the intrinsic ellipticity and

the shear:

Eobs ~ &S +’Y

Random intrinsic orientation of galaxies

() =0

The observed ellipticity is an unbiased estimator of the shear. Very noisy

—

(") =

though! 0. = (|e?)!/2 = 0.4 > v ~ 0.03. Increase S/N and beat down noise

by averaging over large number of galaxies.

Question: Why is the equivalent estimation of the convergence and/or

magnification more difficult?

Martin Kilbinger (CEA) Weak lensing & Euclid
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Basics of gravitational lensing | Convergence, shear, and ellipticity

Ellipticity and local shear

&° ee "@ o \;;\
) ® ]
®

o%"

k\,g

Galaxy ellipticities are an estimator of the local shear.
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Basics of gravitational lensing Projected power spectrum

More on the relation between s and ~

Convergence and shear are second derivatives of lensing potential — they are
related.
In particular, fluctuations (variance 02) in x and v are the same!

Projected matter density Distortion field
convergence kK bllf‘ﬂl' Y

-0.041 0.095 0.23

tangential distortions around mass peaks

Source galaxies at z = 1, ray-tracing simulations by T. Hamana
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Basics of gravitational lensing Projected power spectrum

Characterising density fluctuations

Goal:
Statistical description of the large-scale structure (cosmic web).
First define density contrast

t) — p(t
5z 1) = plx,t) — p(t)
p(t)
By definition the expectation value (or spatial mean) vanishes
(6) =0,

since (p) = p, so no (statistical) information in first moment.
— go to second moment (52)
Including spatial information: two-point correlation funtion &

(0(®)d(x +7))a =: £(7)

For statistical isotropic (rotational invariance) and homogeneous (translational
invariance) random field 0:

§(r) = £(r)
Martin Kilbinger (CEA) Weak lensing & Euclid 39 / 84



Basics of gravitational lensing Projected power spectrum

Characterising density fluctuations

Example: (galaxy) number density corrlelation function = excess probability
of finding an object at distance r,

d?p = p%dVidVa [1 + £(r)] .

& = 0: Poisson distribution

Measured galaxy correlation function,
[SDSS].
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Basics of gravitational lensing | Projected power spectrum

Characterising density fluctuations

Excess probability <+ more likely to find objects near other objects <
clustering.

Clustering is a direct consequence of gravitational collapse in an expanding
Universe.

Two-point correlation function only lowest-order statistic to describe field.

To quantify rich structure of voids, walls, filaments & clusters, need to go to
higher-order correlations.

All galaxies

Euclid flagship simulations, (Potter et al. 2016)
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Basics of gravitational lensing Projected power spectrum

The convergence power spectrum

® Variance of convergence (k(9 + 0)x(9)) = (kk)(0) depends on variance of
the density contrast (60).

® In Fourier space:
(R(£)R"(€)) = (2m)26p (€ — ) Pu(t)
(5(k)5* (') = (2m)?on (ks — K P ()

® Limber’s equation

PO = [ axG(oPs (k: )—‘;)

using small-angle approximation, Ps(k) = Ps(k.), contribution only from
Fourier modes L to line of sight. Also assumes that power spectrum
varies slowly.

e Tt turns out that

So we use <y in observations, and x in modelling.
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Basics of gravitational lensing Projected power spectrum

Dependence on cosmology

initial conditions,
growth of structure

matter density o qshift distribution

) eometr
of source galaxies g v
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Lensing ‘tomography’ (2 1 / 2 D lensing)

LA B s B s e s B s s s

(a) Galaxy Distribution

® Bin galaxies in redshift. N
® Lensing efficiency different for different ]
bins: measure z-depending expansion and 03} () Lensing Efficiency E
growth history. il

0.1 [Hu1999]

® Necessary to measure dark energy,
modified gravity. 0 i 1

e/ Hol
comoving distance
Xlim Z T T
0 = [ axcooms (k= 1) - e
i X L e y
Xlim e
PO = [ xGi00G;00Ps (k=;)
0
3 H 9 Q Xlim X’ .
0 m -
Gi(X):7(7> — / dx’ pi(x') ==
2\c ) abo J x
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Weak lensing & Euclid
L Basics of gravitational lensing
I—Projected power spectrum
I—Lensing ‘tomography’ (2 1/2 D lensing)

Question: Why does P, increase with z?




