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Abstract

Weak gravitational lensing measurements from the large-scale structure of the Uni-

verse probe the growth of structures at different epochs, thereby providing informa-

tion about the mysterious dark energy component. Wide-field redshift surveys such as

WFIRST, Euclid and LSST will image the sky and collect an unprecedented amount

of data. The decrease in the statistical errors must necessarily be accompanied by

an increase in our understanding of systematic errors. The sources of the systematic

errors could be i) astrophysical, such as intrinsic alignments, failure to account for the

complex morphology of the galaxies when estimating lensing distortions, or could be

ii) foreground effects such as the Point Spread Function (PSF) or imperfections from

the detectors etc. The systematic errors are estimated by testing the shear estima-

tion pipeline on mock galaxy images that are forward-simulated from first principles.

The simulated galaxy images must have realistic properties for the estimates of the

systematic biases to be accurate. In this thesis, I describe in detail the work done

towards incorporating in the image simulations some of the detector effects relevant

for WFIRST and understanding the limitations of using images from narrow surveys,

such as COSMOS, as input into image simulations for wide field surveys.
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Chapter 1

Introduction

“We’re made of star stuff. We

are a way for the cosmos to

know itself”

Carl Sagan

Cosmology is broadly defined in modern terms as the study of origin, evolution and

the destiny of the Universe. It attempts to explain one of the most fundamental

concepts - existence.

How did everything in the Universe came into being and what is our place in it?

Are we alone in this Universe?

Is the Universe really infinite?

These are some of the intriguing questions that the mankind has asked itself since

the early days.

The subject of Cosmology belonged to the philosophers and the religious. It was a

matter of speculation, with arbitrary ideas of ideals and perfections were imposed

upon the structure of the Universe. Observing the motion of the stars (and plan-
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ets) and predicting their positions in the future - astronomy - became one of the

first science disciplines. Physics, the study of natural phenomena, and astronomy

combined together to give rise to the branch called astrophysics. This enabled the

understanding of the nature of the heavenly bodies rather than just their angular

positions on the sky. We could understand stellar dynamics and their evolution, the

temperation at the core and at the surface of the stars, the composition of atmosphere

in distant planets and so on. Powerful telescopes enabled Edwin Hubble and others

to see galaxies other than Milky Way and realize that the Universe is much bigger

than what it was thought to be. With the realization that gravity is the result of

curved spacetime from Albert Einstein’s General Theory of Relativity, the pieces to

build testable cosmological models were in place.

Today, Cosmology is a predictive science with precise agreement between theory and

observations. Since the beginning of the last decade in the 20th century, the term con-

cordance cosmology is used to denote the agreement of the results from independent

methods of observations.

1.1 Cosmic history

According to our current understanding, the Universe started with a singularity (com-

monly referred to as the Big Bang) t0 = 13.8 years ago and began expanding. In the

first few fraction of the seconds after the big bang, the Universe experienced an expo-

nential expansion - a phase known as inflation - in which quantum fluctations were

stretched beyond the horizon, freezing the fluctuations, and stretching any possible

curvature. After the first few minutes of the birth of the Universe, there were pho-

tons and relativistic neutrinos and a hot dense plasma of baryonic matter containing

protons and electrons and dark matter particles. The mean free path of the photons

in the early stages of the Universe was small, thus keeping the baryon components in

thermal equilibrium with each other and with the radiation.

Until about 75,000 years after Big Bang, the dominant contributor to the total energy

of the Universe were photons. As the Universe expands, the energy density of the

photons gets ‘diluted’ faster than the energy density of the matter particles and non-

relativistic matter became the dominate the energy budget. The era where the energy
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in the form of photons and matter were equal is denoted as the era of matter-radiation

equality. In the matter-dominated phase of the Universe, the tiny fluctuations im-

printed during the inflation act as seeds for structure growth. Dark matter particles

begin to accumulate at the overdense regions, making it more overdense with time.

However, the photon number density is 10 orders magnitude higher than the number

density of the baryonic particles. As a result, the baryons did not quite trace the

gravitational potential initially due to the overdensities; instead they were constantly

bombarded by the photons. As the Universe continued to expand, it cooled down

further and the protons and electrons combined to form Hydrogen atoms when the

cosmic age was around 200,000 years - a phenomenon knows as the recombination (a

misnomer). However, the high energy photons were dissociating the H atoms back

to p+ and e−. After about 380,000 since the initial singularity, the photons almost

completely decoupled from the baryons and began free-streaming through the space.

Today, we observe these photons as the Cosmic Microwave Background (CMB).

After the decoupling, the baryons are now free to fall into the dark matter structures or

halos that have formed. As the baryonic matter fell into the potential wells, they got

heated up and radiate (unlike the dark matter particles) to cool and continued to fall

into the deepest parts of the halo, where they formed stars. Stars are organized into

galaxies; galaxies are grouped together as groups, clusters(largest bound structures)

and even larger superclusters. These superclusters forms the largest structures known,

such as filaments, walls or sheets, which are separated by large underdense regions

called voids. Under the cold dark matter (CDM) model, structure grows from bottom

to top, i.e., small objects aggregate to form larger structures. This hierarchical model

of organization is known as the large-scale structure (LSS) of the Universe. On length

scales larger than 100 Mpc, this hierarchy ends and the Universe begins to appear

homogenous and isotropic, in accordance with the Copernican principle.

The expansion rate of the Universe had been slowing down after inflation, until about

9.5 billion years since Big Bang, where the dominant energy contribution appeared

to come from a mysterious component that we call the dark energy, which appears to

have constant energy density. This is consistent with the notion that the accelerated

expansion is due to a non-zero cosmological constant, denoted as Λ. Cosmological

constant can be interpreted as the energy or cost of having empty space. Experiments

show that the observed value of Λ is 120 order of magnitudes smaller than the value
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calculated from quantum field theories! This is often jokingly mentioned as the worst

prediction in physics ever. Moreover, it is not clear if the standard model of particle

physics is complete, and if not, the calculated value for Λ would change. An active

area of research in cosmology is to find the real reason for the accelerated expansion of

the Universe - is it the cosmological constant Λ, or is it dark energy, which is regarded

as an exotic form of matter (sometimes referred to as quintessence) that is fueling

the expansion? With the data currently available, it is impossible to determine what

dark energy really is.

Despite the conclusive evidence for the existence of dark energy, little is known about

its properties. The lack of persuasive theoretical explanation for the existence and

magnitude of the dark energy highlights the vast holes in our understanding of the

nature. In fact, dark energy featured in the list of top ten science problems of our time

in Science magazine. This is because dark energy is not just of interest for cosmology

but also has profound implications towards gaining a better understanding of high-

energy particle physics and quantum gravity. Fig. 1.1 is a depiction of this idea

by means of the cosmic uroboros - a snake’s tail in its head - with different points

along its body representing different length scales. Probably the strongest support

of this idea is the fact that the tighest constraints on the masses of the neutrinos

are obtained from cosmological observations and not high-energy particle accelerator

experiments.

In the absence of theoretical guidance, it is common to rely on exploration by obser-

vation. With that spirit, several surveys, both ground-based and space-based, have

been employed or are construction for operations in the near future, with the hope of

invalidating various alternative theories about the evolution of the Universe.

The growth of the large-scale structure has now come to a halt almost and the Uni-

verse once again has begun to accelerate since inflation. Eventually, in another few

billion years, structures that are not gravitationally bounded, will cross our event

horizon and the observable Universe would consist only one galaxy cluster. We now

live in the era where the structure has grown as much as it could, when the CMB

radiation is still measurable and when we could still observe some of the first formed

galaxies and thus an ideal era for large sky surveys.
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Figure 1.1: The cosmic uroboros represents the smallest size (the Planck length) at
the tip of its tail, depicting progressively increasing sizes along its body, with its
head representing the size of the entire observable Universe. The cosmic urboros is
a symbolic representation that the physics at the largest scales is intimately related
with the physics at the smallest scales. Image source:
http://new-universe.org/zenphoto/Chapter2/Illustrations/Abrams22.jpg.php
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1.2 Outline

This thesis contains 5 chapters. The main focus of Chapter 2 is the standard paradigm

of Cosmology and a brief review of the formalism of weak gravitational lensing and

how systematics affects the measurement. Chapters 3 to 5 focus on various systematic

effects involved in the measurement of weak lensing. The goal of the introduction

chapter is to layout the scientific background that provides the context for the rest

of the chapters. Chapter 3 discusses the effect of using galaxy images from a narrow

pencil-beam survey, such as COSMOS, as a training set for image simulations from

which the systematic biases would be measured. Chapters 4 study the impact of a

detector effects, called the interpixel capacitance (IPC), on the telescope PSF in the

context of detector requirements for the WFIRST survey. Chapter 5 analyzes the

impact of IPC on shear calibration bias in somewhat simplified settings. With the

expection of Chapters 1 and 2, all other chapters are already public or will be made

available publicly soon. Chapters 3 and 4 are published works, for which I am the

lead author. Chapter 5 is a draft that is expected to be submitted in the near future.

Chapter 3 and 5 consists of words written according to the British spelling rules, while

the other chapters are written according to the American English spelling rules. This

thesis covers only those projects that are relevant for weak gravitational lensing and

for which I was the main contributor in both research and in writing.
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Chapter 2

Cosmological background

The study of the life of the Universe is necessarily accompanied by a study of the

contents in the Universe and their properties. The interaction between the compo-

nents of the Universe is dominant by gravity, which is the only unshielded long range

force. General Theory of Relativity by Albert Einstein is currently the best classical

theory of gravity we know. The standard model of Cosmology assumed the theory of

General Relativity to be true, which of course has stood the tests of time, with the

two detections of gravitational waves [6, 7] being the last piece of missing evidence in

favor of the theory. Howver, in many cases, Newtonian formulation of gravity suffices

to study the evolution of the Universe.

This chapter contains two sections. In Sec. 2.1, I discuss the basic concepts of standard

model of the Cosmology without rigorous derivations. In Sec. 2.2, I review the basic

concepts of weak gravitational lensing, how it provides cosmological information and

how systematics affect the measurement.

2.1 ΛCDM - the standard model of Cosmology

The standard paradigm of cosmology today is the six parameter flat ΛCDM cosmo-

logical model. In this section, we review the ΛCDM model, the equivalent of the

standard model in particle physics for Cosmology. Most modern textbooks on Cos-

mology, for example [8, 9, 10, 11, 12, 13] cover the topics in great detail. In Sec. 1.1,
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I described the cosmic history in a few paragraphs without any mathematical details.

In Sec. 2.1.1, I discuss the Universe on large scales and in Sec. 2.1.2, I discuss how

the tiny initial perturbations in a uniform background matter density grows to form

into massive structures that we observe in the Universe today.

2.1.1 Smooth Universe

The early Universe was highly homogenous and isotropic, thus described the Friedmann-

Robertson-Walker (FRW) metric:

ds2 = −c2dt2 + a(t)2
[

dX2 + dY 2 + dZ2
]

(2.1)

= −c2dt2 + a(t)2
[

1

1−Kr2
dr2 + r2(dθ2 + sin2 θdφ2)

]

(2.2)

= −c2dt2 + a(t)2
[

dχ2 + d2A(χ)(dθ
2 + sin2 θdφ2)

]

, (2.3)

where K is the global curvature (see later), t is the time coordinate and c refers to the

speed of light in vacuum. In Cartesian coordinates, the physical (spatial) coordinates

(x, y, z) are related to the comoving (spatial) coordinates (X, Y, Z) via the scale factor

a(t) as (x, y, z) = (aX, aY, aZ) (the time dependence in a is suppressed). θ, φ are

the polar and azimuthal coordinates and r and χ are called radial and line-of-sight

coordinates. If K = 0, r ≡ χ. Otherwise, r ≡ dA(χ) and is known as the angular

diameter distance given by

dA(χ) =



















χ if K = 0 (flat)

1√
K
sin

√
Kχ if K > 0 (closed)

1√
K
sinh

√
Kχ if K < 0 (open)

. (2.4)

K = 0 corresponds to the simplest case of the Universe being flat, where Euclidean

geometry holds true. K < 0 refers to the Universe being open and K > 0 corresponds

to a closed which is bounded and has a finite volume. In a closed Universe, two light

rays originating from a single point in different directions will eventually meet. In an

open Universe, two light rays originating from the same point travelling in different

directions will diverge, with the separation given by the angular diameter distance

increasing at a faster rate than in a flat Universe.

8



Note that the scale factor a(t) cannot be determined uniquely since it has a scalar

degree of freedom, i.e., a(t) → λa(t) along with X → 1
λ
X , for arbitrary λ 6= 0, leaves

the physical coordinates unchanged. Thus, the physical quantities that govern the

evolution of the scale factor must necessarily be expressed as a(t1)
a(t2)

or ȧ
a
or ä

a
. As an

example, the redshift of the wavelength of a photon, as a result of the expansion of

the space, is given as

Redshift z ≡ λobs − λe
λe

=
λobs
λe

− 1 =
a(tobs)

a(te)
− 1, (2.5)

where λobs and λe are the observed and emitted (true) wavelengths, te is the cosmic

time of emission and tobs is the cosmic time of observation. It is conventional to define

the scale factor today a(t0) ≡ 1 for convenience. Thus, we obtain the redshift-scale

factor relation

a(t) =
1

1 + z
. (2.6)

If a(t) happens to be a monotonic function of time t (which it is, see later in this

section), then redshift, which is an observable, can be used to refer to distances and

cosmic times. Since light travels along null geodesics (ds2 = 0) and for radially inward

light dθ = dφ = 0, we get

c dt = a(t)dχ =⇒ dχ

c
=

dt

a(t)
=

da

a2(t)H(t)
=

dz

H(z)
, (2.7)

where H(t) ≡ ȧ(t)/a(t) is the Hubble parameter. The Hubble parameter evaluated

today at t = t0 is referred to as the Hubble constant, denoted by H0. We will denote

the value of various quantities at the present epoch by a subscript 0. The Hubble

constant is commonly expressed as H0 = 100h km/s/Mpc, where h is the unitless

Hubble constant and is of order unity.

Evolution in a smooth Universe

The expansion scale factor a(t), and the evolution of the Universe, is determined

by ratio of densities of the different components. Plugging in the FRW metric in

Einstein’s field equations with homogenous matter gives the Friedmann equations:
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(

ȧ

a

)2

=
8πG

3
ρ− Kc2

a2
+

Λ

3
(2.8a)

ä

a
= −4πG

3

(

ρ+
3p

c2

)

+
Λ

3
(2.8b)

Evaluating Eq. 2.8a at the present epoch, we get

3H2
0

8πG
= ρ0 +

3c2

8πG

K

a2
+

Λ

8πG
(2.9)

The left hand side of the above equation is defined to be the critical density of the

Universe, often denoted by ρcr. Defining the different density parameters

Ω0 =
ρ0
ρcr

ΩK,0 =
c2

H2
0

K

a20
ΩΛ,0 =

Λ

3H2
0

, (2.10)

Ω0 + ΩK,0 + ΩΛ,0 = 1. (2.11)

The contributions to the stress-energy tensor comes from radiation or relativistic

components (photons, neutrinos etc.) and from non-relativistic matter components

(baryons,dark matter). Thus, ρ0 = ρrad + ρm and hence Ω0 = Ωm,0 + Ωrad,0.

At a generic epoch, ρ(a) = ρm(a) + ρrad(a). The matter density in a region with

constant number of particle scales as the inverse of the volume containing those

particles, which itself grows as the 3rd power of the scale factor. For photons and

other relativistic particles, in addition to the above mentioned effect, the energy of

the individual particles scale as the inverse of the scale factor. Thus, the components

scale differently with a:

ρrad ∝ a−4 ρm ∝ a−3 (2.12)

This allows us to related the density parameters at an earlier (and later) epoch to

those at the present epoch.

Ωm = Ωm,0a
−3 Ωrad = Ωrad,0a

−4 ΩK = ΩK,0a
−2 ΩΛ = ΩΛ,0 (2.13)

10



Therefore,
H2(t)

H2
0

= Ωrad,0a
−4 + Ωm,0a

−3 + ΩK,0a
−2 + ΩΛ,0 (2.14)

By specifying the density parameters today and the Hubble constant, we can obtain

the cosmic time t as a function of the scale a,

t(a) =

a
∫

0

da′

a′H0

1
√

Ωrad,0a′
−4 + Ωm,0a′

−3 + ΩK,0a′
−2 + ΩΛ,0

(2.15)

which can then be inverted to obtain a(t). The present epoch can be obtained by

evaluating t(a = 1), which by definition is t0.

There is no analytical solution for a(t) in general. However, for hypothetical single-

component universe, i.e., if all except one of the density parameters are zero, then we

have simple analytical solutions.

a(t) =































(t/t0) if ΩK,0 = 1(curvature dominated)

(t/t0)
1/2 if Ωrad,0 = 1(radiation dominated)

(t/t0)
2/3 if Ωm,0 = 1(matter dominated)

eH0t if ΩΛ = 1(Λ dominated)

(2.16)

Despite Eq. 2.15 not be amenable to analytical solutions, we can make a few useful

inferences by analyzing the behaviour of the terms in these equations. First, from

Eq. 2.14, one can see that for H(t) = 0, one needs to have at least one of ΩK or ΩΛ

to be negative. However, the measured values of the density parameters suggest that

the RHS of Eq. 2.14 can never vanish and hence a(t) is a monotonically increasing

function of t. It is this property that makes the redshift a useful observable as z can

be related to the scale factor a using Eq. 2.6 which, for a given cosmology, can be

related to the time t. Second, the measurements suggest |ΩΛ| ≫ |Ωm,0| ≫ |Ωrad,0|,
with |ΩK | ≈ 0. Hence, as a increases from 0 to 1, the Universe goes through a

radiation dominated phase, followed by the matter dominated phase and finally a Λ

dominated phase (present epoch). This idea is crucial in formulating the ideas of the

structure growth, which is the subject matter of discussion in Sec. 2.1.2
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Note on Dark Energy

Eq. 2.16 implies that the second derivative of the scale factor, ä is negative in a

matter dominated or in a curvature dominated or in a radiation dominated Universe

and naturally, a Universe that contains only these three energy parameters in some

proportions will experience a decelerating expansion. However, the accelerating ex-

pansion of the Universe was proven, thus requiring ΩΛ to be the dominant component.

While a positive cosmological constant Λ can explain the acceleration, it poses several

other problems. The energy density due to the cosmological constant, ρΛ = ΩΛρcr is

thought of to be the intrinsic energy density of the vacuum, ρvac. Calculations using

quantum field theories predict a value for ρvac that is greater than ρΛ by 120 orders of

magnitude! Moreover, some supersymmetric theories require Λ = 0. To circumvent

these issues, a mysterious component called the Dark Energy was proposed to explain

the accelerated expansion.

Dark Energy is speculated to be homogenous fluid, with negative pressure. It is

hypothesized to not interact with the matter in any way, but affect the cosmology

by contributing towards the expansion of the Universe. The equation of state for the

dark energy ( or any other component ) is expressed as

P = wρc2. (2.17)

For pressure-less matter (dark matter), wm = 0, for radiation, wrad = 1/3 and for Λ,

wΛ = −1. Several ground-based and space-based surveys are in progress and are being

planned to measure the equation of state parameter wDE of the dark energy. wDE =

−1 implies that dark energy is indistinguishable from cosmological constant.

ρDE(a) = ρDE,0 exp

[

−3

∫

da

a
(1 + wDE(a))

]

. (2.18)

Deviations of wDE from −1 will give us hints about the nature and the evolution of

the dark energy. A commonly used parametrization for wDE is wDE(a) = w0+wa(1−
a).
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2.1.2 Structure formation

While the Universe is indeed homogenous and isotropic at very large length scales

(e.g., [14]), it is obviously not so at smaller length scales. A perfectly homogenous

Universe would never be able to give rise to the structures that we see today. It is

hypothesized that the Universe in the first few fraction of the seconds experienced

a rapid phase of accelaration known as the inflation. The tiny quantum fluctations

in the primordial fields were stretched beyond the horizon and frozen even after the

end of the inflationary epoch, leading to tiny ‘seed’ density perturbations that is

responsible for the large scale structure (LSS) in the Universe.

The local density ρ(~x) at a comoving position ~x differs from the mean density ρ. One

defines the matter overdensity field as

δ(~x, a) =
ρ(~x, a)− ρ(a)

ρ(a)
=
ρ(~x, a)

ρ(a)
− 1 (2.19)

The scale factor a is included to denote the time dependence of the density field.

During the intermediate matter dominated phase, the amplitude of the density con-

trast grows due to self-gravity as δ ∝ α, with overdense regions becoming more over-

dense and underdense regions becoming further underdense. The initial perturbation

is small (δ(a≪ 1) ≪ 1) and its evolution is given by a linear differential equation. It

is helpful to consider the Fourier transform of the overdensity field -

δ̃(~k, a) =

∫

d3k e−i~k.~xδ(~x, a) (2.20)

as different ~k modes evolve independently.

By definition, the average of the overdensity field over a sufficiently large volume,

〈δ〉 = 0 in real space and in Fourier space. Hence one needs to consider two-point

statistics or higher to characterize the fluctuations. The power spectrum of the fluc-

tuations Pδ(k) is given as

〈

δ̃(~k)δ̃∗(~k′)
〉

= (2π)3δD(~k − ~k′)Pδ(k), (2.21)

where ∗ denotes complex conjugation. Pδ depends only on the magnitude k =
∣

∣

∣

~k
∣

∣

∣
and

13



not its direction due to isotropy. The primordial density fluctuations are assumed

to come from a Gaussian field, i.e., they are completely characterized by their power

spectrum (this assumption is constantly tested and not found to be violated so far).

All the higher order statistics can be expressed in terms of its second order statistics.

The power spectrum at later times is obtained from the primordial power spectrum

by an application of the transfer function T (k) defined as.

T (k, a) =
δ̃(k, a = 1)/δ̃(k = 0, a = 1)

δ̃(k, ai)/δ̃(k = 0, ai)

At large scales, T (k → 0) → 1 by virtue of its normalization and at small scales,

T (k) ∝ k−2. The exact details of the transfer function depends on the matter content

and their equations of state 2.17 [15, 16, 17].

Inflationary models predict the form of the primordial power spectrum to be

Pδ(k) = Ask
ns , (2.22)

which is nearly scale-invariant with ns ≈ 1 [18, 19], where ns is called the spectral

index.

The power spectrum is also the Fourier transform of the correlation function

ξ(~r) =

∫

d3x δ(~x)δ(~x+ ~r) Pδ(k) =

∫

d3r e−i~k.~xξ(~r)

In practice, it is impossible to measure the density perturbation δ(~x) at every point ~x.

Moreover, it is regions of some finite volume with average density different from the

mean density that are physically interesting, as they lead to structures that can be

detected at cosmological length scales. Thus, we define a smoothed density fluctuation

field δR(~x, a) as

δR(~x, a) =

∫

d3r WR(~r)δ(~x+ ~r), (2.23)

where WR(~r) can be an arbitrary weight function normalized to unity. WR(~r) some-

times called as the window function and R is a characteristic length scale of the weight

function. The most commonly used windown function is the spherical top-hat func-

tion: W (r) = 3/(4πR3) for r < R and W (r) = 0 for r ≥ R. whose Fourier transform
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is W (k) = 3j1(kR)/kR, where j1 is a spherical Bessel function. The variance of the

smoothed density fluctuations within spheres of radius R is given by

σ2
R =

1

2π2

∫

dk k2P (k) |W (k)|2 =
∫

d ln k ∆2(k)

(

3j1(kR)

kR

)2

, (2.24)

where ∆2(k) = k3P (k)/2π2 is called the reduced power spectrum. It is common to

choose R = 8h−1Mpc. It turns out that σ8 ∼ 1, with recent measurements indicating

σ8 close to being 0.8 [20].

Galaxy bias

Galaxy surveys with spectroscopic redshifts such as the Baryonic Oscillation Spec-

troscopic Survey of SDSS-III [BOSS; 21] provide a 3-dimensional mapping of galaxies

from which the galaxy-galaxy correlation function ξgg(r) can be computed. On large

length scales, galaxies are considered to be a biased tracer of the matter density

field [22].

ξgg(r) = b2ξδδ(r) Pg(k) = b2Pδ(k), (2.25)

where b is called as the galaxy bias. Galaxy bias encodes the physics of galaxy forma-

tion. One of the ways to estimate the bias parameter from the clustering data is by

comparing the three-point correlation function ( whose Fourier transform is known

as bi-spectrum) 〈ggg〉 = b3 〈δδδ〉 to the two-point correlation function 〈gg〉 = b2 〈δδ〉.
The two-point and three-point correlation functions of δ are calculated from pertur-

bation theory by assuming that the initial perturbations were Gaussian. However,

estimating the three-point correlation function requires large areas in the sky and the

bias estimates have found to be noisy. Another way to estimate the bias parameter is

by combining lensing and clustering measurements, since they have different powers

of b.

The bias parameter can also be estimated from cosmological simulations with both

dark matter and baryonic particles, bu studying the relative clustering of baryonic

particles and dark matter particles. Uncertainty in the bias parameter arises from

our lack of understanding of baryonic physics at small scales such as star formation,

gas cooling, feedback processes etc. Thus, our understanding of the distribution of
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the dark matter on small scales from the distribution of the galaxies is limited by our

understanding of the galaxy formation processes.

Since dark matter does not interact electromagnetically, we cannot directly see or

observe its distribution. However, since dark matter interacts gravitationally, we

can infer its distribution by looking at how it affects the light from the background

galaxies. This phenomenon is known as gravitational lensing and it provides us the

ability to probe the matter power spectrum directly.

2.2 Weak lensing

This section is intended to give an extremely brief overview of weak gravitational

lensing or simply referred to as Weak Lensing (WL). For a detailed review, refer to

[3, 23, 24, 25, 26, 27, 28]

2.2.1 Basic formalism

The images of distant galaxies (sources) appear distorted in their shapes and sizes

as a result of the action of the tidal gravitational field (foreground) on light bundles

that travel from the sources to us (observers). The conservation of the number of

photons in their journey towards us (cf. Liouville’s theorem) implies that the surface

brightness is conserved. Thus, if I(int)(βββ) is the surface brightness distribution in the

source plane (or sphere), then the observed surface brightness distribution is given

as

I(obs)(θθθ) = I(int)(Aθθθ), (2.26)

where A is the mapping from the image coordinates to the source coordinates, i.e.

A : θθθ → βββ(θθθ). Here, θθθ (βββ) refers to the two-dimensional vector, denoting the image

(intrinsic) position of the of the source in the sky. If the angular size of the source

is small compared to the angular scale in which the properties of the foreground lens

change, then the mapping A can be locally linearized. This linearized mapping is
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commonly expressed as

Aij ≡
∂(δθi)

∂θj
=

(

1− κ− γ1 −γ2
−γ2 1− κ+ γ1

)

(2.27)

= (1− κ)

(

1− g1 −g2
−g2 1 + g1

)

, (2.28)

The (1− κ) term is a scalar multiplicative factor affecting only in the magnification.

The g1 and the g2 terms, in addition to affecting the magnification, are responsible

for the distortion in the shape. The subscripts 1 and 2 correspond to the axes of an

arbitrary Cartesian reference frame in the tangent plane at the position of the image.

A has only 3 free parameters and not 4, because there is a rotational degree of freedom

in choosing the alignment of the axes. The parameters ofA, κ is called the convergence

and γ1 and γ2 are the two components of a complex quantity called the shear, defined

as γ = γ1 + iγ2. gi := γi/(1− κ) for i = 1, 2 are the components of another complex

quantity called the reduced shear, defined similarly as g = g1 + ig2.

A maps circles to ellipses, with their axis ratios given by the magnitude of the reduced

shear g, with the major axis making an angle φ = 1
2
∠g = 1

2
tan−1(g2/g1). Thus,

g = g1 + ig2 = |g|ei2φ γ = γ1 + iγ2 = |γ|ei2φ (2.29)

The factor of 2 in the phase leaves g and hence the ellipse invariant under a 180◦

rotation, i.e., φ → φ ± π =⇒ g → g. κ, being related to the magnification, is

isotropic and hence a scalar.

The parameters of A can be related to each other through a scalar potential ψ(θθθ),

which is often referred to as lensing potential or deflection potential as

κ (θθθ) =
1

2
(ψ,11(θθθ) + ψ,22(θθθ)) (2.30)

≈ 1

2
∇2ψ(θθθ), (2.31)

where ψ,ij ≡ ∂2ψ/∂θi∂θj and ∇2 ≡ ∂2/∂θθθ2 in the flat-sky approximation.

γ1 =
1

2
(ψ,11 − ψ,22) γ2 = ψ,12. (2.32)
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Note that the rotational properties of the parameters are still preserved. For a linear

map with 3 degrees of freedom, such as A, it is always possible to write the parameters

in this fashion as it simply corresponds to using the degrees of freedom to choose the

3 second derivatives of a scalar function in 2 dimensions as required.

As an illustrative example, consider a typical gravitational lensing system, such as the

lensing of background galaxies by galaxy clusters, where the extent of the sources and

lenses is much smaller than their distances from the observers and between themselves.

The derivation of these expressions can be found elsewhere; only the key results are

given below. Using the thin lens approximation or Born approximation, we can obtain

the deflection angle ααα as

ααα =∇∇∇ψ(θθθ) (2.33)

The lensing potential in this case is given by

ψ(θθθ) =
1

π

∫

d2θ′ κ(θθθ′) ln |θθθ − θθθ′|, (2.34)

where

κ(θθθ) =
Σ(ddθθθ)

Σcr

, with Σ(ddθθθ) =

∫

dr3 ρ(ddθθθ, r3) and Σcr =
c2

4πG

ds
dddds

(2.35)

where dd, ds are the angular-diameter distance to the lens and the source respectively

from the observer and dds is the angular-diameter distance between the lens and the

source. Note that if K 6= 0, dds 6= ds − dd.

