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Day 2. Reminder: Overview
Day 1: Principles of gravitational lensing
Brief history of gravitational lensing
Light deflection in an inhomogeneous Universe
Convergence, shear, and ellipticity
Projected power spectrum
Real-space shear correlations
Day 2: Measurement of weak lensing
Galaxy shape measurement
PSF correction
Photometric redshifts
Estimating shear statistics
Day 3: Surveys and cosmology
Cosmological modelling
Results from past and ongoing surveys (CFHTlenS, KiDS, DES)
Euclid
Day 3+: Extra stu↵
Cluster lensing; nature of DM; tests of GR
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Day 2: Measurement of weak lensing

Galaxy shape measurement

The shape measurement challenge

• Cosmological shear

⌧ " intrinsic ellipticity

• Galaxy images corrupted by PSF
• Measured shapes are biased
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Day 2: Measurement of weak lensing

Galaxy shape measurement

The
DES Science
Verification
The shape
measurement
challenge

Weak L

How do we measure ”ellipticity” for irregular, faint, noisy, blended objects?

arge, so loading the whole file into memory is
le, but it is also not necessary.
tamps from the original single-epoch images
d and then scaled to be on a common photometimplified the model fitting using these images.
ocal affine
approximation of the WCS function,
CFHT [(from Y. Mellier)] — DES-SV (Jarvis et al. 2016)
ect centre, so that models could be made in sky
nstrained using the different image coordinates
mp.
A for details about how we build and store the
8

L. Miller et al.

fitted, allowing for astrometric offsets and camera distortion as described in Sections 4 & 6 below. Inevitably, some galaxies had sizes
too large to be fitted in this size of postage stamp; such galaxies
were excluded from the analysis.
In some cases, two or more neighbouring galaxies appeared
within the same postage stamp. The algorithm can only fit one
galaxy at a time, so the solution adopted was to first see whether
it was possible to mask out one galaxy (set its pixel values equal
to the background) without disturbing the isophotes of the galaxy
being fitted. To this end, a co-added image postage stamp was created, averaging all the exposures available for that galaxy, shifted
so the relative positions agreed to the nearest pixel, which was
then smoothed by a gaussian of FWHM equal to that of the local PSF. Isophotes were created for each smoothed galaxy: if a
separate galaxy or other object was identified with non-touching
isophotes, at a level of twice the smoothed pixel noise, that other
galaxy was masked out and the fitting would proceed. Such close
pairs of galaxies are thus included in the output catalogues from
CFHTLenS. We note, however, that low-level light leaking below
the two-sigma isophote could still contaminate the measurement,
and thus we expect the ellipticity measurements of galaxies in close
pairs, whose isophotes may be contaminated by their neighbour, to
be artificially correlated.
Within each postage stamp, it may be that some pixels should
be masked because of image defects. The THELI pipeline provided
Kilbinger
images of pixel masks (CEA)
to be applied. If such masked pixels occurred
within the two-sigma isophote of a galaxy on one individual expo-

Figure 3. Examples of four galaxies excluded from measurement by the

Section 3.7, in field W1m0m1. Each panel shows a
CFHTLenS/KiDS — CFHTlenS (Millercriteria
etdescribed
al. in2013)
— DES-Y1 (Drlica-Wagner et al. 2017)
coadded image 48 pixels (approximately 9 ) square, centred on each target

ection

Martin
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galaxy, and the inverted grey scale is linear up to some maximum value
which varies between images.
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Shape measurement methods

• Parametric: model fitting.

(Kuijken 1999), lensfit (Miller et al. 2007)), gfit (Gentile et al. 2012),
im3shape (Zuntz et al. 2013), ngmix (Jarvis et al. 2016) and many more.

• Non-parametric: direct estimation.
• Perturbative: weighted moments.