Basics of gravitational lensing Projected power spectrum

Comparison to CMB angular power spectrum

Unlike CMB Cy’s, features in matter power spectrum are washed out by
projection and non-linear evolution.

Multipole moment, ¢

— 2 10 50 500 1000 1500 2000 2500
6000
3
— 5000
[2]
5
= 4000
=
S 3000
=
[
5 2000
<
ﬂg’_ 1000 2
e ol
90° 18 1 0.2° 0.1 0.07°

Angular scale

[Planck Consortium]
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Weak lensing measurement Galaxy shape measurement

The shape measurement challenge

) Fropagadion through the Eurts . .
k a(musphcre and telescope optics

ﬂn isation.on deu:c or

Galaxies

Propagation through the Upiverse

(sheared) (pixeliated)

Bridle et al. 2008, great08 handbook

¢ Cosmological shear v < ¢ intrinsic ellipticity
® Galaxy images corrupted by PSF (point-spread function)

® Measured shapes are biased

Martin Kilbinger (CEA) Weak lensing & Euclid 46 / 84



Weak lensing measurement Galaxy shape measurement

Measuring cosmic shear

Typical shear of a few percent equivalent to difference in ellipticity between
Uranus and the Moon.

Martin Kilbinger (CEA) 47 / 84



Weak lensing measurement Galaxy shape measurement

The shape measurement challenge
How do we measure “ellipticity” for irregular, faint, noisy objects?

=

e n

-

-

e

[CFHTLenS/KiDS image

CFHTlenS postage stamps]
Martin Kilbinger (CEA) Weak lensing & Euclid 48 / 84



Weak lensing measurement Galaxy shape measurement

Shape measurement
Example: Model fitting

Model

o

forward FFT,
multiply,

n -
PSF

Forward model-fitting (example lensfit)
® Convolution of model with PSF instead of devonvolution of image
¢ Combine multiple exposures (in Bayesian way, multiply posterior
density), avoiding co-adding of (dithered) images

n
Compare
data and
model to

maximise
likelihood

Martin Kilbinger (CEA) Weak lensing & Euclid
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Weak lensing measurement Galaxy shape measurement

Dithering

Left: Image of the MegaCam focal plane (CCDs arrays).

Middle: Co-add of two r-band exposures of CFHTLenS (without the 4 new
CCDs).

Right: Weight map.
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Weak lensing measurement | Galaxy shape measurement

Shear measurement biases I
Origins
® Noise bias: In general, ellipticity is non-linear in pixel data
(e.g. normalization by flux). Pixel noise — biased estimators.
® Model bias: Assumption about galaxy light distribution is in general
wrong,.
® Other: Imperfect PSF correction, detector effects (CTI — charge
transfer inefficiency), selection effects (probab. of detection/sucessful e
measurement depends on ¢ and PSF)
Characterisation
Bias can be multiplicative (m) and additive (c):

AP = (1 4+ my ¢ i=1,2.
Biases m, ¢ are typically complicated functions of galaxy properties (e.g. size,
magnitude, ellipticity), redshift, PSF, .... They can be scale-dependent.
Current methods: |m| = 1% — 10%, |c| = 1073 — 1072

Blind simulation challenges have been run to quantify biases, getting ideas

from computer science community (e.g. http://great3challenge.info).
51 / 84


http://great3challenge.info
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Weak lensing & Euclid
|—Weak lensing measurement
I—Galaxy shape measurement
I—Sheaur measurement biases

rgpp/rp = FWHM of PSF-convolved galaxy to PSF



http://great3challenge.info

Weak lensing measurement Galaxy shape measurement

Shear measurement biases 11

Calibration

0.1+
Using simulated or emulated data - +£ j
. . oz~ . i
(or self-calibration). o I e —
| 8 a———
it —t
. S :
Functional dependence of m on R S s = o
. Y & ¢ mean_rgpp_rp=1.20-1.25
observables must not be too L / § § mean, rapp, rp=1.25-1.30
complicated (e.g. not smooth, 02 e $ -rgPR-rp=1:30-1.35
. ° ¢ o mean_rgpp_rp=1.35-1.40
many variables, large parameter / ¢ o mean_rgpp_rp=1.40-1.50
] -0.3L ¢ o mean_rgpp_rp=1.50-1.75
space), or else measurement is not 3§ Mmean_roph Pl 75.2.00
calzbmtable! 125 150 175200 250 300 50.0 80.0

snr

(Jarvis et al. 2016) - image simulations

Requirements for surveys

Necessary knowledge of residual biases |Am|, |Ac| (after calibration):

Current surveys 1%.