A significant detection of shear can be expected can be expected around massive

objects, such as galaxy clusters. The tangential shear around a central spherical lens

object is constant at constant radius. By estimating the average of the constant

shear within an annulus around such objects and by comparing the average shears in

multiple annuli to prediction from the parametric models of dark matter distribution,

a great deal about the relationship between the baryonic matter and the dark matter

can be learnt.

The statistical properties of the shear field, specified in terms of n-point correlation

functions, can be predicted for a given model of the Universe. Cosmic shear refers

to the gravitational lensing by the large scale structure (LSS) of the Universe. It

measures the clustering of the LSS from the highly non-linear (< Mpc) regime to
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very large scales, well within the linear regime. Cosmic shear measurements are weak

lensing measurements made without the knowledge of the foreground (lens) struc-

tures. The distortions in the galaxy images introduced by the LSS is very weak and

therefore very difficult to measure. However, measuring cosmic shear is of immense

interest as it probes the matter power spectrum directly. In addition to measuring

the geometry of the Universe, cosmic shear has the ability to study the growth of

structure and distinguish between dark energy and modified gravity theories.

It differs from the formalism explained in Sec. 2.2.1 in several aspects. The deflection

does not happen at a single lens plane but continuously by the 3-D matter distribu-

tion.

As mentioned in Sec. 2.2.1, if the angular size of the source galaxy is small, then

the mapping A between the observed angular position and the true position can be

locally linearized. The lensing potential from which the parameters κ and γ can be

derived using Eqs. 2.31 and 2.32 is given by

ψ(θθθ, χ) ≈ 2

c2

∫ χ

0

dχ′ dA(χ− χ′)

dA(χ)dA(χ′)
Φ(dA(χ

′)θθθ, χ′) (2.36)

to the first order in the Newtonian gravitational potential Φ. The potential Φ is

related to the density fluctuation via the Poisson equation

∇2
~X
Φ = 4πGρ ∇2

~xΦ = 4πGρa2δ, (2.37)

where ∇2
~X
and ∇2

~x are the Laplacian operators in physical and comoving coordinates

respectively. Note that ρ = Ωmρcr where ρcr = 3H2
0/8πG. Substituting,

∇2Φ(dA(χ)θθθ, χ) =
3H2

0Ωm

2

δ(dA(χ)θθθ, χ)

a(χ/c)
(2.38)

Lensing is sensitive to the geometry of the Universe by the fact that angular diameter

distances appear in the definition of the lensing potential. However, better constraints

are ΩK are obtained from CMB experiments, which suggest that the geometry of the

Universe is consistent with being flat. We will assume that the geometry of the

Universe is flat for the rest of this document. In a flat universe, dA(χ) = χ.
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Since κ = 1
2
∇2ψ, we get

κ(θθθ) =

∫

dχW (χ)δ(χ, χθθθ) (2.39)

where the lensing efficiency W is defined as

W (χ) =
3

2
Ωm0H

2
0a

−1(χ)χq(χ) (2.40)

with q referred to as the lens efficiency given by

q(χ) =

χs=χlim
∫

χs=χ

dχsns(χs)
χs − χ

χs
(2.41)

The Fourier transform of the convergence and shear are given by

κ̃(ℓℓℓ) =

∫

d2 θ eiℓℓℓ.θθθκ(θθθ) γ̃(ℓℓℓ) =

∫

d2 θ eiℓℓℓ.θθθγ(θθθ) (2.42)

When averaged over large areas in the sky, 〈γ〉 = 0 due to isotropy. Thus, one needs

to look at a two-point statistics or higher order statistics. Similar to Eq. 2.21, we

define the convergence and shear power spectrum as

〈γ̃(ℓℓℓ)γ̃∗(ℓℓℓ′)〉 = (2π)2δD(ℓℓℓ− ℓℓℓ′)Pγ(ℓ) (2.43a)

〈κ̃(ℓℓℓ)κ̃∗(ℓℓℓ′)〉 = (2π)2δD(ℓℓℓ− ℓℓℓ′)Pκ(ℓ) (2.43b)

The shear and the convergence in Fourier space are related to each other as

γ̃(ℓℓℓ) =
(ℓ1 + iℓ2)

2

ℓ2
κ̃(ℓℓℓ) = e2iβ κ̃(ℓℓℓ) (2.44)

Since the two quantities differ only by a phase factor, the convergence and shear power

spectrum are same, i.e., Pγ = Pκ and can simply be referred to as the lensing power

spectrum. In practice, one computes the lensing power spectrum from a shear field.

However, the lensing power spectrum is easy to analyze when viewed as convergence

power spectrum, owing to the scalar nature of κ.
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E mode

B mode

Figure 2.1: Left Top: γ+ > 0, γ× = 0 Right Top: γ+ < 0, γ× = 0 Left Bottom:
γ× < 0, γ+ = 0 Right Bottom: γ× > 0, γ+ = 0 Source: [3]

The lensing power spectrum is related to the matter power spectrum Pδ as

Pκ(ℓ) =
9

4
Ω2

m0H
4
0

∫

dχ
q2(χ)

a2(χ)
Pδ

(

k =
ℓ

χ
, χ

)

(2.45)

=

∫

dχ
W 2(χ)

χ2
Pδ

(

k =
ℓ

χ
, χ

)

(2.46)

=

∫

dz
W 2(z)

χ2(z)H(z)
Pδ

(

k =
ℓ

χ
, χ

)

(2.47)

While it is possible to obtain the lensing power spectrum directly from a catalog of

shape estimates, most weak lensing analyses are done in real space using angular

correlation functions.

Given a direction ϕ (polar angle on the ‘plane’ of the sky), we define the tangential

and cross components of the shear relative to the given direction as

γ+ = −Re
(

γe−i2ϕ
)

γ× = −Im
(

γe−i2ϕ
)

(2.48)

Fig. 2.1 shows the orientation of the galaxies when one of the tangential or cross

components vanishes. The elongation for circular sources depends on the magnitude

of the shear. Using these two shear components, we can define two autocorrelation

functions 〈γ+γ+〉 and 〈γ×γ×〉 and a cross-correlation function 〈γ+γ×〉. However, it is
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more convenient to define the autocorrelation functions as

ξ±(θ) = 〈γ+γ+〉 (θ)± 〈γ×γ×〉 (θ) (2.49a)

ξ×(θ) = 〈γ+γ×〉 (θ). (2.49b)

Under a parity transformation, γ+ → γ+ but γ× → −γ×. Assuming that the popula-

tion of the galaxies is invariant under parity, 〈γ+γ×〉 = 0. The ξ+ and ξ− have even

and odd parity. The correlation functions are related to the lensing power spectrum

via the relations

ξ+(θ) =
1

2π

∫

dℓ ℓJ0(ℓθ)Pκ(ℓ) (2.50a)

ξ−(θ) =
1

2π

∫

dℓ ℓJ4(ℓθ)Pκ(ℓ) (2.50b)

where Jn(x) is the n-th order Bessel function of the first kind.

The inverse relations are given as

Pκ(ℓ) = 2π

∞
∫

0

dθ θJ0(ℓθ)ξ+(θ) = 2π

∞
∫

0

dθ θJ4(ℓθ)ξ−(θ) (2.51)

Although this is not used to construct the lensing power spectrum from the correlation

functions, the second equality is useful to see how ξ+ and ξ− are not independent but

related to each other. This is not surprising since κ and the γ are obtained from a

scalar lensing potential ψ.

Thus, a shear produced by gravitational lensing must obey the above equality. How-

ever, in practice, the measured shear correlation functions need not obey the con-

straint. The violation of the equality is usually a sign of a persisting systematic

in the data analysis pipeline. To quantify this violation, we define an aperture mass

statistic which is obtained from linear combinations of the correlation functions. They

have the advantage that they can be separated into the so-called E-mode and B-mode

components.

ME(θ) =
1

4π

∫

d2θ′
[

ξ+(θ
′)T+

(

θ′

θ

)

+ ξ−(θ
′)T−

(

θ′

θ

)]

(2.52a)
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MB(θ) =
1

4π

∫

d2θ′
[

ξ+(θ
′)T+

(

θ′

θ

)

− ξ−(θ
′)T−

(

θ′

θ

)]

(2.52b)

where

T+(x) =
x4 − 16x2 + 32

128
exp

(

−x
2

4

)

(2.53a)

T−(x) =
x4

128
exp

(

−x
2

4

)

(2.53b)

In the absence of systematic effects, MB(θ) ≪ME(θ).

Tomography

The lensing formalism explained above is essentially two-dimensional as the lensing

power spectrum involves an integral over the line-of-sight coordinate. By separating

the source galaxies according to their redshifts and assigning them to one of the many,

say Nz redshift bins, we can obtain multiple lensing fields. Since the lensing efficiency

of a given overdensity is different for different redshifts, with the maximum occuring

at χ = χs/2 (in a flat Universe), we can probe different epochs in the growth history

of the Universe differently. This method, which goes by the name Shear Tomography,

allows us to reconstruct the three-dimensional view of the Universe.

One can compute Nz auto correlation functions and Nz(Nz − 1)/2 cross correlation

functions. For i, j ∈ {1, 2, . . . , Nz}, we define

C ij
γγ(ℓ) = C ij

κκ(ℓ) =

∫ ∞

0

d z
Wi(z)Wj(z)

χ2(z)H(z)
Pδ

(

k =
ℓ

χ(z)
, z

)

(2.54)

One can also define a cross correlation between two different fields, such as between

the shear and the convergence as

C ij
gκ(ℓ) =

∫ ∞

0

d z
Wg,i(z)Wj(z)

χ(z)H(z)
Pgδ

(

k =
ℓ

χ(z)
, z

)

(2.55)

and galaxy-galaxy power spectrum C ij
gg(ℓ). Tomography is an approximate method

of 3D lensing [29] and was applied to CFHTLens Lensing data [30] to find the cos-

mological parameters.
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Practical estimates of shear

Galaxies have a wide distribution of their observed brightness. In a given area of the

sky, the faint galaxies outnumber the bright galaxies. However, faint galaxies have

a lower signal-to-noise (SNR) ratio compared to the brighter ones. Thus, practical

estimates of the shear must account for the difference in their SNR by giving higher

weights to the brighter ones and low weights to the fainter ones.

ĝi =

∑

waε̂
a
i

∑

wa
(2.56)

A commonly adopted weighting scheme is the inverse-variance weighting scheme with

weights defined as

wa =
1

σ2
SN + σ2

ǫ

, (2.57)

where σSN is the shape noise and σǫ is the measurement noise. For a given set of

weights, the shear correlation function estimator is then given as

ξ̂AB
± (θ) =

∑

a∈A,b∈B
wawb

[

ε̂a+ε̂
b
+ ± εa×ε̂

b
×
]

∑

a∈A,b∈B
wawb

(2.58)

2.2.2 Systematic effects

During the process of acquiring the image, the image of the galaxies are smeared by the

atmosphere (known as ‘seeing’) and then by the optics of the telescope. The smearing

varies spatially and also temporally. The galaxy is observed against the zodiacal

background light in the sky, which is a significant contributor to the Poisson noise in

the image. The light profile is then pixelated at the detectors of the telescope and

then read out using electronics that have their own noise characteristics. In addition

to noise, detectors can introduce minor artifacts in the images due to their non-

ideal behavior. For a pedagogical review of systematic effects from instrumentation,

see [31].

During the shape measurement process, multiple exposures are co-added to boost the

signal-to-noise ratio. For space-based surveys, exposures which are offset from each

other by a fraction of the pixels are combined to give an image with higher resolution.
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From this science image, one identifies the source objects using an automated software

such as SExtractor [32]. Identifying two or more objects that are overlapping with

each other, a problem known as deblending continues to be one of the problem that

is not completely solved yet.

Given a catalog of shapes for the galaxies, we can construct a shear field on the sky

using the estimator in Eq. 2.56 However, we do not get to observed the shape of

the lensed image of the galaxies directly. Generation of a shape catalog is preceeded

by an image processing pipeline with multiple steps, each of which could introduce

uncertainty and error in the shapes of the galaxies.

The main effect of the PSF on galaxy images is that it makes an elliptical source

rounder: a small source (small compared to the PSF size) with a large ellipticity

will appear as a fairly round image. An anisotropic PSF makes round sources look

elliptical, mimicking a shear. Often times, the PSF is not completely known. Even

if the PSF is known completely, the PSF correction schemes are only approximate

in one way or another, leading to some residual effects and hence biasing the shear

estimates. Moreover, usage of biased weights leads to biased estimates as well. Thus,

the estimate ĝ 6= g(true) but some function of the true shear. If |g(true)| ≪ 1, then

we could ignore the higher order terms and express ĝ as a linear function of g(true).

Following the parametrization in [33], we relate the measured shear γ̂ and the true

shear γ(true) by a linear relation as

γ̂i(zs, θθθ) = (1 +mi(zs, θθθ))γ
(true)
i (zs, θθθ) + ci(zs, θθθ), (2.59a)

ĝi(zs, θθθ) = (1 +mi(zs, θθθ))g
(true)
i (zs, θθθ) + ci(zs, θθθ), (2.59b)

where ms are the multiplicative calibration biases and cs the additive shear biases.

If we knew the bias parameters exactly, we could subtract them off from our mea-

surements or include them in our models. However, it is not possible to know them

precisely since they have complex dependencies on various quantities. The shear cal-

ibration biases depend on the galaxy ellipticity, its size, brightness etc. and thus an

indirect dependency on the source redshift zs. Thus, one can estimate a distribution

of the systematic bias values and hope that the residual errors are small.
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For the linear model given in Eqs. 5.20,

〈γ̂γ̂〉 = (1 +m)2
〈

γ(true)γ(true)
〉

+ 2(1 +m)
〈

cγ(true)
〉

+ 〈cc〉 (2.60)

〈gγ̂〉 = (1 +m)
〈

gγ(true)
〉

+ 〈gc〉 (2.61)

, where g refers to the galaxy position (and not the reduced shear). For large ar-

eas, assuming that the additive bias is uncorrelated with the local shear,〈gc〉 = 0 =
〈

cγ(true)
〉

. Taking the Fourier transform the shear-shear correlation, we get (see [34]

for details)

Ĉ(ℓ, zi, zj) =
∑

ℓ′

(1 +M(ℓ, ℓ′, zi, zj))C(ℓ
′, zi, zj) +A(ℓ, zi, zj) (2.62)

Thus, M mixes different scales as well as the true E-mode signals with unphysical

B-modes. In terms of the mean multiplicative bias 〈m〉, M = 2 〈m〉+ 〈m2〉 ≈ 2 〈m〉.
While it may be possible to estimate the mean values of m and c analytically, they

hold true only for special cases, such as modelling galaxies Gaussian light profiles

and using unweighted second moments to calculate the galaxy sizes and shapes. In

practice, one way to estimate the bias parameters is from image simulations. By for-

ward simulating the images of galaxy fields with some input lensing shear or lensing

power spectrum that also incorporate realistic effects such as smearing due to a PSF,

pixelization and inclusion of noise, we can compare the estimated shear from a given

shape measurement algorithm to the true shear and estimate the calibration bias

parameters. For an accurate estimation of the biases, it is important that the simu-

lated images are as realistic as possible. Several community-wide blind image analysis

challenges such as the Shear TEsting Programme [STEP; 33, 35] and GRavitational

lEnsing Accuracy Testing challenges [GREAT; 36, 37, 38] have been held in the past,

testing different aspects of the shear estimation pipeline in different challenges.

Prior works such as [34, 39] discuss the effects of systematic bias in cosmic shear.

using Fisher analysis and its extensions.

Following is a summary of the conclusions from [34]. For the Euclid 1 mission, in order

to ensure that the bias on the dark energy equation of state parameter w is less than

1www.euclid-ec.org
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31% of the statistical error for 95% of the random realizations, one requires

A . 1.8× 10−12 M . 4.0× 10−3 (2.63)

This translates to m . 2.0 × 10−3 and c . 1.4 × 10−6. Less stringent requirements

are given in [40] which were used in the GREAT3 challenge [38].
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Chapter 3

The impact of cosmic variance on

simulating weak lensing surveys

Journal reference: Monthly Notices of the Royal Astronomical Society 449.4 (2015):

3597-3612

Original authors : Arun Kannawadi, Rachel Mandelbaum, Claire Lackner

Original abstract : Upcoming weak lensing surveys will survey large cosmological vol-

umes to measure the growth of cosmological structure with time and thereby constrain

dark energy. One major systematic uncertainty in this process is the calibration of

the weak lensing shape distortions, or shears. Most upcoming surveys plan to test

several aspects of their shear estimation algorithms using sophisticated image simula-

tions that include realistic galaxy populations based on high-resolution data from the

Hubble Space Telescope (HST). However, existing datasets from the HST cover very

small cosmological volumes, so cosmic variance could cause the galaxy populations in

them to be atypical. A narrow redshift slice from such surveys could be dominated

by a single large overdensity or underdensity. In that case, the morphology-density

relation could alter the local galaxy populations and yield an incorrect calibration

of shear estimates as a function of redshift. We directly test this scenario using the

COSMOS survey, the largest-area HST survey to date, and show how the statistical

distributions of galaxy shapes and morphological parameters (e.g., Sérsic n) are influ-
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enced by redshift-dependent cosmic variance. The typical variation in RMS ellipticity

due to environmental effects is 5 per cent (absolute, not relative) for redshift bins of

width ∆z = 0.05, which could result in uncertain shear calibration at the 1 per cent

level. We conclude that the cosmic variance effects are large enough to exceed the

systematic error budget of future surveys, but can be mitigated with careful choice

of training dataset and sufficiently large redshift binning.
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3.1 Introduction

Weak gravitational lensing, the deflection of light by mass, is one of the cleanest ways

to study the nature of dark energy by tracking the growth of structure in the Universe

as a function of time [e.g., 41, 42, 43]. As light from background sources passes by mat-

ter (including dark matter) on its way to us, the apparent shapes of the background

galaxies get distorted, and the galaxies get slightly magnified as well. Because of its

sensitivity to dark matter and dark energy, major surveys such as the Hyper Suprime-

Cam [HSC; 44], Dark Energy Survey [DES; 45], the KIlo-Degree Survey [KIDS; 46],

the Panoramic Survey Telescope and Rapid Response System [PanSTARRS; 47], the

Large Synoptic Survey Telescope [LSST; 48], Euclid1 [49], and Wide-Field Infrared

Survey Telescope [WFIRST; 50] the Large Synoptic Survey Telescope [LSST; 48],

Euclid2 [49], and Wide-Field Infrared Survey Telescope [WFIRST; 50] are planned

for the next two decades to gather enormous quantities of weak lensing data that

will lead to precise constraints on the growth of structure with time, and therefore

cosmological parameters.

For the upcoming surveys to achieve their promise, their systematic error budgets

must be below their statistical error budgets. Systematic error budgets for weak

lensing surveys typically include astrophysical effects, such as intrinsic alignments of

galaxy shapes with large scale density fields [e.g., 51] and the effect of baryons on the

matter power spectrum [e.g., 52, 53], as well as observational uncertainties such as the

ability to robustly infer shears from observed galaxy shapes or photometric redshifts

from their observed colours. Given the expected sub-per cent statistical errors on

upcoming surveys, systematic errors must be reduced from their typical level in the

current state-of-the-art measurements that typically achieve ∼ 5 per cent statistical

errors at best [e.g., 54, 55, 56, 57].

Some types of information about and tests of shear estimation for ongoing and future

weak lensing surveys will rely on data from the Hubble Space Telescope (HST). For

example, data from HST can be used to derive basic statistics of galaxy light profiles,

such as joint distributions of size and the morphology. It can be used to infer the

intrinsic distribution of galaxy shapes, which enters the shear estimation process

1http://sci.esa.int/euclid/, http://www.euclid-ec.org
2http://sci.esa.int/euclid/, http://www.euclid-ec.org

30

http://sci.esa.int/euclid/
http://www.euclid-ec.org
http://sci.esa.int/euclid/
http://www.euclid-ec.org


either implicitly or explicitly depending on the method used for shear estimation

[see, e.g., 58]. Going beyond basic information about the light profile, HST can be

used to quantify the detailed morphology of galaxies, due to its higher resolution

compared to any current or planned weak lensing survey. Finally, it can be used to

address systematics due to colour gradients within galaxies, which are particularly

problematic when combined with a wavelength-dependent diffraction-limited PSF

[e.g., 59, 60].

One method that is commonly used to test for the presence of systematic errors in the

shear estimation process is image simulation, where we can cleanly test whether our

methods of shear estimation recover the ground truth. This is a valuable test, con-

sidering the numerous sources of additive and multiplicative bias such as a mismatch

between galaxy model assumptions and actual galaxy light profiles [e.g., 61, 62], bi-

ases due to the effects of pixel noise on the shear estimates [63, 64, 65], and ellipticity

gradients [66]. These biases often differ for galaxies with different morphologies (e.g.,

disks vs. ellipticals), sizes, S/N , and shape [67, 68]. A general requirement for simu-

lations used to test shear recovery is that they should be as realistic as possible.

Realistic simulations may use samples based on images from the (HST). Software

packages like GalSim
3 [69] can generate images of galaxies from the HST as they

would appear with an additional lensing shear and viewed by some lower resolution

telescope. Examples of training samples from the HST include the COSMOS survey

[used by the GREAT3 challenge, 38] or the Ultra Deep Field [UDF, used by 56].

These two examples serve as the extremes in the HST samples used as the basis

for image simulation, with COSMOS being the widest contiguous area surveyed by

the HST currently and hence representive, and the latter being extremely deep but

narrow.

For a variety of physical reasons, some of which are still not fully understood, the

shape and morphology of galaxies depends on their local environment [e.g., 70, 71].

Hence, local overdensities or underdensities along the line of sight observed in these

HST fields may (given the small size of the field) cause the properties of the galaxy

population in redshift slices to be atypical depending on the environment in that slice.

This has the undesired consequence of including a variation in galaxy properties due

to the COSMOS (or other) survey cosmic variance in the simulated galaxy sample

3https://github.com/GalSim-developers/GalSim
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in that redshift slice, rather than only including ensemble effects that would appear

in a large cosmological volume, such as true redshift evolution of galaxy properties.

Our goal is to quantify the degree to which the morphology-density correlations in

COSMOS cause noticeable changes in the galaxy populations in narrow redshift slices

at a level that could result in difficulty using the sample to derive redshift-dependent

shear calibrations. Upcoming surveys will study lensing as a function of redshift and

therefore need to simulate galaxy samples at different redshifts in order to assess the

shear calibration at each redshift.

The paper is structured as follows: in Sec. 3.2, we describe the data that we use

for this study. In Sec. 3.3, we describe our methods for deriving the relevant galaxy

properties like environment, morphology, and shape. Using these ingredients, we

present our results in Sec. 3.4 and discuss their implications in Sec. 3.5, concluding

in Sec. 3.6.

3.2 Data

The COSMOS survey [72, 73, 74] is a flux-limited, narrow deep field survey covering

a contiguous area of 1.64 deg2 of sky, with images taken using the Advanced Camera

for Surveys (ACS) Wide Field Channel (WFC) in the Hubble Space Telescope (HST).

We use the COSMOS survey to define a parent sample of galaxy images to be used

for making image simulations, following the approach taken in [38, 75].

We apply the following set of initial cuts to the COSMOS data, the first two of which

are motivated and explained in more detail by [74]:

1. MU CLASS=1: This criterion uses a comparison between the peak surface bright-

ness and the background level to achieve a robust star/galaxy separation, with

galaxies having MU CLASS=1.

2. CLEAN=1: Objects near bright stars or those containing saturated pixels were

removed; the rest pass this cut on CLEAN.

3. GOOD ZPHOT SOURCE =1: This cut requires that photometric redshifts be reliable

and good enough to draw conclusions about the population (see [75] for details).

High resolution images taken through the wide F814W filter (broad I ) for all galaxies
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passing the above cuts were used to create a collection of postage stamp images for the

GREAT3 challenge [38], using the procedure described in [75]. Each galaxy postage

stamp image has a corresponding PSF image that can be used by GalSim or other

software to remove the effects of the HST PSF before simulating the galaxy image as

it would appear at lower resolution.

To better characterize the galaxy population, parametric models were fit to the light

profiles of these galaxies. These were carried out using the method described in [76],

and include Sérsic profile fits and 2 component bulge + disk fits described in detail

in [38] and briefly in Sec. 3.3.3 of this work.

In addition to the ACS/WFC (F814W) imaging, the COSMOS field has also been

imaged by Subaru Suprime-Cam, the Canada-French Hawaii Telescope (CFHT) and

KPNO/CTIO, yielding many bands of imaging data used to determine high-fidelity

photometric redshifts. Photometric redshifts were determined by [77]. The accuracy

of photometric redshifts for mF814W ≤ 22.5 is σ∆z = 0.007(1 + z); for mF814W ≤
24, σ∆z = 0.012(1 + z). The photometric redshift values become noisier beyond

z ∼ 1.2, and the fits to the galaxy light profiles are also somewhat noisy once we go

beyond mF814W ∼ 23.5. For this reason, we will exclude all galaxies that have F814W

magnitude fainter than 23.5. However, we will use themF814W ≤ 25.2 sample that was

generated for the GREAT3 challenge to estimate the completeness, which is useful

when generating a volume-limited sample (Sec. 3.3.2). We first use the z ≤ 1.25 flux-

limited sample to fit parametric redshift distribution models (Sec. 3.3.1), and then

restrict ourselves to z ≤ 1 sample for all further analysis.

Stellar mass estimates were obtained [78] using the Bayesian code described in [79].

This process involves constructing a grid of models that vary in age, star formation

history, dust content and metallicity (always assuming a Chabrier IMF; [80]), to which

the observed galaxy spectral energy distributions (SEDs) and photometric redshift

are compared. At each grid point, the probability that the SED fits the model is

calculated, and by marginalizing over the nuisance parameters in the grid, the stellar

mass probability distribution is obtained. The median of this distribution is taken as

the stellar mass estimate.
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3.3 Methods

In order to study the variation in the intrinsic ellipticity distribution and various

morphological indicators with the galaxy environment, there are three main steps to

be carried out:

1. Identify overdense and underdense environments along the line of sight in our

survey from the redshift distribution of galaxies (Sec. 3.3.1);

2. volume-limit the sample such that Malmquist bias is minimized before compar-

ing galaxies in different redshift slices (Sec. 3.3.2); and

3. estimate the galaxy axis ratios and other morphological indicators such as Sérsic

index and bulge-to-total ratios (Sec. 3.3.3).

In this section we will describe how these steps were carried out.

3.3.1 Finding overdensities

It is important to keep in mind when considering the environment estimation that our

goal is not to create a full 3D mapping of the density field within the COSMOS region

(a task that was already addressed by [81] using the zCOSMOS spectroscopic sample).

Instead, we make a coarse, 1-dimensional, line of sight division of the COSMOS survey

into redshift slices, just as would be done when making galaxy redshift slices as input

to a weak lensing survey simulation. For each redshift slice, we can then check whether

the environment is overdense or underdense on average. Our approach will tend to

wash out some real trends from a 3D study, but is appropriate given our scientific

goal of testing effects of the environment on weak lensing simulations based on the

COSMOS survey.

For our (flux-limited) sample of galaxies, up to z = 1.25, we fit parametric models to

the histograms of photometric redshifts in order to assign values of overdensity. We

choose our bins to be 0.05 wide starting from z = 0.3, where the bin width is selected

to be somewhat larger than the photometric redshift error but narrow enough that we

can still identify rather than averaging over real cosmological structures. We neglect

the lowest redshifts which have negligible cosmological volume and where the galaxy
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Figure 3.1: Upper panel: Redshift distribution of flux-limited (mF814W ≤ 23.5) sample
with photometric redshift bins that are 0.05 wide. The vertical line at z = 0.3
indicates the delineation between lower redshifts that we do not use for our analysis,
and higher redshifts that are used. Fits to two analytical functions, p1(z) and p2(z),
defined in Eqs. 3.2 and 3.3, are also shown, with best-fitting parameters a = 2.53 ±
0.98, z1 = 0.32 ± 0.16, b = 1.70 ± 0.50 and z2 = 0.63 ± 0.13. We also show the
distributions from [4] from Eqs. 3.4 and 3.5. Lower panel: Plot of δg,1D = N/Nmod−1
with each functional form as the model for each redshift bin.
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population tends to be intrinsically bright and large enough that a non-negligible

fraction is lost due to the cuts we impose (Sec. 3.2).

One of the most commonly used analytical expression for the redshift distribution in

a magnitude-limited sample is

p(z) ∝
(

z

z0

)α

exp

[

−1

2

(

z

z0

)β
]

, (3.1)

where α, β and z0 are free parameters that are chosen to fit the data. While this

functional form is convenient and is empirically seen to describe the data extremely

well, the form could also be motivated from that of the Schechter function for the

luminosity function. Intutively, the power term captures the increase in the number of

galaxies due to increase in the volume considered, while the exponential tail captures

the decrease in the count due to the lack of bright enough galaxies.

The parametric redshift distributions that we use are

p1(z) ∝ za−1 exp [−z/z1] (3.2)

and

p2(z) ∝ zb−1 exp

[

−1

2

(

z

z2

)2
]

(3.3)

Here a, b, z1 and z2 are free parameters that are to be determined. The normalization

constants depend not only on the parameters but also on the lower and the upper

limit of the redshifts considered, where we fix the normalization to ensure that the

predicted number of galaxies in the range used (0.3 < z < 1.25) is equal to the

actual number. Fig. 3.1 shows the photometric redshift histogram together with the

best-fitting parametric distributions.

We compare our fits to the fits made by [4] using the DEEP2 galaxy redshift survey.

Interpolating between their results for the 18 < IAB < 23 and 18 < IAB < 24 samples

to our own limiting magnitude (and assuming equivalence of our I bands), we obtain

the following redshift distributions:

p3(z) ∝ z2 exp [−z/0.262] (3.4)
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and

p4(z) ∝ z2 exp [−(z/0.361)1.2] (3.5)

which are also plotted in Fig. 3.1. Note that p3(z) is a special case of p1(z) with a = 3

and z1 = 0.262; these parameter values are within the 1σ allowed regions for our fits

to Eq. 3.2. Visually, these distributions appear quite similar to our own fits carried

out here, which is reassuring given the use of different survey data and functional

forms.

