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Abstract

The Vera C. Rubin Observatory Legacy Survey of Space and Time (LSST) will image tens of
billions of galaxies over ten years—a 100 times increase over previous surveys—enabling the most
precise measurements of dark energy properties to date. Realizing the full potential of this powerful
dataset requires an unprecedented understanding of observational effects that, if uncorrected, can
bias the science results. One such source is the blurring of images due to optical turbulence in the
atmosphere, which dominates the point-spread function (PSF) for ground-based instruments. This
atmospheric effect imprints spatially correlated noise on scales (and with amplitudes) similar to the
cosmological signal we will study: the spatial correlation of positions and shapes of galaxies on the
plane of the sky due to gravitational lensing of light by the dark matter in the Universe. High-fidelity
simulated astronomical images are an important tool in developing and measuring the performance
of image-processing algorithms that will be needed to accurately and precisely account for sources
of correlated noise such as the atmospheric PSF.

This thesis presents a new simulation tool, PSF-WEATHER-STATION, that allows us to study
and model the dependence of correlations in the atmospheric PSF on weather conditions at any
observatory by leveraging data from weather forecasting models. We use this tool to simulate and
study the correlations in the size and shape of the atmospheric PSF predicted for the Vera C. Rubin
Observatory in Chile. We make quantitative predictions for two-point correlation functions (2PCF)
that are used in analyses of cosmic shear. We observe a strong anisotropy in the two-dimensional
2PCF, which is expected based on observations in real images, and study the dependence of the
orientation of the anisotropy on dominant wind directions at the observatory site.

We also explore the temporal behaviour of the atmospheric PSF using high-resolution speckle
images of stars, recorded near Rubin Observatory, and simulate similar observations using PSF-
WEATHER-STATION. We find differences in the time scales of correlation in the PSF between data
and simulations, but observe a consistent dependence of PSF shape with image motion on short

time scales.
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Chapter 1

Dark Energy, Cosmic Shear, and
the Point Spread Function

1.1 Dark energy

Since the 1990s, cosmologists have gathered conclusive observational evidence that the Universe —
i.e., space itself — is expanding at an increasing rate. Within our current cosmological model this can
be described by an energy component, comprising ~68% of the energy density of the Universe. Aside
from being sure it exists, we know almost nothing about the properties of this energy component,
which is called “dark energy” to reflect our ignorance. Whereas the gravitational attraction of
matter embedded in space slows the expansion of the Universe, dark energy increases the rate of
expansion. Current theoretical attempts to explain dark energy often raise as many questions as
they answer; for instance, the model currently supported by observation indicates that dark energy
is consistent with the “cosmological constant” model, in which dark energy, described by a constant
A, has an energy density that is constant in both time and space. However, theoretical arguments
for this model suggest that if dark energy is described by a cosmological constant A, the density
should be larger than the value we observe by a factor of approximately 10'2° — “a truly enormous
factor” (Albrecht et al., 2006). The nature of dark energy is therefore a fundamental problem in
physics, which will require not only theoretical advances but accurate and precise observational
measurements to constrain proposed models of dark energy and rigorously test Einstein’s Theory of

General Relativity.

Despite these theoretical challenges, the current standard model of cosmology has so far produced
predictions that are consistent with observations, given the current sensitivity (see next section).
This standard cosmological model is termed “Lambda Cold Dark Matter” (ACDM), because it
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assumes a cosmological-constant form of dark energy and that dark matter is “cold”, i.e., non-
relativistic. Dark matter must be non-relativistic in order to form the large-scale structure we
observe today. We review the theory of ACDM, as well as current observational evidence for the
model, in Section In Section we describe weak gravitational lensing, a powerful probe of
dark energy; in Section [1.3] we introduce Vera C. Rubin Observatory, an exciting instrument that
is being commissioned on a mountain top in Chile and will enable the most precise measurements
of dark energy properties to date; in Section |1.4] we discuss key observational challenges for weak
lensing measurements. In Section [1.5] we outline how the work described in this thesis will address

one of the dominant challenges.

1.1.1 ACDM

Our understanding of the Universe is that it started with a big bang 13.8 billion years ag(ﬂ, followed
by a very short period (= 10733 second) of cosmic inflation — exponential expansion. The Universe
has been expanding and cooling ever since; as it cooled, atoms were able to form, photons decoupled
from matter, and eventually, structures (stars and then galaxies) started to form under the influence
of gravity. In this section we will give an overview of relevant aspects of modern cosmology; for
further reading, see [Dodelson| (2003)); [Ryden| (2003); Weinberg et al.| (2013]).

We parameterize the expansion of space by the scale factor a(t) that describes how the distance
between two fixed points in space changes with time due to the expansion of space itself; a(t) is
typically set to 1 at ¢ = 0, so that a(t) < 1 in the past. The rate at which a(¢) changes with
time, a(t), describes the expansion rate of the Universe; the fractional rate of expansion is called the
Hubble parameter:

H(t) = 28 (1.1)

The present-day value of H (t) is called the Hubble constant Hy; the measured value is approximately
70km/s/ Mch|

It is common to use the cosmological redshift z to describe cosmological distances, rather than
the scale factor, because z is an observable quantity. A photon of wavelength Agpi¢, emitted by some
distant object, will have a redshifted wavelength Agps > Aemit When observed, because the space

through which the photon travels is expanding! The ratio of these wavelengths is given by the ratio

of scale factors at the time of observation and emission. Redshift z is defined as z = j“’bs —1,s0it

emit

is related to the scale factor as, )

a(temit)
where we have used that a(tons) = 1. Given this definition of redshift, z = 0 for light emitted at the

=1+2z, (1.2)

I Most precise measurements are by NASA’s WMAP and ESA’s Planck spacecraft.

2There is some tension between the current measurements based on the cosmic microwave background radiation
(the “early universe”), which are clustered around 67 km/s/Mpc, and the values measured by “late universe” probes,
which cluster around 73km/s/Mpc, each with uncertainties of about 1km/s/Mpc.
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current time and z > 0 in the past.

The Universe is filled with matter, radiation, and dark energy; we denote their relative present-

day energy densities by {1, £, and £, respectively. These energy densities are, by definition,

normalized by the “critical energy density” % such that for a flat (Euclidean) universe,
1=Q, +0Q,+Q. (1.3)

The current measured energy densities for each component are €, = 32% (27% dark matter and 5%
ordinary “baryonic” matter) and 2, = 68% (Collaboration et al., [2020); €2, is negligible. In other
words, the energy density of the Universe is currently dominated by dark energy. However, when the
Universe was younger, the energy density was first radiation dominated, and then matter dominated;
as the Universe expands, these densities decrease (with radiation energy density decreasing faster

due to the cosmological redshift) while the dark-energy density stays constant!

Current observations are consistent with a universe that is homogeneous and isotropic—i.e.,
there is no preferred location or direction—at scales larger than ~ 100 MPc. In General Relativity,
a homogeneous and isotropic universe with the above components is governed by the Friedmann
equation, which describes the redshift-dependence of the rate of change of the expansion of the

Universe: .
H(z)
Hy

:Qm(1+z)3+9,,(1+z)4+9¢m, (1.4)

where uy(z) is the (unscaled) energy density of dark energy. For a constant ug(2), denoted by ua(2),

up(z) 5)3(1+w)
7u/\(z:0)_(1+) o) (1.5)

%(@) ~exp (3/02[1+w(z')] dz > : (1.6)

Up(z =0 142

More generally,

where w(z) is the equation of state parameter for dark energy: for a scalar field ¢ with pressure p,

the equation of state is given by

p(2)
= . 1.7
w(z) =1 (1.7)
For dark energy described by a cosmological constant, the equation of state parameter is w = —1 for

all time. Putting this together with Equation[I.5 and Equation[I.4] we find a dark energy component

with no time dependence, as expected.

A model for w(z) that includes evolution with redshift has two-parameters:
w(z) = wo + we(l —a). (1.8)

The equation of state parameter is initially wo 4 w, and, as ¢ and a increase (z decreases), w reaches
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the present value of wqy. This simple model allows us to test deviations from a cosmological constant

by searching for evidence of w, # 0.

Equation assumes a homogeneous and isotropic universe on large O(100 Mpc) scales. The
existence of you, me, the Solar System, and even the Milky Way Galaxy are proof enough that our
Universe does not satisfy these conditions on small scales. To adapt our theory to accommodate the
presence of local inhomogeneities, we include a linear perturbation away from the average matter

density p,,(t). These density fluctuations are described by

S (2,1) M (1.9)

where @ is the co-moving coordinatef]

We can parameterize the time dependence in Equation by a linear growth function g(t),

where ., (2, t) = 0, (, ti)%. Fluctuations in matter density will evolve gravitationally as

3
G+2H(2)g — 5Hg(l +2)%g=0. (1.10)

The growth of these density fluctuations d,,(x) will be influenced by properties of dark energy and
other cosmological parameters. Simple inflation models predict that the density fluctuations are
described by a Gaussian random field—and observations so far support this hypothesis. In this case
the statistical properties of d,,(x) are fully described by the matter power spectrum P, (¢) or its
Fourier transform, the two-point correlation function £(#) (more on this in Section . The power
spectrum is defined by

(0m (£)6,,(€)) = (2m)3 P (0)8% (£ — €') (1.11)
for Fourier mode £; &3 is the 3D Dirac delta function and Sm(ﬁ) is the Fourier transform of the

density field. Isotropy implies that P(€) will be a function of only k = |£].

We can observe the distribution of matter in the nearby universe with multiple independent
probes. Figure shows measurements of the matter power spectrum with the cosmic microwave
background by the Planck space telescope (blue, orange, and green points), with galaxy clustering
and cosmic shear from the ground-based Sloan Digital Sky Survey (red points) and the Dark Energy
Survey (yellow points), and with high redshift quasars from spectroscopic measurements by the
Extended Baryon Oscillation Spectroscopic Survey (purple points). The curve corresponds to the
best-fit prediction of the matter power spectrum based on only the Planck data — i.e., data at low
values of k or large scales. Although the DES, SDSS, and eBOSS data represent very different
methods and probe matter at different scales, they are consistent with the predicted curve fit to the
Planck data.

3Comoving coordinates factor out the expansion of space, giving a distance that does not change in time due to
the expansion of space.
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Figure 1.1: Top: Data points show inferences of the 3D linear matter power spectrum at z = 0 from
various observational probes (Planck CMB data, largest scales; SDSS galaxy clustering, intermediate
scales; SDSS Ly« clustering and DES cosmic shear data, smallest scales). See text for more details.
The solid black curve is the theoretical expectation given the best-fit Planck 2018 ACDM model.
The dotted line for reference shows the theoretical spectrum including non-linear effects. Bottom:
deviation of the data from the Planck best fit ACDM 3D matter power spectrum. Figure from

|Chabanier et a1.| (]2019]).
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We conclude with an important takeaway from this section: to further constrain proposed models
of dark energy, we must make more precise — and accurate — measurements of wy and w,. In the
next section, we focus our review on a single, but powerful, cosmological probe of dark energy: weak

gravitational lensing.

1.2 Weak gravitational lensing

Images of distant galaxies are distorted by weak gravitational lensing due to inhomogeneities at
large scales in the mass distribution in the Universe, in the space between the galaxy and the
observer. These distortions are called cosmic shear (see, e.g., Kilbinger| (2015); Mandelbaum) (2018));
Weinberg et al.| (2013) for excellent reviews). Spatial correlations in the distortions are sensitive to
the properties and evolution of the matter density on large scales and the geometry of space. As
the collaborations associated with current cosmological surveys (the Dark Energy Survey (DEEEI),
Hyper Suprime-Cam (HSCE[), and Kilo-Degree Survey (KiDSED) complete their analyses of their
entire surveys, cosmic shear is becoming one of the most precise probes of cosmology — in particular
for measurements of the average matter density and the amplitude of matter fluctuations. In this
section, we outline the relevant theory and review the basics of conducting measurements of cosmic
shear. More extensive derivations of the relevant formalism summarized below can be found in
Weinberg et al.| (2013)); Kilbinger| (2015)); Schneider et al.| (2006).

1.2.1 Impact of cosmic shear

Suppose we observe a distant source, at co-moving distance x. If the source is observed at an apparent
angular position 6@, what is the true angular position 37 The inhomogeneous mass distribution
(large-scale structure) of the Universe sources a nonuniform gravitational potential ®; the gradient
of this potential at each point along the path of a photon causes light to be deflected by some angle
da. The total deflection angle a of a light ray is found by integrating da o« V& along its path.
Therefore,

B=6-a, (1.12)

—i.e., the deflection angle relates the true source angular position to the observed angular positionm
We can define a Jacobian matrix A = 93/96 that, to first orderﬁ describes the mapping from 6 to

4https://www.darkenergysurvey.org/, |[Amon et al|(2022)

Shttps://hsc.mtk.nao.ac.jp/ssp/} |Li et al.| (2023])

Shttp://kids.strw.leidenuniv.nl/} |Asgari et al](2021)

7If there is more than one solution to Equation we will have images at multiple locations on the sky—this
occurs in strong lensing.

8We apply the Born approximation and then linearize the problem by assuming that the source is much smaller
than the angular scales over which the matter density that produces the lensing varies.


https://www.darkenergysurvey.org/
https://hsc.mtk.nao.ac.jp/ssp/
http://kids.strw.leidenuniv.nl/
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) 2
A :8& 0

ij % = 045 — mw(ﬁx% (1~13)

where 1(0, x), called the lensing potential, is an integral along the line of sight over the gravitational

potential:

2 [x X=X ’ ’
(8, x :—/ dx’ X80,y . 1.14
00=% [" e =Xowo.v) (111

The matrix in Equation [[.13]is symmetric, and is often parameterized in terms of scalar conver-

gence k and two-component shear (a “spin-two” quantity) :
1—k— —
A N 72 . (1.15)
—72 l—r+m

Convergence changes the apparent size of a source, while shear is an anisotropic stretching of images
(more on 7 in Section [1.2.2)).

We will now use the Poisson equation, which in comoving coordinates is

3H2Q,,

2
(D:
v 2a

Sim s (1.16)

to express « in terms of matter fluctuations d,,. From Equation[I.13]and Equation[I.15] convergence
can also be written x = V2. Together with Equation [1.14] this gives

x(6)

BH§Qm [ xa(x

The function ¢(x) is the lens efficiency, which, for a density fluctuation at some distance x and

given the observed distribution of source distances n(x’), is defined as
Xlim /
X —X
9(x) = / dx'n(x')=—— (1.18)
% X

The integrals are taken to Xjim, the co-moving distance to the furthest source in n(y). We can think
of k(0) as an effective surface mass density, as for each angle 6 we have integrated §,, along the line
of sight.

The Limber equation states that a 2D projection (here, k) of a 3D homogeneous and isotropic
random field (d,,) is also a homogeneous and isotropic random field. This means the power spectrum

P,.(¢) fully describes the field x. The Fourier space analogy of Limber’s equation relates Py (¢) and

P,(¢):
9H4QQ X1lim q2 (X) g
P.(0) = Om/ d Pm(,>. 1.19
) i X2ty X (1.19)
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The power spectrum of the convergence due to gravitational lensing of sources from a mass distri-

bution is related, through this integral, to the power spectrum of the mass distribution itself.

In practice, it is more feasible to measure the shear field v(6) from gravitational lensing than
the convergence field x(€). This is primarily due to the unknown prior on the size of galaxies—how
do we separate intrinsic variation in size from variation that is due to lensing? In contrast, we can
assume that the distributions of galaxy shapes and orientations in the universe are random, with no
preferred direction, by homogeneity and isotropy. The cosmic shear field v(0) is directly related in

Fourier space to the convergence field by
5(8) = ¥ (L), (1.20)
where 7 is the polar angle of vector ¢. Therefore,
()T (€)) = (R(O)F"(£)) = (2m)* P (0)5H (£~ £') . (1.21)

The power spectra of the shear and convergence fields are identical, so we can use Equation [[.19] to
relate the shear field to the matter density field. Thus, we can constrain cosmological parameters
by making measurements of cosmic shear from the weak gravitational lensing by the large scale
structure of the Universe! It is common in observational cosmology to measure the real-space two-
point correlation function of shear rather than the shear power spectrum P, (¢); in what follows we

will focus on this real-space measure.

1.2.2 Lensed galaxy shapes

We have just reviewed how the shear field of background sources can theoretically be used as a
cosmological probe. Here, we discuss how we can, in practice, carry out measurements of the shear

field from observations of galaxy shapes.