Future large missions (Euclid, LSST, ...) 10~* = 0.1%!

Martin Kilbinger (CEA)
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Weak lensing measurement Galaxy shape measurement

Shear measurement biases 111

Complex bias dependencies
Need to account for bias as function of more than one galaxy property.

E.g. size and SNR. Also need to know bulge and disc fraction of observed

population.

|
o
o
=3

—0.16 ¢

-0.24

R/ Ry

—0.32

Multiplicative Bias m

—0.40

—0.48

1.2 1.4 1.6 1.8 2.0 2.2 1.2 1.4 1.6 1.8 2.0 2.2
Signal-to-Noise log(5/N) Signal-to-Noise log(S/N)

(Zuntz et al. 2018)
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PSF correction
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(Jarvis et al. 2016)

® Select clean sample of stars
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PSF correction
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(Jarvis et al. 2016)

® Select clean sample of stars
[ ]

Weak lensing & Euclid



PSF correction

Weak lensing measurement

PSF residual
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PSF correction

(Gentile et al. 2013)
® Select clean sample of stars
® Measure star shapes
® Create PSF model and interpolate (pixel values, ellipticity, PCA
coefficients, . ..) to galaxy positions. Space-based observations: global

PSF model from many exposures possible
[ )
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PSF correction

(Gentile et al. 2013)

® Select clean sample of stars

® Measure star shapes

® Create PSF model and interpolate (pixel values, ellipticity, PCA
coefficients, . ..) to galaxy positions. Space-based observations: global
PSF model from many exposures possible

® Correct for PSF: galaxy image devonvolution or other (e.g. linearized)
correction, or convolve model
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True PSF — Set 09 —

Image 01

Weak lensing measurement

PSF correction

PSF interpolation

Polyfit — Set 09 — Image 01 B- Spllnes Set 09 - Image 01
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PSF model residuals, more examples
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0.045
0.030
0.015
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Weak lensing measurement PSF correction

PSF model residuals, more examples
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HSC, (Mandelbaum 2018)
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Weak lensing measurement

PSF model residuals, more examples
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Results from weak-lensing surveys

Early era: 2000 - 2006
Consolidating era: 2007 — 2012
Small-survey era: 2013 — 2016
Medium survey era: 2017 — 2021
Large survey era: 2022 — 2030

SOl N -
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Results from current surveys

State of the art ~ 2013: CFHTLenS
Canada-France-Hawali Telescope Legacy Survey: Canada-France collaboration
- 500 nights between June 2003 and June 2008
- 4 CFHTLS-Wide ( 170 deg2 ), 4 CFHTLS-Deep ( 1 deg2 each )
= 3.6 m ground telescope - S teS——— wa UK.‘.;"S'Q%XS
= MegaCam: 36 CCDs, =
* Pixel size: 0.186”

i

e
P wsans
1T Groth strip

VLT visibility _— {7 — GEMINI-N visibility
D4

+HST-Cosmos  ,y VLT visibllity +

VLT visibility VLT visibility + XMM fields Quasar field
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State of the art ~ 2013

CFHTLenS
. WCDM
1.4 CFHTLenS —
WMAP7 04
1.2 1 CFHTLenS+WMAP7 [EcFHTLens + WMAPT +
CFHTLenS+WMAP7+BOSS+R09 R
1.0 1
© 3
© 08 s W
0.6 &
0.4
- o [l BOSS + WMAP7 + R11
0.2 T T T T T [C]cFHTLens + BOSS +
00 02 04 06 08 10 12 WIMAPT# Rl
0.4 0.5
Qn .
_ _2D lensing 6-bin tomography
(Kilbinger et al. 2013) (Heymans et al. 2013)

(og: power-spectrum normalisation; RMS of density fluct. in 8 Mpc spheres.)
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Results from current surveys

Ongoing surveys: KiDS

[ ATLAS [ VHS

Dec. (2000.0)

[ KIDSNVIKING

RA. (2000.0)