The estimated overdensity in a redshift bin is defined by comparing the observed

galaxy counts in the bin with the counts that are predicted in that bin by one of the

models in Eqs. (3.2) and (3.3):

δg,1D =
(N −Nmod)

Nmod
, (3.6)

where

Nmod =

∫ zmax

zmin

p(z) dz (3.7)

is determined by integrating the redshift distribution within the limits of that redshift

slice. Note that δg,1D is dependent on our choice of model redshift distribution, and

should have a mean value of 0 over the entire redshift range when weighted by the

number fraction in each bin.

Our preliminary decision criterion for identifying overdense and underdense redshift

slices involves leaving a 10 per cent margin around an overdensity of zero; i.e., if

|δg,1D| < 0.1, that is considered “neutral” (neither overdense nor underdense on aver-

age). We can then label each redshift slice as either overdense, underdense, or neutral

as follows: We label a redshift bin as overdense if at least one model gives a value of

δg,1D > 0.1 while the other gives δg,1D > −0.1 (neutral or overdense), and vice versa

for the underdense regions. We label a redshift bin as neutral if both models give

δg,1D within the neutral region, or if use of one model redshift distribution results in

the conclusion that the bin is overdense while the other leads to the conclusion that

it is underdense.

Once we volume-limit our sample (explained in Sec. 3.3.2), we again compare the

histogram to the models. If there is no qualitative change in the overdensities, we

stick with the preliminary decision. If the overdensity values flip in sign or become too
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small, then we classify the redshift bin as ‘neutral’. The naive Poisson uncertainty of

the counts in each bin is much less than the difference between the actual number of

galaxies present and the number predicted by the models. For this reason, errorbars

have been completely ignored.

We thus identify the regions z = 0.30−0.40, 0.65−0.75, and 0.80−0.85 as overdense;

z = 0.55 − 0.65 and 0.75 − 0.80 as underdense; and we defer classication of the

somewhat ambiguous range from z = 0.40− 0.55 until Sec. 3.3.2.

We have adopted this purely 1D environment classification for reasons explained at

the beginning of this section. However, as a sanity check we can compare it with

a more rigorous study that includes information about structure in the plane of the

sky. [81] used a sample of ∼10 000 zCOSMOS spectroscopic galaxies with IAB < 22.5

to reconstruct the three dimensional overdensity field up to z ∼ 1. We find that our

classification of overdensities and underdensities agrees with this work, except for our

two highest redshift bins. We believe that this disagreement is due to the errors in

our photometric redshifts, with the overdensity reported by [81] in the z = 0.875− 1

range leaking into our z = 0.80− 0.85 slice.

3.3.2 Volume-limiting

COSMOS is a flux-limited survey and is therefore affected by Malmquist bias, with

the galaxy samples at higher redshifts being intrinsically brighter on average. Our

analysis involves comparing galaxies in different redshift slices to identify significant

differences in morphology that arise due to morphology-density correlations. Such

an analysis would be very difficult with a flux-limited sample because there would

be some variation in morphology with redshift just due to the intrinsic change in

the sample properties. For a fair comparison, we must restrict ourselves to galaxies

that are bright enough that they would be observed at all redshifts that we consider,

which is achieved by volume-limiting the sample. We consider three different ways

of carrying out this process, which results in three different galaxy sample selections,

all of which we will use in the remainder of the analysis.

Call the flux-limited (mF814W ≤ 23.5) sample S0. Our first approach is to generate a

volume-limited sample that is complete up to z = 1, by applying a cut on luminosity
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Figure 3.2: Distribution of absolute magnitudeMI for various flux-limited samples in
the redshift range [0.80, 0.85] are plotted together. The vertical line corresponds to
our luminosity cut of −20.8, brighter than which the mF814W < 23.5 sample includes
> 95.3 per cent of the galaxies in the mF814W < 25.2 sample.
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such that only galaxies instrinsically brighter than a certain threshold (determined in

detail below) are considered. This threshold is set on the k-corrected I-band absolute

magnitudes (MI) from the COSMOS PSF-matched photometry catalog. Since the

parent sample contains fainter galaxies and is quite complete to mF814W = 25.2, we

compare the MI distribution of the mF814W = 23.5 sample with flux-limited samples

that have fainter flux limits, to see where the mF814W < 23.5 sample that we want to

use for our tests is no longer complete. At MI ∼ −22.0, the mF814W < 23.5 sample

is beginning to lose galaxies in the 0.9 < z < 1.0 redshift bin due to the flux limit.

However, the 0.85 < z < 1 redshift bin was found to be only moderately overdense,

so we choose to disregard this region for the rest of the analysis, and instead restrict

to z < 0.85, which is advantageous because it allows us to choose a somewhat fainter

intrinsic luminosity limit for the analysis. We relax our luminosity cut so that the

sample is volume-limited not until z = 1 but until z = 0.85. We impose the cut at

MI = −20.8, which gives 95.3 per cent completeness in the 0.8 < z ≤ 0.85 bin (see

Fig. 3.2). The resulting sample, which has 13 567 galaxies, will be called sample S1
in the remainder of this work.

However, previous studies [e.g., 82, 83, 84, 85] have shown that galaxy intrinsic lu-

minosities evolve with redshift. Thus, we should also let the luminosity cut that we

apply to volume-limit the sample evolve with redshift. Unfortunately, the majority of

the published work on evolution of the luminosity function uses B and V band data,

and it is not apparent that the results should be the same in a redder passband like I.

We use the results from [85] for the evolution of B-band magnitudes from the DEEP2

and COMBO-17 surveys, which is ∆M∗
B ∼ −1.23 mag per unit redshift (with the sign

indicating that galaxies were intrinsically brighter in the past), for a combined sample

of blue and red galaxies. Typically, estimates of evolution in the redder bands are less

than the estimates of evolution in bluer bands [86, 87]. Assuming that the evolution

is a smooth function of the wavelength, the evolution in I-band should be in between

B and K band. Therefore, by considering no evolution (a lower limit) as in our S1,
and a second sample S2 constructed using the B-band evolution (as an upper bound

on the I-band evolution), we can assume that these two samples bracket reality.

Thus, S2 is constructed by letting the luminosity cut evolve, starting from MI =

−20.8 (same as in S1) for the 0.8 < z ≤ 0.85 bin. The cut values for the other

bins are defined by allowing 1.23 magnitudes of evolution to fainter magnitudes as a
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function of redshift (evaluated using the bin centers). Because of the sign of redshift

evolution, S2 includes more galaxies (15 903 galaxies).

One might wonder why we cannot use the luminosity function in F814W based on the

COSMOS observations to directly determine the rate of evolution of the luminosity

function for our sample, thus simplifying this exercise. However, this turns out to

be highly non-trivial for two reasons. First, the F814W observations are relatively

shallow compared to the deep ground-based observations used in many other works

for determination of luminosity evolution. As a result, it is difficult to get a handle on

the faint end of the luminosity function, and the unknown faint-end slope turns out to

be degenerate with the evolution of the typical luminosity. Second, the photometric

redshift error is a complicating factor that requires sophisticated techniques to remove.

A derivation of the I-band luminosity evolution is therefore beyond the scope of this

work.

Finally, we can circumvent the problem of redshift evolution of the luminosity by

imposing cuts on stellar mass instead. In Fig. 3.3, we show the stellar mass function

(SMF) of our sample for various F814W flux limits. The shapes of the SMF curves

we obtain are consistent with those in [5] at the high stellar-mass end. [5] report the

SMFs for the ZFOURGE survey, which includes COSMOS. They calculated stellar

masses using the procedure and software described by [88], using a set of models with

exponentially declining star formation history [89] assuming a Chabrier IMF [80]. As

done for MI , we compare the stellar mass function of the mF814W ≤ 23.5 sample with

that of the mF814W ≤ 25.2 sample. The sample with log(M/M⊙) > 10.15 is ∼ 95 per

cent complete in the redshift bin 0.75 ≤ z < 0.85 and has 8953 galaxies in total across

all redshifts. Thus, we construct a third volume-limited sample S3 by imposing the

stellar mass cut mentioned above.

The numbers of galaxies in redshift slices are tabulated in Table 3.1 for all three

ways discussed in this section of obtaining a volume-limited sample. The stellar-mass

limited sample is the smallest, most likely because when converting from flux to stellar

mass, the stellar mass-to-light ratios vary strongly with galaxy type, so red galaxies

with highM∗/L simply have too low a flux compared to the blue galaxies at the same

M∗, and are not observed.

There is one subtlety in our method used for estimating completeness. We have used
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Redshift Environment S1 S2 S3
0.3-0.4 Overdense 1726 2505 1260

0.4-0.475 Neutral 988 1312 708
0.475-0.55 Neutral 1410 1793 904
0.55-0.65 Underdense 1797 2193 1183
0.65-0.7 Overdense 2096 2321 1354
0.7-0.75 Overdense 1963 2155 1239
0.75-0.8 Underdense 1159 1196 675
0.8-0.85 Overdense 2428 2428 1630

Table 3.1: List of different redshift bins, their environmental classification and the
number of galaxies per redshift bin for volume-limited samples constructed in three
different ways: using a hard luminosity cut (S1), using a redshift-dependent luminos-
ity cut (S2) and using stellar-mass cuts (S3).

Figure 3.3: Stellar mass distribution for various flux-limited samples are shown in
three redshift ranges as separate panels. The redshift bins have been chosen to facil-
itate the comparison with a study of the SMF in [5]. At high mass, the distributions
are the same for various flux limits, indicating that the samples are complete in
that mass range. The curves begin to deviate at low masses due to incompleteness
coming from the flux limit. The point at which the deviation exceeds our threshold
determines where the mass cutoff should be to volume-limit the sample.
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the full mF814W ≤ 23.5 sample for identifying overdensities and for the complete-

ness calculations that motivated our definitions of volume-limited samples. However,

everywhere else in the paper, we consider only those galaxies for which there are

postage stamp images used to create weak lensing simulations, in part because this is

the sample for which fits to Sérsic profiles were carried out, which is a requirement for

our morphology analysis. 12 per cent of the galaxies that pass our cuts do not have

an associated postage stamp image. Postage stamps may not exist because, given the

size of the galaxy, the size of the postage stamp we want to draw around it (including

some blank space) intersects the edge of the CCD. If all galaxies were the same size,

this would be a purely random effect, but in fact bigger galaxies are more likely to

get excluded by this cut. It is commonly the case that galaxies that are nearby and

intrinsically very bright do not have postage stamps associated with them, an effect

that is dominant at lower redshifts (and is part of our reason for excluding z < 0.3).

Our completeness calculation is done at high redshifts, and thus we believe that our

conclusions are not affected by this bias.

The functional forms for the (flux-limited) redshift distribution that we used in

Sec. 3.3.1 are not well-motivated for a volume-limited sample. If we fit them to

the redshift distribution of the volume-limited sample (MI < −22) that doesn’t take

into account the evolution of the luminosity function, then due to the absence of an

exponential tail in the histogram, the parameters that set the scale for the redshift

(z1 and z2) become very large. As a result, both p1(z) and p2(z) defined in Eqs. (3.2)

and (3.3) essentially become the same power law. The best-fitting exponent is re-

markably close to 2 (a = 2.78±0.28, giving an exponent 1.78±0.28), suggesting that

the comoving number density of galaxies is constant with redshift as we would ex-

pect for a volume-limited sample in a redshift range for which evolution is negligible.

Fig. 3.4 shows that the values of δg,1D for the z = 0.40 − 0.55 bin increase and are

within the [−0.1, 0.1] range that we have defined as neutral. This is the reason that

in Sec. 3.3.1 we classified them as neutral as opposed to underdense. We will see in

Sec. 3.4 that they are more similar to overdense regions as opposed to underdense

regions. The other redshift slices seem to exhibit a consistent behavior in Fig. 3.4

and Fig. 3.1.
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Figure 3.4: Upper panel: Redshift distribution of volume-limited (MI < −22) sample
with photometric redshift bins that are 0.05 wide. Two analytical functions with
best fit parameters are plotted over it, as discussed in the text. Lower panel: Plot of
(1 + δg,1D) = N/Nmod with each functional form as the model for each redshift bin.
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Figure 3.5: The distributions of the morphological parameters of interest, namely the
distortion (top left, from Sérsic fits, and top right, from re-Gaussianization), Sérsic
index (bottom left) and bulge-to-total ratio (bottom right) are presented. The shapes
of these distributions depend on the way the volume-limiting process is carried out.
S0 refers to the flux-limited (mF814 ≤ 23.5) sample and S1, S2 and S3 refer to the
volume-limited samples, as discussed in Sec. 3.3.2.

3.3.3 Describing galaxy morphology and shape

We choose simple and well-motivated ways to parametrize galaxy shapes and morphol-

ogy based on existing methods in the literature. These methods have the advantage

of being stable and well-defined in nearly all cases. However, for highly irregular

galaxies the meaning of the structural parameters that we derive is not entirely clear.

In all cases, our methods account for the effect of the HST PSF.

One method to estimate the galaxy ellipticities and other morphological parameters is

to fit parametric models convolved with the PSF to the observed galaxy light profile.
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We use the fits from [38], which used the methods and software from [76] to fit the

images to the following profiles:

1. A Sérsic profile given by the expression

IS(x, y) = I1/2 exp
[

−k(R(x, y)/Reff)
1/n − 1

]

, (3.8)

where

R2(x, y) =((x− x0) cosΦ + (y − y0) sinΦ)
2

+ ((y − y0) cosΦ− (x− x0) sinΦ)
2/q2,

Reff is the half-light radius of the profile defined along the major axis, I1/2 is

the surface brightness at R = Reff, (x0, y0) is the centroid of the image, Φ is the

position angle, n is the Sérsic index, k is a n-dependent normalization factor

required to ensure that half the light is enclosed within the half-light radius,

and q is the axis ratio of the elliptical isophotes. Thus, the Sérsic profile has 7

free parameters.

2. A sum of two Sérsic component fits: a de Vaucouleurs bulge (n = 4) plus an

exponential disc profile (n = 1). In this case, there are 10 free parameters,

because the Sérsic indices are fixed, and the two components are constrained

to have the same centroid.

More details about the fitting algorithm can be found in [76].

To quantify galaxy morphology and shape, we will use several quantities from the

above fits. First, from the single Sérsic profile fits, we use the Sérsic index and the

axis ratio. The axis ratio can also be used to derive a distortion,

e =
1− q2

1 + q2
(3.9)

or an ellipticity,

ε =
1− q

1 + q
. (3.10)

As an alternative morphological indicator (instead of Sérsic index) we use a bulge-to-

total ratio derived from the double Sérsic profile fits. This ratio is defined in terms
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of bulge and disk fluxes as
B

T
=

Fbulge

Fbulge + Fdisk
. (3.11)

The bulge-to-total flux ratio can be used as a proxy for colour gradients, since the

bulge and disk will tend to have different spectral energy distributions, and hence

any galaxy with B/T 6= 0 or 1 will have some level of colour gradients. If two galaxy

samples have different values for the typical B/T , this is likely to indicate not only

differences in morphology, but also in the level of colour gradients.

We also consider an alternative method for estimating the galaxy ellipticity or dis-

tortion. This method is based on using the observed weighted moments of the galaxy

and PSF, and correcting those of the galaxy for those of the PSF. This PSF cor-

rection scheme is the re-Gaussianization method described in section 2.4 of [90] as

implemented in theGalSim software package (with implementation details described

in [69]). This method models the true PSF g(x) as a Gaussian G(x) and the residual

ǫ(x) = g(x) − G(x) is assumed to be small. Thus, the Gaussian-convolved intrinsic

image, f , can be modeled as I ′ = G⊗ f = I − ǫ⊗ f , where I is the observed image.

The crucial idea here is that, when ǫ is small, we get a reasonably accurate estimate

of I ′ even if we use an approximate form for f . The form assumed for f is that of a

Gaussian with covariance M
(0)
f =M(I) −M(g), where M(I) and M(g) are the elliptical

Gaussian-weighted adaptive covariances of the measured object and PSF respectively,

described in section 2.1 of [90] and [91]. We refer to the re-Gaussianization estimates

of the PSF-corrected distortion as “moments-based shape estimates”. The value in

including them in this analysis is that they have quite different radial weighting from

the Sérsic profile fits, with the outer regions being quite downweighted when calcu-

lating adaptive moments. Thus, if ellipticity gradients are important, we could get

different results using these two shape estimators.

Fig. 3.5 shows the distribution of these morphological and shape parameters for the

flux-limited sample S0 and the three volume-limited samples - S1, S2 and S3. In

addition to the basic value in characterizing these distributions for our sample overall,

it is also useful to understand how the samples change when we vary our method

of volume-limiting the sample. For instance, galaxies with lower Sérsic indices are

preferentially selected in S2 compared to S1 and S3. Similarly, galaxies with low

ellipticity/distortion values are rejected in generating S2 (despite the lack of any
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explicit cut on shapes) while they are retained in S1 and S3. A simple explanation

is that the cuts in S2 are preferentially removing early-type populations, which have

higher Sérsic indices and lower ellipticities. For example, if the luminosity evolution

that was adopted is too strong particularly for early type populations, that could give

rise to the effect shown in Fig. 3.5.

3.4 Results

Having identified the overdense and underdense regions in a volume-limited sam-

ple (Secs. 3.3.1 and 3.3.2), we will now see whether the morphological parameters

of the galaxies described in Sec. 3.3.3 depend noticably on the environment of the

redshift slice in which they reside. Note that for true 3D overdensities there is al-

ready substantial evidence in the literature that we should see variation of properties

with the environment. Our test is necessary to see whether such morphology-density

correlations are evident in the kind of 1D redshift slices that would be used for con-

structing weak lensing simulations, or whether our use of an area as large as the size

of COSMOS will wash out these trends (which would be good news for weak lensing

simulations based on that dataset).

As described in Sec. 3.3.2, we have three different ways of volume-limiting our sam-

ple:

1. no redshift evolution of luminosity cut (S1),

2. using B-band luminosity evolution applied to the I-band luminosities (S2), and

3. impose stellar mass cuts instead of luminosity (S3).

We will present our results in all three cases to check for their robustness to how the

sample is selected.

3.4.1 Axis ratios

We can test the influence of environment on the galaxy shapes by comparing the

distributions of the axis ratios for the overdense and underdense redshift slices, or by
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Figure 3.6: The distributions of axis ratios of galaxies in all overdense (OD) and
all underdense (UD) regions in the case of the luminosity-selected sample S1 (left),
luminosity-selected sample with B-band evolution taken into account S2 (center), and
thestellar-mass-selected sample S3 (right). The upper panels show the histograms,
and the bottom panels show the cumulative distribution functions (CDF). The p-
values computed using these CDFs are shown in Table. 3.2.

Figure 3.7: Galaxy axis ratio distributions in two overdense redshift bins, z = 0.65−
0.75 (blue, dotted) and z = 0.80 − 0.85 (red, solid), to check for consistency in the
case that the environment is the same even if the redshift differs. The p-values from
the KS and AD tests are given in Table. 3.2.

encapsulating that distribution as a single number, the RMS (root mean squared) el-

lipticity or distortion. By volume-limiting the sample, we have avoided issues wherein

the flux limit leads to artificial changes in the sample as a function of redshift. We will

also carry out tests to differentiate between environmental effects versus evolution of

the population with redshift (at fixed mass).

Comparing distributions

We begin by comparing the entire axis ratio distributions p(q) between pairs of redshift

slices. Unless otherwise mentioned, the axis ratios refer to the values obtained using

the method of [76] to fit single Sérsic profiles to each galaxy image. To compare
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Figure 3.8: Galaxy axis ratio distributions in a single underdense redshift slice, z =
0.55− 0.65 (blue, dotted), and a single overdense redshift slice, z = 0.65− 0.75 (red,
solid). The p-values from the KS and AD tests are given in Table. 3.2.

Redshift bins S1 S2 S3
All overdense vs. 1.1× 10−4 2.6× 10−5 1.9× 10−6

All underdense 1× 10−5 < 1× 10−5 < 1× 10−5

[0.65, 0.75] (OD) vs. 0.61 0.43 0.23
[0.80, 0.85] (OD) 0.49 0.24 0.13
[0.65, 0.75] (OD) vs. 5.8× 10−4 1.5× 10−5 3.5× 10−6

[0.55, 0.65] (UD) 9.8× 10−4 < 1× 10−5 < 1× 10−5

Table 3.2: p-values from the Kolmogorov-Smirnov (top) and Anderson-Darling (bot-
tom) tests obtained by comparing the distributions of axis ratios for three cases: all
overdense (OD) vs. all underdense (UD), two overdense bins that are not very sepa-
rated in redshift, and a pair of adjacent overdense and underdense bins. S1, S2, S3
refer to the three different types of volume-limited samples. The Anderson-Darling
p-values are computed only up to 5 decimal places, so values that were given as zero
are denoted < 1× 10−5.

Redshift bins S1 S2 S3
All overdense vs. 5.6× 10−4 1.0× 10−4 3.3× 10−6

All underdense 3× 10−5 1× 10−5 < 1× 10−5

[0.65, 0.75] (OD) vs. 0.96 0.75 0.54
[0.80, 0.85] (OD) 0.52 0.34 0.23
[0.65, 0.75] (OD) vs. 6.0× 10−3 2.5× 10−4 2.4× 10−4

[0.55, 0.65] (UD) 1.2× 10−2 2.5× 10−4 5× 10−5

Table 3.3: p-values from the Kolmogorov-Smirnov (top) and Anderson-Darling (bot-
tom) obtained by comparing the second moments-based distortion for the same three
cases as in Table 3.2. The Anderson-Darling p-values are computed only up to 5
decimal places.
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the distributions and make statistical statements about their consistency, we use two

statistical tests, the Kolmogorov-Smirnov (KS) test and Anderson-Darling (AD) test,

the latter of which is carried out using the adk package in R.

We first compare the distribution of galaxy axis ratios in all overdense bins against

that for all underdense bins in Fig. 3.6, with different panels showing the comparison

for S1, S2, and S3. The cumulative distribution functions are also shown, since they

form the basis for our statistical statements about consistency using the KS and AD

tests. The results of these tests are shown in the first two rows in Table 3.2. For

all three ways of volume-limiting the sample, the p-values from both the KS and AD

tests are well below 0.05 (a maximum of 1.1×10−4, but often smaller than that). We

can therefore reject the null hypothesis that the overdense and underdense regions

have the same underlying axis ratio distributions at high significance.

One might imagine that the disagreement between the distributions is, at least partly,

due to the fact that the overdense and underdense sample have different redshift dis-

tributions and there could be some evolution of ellipticity/distortion distributions

with redshift. To show that this redshift evolution effect is subdominant to envi-

ronmental effects, we will compare distributions between pairs of two overdense (or

pairs of underdense) redshift slices, where we expect to find similarity even if the

redshifts are different if the environmental effects dominate. We will also compare

between overdense and underdense regions that are selected to be nearby in redshift,

so that any redshift evolution effects should be minimal. Figures 3.7 shows that the

axis ratio distributions are indeed consistent when the environments are similar but

the redshifts are different. Likewise Fig. 3.8 shows that for adjacent redshift slices

with different environments, the axis ratio distributions are inconsistent. The results

of statistical tests for the distributions in these figures are given in Table 3.2, and

support our statement that the morphology-density correlation is the dominant ef-

fect when comparing overdense and underdense redshift slices, with redshift evolution

of the population being negligible. Comparing other pairs of redshift bins leads to

similar conclusions.

Finally, we can check whether these findings are particular to the axis ratios from

the Sérsic fits, or whether we reproduce this finding when we use the shapes from

the centrally-weighted moments-based re-Gaussianization method, which estimates a

distortion (Eq. 3.9) for each galaxy. After neglecting a small fraction (< 0.01 per cent)
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of galaxies for which the method does not converge, we carry out the same statistical

tests from Table 3.2, but using the moments-based shape estimates. The results of the

KS and AD tests are tabulated in Table 3.3. We see that all of our findings with the

Sérsic fit-based shapes carry over to shapes from a centrally-weighted moments-based

shape estimate.

RMS distortions

We can also carry out tests on a single statistic of the galaxy shape distribution in

each redshift slice, like the RMS distortion. While tests of a single quantity may

seem less powerful than tests that use the entire shape distributions, the advantage is

that instead of picking out pairs of redshift slices for our tests, we can easily compute

our statistic of interest for every single redshift slice, and look for trends with both

redshift and environment.

For the luminosity-selected samples (S1, S2), the RMS distortions (Eq. 3.9) of galax-

ies in each redshift bin are shown in Fig. 3.9. In each case, the RMS distortions

from the mass-selected sample (S3) are also plotted. When the B-band luminosity

evolution is taken into account in selecting the sample, a systematic increase in the

distortion values at lower redshifts can be observed (bottom panel).The stellar-mass

selected sample exhibits a similar trend.

For figures up to Fig. 3.12, the colours of the points were selected to easily differentiate

between galaxies in overdense, neutral, and underdense redshift slices. Points with

unfilled centers and thicker errorbars correspond to the S3 sample and points with

filled centers and thinner errorbars correspond to the luminosity-selected samples (S1
or S2).

As shown in Fig. 3.9, the underdense regions have higher values for RMS distortions

when compared to the overdense regions. The difference between the underdense and

overdense regions for z > 0.5 is significantly larger than any redshift evolution across

the z > 0.5 range. Our conclusions are very similar if we use the RMS ellipticity from

Eq. (3.10) instead of the distortions.

The sign of the dependence on the local environment is reasonable when compared

with previous work on the morphology-density relation [see, e.g. 92]. Overdense
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Figure 3.9: RMS distortions as a function of redshift. The horizontal errorbars indi-
cate the width of the redshift bin, while the vertical ones are 1σ errorbars obtained
by bootstrapping. The colours and shapes of the points indicate their environmental
classification, as shown in the legend. Points with open centers and thick errorbars
correspond to the stellar-mass selected sample S3 and points with filled centers and
thin errorbars correspond to the luminosity-selected samples S1 and S2.
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Figure 3.10: RMS distortions as a function of redshift, with points defined in a similar
way as in Fig. 3.9. In this case, the distortions from moments-based shape estimates,
rather than from the Sérsic fits.
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regions typically contain many old, elliptical galaxies which are close to round (large

axis ratio and low RMS ellipticity/distortion). In contrast, the underdense regions

typically contain a larger population of younger, disk galaxies, which have lower axis

ratios and higher RMS ellipticity/distortion.

From Figs. 3.1 and 3.4, the 0.4 ≤ z < 0.55 redshift range shows signs of being

marginally underdense, but has low RMS ellipticity that agrees with the rest of the

overdense regions.

Next, we show an analogous plot of RMS distortions for all three volume-limited

sample using the moments-based shape estimates in Fig. 3.10. The conclusions are

quite similar to those using the shapes from the Sérsic profile fits, with the underdense

regions standing out in having larger RMS distortions than the other redshift slices,

an effect that is substantially larger than any average redshift evolution of the RMS

distortions.

However, the statistical significance of trends in this section using a single statistic

of the shape distribution (the RMS) is less than the significance of the trends seen

using the entire axis ratio distributions in Sec. 3.4.1.

Finally, we comment on whether the trends we have found could be caused by mea-

surement noise rather than variations in the intrinsic shape distributions. Measure-

ment error tends to cause an increase in the RMS ellipticity due to the broadening of

the measured ellipticity distributions. However, this is one of the reasons we restricted

the sample to a magnitude of 23.5. In this case, the S/N of the flux measured in the

galaxy images is typically ≥ 50. If we consider the worst case, i.e., assume all galaxies

have S/N = 50 and use the Gaussian approximation from [91], the expected mea-

surement error on the distortion is 0.08. If we add this in quadrature with an RMS

of ∼ 0.33, then the new RMS becomes 0.34. However, we see variations in the RMS

distortion in different environments that are as large as 0.05, or five times as large as

this worst-case scenario due to measurement noise. Moreover, if measurement error

were a significant issue, we would expect it to affect the comparison of (for example)

low- and high-redshift samples in overdense regions. In a volume-limited sample,

those will have different flux distributions and therefore different SNR distributions.

However, there is little trend in the RMS distortion with redshift for overdense re-

gions, which suggests empirically that measurement error is not a significant factor
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in our results.

3.4.2 Morphological parameters

For the morphological parameters that we described in Sec. 3.3.3, the Sérsic index

and bulge-to-total ratio, we do not compare the distributions directly. Doing so is

relatively difficult because both distributions have hard cutoffs that are enforced in

the fitting process (Sérsic n in the range [0.25, 6] and 0.05 < B/T < 0.95), as can

be seen in Fig. 3.5. The KS statistical test is sensitive to exactly what happens at

these hard boundaries in the distributions. So, instead of using the full distributions,

we will study the dependence of these quantities on environment by computing the

median values in different redshift slices. Median values are preferred over the full

distributions or even the sample means since the medians are more robust to what

happens at the edges of the distributions.

Fig. 3.11 shows the median value of the Sérsic index in each redshift slice, with and

without taking into account of luminosity evolution when volume-limiting the samples

(S1 and S2). Both panels also show the results with stellar mass-selected samples

(S3) for reference. When using the stellar mass-selected sample, we observe that the

overdense regions tend to have higher Sérsic index than the underdense ones, with the

redshift evolution being mild and the results for the underdense regions particularly

standing out. This trend is consistent with our previous explanation for trends in

RMS ellipticities; the underdense regions have more spiral galaxies and therefore a

lower median value of Sérsic n. However, this trend is less evident for the luminosity-

selected samples, where there seems to be some evolution with redshift that dominates

over the environmental effects.