As we saw in Equation the impact of lensing on the image of an objects (referred to as the
“source” object — e.g., the source galaxy) is described by convergence k and shear «. For example,
lensing will turn the image of a circular source object with radius R into an ellipse with major and
minor axes given by
R b R

a R = —.
1—rk+7vy

= — 1.22
1—k—7 ( )

Since galaxies are not intrinsically circular, it is necessary to quantify the effect of lensing on a source
with non-zero ellipticity. Given the form of the Jacobian matrix A (Equation [1.15)), we introduce
“reduced shear” g = v/(1—k) to parameterize the lensing shear of galaxies, and write it as a complex
number

g=g1+ig> = |gle”*?. (1.23)
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Then A can be written as

C(1—x l—g1  —go
A=(1 )( o 1+gl>' (1.24)

The complex reduced shear ¢ is a spin-two (“spinor”) quantity. The magnitude g quantifies the
impact of magnification and shear on the ellipticity of the object. The angle ¢, defined over the
range (0,180)°, corresponds to a polar angle 2¢ for the spinor in the complex g plane. Therefore, a
desired consequence of the factor of 2 in the exponential is that the ellipticity of the applied shear

rotated by 180° in real space is identical to that of the unrotated shear.

To estimate shape (and size) from images of galaxies, which are in general not circular and not
perfect ellipses, it is common to use the weighted second moments @);; of the galaxy intensity profile
1(0),

0 = [d*01(6)W(0)0,0,
" [a2o1(0)W(e)

(1.25)

where 6 corresponds to angular position on the image and W (6) is a weighting function. The square

2

root of the variance o is a measure of galaxy size, where

0% = Quu + Qyy - (1.26)

For galaxy shape, we define a complex ellipticity parameter e as

sz - ny + QiQxy
Qua +Qyy

e=-e1 +1ieg =

(1.27)

The magnitude of e is given by |e| = %, where ¢ is the ratio of the length of the minor to major
axes of the ellipse described by the second-moment matrix. The complex ellipticity e and reduced
shear g follow the same mathematics. We use the notation e for the imaged shape of a source, é for
the estimate of the shape of the source, and g for the true (reducedﬂ) lensing shear that we wish to

measure.

Figure illustrates the interpretation of (e1,e3); each ellipse is drawn with the shape corre-
sponding to the values of (e1, ea) at that point. If the original source galaxy were circular, then the
measured values of (e1,es) would correspond to the shear (g1,¢92). If es = 0, then the orientation
of the major axis of the ellipse is parallel to or perpendicular to the 6, direction for positive or
negative values of e, respectively. If e; = 0, then the major axis of the ellipse lies parallel to or
perpendicular to an axis rotated +45° with respect to the 6, axis, for positive or negative values of

e2, respectively. Non-zero e; and eo describe orientations in between the above special cases.

9We will drop the modifier “reduced” going forward and depend on the notation g to indicate reduced shear rather
than shear ~.
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Figure 1.2: Interpretation of the real and imaginary components e; and e of complex ellipticity e.
Each ellipse is drawn with the shape corresponding to the values of (ej, e3) at that point. The axes
could also be interpreted as tangential and cross components, e; and ey, for a pair of galaxies as
described in Section m

1.2.3 Shear correlation functions

In defining e and g above, we did not specify a coordinate system in which to measure ¢. A natu-
ral coordinate system to use (in anticipation of calculating two-point correlation functions) is that
defined by the separation vector between each pair of galaxies, rather than an arbitrary fixed coordi-
nate system. Therefore, for each pair of galaxies, we define “tangential” and “cross” components of
shear (g, gx ) with respect to their separation vector. If angle « is the polar angle of the separation

vector in a fixed coordinate system, then
gr = —Re(ge %), gy = —Im(ge ). (1.28)

With this definition, g, for example, is positive or negative if the major axis of the shear ellipse lies
parallel or perpendicular to the separation vector — similar to e; in Figure Likewise, g« plays
a role analogous to es in Figure but with respect to the separation vector. This coordinate
system changes for every pair of galaxies but has a very important advantage in applications to
gravitational lensing — namely, lensing from a spherically symmetric gravitational potential generates
purely tangential shear distortions.

To build physical intuition for tangential and cross shear averaged over pairs of galaxies when
the coordinate system for each pair is rotated (which will be necessary when measuring two-point

correlation functions), we show examples of different orientations of ellipses with respect to the
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a=0°,45°, 90°

Figure 1.3: Sketch of tangential (red) and cross (black) components of ellipticity rotating as the
polar angle « of the separation vector between two “galaxies” takes on values o = 0°, 45°, 90°.
(The circular source in the lower left corner also has a rotating coordinate system of e; and ey, but
it is not shown since the ellipticity magnitude is 0, leading to 0 tangential and cross components for
the circular galaxy for all «.)

separation vector in Figure for three pairs of “galaxies”, one of which is circular. In the figure,
as « changes from 0 to 45° to 90°, the only nonzero component of e for this particular ellipse is first
er < 0, then ex < 0, and then e; > 0.

Note that the examples in Figure[l.3|are just a handful of the many possible relative orientations;
ellipses of different shapes and orientations will have different e; and ey values for a given separation
vector.

As noted in Section[1.2] our goal is to measure real-space two-point correlation functions of shear.
To this end, we are interested in measuring the average correlation between shapes and orientations
(ellipticities) of pairs of galaxies, as a function of separation distance between the galaxies. We have
four quantities that describe the ellipticities of a pair of sources (a,b): ef,e%,e?, e%. We can combine

these four numbers into the following three two-point correlation functions:

(efet)(0), (efe)(0), (eSer) (), (eSel)(®), (1.29)

where the angle brackets (..) denote the average over many pairs of galaxies (a,b) at different
separations # on the sky. In a parity-symmetric universe, for a given value of shear component ey,
the strength of ex and —ey is the same, so the two-point correlation functions involving the cross
correlation ey vanish.

In Figure we show example source pairs for special cases in which only e; is nonzero or only
ex is nonzero. Gravitational lensing potentials can generate only the shear distortions shown in the
upper left panel: e;e; > 0 and eyxex = 0; therefore, we expect only positive tangential correlations
of galaxy pairs. However, many systematic effects can introduce nonzero exeyx = 0, as we will see

later in this thesis. Therefore, these correlations provide useful signatures of potential systematic
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Figure 1.4: Examples of elliptical source pairs corresponding to four sets of two-point correlation
values; only a few special cases are illustrated for each set. In the panels on the left, the major /minor
axes of the ellipses are orthogonal to the separation vector between sources, so only the e; components
are nonzero. In the panels on the right, the major/minor axes of the ellipses are at 45° with respect
to the separation vector, so only e, is nonzero. The two-point correlations are 0 or positive in the
upper panels and 0 or negative in the lower panels.

effects.
The shear two-point correlation function used in weak lensing has two components, denoted &4 (9)

(from now on, we will drop the superscripts a,b from the ordered pair of ellipticity components):

£4(0) = (erey T exex)(0) (1.30)

These correlation functions can be related to Equation to find

&(0) = [ SR (131)
0= [ Srnoro. (1.32)

where J,,(z) is the n-th order Bessel function of the first kind.

In a complete cosmological analysis, we generate a set of correlation functions fg that correlate
galaxy shapes across redshift bins ¢ and j. Binning the galaxy sample by redshift gives us a view
of the evolution of the Universe: we see galaxies as they were in the younger Universe (when they
emitted the light we now receive); therefore, high redshift galaxies have passed through a statistically

different large-scale structure than galaxies at low redshift. The two-point correlation functions {ftj
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(Troxel et al. [2018), o o
i Saswawy(ep'e)? £eltel)
Y=

1.33
Eabwa’wb ' ( )

where w is a per-galaxy weights (usually given by measurement uncertainties), and the sums are
over galaxy pairs (a, b) separated (within some range of angular separations A#) by an angle 6 on the
sky. As an example, we show in Figure the measurements of £ () across pairs of four redshift
bins, from the DES Year 3 resultﬂ (Amon et al., 2022)). Note that the correlation functions plotted
on the vertical axes are multiplied by the galaxy-pair separation . The redshift bins are labeled
1, 2, 3, and 4, in order of increasing redshift. The highest correlation values observed are in the
panels labeled 4,4 — i.e., the shapes of galaxies at the highest redshifts show the most evidence of
correlation. Given that their light has passed through the highest volume of intervening matter,
and that shapes are likely to be most highly correlated with objects whose light passes through

approximately the same intervening matter, this is as expected.

1.2.4 Decomposition of shear correlation functions into £ and B modes

As discussed in Section m two-point shape correlation functions £4 () constitute observables
of interest because of their dependence on cosmological parameters of interest (see Equation m
Equation and Equation . A related formulation of the same information is the decom-
position of {4 (6) into E- and B-modes of shear. Analogous to the vector fields in electricity and
magnetism, we can think of the E-mode as the “gradient” and the B-mode as the “curl” of shear;
see Figure for an illustration of spatial patterns of shear distortions corresponding to pure F
modes (left) and B modes (right).

From Figure we see that for the pure E-mode shear patterns (images on the left of the
figure), (ete;) > 0 and (exex) = 0 for source pairs on opposite sides of the center of each image;
in contrast, for pure B-mode shear patterns (images on the right of the figure), (exex) > 0 and
(eter) = 0 for corresponding pairs. However, recall from Equation that &x = (erer) £ (exex).
Therefore, to first approximation, one can think of £, and £_ as being proportional to the sum and
difference of ¥ and B modes, respectively.

To lowest order, gravitational lensing is a gradient field and thus produces only E-mode power
Mandelbaum| (2018). Cosmological B modes due to higher order lensing effects are expected to be
much smaller that cosmological E modes — by a factor of at least 500, even at the smallest scales
(Hilbert et al., 2009; [Krause & Hirataj, 2010). Nevertheless, there are efforts to make significant
measurements of cosmological B modes; evidence of B modes could indicate a non-Gaussian pri-
mordial random field, which would have powerful implications for models of early-universe inflation
(Meerburg et al., 2019). The large suppression of B modes renders them undetectable even with

full-sky optical galaxy surveys; instead, the most sensitive searches for B modes are conducted with

10DES is the optical survey with the widest area cosmic-shear results as of this writing.
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Figure 1.5: DES Y3 measurements (Amon et al.| [2022) of cosmic shear two-point correlation func-
tions: &4 (6) (plots above and to the left of the diagonal) and £_(6) (below and to the right of the
diagonal), scaled by the separation angle §. The data points are in black, the yellow shaded region
shows the DES Y1 uncertainties for comparison, and the green curves show the best fit ACDM
theoretical predictions. The shaded blue regions indicate the ranges of 6 that are excluded from the
analysis (light and dark shading correspond to a theory-agnostic and a ACDM-optimized analysis).
The lower region in each panel show the fractional difference between the measurements and the
best-fit values.
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Figure 1.6: Illustration of pure E-mode (left) and B-mode (right) shear distortions. The upper two
images correspond to 0 or positive tangential and cross shear components with respect to a line
through the center of the group of shapes (indicated by the points) and the lower two images to 0

or negative shear components.
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measurements of the cosmic microwave background radiation. Any cosmological signal we are able
to detect with an optical survey is therefore expected to be purely E-mode, and any nonzero B-mode
signal is very likely evidence of a non-cosmological effect — namely a systematic effect which we must
understand and take into account.

As we saw in Equation [[.31] and Equation [I:32] the shear two-point correlation functions can be
expressed in terms of the power spectrum P, (¢). Similarly, they can be expressed in terms of the E
and B power spectra Pg(¢) and Pg({):

60) = [ SR + Po(o)],
0 = [ SE RO - Pal0)] (1.34)

Going from these expressions to the two-point correlation functions ff/ B(G) is a nontrivial journey
with Bessel function recurrence relations and integrations; the good news is that these measures of
E- and B-mode correlations have been analytically derived in|Crittenden et al.| (2002) and |Schneider,
et al.| (2002)). These initial results required knowledge of {_(6) and & (6) to arbitrarily large and
small scales, respectively. Therefore, for use in the context of cosmic shear surveys, which cover a
finite range of angular separations, the data would need to be extrapolated beyond the measured
range.

Rather than extrapolation, cosmic shear surveys generally relied on approximation techniques to
calculate F and B mode correlations for systematic tests. In particular, the “Complete Orthogonal
Sets of F and B mode-separating Integrals” (COSEBI) method, first presented in |Schneider et al.
(2010), has been widely used — notably in the analysis of cosmic shear survey results from both KiDS
(Giblin et all 2021 and DES (Gatti et al [2021). COSEBIs are two-point statistics that separate
well-defined F and B modes within a finite angular range. They are measured from £4(6) using
oscillating filter functions; the number n of modes needed to fully capture cosmological information
depends on the range of angular scales available, desired accuracy, angular bin size, etc.

In contrast to both of the above methods, more recent results published in|Schneider et al.| (2022)
provide explicit equations for pure-mode correlation functions ff/ B (#). The descriptor “pure-mode”
refers to pure F and pure B modes that have been separated from “ambiguous” modes—denoted
by £3mP(0)—that cannot be uniquely ascribed to either E or B modes due to the finite interval of

angular separations available. In equation form,

E4(0) = E£(0) £ E£(0) + £2™(0). (1.35)

The pure-mode results in [Schneider et al.| (2022)) allow for a finite range of 0 (fin < 0 < Onax) Over
which €4 is measured, and can be used without extrapolating data to large/small scales. Another
drawback of the COSEBI method has been the difficulty in tracing a detection in E or B mode to
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a specific angular scale (Asgari et al., 2019)); the pure-mode results, calculated directly from data,

overcome this.

The full |Schneider et al.| (2022) results are summarized in the remainder of this section. We

begin with the decomposition of £ (6):

E£(0) = 3€40)+ £0)+9(0)] - 5|5.0) +5-0)|, (1.36)
E£0) = 3|60 - ) - 90)] - 5|5.0) 50|, (137)
where
=1 [ gy sl 1.38
s =4 [ G0 -3, (1.38)
Omax g/ jp!

S..(0) = /0 ‘;;Za(a')m(o,e'» (1.39)

P dg ,
s_(o)z/am O (0)H (0,0, (1.40)

with Oavg = %(Hmin + Omax) and Hy (6,0") defined below. The S (6) functions are the terms that
account for our limited knowledge of £4(0); as Omin — 0 and Oax — 00, they will vanish. In the
more general (and realistic) case, we must include these functions in the calculation of E and B

modes from measured two-point correlation functions 4 (). Hy are polynomial functions in ', 6,

and R = Ymax—0min .
SR g) R ) (1.41)
(Havg 9

Omax+Omin
9 \?2 o\ 2
(1+R)4—(1+4R+R2)< > <_>
Oovs 0

1
H, (0,0 = o (432 +3

H_(0,0) = a-Rp (3(1 — R)?

8R3
) (1.42)
+3(1+ R)? <99 ) - [3+GR+14RQ+GRS+3R4}>.
avg
The pure-mode decomposition of £_(6) follows a similar pattern:
1 1
E£10) = 3640+ 0)+ 10)] - 5 |v0) +v-0)]. (1.43)

£206) = 5640~ - 0)+ 10)] - 5 |v0) - v 0)]. (1.44)
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where

0/2

0 /10!
o) =1 a5 (1.45)

min

and the V4 (0) functions play the same role as Sy () and are constructed similarlyE

6 /10!
max ()l
Vo) = [ G 0K 0.0), (1.46)
min avg
Gmax de/ / /
vao)= | G @K 6.0, (1.47)
with the K1 polynomials defined in terms of Hy as
n_ (Oos\
Ko0,0) = (52) H.(0.0), (1.48)
/ 2 29§vg 2 Hgvg 2 Ge%vg

By adding Equation and Equation [1.37] Schneider et al.| (2022) find that £&3™"(0) = S4.(6),
and by subtracting Equation from Equation that £™P(9) = V_(6). The function £3™"(6)
captures the knowledge, or lack thereof, at large 6, and £2™P(6) at small §. We are able to separate
¢+(0) into purely E and B modes in the limit of O, — 00 and i — 0, respectively, in which
case £3™P — (. In these limits and in the absence of B modes, ¢4 (6) = ¢£(9).

Another limiting case to consider is that of a constant shear field of magnitude gy and phase ¢g.
In this case, €4 (6) = (9g%) = g3 and £_(6) = (gge~1i®) = gge~4i% (=4} = 0. One can show, with

some patience for algebra, that

6 1!
max g §
/ H.(0,0)=1; (1.50)
0

min avg

therefore for a constant & (), the function S (6) has that same constant value (see Equation [1.39).
In our example case, this means the ambiguous mode Sy () = g2, and by Equation and
Equation ey =¢0)=o.