KSB — (Kaiser et al. 1995) + many improvements
DEIMOS — (Melchior et al. 2011) PSF correction in moment space
HOLICs — (Okura & Futamase 2009) — Higher-order moments

• Non-perturbative: decomposition into basis functions.

shapelets — (Refregier 2003) + many improvements
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Model fitting methods

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
Martin Kilbinger
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Dithering

Left: Co-add of two r-band exposures of CFHTLenS.
Right: Weight map.
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Moment-based methods I
Moments and ellipticity
How are moments connected to ellipticity?
Q: Simple case: qualitatively, what are the 0th , 1st , 2nd moments of a 1D
distribution? Of a 2D distribution?
Quadrupole moment of weighted light distribution I(✓):
R 2
d ✓ q[I(✓)] (✓i ✓¯i )(✓j ✓¯j )
R
Qij =
, i, j = 1, 2
2
d ✓ q[I(✓)]

Ellipticity

q : weight function
R 2
d ✓ qI [I(✓)] ✓
¯
R
✓=
:
d2 ✓ qI [I(✓)]
"=

barycenter (first moment!)

Q11 Q22 + 2iQ12
Q11 + Q22 + 2(Q11 Q22 Q212 )1/2

Circular object Q11 = Q22 , Q12 = Q21 = 0
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Moment-based methods II
KSB PSF correction
Perturbative ansatz for PSF e↵ects
"obs = "s + P sm "⇤ + P sh
[c.f. "obs = "s +
P sm
e⇤
P sh

from before]

smear polarisability, (linear) response of to ellipticity to PSF
anisotropy
PSF anisotropy
shear polarisability, isotropic seeing correction
shear

P sm , P sh are functions (2 ⇥ 2 tensors) of galaxy brightness distribution.
Problematic: Strongly anisotropic PSF, error estimation, combining multiple
exposures.
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Non-perturbative methods
Shapelets
(Refregier 2003, Massey & Refregier 2005, Kuijken 2006)
• Decompose galaxies and stars into basis functions.
4

Shapelets: I. A Method for Image An

A. Refregier

Figure 2. First few 2-dimensional Cartesian basis functions
φn1 ,n2 . The dark and light regions correspond to positive and
negative values, respectively.

Figure 3. Decomposition of a galaxy image found in the HDF.
The original 60 × 60 pixel HST image (upper left-hand panel)
Figure 4. Shapelet coeﬃcients for the image decomposition of
can be compared with the reconstructed images with diﬀerent
the previous figure. Since the coeﬃcient array is sparse, the images
maximum order n = n1 + n2 . The shapelet scale is chosen to be
can
reconstructed
the few
first(nlargest
coeﬃcients.
β
= be
4 pixels.
The lowerfrom
right-hand
panel
≤ 20) is
virtually
indistinguishable from the initial image.

Figure 5. Reconstruction and compression of thr
images using shapelets. The left-hand column sh
images extracted from the HDF and list Npix th
els. The right-hand column shows their reconstruc
the Ncof largest coeﬃcients (in absolute value) o
decomposition. Because the coeﬃcient matrix is t
a large compression factor Npix /Ncof is achieved
scale was chosen to be β = 4 pixels in all 3 cases.

• PSF correction, convergence and shear acts on shapelet coefficients,

deconvolution feasible
f (x) =

∞
!

fn Bn (x; β),

(22)

n1 ,n2 =0

!

d2 xx2 f (x)/F is given by

"
• Problems: series" truncation, basis functions
(1 + n + n )
r
= π β F
2
not
representative,
need to
where the shapelet coeﬃcients are given by
fn =

2

d xf (x)Bn (x; β)

(23)

even

1

3

1 (4−n −n )

−1

1
2
2
2
Photometry
and Astrometry

1

2

n1,n2

The most basic quantities to measure for an object image
#
$ 21 # centroid
$ 21 position (astromare its total flux (photometry),
n1
n2
Figure 3 show how an image observed with HST can be deetry) and ×
size. Let us first decompose the
f (x)
fn1intensity
(28)
n2 ,
composed and reconstructed using shapelets. The resulting
n1 /2
n2 /2
(CEA)
WL of the object into shapelet coeﬃcients fn = ⟨n; β|f ⟩ as in
distribution of the coeﬃcients is shown on Figure 4. More
Equation
(22).
These expressions
can be used, by iteration, to find the opexamples can be found on Figure 5. These examples and

set size parameter

Martin Kilbinger
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3.2
f

f ′ (x′ ) = f (x(x′ )) ≃ f (x′ − Ψx′ − ϵ).