We also note that in Fig. 3.11, the median Sérsic indices of the stellar mass-selected

samples (S3) are systematically greater than those of the luminosity selected samples

(S1, S2). This is because S3 is restricted to galaxies with masses above log(M/M⊙) >

10.15, whereas in S1 and S2, the mass distribution of galaxies extends to log(M/M⊙) ∼
9.0, with about 44 per cent of the galaxies in S2 having a stellar mass below the cut

for S3. It is therefore not surprising that S3 has a higher median Sérsic n. Finally,

even for the stellar mass-selected sample there is some sign of redshift evolution. The

sign of this evolution is as expected, with lower Sérsic n and B/T for higher redshift
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samples, which should have a higher fraction of disk and irregular galaxies and fewer

galaxies with bulge-like morphology.

Finally, Fig. 3.12 shows the variation of the median bulge-to-total ratio with redshift.

The results are quite consistent with those of Fig. 3.11. Thus, our results in this sec-

tion suggest that the environment can significantly affect the median morphological

parameters of galaxies selected in thin redshift slices, assuming that the galaxies rep-

resent a stellar mass-selected sample. The trend is less evident when using luminosity

to select the galaxies.

One might expect the points corresponding to neutral regions to lie in between the

points for overdense and underdense regions. In Figs. 3.9–3.12, this does not always

appear to be the case. It is possible that a redshift bin may have an overdensity

in one part of the field and an underdense region in another. In such a scenario,

the redshift slice might appear to be ‘neutral’ in our histogram-based method of

finding overdensities, while still having significant large-scale structure affecting the

morphological mix of galaxies that complicates the situation. This indeed turns out

to be the case in the ‘neutral’ regions of the COSMOS field. Using X-ray information

in the COSMOS field, [78] have detected several galaxy groups in the redshift range

z = 0.425 − 0.575. [81] report structures that are large and extended (in RA-DEC)

within this redshift range. It is a challenge to make definitive statements regarding

the relationship between environment and morphology in neutral regions that are

composed of mixtures of multiple overdense and underdense regions. In addition,

the redshift evolution, albeit weak, can make the neutral bins look like overdense or

underdense regions. For instance, the neutral bins look overdense-like in Figs. 3.9-

3.11 but underdense-like in Fig. 3.12, partly due to redshift evolution. However, when

the overdensity (or underdensity) is prominent, we observe that the environment in

which a galaxy resides affects its morphology, so the appearance of the neutral bins

does not undermine the main conclusions of this paper.

To test the possibility that our choice of bins starting at z = 0.3 with ∆z = 0.05 is

particularly unlucky in enhancing the effects we see, we carried out the same analysis

using bins of the same width but shifted by ∆z/2. We recomputed the overdensities

keeping the parameters of the redshift distributions same as before. Shifting the bins

enhances the overdensities and underdensities in some cases and in other cases, it

mixes the overdense and underdense regions to make them more neutral-like. The
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Figure 3.11: Median values of the Sérsic indices for volume-limited samples S1 and S2
are plotted (filled centers and thin errorbars) in top and bottom panels, respectively,
for each redshift bin. Median values for the S3 sample are plotted in both the panels
(open centers and thick errorbars) in both the panels.
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Figure 3.12: Median values of the bulge-to-total ratios for volume-limited samples
S1 and S2 are plotted (filled centers and thin errorbars) in left and right panels
respectively for each redshift bin. Median values for the S3 sample are plotted in
both the panels (open centers and thick errorbars). The horizontal errorbars simply
correspond to the binwidth while the vertical ones are 1σ errorbars obtained by
bootstrapping.
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environmental trends still are observed in the enhanced bins and hence our conclusions

are still applicable.

The number of galaxies in overdense bins is typically higher than the number in

underdense bins by about a factor of 2. (See Table 3.1). To eliminate the possibility

(with great confidence) that this varying sample size is responsible for the trend

observed, we repeated our analysis with only 50 per cent of overdense galaxies that

were selected randomly. The vertical errorbars for overdense regions get bigger due

to reduced sample size, but the statistical significance of our conclusions is still nearly

as high as in the original analysis.

3.4.3 Mitigating the effects of line of sight fluctuations

Since we have argued that cosmic variance is giving rise to environmentally-based

variations between galaxy populations in our redshift slices that are 0.05 wide, the

natural question is how to mitigate this effect so that it will not affect attempts to sim-

ulate a realistic galaxy sample as a function of redshift. The most obvious approach

is to repeat the analysis with wider redshift bins. Feigning ignorance of overdensi-

ties and underdensities along the line of sight, we choose the slices in redshift to be

[0.3− 0.5], [0.5− 0.7] and [0.7− 0.85] (a nearly even division of our entire redshift

range) and redo the analysis, beginning by checking the environmental classification

for these wide bins.

Using the redshift distributions estimated earlier in this work (cf. Figs. 3.1 and 3.4),

we obtain the overdensity estimates for the wider bins, δg,1D. Although the [0.7− 0.85]

bin seems to be overdense in the top panel of Fig. 3.13, it appears to be environmen-

tally neutral when we volume-limit the sample using the methods from Sec. 3.3.2.

Since the latter is what we use to study the galaxy morphology, we classify [0.7− 0.85]

bin as ‘neutral’. What is surprising is the fact that the lowest and middle redshift

slices still qualify as substantial overdensities and underdensities despite our use of

∆z = 0.2.

As an example of what happens to morphological parameters, we show the median

Sérsic index for three bins in Fig. 3.14. Comparing this with Fig. 3.11, we observe

that the range of Sérsic n values has become smaller, as have the vertical errorbars,
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Figure 3.13: Plot of δg,1D = N/Nmod − 1 with each functional form as the model for
each of our new wide redshift bins discussed in Sec. 3.4.3, for flux-limited (top) and
volume-limited (bottom) samples.
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Figure 3.14: Median values of Sérsic index, as a function of redshift for our wider
redshift ranges used in Sec. 3.4.3. The horizontal errorbars indicate the width of
the redshift bin, while the vertical ones are 1σ errorbars obtained by bootstrap-
ping. Points with open centers and thick errorbars correspond to the stellar-mass
selected sample S3 and points with filled centers and thin errorbars correspond to
the luminosity-selected samples S1 and S2.
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mainly due to the increase in the number of galaxies in each redshift bin. The results

do not suggest that the values are consistent across all redshift bins, and in particular,

the disparity between overdense and underdense regions is still quite evident (with the

same sign as before). However, in Fig. 3.11, the magnitude of that disparity between

overdensities and underdensities was around 20 per cent, whereas here it is reduced

to 7 per cent. This seems to suggest that when we choose wider redshift bins, some of

the large-scale structure gets washed out, so the galaxy morphological parameters are

less affected by cosmic variance. This is a promising result, which could be further

improved by either (a) non-blind selection of the wide redshift bins with respect to

known structure in the calibration fields, or (b) attempting some kind of reweighting

of the galaxy populations in redshift slices affected by known structure.

As a test of the second option, we consider whether we can use some division of the

galaxies by colour or B/T (as a proxy for colour) in order to determine the struc-

tural parameters of galaxies as a function of redshift for each of them separately. If

the effects we are seeing can be cleanly described in terms of overdense (underdense)

regions being dominated by bulge- (disk-)dominated galaxies, then division into sam-

ples based on B/T may help reduce the effects that we have described in previous

subsections. We test this idea by dividing the sample into bulge- and disk-dominated

galaxies based on requiring B/T ≥ or < 0.5. The resulting bulge fraction fbulge,

shown as a function of redshift in Fig. 3.15, shows a mild effect from the large-scale

structures in the COSMOS field.

Fig. 3.16 shows the RMS distortion as a function of redshift for the full S1 sample

(as shown previously) and for the separate bulge- and disk-dominated samples. As

shown, the deviations in the values due to large-scale structure are clearly evident in

all three cases, though slightly more prominent for the full sample and less so for the

bulge-dominated sample. For comparison with the results for the full sample shown

in Table 3.2, we compute the KS (AD) test p-values for consistency of axis ratios

between overdense and underdense regions for bulge- and disk-dominated samples.

For S1, these p-values are 0.16 (0.08) for bulge-dominated galaxies and 0.005 (0.001)

for disk-dominated galaxies. For S3, these p-values are 0.03 (0.03) and 10−4 (3×10−4),

respectively. With the possible exception of bulge-dominated galaxies, it seems that

separation into two morphological samples is not enough to remove the effect of the

local environment on the ensemble properties like the intrinsic ellipticity distribution.
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Figure 3.15: The fraction of galaxies in S1 (solid symbols) and S3 (open symbols) that
are classified as bulge-dominated as a function of redshift, including the correlation
with redshift slices classified as overdense or underdense as indicated by the symbol
shape and colour.
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Figure 3.16: The RMS distortion as a function of redshift for the full volume-limited
galaxy sample S3 (partially-full symbols), the disk-dominated galaxy sample (open
symbols), and the bulge-dominated galaxy sample (full symbols). The fact that the
bulge-dominated sample has a lower RMS distortion than the disk-dominated sample
is consistent with expectations.

Due to the limited sample size, we did not explore the possibility of an even finer

morphological division of the sample, but with deeper HST datasets, this may be a

promising path to pursue. However, if the nature of the bulges or disks themselves is

altered by the local environment, then division purely into bulge- or disk-dominated

sample will not be helpful in mitigating environmental effects.
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3.5 Implications for future surveys

As mentioned previously, HST data will be used by current and future weak lensing

surveys to characterize the galaxy population in several ways. In this section, we

estimate how the results shown in Sec. 3.4 can affect estimates of shear calibration

when using HST to characterize the galaxy population. We also discuss the situations

in which this is likely to be important for current and future surveys from the space

and ground.

3.5.1 Magnitude of shear calibration bias

Here we consider the impact of the findings in Sec. 3.4 on weak lensing shear calibra-

tion assuming that the COSMOS sample is used as a parent sample for simulations

that are used to derive redshift-dependent shear calibrations. This could be done

either directly using the galaxy images themselves, or by fitting for parametric distri-

butions of Sérsic n, size, and shape in redshift slices, and then using those parametric

distributions to make simulated images containing galaxies with Sérsic light profiles

that match those distributions. We consider a few simple cases of how the above

results affect shear calibration estimates. It is likely that the answer to this question

varies quite significantly with the type of shear estimation method used. Some will

be sensitive to the variations in morphology, others to the variation in the intrinsic

ellipticity distribution, and many will be sensitive to both at some level. We consider

both of these issues in turn.

The intrinsic ellipticity distribution plays a role in nearly all shear estimators. In

some, the role is explicit: for example, LensFit [93, 94, 95] and the methods presented

by [96] require accurate intrinsic ellipticity distributions as inputs, and uncertainty

in the distribution was one source of systematic uncertainty in the CFHTLenS weak

lensing results [55, 95]. The intrinsic ellipticity distribution enters the calculation for

other methods in other ways. For example, the re-Gaussianization method and sev-

eral other moment-based methods require calculation of a shear responsivity [90, 91]

that describes how the galaxy population overall responds to a shear, based on its

intrinsic ellipticity distribution. The responsivity can be calculated based on the ob-

served shape distribution, assuming that the uncertainties in the shears are known
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well enough that their contribution to that distribution can be removed. If a simu-

lated sample in some redshift slice has a different intrinsic ellipticity distribution and

therefore responsivity, it could lead to incorrect conclusions about shear calibration.

The responsivity scales roughly like 1 − e2RMS, which means that deviations in RMS

distortion at the level of 0.01 due to local environments (Figs. 3.9 and 3.10) would

become fractional shear errors of

∆γ

γ
≈ 2eRMS∆eRMS

1− e2RMS

≈ 0.01. (3.12)

In the context of upcoming lensing surveys that seek to constrain shears to better

than the per cent level, a systematic error of this magnitude in shear calibration is

quite serious.

Regarding possible biases in the morphological mixtures of galaxies due to overden-

sities or underdensities in the training sample, there are results in the literature for

several methods that show how shear biases vary with morphology. For example, for

the maximum likelihood fitting code im3shape, figure 2 in [63] shows multiplicative

biases for two-component Sérsic profile galaxies as a function of their bulge-to-total

ratios (denoted there as Fb/(Fb + Fd), which we will equate with our B/T ). The

shear calibration bias scales roughly like 0.04− 0.05(B/T ) as B/T goes from 0 to 1.

Our results suggest that typical (median) B/T values may be influenced by cosmic

variance in the COSMOS field, leading to fluctuations of order 0.05. The resulting

variation in the shear calibration would therefore be ∼ 2.5 × 10−3, or 0.25 per cent

shear calibration uncertainty. For existing datasets this is not very problematic, but

for surveys like LSST, Euclid, and WFIRST-AFTA, this would be a dominant part

of the systematic error budget. As another example, for re-Gaussianization, figure 9

of [75] shows that as Sérsic n goes from 1 to 6, the shear calibration bias varies by

2 per cent. In this case, since we have shown that the median value of Sérsic n can

vary by ∼ 0.4 due to morphology-density correlations, this suggests that the shear

calibration for re-Gaussianization could be misestimated by ∼ 2 × 10−3, or 0.2 per

cent. This too is acceptable in existing datasets, but not those that will be used for

shear estimation in the next decade.

The estimates in this subsection are rough illustrations of the magnitudes of these

effects. Other aspects of shear calibration that could be affected relate to the use of
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HST data to estimate the impact of detailed galaxy morphology, or to calibrate the

effect of colour gradients [59, 60]. In the latter case, what is most relevant in this work

is our finding that B/T exhibits environmental dependence, which likely translates

into environmental dependence of colour gradients. Unfortunately, we cannot directly

test the strength of any colour gradient variations with environment using COSMOS

data, due to the fact that there is only single-band coverage in much of its area. We

note that our findings may seem to be at odds with the conclusions in [60] based on

synthetic galaxy models that the existing area of HST coverage with ≥ 2 bands is

sufficient for calibration of colour gradients4. This is particularly striking given that,

as shown there, the dominant galaxy sample with 2-band coverage is the AEGIS

dataset, which has substantially smaller area than COSMOS, and therefore should

exhibit a stronger influence of cosmic variance. The presence of other fields besides

AEGIS (e.g., GOODS) should help mitigate this effect given that the large-scale

structure in the two fields will be completely uncorrelated, but the number of fields

is still not large and the area is dominated by a small number of them5.

However, it is important to bear in mind that the method proposed in [60] involves

determining not just a redshift-dependent correction but also a type-dependent colour

gradient correction, which could partially mitigate the effects of the environment

dependence seen here. Moreover, the colour gradient effect is higher order than the

intrinsic ellipticity distribution, and thus may be less susceptible to systematics due to

the environmental effects considered here. We showed in Sec. 3.4.3 that a simple type-

dependent split does not remove the effects of environment on the intrinsic ellipticity

distribution, but testing whether it (or a more complex type or colour split) is enough

to remove the effects of colour gradients in Euclid is a more complicated analysis that

is beyond the scope of this work. It seems that a future study using an HST field

with more than one band would be warranted, to test whether or not our results

suggest a discrepancy with those of [60]. It is possible that the connection between

colour gradients and B/T is weak enough that our results do not imply a problem

4[59] showed that the fluctuations in colour gradients within the source galaxy sample in the
Euclid weak lensing survey due to environmental effects will not be a significant source of uncertainty.
However, the question addressed in that work is different from the question considered here, which
is the impact of fluctuations in colour gradients in the training sample used to derive the corrections,
rather than in the galaxy sample to which those corrections will be applied.

5For context, [97] showed that for tests of photometric redshift quality, the number of spectro-
scopic fields of this size that would be required for future surveys to avoid the influence of cosmic
variance ranges from many tens to hundreds.
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with colour gradient calibration, or that division into several galaxy types or colours

is truly enough to remove the colour gradient effect due to its being a higher order

effect, consistent with the findings of [60] using synthetic galaxy models.

3.5.2 Effective impact on current and future surveys

In addition to the order of magnitude of these effects presented in the previous sub-

section, it is important to bear in mind how current and future surveys plan to use

HST data.

For example, before the Euclid survey begins, when carrying out tests of shear estima-

tion methods, their simulated data will be based on HST in many ways: estimation of

simple aspects of morphology (Sérsic n, bulge fraction), intrinsic ellipticity distribu-

tion, colour gradient calibration, and higher order moments (detailed morphology).

Our results suggest that care should be taken to ensure that those simulations are not

overly influenced by environment effects in the HST data, so that incorrect conclu-

sions will not be drawn about the redshift-dependence of shear calibration for shear

estimation methods to be used by the survey.

However, once the Euclid survey is underway, the derivation of simple galaxy mor-

phology and the intrinsic ellipticity distribution will be based on the 40 deg2 Euclid

deep field, which goes two magnitudes fainter than the rest of the survey. With that

data in hand, the Euclid weak lensing results will be less reliant on the much smaller

and more cosmic variance-limited HST fields, using them only for colour gradient cal-

ibration and estimates of the impact of detailed galaxy morphology (since the HST

resolution is higher than that of Euclid). The findings of [58] demonstrate that the

area of this deep field is sufficient to accomplish the goal of determining the intrinsic

ellipticity distribution at the accuracy required for shear calibration purposes for the

Euclid survey.

In contrast, for ground-based surveys such as LSST, high-resolution space data will

play a more important role in the understanding of the galaxy intrinsic ellipticity and

morphology distributions, since even a deep field in a ground-based survey faces fun-

damental resolution limits that prevent the derivation of detailed information about

the faint galaxy population. Galaxies that are near the resolution limit for a ground-
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based survey are still very well-resolved in HST, making it the best resource for

detailed information about them. Once the Euclid deep field is publicly available, the

information from it will be beneficial to ground-based surveys as well.

Finally, our results for the effect on the intrinsic ellipticity distributions suggest that

even current surveys should be careful to avoid this effect. While use of COSMOS

without accounting for the effect that we have identified will cause a bias that is

similar to the final requirements on the shear systematic errors for Stage III surveys,

there are other elements in the systematic error budget, so ideally this effect should be

mitigated somewhat using, for example, the wider redshift binning strategy that we

tested in Sec. 3.4.3. Use of significantly smaller fields than COSMOS, while possibly

helpful in building up a deeper galaxy sample, should naturally increase the impact

of cosmic variance on the training dataset, which should be quantified as part of the

systematic error budget.

3.6 Conclusions

In this study, we have shown that the shape distributions of galaxies (to a statisti-

cally significant degree) and morphological parameters like Sérsic n and bulge-to-total

ratios (more marginally) depend on the local environments when dividing up the COS-

MOS sample into redshift slices along the line of sight. The redshift slices used for

our primary analysis had a width of ∆z = 0.05. Our findings are robust to the choice

of shape estimator from Sérsic profile fits vs. using centrally weighted moments-based

shear estimates.

These findings are relevant to attempts to use HST-based galaxy samples to calibrate

shear estimates in weak lensing surveys. In general, the approach would be to define

galaxy samples using all galaxies in redshift slices, and determine a redshift-dependent

shear calibration. Our findings highlight the danger in such an approach: while we

would like our simulations to include true evolution in galaxy properties with redshift,

this approach also includes spurious variations in galaxy properties due to the large-

scale structure within the COSMOS field. Since the fidelity of weak lensing shear

estimates depends sensitively on the intrinsic shape distribution and galaxy morpho-

logical parameters, the conclusions for the redshift-dependent shear calibration would
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be incorrect. As shown in Sec. 3.4.3, these errors are reduced as the redshift slices

that are used become wider, so that the impact of local overdensities becomes washed

out. However, our results suggest that even ∆z = 0.2 may not be wide enough (and

this is becoming dangerously close to the size of tomographic redshift bins to be used

for weak lensing analysis in upcoming surveys). Thus, more complex schemes may be-

come necessary to fully overcome this issue, depending on exactly how the HST data

is to be used. As discussed in Sec. 3.5, particular care may be needed in ground-based

surveys that will use the HST data to model many aspects of the galaxy population.

In contrast, for Euclid, use of the relatively large area Euclid deep data to constrain

many aspects of the galaxy population means that these issues with HST data are

less important, though still not completely ignorable.

It is important to keep in mind the nature of COSMOS with respect to other possible

HST training samples. COSMOS represents the largest contiguous field surveyed

by the HST, with the sizes of other major HST fields such as GOODS and AEGIS

lagging by at least a factor of 9 (for AEGIS, and more for GOODS). Combinations

of CANDELS with existing datasets may ultimately be as large as 1/6 the COSMOS

area. Hence, if cosmic variance due to structures along the line of sight in COSMOS

are problematic for its use as a training sample for weak lensing simulations, studies

that use even smaller area training samples are even more prone to errors, with the

UDF serving as an extreme case. If the size of the HST survey is small enough,

there is no reason a priori to suppose that the galaxy population is typical even

when using all galaxies along the line of sight, without any division into redshift

bins. Of course, future surveys are unlikely to pick just a single survey to serve

as the basis for their image simulation training sample, but rather will combine as

many as possible. Combining multiple surveys will reduce the cosmic variance and

therefore the significance of the effects discussed in this work. However, as COSMOS

is significantly larger than other HST surveys, combining COSMOS with smaller

fields is unlikely to ameliorate this effect. Thus, it will be important to carefully

choose the size of redshift slices used to derive properties of the galaxy population so

as to be minimally affected by this issue.

A final consideration is the question of how applicable these results using volume-

limited samples are to simulations of upcoming weak lensing surveys, which will

exclusively use flux-limited samples. For our analysis, the volume-limiting sample
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was necessary to avoid complications due to varying galaxy populations in each red-

shift slice, allowing us to isolate purely environmental effects. In principle, if the

morphology-density correlations that we have identified turn out to not exist for

intrinsically fainter galaxy populations, then at low redshift (where a flux limited

sample will include galaxies that are intrinsically much fainter than at high redshift),

the effects will be less serious for upcoming lensing surveys. However, we do not

have any particular reason to believe that these effects will vanish for fainter galaxies.

Moreover, at higher redshift where only intrinsically bright galaxies can be seen, the

effect should be present at a level similar to what we have found here. Since higher

redshift galaxies tend to dominate cosmological shear estimates (due to their higher

shears), our findings will be important to take into account. It would also be advis-

able to carry out a future study of this effect at higher redshift (beyond 0.85), using

for example the data from the CANDELS survey.

In conclusion, our results have serious implications for the plans to create realistic

image simulations that will be used to derive redshift-dependent shear calibrations

for upcoming weak lensing surveys. If care is not taken to mitigate this effect, then

the cosmic variance in the training sample may bias the conclusions regarding shear

calibration for redshift slices that represent significant overdensities or underdensities

compared to the typical galaxy population. This is particularly a problem when using

the smaller HST surveys, where a single galaxy cluster or a void could completely

dominate the galaxy population in a given redshift slice. To mitigate this problem, it

will be imperative to (a) collect training data from widely separated patches on the

sky, and (b) take care to use redshift slices that are broad enough that these effects

are reduced, so as to wash out the effect of any signal overdensity or underdensity

on the simulated galaxy population. By employing these mitigation schemes, there

is every reason to believe that the effect we have identified can be reduced to a small

component of the systematic error budget of major upcoming lensing surveys.
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Chapter 4

The Impact of Interpixel

Capacitance in CMOS Detectors

on PSF shapes and Implications

for WFIRST

Journal reference: Publications of the Astronomical Society of the Pacific (PASP)

2016, Vol. 128, Issue 967

Original authors : Arun Kannawadi, Charles A. Shapiro, Rachel Mandelbaum, Christo-

pher M. Hirata, Jeffrey W. Kruk, Jason D. Rhodes

Original abstract : Unlike optical CCDs, near-infrared detectors, which are based on

CMOS hybrid readout technology, typically suffer from electrical crosstalk between

the pixels. The interpixel capacitance (IPC) responsible for the crosstalk affects the

point-spread function (PSF) of the telescope, increasing the size and modifying the

shape of all objects in the images while correlating the Poisson noise. Upcoming weak

lensing surveys that use these detectors, such as WFIRST, place stringent require-

ments on the PSF size and shape (and the level at which these are known), which

in turn must be translated into requirements on IPC. To facilitate this process, we
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present a first study of the effect of IPC on WFIRST PSF sizes and shapes. Realis-

tic PSFs are forward-simulated from physical principles for each WFIRST bandpass.

We explore how the PSF size and shape depends on the range of IPC coupling with

pixels that are connected along an edge or corner; for the expected level of IPC in

WFIRST, IPC increases the PSF sizes by ∼5%. We present a linear fitting formula

that describes the uncertainty in the PSF size or shape due to uncertainty in the

IPC, which could arise for example due to unknown time evolution of IPC as the

detectors age or due to spatial variation of IPC across the detector. We also study of

the effect of a small anisotropy in the IPC, which further modifies the PSF shapes.

Our results are a first, critical step in determining the hardware and characterization

requirements for the detectors used in the WFIRST survey.

4.1 Introduction

A number of ongoing and future space telescopes will focus on the near-infrared

(NIR) or infrared part of the electromagnetic spectrum, which provide a view through

the gas and dust in nearby star-forming regions, and allow higher signal-to-noise

imaging of high-redshift galaxies. Images in the NIR are currently being taken by the

Wide Field Camera 3 [WFC3; 98] in the Hubble Space Telescope and the Wide-field

Infrared Survey Explorer [WISE; 99]. Upcoming space telescope missions such as

NASA’s James Webb Space Telescope [JWST; 100] and Wide Field InfraRed Space

Telescope1 [WFIRST; 1, 2, 50] will also focus on infrared imaging. WFIRST mission

will provide high quality image data for weak gravitational lensing studies.

Weak gravitational lensing [for a review, see for example 24, 27, 41, 101] is the de-

flection of light rays from background sources such as galaxies by matter in the fore-

ground, resulting in a small magnification and shape distortion. Weak lensing can be

a powerful cosmological probe constraining cosmological parameters [e.g., 55, 56, 57,

102], test theory of gravity on large scales [e.g., 103, 104, 105] and on smaller scales

relate the galaxies to their dark matter halos [e.g., 106, 107, 108, 109, 110, 111, 112].

Measuring the small but coherent distortions of the shapes of the galaxies, without

the knowledge of their intrinsic shapes, is a challenging task that requires images with

1http://wfirst.gsfc.nasa.gov/
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high resolution and a statistical understanding of distances to the source galaxies [see

113, for recent tests on multiple methods]. Weak lensing measurements in surveys

like WFIRST will require detailed (sub-percent level) knowledge of the point-spread

function (PSF), from a combination of a priori modeling and empirical estimates

using images of stars, in order to remove its effect on galaxy shapes.

While there are differences between the detectors for these missions, most notably

the array size and cutoff wavelength, all of them use a hybrid CMOS readout archi-

tecture with mercury cadmium telluride (Hg1−xCdxTe, often abbreviated HgCdTe)

as the light-sensitive material. In particular, they use the HxRG2 family of detectors

manufactured by Teledyne Imaging Sensors. Extensive work on understanding and

characterizing the impact of detector-based effects on astronomical imaging has been

done for CCDs, which are used for optical imaging in many telescopes [see for e.g.,

114, 115, 116, and references therein]. The use of HxRG detectors for astronomy is

relatively recent, and understanding the systematic errors in astronomical measure-

ments that result from HxRG detector effects is an active area of research.

Among the systematic effects in these detectors that will be relevant for WFIRST are

non-linearity, reciprocity failure [117], interpixel capacitance (IPC), and persistence.

Non-linearity refers to the small non-linearity in converting the charges in the pixel

to the voltage read by the read-out assembly. Reciprocity failure usually implies that

the response of a detector depends not only on the total number of incident photons,

but also on how they are distributed in time (e.g., 2× illumination for 1/2 of the

time leads to a different measurement of the total flux). This is typically a non-linear

effect as well. Persistence is the phenomenon of retaining a small but non-negligible

fraction of the flux in images from the previous exposures after a reset. Interpixel

capacitance, the effect that we focus on in this study, is a form of electrical cross-talk

between the pixels in the detectors. This is a linear effect and Sec. 5.3 of this paper

presents a brief review of this effect.

Any realistic galaxy image simulations used for simulating PSFs and testing weak

lensing shear estimation algorithms must include these effects in the images. To fa-

cilitate this simulation process, the authors have built a WFIRST module within

2HxRG stands for HAWAII x × x pixels with Reference pixels and Guide mode, and HAWAII
stands for HgCdTe Astronomical Wide Area Infrared Imager.
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GalSim3 [69], an open-source simulation package, that has the routines to include the

above mentioned detector effects and reasonable values for the parameters involved.

Additionally, values for other parameters such as the pixel scale, jitter, dark current,

thermal backgrounds are also provided. The WFIRST module also takes into account

of the telescope’s pupil plane configuration and forward simulates the PSF from phys-

ical principles. Throughout this paper, the term “PSF” refers to the effective PSF

that is a convolution of the pixel response function (a 2-D top-hat function) and the

optical PSF (distribution of flux at the focal plane from a point source).

The pixel scale for the WFIRST-AFTA telescope must strike a balance between the

need for having a large field of view while achieving the sampling needed to resolve

galaxy shapes. It is chosen to be 0.11′′ [2] which causes the PSFs to be undersampled

(more on this in Sec. 4.4.3). Better sampled images are expected to be achieved in

post-processing by combining the images from a dither sequence.

The action of various detector effects cannot be expressed as a convolution for different

reasons. Voltage non-linearity and reciprocity failure are intrinsically non-linear while

convolution is a linear operation. Although IPC is specified by a convolution kernel, it

cannot be considered as a part of the PSF (see Sec. 4.2.3 for details). Both the galaxy

and PSF images must be corrected for the detector effects explicitly (in each exposure)

before the galaxy image is corrected for the PSF (see, e.g., [90]) in order to perform

shape measurement. Any imperfections in this correction, either due to the correction

algorithm or due to insufficient knowledge of the detector effects themselves, can

result in errors in PSF models that affect weak lensing shear estimation. To enable

future studies of how detector effects and their uncertainties affect shear estimation,

here we study the effect of IPC on the PSF images. Thus, the goal of this study is

two-fold:

1. to understand how the observed PSF changes as a function of the level of cou-

pling between pixels, and

2. to relate the errors in the coupling parameters to the errors in the reconstructed

PSF.

Ultimately, these results will be useful for setting requirements on hardware and

software for the upcoming WFIRST mission. For WFIRST, in addition to knowing

3https://github.com/GalSim-developers/GalSim
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the overall size of PSFs, the ability to predict them is also of utmost interest.