Results from |Schneider et al.| (2022) for the pure-mode decomposition applied to KiDS-1000
shear data are shown in Figure for E modes (i.e., the cosmological results) and Figure for
B modes (i.e., measures of potential systematic effects). The upper right and lower left sets of
panels in each figure show 055/ B(G) and 9§€/ B(G), respectively, with # measured in arcminutes.
Each panel corresponds to two-point statistics across a pair of redshift bins, numbered 1 through

5, with numbers increasing with higher redshift. The pure-mode §f/ B(9) calculated from the data

M Compared to the equations presented in [Schneider et al.| (2022)), here I absorbed a factor of ((9’/03“,g)2 into K_
for symmetry with the definitions of St.
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Figure 1.7: Measured pure-mode &£ (0) for cosmic shear, from KiDS-1000 (Schneider et al., 2022).
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Figure 1.8: Measured pure-mode &2 () for cosmic shear, from KiDS-1000 (]Schneider et a1.|7 |2022D.
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are shown as black points; the error bars correspond to the diagonal elements of the respective
covariance matrices. The blue and orange curves in Figure correspond to ££(6) calculated from
the KiDS-1000 best-fit cosmology, which was performed using COSEBIs; see |Asgari et al. (2021)).
Although the data points on the plot were not themselves directly used in the fit, the data and best
fit curves are in good agreement. In Figure the B-mode shear correlation functions are shown
to be consistent with zero across angular scales and redshifts. The authors note, however, that the
significance of B-modes depends nontrivially on the choice of data binning, and recommend the use

of multiple binning schemes during checks for systematic effects.

1.3 Cosmic shear with Vera C. Rubin Observatory

The cosmic shear results described in Section [[.:2.3] and Section [I.2:4] were produced by survey col-
laborations that have completed their data-taking and will release at most one more round of science
results. Of the next generation of surveys and missions targeting cosmological questions, one of the
most exciting for cosmic shear measurements is the ground-based Vera C. Rubin Observatory, which
will be complemented by two space-based missions. During its first ten years, Rubin Observatory
will conduct the Legacy Survey of Space and Time (LSST), imaging approximately 20 billion galax-
ies in six filters and reaching depths down to r-band magnitude ~ 26.9. The LSST is expected to
reach and then surpass by an order of magnitude the precision of existing surveys for cosmic shear.

The design of the observatory is optimized for a wide and fast survey of the sky; the 3.5-deg
field of view and short visit times (30s) allow for the whole sky to be imaged every three nights.
Figure a) highlights the compact optical system of Rubin Observatory, which allows for fast
slewing between observations and a large light-collecting area with an 8.4-m outer-diameter annular
primary mirror, which has an effective circular aperture diameter of 6.5 m. The three-mirror optical
design of the telescope enables high-quality imaging over a wide field of view; with each additional
mirror surface, optical aberrations at a higher order (e.g., astigmatism) can be corrected, thus
improving imaging capabilities near the edges of the field of view. The projection of the LSST
camera focal plane on an image of the sky shown in Figure b) illustrates the wide field of view
of the Rubin LSST Camera — 3.5 deg in diameter, approximately 50 times the area of the full moon.
Each small square represents a 4k pixel by 4k pixel CCD, with a pixel size of 10 micron corresponding
to a pixel scale of 0.20 arcseconds.

Rubin Observatory is in final stages of construction on Cerro Pachén in Chile; see Figure [I.10]
for an aerial view of the dome and neighboring telescopes in the background. Commissioning efforts
have started, the LSST camera is in the final stages of testing, and first-light for the survey is
currently projected in late 2024.

FEight LSST science collaborations are already preparing for the arrival of the rich dataset from

Rubin Observatory. Each collaboration focuses on a separate science interest: active galactic nuclei,
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(a)

Figure 1.9: Schematics of (a) Rubin Observatory’s three-mirror optical system and (b) the LSST
Camera’s focal plane projected on the sky. In (a), the direction of the arrows follow the path of
photons through the optical system into the camera. The primary mirror (large annular region at
bottom of the image) is 8.4m in diameter. In (b), the focal plane is shown to scale on an image of

the sky; the full moon subtends 0.52 deg within the 3.5- deg field of view (inner circle). Image credit:
Rubin Observatory.
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Figure 1.10: The Vera C. Rubin Observatory (foreground), as of April 2023. The Rubin Auxiliary
Telescope (used for commissioning and measurements of atmospheric transmission) is up the road
to the right of the Rubin dome. On the background ridge are the SOAR (left) and Gemini South
(right) telescopes. Image credit: Rubin Observatory.
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dark energy, galaxies, informatics and statistics, the solar system, stars in our Milky Way Galaxy
and the local volume, strong gravitational lensing, and transient objects and variable stars.

The Dark Energy Science Collaboration (DESC) has been working since 2012 to prepare to make
precise and accurate cosmological analyses with the Rubin LSST data. This work includes forecasting
the precision we can achieve on measurements of cosmological parameters given the unprecedented
volume of data: 100 times more than previous surveysE In Figure the Fisher forecasts for 68%
confidence-level contours are shown for the ten-year survey, for the dark energy equation-of-state
parameters w, and w, (see Equation . Contours for individual cosmological probes are plotted
in different colors; galaxy clusters (light blue), strong lensing (SL; yellow), supernovae (SN; green),
and the joint analysis of cosmic shear, galaxy-galaxy lensing, and galaxy clustering (3 x 2pt; dark
blue). The red contour shows the precision of existing surveys (“Stage III”) and the black contour
is the combination of all above probes and pre-existing data. The power of the LSST data set is
evident by the significant reduction in statistical uncertainty from the red to black contours.

To fully leverage the statistical power of the Rubin LSST dataset, it is crucial that any potential
systematic effects — both systematic biases and uncertainties on those biases — are understood and
constrained with similar accuracy and precision. This is a major focus of the ongoing work within
the DESC, including the work described in this thesis.

1.4 Systematic effects for measurements of cosmic shear

Observational cosmologists have the thorny challenge of turning images of galaxies into constraints
on fundamental parameters of a cosmological model describing our Universe. This task is often
thought about in two steps: (1) turning images into “catalogs” of objects (in this case, galaxies) and
their measured properties (e.g., position on the sky, size, shape, distance/redshift), and (2) using the
catalogs to infer cosmological information via, in the case of cosmic shear, galaxy shape correlation
functions (see Section . In the images-to-catalog process, we have the opportunity to mitigate
many observational effects—for instance, correcting sensor anomalies during instrument signature
removal—and we must ensure that our calibration and measurement algorithms do not introduce
any significant biases. The catalog-to-cosmology step must account for any remaining systematic
effects. In this thesis we focus on challenges in the images-to-catalog step; for detailed reviews of
how cosmological information is inferred from weak-lensing shape catalogs, see [ Mandelbaum| (2018));
Weinberg et al.| (2013)); Kilbinger| (2015)); [Troxel et al.| (2018]).

One of the crucial steps in making catalogs for weak lensing analyses is the estimation of lensing
shear from the images of galaxies. Given a sample of galaxies distorted by a true shear g, we denote
the estimated shear as (é) (averaged over a sample of galaxies). For a perfectly accurate estimator,

(é) = g; however, for realistic estimators, the measurement may be biased. For example, “model

2The Dark Energy Survey imaged hundreds of millions of galaxies over 6 years of observation.



1.4. SYSTEMATIC EFFECTS FOR MEASUREMENTS OF COSMIC SHEAR 25

1
1
s {7/ !
» : Stage III
1 SN Y10
1 3x2pt Y10
; LSST all+Stage III
N

A’U)O

Figure 1.11: Forecast dark energy constraints for the full ten years of LSST data. Colored contours
(other than red) show constraints from individual probes. The black contour is the joint precision
of all probes when combined with existing “Stage III” surveys (red contour). Axes show Aw, and
Aw,, the difference of dark energy equation-of-state parameters w,,w, from their fiducial values.
Contours show 68% confidence level constraints. From the DESC Science Requirements Document
(The LSST Dark Energy Science Collaboration et al., [2021a).
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bias” may be introduced in the shear estimation step when galaxy shear is estimated via a maximum
likelihood fit to a galaxy model; the choice of galaxy model, which is necessarily unrealistic (see the
complex galaxy profile in Figure for example), can introduce bias in the estimate of shear. These
shear estimators can be calibrated with detailed simulations. More recently, self-calibration methods
(“Metacalibration” and “Metadetection”), described in [Huff & Mandelbaum| (2017); |Sheldon & Huff]
(2017); [Sheldon et al.| (2020, [2023), have been developed to measure the response of the galaxy to
shear directly on data. All these methods require an accurate model of the PSF at the location of
the galaxy.

The bias in a shear estimator is typical parameterized as follows:
(&) = (14+m)g +c, (1.51)

where m is called the multiplicative bias and ¢ the additive bias (Heymans et al., 2006). The
magnitude of the true cosmic shear signal g for any individual galaxy is 0.01; the requirement on
mean multiplicative bias for the LSST DESC analysis of cosmic shear in the planned ten-year survey
ism < 3x1073. If m is greater than this value, the bias will be larger than the statistical precision of
the survey. A requirement on additive bias is more challenging to quantify—see extensive discussion
in [Meyers & Burchat| (2015a)), where the authors determined that the variance of ¢ could be as
large as the statistical uncertainty if its value (for all additive systematic effects combined) exceeds
1.8 x 1077,

1.4.1 Point spread functions

In addition to shear, the imaged shape of the galaxy is also affected by the atmosphere, the optics,
diffusion in the sensors, pixelization, noise, and other possible artefacts—as illustrated in Figure[T:12]
The middle panel of Figure shows the blurring of the galaxy image by the point spread function
(PSF). The PSF is the transfer function of the atmospherem the telescope optics, and the sensors,
and causes distortions in the shapes and sizes of images of objects. These distortions from the
PSF are one of the primary sources of systematic uncertainty for weak lensing if not modeled and
corrected to very high accuracy. We discuss the PSF in this section and its impact on weak lensing
measurements in Section
The output of an imaging system is linear in intensity when illuminated with incoherent light—
i.e., light waves whose phases vary in an uncorrelated way; see [Liaudat et al.|(2023) for a complete
derivation. In this case, the transformed image intensity Iimage(fz,0y), as a function of image
coordinates 0,,6,, can be described as a convolution of the source image S(0,,6,) by the PSF
1(6,.,9,).
Iimage (02, 0y) = S(05,0,) ® I(6,,0,). (1.52)

3For ground-based imaging—space-based missions bypass the atmosphere but sacrifice the large étendue (product
of field of view and mirror size) enabled by optical complexity of a ground-based instrument like Rubin Observatory.
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Figure 1.12: Illustration of weak gravitational lensing and subsequent observational effects impacting
images of galaxies taken with Rubin Observatory. The image of a galaxy undergoes distortion due
to cosmic shear and loss of resolution due to smearing by the PSF and pixelization in the detector.
Image credit: Sowmya Kamath.

The intensity profile of the PSF can be described analytically under some reasonable assump-
tions{jz] (Liaudat et al.l |2023; |Goodman [2005):

2

2 > S 27 ;27
I(Qm,é)y):% // P(u,v)et W) g =152 (wlatvly) gy qy)| (1.53)

for constant amplitude a, wavelength A, distance between telescope pupil and image plane z, pupil
transfer function P(u,v), and pupil coordinates u,v. W (u,v) describes the optical path difference,
at each pupil location u, v, between the aberrated incident wave and a perfect spherical wave.

The full width at half-maximum value (FWHM) of this intensity profile is often referred to as the
PSF “size”, and is a measure of image quality. PSFs with large FWHM will produce very blurred
images; on the other hand, one risks undersampling if the PSF size approaches the pixel size of a
detector.

So far we have treated only the “local” spatial variation of the PSF — i.e., the variation of the
intensity profile of the PSF. However, we must also consider the spatial variation of the PSF across
the focal plane — i.e., how the PSF depends on the angle of incidence of the light rays or, equivalently,
the spatial position on the focal plane. The PSF also depends on the spectral energy distribution of
the source, as diffraction and refraction depend on wavelength, and both the atmosphere and sensors
have a chromatic response (Meyers & Burchat, [2015bla)). The PSF changes temporally because both
the state of the telescope and the atmosphere are dynamic. And, finally, the PSF depends on the

14 Assumptions are that we consider scalar electric fields, the telescope aperture is large compared to the observing
wavelength, and we are in regimes were the Fresnel and far-field Fraunhofer approximations apply.
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length of an exposure, since atmospheric turbulence varies on time scales much shorter than the

typical exposure times of tens to hundreds of seconds. So in general,
I=1(0;,0y,2,y,t, \Atexp) , (1.54)

where we have used x,y to denote the PSF position on the focal plane.

As mentioned above, the PSF includes contributions from the atmosphere as well as the telescope
optics and the sensors; because the component due to the atmosphere has very different behavior
from the latter two (in terms of dependence on time, wavelength, and length of an exposure), the

PSF is often described as the sum of two components:
1(917 ey) = opt+sensor(9m7 9y) + Iatm(ecm ey) . (155)

The list of effects contributing to each part of the PSF is extensive. For example, the optical PSF
has contributions from diffraction, optical aberrations in the system of mirrors and lenses, mirror
polishing errors, scattered light, etc. Sensors contribute through diffusion, chromatic effects, the
so-called “brighter-fatter effect”lﬂ charge-transfer inefficiencies, etc. See [Liaudat et al.| (2023) for
a more exhaustive list as well as a detailed discussion of each contribution. The atmospheric PSF
captures the dynamic effects from refraction in the turbulent atmosphere, which contributes effects
at scales that are both small and large compared to the size of the field of view; the rest of this

thesis will detail many aspects of the atmospheric PSF.

1.4.2 TImpact of the PSF on weak lensing measurements

As one can see from Figure[[.12] the PSF has a very significant effect on the apparent size and shape
of galaxies as seen from ground-based telescopes. In order to accurately estimate the shear induced
by gravitational lensing, one must first correct for these subsequent distortions caused by the PSF.
As we have seen, the PSF varies with time, so we must do this correction on each exposure in the
survey. We must also account for the spatial variation across the field of view. This correction, for

a single exposure image, is often accomplished via the following procedure:

1. From the objects detected in the image, select bright (but not saturated) stars. Stars are point
sources with S(6,,0,) = §(0;,6,); hence, their images are themselves images of the PSFE

2. Measure the PSF from the image of each star. This can done by fitting a parametric model
to the intensity profiles, for example, or by interpolating the PSF from flux values in pixels

to a standard grid and measuring the resulting intensity at each point. By whichever method

5 Due to dynamical image distortions caused by accumulated charge during exposures in “thick” CCD sensors, such
as those in the LSST Camera, bright stars appear slightly larger in size than faint stars.
16We exclude discussion of wavelength dependence here; see [Meyers & Burchat| (2015a) for details.
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is chosen, the result of this step is, at each star location, a set of parameters p whose values
describe the PSF profile.

3. Use an interpolation method (e.g., a fit to a polynomial or Gaussian Process interpolation) to
infer the values of p at the locations of galaxies on the image, using the values measured at

the locations of stars.

4. Reconstruct an image of the PSF at each galaxy location, from the PSF model used in (2) and
the inferred parameters p from (3). These images can then be used in the shear estimation

step to account for the effect of the PSF on each galaxy image.

This general method has been demonstrated previously in DES (Jarvis et all [2020, 2016]), HSC
2022), and KiDS (Giblin et all 2021), and will be used for Rubin Observatory LSST. See

also Mandelbaum| (2018)); Liaudat et al. (2023) for more details and reviews of various proposed

algorithms.

The above modeling and interpolation algorithm provides a model PSF at each observed galaxy
location. Errors in the size and shape of these PSF models will introduce multiplicative and additive
shear biases (m and ¢ in Equation , respectively, to the estimate of shear from the associated
galaxy image. It is also possible that the errors in the PSF model are spatially correlated across the
focal plane. The spatial two-point correlation functions of these errors determine the bias introduced
to weak lensing observables — i.e. the galaxy shape correlation functions described in Section
Five correlation functions involving PSF errors (often referred to as the eponymous p statistics by
) have been widely used to quantify the impact of second-moment PSF size and shape
errors on measurements of cosmic shear; they depend on PSF shape residuals, PSF size, and PSF
size residuals, and describe the additive terms in the galaxy shape correlation functions due to PSF
modelling errors (Rowel [2010; |Jarvis et al, 2016)).

1.5 Motivation for this thesis

For accurate (unbiased) measurements of cosmic shear, all other sources of correlated image dis-
tortions must be modeled and/or removed. One such source is the correlated blurring of images
due to Kolmogorov turbulence in the atmosphere, which dominates the point spread function (PSF)
for ground-based instruments such as DES, HSC, KiDS, and Rubin Observatory (e.g.,

(2016); Heymans et al.| (2012)). Algorithms are under active development for more accurately mod-

eling and interpolating the PSF across the focal plane (see, e.g., |[Jarvis et al.| (2020); Bertin| (2011)),

correcting galaxy shapes for the PSF, and calibrating measures of cosmic shear from galaxy shapes
(Sheldon & Huffl [2017; [Huff & Mandelbaum), [2017; [Sheldon et all 2023 |Gatti et al) [2021). A
challenge looking ahead to the analysis of the LSST data from Rubin Observatory is to ensure these

algorithms achieve low spatial correlations of PSF residuals, in line with the stringent requirements
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on accuracy of shear estimation given the unprecedented precision afforded by the ten-year survey,
and perform well on real data.