/ 146
Since we are now62
considering
infinitesimal tra
we can Taylor expand this expression and

Day 2: Measurement of weak lensing

Galaxy shape measurement

Further methods and techniques
• Generic approaches of shape estimation and/or calibration (can be used

together with many shape-measurement methods)

• Machine-Learning, e.g. LUT by supervised learning, (Tewes et al. 2012)
• Self-calibration (Fenech Conti et al. 2017)
• MetaCalibration (Sheldon & Hu↵ 2017, Hu↵ & Mandelbaum 2017)

• Further Bayesian methods
• Hierarchical Multi-level Bayesian Inference (MBI), (Schneider et al. 2014).

Joint posterior of shear, galaxy properties, PSF, nuisance parameters given
pixel data.
• (Bernstein & Armstrong 2014). Does not measure ellipticity of individual
galaxies, direct posterior estimation of shear for population. Needs prior
from deep images.
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Shear measurement biases: Origin
• 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.
• Model-fitting method: wrong model
• Perturbative methods (KSB, DEIMOS, HOLICS): weight function not

appropriate
• Non-perturbative methods (shapelets): truncated expansion, bad
eigenfunction representation
• Color gradients
• Non-elliptical isophotes
• Other

• Imperfect PSF correction
• Detector e↵ects (CTI — charge transfer inefficiency)
• Selection e↵ects (probab. of detection/sucessful " measurement depends on

" and PSF)
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Shear measurement biases: Characterisation
Bias can be multiplicative (m) and additive (c):
obs
i

= (1 + mi )

true
i

+ ci ;

i = 1, 2.

Biases m, c 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| = 10

3

10

2

.

Challenges such as STEP1, STEP2, great08, great10, great3 quantified these
biases with blind simulationes.
Requirements
Normalisation 8 / m!
Necessary knowledge of residual biases | m|, | c| (after calibration):
Current surveys 1%.
Future large missions (Euclid, LSST, . . .) 10 4 = 0.1%!
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Day 2: Measurement of weak lensing

Galaxy shape measurement

Shear measurement biases: Calibration

Usually biases are calibrated using simulated or emulated data, or the data
(self-calibration, metacalibration) themselves.
18 M. Jarvis,image
E. Sheldon,
J. Zuntz,with
T. Kacprzak, S. Br
Current surveys typicall produce corresponding
simulations
matching properties of galaxy sample, selection, and PSF matching to data.

Functional dependence of m on
observables must not be too
complicated (e.g. not smooth,
many variables, large parameter
space), or else measurement is not
calibratable!
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(Jarvis
al.for2016)
Figure
13. Shearetbias
IM 3 SHAPE measurements on the GREAT-DES simulatio
measured (S/N )w and Rgp /Rp . The fits, which are used to calibrate the shear est
lines show the fits vs (S/N )w at particular choices of Rgp /Rp .
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Day 2: Measurement of weak lensing

PSF correction

The DES Science Verification Weak Lensing Shear Catalogues

PSF correction

(Jarvis et al. 2016)

Figure 5. An example size-magnitude diagram for a single CCD image,
used to identify stars. The size T = 2 2 is based on the scale size of the
best-fitting elliptical Gaussian. The pink and green points are the objects
initially identified as stars. The green points are the ones that pass our selection criteria outlined in §4.2, most notably the magnitude cut to avoid
objects contaminated by the brighter-fatter effect. These objects are then
used to constrain the PSF model. The blue circles show an an alternate
star classification, called the Modest Classification within DES, which was
found not to work as well for our specific purpose.