This paper is organized as follows. We present the detector model and explain the

origin of interpixel capacitance in Sec. 5.3. Sec. 4.3 summarizes the definitions of PSF

sizes and shapes used in this paper. We present in Sec. 4.4 the details about how we

simulate the WFIRST PSFs and how to overcome the problem of undersampling with

IPC taken into account. In Sec. 4.5, we present our results for how the PSF size and

shape is affected by IPC. Finally, our conclusions are summarized in Sec. 4.7.

4.2 Interpixel Capacitance

In this section, we present a brief review of interpixel capacitance, including its origins

and its effect on astronomical images.

4.2.1 Detector model

The photodetector array is commonly modeled (see, for example, [118, 119]) as a

rectangular array of capacitors indexed by i, j with node capacitance C[i, j], each

receiving a charge Q[i, j] corresponding to the accumulated photocurrent entering

the node over some integration time. In the ideal case of zero cross talk between the

nodes, the detected voltage is

V [i, j] =
Q[i, j]

C[i, j]
(4.1)

The node capacitances of all pixels are fabricated to be the same to a very high

accuracy, i.e., C[i, j] = Cnode, making the system invariant under shifts. If Cnode

is a constant independent of the signal, then the photodetector array is a linear

system, in addition to being shift-invariant. This linear shift-invariant (LSI) system

is characterized by a 2-dimensional impulse response function h. Thus, the voltage

read out from a pixel (assuming no read noise) is given by

V [i, j] = (Q ∗ h) [i, j] =
∑

m

∑

n

Q[m,n]h[i−m, j − n]. (4.2)
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In the ideal case,

hideal[i−m, j − n] =
δimδjn
Cnode

, (4.3)

where δim and δjn are Kronecker delta functions. That is, the voltage in a pixel

depends only on the charge accumulated in that pixel. 1/Cnode is then the conversion

gain. Factoring out the gain explicitly gives us

V [i, j] =
∑

m

∑

n

1

Cnode
Q[m,n]K[i −m, j − n], (4.4)

where K is called the IPC kernel.

However, in reality, fringing fields from the edges of the node capacitors cause the

voltage readings in a pixel to depend on the charges in neighboring pixels. This effect

is modeled by introducing a coupling capacitance Cc between pixels. This interpixel

capacitance in principle couples every pixel to every other pixel. It is different from the

phenomenon of charge diffusion, which involves actual physical movement of charge

carriers to adjacent pixels; IPC is a deterministic effect arising through fringing fields

without any actual movement of charge carriers. CCDs are not known to exhibit any

IPC, although a crosstalk due to capacitive coupling between neighboring channels

in the read-out electronics exists [120].

Pixels typically have some level of non-linear response, i.e., C[i, j] varies with the

charge. This variation of C[i, j] from the nominal value of Cnode is modeled separately

as a non-linearity in the gain of the system, leaving IPC to be modeled as a strictly

linear effect. Identical coupling capacitances between the nodes, by fabrication, ensure

that the system is still shift-variant. 4 Thus, the effect of interpixel capacitance can

still be captured by a kernel K that is convolved with the image.

4.2.2 Parametrizing IPC

For any IPC kernel K, the entries, which refer to relative capacitance values, must

satisfy 0 ≤ K[i, j] ≤ 1 ∀(i, j) [see 119]. Moreover, for unit nominal gain, the sum of

all voltages is unity (in suitable units) for a unit charge (in suitable units) in some

4This is not strictly true. However, as long as the length scale over which the coupling changes
significantly is more than a few pixels, all the arguments hold.
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arbitrary node. This arbitrary node, which must be far from the edges, can be defined

as the origin for convenience, i.e., if Q[m,n] = δm,0δn,0, then

Cnode

∑

i

∑

j

V [i, j] = 1, (4.5)

implying
∑

i

∑

j

K[i, j] = 1. (4.6)

This normalization for the IPC kernel ensures charge conservation in the case of a

generic signal.

As mentioned in Sec. 4.2.1, a capacitive coupling exists between every pair of nodes,

which decreases sharply with the distance between them. For small interpixel cou-

pling, i.e., Cc/Cnode ≪ 1, we can consider only the coupling between pixels sharing

an edge and ignore the rest, which are typically of second or higher order in α. In

this limit, the kernel is described by a 3 × 3 matrix with 8 degrees of freedom (see

Eq. 4.6). Symmetric coupling between the nodes is a reasonable assumption, i.e.,

K[i, j] = K[j, i]. The simplest, non-trivial IPC kernel is then given by

Kα =







0 α 0

α 1− 4α α

0 α 0






. (4.7)

Note that we have assumed α≪ 1, and thus 1− 4α is always positive.

Coupling between pixels that share a corner (diagonal coupling) can be stronger

than second nearest neighbor (along one of the axes) due to proximity. Thus, we

can introduce an additional level of complexity by introducing α′ to represent the

diagonal coupling, whose value can be independent of α.

Kα,α′ =







α′ α α′

α 1− 4(α + α′) α

α′ α α′






, (4.8)

where typically α′ < α. This is a reasonable assumption since in typical H2RG devices

α and α′ are typically of order 10−2 and 10−3 as we will show below. However, it is
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important to confirm that the effect of α′ on the PSF size and shape really is small

compared to that of α, to justify that the kernel can indeed be truncated to 3 × 3

matrix.

There can exist a measurable asymmetry along the two axes of the detectors [121], i.e.,

the capacitive coupling along the rows can be different from that of the columns. Small

anisotropies that arise because of this can have a significant effect on the ellipticity

of objects we want to study. This leads us to a 3-parameter kernel given by

Kα,α+,α′ =







α′ α− α+ α′

α+ α+ 1− 4(α + α′) α + α+

α′ α− α+ α′






. (4.9)

Care has to be taken at the edges since the above equation cannot possibly hold.

Along the edges of the physical detector, the assumed IPC model is not valid. But

along the edges of postage stamps, one can simply extend the sky image or simply

truncate the edges.

For the IPC kernel Kα given in Eq. (5.15), to first order in α, the elements of the

post-IPC image Iobs are related to those of the pre-IPC image Iim as

Iobs[i, j] = (1−4α)Iim[i, j]+α (Iim[i+ 1, j] + Iim[i− 1, j] + Iim[i, j + 1] + Iim[i, j − 1]) .

(4.10)

A similar equation with more terms can be written for the IPC kernels given in

Eqs. (4.8) and (5.16). For the IR channel of WFC3, direct measurements of the IPC

kernel made on-orbit [121] yield

KWFC3 =







0.0011± 0.0006 0.0127± 0.0009 0.0011± 0.0006

0.0163± 0.0014 0.936± 0.0045 0.0164± 0.0011

0.0011± 0.0006 0.0127± 0.0010 0.0011± 0.0006






, (4.11)

which can be described by the 3-parameter model in Eq. (5.16). For H4RGs, the

nominal values for the IPC parameters (given by a subscript 0) are α0 = 0.02, α′
0 =

0.002 and α+,0 = 0 (Content, D. personal communication, 2015-11-05).
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4.2.3 Implications of IPC

Failure to account for IPC results in underestimation of conversion gain [119, 122,

123] and overestimation of various kinds of quantum efficiencies [DQE; 124]. Thus,

IPC must be estimated and accounted for in order to understand the fundamental

parameters of the detectors. In addition, one must account for the effect of IPC on

image shapes, which is the focus of this paper.

If one were to obtain an image of the PSF by pointing the telescope at a star, the

image of the star will include the effects of IPC. The effect of the IPC is to blur the

image through a convolution. However, the IPC kernel may be considered as being

distinct from the PSF for several reasons. Some of them are:

1. The PSF is an intrinsically continuous profile that is convolved with the image

and is discretized only when the light hits the detector. The IPC kernel, on the

other hand, is inherently discrete, with a pre-defined pixel scale.

2. The effects of IPC are centered on each pixel, independent of where the photons

land.

3. The effect of IPC comes in later than that of the PSF, at the detector level, after

the addition of dark current, Poisson noise and nonlinearity of the conversion

gain. Thus the IPC introduces correlations in the signal and noise, whereas the

PSF does not correlate the noise.

IPC corrections are therefore different from the PSF corrections, and could be applied

as a deconvolution kernel (essentially the inverse of the IPC kernel) before the majority

of the image processing. Moreover, they would be applied to each exposure, while PSF

corrections to galaxy shape measurements would typically be made after obtaining

an oversampled image from multiple exposures.

With a precisely known IPC kernel, and in the absence of detector noise, the original

image at the focal plane can be recovered by direct deconvolution. However, read-

out noise and quantization noise is added after IPC convolution occurs. Despite this

fact, the straightforward deconvolution or division in Fourier space can be done [125],

as it is stable to noise due to the absence of zeros in the Fourier representation of

the IPC kernel. This deconvolution would now introduce additional correlations in

the read noise and quantization noise. Thus an exact recovery of the noisy image,
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removing just the effects of the IPC, is impossible. As an alternative to an exact

correction scheme, which would have recovered the original noisy image in the absence

of noise after IPC, an approximate, fast correction scheme suggested in [125] should

be evaluated to see if it is sufficient. The approximate correction scheme suggests

convolving the individual exposures with another kernel, with the sign of the IPC

parameters reversed. For the 3-parameter kernel (Eq. 5.16), it involves convolving

the image with another kernel

K ′
α,α+,α′ = K−α,−α+,−α′ =







−α′ −α + α+ −α′

−α− α+ 1 + 4(α + α′) −α− α+

−α′ −α + α+ −α′






(4.12)

to correct for IPC effects to first order in the coupling parameters. For the 1-parameter

kernel (Eq. 5.15), (Kα ⊗K ′
α)ij = δi0δj0+O(α2). Here, the (0, 0) element refers to the

center element of the kernel. For α ∼ 0.02, which is roughly what H4RG detectors

are anticipated to exhibit, α2 ∼ 0.0004 which may be neglible. For kernels with more

than one parameters, bi-linear correction terms may exist, which are also small in

magnitude. If it turns out thatO(α2) terms are not negligible for shape measurements

for WL analysis, then one can always go for the direct deconvolution.

As stated in Sec. 5.1, one of the main goals of this study is to highlight the uncertainty

in the PSF due to imperfect knowledge of the IPC parameters. In real detectors, the

coupling between the pixels varies spatially [126], violating the assumption that IPC

is a shift-invariant effect. However, as long as the scale on which the coupling varies

is greater than a few pixels, we can treat IPC as approximately shift-invariant with

kernel parameters that vary slowly with position. Thus, the IPC parameters cannot

be known perfectly and come with errorbars, which would also be the case if there is

some unknown time-dependence of the IPC. If δα denotes the difference between the

actual parameters and their assumed (nominal) values, then Kα ⊗ K ′
α+δα will have

terms that are of order δα.

Throughout this work, we carefully distinguish ∆X from δX ; the former refers to

the change in the quantity X due to the IPC and the latter refers to the change in

a quantity X due to error in determining the IPC parameters or equivalently the

change due to a small deviation of the IPC parameters from their nominal values.

Thus, ∆X represents a systematic change that is correctable (at least, in principle),
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while δX represents a systematic error.

4.3 Definitions of sizes and shapes

4.3.1 Based on quadrupole moments

A common way to define the sizes and shapes of objects in astronomical images (PSFs,

galaxies) uses weighted second moments [91]. The first moments of an image I (in

arbitrary units) are defined as

x0 =

∫

d2x xw(x)I(x)
∫

d2x w(x)I(x)
, (4.13a)

and the second moments as

Mij =

∫

d2x (x− x0)i(x− x0)jw(x)I(x)
∫

d2x w(x)I(x)
(4.13b)

for some weight function w(x). Here, x and x0 are 2-vectors, i.e., x = (x1, x2) =

(x, y).

For a given weight function, one possible definition of linear object size σ is given

by [det(M)]1/4. Another is the square root of the trace of the moment matrix,

tr(M)1/2 =
√

Mxx +Myy. Both options have dimensions of length and are invariant

under rotation; however, the determinant is less sensitive to the shear, so we use the

determinant to define σ.

The ellipticity of the object can be expressed in terms of the second moments as

(e1, e2) =

(

Mxx −Myy

Mxx +Myy
,

2Mxy

Mxx +Myy

)

. (4.14)

Often, the ellipticity is expressed as a complex number e = e1 + ie2. The complex

ellipticity can also be specified by the magnitude of the ellipticity |e| =
√

e21 + e22 and

an angle β, where β is the position angle, as

(e1, e2) = |e| (cos 2β, sin 2β) . (4.15)
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The two linear sizes are related through the total ellipticity by the equation

tr(M) =
2σ2

√

1− |e|2
. (4.16)

Choosing the weight function

When w(x) is a constant, Eq. (4.13b) reduces to unweighted second moments, which

are divergent in the presence of noise [127]. Moreover, diffraction-limited PSFs are

Airy-like, with intensity decreasing with distance from the image center as 1/r3 for

large r. Thus, the elements in the moment matrix for an Airy PSF diverge logarithmi-

cally and hence are formally infinite. In practice, due to the finite size of the detector,

one would obtain finite values, but they would depend strongly on the number of pix-

els used to calculate the moments, which is undesirable. This is true independent of

the exact form of the PSF when the pupil of the telescope has a sharp edge.

[127] introduced circular Gaussian weight functions in order to obtain finite values

of higher order moments. [91] generalized the weight function to be an elliptical

Gaussian that matches the shape of the object. This can be achieved in principle by

finding the best-fit elliptical Gaussian to the image by minimising

E =

∫

d2x

∣

∣

∣

∣

I(x)−A exp

[

−1

2
(x− x0)

TM−1(x− x0)

]∣

∣

∣

∣

2

(4.17)

over the six independent variables in (A,x0,M). The optimal values of x0 and M

satisfy Eqs. (4.13a) and (4.13b) for the weight function

w(x) = exp

[

−1

2
(x− x0)

TM−1(x− x0)

]

. (4.18)

In practice, it is more common to determine this weight function via an iterative pro-

cess than by minimising Eq. (4.17), resulting in the term “adaptive moments”.

For Gaussian objects, the adaptive and unweighted moments are equivalent, while

the adaptive size of a non-Gaussian PSF is typically smaller than its unweighted size

since the former downweights the extended wings of the PSF.
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Transformation properties

The image arising from the convolution of the IPC kernel with a given image can be

seen as the sum of shifted and scaled versions of the original image (see Eq. 4.10).

Eq. 4.10 is a particular case of a generic linear transformation of the image given

as

I(x) → Inew(x) = (KIPC ⊗ I)(x) =
∑

dx

λ(dx)I(x+ dx). (4.19)

for some set of coefficients λ. The transformation of the best-fit Gaussian parame-

ters (obtained in the form of adaptive moments) under the individual operations of

rescaling and shifting are simple:

I(x) → Inew(x) = λI(x) =⇒ (A,x0,M) → (λA,x0,M) (4.20)

I(x) → Inew(x) = I(x+∆x0) =⇒ (A,x0,M) → (A,x0 +∆x0,M) (4.21)

A combined spatial translation and intensity rescaling of an image is trivial. However,

the operation of finding the best-fit single Gaussian does not behave in any simple way

under a general linear transformation, i.e., the best-fit Gaussian to an image I1(x)

and the best-fit Gaussian to an image I2(x) do not determine the best-fit Gaussian

to an image I3(x) = I1(x) + I2(x) in a straightforward manner.

Unlike the adaptive moments, the unweighted moments are amenable to analytical

calculations. Since the unweighted moments of two images simply add to give the

unweighted moments of the third image obtained by convolving the two images, we

can write an expression for the unweighted size (if it exists) of any object as a function

of the two IPC coupling parameters α and α′, including the pixel response as

σun,obs(α, α
′) =

√

σ2
un + 2α+ 4α′ =

√

σ2
un,int +

1

12
+ 2α+ 4α′, (4.22)

where σun,obs and σun are the unweighted sizes with and without the effects of IPC,

and σun,int is the intrinsic size of the object (without the broadening due to the pixel

response) in pixels. We derive this relation in Appendix A.

The expression derived may not be useful for space-based PSFs, but for larger objects

(σun,int ≫
√

1/12) that are approximately Gaussian (for which the adaptive and

86



unweighted moments agree), it can serve as a good approximation for the adaptive size

if α′ < α ≪ 1. The conditions on α, α′, and σun,int ensure that the non-Gaussianity

in the final image is small. As an expression for the unweighted size, Eq. (4.22) holds

true in all cases (if σ exists).

4.3.2 Other size definitions

There are other size definitions that are not based on second moments. The full width

at half maximum (FWHM) is one common measure of the size of a PSF. For an Airy

PSF corresponding to a wavelength λ,

FWHM (in pixels) ≈ 1.03λ

sD
, (4.23)

where D is the telescope diameter and s is the pixel scale in units of radians/pix.

Another measure of size is the half-light radius, Re, which is the radius of the circle

centered at the object centroid that encloses 50% of the energy. It is sometimes

denoted as EE50. For an Airy PSF,

Re = EE50 (in pixels) ≈ 0.535
λ

sD
. (4.24)

Note that the EE50 is a radius and the FWHM is more like a diameter.

Diffraction-limited PSFs have large wings. The adaptive moments represent the core

size of the PSF, while the unweighted moments and (to a lesser extent) the non-

moment-based sizes also capture information about these wings. The WFIRST Sci-

ence Definition Team report [SDT; 2] specifies the requirement of PSF sizes in terms

of EE50. However, for weak lensing systematics, we focus on the PSF core size from

the adaptive moments. For comparison, we present the half-light radius and adap-

tive size for the PSFs in Table 4.2, with and without diffraction spikes (which were

neglected in the WFIRST SDT report).

Realistic PSFs have features such as diffraction spikes from the supporting struts,

central obscuration, aberrations and pixelization and hence the resulting profile is

not an Airy pattern (see Fig. 4.2). Thus, one cannot use Eq. 4.23 or Eq. 4.24 to

estimate the PSF size. One way to define these quantities is to fit the image to a
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profile with well-defined FWHM or EE50. However, as we will see in Sec. 4.4, the

WFIRST PSFs have complex features that are not captured by simple PSF models.

Thus, we will use an empirical measurement of EE50 directly from the images.

Measuring FWHM directly from the PSF image is a difficult task and is highly sen-

sitive to noise in the image. Measuring the half-light radius is comparatively robust

since we integrate (partially) the light profile instead of using the individual samples

of the profile. The first task in measuring the half-light radius of a PSF is to identify

the centroid of the image. Starting from that location, we find the radius of the small-

est circle that contains at least 50% of the total flux. This is done by calculating the

distance of every pixel from the center and determining empirically the azimuthally

averaged radial profile. That is, given a center (x0, y0) and a separation from the

centroid R, the fraction of light enclosed f(R; x0, y0) is

f(R; x0, y0) =
∑

i,j

I[i, j]Θ(R2 − (i− x0)
2 − (j − y0)

2), (4.25)

where Θ() is the Heaviside step function. Here we have implicitly assumed that the

PSF has unit flux. The half-light radius is calculated by solving for R such that

f(R; x0, y0) = 0.5 for some x0, y0.

The half-light radius can be fairly sensitive to the choice of the centroid. For Airy-

like PSFs that exhibit circular symmetry, which would be the case if the supporting

struts were radial (see Sec. 4.4.1 for details) and in the absence of aberrations, the

center is unambiguously the peak of the profile. But the WFIRST PSFs do not

exhibit any such symmetry and hence it is not evident where the centroid should

be. In simulations, one can locate the ‘true’ center by identifying the center of the

underlying Airy profile and treat aberrations as re-distribution the light around the

‘true’ center, thus affecting the half-light radius (but not the centroid itself). However,

in real observations of stars to determine the PSF, it is impossible to know where the

‘true’ centroid would be and thus we need a prescription to calculate the centroid

given a PSF image. One natural choice is to use the coordinates obtained from

Eq. 4.13a as the centroid for calculating the half-light radius, which will not coincide

with the ‘true’ center of the PSF in general.
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4.4 Methods

4.4.1 WFIRST module description

Realistic WFIRST PSFs used in this work are simulated using GalSim [69]. GalSim

is a commonly-used open-source tool for the weak lensing community to simulate

realistic images of galaxies. The authors of this paper have built a WFIRST module

within GalSim, which is now publicly available in GalSim v1.3. We provide a brief

description of the WFIRST module below.

Filter responses for the six bandpasses - Z087, Y106, J129, W149, H158 and F184 -

are available in this module, along with the blue and red wavelength limits for each

of the filters and the corresponding effective wavelengths, which are the bandpass-

weighted mean wavelength. This information, listed in Table 4.1, can be retrieved by

calling the getBandpasses routine within the WFIRST module.

The focal plane assembly (FPA) of the WFIRST-AFTA telescope consists of 18 H4RG

detectors. PSFs corresponding to one or more of these detectors can be generated by

passing the detector numbers as parameters to the argument SCAs of getPSF. The

variations of the PSFs within each detector were verified to be small and GalSim v1.3

does not account for this variation, though future releases of GalSim may include

them.

Complex, aberrated wavefronts incident on a circular pupil can be approximated by

a sum of Zernike polynomials. Following the convention in [128], the polynomials

are labelled by an integer j. The low order Zernike polynomials map the low-order

aberrations commonly found in telescopes, such as defocus (j = 4), astigmatism

(j = 5, 6), coma (j = 7, 8), trefoil (j = 9, 10), and so on. Using these polynomials up

to j = 11, corresponding to spherical aberration, the WFIRST PSFs corresponding

to any of 18 detectors can be constructed from the getPSF routine.

By default, getPSF outputs instances of the ChromaticOpticalPSF class which can

be convolved with a galaxy or star that has an SED to make a chromatic image.

Alternatively, the user has an option to obtain instances of achromatic OpticalPSF

class, which evaluates the chromatic WFIRST PSFs at a particular wavelength pro-

vided by the user. For the results described in this paper, PSFs for each of the
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six bandpasses are obtained by evaluating the chromatic PSFs at the corresponding

effective wavelengths.

The WFIRST-AFTA telescope has a central obscuration in the pupil plane and the

supporting struts are not radial (see Fig. 4.1). The getPSF routine in the WFIRST

module takes the pupil plane configuration into account and simulates the PSF im-

ages, with expected aberrations according to the latest design with chromatic effects

if requested by the user, for each of the bandpasses and for each of the 18 H4RG

detectors in the focal plane [129]. This process requires two inputs: the pupil plane

configuration and the aberrations described by the Zernike coefficients, which are

available publicly 5. The latter have been incorporated within the WFIRST module

but in GalSim v1.3, only the circular pupil plane configuration, which is appropriate

for the long-wavelength bands, is incorporated.

The PSFs can be drawn as a GalSim Image instance with the (approximate) native

WFIRST pixel scale of 0.11” per pixel (wfirst.pixel scale), which results in real-

istically undersampled images. The resolution of a PSF image can be increased by

convolving the PSF profile with a top-hat profile corresponding to the pixel response

and then drawing the image at a smaller scale. Fig. 4.2 shows higher-resolution im-

ages of the PSFs generated in such a manner in the absence of IPC or any other

detector effects and noise. However, resampling the PSF image in the presence of

IPC requires combining multiple dithered exposures containing IPC. We explain in

Sec. 4.4.3 how to handle PSF images in the presence of IPC.

The WFIRST module also has routines to incorporate many detector non-idealities

such as nonlinearity, reciprocity failure and IPC, and to model the detector configura-

tion for an observation at a given position with a given orientation angle. Values for

telescope parameters such as the pupil diameter and obscuration; detector parameters

such as the pixel scale, dark current, and IPC coupling; and basic survey parameters

like planned bandpasses and exposure times are also included. These values will be

adjusted as the WFIRST design evolves.

5http://wfirst.gsfc.nasa.gov/science/sdt_public/wps/references/instrument/
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Figure 4.1: Left: WFIRST pupil plane configuration for long wavelength bands W149,
H158, and F184. Right: WFIRST pupil plane configuration for short wavelength
bands Z087, Y106, and J129. The simulations in this work use the pupil plane image
on the left for all wavelengths.

Bandpass Minimum λ Maximum λ Effective λ
Z087 735.0 1010.0 873.39
Y106 900.0 1230.0 1061.43
J129 1095.0 1500.0 1292.11
W149 905.0 2050.0 1458.01
H158 1340.0 1830.0 1577.05
F184 1630.0 2060.0 1837.3

Table 4.1: Table of minimum, maximum and effective wavelengths in nanometers for
each of the six bandpasses.
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Figure 4.2: Simulated PSF images using the WFIRST module in GalSim for different
filters, in logarithmic intensity scale, relative to the brightest pixel at the center.
The PSFs are evaluated at the effective wavelength of the bandpass filters listed in
Table. 4.2. The images correspond to an area of 1.76′′×1.76′′ or 16×16 pixels, drawn
at a scale that is 32 times smaller than the native pixel scale, thus giving images of
512×512 pixels. The filters are arranged in increasing wavelengths from left to right,
top to bottom, i.e., the top row corresponds to Z087, Y106, and J129 (from left to
right) and the bottom row corresponds to W149, H158, and F184 bands (from left to
right).
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4.4.2 Simulation

To study the effects of IPC on PSFs in the simplest possible setting, we ignore all

other detector effects (non-linearity, reciprocity, read noise etc.). Effects that are non-

linear will lead to slightly different PSF images depending on the apparent magnitude

of the star and the exposure time; ignoring them helps to understand the effects on

PSFs independent of such quantities. We also add no noise in our simulations since

that would require specification of a particular signal level.

Resampling the PSF profile (see Sec. 4.4.3) to obtain high resolution PSF images

ensures that our results are less sensitive to where the centroid of the PSF falls

within a pixel (center or edge or corner). We let the signal level of the PSF images

be arbitrary since we do not include noise or any signal-dependent effects, and since

IPC is linear it does not depend on the signal level. For all the reasons mentioned

above, it suffices to simulate one PSF image per band for each of the detectors.

The results presented below are for the center of a randomly chosen detector, 7 [see

129, for numbering system]. We confirmed that our results are not significantly altered

when using other detectors. The WFIRST reference weak lensing program requires

shape measurements in only the J129, H158 and F184 bands. Thus, we present our

results only for the PSFs of these 3 bands.

It is important to understand what features are included in our PSF simulations

and what features are not. First, the PSFs include the diffraction spikes due to the

supporting struts, while the WFIRST SDT report set requirements while masking

out these spikes. The WFIRST requirements [2] also considered jitter and charge

diffusion, which are not included in our simulations. Thus, while the simulated PSFs

are fairly realistic, they differ in certain ways from the PSFs on which the requirements

were set. Also, the short-wavelength bands - Z087, Y106 and J129 - do not use the

appropriate pupil plane configuration shown in Fig. 4.1, but rather use that of the

long-wavelength bands throughout this work.

4.4.3 Overcoming undersampling

Measurements of object sizes or shapes from undersampled images can significantly

differ depending on where the object centroid falls within a pixel. The image sampling
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rate must be at least the Nyquist rate for the band limit set by the optical response of

the system in order to recover the full continuous image from discrete pixel values, and

thereby avoid aliasing. We want to analyse only oversampled images to distinguish

detector effects from aliasing artifacts.

WFIRST PSFs are not Nyquist sampled, by design. In order to measure the change

in the PSF sizes due to interpixel capacitance, we must increase the resolution of the

PSF image. In GalSim, the sampling rate of the PSF image can be increased when

calling the drawImage routine with a scale parameter scale=s/N for some N > 1,

with s being the native pixel scale. This will alter the pixel response as well and

hence does not produce the correct PSF image. One must first convolve the PSF with

the pixel response corresponding to the native pixel scale, then call drawImage with

method=‘no pixel’. For detector effects like voltage non-linearity and reciprocity

failure [see, e.g., 117] for which the detector effect depends on the pixel value, the

above method of obtaining Nyquist-sampled images is sufficient.

However, to include interpixel capacitance, for which the pixel correction depends on

neighboring pixel values, images must be drawn at the native pixel scale. Higher-

resolution images can be obtained from multiple lower-resolution images with sub-

pixel offsets, also known as a dither sequence. Softwares like Drizzle [130], iDriz-

zle [131], and IMCOM [132] use algorithms to combine dither sequences. However,

for uniform sub-pixel offsets, the resolution can be increased by simply interleaving

the images - a technique that dates back to [133]. This technique is ideal for PSF

images from simulations, where offsets can be precisely set, allowing higher sampling

to be achieved without external (to GalSim) image combination software.

The basic interleaving concept is mathematically described as follows: Let In×n[· , ·]
denote some n×n image of some continuous light profile I(x, y) hitting the detector.

Thus

In×n[i, j] =

∫
p

2

− p

2

dx′
∫

p

2

− p

2

dy′ I(ip + x′, jp+ y′) (i, j ∈ {1, 2, . . . , n}), (4.26)

where p is the pixel spacing or more appropriately, the length of the side of a pixel

in the above equation. Consider a set of 3 images I
(m)
n×n[· , ·] for m = 1, 2, 3, obtained

by moving the detector by a distance p/2 along either of the axes or both, with
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I
(0)
n×n = In×n. Therefore

I
(m)
n×n[i, j] =

∫ p

2

− p

2

dx′
∫ p

2

− p

2

dy′ I

(

(i+
b1
2
)p+ x′, (j +

b2
2
)p + y′

)

, (4.27)

with b1, b2 ∈ {0, 1} and m = 2b1 + b2. Given these four images, one can obtain

a 2n × 2n image of I(x, y) with twice the resolution than the original by simply

interleaving these 4 images:

I2n×2n[2i+ b1, 2j + b2] = I
(m)
n×n[i, j], (4.28)

This image has an effective sampling interval of p/2 while the pixel response function

is still p. Note that the interleaved image has a higher flux given by the sum of the

fluxes of the individual images. Since we are interested in measuring only the second

moments, the normalization does not matter.

I2n×2n[i, j] =

∫
p

2

− p

2

dx′
∫

p

2

− p

2

dy′ I(ip/2 + x′, jp/2 + y′) (i, j ∈ {1, 2, . . . , 2n}) (4.29)

One can interleave N × N (N ≥ 2) images in either direction to generate an image

with a sampling rate that is N times greater than the native one, without changing

the pixel response. The interleaveImages routine in galsim.utilities carries out

this process for GalSim users.