Both real astronomical images and high-fidelity simulated images are important tools for devel-
oping and optimizing these algorithms and measuring their performance. Simulations play a unique
role because the input parameters we are trying to measure or infer, including shear, are known,
and because data from existing surveys are not representative of the PSF at Rubin—Rubin has
shorter exposure times, a larger field of view, and different local topography. In addition, physically
motivated PSF correction algorithms that treat the optical and atmospheric components of the PSF
separately require for method development images of each PSF component in isolation; this is only
possible in simulations.

In this thesis, we explore the ways in which various types of data—measurements of weather
and atmospheric turbulence (Chapters 2, 3, 4), wavefront data (Chapter 5, Appendix@, and short-
exposure PSF images (Chapter 6)—can each be exploited to inform and validate our simulation
tools, with the goal of producing simulated PSF images that are realistically complex and include
relevant correlations with the environment. These state-of-the-art tools will play a role in using

cosmic shear to measure cosmological parameters with both high precision and high accuracy.



Chapter 2

Imaging through the turbulent

atmosphere

Big whirls have little whirls which feed on their velocity,

and little whirls have lesser whirls and so on till viscosity.
— Lewis Fry Richardson

2.1 Introduction

A significant source of noise for any ground-based astronomical imaging is the effect of the turbulent
atmosphere. Turbulence in the atmosphere is stochastic and spatially correlated, and, as we know
from watching stars appear to twinkle in the night sky, it is also time-varying on time scales as short
as milliseconds. This sets it apart from other components of the PSF, since contributions to the PSF
from telescope optics and sensor electronics evolve on much longer time scales. For astronomical
applications we consider the atmosphere as a medium that refracts light, and are interested in
understanding its accumulated effects on light rays coming from stars or galaxies and ending up in
our telescope. As we have seen, we are in particular interested in the spatial correlations of noise
for weak lensing measurements; we need to understand how individual objects are affected by this
atmospheric refraction and how the effects vary over the focal plane.

The physics of atmospheric turbulence is complex and fluid-mechanical in nature, and as such
is prohibitively expensive to simulate precisely even on modern day supercomputers. Nevertheless,
it is possible to derive some statistical properties of turbulence, as we will do in the following

chapter. Although some topics remain areas of active research, much of this formalism was first
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described in the mid-twentieth century. This knowledge, combined with Fourier optics, helps us

better understand the variations in the PSF over the focal plane of a telescope.

2.2 The Physics of Atmospheric Turbulence

A stationary atmosphere would have a vertical temperature gradient, and thus a uniform density at
any given altitude. However, the Earth’s atmosphere is in constant motion — what conclusions can
we draw from this? The motion will mix pockets of air that are at different temperatures, leading
to patches of over/under densities of air at any given altitude. These slight density changes cause
slight index of refraction variations between adjacent air pockets. Due to the continual motion of
these air pockets, the structure of temperature (and thus, refraction) in the atmosphere is variable

and chaotic. This leads to two distinct effects, which impact imaging in different ways:

1. scintillation, which can lead to variation in the intensity of light entering the telescope, is not
expected to be a significant effect for Rubin Observatory exposures due to averaging over the

large aperture.

2. spatial variation of optical phase over the telescope aperture, which on very short exposures
(for large telescopes) causes speckle patterns: the diffraction pattern of interfering wavefronts
results in multiple images of the same star, each about the size of the telescope diffraction
limit, distributed over an area the size of the seeing disc. For long exposures, these highly

variable instantaneous speckle patterns blur together into a smooth point-spread function.

Here we are primarily interested in optical phase variations, and will accordingly focus on those
derivations. Refer to Roddier| (1981)), Lawrence & Strohbehn| (1970), |Clifford| (1978]), and |Léna et al.
(1998)) for much of the following formalism.

In addition to assuming a clear atmosphere (e.g., ignoring scattering and absorption due to
aerosols or precipitation) we will assume that the atmosphere is in pressure equilibrium, meaning
that we can treat turbulent fluctuations as isobaric processes; this is reasonable in the sense that
pressure fluctuations are small and disperse very rapidly compared to the temperature fluctuations
of interest for refractive index variation. In general, we can approximate the index of refraction in
air by

t
n(z.t) ~ 1+ 0.00029 2%

(2.1

Pair,STP )
We can see from Equation that deviations in the density of air p(x,t) will result in fluctuations
in n(x,t); moreover, in a pressure equilibrium, temperature fluctuations will be the main driver of

density changes. Taking these temperature fluctuations as isobaric, fluctuations in index of refraction
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can be related to temperature and pressure, at optical wavelengths (A ~ 600 nm), by

dn 2.9 x 10~* P/1000 mbar
dT T T/273K

(2.2)

Turbulence in the atmosphere is sourced by both convection (heat in low layers of the atmosphere
— e.g., from solar heating — leads to convective bubbles of warm air rising, mixing air of different
temperatures) and wind shear (a fluid instability called the Kelvin-Helmholtz instability arises when

the vertical wind-speed gradient dd”; between two adjacent layers is large). In the following subsec-

tions, we will explore theoretical models of turbulent flows and what they tell us about refractive

index fluctuations and image quality.

2.2.1 Kolmogorov turbulence

The onset of turbulence is determined by the magnitude of the Reynolds number, Re = uL/v,
which depends on only three quantities that characterize the flowing fluid: the flow speed u, the
characteristic linear size L , and the kinematic viscosity of the fluid, ». When viscous forces dominate,
the Reynolds number is small and flow is laminar; when inertial forces and instabilities dominate,
the Reynolds number is large and the flow is turbulent.

Turbulence typically dissipates quickly as kinetic energy is converted to internal energy via
viscous shear stresses, unless there is an obstacle or injection of energy to sustain the turbulent
flow. (Think, for example, of a cup of coffee; the fluid quickly settles after one stops stirring.) The
presence of an obstacle is equivalent to a persistent energy source; in both cases fluid is displaced,
creating a space devoid of fluid. Fluid then flows in to fill this void, forming a swirl on each side,
followed by a short reverse current. This swirl and reverse flow in a turbulent fluid is called an eddy.
In the context of astronomical imaging, we try to minimize the impact of obstacle-driven turbulence
by building observatories on isolated mountain peaks and designing domes that disturb the natural
flow of air as little as possible; however, we cannot control the large scale injection of energy into
the atmosphere.

Whether driven by obstacles or an energy source, turbulence creates eddies of many different
sizes, though most of the kinetic energy is contained in the largest structures — eddies of size ~ L.
At these largest scales, the Reynolds number is much greater than 1 and instabilities in the large
eddies cause them to fracture into smaller eddies, in effect transferring kinetic energy to smaller
scales. This continues until the size of the eddies reaches the so-called inner scale of turbulence —
some value [y < L, at which Re ~ 1 — where viscous forces take over and the energy is instead
dissipated as heat. This flow of energy forming a hierarchy of eddies, from the large scales of energy
input to the scale of viscous dissipation, is referred to as the turbulent energy “cascade”. This
energy cascade is common to many types of turbulence that have in common a region of spatial

scales intermediate between the scales of energy input and dissipation. For example, milk poured
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into coffee creates turbulent flow first on scales on the order of the coffee cup’s size but quickly
cascades to smaller swirls as the liquids mix. As another example, Figure 2.1 shows turbulent eddies
in a tank of water, visualized with the addition of a small amount of fluorescent dye and illuminated
with a thin sheet of light. It is important to note that the chaotic nature of turbulence is possible
only in a three dimensional system; this visualization technique is showing us a 2D slice through the
three dimensional eddies.

Kolmogorov| (1941]) predicted a specific power law dependence for turbulent energy as a function
of spatial frequency for scales within the intermediate range of spatial scales in this energy cascade.
This range in which Kolmogorov’s model is valid is referred to as the inertial range, and is bound
on small spatial scales by the inner scale [y and at large scales by the energy input scale (the “outer
scale”) Lg. In the case of the atmosphere, the inner and outer scales are typically on the order of
millimeters and tens or hundreds of meters, respectively. Key to Kolmogorov’s model, as we will see
shortly, was the realization that between these inner and outer scales, and in a steady state, there
are no direct forces on the fluid and viscous dissipation is insignificant. In this case, the energy
input rate and the energy dissipation rate are equal. We denote this rate by e, which has dimensions

of energy per unit time per unit mass, or length? time 3.

The power spectrum as a function of
spatial frequency & is given by E(k), where the total energy per unit mass in a volume d3x about
a particular k is f E(k)d®k, with k a vector of spatial frequencies in z,vy, 2. Each component in &

has units of inverse length, and [ E(k)d®k has units of energy per unit mass, or length? time~2, so

the spectrum E(k) has dimensions of length?*3 time=2.

The second realization that led Kolmogorov to his famous result is that in the inertial range —
i.e., for any frequency 1/Lg < k < 1/l — the system has access to only the energy dissipation rate e
and the scale k; the energy spectrum F(k) can therefore depend on only these two variables. From
here, simple dimensional analysis relating F(k) o< e*x” leads to Kolmogorov’s power law spectrum

for 3-dimensional turbulence, in terms of the vector of spatial frequencies &:
E(k) o 2/3|k|711/3 (2.3)

where taking the magnitude of k indicates we assume isotropic turbulence. We recall that this model
is, implicitly, valid only between spatial scales |y and Lg; modifications of the Kolmogorov model
that extend the validity beyond the outer scale will be discussed in Section [2.3.1

How does this cascade of kinetic energy, and Kolmogorov’s power law describing it, relate to the
quantities of interest for imaging through a turbulent atmosphere — i.e., fluctuations in temperature
and index of refraction? In turbulent flow, the concentration of certain additives also follow Kol-
mogorov’s law, if the additive is not reactive and does not affect the dynamics of the flow; the mixing
of cold and warm air satisfy these conditions, so this result applies to temperature fluctuations, and
by extension (via Equation to variations in index of refraction (Obukhovi [1949; Yaglom) (1949;
Corrsin, (1951). In other words, gas motion (which follows Equation does not itself induce
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Figure 2.1: Turbulent eddies visualized in a tank of water via the addition of fluorescent dye and
illuminated with a thin light sheet (Sreenivasan, [1999)).
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refraction; rather, the motion moves air pockets of varying temperature within its turbulent flow,
resulting in fluctuations in temperature (and therefore density and index of refraction), which follow
the same statistics.

There is observational evidence for both wind and optical phase fluctuations following this general
spectral form, within some range of length scales; Figure [2.2]shows two such measurements. The first
panel shows measurements of power in wind fluctuations in the stratosphere (at ~19 km), recorded
with LITOS (Leibniz Institute Turbulence Observations in the Stratosphere). This balloon-borne
instrument records wind speed fluctuations as it travels vertically, sampling every ~ 2.5 mm with a
device called a constant temperature anemometer, which operates by measuring the voltage fluctu-
ations in a hot wire due to convective heat loss associated with ambient flow. The resulting power
spectrum very closely matches the predicted Kolmogorov power law. Note that this experiment is
measuring the turbulent spectrum in only one-dimension (vertical); the Kolmogorov prediction for

the power law exponent for this case is —2, corresponding to the slope of the red dashed line in the

3
figure. The solid red line combines a Kolmogorov power law in the inertial range, where L > o,
and a viscous flow model o |k|~7 for L < lg. The authors report an inner scale of [y = 4.5cm,
indicated with the vertical line. The second panel shows measured values of the power law exponent
from optical phase data reconstructed from Shack-Hartmann wavefront sensors in the Gemini Planet
Imager adaptive optics system. The optical phase power spectrum for each run was fit to a power
law between spatial frequencies of 0.3 and 1 m~! (this limited range reduces contamination from
sensor aliasing and tip/tilt effects). The resulting exponents are plotted against values of ATy, a
proxy for dome turbulence, but show no clear dependence on this variable. These measurements,
though noisy, are consistent with the Kolmogorov prediction of —%, corresponding to the horizontal
line.

The results in Figure are not unique; there is broad evidence to support the \I@|’11/ 3 de-
pendence (for intermediate values of k) in Equation throughout the literature on atmospheric
turbulence. Observations of non-Kolmogorov turbulence do exist—certainly for scales x < 10~3-and
we will come back to these in Section[2:31] In the following, we review formalism from the literature

to describe the implications of atmospheric turbulence to wide-field, ground-based imaging.

2.3 Turbulence distorted wavefronts

Generally, a wavefront describes the set of points in an electromagnetic field that have the same
phase. In astronomy, we assume that wavefronts entering the atmosphere from far away astronomical
sources are plane waves; however, by the time they reach the telescope, having traveled through a
spatially and temporally varying turbulent atmosphere, they have incurred aberrations. We quantify
these aberrations at the telescope pupil (defined to be at altitude z = 0) as the two-dimensional

phase shift (or just “phase”) with respect to the original planar wavefront.
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Figure 2.2: Atmospheric turbulence power spectrum measurements. a. Power in wind fluctuations
in the stratosphere from [Haack et al.| (2014)), measured by the balloon-borne instrument LITOS.
The solid red line models a smooth transition from a Kolmogorov power law spectrum to the viscous
subrange, with the turnover point (turquoise vertical line) given by the inner scale lp. b. 122
measurements of a power-law exponent from power spectra of optical phase variation from the
Gemini Planet Imager (GPI) Shack-Hartmann wavefront sensor, as presented in [Tallis et al.| (2020).

The values are plotted as a function of ATy, which is a proxy for dome turbulence. The blue

horizontal line indicates the expected Kolmogorov value o —1—31. e

More concretely, we define a wavefront with wavenumber k = QT” propagating vertically downward
toward a telescope aperture at altitude z = 0. We denote the phase of this wavefront by ¢(x), where
x is a vector of horizontal coordinates defined over the telescope pupil. We will first consider a
simple atmosphere with a single turbulent layer at height z = h and vertical extent Ah. We assume
that Ah is much larger than the correlation length scale of the refractive index — i.e., Ah contains
many turbulent eddies — but small enough that diffraction effects within the layer are negligible. We

will return to this thin screen approrimation many times during this thesis.

The absolute phase of the wavefront when it reaches the telescope can be found by integrating
the index of refraction over all altitudes z > 0. The PSF is insensitive to the mean phase, since only
variations from this will cause interference in the telescope — this means we only need to integrate
over the fluctuations in refractive index away from the mean. For a scalar field « (in this case,

a =n) we denote the fluctuations as
Ou(x, 2,t) = a(x, z,t) — (a) . (2.4)

In the case of a single turbulent layer, the bounds of the integral reduce to the extent of the layer,
h to h+ Ah:

h+Ah
o(x) = k/h On(z, 2, t)dz. (2.5)
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Ultimately, we would like to find an analytic form for the autocorrelation function (defined precisely
below) of the wavefront, as it will be a useful way to describe PSF quantities in relation to properties

of turbulence that lead to variations in n(x, z, t).

Before proceeding further, we define some statistical properties that will be used in the derivations
to follow. Given some variable such as temperature 7', the fluctuation in T is described by 6 =

T — (T), and its autocorrelation, as a function of separation vector r, is
Br(r) = (0r(x)fr(x+ 7)), (2.6)

where the angle brackets denote averaging over positions x. This autocorrelation can in principle be
evaluated via a Fourier transform of the relevant power spectrunﬂ however, for the Kolmogorov tur-
bulence spectrum of Equation this method is not viable since the integral [ fooo|m|_11/ 3emim Tk
diverges. As shown by |Tatarskii| (1971)), we can work around this by using the structure function

Drp(r), which has the advantage of a finite integral and is related to the autocorrelation:

Dr(r) = (|fr(z +7) — 0r(z)*) (2.7)
=2(Br(0) — Br(r)) . (2.8)

Lastly, if ¢(x) is Gaussian distributed, a signal 1 (x) = e~**(®) has the following useful property:
By(r) = e 3Pe(r) (2.9)

Since the phase ¢(x) of a wavefront ¢ (z) distorted by the atmosphere is a collection of points
sampled from a Gaussian random field, this property applies to the autocorrelation of the wavefront
By(r) and the structure function of the phase Dy(r). This simplifies the derivation of wavefront
autocorrelation to a derivation of phase autocorrelation By(r): once we work out By(r) all we have
to do is apply Equation [2.8 and then Equation As we know from Equation é(x) depends
on the integral within the turbulent layer of the spatially varying 6,,, the deviation from the mean

of the index of refraction, so that

By(r) = ($(@)d(a + 7)) (2.10)
g [T On(x, 2, )0, (x + 7, 2", t))d2' d2" (2.11)
= [ [T e (e , |

where we have pulled the average over horizontal position @ inside the z integrals. With the goal of
recasting this expression in terms of the autocorrelation function for the refractive index, By, (r, z) =

(On(z, 2", )0, (x + 7, 2" + 2,t)), we change to a new variable z = 2/ — 2/; note that we can treat 2’

1Via the Wiener—Khinchin theorem.
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as fixed while integrating over z. This gives

h+Ah  pht+Ah—2'
By(r) = k2/h /h By (r,2)dz'dz . (2.12)

Under the thin screen approximation, 6, (x, z,t) oscillates many times within the vertical extent Ah.
Because of this, the refractive index autocorrelation will be zero or negligible for vertical separations
z on the order of Ah or greater, and we can equivalently write the integral over z as an integral
from —oo to +oo. Now that 2z’ no longer appears in the limit of integration over z, the integral over

z' reduces to Ah, and we find
By(r) = k‘2Ah/ B, (r,z)dz. (2.13)

The phase autocorrelation depends linearly on the thickness of the turbulence layer, and on the

integral of the refractive index autocorrelation.