9

the stellar locus and the galaxy locus start to merge. The precise
magnitude at which this happens is a function of the seeing as well
as the density of stars and galaxies in the particular part of the sky
being observed. As such the faint-end magnitude of the resulting
stellar sample varies among the different exposures.
Figure 5 shows such a size-magnitude diagram for a representative CCD image. The stellar locus is easily identified by eye,
and the stellar sample identified by our algorithm is marked in pink
and green. The pink points are stars that are removed by subsequent steps in the process outlined below, while the green points are
the stars that survive these cuts. The blue circles show the objects
identified as stars according to the Modest Classification, which includes more outliers and misses some of the objects clearly within
the stellar locus.
While the algorithm we currently use is found to work well
enough for the SV data, we plan to investigate whether the neural
net star-galaxy separator recently developed by Soumagnac et al.
(2015) is more robust or could let us include additional stars.
4.2

Selection of PSF Stars

• Select clean sample of stars
Some of the stars in this sample are not appropriate to use for
PSF modeling, even ignoring the inevitable few galaxies that get
• Measure star shapes
misidentified as stars. The CCDs on the Dark Energy Camera each
• Create PSF model and interpolatehave
(pixel
ellipticity,
PCA
six spots values,
where 100 micron
thick spacers were
placed behind

the CCDs when they were glued to their carriers (cf. Flaugher et al.
coefficients, . . .) to galaxy positions.
observations:
global
2015),Space-based
which affects the electric
field lines near each 2mm
2mm
spacer. These features, which we call tape bumps, distort the shapes
PSF
model
from
many
exposures
possible
We found that, for some CCD images, the sets of objects idenin those parts of the CCDs, so the stellar images there are not actified•as Correct
stars by the Modest
scheme image
included a devonvolution
curate samples of the or
PSF. other
We exclude(e.g.
any star linearized)
whose position is
for Classification
PSF: galaxy
relatively high number of galaxies, and in other cases too few stars
within 2 PSF FWHM separation of the outline of a tape bump. The
correction,
model
were identified.
The cause of or
theseconvolve
failures is dependent
on many
tape bumps are relatively small, so this procedure excludes less than
10

factors, but may be partly related to the use of coadd data for the
Martin Kilbinger (CEA)
classification.
The coadd PSF can change abruptly at the locations

0.1% of the total area of the CCD, but removes a noticeable bias in
67 / 146
the PSF model near the bumps.
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PSF correction

The DES Science Verification Weak Lensing Shear Catalogues

PSF correction

(Jarvis et al. 2016)

Figure 5. An example size-magnitude diagram for a single CCD image,
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best-fitting elliptical Gaussian. The pink and green points are the objects
initially identified as stars. The green points are the ones that pass our selection criteria outlined in §4.2, most notably the magnitude cut to avoid
objects contaminated by the brighter-fatter effect. These objects are then
used to constrain the PSF model. The blue circles show an an alternate
star classification, called the Modest Classification within DES, which was
found not to work as well for our specific purpose.
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factors, but may be partly related to the use of coadd data for the
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The coadd PSF can change abruptly at the locations

0.1% of the total area of the CCD, but removes a noticeable bias in
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the PSF model near the bumps.
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PSF correction

PSF correction

M. Jarvis, E. Sheldon, J. Zuntz, T. Kacprzak, S. Bridle, et al.

(Jarvis et al. 2016)
Figure 9. Whisker plots of the mean PSF pattern (left) and of the mean residual after subtracting off the model PSF (right) as a function of position in the
focal plane. The length of each whisker is proportional to the measured ellipticity, and the orientation is aligned with the direction of the ellipticity. There is
still some apparent structure in the plot of the residuals, but the level is below the requirements for SV science. Reference whiskers of 1% and 3% are shown
at the bottom of each plot, and we have exaggerated the scale on the right plot by a factor of 10 to make the residual structure more apparent.

• 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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