An oversampled image of the WFIRST PSF with detector effects included must be

obtained by interleaving multiple undersampled PSF images that have these effects in-

cluded. For band-limited PSFs, one can in principle reconstruct the Nyquist-sampled

PSF from a ‘superimage’ of the PSF by choosing N = ⌈(2p)/(λminNf)⌉, where λmin

is the smallest wavelength in a given bandpass filter and Nf is the focal ratio or

the f-number of the telescope. For the WFIRST-AFTA telescope, p = 10µm and

Nf = 7.8 [2]. This gives N ≥ 3 for J129 and N ≥ 2 for H158 and F184 bands. How-

ever, we choose to oversample the images by a large factor in order to additionally

reduce the quantization error, the error due to discretizing, and to reduce the variance

due to any sub-pixel offsets that PSFs may have. We find that setting N = 32 is

sufficient for all our analysis by checking for convergence in our results as a function

of N .
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Bandpass
Adaptive size σ (in mas) HLR Re (in mas) Ellipticity |e|
w/ spikes w/o spikes w/ spikes w/o spikes w/ spikes w/o spikes

J129 61.50 60.480 114.85 95.06 0.0646 0.0652
H158 66.16 65.884 123.72 103.85 0.0379 0.0417
F184 72.39 72.452 132.37 113.21 0.0246 0.0292

Table 4.2: Table of PSF sizes and ellipticity. Adaptive sizes and half-light radii in
milliarcseconds (mas) and magnitude of ellipticities are tabulated for the PSFs of the
J129, H158 and F184 bandpasses. Size and ellipticity measurements for the PSFs
without including the diffraction spikes are also tabulated, so as to be able to relate
to the values in WFIRST documents [1, 2].

The oversampled image is a special linear combination of the undersampled images,

such as IMCOM would produce from a dither sequence. Oversampling images in this

manner does not introduce any shape measurement error [134].

4.5 Results

4.5.1 Increase in PSF sizes

The High Latitude Imaging Survey Data Set requirements on the half-light radii of

the PSFs are: ≤ 0.12′′ for the J129 band, ≤ 0.13′′ for the H158 band and ≤ 0.14′′ for

the F184 band. These requirements were set using specific methodology, including the

masking of diffraction spikes and inclusion of jitter and charge diffusion. We cannot

compare our PSF sizes with those from [2] due to these methodology differences.

However, since our goal is to determine how IPC affects PSF sizes, we provide our

estimates of PSF sizes without IPC (computed various ways) in Table 4.2 as a baseline,

then consider increases with respect to that baseline.

As mentioned in Sec. 4.3.2, the half-light radius depends on the choice of the centroid

and the centroid computed from Eq. 4.13a will in general not agree with the ‘true’

center of the image. The centroid from the adaptive moments disagrees with the ‘true’

center of the image by at most half a pixel (0.055′′) in either direction. Prior to the

application of IPC, the half-light radius determined using Eq. 4.13a for the centroid

is smaller compared to the one calculated using the ‘true’ center of the image by

2− 4%.
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Figure 4.3: Contour plot of the relative increase in the adaptive size (expressed as
a percent) as a function of the α and α′ parameters in the IPC kernel in Eq. (4.8)
for the relevant WFIRST PSFs. The black × represents a nominal value of the IPC
parameters in H4RG detectors. For each filter, the adaptive size in milliarcseconds
(mas) and ellipticity (e1, e2) without IPC is noted above the subplots.

We present our results for two specific sub-classes of the 3-parameter IPC kernel

(Eq. 5.16). The first of them is the 2-parameter isotropic IPC model (Eq. 4.8). We

consider this case since the nominal value of α+ is 0. Figures 4.3 and 4.4 show the

increase in PSF size in all bands as a function of α and α′, using the adaptive size

(Fig. 4.3) and the EE50 size (Fig. 4.4). As shown in Figs. 4.3- 4.4, the increase in PSF

sizes is a few per cent in all bands for the nominal values (α0 = 0.02 and α′
0 = 0.002)

of the IPC parameters. More specifically, the relative change in the adaptive size

is about 4 − 6% and the relative change in the half-light radius (with Eq. 4.13a as

centroid) is about 5 − 6% depending on the bandpass. When the half-light radius

is computed with the ‘true’ center as the centroid, the relative increase is smaller

(∼ 4.5%) and the variation is smaller across the bandpasses. We emphasize that it is

impossible to know the location of the ‘true’ center in the real observations of PSF

and thus results with ‘true’ center being the centroid are not relevant in practice. We

nevertheless present these results to show that not knowing the ‘true’ center does not

significantly affect our overall conclusions.

As expected, the size is affected more by the coupling between nearest neighbors than

by diagonal coupling, owing to a higher coupling parameter. The same is true for the

change in PSF ellipticity shown in Figs. 4.5 and 4.6 for the ellipticity components e1

and e2, along and at 45◦ with respect to the pixel edges respectively. A typical value

for ∆e1 (∆e2) is ∼ 10−3 (10−4). Thus, even if uncorrected, the contribution of IPC to
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Figure 4.4: Contour plot of the relative increase in the half-light radius EE50 (ex-
pressed as a percent) as a function of the α and α′ parameters in the IPC kernel in
Eq. (4.8) for the relevant WFIRST PSFs. The black × represents a nominal value of
the IPC parameters in H4RG detectors. For each filter, the EE50 in milliarcseconds
(mas) and ellipticity (e1, e2) without IPC is noted above the subplots. The black cross
marker represents a nominal value of the IPC parameters in the H4RG detectors.

Figure 4.5: Contour plot of the change in the ellipticity component e1 as a function
of the α and α′ parameters in the IPC kernel in Eq. (4.8) for the relevant WFIRST
PSFs. The black × represents a nominal value of the IPC parameters in H4RG
detectors. For each filter, the adaptive size in milliarcseconds (mas) and ellipticity
(e1, e2) without IPC is noted above the subplots.
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Figure 4.6: Contour plot of the change in the ellipticity component e2 as a function
of the α and α′ parameters in the IPC kernel in Eq. (4.8) for the relevant WFIRST
PSFs. The black × represents a nominal value of the IPC parameters in H4RG
detectors. For each filter, the adaptive size in milliarcseconds (mas) and ellipticity
(e1, e2) without IPC is noted above the subplots.
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Figure 4.7: Contour plot of the change in the ellipticity component e1 as a function
of the α and α+ parameters in the IPC kernel in Eq. (5.16) with α′ = 0.002 for
the relevant WFIRST PSFs. The black × represents a nominal value of the IPC
parameters in H4RG detectors. For each filter, the adaptive size in milliarcseconds
(mas) and ellipticity (e1, e2) without IPC is noted above the subplots.

the PSF anisotropy and hence to the additive bias in the shear estimate is expected

to be small.

The second sub-class of IPC kernel allows for the anisotropy with a fixed value for the

diagonal coupling α′, set equal its nominal value of 0.002. We consider this case since

the PSF sizes and shapes are least sensitive to α′. Figs. 4.7- 4.8 show the change to

the components of PSF ellipticity. The change in e2 is about ±5%(∼ 10−4) over the

entire range of α+ values we have considered whereas the change in e1 is of the order

10−2, much bigger than the original e1 value itself. This is not surprising since both

the anisotropy and the e1 component are aligned along the axes. For a symmetric

PSF with e2 = 0, we expect the e2 to remain 0 after the IPC. The small change in e2

is attributed to e2 not being zero to begin with. We verified that the relative increases

in sizes have negligible dependence on the anisotropy (figure not shown).

4.5.2 Error in PSF shapes from uncertainty in IPC parame-

ters

If the IPC kernel is known precisely, then the effect can, in principle, be perfectly

corrected. However, errors in IPC parameters arise either because of measurement

uncertainties or because of the parameters varying (slowly) across the pixels. In
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Figure 4.8: Contour plot of the change in the ellipticity component e2 as a function
of the α and α+ parameters in the IPC kernel in Eq. (5.16) with α′ = 0.002 for
the relevant WFIRST PSFs. The black × represents a nominal value of the IPC
parameters in H4RG detectors. For each filter, the adaptive size in milliarcseconds
(mas) and ellipticity (e1, e2) without IPC is noted above the subplots.

101



addition, there is a possibility of error due to adopting an incorrect IPC model, the

use of a 3 × 3 kernel. Even with a perfect IPC correction scheme, errors in the IPC

kernel that is assumed and corrected for will propagate into errors in PSF sizes and

ellipticities. In this section, we investigate the magnitude of this effect, in all cases

assuming a perfect correction scheme.

We start by considering the 2-parameter isotropic IPC kernel (Eq. 4.8) assuming that

the model is correct but its parameters have uncertainties. The issue at hand can be

addressed by looking the change in the PSF sizes and shapes as a function of α and

α′, as done in Sec. 4.5.1; but now on a finer grid over the range of values of the IPC

parameters where we expect them to lie. In the ideal case of being able to correct for

IPC exactly, the error in PSF size and shape will be due to δα and δα′, the difference

between the true values of α and α′ and their assumed values, denoted by α0 and α
′
0.

For nominal values of α0 = 0.02 and α′
0 = 0.002, Figs. 4.9–4.11 show the error in PSF

size and ellipticity as a function of errors in the parameters, δα and δα′. For a 10%

error in α and fixed α′ (δα′ = 0), the error in relative increase in size is ∼ (5± 0.5)%.

All the contour lines in these three figures are parallel and approximately equally

spaced, which suggests that a linear fitting function could describe these results very

well. Thus,

σ′(α, α′)− σ′(α0, α
′
0) ≈ δαRα(α0, α

′
0) + δα′Rα′(α0, α

′
0) (4.30a)

e′k(α, α
′)− e′k(α0, α

′
0) ≈ δα Sk,α(α0, α

′
0) + δα′ Sk,α′(α0, α

′
0), for k = 1, 2 (4.30b)

for some set of coefficients Rα, Rα′ , Sk,α and Sk,α′ (for k = 1, 2), which are equiva-

lent to appropriate partial derivatives evaluated at the chosen nominal values of the

parameters.

The coefficients in Eqs. (4.30) were calculated by performing linear regression on an

11 × 11 grid of δα and δα′, with δα varying uniformly from −0.005 to +0.005 and

δα′ varying uniformly from −5 × 10−4 to +5 × 10−4. The values of the coefficients

for the PSFs of the J129, H158 and F184 bandpasses are given in Table 4.3. We find

that the quantities on the left hand side of Eqs. (4.30) agree with the linear model

prediction with at most a 1% error, for δα ≈ 0.1α0. Thus, the errors in PSF sizes

and ellipticities can simply be specified by the six linear coefficients, Rα, Rα′ , S1,α,

S1,α′ , S2,α and S2,α′ , defined in Eq. 4.30.
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Figure 4.9: Contour plot of the relative change in the adaptive size (expressed as
a percent) as a function of δα and δα′, the deviation from their nominal values
(α0 = 0.02 and α′

0 = 0.002) of the parameters in the IPC kernel in Eq. (4.8) for the
relevant WFIRST PSFs. The black × corresponds to no deviation from the chosen
nominal values of the IPC parameters in H4RG detectors. For each filter, the adaptive
size in milliarcseconds (mas) and ellipticity (e1, e2) without IPC is noted above the
subplots.

Figure 4.10: Contour plot of the absolute change (after multiplication by 103) in the
ellipticity component e1 as a function of δα and δα′, the deviation from their nominal
values (α0 = 0.02 and α′

0 = 0.002) of the parameters in the IPC kernel in Eq. (4.8)
for the relevant WFIRST PSFs. The black × corresponds to no deviation from the
chosen nominal values of the IPC parameters in H4RG detectors. For each filter, the
adaptive size in milliarcseconds (mas) and ellipticity (e1, e2) without IPC is noted
above the subplots.
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Figure 4.11: Contour plot of the absolute change (after multiplication by 103) in the
ellipticity component e2 as a function of δα and δα′, the deviation from their nominal
values (α0 = 0.02 and α′

0 = 0.002) of the parameters in the IPC kernel in Eq. (4.8)
for the relevant WFIRST PSFs. The black × corresponds to no deviation from the
chosen nominal values of the IPC parameters in H4RG detectors. For each filter, the
adaptive size in milliarcseconds (mas) and ellipticity (e1, e2) without IPC is noted
above the subplots.

Bandpass Rα/σ(α0, α
′
0) Rα′/σ(α0, α

′
0) S1,α S1,α′ S2,α S2,α′

J129 2.9432 2.7691 0.1308 -0.063 0.0116 0.0134
H158 2.4457 2.5631 0.1171 0.0406 0.0076 0.0112
F184 2.0168 2.3741 0.0807 0.0604 0.0054 0.0084

Table 4.3: List of the six coefficients given in Eqns. 4.30 for the J129, H158 and F184
bandpasses. The coefficients represent the ‘instantaneous rate’ of change in PSF size
and ellipticity with respect to the change in one of the IPC parameters about the
nominal values for the case of isotropic kernel (Eq. 4.8).
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Bandpass Rα/σ(α0, α
′
0) R+/σ(α0, α

′
0) S1,α S1,+ S2,α S2,+

J129 2.9429 0.0383 0.1308 4.1516 0.0116 0.1165
H158 2.4454 0.0435 0.1171 3.7389 0.0075 0.0704
F184 2.0166 0.0336 0.0807 3.2975 0.0054 0.045

Table 4.4: List of the six coefficients given in Eqns. 4.31 for the J129, H158 and F184
bandpasses. The coefficients represent the ‘instantaneous rate’ of change in PSF size
and ellipticity with respect to the change in one of the nearest neighbor coupling
parameters about the nominal values for the case of anisotropic kernel (Eq. 5.16).

We computed the coefficients corresponding to the PSFs with no supporting struts

(not shown in the figures or tables). When we do not include the struts (but do

include obscuration and the expected level of aberrations), Rα/σ(α0, α
′
0) decreases by

10% from its original value when we include struts. This suggests that requirements

on IPC may not depend very strongly on the choice to include or exclude struts in

the simulations. The change in the S-type coefficients is comparable or even greater

than the coefficients themselves by a factor of 2 in many cases (and hence a change of

sign in some cases), indicating that the ellipticities are very sensitive to the diffraction

spikes.

Instead of the adaptive size, if we consider the EE50 radius, the coefficient that

is the analog of Rα/σ(α0, α
′
0) is either comparable or slightly smaller (by 33% or

less) than the corresponding coefficient for the adaptive size. On the other hand,

the coefficient that is the analog of Rα′/σ(α0, α
′
0) is consistently about 60% larger

than the corresponding one for the adaptive size. Thus, the EE50 radius, like the

unweighted moment (Sec. 4.3.1), is more sensitive to the diagonal coupling than the

adaptive size is.

4.5.3 Effects on PSF due to anisotropy of IPC

We now address the effect of a slight anisotropy that is commonly observed in the

IPC kernel on the PSF shapes. The difference between the nearest neighbor coupling

along the axes of H4RG detectors is expected to be small, as in for WFC3 (Eq. 5.17).

This lets us handle the anisotropy perturbatively as we handled the uncertainties in

the coupling in Sec. 4.5.2. If we denote the average nearest neighbor coupling along

both the directions as α, we consider the exact coupling along x and y axes as a small
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deviation from α, which we denote as α+. Generalizing the Eqns. 4.30, we now write

δσ′ = δαRα + δα+R+, (4.31a)

δe′k = δα Sk,α + δα+ Sk,+, for k = 1, 2. (4.31b)

Naively, we expect the anisotropy to have only a weak effect on the PSF sizes and a

relatively stronger effect on the ellipticity, compared to that from the isotropic term

α. We verify this and quantify the effect from simulations. In our simulations to

compute the coefficients in Eq. 4.31, we varied αx defined as α + α+ and αy defined

as α− α+ uniformly on a 11× 11 grid from 0.02− 0.005 to 0.02 + 0.005. We held α′

constant at its nominal value of 2 × 10−3 for simplicity. The best fit parameters for

Rα, R+, Sk,α and Sk,+ in Eqns. 4.31 are found from linear regression. If the model is

valid, then we should expect the Rα values to agree with their earlier values. Table 4.4

lists these coefficients for the J129, H158 and F184 bandpasses and indeed the Rα

values agree for all of them.

4.6 IPC in the context of WFIRST requirements

It is informative to place the results of our analysis in Sec. 4.5 into context, com-

paring IPC-related shape measurement errors to the requirements for the WFIRST

PSF as outlined in [2]. We highlight again that the PSFs used in our analysis do

not include jitter and charge diffusion. These effects will tend to increase the size

of the PSFs and somewhat reduce the relative effects of IPC. Thus, not including

these effects would tend to push our bounds on the IPC parameters to the slightly

pessimistic/conservative side.

While the maximum allowed PSF sizes are given in terms of the half-light radii, the

maximum tolerable error on PSF sizes are given in terms of the second moments.

Since the adaptive moments are sensitive mainly to the core of the PSF, our overall

conclusions based on adaptive moments are fairly independent of the choice of includ-

ing the diffraction spikes. This can be seen from Table 4.2, where the adaptive sizes

change by . 1.6% whether or not we consider the diffraction spikes as a part of the
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PSF.

Let us suppose that it is possible to measure the IPC parameters to within errors of

δα = δα′ = δα+ = 10−4. These could be simple calibration errors or perhaps due to

some spatial or temporal IPC variation that went uncharacterized. If we model the

WFIRST PSF with these parameters, we see that the worst PSF shape errors are in

the J band, with δσ/σ ≈ 5.75×10−4 (and from Eq. 4.16, δtr(M)/tr(M) . 1.15×10−3)

and δe1 ≈ 4.35×10−4. These values are obtained from Eqs. 4.30 and 4.31, with values

for the coefficients taken from Tables 4.3 and 4.4. For the High Latitude Imaging

Survey, the tolerance on the relative error of trace of the second moments of the

PSFs is set as 0.093%, and the required knowledge of PSF ellipticity is 4.7×10−4 per

component [2]. These tolerances might evolve as the details of the survey are finalized.

Thus, our model would have errors comparable to the tolerances for the entire survey.

In practice, a PSF model will be fit to on-sky measurements, and shape errors caused

by a misestimate of IPC parameters will be absorbed by other parameters in the PSF

model. This freedom relaxes requirements for the IPC parameters. To set definitive

IPC requirements for WFIRST, we need to consider the planned shape measurement

strategy and other sources of shape measurement error, which are still being studied.

However, we have shown that the effect of IPC on shape measurement is sufficiently

large that our ability to calibrate it out should not be taken for granted.

4.7 Conclusion and future work

We have explored the impact of interpixel capacitance, an effect that will be relevant

for surveys such as WFIRST that will use near-infrared detectors, on the point-

spread function, including its size and shape. To carry out this work, we have created

a new WFIRST module in the publicly-available GalSim software package. Using this

software, we have determined linear fitting formulae that describe how the PSF size

and shape change with the level of IPC, including the effects of changing different

parts of a two-parameter IPC model. Our simulations show that the level of IPC that

is present in state-of-the-art detector technology will increase the typical PSF sizes

by ∼ 5% for WFIRST. This is roughly the case irrespective of whether we include

the supporting struts in simulating the PSFs or not.
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The isotropic IPC kernel also changes the ellipticity of the PSFs. The changes in e1

and e2 are an order of magnitude smaller than the expected PSF e1 and e2 themselves.

These results may be useful inputs into WFIRST hardware requirements.

There are schemes [125] for removing the effect of IPC from astronomical images.

However, these schemes rely on knowledge of the IPC. Thus, we also consider the

scenario where the IPC is assumed to be at the nominally expected level, but there

are actually systematic deviations from that level, and derive linear fitting formulae

for errors on PSF sizes and shapes in the different WFIRST passbands. Assuming

a perfect IPC correction scheme, a 10% error in determining the nearest neighbor

coupling results in relative errors that are of the order 5× 10−3 in the PSF sizes. For

the errors in PSF sizes and shapes to be within the allowed limits for WFIRST, the

uncertainty in the parameters α, α′ and α+ must be much smaller than 10−4.

Our results represent an important step towards placing requirements on hardware

that affects the PSF for the WFIRST survey. Future work will use these to consider

their impact on the scientific measurements of interest, such as weak lensing. The

modifications of the PSFs due to imperfect knowledge of IPC can contribute towards

shear calibration biases when carrying out the process of PSF correction to estimate

weak lensing shears (Kannawadi et. al., in prep). Even if we had perfect knowledge

of IPC, the correlation in the noise caused due to IPC will affect the shear calibration

biases. We analyze these effects of IPC in the presence of noise in a future work

(Kannawadi et. al., in prep).

Another interesting direction for future work would be to consider the interplay be-

tween different detector effects, such as IPC and read noise. Since the introduction

of read noise happens at a later stage compared to IPC, any IPC correction scheme

would correlate the read noise. We defer exploration of the impact of correlated read

noise to future work.
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Chapter 5

The impact of interpixel

capacitance (IPC) on shear

calibration biases for WFIRST

from realistic galaxy image

simulations

5.1 Introduction

The standard model of cosmology today is the six-parameter ΛCDM model, which

has been repeatedly found consistent with a number of independent observations and

probes [see for e.g., 20, 135, 136]. This concordance model assumes that the theory

of General Relativity (GR) is the correct theory of gravity on cosmological scales,

according to which, light bends in response to a gravitational field - a phenomenon

known as gravitational lensing. The observations listed above also suggest that about

27% of the energy in the Universe (or about 85% of the matter by mass) of the

Universe is contributed by cold dark matter, which is thought to interact with the

more familiar baryonic matter only via gravitation [for attempts of direct detection

of dark matter, see for e.g., 137, 138]. While the properties and the distribution of

the dark matter can be inferred from the growth of cosmic structure, gravitational
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lensing provides us with a tool to probe them directly.

Weak gravitional lensing, or weak lensing (WL), is the most ubiqitous lensing phe-

nomenon that is used. For a detailed review, see [24, 27, 28, 41, 101]. It refers to the

small distortions in the shapes of distant galaxies due to massive structures between

the observer and the source galaxies. The distortions are so small that they are not

noticeable on per-galaxy basis and requires employing statistical techniques on a large

number of galaxies to detect the coherent distortion due to lensing.

Several missions that are in operation currently such as the Dark Energy Survey [DES;

45], the Hyper Suprime-Cam [HSC; 139], the Kilo-Degree Survey [KiDS; 46], the

Panoramic Survey Telescope and Rapid Response System [PanSTARRS; 47] and sev-

eral missions in the near future such as the Large Synoptic Survey Telescope [LSST;

48], Euclid [49] and the Wide-Field Infrared Survey Telescope [WFIRST; 1, 2, 50]

will image 108 − 109 galaxies with the aim of gathering data to perform weak lens-

ing analysis. Among these missions, Euclid and WFIRST1 are space-based surveys,

planned for launch during the early 2020s. Imaging surveys from space offer sev-

eral advantages, most notably a stable seeing condition (in comparison with ground

based surveys, where the seeing conditions depend on the atmosphere). However, an-

other advantage is to be able to image the sky in the near-infrared (NIR) or infrared

(IR) wavelengths as the water vapour in the earth’s atmosphere is opaque to these

wavelengths. Currently, the Wide Field Camera [WFC3; 98] in the Hubble Space

Telescope and the Wide Infrared Survey Explorer [WISE; 99] are taking images in

the NIR bands. The information obtained in the NIR regime is of interest scientifi-

cally, because a) it complements the images in the visible bands b) it helps improve

the accuracy of the photometric redshifts and c) it provides higher quality imaging

of the high-redshift galaxies.

The enormous quantity of data that would be provided by these surveys imply that

the statistical error will become lower than the systematic errors if we adopt the shear

estimation procedures that were used in the previous surveys, leading to erroneous

conclusions. Thus, with a significant decrease in the statistical errors, the source of

systematic errors need to be understood and corrected for.

Among the sources for systematic errors in the galaxy shapes are the non-ideal be-

1http://wfirst.gsfc.nasa.gov
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haviour of the telescope detectors. WFIRST will have detectors that use Hg(1−x)CdxTe

(or simply HgCdTe), an alloy of mercury(Hg), cadmium(Cd) and tellurium(Te) as the

photosensitive material with a hybrid CMOS readout architecture. Specifically, they

use HxRG family of sensors manufactured by the Teledyne Imaging Sensors. These

are very different from the CCD sensors that are sensitive to visible light and have

been used in astronomical commonly. Contrastingly, the use of HgCdTe detectors are

relatively new and the detector based effects are yet to be fully understood.

The WFIRST Science Investigation Team (SIT) and the detector working group have

listed several effects that are of concern for weak lensing with WFIRST. Some of them

are:

1. Interpixel Capacitance(IPC): IPC is the electrical cross-talk between the pixels

of the detectors due to the CMOS readout integrated circuit (ROIC).

2. Non-linearity(NL): NL refers to the non-linearity in the conversion of charges

in the pixels to voltage readings

3. Reciprocity Failure(RF): RF implies that the respond of the detector depends

not only on the number of photons but also on their arrival rates

4. Persistence: Persistence is the retention of the charges from the previous expo-

sures even after the pixels have been reset to zero.

CCD detectors in LSST also share some of these effects and are of concern for weak

lensing. For a brief review on some of the systematic effects arising from the detectors,

see [31]. This work focusses on the impact of IPC (devoid of other aforementioned

detector effects) on the shear estimates.

This paper is organized as follows. In Sec. 5.2, we provide a background on the

basics of weak gravitational lensing - about how shapes of the galaxies are defined

and how the lensing shear can be inferred given a population of galaxies. In Sec. 5.3,

we describe the detector model and obtain a simple model for interpixel capacitance.

In Sec. 5.4, we discuss the cuts applied to the COSMOS catalog along with the

parametric fits to the galaxy shapes.
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5.2 Lensing basics

If the source galaxy is described a brightness distribution I(int)(x), then the effect of

WL is to map the unlensed coordinates to a lensed one while conserving the surface

brightness. If the angular size size of the lensed image is much smaller than the

characteristic angular scale on which the tidal gravitation field varies, the mapping

can be described as a linear transformation between the coordinates as

I(lnsd)(x) = I(int)(Ax) (5.1)

The equations relating A, the Jacobian of the transformation, to the gravitational

potential can be found in the reviews mentioned in Sec. 5.1. In this work, we are

interested in the measurement bias of the reduced shear and not how it affects the

lens parameters or cosmological parameters.

The distortion matrix A is expressed in terms of the convergence κ and the shear

components γ1 and γ2 as

A =

(

1− κ− γ1 −γ2
−γ2 1− κ+ γ1

)

(5.2)

= (1− κ)

(

1− g1 −g2
−g2 1− g1

)

, (5.3)

where gi = γi/(1 − κ) for i ∈ {1, 2} are the components of the reduced shear. In

the weak lensing limit, κ ≪ 1 and therefore gi = γi/(1− κ) ≈ γi for i ∈ {1, 2}. It

is convenient to express the two components of the (reduced) shear as the real and

imaginary parts of a complex quantity (g)γ.

g = g1 + ig2 = |g|ei2ϕ, γ = γ1 + iγ2 = |γ|ei2ϕ. (5.4)

In the case of a spatially constant lensing shear, an intrinsically round object (a source

with concentric circular isophotes or contours) appears as an ellipse (an image with

concentric elliptical isophotes). The magnitude of the complex shear determines the

ellipticity of the lensed image. The axis ratio of the ellipse, which is defined as the

ratio of semi-minor axis to semi-major axis, is given by q := b/a = (1− |g|)/(1 + |g|),
assuming |g| < 1 (which is indeed the case in WL). Inverting the relation, we get
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|g| = (1− q)/(1 + q).

q := b/a =
1− |g|
1 + |g| ⇔ |g| = 1− q

1 + q
(5.5)

The phase ϕ denotes the orientation angle of the ellipse - the direction of major axis.

Since an ellipse has a two-fold rotation symmetry, the phase of the complex shear is

2ϕ, which is unchanged upon a rotation by 180◦.

However, in reality, sources such as galaxies are not circular and at best, elliptical.

Thus, the observed ellipticity is a combination of its intrinsic ellipticity (the dominant

contribution) and a small shear. For sources with elliptical isophotes with axis ratio

q, we define the ellipticity ǫ and distortion e as follows:

|ǫ(q)| = 1− q

1 + q
|e(q)| = 1− q2

1 + q2
(5.6)

As in the case of the shear, we assign a phase factor of ei2φ, where φ is now the angle of

orientation for the major axis, to obtain a complex ellipticity and a complex distortion.

Note that the definition of ellipticity is very similar to the expression obtained for

the magnitude of the reduced shear for circular sources. However, the former is a

geometric property of the source whereas the latter refers to a transformation(!)

Unfortunately, the shapes of faint galaxies could be quite irregular and not described

well enough by ellipses. One approach to estimate the ellipticity is to model the

light from galaxies using a profile that does have a well-defined ellipticity. Another

common approach is to specify the shapes of the galaxies by their (weighted) second

moments. The first moments are used to define the centroid of the galaxy as follows:

x0 =

∫

d2x xw(x)I(x)
∫

d2x w(x)I(x)
, (5.7a)

which in turn are used to define the second moments as

Mij(I;w) =

∫

d2x (x− x0)i(x− x0)jw(x)I(x)
∫

d2x w(x)I(x)
(5.7b)

for some weight function w(x) and where i, j ∈ {1, 2}. The simplest case of w(x) ≡ 1

suffers from divergence in the presence of noise [127] and when trying to measure
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the shape of diffraction-limited PSFs. [127] proposed using circular Gaussian weight

functions in order to obtain finite values of the moments. [91] generalized the weight

function to be an elliptical Gaussian to match the shape of the object in order to max-

imize the signal-to-noise ratio. The weight function w(x) is obtained by an iterative

procedure, and hence referred to as adaptive moments.