Going back to Equation [2.8] we can use this result to solve for the wavefront phase structure

function:
Dy(r) = 2k*Ah /O;(Bn((), 2) — By(r,2))dz (2.14)
=2k*Ah /O;(Bn(o, 0) — B(r, 2) — B,(0,0) + B, (0, 2))dz (2.15)
_ 12AR /O;(Dn(r, 2) — Do (0, 2))d (2.16)

Up to this point we have not made any assumptions about the nature of the turbulence itself—only
that the wavefront ¢(x) is Gaussian distributed and about the geometry of the turbulent layer. To

go further, we will need a functional form for D, (v, z).

We will now summarize a derivation of the structure function for Kolmogorov turbulence; how-
ever, it should be noted that this description of a turbulent field is equivalent to Equation [2:3]
(E(k) o €/3|k|~1/3), and can be rigorously derived by evaluating a Fourier integral for each term
in Equation based on the power spectral density from Equation The general form for D,,(r)
can also be found with dimensional analysis arguments similar to those of Section [2.2.1] assuming
locally homogeneous and isotropic incompressible flow. The structure function might depend, in
that case, on the energy dissipation rate ¢, the magnitude of the separation vector r between two
points in the velocity field, and the kinematic viscosity of the fluid v. At scales |r| > [y in the inertial
range, however, v should not appear in the equation since we assume negligible viscous dissipation.

Dimensional arguments then lead us to the following structure function for temperature fluctuations:

Dr(r) = C3lr[?/3, (2.17)
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where C2 is called the temperature structure constant. As discussed previously, and shown in
Equation [2:2] variations in temperature are directly related to variations in index of refraction, so

the functional forms of the two structure functions are the same (as are the power spectra):
Dy (r) = C2|r*/3. (2.18)

These structure constants for temperature and refractive index can also be related using Equation|2.2
as C2 = C%j—;i. We are now ready to resume our analysis of wavefront autocorrelation.

Using the above refractive index structure function, Equation becomes
> 2/3
Dy(r) = kQAh/ C2(\/|r|? + 22 o 223)dz . (2.19)

After evaluating the above integral numerically and generalizing the result to include zenith angle
CEL we apply Equation and find the wavefront autocorrelation function to be

1
By(r) = exp [—22.914k2|r5/303; secCAh| . (2.20)

This result was the goal of this section; to facilitate interpretation we can go a step further and

define a length scale rg, first proposed by |Fried| (1965]) and thus referred to as the Fried parameter,

-3/5

ro = (0.423k°C2 sec (Ah) (2.21)

As we will see in Section this quantity has dimensions of length. With this definition, Equa-

tion 2.20] becomes
By(r) =exp |—3.44 () . (2.22)

To

So we see that the autocorrelation of the wavefront falls off exponentially with separation distance
relative to the Fried parameter. The constant factor in Equation [2.21] may seem arbitrary, but as
defined the Fried parameter represents a very important length scale for imaging through a turbulent

medium and can be interpreted as follows:
1. The phase variance within an aperture of size 7 is approximately 1rad?2.

2. A long-exposure image through atmospheric conditions characterized by rg has the same an-

gular resolution as an image taken with a telescope of diameter rg.

The Fried parameter, as we see in Equation depends on zenith angle, turbulence structure
constant, and wavelength (through the wavenumber k). More precisely, rg ~ X6/5 which means a

long-exposure, seeing-limited PSF would have size that depends on wavelength as % ~ A\1/5 The

2When observing at an angular distance ¢ from zenith, the layer thickness Ah is increased by a factor of (cos¢) 1.
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inverse wavelength dependence results in larger PSF sizes for images taken at shorter wavelengths.
This is in contrast to diffraction-limited seeing which has a wavelength dependence of % ~ A
The following subsections cover extensions and generalizations of these results as applied to

model atmospheres with more complex vertical and/or horizontal turbulenctﬂ structure.

2.3.1 Von Karman turbulence

There is one more important theoretical model of turbulence to introduce here, one which addresses
certain shortcomings of Kolmogorov’s power law. From Section we are already aware that
Kolmogorov’s power law allows for power at infinite spatial scales (small k). While we can state, as
we did upon its introduction, that the Kolmogorov power law model in Equation [2:3]is only valid for
spatial scales in the inertial range (I, Lo), a new model is needed in order to include a finite outer
scale in calculations of a wavefront phase structure function. An important point to note is that
there are two distinct outer scale parameters: the turbulence outer scale and the wavefront outer
scale (Tokovinin et al.,[1998). It is common to see references to an “outer scale” without specification
in the literature; from the definitions below it is typically straightforward to distinguish between the
two in context, but it is valuable nonetheless to clarify the distinction. The turbulence outer scale
sets an upper bound on the turbulence strength at low frequencies, which would otherwise diverge as
Kk — 05 it is the Ly parameter we have referred to thus far in this thesis. The wavefront outer scale,
on the other hand, represents spatial scales associated with the largest correlations in wavefront
phase, and as such, it is the parameter more directly relevant for astronomical imaging contexts. It
is defined with reference to the wavefront phase structure function Dg(r), and thus is not itself a
physical parameter of turbulence — however, Borgnino| (1990)) showed that it can be expressed as a
weighted average of the turbulence outer scales along a propagation path. Following the notation
from [Tokovinin et al.| (1998) and [Tokovinin| (2002), we denote the wavefront outer scale by L.
The wavefront phase structure function for Kolmogorov, found by combining Equation [2.9] and

Equation [2.20] is

/
Dy(r) = 6.88 ('7')5 ’ , (2.23)

which diverges for large |r|. To define £y more precisely, we recognize that at large scales r the
wavefront phase autocorrelation By (r) should drop to zero, which means the structure function
Dy(r) = 2(B4(0) = By(r)) (Equation[2.8) saturates to twice the wavefront variance ai — the distance

|r| at which this saturation occurs defines Lo:

r 5/3
6.88 <°> =202 (2.24)

3In the rest of this thesis, we will use the term “turbulence” to refer specifically to the driver of optical phase
variations — e.g., temperature gradients — and not the more general concept of fluid-mechanical turbulence.
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This is an intuitive way to define the wavefront outer scale, but does not describe what happens in
the transition region, i.e. the scales in between the inertial range (in which Equation [2.23| holds) and
saturation (described by Equation . For this, we must turn to heuristic models; the one most
commonly used in the literature was developed by [von Karman| (1948|) and describes the spatial

power spectrum of wavefront phase ﬂuctuationsﬂ as
Eex (k) = 0.0228r; 3 (|k|? + £52)~11/6 (2.25)

Turbulent phase fluctuations with this power spectral density recover Kolmogorov behavior for
spatial frequencies |k| > L5, while for |k| < £5! the spectrum plateaus to a constant value. This
change of behavior at low spatial frequencies from Kolmogorov spectrum turbulence has significant
impact on the properties of PSFs affected by von Kdrmén turbulence. For example, |Tokovinin/ (2002)
presents an approximation, based on numerical results, for relating von Karman and Kolmogorov

seeing values as a function of 2—‘;:

€K 2 To 0.356
= ~1-—2183 — . 2.26
< €0 > <£0> (2.26)

The approximation is quoted to have relative errors within +1% for Lo/ro > 20. As expected
from removing power at large spatial scales, PSF sizes are comparatively reduced in von Karméan

turbulence.

2.3.2 Vertical structure of turbulence

The results reviewed in the previous section were derived assuming a single thin layer of turbulence
in the atmosphere at a single altitude. However, turbulence occurs at a range of altitudes and data
suggest that the turbulent fraction — the fraction of a volume of air that is turbulent — starts to drop
only above altitudes around 20 km (Haack et all[2014). Realistically, then, we have to contend with
a large volume of turbulent air; how do we modify our calculation of the wavefront autocorrelation
to reflect this? To answer this, we first present the current literature on the variation of atmospheric
turbulence with altitude relevant for astronomical imagining. This will motivate corresponding
modifications to the calculations from Section 2.3

In the results above, e.g., Equation the so-called refractive index structure constant C?
represents the strength of turbulence within the turbulent region. However, calling this a “constant”
is a misnomer; turbulence, and therefore refractive index variation, is a spatially and temporally
varying field, and thus depends on time, altitude, and horizontal coordinates! We are interested in

the column of turbulent air that lies above the telescope during the course of an exposure. At any

4 Analytical versions of phase structure function for this von Kdrman model can also be found (Consortini & Ronchi,
1972} von Karmanl [1948)) but are not particularly intuitive so we will not present them here.
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given altitude, we treat variation of turbulence in time and horizontal coordinates as equivalent,
under the assumption that patches of turbulence move across the telescope aperture as time elapses
— e.g., due to wind — but the patches themselves do not evolve. This is the “Taylor frozen flow
hypothesis” (Taylor, [1938), which assumes that the timescales of turbulent evolution are greater
than the time it takes for patches to cross the telescope aperture. We will come back to horizontal
and temporal variation of turbulence strength in the following section. In this section, we consider

turbulence strength at some instance in time, in a column of air above a telescope.

At an instant in time, we are interested in the strength of turbulence as a function of altitude z:
we will write this as C2(z). This is often referred to in the literature as the optical turbulence profile
(OTP). In the derivation of wavefront autocorrelation in the previous section, the assumption of
constant turbulence strength over the thin layer would have been equivalent to a top-hat function
for the OTP: zero everywhere, and with constant value C2? from altitude h to h + Ah. From
the definition of C? in Equation for which the structure function on the left-hand side is
dimensionless, we see that the dimensions of the OTP are length—2/3. The total turbulence J in
some column of air is calculated by integrating the OTP over the vertical extent hg — hy:

h1
J= C%(h)dh . (2.27)

ho
We refer to this quantity very literally as a “turbulence integral,” and it can be calculated over any
subset, or the entirety, of the atmosphere. When the integration bounds are 0 — oo, this quantifies
the total turbulence strength in a column of air that a light wave from a distant star will traverse

before entering the telescope. The turbulence integral has dimensions of length'/3.

How can we measure OTPs and turbulence strength parameters? Image quality measurements
have been an important tool for astronomers for many decades — e.g., as part of site characteri-
zation campaigns or as calibration instrumentation for existing observatories. As we near the era
of extremely large telescopes, however, there has been active development in quantifying optical
turbulence at all altitudes in an attempt to find the best observing sites for these powerful instru-
ments; the performance of the adaptive optics systems planned for the European Extremely Large
Telescopeﬂ for example, depends on a highly sophisticated knowledge of OTPs. In Figure we
showed very high-resolution turbulence data taken with a microthermal balloon instrument. This
type of data is expensive to gather, and the balloons travel slowly — meaning the result is not a
snapshot of turbulence at one time as light rays would see it. Below we will focus instead on two (of
many) more common measurement techniques in optical astronomy: Multi Aperture Scintillation
System (MASS) and stellar SCIntillation Detection And Ranging (SCIDAR) (Vernin et al.l [1990;
Klueckers et al., |1997; Tokovinin & Kornilov} 2002; |Tokovinin et all 2003b). Both are scintillation
techniques—scintillation is the fluctuation of light intensity entering a telescope pupil. Both MASS

Shttps://www.eso.org/sci/facilities/eelt/
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and SCIDAR leverage the fact that turbulence at different altitudes produces peaks at different

spatial frequencies in the power spectrum of scintillation.

We first focus on SCIDAR, which has the capability of measuring high-resolution C2 profiles.
This is done by imaging two target stars with a known angular separation and triangulating the
correlations observed in their scintillation patterns. Traditionally this process is performed with a
single camera, but [Egner & Masciadri| (2007)); [Shepherd et al.[(2014) developed a generalized method
of SCIDAR using two detectors that can thus leverage spatio-temporal cross-covariance of images
as well as auto-covariance, improving the resolution to roughly 250m) (the sensitivity is altitude
dependent). Note that this instrument is sensitive to weak turbulence very near the instrument noise
floor, since the small covariance peaks from weak turbulence move differently in the spatio-temporal
cross-correlation than does noise. This method, called stereo-SCIDAR, has been used to carry out
a monitoring campaign at Cerro Paranal (in northern Chile, home of the Paranal Observatory);
examples of measurements from a night of observing are shown in Figure [2.3] The variation in
turbulence strength C?2 is shown as variations in color as a function of altitude (vertical axis) and
time (horizontal axis). In the right panel, the median of these data over time is shown as a single
profile vs. altitude. An important distinction in the figure is that while regions in time that are shaded
black for all altitudes correspond to times when no data are available, black sections within a profile
denote low turbulence strength as indicated by the color scale at the bottom of the figure. We can
learn two things from the depicted distribution of turbulence: first, profiles (a vertical slice through
the data) have stratified regions of high and low turbulence, where the strength varies between the
regions by 1 to 2 orders of magnitude. Second, there is temporal variation, over timescales on the
order of a few hours, in the number, location, and strength of these turbulent regions. Both these
points will be very relevant in Section when we discuss simulations of atmospheric PSFs; the
first point lends credibility to approximating the atmosphere as discrete layers of turbulence and the

second motivates us to use OTP models that capture these variations.

Given the bands of persistent turbulence observed in the profiles in Figure[2.3] we are motivated to
quantify the turbulence in vertical sections of the atmosphere with the turbulence integral defined in
Equation Since this integral is linear in altitude, calculating the integral over ranges of altitude

hi = hiy1, for n layers, i = 1, ...,n, leads to a set of values

hit1
Ji = / C2%(h)dh

hi
that contribute to the total turbulence integral J = ) . J;. This separation will be very useful for
quantifying turbulence contributions from different regions in the atmosphere — for instance, it is
common to distinguish between the ground layer (GL), which comprises the first ~ 1km of the
atmosphere above ground, and the free atmosphere (FA), which is everything above the ground

layer. This distinction separates turbulence in the ground layer, which is in general dominated by
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Figure 2.3: Stereo-SCIDAR measurements of optical turbulence profiles for the night beginning
March 8, 2017, at Cerro Paranal, Chile. Black areas in the figure denote different aspects of the
data: vertical black bars denote regions of missing data whereas black regions within a profile

correspond to very low turbulence, according to the color bar. Figure adapted from |Osborn et al.
(2018).

turbulence around local structure and topology, from the “free” turbulence generated by convection
and wind gradients. In this thesis, we will take the boundary between these atmospheric regions to
be at 800 m above ground level.

Turbulence strengths for vertical sections of the atmosphere — i.e., the values of J; — can be
measured by a multi-aperture scintillation system (MASS), which, like SCIDAR, uses scintillation
to quantify optical turbulence structure in the atmosphere. Details on the instrumentation and
data processing can be found in [Tokovinin et al.| (2003al), and is also reviewed in Section 2.1 of
Ogane et al.| (2021)). Single stars are imaged with a MASS and their intensity fluctuations due
to scintillation are measured in four concentric annular apertures. The variance of the observed
intensity in each annulus, and the covariances between annuli, can be related to the spatial power
spectrum of intensity fluctuations, from which the turbulence strength of multiple layers can be
estimated (see equations 6 through 12 in |Ogane et al.| (2021))). The number and location of layers
estimated is set by the number and size of the concentric apertures — a typical MASS instrument
measures 6 turbulence layers at 0.5, 1, 2, 4, 8, and 16 km above ground E} The MASS instrument
response functions are nearly triangular as a function of altitude, with overlap in intermediate regions
such that turbulence at 6 km, for example, contributes equally to the layers centered at 4 km and
8 km.

An example of MASS turbulence strength measurements from a night of observation at Cerro

Telolo is shown in panel (a) of Figure The turbulence strength is represented by vertical bars

6The impact of turbulence on the scintillation power amplitude goes to zero as the altitude of turbulence goes to
zero, so MASS measurements are not sensitive to turbulence near the ground
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Figure 2.4: (a) MASS turbulence profiles for the night of July 25-26, 2002, at Cerro Telolo. Turbu-
lence integrals J; as a function of time (in hours) for each atmospheric layer are displayed as vertical
bars, with the scale bar showing a reference intensity of 2 x 1072 m'/? (Tokovinin et al., 2003a). (b)
Over 6000 values of turbulence integrals Jgr,, Jgr, for the ground layer (0-500m) and Jga free at-
mosphere (everything above 500 m) measured with MASS-DIMM and MASS, respectively, at Cerro
Pachén. Data were collected in 2005 and are described in |Tokovinin & Travouillon| (2005)).

with length proportional to J; at each of the six MASS altitudes and displayed as a function of
time; a MASS data accumulation is only a minute long so the temporal resolution is high. It is
worthwhile noting that although the difference in altitude for each pair of adjacent layers, and thus
the integration range for each J;, is doubling with altitude, the altitude dependence of the integrated
turbulence strength is in general not doubling and is highly variable even over the course of a single
night.