Results from current surveys

Ongoing surveys: DES
Right Ascension
70° 60° 50° 40° 30° 20° 10° 0° 350° 340°
+30° [
+20°

+10° ' e Stripe 82

0°

-10°

—20°

Declination

-30°

—-40°

—-50°
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More recent results ~ 2017

DES Y1 "
058 Planck 083
DES Y1 + Planck N
—0.6
080
—0.8
& s o -0
212
o ~14
~16
072 -18
T T T T _20
021 030 03 04z 0.2 0.3 0.4 05
[ Qn
(DES Coll. et al. 2017) - DES WL + GC (Troxel et al. 2017) - DES
T T T T ~osf
12 KiDS-450 |
CFHTLenS (MID J16)
WMAP9+ACT+SPT ol oo
10k Plancki5 | KiDS-450
: Planck 2015
& = _15 | KiDS+Planck
08k KiDS+Planck+H:
20}
06
o6 o2 om 0@ i 0.60 o7 0.90
[+ o8(2/0.3)0

(Hildebrandt et al. 2017) - KiDS (Joudaki et al. 2017) - KiDS
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Discrepancy with Planck? I

® Only 2 - 30. However, also discrepancy of CMB C,’s with SZ cluster counts.
® Additional physics, e.g. massive neutrinos? Not sufficient evidence.

® WL systematics? (E.g. shear bias, baryonic uncertainty on small scales.) KiDS
say not likely.

Updates

1. Weak-lensing, (Troxel et al. 2018). Improved computation of shape noise, shear
bias correction, and angular scales weighting.

H17 analysis configuration T17 analysis configuration
— KiDS-450 (¢+Cov co — DESY1
KiDS-450 (0 corr.) — KiDS-450
KiDS-450 (original) T — Planck
Planck
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Discrepancy with Planck? II
2. Planck 2018 results, (Planck Collaboration et al. 2018)

124 DES lensing

' Planck lensing [

DES lensing+Planck lensing [l

Planck TT,TE,EE+lowE N

1.0 1 DES joint -----

e KiDS-450

0.8

o614 e
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Results from current surveys

Discrepancy with Planck? III
3. KiDS + DES, redshift calibration.

3 ES-Y1 DIR é
1 origingl =====ceeccacn- 3
g2 : E
g : 3
! E
0 : 2.0
z
T T
Kv450
DES-Y1
091 KV450 + DES-Y1 [ 7
. Planck 2018
& 08 i
0.7 i
.
0.1 0.2 0.3 0.4 05
Q .
" (Joudaki et al. 2019)
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ESA Euclid mission:

- Total mass satellite :
2200 kg
- Dimensions:

45mx3m

- Launch: end 2020 by a Soyuz
rocket from the Kourou space
port

Euclid placed in L2

- Survey: 6 years, VIS+ NISP

Service. \ \ (tuclld Consortlum)

Module
(Thales Alenia
Space)

.




Photometry (photo-z)

Spectroscopy (calib of photo-z)

Ground-based observations for
photometric redshifts.

Euclid area = 15,000 deg? (extra-galaxtic and
-ecliptic sky).

Photométrie
Infra Rouge (1.7 um)

Imagerie Photométrie
Visible Infra Rouge (1.0 pm)

Photomeétrie
Infra Rouge (1.2 pm)

10 billions of galaxies observed 50 millions
in visible and infrared photometry of infra red spectra

Euclid imaging and spectroscopy.



Euclid

Euclid

Two instruments:

e Visible imager, WL, 1.5 x 10° galaxies

e Near-IR imager + spectrograph, 3 x 107 galaxy spectra
Cosmology

® Dark-energy equation of state w to 2% (currently ~ 20%)

® Constrain models of modified gravity

® Neutrino masses to 0.02 eV (currently ~ 0.3 eV)

® Map dark matter distribution

® Early-universe conditions, inflation: limit non-Gaussianity fni, to £2
(currently ~ +6)

LLLegaCy77

® High-redshift galaxies, AGN & clusters @ z > 1, QSO @ z > 8, strong
lensing galaxy candidates: Increase of numbers by several orders of
magnitude
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SLACS (~2010 - HST): gravitational lensing by galaxies

| rortiom
- » - - » - » » » »
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SLACS: The Sloan Lens ACS Survey