The ellipticity and distortion for a galaxy can be defined from the galaxy image as

ǫ =
M11 −M22 + 2iM12

M11 +M22 + 2(M11M22 −M12)1/2
, (5.8a)

and

e =
M11 −M22 + 2iM12

M11 +M22
. (5.8b)

The values of the ellipticity and distortion depend on the choice of the weight function

in general. For sources with elliptical isophotes, the definitions in Eqs. 5.8 reduce to

the definitions in Eq. 5.6 irrespective of the weight function.

Since the second moments are rank-2 tensors, their transformation law is given

by

M (int) = AM (lnsd)AT = AM (lnsd)A. (5.9)

Substituting them in Eqs. 5.6, we get

e(lnsd) =
e(int) + 2g + g2e(int)

∗

1 + |g|2 + 2Re
(

ge(int)
∗) (5.10a)

ǫ(lnsd) =
ǫ(int) + g

1 + g∗ǫ(int)
, assuming |g| ≤ 1 (5.10b)

In the case of WL, |g| ≪ 1 and we can express the observed shape to linear order in

g as

ǫ(lnsd) ≈ ǫ(int) + g (5.11a)

e(lnsd) ≈ e(int) + 2g − g|e(int)|2

− g∗e(int)
2 − 2g2e(int)

∗ − 2|g|2e(int)
(5.11b)

Assuming that the intrinsic orientation of the galaxies are random, we expect 〈ǫ(int)〉 =
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0 = 〈e(int)〉 = 〈e(int)2〉. Thus, by averaging over a large number of galaxies in a small

enough field of view (with high number density of galaxies) such that the shear

remains fairly constant we can now turn Eqs. 5.11 to estimates of shear

ĝ = 〈ǫ(lnsd)〉 (5.12a)

and

ĝ =
〈e(lnsd)〉

(2− 〈|e(int)|2〉)
≈ 〈e(lnsd)〉

(2− 〈|e(lnsd)|2〉)
. (5.12b)

The approximation in the last equality is valid since 〈|e(lnsd)|2〉 = 〈|e(int)|2〉 holds to

first order in |g|.

However, the observed image is not the lensed image itself but I(lnsd)(x) blurred by

the atmosphere (for ground-based telescopes), convolved with a point-spread function

(PSF) of the telescope (another blurring stage) and finally pixelated at the detectors.

Thus, e(lnsd) cannot be measured directly but have to be estimated from the galaxy

image given the knowledge of the PSF.

In space telescopes, the primary contribution to the blurring comes from the PSF

due to the optics of the telescope. By definition, the PSF is the image of a point

source, assuming that the telescope is a linear system. To a first approximation, the

optical PSF is given by an Airy function. The functional form of the PSF is more

complicated due to the central obscuration, supporting struts of the telescope. In

practice, PSFs are estimated at the location of the bright stars by looking at their

images.

The pioneering method in PSF correction was developed by [127] with improve-

ments from [140] and [141]. Large number of methods have been developed since

then [see 113, for a summary of various methods and comparison of their perfor-

mances]. Several blind community challenges such as the Shear Testing Programme(s)

[STEP- I; 33], [STEP - II; 35] and Gravitational lensing Accuracy Testing challenges

[GREAT08; 36], [GREAT10; 37] and [GREAT3; 38] have been conducted with the

intention of improving shape measurement algorithms and minimizing their system-

atic biases. For a recent list of PSF correction methods and their performances,

see [113].

To summarize, the light from distant galaxies deflect in response to the intervening
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matter and shear the image of the galaxies. This shear is the signal we want to

measure. The shapes of the galaxies are further modified by the PSF of the telescope

(and the atmosphere for ground-based telescopes) before the photons get collected

in the detectors. Estimating the lensing shear is then, broadly speaking, a two-

step process: i) correcting for the effects of PSF to estimate the ellipticity of the

galaxies. ii) estimating the shear from a galaxy shape catalogue. Bayesian methods

that skip assigning an ellipticity of individual galaxies have been devised and tested

[93, 96, 142]. However, in this work, we adopt the tradition two-step process of

estimating the shear.

5.3 Interpixel capacitance

5.3.1 Detector model

A photodetector array is commonly modelled as a 2-dimensional array of capacitors

C[i, j] [see for e.g., 118, 119]. The capacitors accrue an electric charge Q[i, j] by

integrating I[i, j], the photocurrent entering the node (i, j), over the exposure time

texp. All the capacitors are assumed to be fabricated in an identical manner. The

photosensor can be modelled as a linear system with a nominal gain given by 1/Cnode,

where Cnode is the nodal capacitance. The voltage response function for a given

distribution of charge Q is given by

V [i, j] =
∑

m

∑

n

1

Cnode
Q[m,n]K[i −m, j − n], (5.13)

where K couples the voltage response in one pixel to the charges in the other pixels.

We refer to K as the IPC kernel. The kernel is normalized such that
∑

m,nK[m,n] =

1. The coupling between the nodes is symmetric, i.e., K[i−m, j−n] = K[m− i, n−
j].

In an ideal detector, the voltage at node depends linearly only on the charge in that

pixel and therefore, K[i−m, j − n] = δi,mδj,n and 1/Cnode is the gain of the system.

However, in real detectors, a small coupling exists between nearby pixels. Neglecting

any non-linearity in the readout circuit, the read-out voltage values are proportional
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to the pixel values of the image. Hence,

Iobs[i, j] =
∑

m,n

Iideal[m,n]K[i −m, j − n] (5.14)

IPC is different from charge diffusion since it does not involve the actual movement

of the physical charge carriers from one pixel to another. IPC arises due to the fringe

fields interfering with the neighbouring pixels. Although the effect of the IPC is a

convolution by a smoothing kernel, it is not considered as a part of the PSF itself. One

of the reasons for that is that the effects of IPC enter the image generation/simulation

pipeline after other detector effects such as the addition of dark current, noise from

the sky background and voltage nonlinearity. The IPC kernel contributes toward

some correlation in the noise whereas the PSF does not correlate the noise. The

effects of IPC and NL on the WFIRST PSFs are described in detail in [143] and in

[144]. While, PSF corrections to an image can correct for most of the effects of IPC,

it is not sufficient for WFIRST and the effects of IPC may needed to be corrected for

explicitly.

The simplest IPC kernel is where there is a small non-zero coupling between adjacent

pixels, parametrized by α as

Kα =







0 α 0

α 1− 4α α

0 α 0






. (5.15)

A simple extension to the IPC kernel of Eq. 5.15 can be made by including α′,

a coupling between second nearest neighbours and α+, an anisotropic part in the

coupling between the horizontal and vertical directions:

Kα,α+,α′ =







α′ α− α+ α′

α + α+ 1− 4(α + α′) α + α+

α′ α− α+ α′






., (5.16)

The three parameter IPC kernel (Eq. 5.16) is a good model to describe the IPC kernel
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of the IR channel in WFC3 determined from the on-orbit measurements [121]







0.0011± 0.0006 0.0127± 0.0009 0.0011± 0.0006

0.0163± 0.0014 0.936± 0.0045 0.0164± 0.0011

0.0011± 0.0006 0.0127± 0.0010 0.0011± 0.0006






, (5.17)

The IPC kernels given above have no zeros (in Fourier representation) and hence

are invertible in principle. However, since the kernels have a finite support in real

space, they will have an infinite support in the Fourier space, making the inversion

a challenging task. Following the suggestion in [125], we obtain another 3× 3 kernel

K ′
α such that when convolved with Kα, the first order terms in α cancel. It can be

verified that K ′
α = K−α. In this work, we focus only on the 1-parameter kernel given

in Eq. 5.15

5.4 Data

The galaxy population that we used in our simulation is obtained from the COS-

MOS survey. The COSMOS survey [72, 73, 74] is a flux-limited, narrow deep field

survey covering a contiguous area of 1.64 deg2 of sky. The galaxy images were taken

through the F814W (Broad I) filter using the Advanced Camera for Surveys (ACS)

Wide Field Channel (WFC) in the Hubble Space Telescope (HST). Multiple dithered

exposures were combined using the multidrizzle algorithm [145] after the standard

image processing steps such as geometric distortion, sky subtraction and cosmic ray

rejection. The final co-added images are 7000 × 7000 pixels with a pixel scale of

0.03”/pixel.

Source objects were detected using SExtractor [32] and were classified as stars or

galaxies or neither using the peak surface brightness and half-light radius [see 74,

for details]. Photometric redshifts for the galaxies in the COSMOS field were cal-

culated by [77]. Accurate redshifts were computed with 30 broad, intermediate and

narrowbands covering the ultra-violet, visible near-IR and mid-IR wavelengths from

a number of surveys.

The COSMOSCatalog that is available in GalSim v1.4 is obtained after applying the
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following cuts [75]:

• F814W < 25.2

• MU CLASS=1:

• CLEAN=1:

• GOOD ZPHOT SOURCE=1:

Postage stamps were cut out around the position of each galaxy that passes the above

cuts following the procedure described in [75]. The COSMOS PSFs were estimated

from a modification of a ray-tracing program Tiny Tim2 v6.3. Two parametric models

were fitted to the galaxies using a 2-dimensional Levenberg-Marquardt minimization

(mpfit2dfun in IDL; [146]) which minimizes the weighted sum of the squared differ-

ences between the galaxy image and PSF-convolved models. This χ2-minimization

assumes no correlation among the pixel values, which is indeed not the case. [76]

describe the fitting method in detail.

The first of the two parametric models was a single Sérsic profile with the radial

surface brightness profile given by

IS(x, y) = I1/2 exp

[

−bn
(

(

R(x, y)

Reff

)1/n

− 1

)]

, (5.18)

where

R2(x, y) =((x− x0) cosφ+ (y − y0) sinφ)
2

+
1

q2
((y − y0) cosφ− (x− x0) sinφ)

2,

Reff is the half-light radius of the profile defined along the major axis, I1/2 is the

surface brightness at R = Reff, (x0, y0) is the centroid of the image, φ is the position

angle, n is the Sérsic index, bn is an n-dependent normalization factor required to

ensure that half the light is enclosed within the half-light radius, and q is the axis

ratio of the elliptical isophotes. The Sérsic profile has 7 free parameters and we place

the following constraints on them: I1/2 > 0, 0.1 ≤ n ≤ 6, 0.05 ≤ q ≤ 1 and the size

of the galaxy must be smaller than the size of the postage stamp.

2http://www.stsci.edu/software/tinytim/
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The second parametric model, often referred to as the bulge+disk model, is a sum of

a de Vaucoulers (bulge component; Sérsic n =4) and an exponential (disk component;

Sérsic n =1) profile. The two components are constrained to have the same centroid

and thus the bulge+disk model has 10 free parameters. In addition, the half-light

radius of the bulge component is required to be less than that of the disk.

While both the models are fit to each of the galaxies, the catalogue considers only

one of the two model parameters to generate a galaxy. First, the bulge+disk model

which has the higher number of free parameters is considered. The single Sérsic fit

parameters are considered when the ratio of the flux in the bulge component to the

total flux (denoted by B/T ) is below 0.1 or exceeds 0.9 or when the bulge radius or the

axis ratio converged to the fit limits (which happens for about 70% of the galaxies).

Single Sérsic fits are also used when the median absolute deviation is higher for the

2-component fits.

5.5 Methods

We simulate the PSFs and the galaxy images using GalSim3. GalSim [69] is a publicly

available galaxy image simulation package. It has a convenient Python interface while

the core of the software is written in C++. Currently, GalSim (v1.4) can simulate

a PSF from first principles corresponding to any pupil plane as long as the aperture

is circular. GalSim also has the capability to apply lensing transformations ( 5.3)

to light profiles, convolve two or more light profiles/PSFs and ‘draw’ an image of

the profile. GalSim even has a module dedicated to the WFIRST mission that can

generate WFIRST PSFs in the passbands and include effects that are specific to

WFIRST.

5.5.1 WFIRST PSF simulation

The WFIRST telescope has a circular aperture that is 2.36m in diameter. It has a

central obscuration and supporting struts that are not aligned radially. The pupil

3https://github.com/GalSim-developers/GalSim
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plane configuration and the wavefront aberrations described in terms of the Zernike

coefficients are availably publicly 4.

Realistic (chromatic) WFIRST PSF profiles, that take into account of the central

obscuration, supporting struts and aberrations in terms of Zernike coefficients, are

simulated in the J129, H158 and F184 bands. For more details about the PSF simu-

lation, refer to [143]. The simulated profiles are then convolved with a top-hat pixel

response function and drawn onto an image by sampling at the native pixel scale

of 0.11” per pixel. The IPC kernel (Eq. 5.15) is then applied. The PSFs are not

Nyquist-sampled, by construction, and hence a single exposure image of a star can-

not be used to determine the moments of the PSF accurately. 8 other such exposures

are generated by shifting the PSF profile by a third of a pixel in either direction along

at least one of the detector axes. All the 9 exposures are then interleaved to obtain

a higher resolution image of the star.

In order to keep the analysis simple, we do not apply any of the nonlinear effects

to the PSFs and leave the flux of the star unspecified. The PSF images are also

rendered noiseless - a limiting approximation when the star is bright enough that the

signal-to-noise ratio tends to infinity.

5.5.2 Galaxy simulation

We simulate galaxy images using the COSMOSCatalog within GalSim, which is gener-

ated using the method described in Sec. 5.4. Since the galaxy images in the catalogue

were taken through a single bandpass filter in the optical wavelengths (F814W) and

since we require to simulate images in the near-IR wavelengths, there is a need to make

some assumptions about the spectral energy distribution (SED) of the galaxies.

SED templates for E, Sbc, Scd types of galaxies are tabulated from the observations

of local Universe (z ∼ 0) by [147] for wavelengths between 1400Å to 10000Å. The

SEDs were extended to about 120Å on the bluer end and to 22050Å on the redder end

using the Hyper-Z5 code [148, 149] that uses the stellar synthesis models described

in [150]. For galaxies described by the two component bulge+disk model, the bulge

4http://wfirst.gsfc.nasa.gov/science/sdt_public/wps/references/instrument/
5http://webast.ast.obs-mip.fr/hyperz/
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components are assigned an SED corresponding to the E type and the disk compo-

nents are assigned an SED corresponding to the Scd type. Galaxies described by a

single Sérsic profile are assigned an Scd type SED (disk SED) if Sérsic n < 1.5, E

type SED (bulge SED) if Sérsic n > 3 and Sbc type SED for intermediate Sérsic

n values. The SEDs are redshifted appropriately based on the photometric redshift

values of the galaxies and are set to have magnitude values same as the observed

F814W magnitudes in COSMOSCatalog.

For our simulations, the fluxes of the galaxies in the COSMOS catalogue are scaled to

account for the differences in the aperture size and exposure time between HST and

WFIRST. To reduce the shape noise in our measurements, we follow the standard

procedure [35, 38] of rotating each galaxy by 90◦ and including it in our sample. All

the galaxies in our sample are sheared by a constant lensing shear gtrue = gtrue1 +igtrue2 ,

with gtrue1 = gtrue2 . The values of the components of gtrue are varied between -0.05 and

0.05. The sheared galaxy profiles are then convolved with the effective PSF (PSF

convolved with the pixel response) and are rendered using DFT methods onto images

through the J129, H158 and F184 bandpass filters. The “exposures” have a sampling

rate of 0.11”/pixel, same as that of the native WFIRST pixel scale.

The dominant source of photon shot noise is the background sky level from zodiacal

light. The exact amount of the background light would depend on the day and the

time of the observation, the celestial coordinates of the pointing and the adopted

model for zodiacal light. The photon density as a function of the position in sky

is calculated using [151]6 Assuming that the sun is at the ecliptic coordinate (0,0)

and that the telescope is pointing at (30,90), we compute the expected background

sky level from zodiacal light through each of the filters. It is to be noted that these

are uncertain at ∼ 10% level. The stray light in the telescope is required to be

less than 10% of the background due to zodiacal light, and we consider the worst

case scenario of the stray light fraction being 0.1. The thermal backgrounds for each

of the filters are calculated [151] based on the telescope temperature of 282K. The

last contribution to the background is given by the dark current, which is caused to

spontaneous electron-hole pair generation within the depletion region of the sensor

due to its finite temperature. The high electric field at the junction of photodiode

sweeps these charge careers causing a leakage current of 0.015e−/s per pixel. Poisson

6http://www.tapir.caltech.edu/~chirata/web/software/space-etc/
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noise corresponding to the total sky background and dark current is added.

9 such exposures are generated7 with the sampling grid is offset by 1/3 of the pixel

size along x and y in both positive and negative directions, as was done to the PSF

images. To each of the exposures, images of the total sky background and dark

current (along with the noise) are added. The IPC kernel given in Eq. 5.15 is applied

to the exposures for a particular value of the IPC coupling parameter α. To these

IPC convolved exposures, the read noise due to the on-chip amplifier is added. Read

noise is modelled as a Gaussian noise with a standard deviation of 10e−s.

In this above image generation process, the ‘exposures’ are quantized, i.e., pixel values

are rounded to the nearest integer in two stages. First, prior to the converting the

photon counts to electron counts and then once at the analog-to-digital conversion

stage, assuming that the gain of the readout system is unity. The PSF images are

not quantized.

The effect of IPC is corrected for in each of the exposures by applying the corre-

sponding corrective kernel. The original (uncorrected) and the corrected exposures

are interleaved to give a higher resolution image of the galaxy. The mean value of

the total background (quantized) is then subtracted.

5.5.3 Shape measurements

Having generated the galaxy images and PSF images, the intrinsic galaxy shapes are

measured in 4 ways:

1. IPC in gal & PSF - uncorrected: The galaxy images and the PSF images contain

the same amount of IPC , but the presence of IPC is ignored.

2. IPC in gal & PSF - corrected: The galaxy images and the PSF images contained

the same amount of IPC and they were corrected for.

3. IPC in gal only: The galaxy images contain IPC but the PSF images do not.

4. IPC in PSF only: The PSF images contain IPC but the galaxy images do not.

7Higher resolution image is rendered first for computational efficiency and deinterleaved to gen-
erate the individual exposures.
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The last two measurements, where IPC is present either in the galaxy image or in

the PSF image, is to be considered as an extreme case of the scenario where due to

a possible spatial variation of IPC across the detectors, the IPC parameters at the

location of the galaxy and at the location of the PSF differ by α.

Shape measurements are done using the re-Gaussianization method [90]. An estimate

of the shear is obtained from a large number of such shape measurements using the

equation

ĝi =
〈êi〉

2− 〈ê21 + ê22〉
i = 1, 2, (5.19)

where 〈X〉 stands for an ensemble average of X . We plot ĝi(α) − gtruei vs gtruei for

different values of α to see the deviation of the shear estimate from its true value as

a function of the IPC parameter.

We adopt the linear bias model from [35] and express

ĝi = (1 +mi)gi + ci, (5.20)

where mi and ci are known as multiplicative and additive biases respectively and

i ∈ {1, 2}.. The intuition behind this parametrization is fairly straightforward. An

isotropic PSF would make the galaxy appear ‘rounder’ than it actually is, hence con-

tributing towards the multiplicative bias. However, if the PSF has a small ellipticity,

it would smear the galaxy images coherently along the direction of its ellipticity and

would thus mimic a shear signal. The additive bias term quantifies this spurious

shear.

We obtain the multiplicative and the additive bias values mi and ci through lin-

ear regression. By repeating this procedure for different values of the IPC coupling

parameter α, we can obtain mi(α) and ci(α).

Cuts

In performing the above calculations, we require that for all values of gtrue and for

all values of α, the shape measurements of a galaxy and its rotated pair be available.

Furthermore, we require them to have a resolution factor > 0.4, where the resolution
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Figure 5.1: Plot of difference between the estimated shear when IPC is present and
the estimate shear in the absence of IPC for the three passbands.

factor R = 1 − Tr(Mgal)/Tr(MPSF) after applying corrections for non-Gaussianity

(see [90] for details). The former condition is required to not bias the shear calibra-

tion parameters and the latter is required to avoid any psuedo evolution in the IPC

parameter due to differences in the galaxy sample.

5.6 Results

5.6.1 Noiseless case

If the shape measurement process were linear in the pixel values, then noise in the

image would translate into noise in the estimate of shear calibration bias. But since

the measurement process is non-linear, the noise in the image contributes towards

the shear calibration bias as well. By generating noiseless images, we first study how

the shear estimate varies with α and the shear calibration biases through it due to

the change in the galaxy and the PSF images alone. ‘Quantization noise’ due to
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rounding off of the pixel values is present, but no other source of random noise is

included.

We simulate noiseless images for 20,000 galaxy pairs and apply the cuts mentioned

earlier. In Fig. 5.1, we show how the estimated shear values differ from the true input

shear for various values of the IPC parameter α. From the figures, the relationship

between ĝ(α) and g(true) can be seen to be lie on straight line extremely well, thus

obeying the linear bias model (Eq. 5.20). In the absence of IPC, the bias values are

characteristic of the shape measurement algorithm (in this case, re-Gaussianisation)

for a given PSF and the galaxy images. Since we are interested in the change in the

shear estimate, we plot ĝ(α) − ĝ(0) vs. g(true) - whose best fit parameters will then

correspond to ∆mi(α) ≡ mi(α)−mi(0) and ∆ci(α) ≡ ci(α)− ci(0). However, ∆m(α)

and ∆c(α) are not independent of the shape measurement algorithm either - different

algorithms could have different sensitivities to α. Shape measurements that employ

wider weight functions are less sensitive to α than those that employ weight functions

to describe the central core of the galaxies.

For ∆mi(α), there is little difference between the two cases where the IPC is explicitly

corrected for and where the IPC correction is done by the PSF itself. In both of these

cases, there are significant change in the multiplicative bias values - about 0.01 for

α = 0.02, which is about a 5% change from its original value, i.e., when α=0. This

indicates that while using adaptive moments to measure shapes, neither the PSF

deconvolution nor the IPC correction is completely able to remove the effects of

IPC.

5.7 Discussion

In the case where only the PSF images have IPC, the observed galaxy image is

over-corrected and the magnitude of the estimated shear is lowered, making the mul-

tiplicative bias terms more negative. The opposite effect happens where the galaxy

images are under-compensated when the galaxy images have IPC, thus making the

multiplicative bias terms less negative.

The behaviour of ci(α) could be understood by the following argument. c1(α) deviates

the most from c1(0) (and approaches towards 0) when the PSF contains IPC. This
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Figure 5.2: Changes in the shear calibration bias as a function of the IPC parameter
α for J129 passband in the absence of random noise (non quantization noise). The
errorbars obtained by computing the bias values of 10 equal subsets of the galaxies
with 2000 galaxy pairs and taking the standar error of the mean value. The shaded
region corresponds to the allowed uncertainities in the bias values for Euclid (not very
different from WFIRST). The vertical line corresponds to the nominal value of α.
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Figure 5.3: Changes in the shear calibration bias as a function of the IPC parameter
α for H158 passband in the absence of random noise (non quantization noise). The
errorbars obtained by computing the bias values of 10 equal subsets of the galaxies
with 2000 galaxy pairs and taking the standar error of the mean value. The shaded
region corresponds to the allowed uncertainities in the bias values for Euclid (not very
different from WFIRST). The vertical line corresponds to the nominal value of α.
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Figure 5.4: Changes in the shear calibration bias as a function of the IPC parameter
α for F184 passband in the absence of random noise (non quantization noise). The
errorbars obtained by computing the bias values of 10 equal subsets of the galaxies
with 2000 galaxy pairs and taking the standar error of the mean value. The shaded
region corresponds to the allowed uncertainities in the bias values for Euclid (not very
different from WFIRST). The vertical line corresponds to the nominal value of α.
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is because WFIRST PSF is not isotropic and the PSF images become effectively

more ‘rounder’ in the presence of IPC. The difference in the behaviour of c1 and c2

components arise because the IPC kernel acts along the detector axes, affecting c1

more than c2.

In the presence of random noise, IPC correlates the Poisson noise in the images and

IPC correction introduces correlations in the read noise. Correlated noise impact the

shape estimations differently than the uncorrelated noise ( [see for e.g., 152]). In

order to be able to observe the tiny change in the shear signal due to IPC in the

presence of random noise, shape measurements from a larger set of galaxy images are

required. This work is currently under progress.

*
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Appendix A

Unweighted moments

If the unweighted moments of the PSFs did not diverge, then it is possible to obtain

an expression for the sizes of the PSFs with and without the effect of interpixel

capacitance. Eq. 4.22 shows how the effective size of any profile increases as a function

of the isotropic IPC parameters, which we now derive. The crucial idea behind the

derivation is the following: if we convolve two or more image profiles, their unweighted

moments add, i.e.,

Mh = Mf +Mg (A.1)

where f(~x) and g(~x) are two image profiles, h(~x) = (f ⊗ g)(~x) and Mf is the second

moments of f(~x) and so on.

If the object we are measuring is circularly symmetric and has a finite size σ that

can be defined from the unweighted moments, say like that of a Gaussian, then

it’s moment matrix would be σ212, where 12 is the 2 × 2 identity matrix. The

pixel response is given by a top-hat profile, whose second moments matrix given by
1
12
12. For the IPC kernel given in Eq. 4.8, the matrix of second moments is given by

(2α + 4α′)12.

Thus, the moment matrix of the image would be (σ2 + 1/12 + 2α + 4α′)12 and the

measured size of the PSF, as a function of α would be

σ′(α) =

√

σ2 +
1

12
+ 2α+ 4α′ (A.2)
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If the moments of the object were given by a more generic 2 × 2 symmetric matrix,

say,

MG =

(

σ2
x ǫ

ǫ σ2
y

)

(A.3)

then

σ′(α) =

√

√

σ2
xσ

2
y − ǫ2 +

1

12
+ 2α+ 4α′ (A.4)

Note that this equation does not depend on the profile of the PSF but only on the

fact that the second moments do not diverge. However, this expression is paricularly

useful only for Gaussian light profiles since this expression also matches the adaptive

size of such objects. Moreover, the conditions that σ ≫ 1 pixel and α, α′ ≪ 1 must

be satisfied so that the non-Gaussianity introduced by the pixel response and the IPC

kernel is not significant.
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C Papovich, K Glazebrook, R Allen, G.˜B. Brammer, G.˜G. Kacprzak, L Kaw-

inwanichakij, D.˜D. Kelson, P.˜J. McCarthy, N Mehrtens, A.˜J. Monson, S.˜E.

Persson, L.˜R. Spitler, V Tilvi, and P van Dokkum. Galaxy Stellar Mass Func-

tions from ZFOURGE/CANDELS: An Excess of Low-mass Galaxies since z =

2 and the Rapid Buildup of Quiescent Galaxies. The Astrophysical Journal,

783:85, mar 2014.

[6] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Abernathy, F. Acernese, K. Ack-

ley, C. Adams, T. Adams, P. Addesso, R. X. Adhikari, V. B. Adya, C. Affeldt,

M. Agathos, K. Agatsuma, N. Aggarwal, O. D. Aguiar, L. Aiello, A. Ain,

P. Ajith, B. Allen, A. Allocca, P. A. Altin, S. B. Anderson, W. G. Ander-

son, K. Arai, M. A. Arain, M. C. Araya, C. C. Arceneaux, J. S. Areeda,

N. Arnaud, K. G. Arun, S. Ascenzi, G. Ashton, M. Ast, S. M. Aston, P. As-

tone, P. Aufmuth, C. Aulbert, S. Babak, P. Bacon, M. K M Bader, P. T.

Baker, F. Baldaccini, G. Ballardin, S. W. Ballmer, J. C. Barayoga, S. E. Bar-

clay, B. C. Barish, D. Barker, F. Barone, B. Barr, L. Barsotti, M. Barsuglia,

D. Barta, J. Bartlett, M. A. Barton, I. Bartos, R. Bassiri, A. Basti, J. C.

Batch, C. Baune, V. Bavigadda, M. Bazzan, B. Behnke, M. Bejger, C. Belczyn-

ski, A. S. Bell, C. J. Bell, B. K. Berger, J. Bergman, G. Bergmann, C. P L

Berry, D. Bersanetti, A. Bertolini, J. Betzwieser, S. Bhagwat, R. Bhandare,

I. A. Bilenko, G. Billingsley, J. Birch, R. Birney, O. Birnholtz, S. Biscans,

A. Bisht, M. Bitossi, C. Biwer, M. A. Bizouard, J. K. Blackburn, C. D. Blair,

D. G. Blair, R. M. Blair, S. Bloemen, O. Bock, T. P. Bodiya, M. Boer, G. Bo-

gaert, C. Bogan, A. Bohe, P. Bojtos, C. Bond, F. Bondu, R. Bonnand, B. A.