As described above, MASS measurements are insensitive to turbulence near the ground, but
provide complete information about the free atmosphere turbulence. To measure turbulence over a
more complete range, a MASS is often combined with a differential image motion monitor (DIMM),

an instrument that is sensitive to total seeing by measuring wavefront slope differences over two

small apertures some distance apart (Sarazin & Roddier} [1990; Kornilov et al.,[2007). Ground-layer

turbulence integral values are thus calculated by subtracting the MASS free atmosphere values from
coincident DIMM full-seeing measurements. Panel (b) in Figure compares MASS measurements
of free atmosphere turbulence strength (Jpa, vertical axis) with ground layer turbulence (Jar,
horizontal axis) obtained from the MASS-DIMM difference. At this particular site — the Gemini-
South observatory at Cerro Pachén, Chile — the turbulence integrals in the ground layer and the
free atmosphere are of comparable magnitude on average.

We are now ready to revisit some definitions from Section with these new ideas in mind.
For instance, instead of the simplified one-layer definition presented in Equation [2:21] the Fried
parameter as defined in includes the altitude variation of optical turbulence over the
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full atmosphere:
oo —-3/5
ro = (2.914k2 sec(/ C’i(h)dh) . (2.28)
0

Typical values of C2? at modern observatories range from 10~ to 10~ m~2/3 (see Figure [2.3)
and values of J range from 10~'3 to 10~'2m'/? for both the GL and FA (see Figure . For an
observation at zenith (sec( = 1) at A = 500 nm, typical values of the Fried parameter ry are 10 cm
and 2.5 cm for turbulence integrals of 10713 m'/3 and 10~ m!/3, respectively.

How do these relate to parameters we are used to thinking about as observational cosmolo-
gists/astronomers? Image quality, commonly referred to as seeing, is usually quantified by the full-
width at half-maximum value (FWHM) of the PSF in units of arcsec. The theoretical prediction

for the FWHM of the long-exposure PSF for pure Kolmogorov turbulence is, in radians,

€ = 0.98% . (2.29)
For the above range of Fried parameters (and assuming Kolmogorov turbulence), we predict seeing
values of 1-4 arcsec. This theoretical seeing prediction overestimates the PSF size because pure Kol-
mogorov turbulence allows power at unphysically large spatial scales — as discussed in Section [2.3.1
the presence of an outer scale reduces the PSF size.

This size variation is a function of wavelength — though Equation has no explicit A depen-
dence, o does vary with A as A=6/5 (see Equation [2.28). For Kolmogorov secing, combining this
with Equation m gives a wavelength dependence of PSF size of A='/%. The power law exponent b
for von Kérmén turbulence has been estimated to be somewhere between —0.2 (pure Kolmogorov)
and —0.5 (Xin et al., 2018} |Carlsten et al., 2018)). This exponent is also expected to vary with outer

scale, where a smaller outer scale leads to a larger (in magnitude) value of b.

2.3.3 Horizontal structure of turbulence

In the previous section, we considered the effects on image quality of the variation in optical tur-
bulence strength along the altitude axis above the telescope. Turbulence strength also varies along
directions perpendicular to the vertical axis, so, when we extend beyond a single star to imaging
an entire field of view, we must consider additional effects that we previously ignored. To explore
these nuances, let us first explore in more detail the light that reaches us from a single star, lying
infinitely far away (compared to the pupil diameter of the telescope) along the optical axis of the
telescope. The atmosphere responsible for degrading the PSF of a star is the column of air along
this optical axis, of diameter roughly equal to the telescope pupil diameter D. This is illustrated
in panel (a) of Figure the solid orange lines depict the limits of the volume of atmosphere
through which the wavefront from the star travels (i.e., the section of the wavefront that will enter

the telescope pupil) — since stars are effectively at infinity, the wavefronts are planar and the path
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Figure 2.5: Schematic of imaging through a turbulent atmosphere, for (a) a single star and (b)
two off-axis stars. The trajectory of the observed stellar wavefronts are shown in solid orange, with
D, D’ the diameters of the telescope pupil and atmospheric column, respectively. Turbulence is
represented by thick wiggles that are roughly consistent with the cartoon C2(h) profile shown on
the right — note that the horizontal and vertical scales in this schematic differ by a factor of ~ 103.
The shaded region denotes the volume of atmosphere that is common to both wavefronts and 14
marks the highest point of overlap.

through the atmosphere is a column. If we assume that turbulence strength is relatively constant
over a telescope diameter, we can use a single C2(h) profile to describe the variation with altitude
of turbulence strength within the column of air for a single star.

However, the real imaging situation we face with Rubin Observatory, or any wide-field telescope,
is more complex. Realistically, Rubin will image hundreds of stars in a single exposure, but for the
sake of illustration, two will suffice; see panel (b) of Figure Light from stars that are off the
telescope axis still travels through a column of turbulent atmosphere before reaching the pupil —
but the column associated with each star now has a diameter (D', in the figure) that scales as the
cosine of the star’s angle oﬁ"—axiﬂ Two such columns will then pass through different turbulence
— overlapping near the ground, as shown by the shaded region in Figure but diverging at high
altitudes.

In the upper atmosphere (altitude ~ 20km), the two columns are separated by a distance of
~ 20km x 2tan(9FT°V). For Rubin’s field of view of fp,y = 3.5°, this comes out to roughly 1km,

or two orders of magnitude larger than the diameter of the columns themselves. We assume, in the

"Note that the angle between the star and the telescope axis in the figure are not to scale because of the difference
in the horizontal and vertical scales. For reference, the field of view for the Rubin telescope is 3.5° across.
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case of a single star, that turbulence strength is relatively constant over distances ~ D — but it is
not clear whether this holds for distances ~ 100 x D. So, in the context of wide field imaging, we
understand references to quantities such as C2(h) and ry as being some kind of ensemble average
over the large angular extent we image in each exposure. In fact, we have assumed this implicitly
when including only a single profile in Figure [2.5

Returning to the lower atmosphere, the region of overlapping turbulence for two stars elucidates
how correlations in the PSF across the field of view arise. The overlap in turbulence sampled by
each wavefront depends on the separation angle between the stars. For stars at opposite sides of
the Rubin field of view, only a fraction of the ground layer turbulence (between the telescope and
~ 800m) is in common since the highest point of overlap between the columns occurs at an altitude

of 1 = ~ 130m. Although the overlap in volume is small for these particular stars, two

other factors also lead to correlations. First, the majority of stars have a separation angle much less
than 3.5°, and thus a much higher overlap altitude i. Secondly, up until now we have treated the
atmosphere as static, which it is absolutely not expected to be. Accounting for motion of the air will
increase the effective overlap of turbulence in different columns, as wind tends to move turbulence
horizontally, thus creating more correlation than one would expect from a static view. For example,
with an exposure time of 30s and a wind speed of 10 m/s, which is a typical speed a few kilometers
above the telescope, the wind travels a distance ~ 3 times greater than the column separation at

that altitude.

2.4 Outlook

Though we understand the phenomenological reasons for correlations in wavefronts, and thus PSFs,
of stars at different locations on the field of view, there is limited literature that extends the formalism
covered in this chapter to describing those correlations analytically. To make predictions of this kind,
we turn to simulations, which will be covered in Section of this thesis. The literature describing
temporal variation of astronomical wavefronts is likewise limited, consisting mostly of narrow-field
adaptive optics studies and measurements of the atmospheric “coherence time” 7y, the time taken
for an 7o sized patch of turbulence to drift a distance equal to it’s own size. This parameter is
most relevant for setting wavefront sensor and deformable mirror sampling rates in order to achieve
the best image quality on individual exposures. In the context of wide field observations for weak
gravitational lensing, for which we have more stringent requirements on overall bias than exposure-
by-exposure noise, a more relevant question is whether spatial correlations persist on time scales
that could imprint a bias in shape measurements. We will explore this question in different ways

throughout this thesis, using short-exposure data and high-fidelity simulations.



Chapter 3

Simulating realistic atmospheres:

psf-weather-station

3.1 DMotivation and context

With the goal of improving the fidelity of image simulations for ground-based instruments, we have
produced a public software packageﬂ (PSF-WEATHER-STATION) that provides realistic site-specific
environmental parameters with which to simulate atmospheric PSFs. An important scientific goal
in simulating atmospheric PSFs at Rubin Observatory, or other wide-field instruments, is to predict
how weather in the observatory environment impacts correlations in PSF parameters across the focal
plane.

As we have learned in Chapter [2] the atmosphere is correlated via the von Kérméan power spec-
trum described in Equation [2.25] and these spatial correlations translate into angular correlations
in the size and shape of the atmospheric PSF in the associated exposure. Wind over the telescope
plays an integral role in this process, as it moves correlated patches of turbulence through the atmo-
spheric columns that impact the images of different objects, leading to correlations on angular scales
larger than the patches. Although wind varies with altitude, if wind directions are consistent across
altitudes, turbulence at all altitudes will move coherently, thereby imprinting a stronger correlation
in the PSF than when wind directions at different altitudes are uncorrelated. Another relevant
factor for PSF correlations is the altitude-dependence of the optical turbulence profile (OTP), which
describes the contribution of each layer to the total turbulence strength. Interestingly, one of the
drivers of atmospheric turbulence is wind itself — specifically, wind shear — so we expect that these
two factors that influence spatial correlations in PSF parameters are not independent.

Therefore, it is important to include in the simulations altitude-dependent correlations among

Thttps://github.com/LSSTDESC/psf-weather-station
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wind speed, wind direction, and turbulence, as well as realistic temporal variations. The PSF-
WEATHER-STATION package leverages local weather measurements and data products from global
weather models to produce turbulence parameters and wind speeds and directions that are realisti-
cally correlated with altitude and in time. After reviewing the literature on simulated atmospheric
PSF's in the rest of this section, we describe the data and models used within PSF-WEATHER-STATION

in Section [3.2] and outline the range of package outputs in Section [3.3]

3.1.1 How to simulate an atmospheric PSF

Since it is computationally intractable to simulate atmospheric PSFs by calculating the trajectory of
each photon through a turbulent (i.e., chaotic) 3D volume of atmosphere, approximate methods have
been developed. As discussed in Section[2.3.2] measurements of optical turbulence with SCIntillation
Detection And Ranging (SCIDAR) instruments show that the atmosphere is often stratified into
regions of stronger turbulence separated in altitude by areas of relative calm—see in particular
Figure Osborn et al. |2018; (Osborn & Sarazin), 2018). Typically each extending only ~ 1km
vertically within the ~ 20 km column, these layers of stronger turbulence dominate the atmospheric
contribution to the PSF. These observations motivate a simplified model of the atmosphere that
consists of only 2-dimensional phase screens; the relative wavefront phase across such a plane encodes
the impact of diffraction due to variations in index of refraction within a layer of atmosphere. A
schematic of such an atmospheric simulation, with only two phase screens, is depicted in Figure

The refractive index variations within each phase screen are a realization of von Karméan tur-
bulence. We assume Taylor’s frozen flow hypothesis (Taylor, [1938)), in which the time scales for
changes in turbulence are longer than those for changes due to phase-screen drift from wind. Under
this assumption, it is not necessary to evolve the turbulence structure during a simulated exposure;
the variation in phase across the screen is “frozen” during an exposure, but the screen moves across
the field of view to simulate the impact of wind. Each phase screen is assigned a “wind” speed and
direction; for each time step At of the simulation, the phase screens are translated accordingly. The
altitude dependence of wind speed and direction and of turbulence strength is modeled by including
multiple screens, as illustrated in Figure After each time step, the phase screen contributions
within the atmospheric column (for each star in the field) are summed vertically. For each star, the
sum is then Fourier transformed to focal plane coordinates and, after all time steps, added together
to form the simulated image — i.e., the PSF. As a function of image coordinates 0., 6,, the PSF has

an intensity profile

; 2
I(0,,0,) = 3 ]f{P(u,v)eJI WW’UMH , (3.1)
At

where P(u,v) is the aperture transfer function and W(u,v,At) the wavefront, both in terms of
pupil coordinates u,v. The sum over At represents the sum over all simulation time steps during

an exposure.
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Figure 3.1: This schematic illustrates the simplified view of the atmosphere used for PSF simulations
based on discrete phase screens. Lines of sight (dot-dashed grey) for two stars (whose images are
located at extrema of the field of view) pass through two phase screens of von Kérmdn refractive
index variations, each with different values for the outer scale Ly. The phase offset incurred by light
passing through each point on each screen is indicated by the color scale in units of wavelength.
The columns (teal) associated with each line of sight show the path of starlight that will reach the
telescope aperture (black), along with the relevant phase screen area. The wind vectors (orange
arrows) show speed and direction of the wind in the plane of the screen. The primed coordinate
systems are perpendicular to the telescope axis, and are related to the ground coordinate system
via the altitude and azimuth of the pointing.
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The phase screen is the building block of the simplified atmospheric model described above.
Because turbulence integrals J; add linearly, each phase screen contributes to the total turbulence
with weight w; = J;(3°, J;)~!. Although one could use the turbulence integral J; to generate the
phase pattern for screen i, it is more natural to use the Fried parameter ry because rg determines
the turbulence power spectrum amplitude. Given that g o< J—3/5 (Equation, the contribution

3/ 57‘0. By convention, rq is specified at A = 500nm and zenith angle

of the ith screen is r9; = w,
¢=0.

In summary, the input parameters for a simulation of PSFs across a single exposure are the
outer scale Ly, the atmospheric seeing parameterized by ry, the number of phase screens and their
altitudes, the wind speed and direction for each screen, and the fractional contribution w; of each

screen to the total turbulence.

3.1.2 Earlier work on atmospheric PSF simulations

High-fidelity atmospheric PSF simulations have played an important role in astronomy — from the
development of adaptive optics (Jolissaint, [2010; [Madurowicz et al., [2018; |Srinath et al.|2015|) to the
optimization of instrumentation and software for precision cosmology, including Rubin Observatory
and the associated survey, LSST (Jee & Tyson, [2011; |Chang et al.l |2012; |Peterson et al., |2015; The
LSST Dark Energy Science Collaboration et al., |2021b)). All the studies referenced here used the
general approximation method of moving frozen-flow phase screens for simulating atmospheric PSFs
as described above.

In preparation for analysis of data from Rubin Observatory, the LSST Dark Energy Science
Collaboration (DESC) produced an extensive set of image simulations, called Data Challenge 2
(DC2) (The LSST Dark Energy Science Collaboration et al., [2021b)). The atmospheric PSFs in
these images were initialized as follows: wind speeds and directions were drawn randomly from
uniform distributions (ranging 0 — 20m/s and 0 — 360 deg respectively), and turbulence weights
for each phase screen were drawn as small (~ 10%) uncorrelated Gaussian deviations from the set
of fixed empirical turbulence parameters presented in |[Ellerbroek| (2002)). These relative weights for
six discrete turbulence layers are based on both SCIDAR and balloon (thermosonde) measurements
conducted for the 1998 Gemini site-testing campaign at Cerro Pachén in Chile (= 2km from Rubin
Observatory). The drawback of the [Ellerbroek| (2002)) model is that while it may represent median
conditions it contains none of the variability known to be present in the OTP at Cerro Pachén
(Tokovinin & Travouillon, [2005)), including variations in the altitude of turbulence. Therefore, the
primary limitation of the turbulence inputs to the DC2 simulations is the unrealistic distributions
over time (see Section ; in addition, the wind parameters lack correlation across altitude.

A second image simulation suite, described in |Peterson et al.| (2015]), draws wind speeds and
directions, and turbulence strengths from historical data for a seven-layer atmospheric model. The

wind parameters for each phase screen were drawn from Weibull distributions fit to data from the
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National Oceanic and Atmospheric Administration National Centers for Environmental Predictionf]
(NOAA NCEP). The turbulence weights were drawn from lognormal distributions based on published
quantiles of the turbulence integral at Cerro Pachén from [Tokovinin & Travouillon (2005)), which
used the Gemini site-testing data (also used in [Ellerbroekl (2002)) augmented with more recent
MASS-DIMM measurements. These quantiles are given for seven discrete altitudes, with evidence
of independence between values at the ground versus in the higher atmosphere. Citing evidence in
Tokovinin & Travouillon| (2005 of high correlation among the high-altitude layers, however, Peterson
et al.| (2015]) uses a single turbulence weight for the phase screens at higher (fixed) altitudes, as well as
a single (different) value for the ground layer. While these parameters will more accurately capture
any dominant weather conditions at the site than the simulations used in [The LSST Dark Energy
Science Collaboration et al.| (2021b)), [Peterson et al.| (2015) do not account for the correlations in
altitude of a single parameter at any given time, nor the relationship between wind and turbulence
strength in the free atmosphere.