SLACS

Euclid: VIS Legacy : after:2:months
(66: months:: planned)

140,000:strong lenses :by: galaxies, 5000:giant arcs in: clusters



Euclid

Weak-lensing mass maps @ very high resolution

' 5 E b. 5
A 222/223, filament between clusters (Dietrich et al. 2012)
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Euclid

Fuclid imaging

SDSS @ z=0.1 Euclid @ z=0.1 Euclid @ z=0.7

* Euclid images of z~1 galaxies: same resolution as SDSS images at z~0.05 and at
least 3 magnitudes deeper.
* Space imaging of Euclid will outperform any other surveys of weak lensing.
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Euclid WL challenges

Color gradients

2 galaxy color-dependent observe
convolve simultaneously i |n
components PSF
broad filter

Euclid observes without optical filter (equiv. R+ I + z). Calibrate color effects
using HST multi-band observations.
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Nature of dark matter

The bullet cluster and the nature of dark matter

-
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Nature of dark matter

56

® Merging galaxy cluster at
z = 0.296

® Recent major merger 100 Myr ago

-55'58"

e Components moving nearly
perpendicular to line of sight with
v = 4700 km s~!

Galaxy concentration offset from
X-ray emission. Bow shocks
visible

-55"58"

Clowe et al. (2006)

6"58™M42° 386° 30° 24° 18° 12°
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Nature of dark matter

The bullet cluster: SL+WL measurements

Instrument Date of Obs. FoV Passband texp () Mlim ha (=) seeing
2.2m ESO/MPG 01/2004 Bdlocadt R 14100 23.9 15 0’8
Wide Field Imager 01/2004 B 6580 170

01/2004 v 5640 0’9
6.5m Magellan 01/15/2004 8’ radius R 10800 25.1 35 0’6
IMACS 01/15/2004 B 2700 0’9
01/15/2004 v 2400 0’8
HST ACS 10/21/2004 3!5x3!5 F814W 4944 27.6 87 0712
subcluster 10/21/2004 F435W 2420 0’12
10/21/2004 F606W 2336 0’12
main cluster 10/21/2004 3/5x3!5 F606W 2336 26.1 54 0712
2,7)
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Nature of dark matter

The bullet cluster: strong lensing
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Nature of dark matter

The bullet cluster: WL and X-ray
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Nature of dark matter

The bullet cluster: Evidence for dark matter

® 100(60) offset between main (sub-)mass peak and X-ray gas — most
cluster mass is not in hot X-ray gas (unlike most baryonic mass:
® Main mass associated with galaxies — this matter is collisionless

Modified gravity theories without dark matter: MoND (Modified Newtonian
Dynamics), (Milgrom 1983), changes Newton’s law for low accelerations

(a ~ 1071% m s72), can produce flat galaxy rotation curves and Tully-Fisher
relation.

MoND’s relativistic version (Bekenstein 2004), varying gravitational constant
G(r). Introduces new vector field (“phion”) with coupling strenght «(r) and
range A(r) as free functions.

This can produce non-local weak-lensing convergence mass, where k % ¢!
Necessary to explain offset between main x peak and main baryonic mass.
Model with four mass peaks can roughly reproduce WL map with additional
collisionless mass! E.g. 2 eV neutrinos.
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Nature of dark matter

The bullet cluster: MoND model

-600 1 l.'l i 1 1 400 1-200 9 4 200 ]

-800 -600 -400 -200 1] 200 400

Fia. 1.— Our fitted convergence map (solid black lines) overplotted on the convergence map of C08 (dotted red lines) with x and y
axes in kpe. The contours are from the outside 0.16,0.23,0.3 and 0.37. The centres of the four potentials we used are the red stars which
are labelled. Also overplotted (blue dashed line) are two contours of surface density [4.8 & 7.2]x102Mg pc~? for the MOND standard 4
function; note slight distortions compared to the contours of k. The green shaded region is where matter density is above 1.8 x lﬂ_ﬂM@, pc3
and correspond to the clustering of 2¢V neutrinos. Inset: The surface density of the gas in the bullet cluster predicted by our collisionless
matter subtraction method for the standard p-function. The contour levels are [30, 50, 80, 100, 200, 300)Mype~ 2. The origin in RA and
dec is [06" 58™24.38%,-55°56".32)

M
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