Boom, R. Bork, V. Boschi, S. Bose, Y. Bouffanais, A. Bozzi, C. Bradaschia,

P. R. Brady, V. B. Braginsky, M. Branchesi, J. E. Brau, T. Briant, A. Brillet,

M. Brinkmann, V. Brisson, P. Brockill, A. F. Brooks, D. A. Brown, D. D.

Brown, N. M. Brown, C. C. Buchanan, A. Buikema, T. Bulik, H. J. Bul-

ten, A. Buonanno, D. Buskulic, C. Buy, R. L. Byer, M. Cabero, L. Cadonati,

G. Cagnoli, C. Cahillane, J. Calder??n Bustillo, T. Callister, E. Calloni, J. B.

Camp, K. C. Cannon, J. Cao, C. D. Capano, E. Capocasa, F. Carbognani,

135



S. Caride, J. Casanueva Diaz, C. Casentini, S. Caudill, M. Cavagli??, F. Cav-

alier, R. Cavalieri, G. Cella, C. B. Cepeda, L. Cerboni Baiardi, G. Cerretani,

E. Cesarini, R. Chakraborty, T. Chalermsongsak, S. J. Chamberlin, M. Chan,

S. Chao, P. Charlton, E. Chassande-Mottin, H. Y. Chen, Y. Chen, C. Cheng,

A. Chincarini, A. Chiummo, H. S. Cho, M. Cho, J. H. Chow, N. Christensen,

Q. Chu, S. Chua, S. Chung, G. Ciani, F. Clara, J. A. Clark, F. Cleva, E. Coc-

cia, P. F. Cohadon, A. Colla, C. G. Collette, L. Cominsky, M. Constancio,

A. Conte, L. Conti, D. Cook, T. R. Corbitt, N. Cornish, A. Corsi, S. Cortese,

C. A. Costa, M. W. Coughlin, S. B. Coughlin, J. P. Coulon, S. T. Country-

man, P. Couvares, E. E. Cowan, D. M. Coward, M. J. Cowart, D. C. Coyne,

R. Coyne, K. Craig, J. D E Creighton, T. D. Creighton, J. Cripe, S. G. Crowder,

A. M. Cruise, A. Cumming, L. Cunningham, E. Cuoco, T. Dal Canton, S. L.

Danilishin, S. D’Antonio, K. Danzmann, N. S. Darman, C. F. Da Silva Costa,

V. Dattilo, I. Dave, H. P. Daveloza, M. Davier, G. S. Davies, E. J. Daw, R. Day,

S. De, D. Debra, G. Debreczeni, J. Degallaix, M. De Laurentis, S. Del??glise,

W. Del Pozzo, T. Denker, T. Dent, H. Dereli, V. Dergachev, R. T. Derosa,

R. De Rosa, R. Desalvo, S. Dhurandhar, M. C. D??az, L. Di Fiore, M. Di

Giovanni, A. Di Lieto, S. Di Pace, I. Di Palma, A. Di Virgilio, G. Dojcinoski,

V. Dolique, F. Donovan, K. L. Dooley, S. Doravari, R. Douglas, T. P. Downes,

M. Drago, R. W P Drever, J. C. Driggers, Z. Du, M. Ducrot, S. E. Dwyer,

T. B. Edo, M. C. Edwards, A. Effler, H. B. Eggenstein, P. Ehrens, J. Eich-

holz, S. S. Eikenberry, W. Engels, R. C. Essick, T. Etzel, M. Evans, T. M.

Evans, R. Everett, M. Factourovich, V. Fafone, H. Fair, S. Fairhurst, X. Fan,

Q. Fang, S. Farinon, B. Farr, W. M. Farr, M. Favata, M. Fays, H. Fehrmann,

M. M. Fejer, D. Feldbaum, I. Ferrante, E. C. Ferreira, F. Ferrini, F. Fide-

caro, L. S. Finn, I. Fiori, D. Fiorucci, R. P. Fisher, R. Flaminio, M. Fletcher,

H. Fong, J. D. Fournier, S. Franco, S. Frasca, F. Frasconi, M. Frede, Z. Frei,

A. Freise, R. Frey, V. Frey, T. T. Fricke, P. Fritschel, V. V. Frolov, P. Fulda,

M. Fyffe, H. A GGabbard, J. R. Gair, L. Gammaitoni, S. G. Gaonkar, F. Garufi,

A. Gatto, G. Gaur, N. Gehrels, G. Gemme, B. Gendre, E. Genin, A. Gen-

nai, J. George, L. Gergely, V. Germain, Abhirup Ghosh, Archisman Ghosh,

S. Ghosh, J. A. Giaime, K. D. Giardina, A. Giazotto, K. Gill, A. Glaefke, J. R.

Gleason, E. Goetz, R. Goetz, L. Gondan, G. Gonz??lez, J. M Gonzalez Castro,

A. Gopakumar, N. A. Gordon, M. L. Gorodetsky, S. E. Gossan, M. Gosselin,

136



R. Gouaty, C. Graef, P. B. Graff, M. Granata, A. Grant, S. Gras, C. Gray,

G. Greco, A. C. Green, R. J S Greenhalgh, P. Groot, H. Grote, S. Grunewald,

G. M. Guidi, X. Guo, A. Gupta, M. K. Gupta, K. E. Gushwa, E. K. Gustafson,

R. Gustafson, J. J. Hacker, B. R. Hall, E. D. Hall, G. Hammond, M. Haney,

M. M. Hanke, J. Hanks, C. Hanna, M. D. Hannam, J. Hanson, T. Hardwick,

J. Harms, G. M. Harry, I. W. Harry, M. J. Hart, M. T. Hartman, C. J. Haster,

K. Haughian, J. Healy, J. Heefner, A. Heidmann, M. C. Heintze, G. Heinzel,

H. Heitmann, P. Hello, G. Hemming, M. Hendry, I. S. Heng, J. Hennig, A. W.

Heptonstall, M. Heurs, S. Hild, D. Hoak, K. A. Hodge, D. Hofman, S. E. Hollitt,

K. Holt, D. E. Holz, P. Hopkins, D. J. Hosken, J. Hough, E. A. Houston, E. J.

Howell, Y. M. Hu, S. Huang, E. A. Huerta, D. Huet, B. Hughey, S. Husa, S. H.

Huttner, T. Huynh-Dinh, A. Idrisy, N. Indik, D. R. Ingram, R. Inta, H. N. Isa,

J. M. Isac, M. Isi, G. Islas, T. Isogai, B. R. Iyer, K. Izumi, M. B. Jacobson,

T. Jacqmin, H. Jang, K. Jani, P. Jaranowski, S. Jawahar, F. Jim??nez-Forteza,

W. W. Johnson, N. K. Johnson-Mcdaniel, D. I. Jones, R. Jones, R. J G Jonker,

L. Ju, K. Haris, C. V. Kalaghatgi, V. Kalogera, S. Kandhasamy, G. Kang, J. B.

Kanner, S. Karki, M. Kasprzack, E. Katsavounidis, W. Katzman, S. Kaufer,

T. Kaur, K. Kawabe, F. Kawazoe, F. K??f??lian, M. S. Kehl, D. Keitel, D. B.

Kelley, W. Kells, R. Kennedy, D. G. Keppel, J. S. Key, A. Khalaidovski, F. Y.

Khalili, I. Khan, S. Khan, Z. Khan, E. A. Khazanov, N. Kijbunchoo, C. Kim,

J. Kim, K. Kim, Nam Gyu Kim, Namjun Kim, Y. M. Kim, E. J. King, P. J.

King, D. L. Kinzel, J. S. Kissel, L. Kleybolte, S. Klimenko, S. M. Koehlenbeck,

K. Kokeyama, S. Koley, V. Kondrashov, A. Kontos, S. Koranda, M. Korobko,

W. Z. Korth, I. Kowalska, D. B. Kozak, V. Kringel, B. Krishnan, A. Kr??lak,

C. Krueger, G. Kuehn, P. Kumar, R. Kumar, L. Kuo, A. Kutynia, P. Kwee,

B. D. Lackey, M. Landry, J. Lange, B. Lantz, P. D. Lasky, A. Lazzarini, C. Laz-

zaro, P. Leaci, S. Leavey, E. O. Lebigot, C. H. Lee, H. K. Lee, H. M. Lee, K. Lee,

A. Lenon, M. Leonardi, J. R. Leong, N. Leroy, N. Letendre, Y. Levin, B. M.

Levine, T. G F Li, A. Libson, T. B. Littenberg, N. A. Lockerbie, J. Logue, A. L.

Lombardi, L. T. London, J. E. Lord, M. Lorenzini, V. Loriette, M. Lormand,

G. Losurdo, J. D. Lough, C. O. Lousto, G. Lovelace, H. L??ck, A. P. Lundgren,

J. Luo, R. Lynch, Y. Ma, T. Macdonald, B. Machenschalk, M. Macinnis, D. M.

Macleod, F. Maga??a-Sandoval, R. M. Magee, M. Mageswaran, E. Majorana,

I. Maksimovic, V. Malvezzi, N. Man, I. Mandel, V. Mandic, V. Mangano, G. L.

137



Mansell, M. Manske, M. Mantovani, F. Marchesoni, F. Marion, S. M??rka,

Z. M??rka, A. S. Markosyan, E. Maros, F. Martelli, L. Martellini, I. W. Mar-

tin, R. M. Martin, D. V. Martynov, J. N. Marx, K. Mason, A. Masserot,

T. J. Massinger, M. Masso-Reid, F. Matichard, L. Matone, N. Mavalvala,

N. Mazumder, G. Mazzolo, R. McCarthy, D. E. McClelland, S. McCormick,

S. C. McGuire, G. McIntyre, J. McIver, D. J. McManus, S. T. McWilliams,

D. Meacher, G. D. Meadors, J. Meidam, A. Melatos, G. Mendell, D. Mendoza-

Gandara, R. A. Mercer, E. Merilh, M. Merzougui, S. Meshkov, C. Messenger,

C. Messick, P. M. Meyers, F. Mezzani, H. Miao, C. Michel, H. Middleton, E. E.

Mikhailov, L. Milano, J. Miller, M. Millhouse, Y. Minenkov, J. Ming, S. Mir-

shekari, C. Mishra, S. Mitra, V. P. Mitrofanov, G. Mitselmakher, R. Mittleman,

A. Moggi, M. Mohan, S. R PMohapatra, M. Montani, B. C. Moore, C. J. Moore,

D. Moraru, G. Moreno, S. R. Morriss, K. Mossavi, B. Mours, C. M. Mow-Lowry,

C. L. Mueller, G. Mueller, A. W. Muir, Arunava Mukherjee, D. Mukherjee,

S. Mukherjee, N. Mukund, A. Mullavey, J. Munch, D. J. Murphy, P. G. Mur-

ray, A. Mytidis, I. Nardecchia, L. Naticchioni, R. K. Nayak, V. Necula, K. Ned-

kova, G. Nelemans, M. Neri, A. Neunzert, G. Newton, T. T. Nguyen, A. B.

Nielsen, S. Nissanke, A. Nitz, F. Nocera, D. Nolting, M. E N Normandin, L. K.

Nuttall, J. Oberling, E. Ochsner, J. O’Dell, E. Oelker, G. H. Ogin, J. J. Oh,

S. H. Oh, F. Ohme, M. Oliver, P. Oppermann, Richard J. Oram, B. O’Reilly,

R. O’Shaughnessy, C. D. Ott, D. J. Ottaway, R. S. Ottens, H. Overmier, B. J.

Owen, A. Pai, S. A. Pai, J. R. Palamos, O. Palashov, C. Palomba, A. Pal-Singh,

H. Pan, Y. Pan, C. Pankow, F. Pannarale, B. C. Pant, F. Paoletti, A. Paoli,

M. A. Papa, H. R. Paris, W. Parker, D. Pascucci, A. Pasqualetti, R. Passaquieti,

D. Passuello, B. Patricelli, Z. Patrick, B. L. Pearlstone, M. Pedraza, R. Pedu-

rand, L. Pekowsky, A. Pele, S. Penn, A. Perreca, H. P. Pfeiffer, M. Phelps,

O. Piccinni, M. Pichot, M. Pickenpack, F. Piergiovanni, V. Pierro, G. Pil-

lant, L. Pinard, I. M. Pinto, M. Pitkin, J. H. Poeld, R. Poggiani, P. Popolizio,

A. Post, J. Powell, J. Prasad, V. Predoi, S. S. Premachandra, T. Prestegard,

L. R. Price, M. Prijatelj, M. Principe, S. Privitera, R. Prix, G. A. Prodi,

L. Prokhorov, O. Puncken, M. Punturo, P. Puppo, M. P??rrer, H. Qi, J. Qin,

V. Quetschke, E. A. Quintero, R. Quitzow-James, F. J. Raab, D. S. Rabeling,

H. Radkins, P. Raffai, S. Raja, M. Rakhmanov, C. R. Ramet, P. Rapagnani,

V. Raymond, M. Razzano, V. Re, J. Read, C. M. Reed, T. Regimbau, L. Rei,

138



S. Reid, D. H. Reitze, H. Rew, S. D. Reyes, F. Ricci, K. Riles, N. A. Robert-

son, R. Robie, F. Robinet, A. Rocchi, L. Rolland, J. G. Rollins, V. J. Roma,

J. D. Romano, R. Romano, G. Romanov, J. H. Romie, D. Rosi??ska, S. Rowan,

A. R??diger, P. Ruggi, K. Ryan, S. Sachdev, T. Sadecki, L. Sadeghian, L. Sal-

coni, M. Saleem, F. Salemi, A. Samajdar, L. Sammut, L. M. Sampson, E. J.

Sanchez, V. Sandberg, B. Sandeen, G. H. Sanders, J. R. Sanders, B. Sassolas,

B. S. Sathyaprakash, P. R. Saulson, O. Sauter, R. L. Savage, A. Sawadsky,

P. Schale, R. Schilling, J. Schmidt, P. Schmidt, R. Schnabel, R. M S Schofield,

A. Sch??nbeck, E. Schreiber, D. Schuette, B. F. Schutz, J. Scott, S. M. Scott,

D. Sellers, A. S. Sengupta, D. Sentenac, V. Sequino, A. Sergeev, G. Serna,

Y. Setyawati, A. Sevigny, D. A. Shaddock, T. Shaffer, S. Shah, M. S. Shahriar,

M. Shaltev, Z. Shao, B. Shapiro, P. Shawhan, A. Sheperd, D. H. Shoemaker,

D. M. Shoemaker, K. Siellez, X. Siemens, D. Sigg, A. D. Silva, D. Simakov,

A. Singer, L. P. Singer, A. Singh, R. Singh, A. Singhal, A. M. Sintes, B. J J

Slagmolen, J. R. Smith, M. R. Smith, N. D. Smith, R. J E Smith, E. J. Son,

B. Sorazu, F. Sorrentino, T. Souradeep, A. K. Srivastava, A. Staley, M. Steinke,

J. Steinlechner, S. Steinlechner, D. Steinmeyer, B. C. Stephens, S. P. Steven-

son, R. Stone, K. A. Strain, N. Straniero, G. Stratta, N. A. Strauss, S. St-

rigin, R. Sturani, A. L. Stuver, T. Z. Summerscales, L. Sun, P. J. Sutton,

B. L. Swinkels, M. J. Szczepa??czyk, M. Tacca, D. Talukder, D. B. Tanner,

M. T??pai, S. P. Tarabrin, A. Taracchini, R. Taylor, T. Theeg, M. P. Thirug-

nanasambandam, E. G. Thomas, M. Thomas, P. Thomas, K. A. Thorne, K. S.

Thorne, E. Thrane, S. Tiwari, V. Tiwari, K. V. Tokmakov, C. Tomlinson,

M. Tonelli, C. V. Torres, C. I. Torrie, D. T??yr??, F. Travasso, G. Traylor,

D. Trifir??, M. C. Tringali, L. Trozzo, M. Tse, M. Turconi, D. Tuyenbayev,

D. Ugolini, C. S. Unnikrishnan, A. L. Urban, S. A. Usman, H. Vahlbruch,

G. Vajente, G. Valdes, M. Vallisneri, N. Van Bakel, M. Van Beuzekom, J. F J

Van Den Brand, C. Van Den Broeck, D. C. Vander-Hyde, L. Van Der Schaaf,

J. V. Van Heijningen, A. A. Van Veggel, M. Vardaro, S. Vass, M. Vas??th,

R. Vaulin, A. Vecchio, G. Vedovato, J. Veitch, P. J. Veitch, K. Venkateswara,

D. Verkindt, F. Vetrano, A. Vicer??, S. Vinciguerra, D. J. Vine, J. Y. Vinet,

S. Vitale, T. Vo, H. Vocca, C. Vorvick, D. Voss, W. D. Vousden, S. P. Vy-

atchanin, A. R. Wade, L. E. Wade, M. Wade, S. J. Waldman, M. Walker,

L. Wallace, S. Walsh, G. Wang, H. Wang, M. Wang, X. Wang, Y. Wang,

139



H. Ward, R. L. Ward, J. Warner, M. Was, B. Weaver, L. W. Wei, M. Wein-

ert, A. J. Weinstein, R. Weiss, T. Welborn, L. Wen, P. We??els, T. West-

phal, K. Wette, J. T. Whelan, S. E. Whitcomb, D. J. White, B. F. Whiting,

K. Wiesner, C. Wilkinson, P. A. Willems, L. Williams, R. D. Williams, A. R.

Williamson, J. L. Willis, B. Willke, M. H. Wimmer, L. Winkelmann, W. Win-

kler, C. C. Wipf, A. G. Wiseman, H. Wittel, G. Woan, J. Worden, J. L. Wright,

G. Wu, J. Yablon, I. Yakushin, W. Yam, H. Yamamoto, C. C. Yancey, M. J.

Yap, H. Yu, M. Yvert, A. Zadro??ny, L. Zangrando, M. Zanolin, J. P. Zen-

dri, M. Zevin, F. Zhang, L. Zhang, M. Zhang, Y. Zhang, C. Zhao, M. Zhou,

Z. Zhou, X. J. Zhu, M. E. Zucker, S. E. Zuraw, and J. Zweizig. Observation of

gravitational waves from a binary black hole merger. Physical Review Letters,

116(6):1–16, 2016.

[7] B P Abbott, R Abbott, T D Abbott, M R Abernathy, F Acernese, K Ack-

ley, C Adams, T Adams, P Addesso, R X Adhikari, V B Adya, C Affeldt,

M Agathos, K Agatsuma, N Aggarwal, O D Aguiar, L Aiello, A Ain, P Ajith,

B Allen, A Allocca, P A Altin, S B Anderson, W G Anderson, K Arai, M C

Araya, C C Arceneaux, J S Areeda, N Arnaud, K G Arun, S Ascenzi, G Ashton,

M Ast, S M Aston, P Astone, P Aufmuth, C Aulbert, S Babak, P Bacon, M KM

Bader, P T Baker, F Baldaccini, G Ballardin, S W Ballmer, J C Barayoga, S E

Barclay, B C Barish, D Barker, F Barone, B Barr, L Barsotti, M Barsuglia,

D Barta, J Bartlett, I Bartos, R Bassiri, A Basti, J C Batch, C Baune, V Bavi-

gadda, M Bazzan, M Bejger, A S Bell, B K Berger, G Bergmann, C P L Berry,

D Bersanetti, A Bertolini, J Betzwieser, S Bhagwat, R Bhandare, I A Bilenko,

G Billingsley, J Birch, R Birney, O Birnholtz, S Biscans, A Bisht, M Bitossi,

C Biwer, M A Bizouard, J K Blackburn, C D Blair, D G Blair, R M Blair,

S Bloemen, O Bock, M Boer, G Bogaert, C Bogan, A Bohe, C Bond, F Bondu,

R Bonnand, B A Boom, R Bork, V Boschi, S Bose, Y Bouffanais, A Bozzi,

C Bradaschia, P R Brady, V B Braginsky, M Branchesi, J E Brau, T Bri-

ant, A Brillet, M Brinkmann, V Brisson, P Brockill, J E Broida, A F Brooks,

D A Brown, D D Brown, N M Brown, S Brunett, C C Buchanan, A Buikema,

T Bulik, H J Bulten, A Buonanno, D Buskulic, C Buy, R L Byer, M Cabero,

L Cadonati, G Cagnoli, C Cahillane, J Calderón Bustillo, T Callister, E Cal-

loni, J B Camp, K C Cannon, J Cao, C D Capano, E Capocasa, F Carbognani,

S Caride, J Casanueva Diaz, C Casentini, S Caudill, M Cavaglià, F Cavalier,
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F Kéfélian, M S Kehl, D Keitel, D B Kelley, W Kells, R Kennedy, J S Key, F Y

Khalili, I Khan, S Khan, Z Khan, E A Khazanov, N Kijbunchoo, Chi-Woong

Kim, Chunglee Kim, J Kim, K Kim, N Kim, W Kim, Y.-M. Kim, S J Kimbrell,

E J King, P J King, J S Kissel, B Klein, L Kleybolte, S Klimenko, S M Koehlen-

beck, S Koley, V Kondrashov, A Kontos, M Korobko, W Z Korth, I Kowalska,

D B Kozak, V Kringel, B Krishnan, A Królak, C Krueger, G Kuehn, P Kumar,

R Kumar, L Kuo, A Kutynia, B D Lackey, M Landry, J Lange, B Lantz, P D

Lasky, M Laxen, A Lazzarini, C Lazzaro, P Leaci, S Leavey, E O Lebigot, C H

Lee, H K Lee, H M Lee, K Lee, A Lenon, M Leonardi, J R Leong, N Leroy, N Le-

tendre, Y Levin, J B Lewis, T G F Li, A Libson, T B Littenberg, N A Lockerbie,

A L Lombardi, L T London, J E Lord, M Lorenzini, V Loriette, M Lormand,

G Losurdo, J D Lough, C O Lousto, H Lück, A P Lundgren, R Lynch, Y Ma,

B Machenschalk, M MacInnis, D M Macleod, F Magaña-Sandoval, L Magaña

Zertuche, R M Magee, E Majorana, I Maksimovic, V Malvezzi, N Man, I Man-

del, V Mandic, V Mangano, G L Mansell, M Manske, M Mantovani, F March-

esoni, F Marion, S Márka, Z Márka, A S Markosyan, E Maros, F Martelli,

L Martellini, I W Martin, D V Martynov, J N Marx, K Mason, A Masserot,

T J Massinger, M Masso-Reid, S Mastrogiovanni, F Matichard, L Matone,

N Mavalvala, N Mazumder, R McCarthy, D E McClelland, S McCormick, S C

McGuire, G McIntyre, J McIver, D J McManus, T McRae, S T McWilliams,

D Meacher, G D Meadors, J Meidam, A Melatos, G Mendell, R A Mercer, E L

Merilh, M Merzougui, S Meshkov, C Messenger, C Messick, R Metzdorff, P M

Meyers, F Mezzani, H Miao, C Michel, H Middleton, E E Mikhailov, L Milano,

142



A L Miller, A Miller, B B Miller, J Miller, M Millhouse, Y Minenkov, J Ming,

S Mirshekari, C Mishra, S Mitra, V P Mitrofanov, G Mitselmakher, R Mittle-

man, A Moggi, M Mohan, S R P Mohapatra, M Montani, B C Moore, C J

Moore, D Moraru, G Moreno, S R Morriss, K Mossavi, B Mours, C M Mow-

Lowry, G Mueller, A W Muir, Arunava Mukherjee, D Mukherjee, S Mukher-

jee, N Mukund, A Mullavey, J Munch, D J Murphy, P G Murray, A Mytidis,

I Nardecchia, L Naticchioni, R K Nayak, K Nedkova, G Nelemans, T J N Nel-

son, M Neri, A Neunzert, G Newton, T T Nguyen, A B Nielsen, S Nissanke,

A Nitz, F Nocera, D Nolting, M E N Normandin, L K Nuttall, J Oberling,

E Ochsner, J O’Dell, E Oelker, G H Ogin, J J Oh, S H Oh, F Ohme, M Oliver,

P Oppermann, Richard J Oram, B O’Reilly, R O’Shaughnessy, D J Ottaway,

H Overmier, B J Owen, A Pai, S A Pai, J R Palamos, O Palashov, C Palomba,

A Pal-Singh, H Pan, C Pankow, F Pannarale, B C Pant, F Paoletti, A Paoli,

M A Papa, H R Paris, W Parker, D Pascucci, A Pasqualetti, R Passaquieti,

D Passuello, B Patricelli, Z Patrick, B L Pearlstone, M Pedraza, R Pedurand,

L Pekowsky, A Pele, S Penn, A Perreca, L M Perri, H P Pfeiffer, M Phelps, O J

Piccinni, M Pichot, F Piergiovanni, V Pierro, G Pillant, L Pinard, I M Pinto,

M Pitkin, M Poe, R Poggiani, P Popolizio, A Post, J Powell, J Prasad, V Pre-

doi, T Prestegard, L R Price, M Prijatelj, M Principe, S Privitera, R Prix, G A

Prodi, L Prokhorov, O Puncken, M Punturo, P Puppo, M Pürrer, H Qi, J Qin,

S Qiu, V Quetschke, E A Quintero, R Quitzow-James, F J Raab, D S Rabeling,

H Radkins, P Raffai, S Raja, C Rajan, M Rakhmanov, P Rapagnani, V Ray-

mond, M Razzano, V Re, J Read, C M Reed, T Regimbau, L Rei, S Reid, D H

Reitze, H Rew, S D Reyes, F Ricci, K Riles, M Rizzo, N A Robertson, R Robie,

F Robinet, A Rocchi, L Rolland, J G Rollins, V J Roma, J D Romano, R Ro-

mano, G Romanov, J H Romie, D Rosi\ifmmode \acuten\else ń\fiska, S Rowan,
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M Yvert, A Zadro\ifmmode \dotz\else ż\finy, L Zangrando, M Zanolin, J.-P.

Zendri, M Zevin, L Zhang, M Zhang, Y Zhang, C Zhao, M Zhou, Z Zhou, X J

Zhu, M E Zucker, S E Zuraw, J Zweizig, M Boyle, D Hemberger, L E Kidder,

G Lovelace, S Ossokine, M Scheel, B Szilagyi, and S Teukolsky. GW151226:

Observation of Gravitational Waves from a 22-Solar-Mass Binary Black Hole

Coalescence. Phys. Rev. Lett., 116(24):241103, jun 2016.

[8] J.˜A. Peacock. Cosmological Physics. jan 1999.

[9] S Dodelson. Modern cosmology. 2003.

144



[10] T Padmanabhan. Theoretical Astrophysics - Volume 3, Galaxies and Cosmol-

ogy. dec 2002.

[11] P.˜J.˜E. Peebles. Principles of Physical Cosmology. 1993.

[12] S Weinberg. Cosmology. Oxford University Press, 2008.

[13] E.˜W. Kolb and M.˜S. Turner. The early universe. 1990.
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S Bardelli, A Bongiorno, G Coppa, S de la Torre, L de Ravel, P Franzetti,

B Garilli, L Guzzo, P Kampczyk, F Lamareille, J.-F. Le Borgne, V Le Brun,

C Maier, M Mignoli, R Pello, E Perez Montero, E Ricciardelli, M Tanaka,

L Tresse, E Zucca, U Abbas, D Bottini, A Cappi, P Cassata, A Cimatti,

M Fumana, A.˜M. Koekemoer, D Maccagni, C Marinoni, H.˜J. McCracken,

P Memeo, B Meneux, and R Scaramella. The Density Field of the 10k zCOS-

MOS Galaxies. The Astrophysical Journal, 708:505–533, jan 2010.

[82] C Wolf, K Meisenheimer, H.-W. Rix, A Borch, S Dye, and M Kleinheinrich.

The COMBO-17 survey: Evolution of the galaxy luminosity function from 25

000 galaxies with 0.2{\lt} z {\lt}1.2. Astronomy and Astrophysics, 401:73–98,

apr 2003.

[83] E Giallongo, S Salimbeni, N Menci, G Zamorani, A Fontana, M Dickinson,

S Cristiani, and L Pozzetti. The B-Band Luminosity Function of Red and Blue

Galaxies up to z = 3.5. The Astrophysical Journal, 622:116–128, mar 2005.

[84] C.˜N.˜A. Willmer, S.˜M. Faber, D.˜C. Koo, B.˜J. Weiner, J.˜A. New-

man, A.˜L. Coil, A.˜J. Connolly, C Conroy, M.˜C. Cooper, M Davis, D.˜P.

Finkbeiner, B.˜F. Gerke, P Guhathakurta, J Harker, N Kaiser, S Kassin, N.˜P.

Konidaris, L Lin, G Luppino, D.˜S. Madgwick, K.˜G. Noeske, A.˜C. Phillips,

and R Yan. The Deep Evolutionary Exploratory Probe 2 Galaxy Redshift

Survey: The Galaxy Luminosity Function to z˜1. The Astrophysical Journal,

647:853–873, aug 2006.

[85] S.˜M. Faber, C.˜N.˜A. Willmer, C Wolf, D.˜C. Koo, B.˜J. Weiner, J.˜A. New-

man, M Im, A.˜L. Coil, C Conroy, M.˜C. Cooper, M Davis, D.˜P. Finkbeiner,

B.˜F. Gerke, K Gebhardt, E.˜J. Groth, P Guhathakurta, J Harker, N Kaiser,

S Kassin, M Kleinheinrich, N.˜P. Konidaris, R.˜G. Kron, L Lin, G Luppino,

D.˜S. Madgwick, K Meisenheimer, K.˜G. Noeske, A.˜C. Phillips, V.˜L. Saraje-

dini, R.˜P. Schiavon, L Simard, A.˜S. Szalay, N.˜P. Vogt, and R Yan. Galaxy

Luminosity Functions to z˜1 from DEEP2 and COMBO-17: Implications for

Red Galaxy Formation. The Astrophysical Journal, 665:265–294, aug 2007.

156



[86] H Lin, H.˜K.˜C. Yee, R.˜G. Carlberg, S.˜L. Morris, M Sawicki, D.˜R. Patton,

GWirth, and C.˜W. Shepherd. The CNOC2 Field Galaxy Luminosity Function.

I. A Description of Luminosity Function Evolution. The Astrophysical Journal,

518:533–561, jun 1999.

[87] M.˜R. Blanton, D.˜W. Hogg, N.˜A. Bahcall, J Brinkmann, M Britton, A.˜J.

Connolly, I Csabai, M Fukugita, J Loveday, A Meiksin, J.˜A. Munn, R.˜C.

Nichol, S Okamura, T Quinn, D.˜P. Schneider, K Shimasaku, M.˜A. Strauss,

M Tegmark, M.˜S. Vogeley, and D.˜H. Weinberg. The Galaxy Luminosity Func-

tion and Luminosity Density at Redshift z = 0.1. The Astrophysical Journal,

592:819–838, aug 2003.

[88] M Kriek, P.˜G. van Dokkum, I Labbé, M Franx, G.˜D. Illingworth, D March-

esini, and R.˜F. Quadri. An Ultra-Deep Near-Infrared Spectrum of a Compact

Quiescent Galaxy at z = 2.2. The Astrophysical Journal, 700:221–231, jul 2009.

[89] G Bruzual and S Charlot. Stellar population synthesis at the resolution of 2003.

Monthly Notices of the Royal Astronomical Society, 344:1000–1028, oct 2003.
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standard SED fitting procedures. Astronomy and Astrophysics, 363:476–492,

nov 2000.

[149] M Bolzonella, J.-M. Miralles, and R Pelló. Hyperz: Photometric Redshift Code.
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