In the rest of this chapter we present improvements on setting parameters for input to atmospheric
PSF simulations, focusing on including important correlations (in time, or with altitude) among
parameters. Our goal is to parametrize atmospheric conditions that, in an ensemble sense, are
representative of a particular site and can be used to generate atmospheric PSFs across a wide field

of view.

3.2 Inputs to psf-weather-station

PSF-WEATHER-STATION draws on several sources of data and physically motivated models to produce
parameters.

In what follows, we separate the atmosphere into two regions based on the characteristic turbu-
lence regime for those altitudes. The ground layer (GL) is typically defined as the region between
ground level and 500 — 1000 m above the telescope, where complex topography and heat sources gen-
erate non-Kolmogorov eddies. The free atmosphere (FA) is defined as the region above the ground
layer, where turbulence is generally well-described by Kolmogorov statistics. This separation into

GL and FA plays an important role in many design choices for PSF-WEATHER-STATION.

3.2.1 Data products from General Circulation Models

The primary sources of data for PSF-WEATHER-STATION are data products from global weather fore-
casting organizations such as the European Centre for Medium-Range Weather Forecastsﬂ (ECMWF)
and the National Oceanic and Atmospheric Administration National Centers for Environmental Pre-
dictimﬂ (NOAA NCEP). The global circulation models (GCM) used in weather forecasting cover the

2https://www.ncei.noaa.gov/products/weather-climate-models/global-forecast
Shttps://www.ecmwf .int/en/forecasts/datasets/
4https://www.emc.ncep.noaa.gov/emc/pages/numerical _forecast_systems/gfs.php
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Figure 3.2: Comparisons of Stereo-SCIDAR recovered wind parameters with the forecast wind from
ECMWEF ERAS5 at Cerro Paranal. (a) Wind speed — correlation coefficient: 0.82; average difference:
0.41 m/s; root-mean-square difference: 6.44m/s. (b) Wind direction — correlation coefficient: 0.77;
average difference: 1.59deg; root-mean-square difference: 27.09 deg. Adapted from

(2015)

entire globe on a grid of 0.25-2.5 deg resolution and output predictions for dozens of environmental
parameters at a number of different altitudes between 0 and ~80km above sea level.

Although any of the available GCM data sets can be used in PSF-WEATHER-STATION, the results
in the analyses described in this thesis are based on data from the ECMWF Reanalysis v5 (ERA5)
catalog; these are hourly estimates of global weather conditions based on meteorological measure-
ments assimilated into the GCM. ERAb was chosen for its dense coverage in time — hourly — which
is useful for sampling conditions through the night, and in altitude — 137 levels — which is important
for capturing vertical wind gradients in the atmosphere. In Appendix [A] we provide more details
on the ECMWEF and NOAA NCEP models and our reasons for choosing the ECMWF dataset.

The GCMs provide robust estimates of wind and temperature throughout the free atmosphere
as a function of time. For instance, Figure shows a comparison of (a) wind speed and (b)
wind direction above Cerro Paranel (published in [Osborn et al. (2018)) for the ERA5 data set and
Stereo-SCIDAR measurements (see Section for details). The datasets are highly correlated

(correlation coefficients ~0.8) and the difference between corresponding temporal datapoints is low

(see figure caption for numerical values), inspiring confidence in the fidelity of ERA5 outputs for use
in astronomy.

The wind direction in Figure [3.2)is defined according to the meteorologic convention—namely,
the direction from which the wind is blowing—and the angle is defined in degrees East of North. In

this thesis we adopt the same convention.
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In this thesis we will use ECMWF ERA5 data from the ERA5 (horizontal) grid point closest to
Rubin Observatory (~ 1.9 km away)ﬂ In Figure we show the location of Cerro Pachén relative
to the Chilean coast and the city of La Serena, as well as a zoomed-in view of the mountaintop.
Rubin Observatory and Gemini South are visible from the satellite photo, and their locations are
indicated by pins (Rubin Observatory is indicated by the LSST pin, Gemini South by the Cerro
Pachén pin). The ERA5 grid point closest to Rubin is labeled by the yellow pin.

In Figure [3.:4] we show the distribution of wind and temperature information from ERA5 for a
6-month period (May through October 2019) at the grid point discussed above. The ERA5 altitude
profiles are sampled from this point at 00h, 02h, and 04h local time. We see clear persistent trends
in weather conditions. The wind speeds start low near the ground (indicated by the orange dashed
line) and increase with altitude up to ~12km (the jet stream altitude) before decreasing at higher
altitudes. At all altitudes (above ~5km), there is a very dominant wind direction of ~280deg E
of N (or =80deg W of N), corresponding to winds coming from the ocean towards Cerro Pachén.
Finally, temperature decreases steadily between the ground and ~ 17km (the troposphere) and then
increases slightly with altitude in the stratosphere.

These are extremely useful data for describing the free atmosphere. However, interactions of the
atmosphere near the ground are not accurately captured with GCMs because topographical features
are not modeled at scales smaller than a~1km. Therefore, the accuracy of the GCM data (both
initial conditions and predictions) is limited near the groun(fl An additional complication for our
particular case is the difference in the elevations of ground level at the ERA5 grid point (1.75km)
and Rubin Observatory (2.7 km)—note the sharp drop in terrain between Rubin and the grid point
in Figure (b).

These issues are illustrated in Figure 3.5 in which we compare measurements from the Gemini
South weather tower to ERA5 outputs both at the grid point elevation and the altitude closest to
the Gemini South elevation (a2.74km). As shown in the upper panels of Figure the wind speed
values for ERA5 at 2.76 km (purple histogram and points) are correlated with, and have a similar
distribution to, the weather-tower measurements (orange histogram). The ERA5 values at 1.75km,
however, are peaked at much lower speeds. The lower panels of Figure [3.5] show that the wind
direction for the lower ERA5 altitude (teal histogram and points) peaks just above 90 deg, while
the weather-tower wind directions peak around 300deg. With increasing altitude for ERA5 data,
the difference with the weather-tower wind direction decreases; however, even for ERA5 data at
~ 2.7 km, the wind direction peaks near North—approximately 60 deg away from the wind direction
measured at the weather-tower. From Figure [3.4 we see the wind directions maintain this northernly
skew until around 2km above the elevation of the observatory.

In PSF-WEATHER-STATION, we overcome this limitation in ECMWF data by using weather-tower

5Cerro Pachén is at longitude, latitude of —30.241, —70.737 while the closest grid point is at —30.25, —70.75.
6In addition, because the grid point closest to Cerro Pachén is ~ 1.9km away, the topography, even if modeled
with sufficient resolution, would not be representative of the observatory surroundings.
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Figure 3.3: (a) Location of Cerro Pachén relative to the Chilean coast, and (b) location of Rubin
Observatory (marked by the “LSST” pin), Gemini South (under the green Cerro Pachén pin), and
the ECMWEF ERAS5 grid point closest to Rubin (yellow star pin). Image credit: Google Maps.
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Figure 3.4: Distribution of ECMWF ERA5 values, over 6 months, of wind speed v (top), wind
direction ¢ (middle; measured in degrees East of North), and temperature T' (bottom) for a grid
point ~1.9km south-west of Cerro Pachén. The purple shading represents the density of data
values. The median values, as a function of altitude above sea level, are show by white solid curves.
The vertical dashed lines correspond to the altitude of Cerro Pachdn (orange) and the beginning of
the free atmosphere (purple), as we have defined it at 800 m above ground. The bins in altitude are
spaced such that each range contains ECMWF data at three altitudes, which are averaged.
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Figure 3.5: Distributions of wind speed v (top) and wind direction ¢ (bottom) as measured by the
Gemini South observatory weather tower (2.74 km, orange shaded histograms) and predicted with
ECMWF ERAS5 at the grid point elevation (1.75km, teal shaded histograms), and at the altitude
closest to the observatory elevation (2.76 km, purple shaded histograms). The panels on the right
show ERASB values (teal and purple points corresponding to 1.75 km and 2.76 km, respectively) versus
weather-tower measurements.
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measurements rather than GCM data for the ground layer. Since weather-tower data are typically
recorded every few minutes, their sampling times can be matched to the GCM data used for the
free atmosphere (the matching is described in more detail in Section . The weather-tower
measurements are optional but highly recommended inputs to PSF-WEATHER-STATION since the
GL is of significant importance for the PSF, contributing (40 to 60)% of the turbulence at many
observatories (Tokovinin & Travouillon, 2005} |Tokovinin et al.l |2005, |2003al).

3.2.2 Empirical model of optical turbulence profiles

There exist non-hydrostatic atmospheric models with sub-kilometer horizontal resolution that are
successful in simulating optical turbulence around observatories (Masciadri et al., [2001} [2017)); how-
ever, such models are computationally prohibitive when many realizations need to be simulated.
On the other hand, useful parameterizations of optical turbulence as a function of environmental
quantities — such as temperature, pressure, wind, and kinetic energy — can be adapted from this
literature, as is done in (Osborn et al 2018|) (hereafter OS18). In particular, in OS18, wind shear
is assumed to be the sole contributor to the kinetic energy term (i.e., wind shear is the source of
turbulent mixing of air) and the temperature and pressure profiles from mesoscale simulations are
replaced with GCM data. In exchange for coarser resolution and more limited accuracy, with mini-
mal computational time the OS18 empirical model produces estimates of optical turbulence profile
C2(h) as a function of altitude h, which, as shown in Figure (adapted from OS18), are broadly

consistent with stereo-SCIDAR measurements at Cerro Paranal.

With the above motivation, we now briefly summarize the OS18 model. Following Masciadri
et al.| (2001} |2017)); [Tatarskiil (1971)), OS18 finds the following expression for the OTP:

. P(z) 80(2)\°
C2(2) =k (8 x 107° o~ ) L(2)Y? 3.2
) =k (31070 DS ) 1, (52)
for altitude z, coefficient k, temperature T, potential temperature 6, and a length scale L(z). The
potential temperature 6(z) is a quantity used in atmospheric science that describes the temperature

a parcel of air would have if adiabatically brought to a pressure Py = 1000 mbar (standard pressure):

w@:T<?>m%, (3.3)

where R/c, = 0.286 is the ratio of gas constant to specific heat for air. #(z) is of dynamical interest
because it does not change in the absence of heating, cooling, evaporation, or condensation, whereas

normal temperature is affected by, e.g., flow over obstacles.

The length scale L(z) in Equation is the scale of largest energy input to turbulent flow. It
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Figure 3.6: Example of vertical optical turbulence profiles at Cerro Paranal as measured by stereo-
SCIDAR (green) and estimated with the OS18 model using ECMWEF outputs (red). Altitude in
these panels is measured relative to the elevation of the observatory. The profiles shown are the
median for each night of observation, for observing times beginning on April 26 to 29 and July 22 to
26, 2016. The shaded regions correspond to the 25th to 50th percentile range. Adapted from OS18.
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depends on turbulent kinetic energy E as

2E0(z)

2= g0t 0=

(3.4)

0OS18 approximates this kinetic energy E as proportiona to the vertical wind shear %:

) G

where u, v are the North and East components of wind velocity. OS18 do not motivate this choice

explicitly, but one could expect the strength of wind shear to set the distance two blobs of turbulence
in adjacent altitudes travel from each other horizontally over a given time, which is some measure
of a maximum correlation length L(z) for turbulence.

The OS18 final result (Equation depends, intentionally, on quantities readily available from
GCM data products: wind velocity (u,v), pressure P, and temperature 7. In Figure we show
the intermediate quantities of wind shear and potential temperature (top panel) along with resulting
C? profiles for the FA. These curves are based on cubic spline interpolations of the ~ 80 data points
in the range of altitudes included in the analysis: 800 m above the elevation of the observatory to
25 km above sea leveﬂ By visual inspection of Figure we see that the peaks in the wind shear
profile correspond to peaks in the OTP, while the rising potential temperature curve suppresses the
amplitude of these turbulence peaks with altitude.

We use the OS18 model to calculate the profiles C2 for the wind and temperature data shown
in Figure (using also the corresponding pressures of each ERA5 altitude); these profiles are
summarized in Figure A consistent trend is visible in the median value (white solid line) as well
as the distribution in purple: the OTP at Cerro Pachdén generally decreases with altitude but has a
secondary peak around 13km (approximate altitude of the jet stream). This trend is qualitatively
consistent with the results in Figure despite the different locations.

We now explain why, in the above figures, we have not shown the C? estimates for the ground
layer using OS18. One of the assumptions in Equation [3.2is that the atmosphere is in hydrostatic
equilibrium; however, in the GL, we typically do not expect this condition to hold. Additionally,
turbulence in the GL likely has significant contributions from other sources than vertical wind shear,
such as heat from the ground and air flow around complex topography. For these reasons, we expect
the OS18 model to significantly under-predict GL turbulenceEI An additional issue to using OS18
for the GL turbulence is that we did not find good agreement between the ERA5 and measured
values of wind near the ground (Figure [3.5| and Figure 3.4). Even if we trust the OS18 model could

TWe note that although OS18 writes this as an equality, the units in this heuristic equation are mismatched.

8The interpolations produce smoother OTPs that point calculations, but do not introduce significant quantitative
differences in integrated turbulence strength.

9We have observed this, but it is inconsistent with OS18 results shown in Figure
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Figure 3.7: Altitude-dependent profiles in the free atmosphere for wind shear (purple curve) and
potential temperature (green curve) in the top panel, and resulting optical turbulence profile C?
(bottom panel), for the a ERA5 profile that is representative of the dominant weather conditions.
The vertical dashed lines correspond to the observatory elevation (orange) and the beginning of the
free atmosphere (purple) at 800 m above ground.
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Figure 3.8: Distribution of C2(h) profiles calculated with the OS18 model for the 6 months of
ECMWF ERA5 data shown in Figure 3.4 for Cerro Pachén. The white curve corresponds to the
median value at each altitude. The vertical dashed lines correspond to the elevation of the observa-
tory (orange) and the beginning of the free atmosphere (purple) at 800 m above ground.
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sufficiently capture GL turbulence, we do not expect it to produce representative estimates from
inaccurate values of wind. Therefore, we opt to use different methods to estimate GL turbulence.
Because the GL does not span more than 1km in altitude, it is reasonable to model it with a single
phase screen; this avoids describing the potentially complex altitude-dependence of the OTP near

the ground. Instead, we directly use the turbulence integral of the GL.

The OS18 model captures variations in turbulence strength with altitude, but not the absolute
strength; instead it requires calibration for the total turbulence J parametrized with the coefficient
k in Equation [3.:2] The results shown in Figure [3.6] use a value of k calculated on half the SCIDAR
measurements; in other words, the absolute amplitude of the red curves is set by the data, but the
variation with altitude emerges from the ECMWF data. We achieve this through the inclusion of
site-specific empirical distributions of altitude-specific seeing contributions, described in the next

section.

3.2.3 Measurements at Cerro Pachon

In the previous sections we identified two areas where further improvement is needed. First, in
Section we saw that the data products from GCMs, using ECMWEF ERA5 as an example, do
not accurately capture information about wind velocity near the ground. Second, in Section [3.2.2
we noted that the OS18 model that PSF-WEATHER-STATION will use to calculate free atmosphere
OTPs requires calibration for the total turbulence integral-—so we require a turbulence integral value
for the GL and for the FA. We address both these issues by including site-specific information in
PSF-WEATHER-STATION.

As a source of wind velocity measurements that are more reliable than a GCM product, we
optionally include in PSF-WEATHER-STATION local weather-tower measurements of wind velocity, as
described in Section[3.2.1]and Figure[3.5] As examples, the grey points and histograms in Figure[3.9
show six months of wind direction and velocity measurements from the Gemini South weather tower
at Cerro Pachon. The orange points represent data that are temporally matched by PSF-WEATHER-
STATION to the ERA5 data from the same time period and are the average of all measurements made
within 5 min of the ERA5 timestamps. The time series and projected histograms show consistency

between the original and down-sampled data.

To determine the total turbulence integrals for the GL and the FA, we turn to the same literature
used by [Peterson et al.| (2015). Measurements of the altitude dependence of atmospheric turbulence
with MASS-DIMM instruments at a variety of sites show that turbulence contributions from the
FA and the GL are independent (Tokovinin & Travouillon) 2005; [Tokovinin et al., 2005; |(Chun
et all, 2009). (For more detail on MASS-DIMM measurements, see Sectionmf in particular the
discussion around Figure ) Motivated by this independence, the total turbulence in the GL and
FA layers (Jgr, and Jga) are treated separately in PSF-WEATHER-STATION.
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Figure 3.9: Weather-tower measurements of wind direction ¢ (top) and speed (v) (bottom) at Gemini
South for the 6 month period of May to October 2019. All available data are shown in grey, and
points in orange are the 5-minute average around the ECMWF timestamps. Panels on the right
show the time series over the six months, with projected histograms on the right.

For each of FA and GL, we will rely on empirical distributions; these could be compiled from mea-
surements made by any/all of MASS-DIMM, SCIDAR, SLODAR, thermosonde, etc. instruments
(with a large enough number of nights to adequately capture variations). As seen in Figure and
in [Tokovinin & Travouillon| (2005)); [Tokovinin et al. (2005)); [Chun et al.| (2009)), turbulence integrals
are well described by lognormal distributions; for both FA and GL, PSF-WEATHER-STATION takes as

input the shape and scale parameters defining a log-normal distribution. It is straightforward to fit
these parameters from quantiles (e.g., 25th, 50th, and 75th percentiles) of an empirical distribution,
such as those published for Cerro Pachén (Tokovinin & Travouillon) [2005)), Cerro Telolo
let al.| 20034} [Els et all |2009), and Mauna Kea (Tokovinin et al.l [2005; |(Chun et al., 2009).

While the relative amount of turbulence contributed by each FA layer is calculated with GCM
data and OS18 (detailed in the next section), PSF-WEATHER-STATION uses draws from the Jpa
distribution to set the total contribution of the FA. Based on the quantiles of the MASS-DIMM

distributions at Cerro Pachén presented in [Tokovinin & Travouillon| (2005), we illustrate in Fig-

ure [3.10| examples of PDFs and draws from Jga and Jgp,. This method of using random draws from
empirical distributions does somewhat restrict the predictive capabilities of simulations run with
PSF-WEATHER-STATION, as we do not expect to recover the seeing on individual nights; however, we

expect to recover overall seeing statistics as well as spatial correlations of the PSFs.
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Figure 3.10: Draws from lognormal distributions, with parameters fit to published quantiles of GL
and FA turbulence integral measurements from Tokovinin & Travouillon| (2005). PDFs are shown
as dashed lines and projected histograms of Jgr, (orange, right) and Jga (purple, top).
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3.3 Producing simulation input parameters

The number of phase screens needed to replicate realistic atmospheric PSFs is not well studied in
the literature; however, six or seven layers have typically been used (Jee & Tyson| 2011; Peterson
et all [2015; The LSST Dark Energy Science Collaboration et al.l |2021b)). At locations with fairly
constant wind directions across all altitudes, it seems likely that this number suffices, since all
turbulence is moving coherently. If wind speeds across altitudes are highly correlated as well, placing
adjacent layers close together in altitude would be redundant. Beyond this reasoning, there is as
yet no physically motivated model for distributing phase screens for simulating atmospheric PSFs.
Therefore, the number of phase screens for which to provide parameters is not fixed in PSF-WEATHER-
STATION; the default is to create one layer for the ground, and divide the free atmosphere into N —1
equally spaced layers, for N desired layers. Within the equally spaced FA layers, we set the altitude
of each phase screen to be the C2-weighted altitude. These choices offer some ability to model,
as desired, the temporal variability in the number and altitude of turbulence layers observed in
SCIDAR data (Osborn et al., |2018; |Osborn & Sarazin, [2018)).

In Figure[3.1T] we illustrate the variability in layer altitude this model produces, for the six-months
of Cerro Pachén data shown Figure[3.4] Figure[3.9] and Figure[3.10] The distribution of altitudes for
each of the six layers is shown in the top panel, with the fixed altitudes of the six [Ellerbroek! (2002)
layers and seven [Tokovinin & Travouillon| (2005) shown for reference. The altitude of the phase
screen representing the ground layer is fixed in both cases, but the distributions of FA phase screen
altitudes for PSF-WEATHER-STATION each cover roughly half the distance between layer boundaries.
In the bottom panel, the PSF-WEATHER-STATION histogram is now weighted by the fraction of
turbulence (normalized per set of six phase screens) contributed by each phase screen. We also
show this weighted histogram for the models described in [Peterson et al.[(2015]) and [The LSST Dark
Energy Science Collaboration et al.| (2021b)). Because the ground layer screen on average contributes
~ 60% of the turbulence, with the remaining 40% distributed between the five FA screens, we display
this on a log scale.

We now outline the steps taken in PSF-WEATHER-STATION to go from the raw data, discussed
in Section [3:2] to simulation-ready input parameters. We illustrate the process in Figure [3.12] with
Cerro Pachon as an example site for the period May to October 2019. We use as data sources
those illustrated in the previous section: wind speed and direction measurements from the weather
tower at Gemini South, ECMWF ERABH data products at the grid point closest to Rubin (—30.25,
—70.75), and Jg1, and Jpa quantiles for Cerro Pachén from [Tokovinin & Travouillon (2005). The
plots in the top two rows of Figure show the weather-tower (orange dots and histogram) and
ERA5 GCM (purple curves and histogram) data; each GCM altitude profile has a corresponding
co-temporal ground-layer data point. The frequency distributions on the right illustrate the range
of wind speeds and the distinctly non-uniform distribution of wind directions, both near the ground

and across most altitudes.
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Figure 3.11: Altitude and turbulence distributions obtained using the 6 months of data described in
this section and the turbulence integral values (from random draws) shown in Figure Top panel
shows distribution of altitudes (grey) for 6 phase screens, compared with the set of fixed altitudes
used in [Ellerbroek| (2002) (black dashed lines) and [Tokovinin & Travouillon (2005) (blue dotted
lines). Bottom panel shows the distribution of altitudes for the same phase screens, weighted by the
turbulence weights w (the fraction of total turbulence J contributed per screen, for each set of 6 phase
screens). The analogous distribution for the [The LSST Dark Energy Science Collaboration et al.
(2021b)) and |Peterson et al.| (2015) models are shown in the black dashed/blue dotted histograms
(see Section for more details).
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Figure 3.12: Six months of wind data at and above Cerro Pachén (05/01/2019 to 11/01/2019),
processed with PSF-WEATHER-STATION. We plot wind speed (top) and meteorological direction
(direction of wind origin; middle) as a function of altitude, and as a frequency distribution (right).
Weather-tower measurements for the ground layer (50 m above the elevation of the observatory) are
shown in orange; ECMWEF ERAS5 data for the free atmosphere are shown in purple. The heavy
purple line in each panel corresponds to data from the same representative example time as in
Figure In the bottom panel, the uncalibrated C2(h) profile for the same time is shown in light
purple; the calibrated profile (scaled by Jra), is shown in dark purple. The dashed vertical lines
depict the boundaries between the altitude bins used to calculate turbulence integrals J for each FA
phase screen. The dots show the value of J divided by the corresponding range of altitudes for each
of the phase screens, which are positioned at the C2-weighted position within each FA layer (purple
dots) and at 200 m above the observatory for the ground layer.
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The heavy purple curve in each plot in Figure [3.12| corresponds to a chosen example time that
is representative of the dominant weather conditions. This representative example will serve to
illustrate our process in this section. The OS18 output for this representative example is shown in
the bottom panel of Figure the light purple curve is the uncalibrated data and the dark curve
is shifted by the calibration value chosen randomly from the Jga distribution.

For the illustration in Figure [3.12] we calculate turbulence integrals for six layers of the at-
mosphere. In the bottom panel of the figure, the purple vertical dashed lines correspond to the
boundaries between the six layers; the orange dashed line corresponds to the elevation of the obser-
vatory — here 2737 m at Gemini South. The dots correspond to the values of the turbulence integrals
divided by the width of the layer, and are placed at 200 m above the elevation of the observatory (fol-
lowing [The LSST Dark Energy Science Collaboration et al. (2021b))) and the C2-weighted position
within each FA layer. The complete set of parameters ppsws returned by PSF-WEATHER-STATION is
Dpstws = {h, J(h),v(h), ¢(h)}, where v(h) and ¢(h) are the interpolated wind speed and direction at
the height h of the phase screen. PSF-WEATHER-STATION does not currently provide estimates for
Ly due to the lack of physically motivated models linking environmental parameters to the outer

scale.

3.3.1 Optional additional correlations

Using random draws from turbulence distributions for ground turbulence integrals and calibration
of C2 for the FA is not an optimal solution since these draws are not temporally correlated with
other environmental parameters. There are a range of studies in the literature correlating observed
values of Jgr,, or ground seeing fraction, with measured ground wind speeds. At Mauna Kea, there
is strong evidence of correlation between Jgi, and ground wind speed (Chun et al.| (2009), data from
27k SLODAR profiles taken on 124 nights over 2 years). At Cerro Telolo, there is some evidence of
correlation between ground seeing and ground wind speed coming from the south-west (secondary
dominant wind direction), but no evidence of correlation with the dominant north-eastern wind
(Tokovinin et al. (2003a)), data from 17k MASS-DIMM profiles taken on 58 nights over 3 months).
At Cerro Pachén, the evidence for correlation is mixed and seems to point to only very low-altitude
turbulence being correlated with wind speed (Tokovinin et al.| (2005, data from 500 SODAR profiles
over 16 nights, and 7k MASS-DIMM profiles over 70 nights).

Given these variable observations of the degree of correlation between ground turbulence and
wind speed, we include in PSF-WEATHER-STATION an option to correlate the random Jg1, draws to
values of wind speed v(GL) with a desired value of the correlation coefficient p (default value is
0). In more technical terms, we can choose samples from a joint distribution p(Jgr,, v(GL)) rather
than from each of the marginal distributions. This is achieved by (1) sorting both distributions (i.e.
maximum correlation of joint distribution), (2) iterating through the samples of J and swapping

each with a random pair (within some window in separation), randomizing the joint distribution
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Figure 3.13: Example PSF-WEATHER-STATION output of ground turbulence Jgi, and wind speed
v(GL) for three different settings of pj,: 0 (left); 0.4 (center); 0.8 (right). The values of both v and
JeL are unchanged across panels, but permuted ordering produces a 2D distribution with varying
amounts of correlation.

until the desired correlation coefficient is achieved. We illustrate this in Figure the same set
of Jar, and ground wind speed v(GL) are shown in each panel, with the input correlation coefficient
increasing from left to right. The arrangement of points in the leftmost panel has spurious but
negligible correlation (p = 0.05, for requested p = 0), and the other panels show perfect recovery of
the desired level of correlation.

Although there is possible correlation of Jgr, with ground wind direction (Tokovinin et al.,2003a),
we have not yet implemented such an option in PSF-WEATHER-STATION. Likewise, because there is
only limited empirical evidence of similar correlations between Jga and FA wind speed (Tokovinin
et al) 2003a) — and, in the OS18 model, turbulence already depends on wind shear — we do not

include an option to introduce correlations between FA parameters.

3.3.2 Projecting direction from Earth to sky

All wind speeds and directions described and shown in the chapter thus far have been in the local
North-East-Zenith (N-E-Z) coordinate system — i.e., the unprimed coordinates in Figure In
this section, we describe a change of coordinates to translate a wind velocity vector from the local
N-E-Z coordinate system to its projection on the imaged plane of the sky. This is motivated in
the context of PSF-WEATHER-STATION to provide seamless usage with the GalSim implementation
of atmospheric PSF simulations: phase screens in GalSim are oriented perpendicular to the line of
sight—see Figure i.e., in the imaged plane of the sky (at zenith, this is identical to the local
N-E-Z coordinates). Astronomical observations typically have a non-zero zenith angle; however,

the wind is defined in local coordinates regardless of the altitude and azimuth of an observation’s
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Figure 3.14: Diagram of a simulation setup with a GalSim phase screen (perpendicular to the central
line of sight) corresponding to the illustrated turbulent atmospheric layer (parallel to the ground).
Coordinate systems for each are shown with black arrows; one has a coordinate axis pointing along
the zenith direction, and the other along the central line of sight. An identical wind velocity vector
(orange arrow) is depicted in each coordinate system. A line of sight from the edge of the focal
plane is also shown (3 is half the angular field of view), with projection of the pupil onto the phase
screen. The diagram is not to scale; in particular, the diameter of the pupil is greatly exaggerated
compared to the distance from the pupil plane to the phase screens and compared to the typical size
of a phase screen. At Rubin Observatory, the angular field of view 23 is only 3.5 deg.

pointing.

To take this into account in simulations, we project the wind velocity vector using the altitude and
azimuth of the simulated observation. This translation from local N-E-Z coordinates to the imaged
plane coordinates is implemented in PSF-WEATHER-STATION as a rotation of coordinates (illustrated
in Figure and Figure . We set the Z component of wind to zero prior to rotation, since all
wind information we have (from both the GCM and weather-tower measurements) is in the N — E
plane.

An additional effect of this phase screen orientation is the tilt of the screen relative to the
atmospheric layer it represents: there will be some distance between the edges of the two, causing
turbulence to appear at a higher or lower altitude in the simulation. The maximum relevant value in
a simulation is the distance to the atmospheric layer from the point on the phase screen corresponding
to an observation at the edge of the field of view (indicated by teal arrow in Figure . For a

angular field of view of 28, a screen at height h, and a telescope diameter D, the distance along the
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phase screen from the central line of sight to the point marked by the teal arrow is =~ hsin 8 + %.
The zenith angle ¢ of the central line of sight gives the angle between the screen and layer; so
the maximum relevant distance is =~ (hsin g + %) sin¢. For simulations of observations at Rubin
Observatory, which has a diameter of D ~8m, a field of view of 3.5deg, and a maximum zenith
angle around ¢ & 45 deg, the maximum distance is ~ (3 + 0.02h) m — this will always be negligible
compared to the height of the screen. For example, for the ground layer screen, which is typically
placed at a height of 100 m or more, this distance is only ~5m.

We do, however, need to account for the difference in the line of sight distance when pointing away
from zenith. As we can see in Figure the distance between the telescope and the atmospheric
layer increases by a factor of sec (1. There is also an increase in overall turbulence strength due to
the increased airmass for an observation off zenith, which is given by the same factor of sec (. Both
of these affects are accounted for in PSF-WEATHER-STATION for observations simulated away from

zenith.

3.4 Summary

In this chapter we motivated the need for realism in atmospheric PSF simulations used in image
simulations for studies of systematic effects for weak lensing and validation of mitigation techniques:
local weather conditions are not random and uniform, and can in principle contribute correlations
in the PSF that have previously been unaccounted for. We described PSF-WEATHER-STATION, a
new software package that produces realistically correlated sets of input parameters needed to run
atmospheric PSF simulations. The methods in PSF-WEATHER-STATION rely on two kinds of weather
data: data products from global forecasting models, and parameters of log-normal distributions
describing the distributions of turbulence strength at the ground and in the free atmosphere. A
third kind of data, measurements of wind velocity from an on-site weather tower, are recommended
but optional.

We used 6 months of data for Cerro Pachdn, the location of Rubin Observatory, as an illustrative
example. However, the PSF-WEATHER-STATION package is not specific to any observatory. The code
is flexible and includes functionality to download necessary datasets from global weather forecasting
models (see Appendix [Al for details) for any date and location. PSF-WEATHER-STATION has been
code-reviewed and is fully documented, along with example notebooks, at https://github.com/

LSSTDESC/psf-weather-station/tree/master.

3.4.1 Future work

There are additional functionalities that could be implemented in the PSF-WEATHER-STATION pack-
age. As mentioned above, there is some evidence of correlations between the wind direction and

the strength of turbulence at the ground. This is an effect that depends highly on location, but
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we could include a method to produce such correlations, with tunable parameters for the degree of
correlation and the direction along which such a correlation is present.

A current limitation in frequency of samples one can draw from PSF-WEATHER-STATION is the
frequency of GCM data product outputs (hourly, for ECMWEF ERAS5); it is currently not possible
to draw parameters from PSF-WEATHER-STATION to simulate a series of observations with a higher
frequency. One could expect the free-atmosphere weather to change more slowly than at the ground;
therefore, because weather-tower measurements are sampled on the scale of minutes, a method
could be constructed to draw more frequently from the ground parameters while using the same
or interpolated free-atmosphere information. An implementation challenge for this method, given
the current implementation in which random values of turbulence strength are drawn, would be to
ensure some degree of continuity in that parameter.

In terms of parameters that PSF-WEATHER-STATION produces, there are a few useful additions
that would require further research and modeling. The first is the outer scale Ly, for which we need
a physically motivated model to link this parameter to local weather conditions. Another possible
addition, which would broaden the use of PSF-WEATHER-STATION, is to use humidity and cloud cover
values from the GCM to determine the density of precipitable water vapor along an atmospheric
column—of use for calculation of the atmospheric transmission in optical wavelengths (Perrefort
et all 2019). This would be relevant for LSST since the stringent requirements on photometric

precision requires careful calibration of effects such as atmospheric absorption.



Chapter 4

Impact of wind on spatial

correlations in atmospheric PSF

4.1 Motivation and context

PSF-WEATHER-STATION uses multiple sources of telemetry and vetted models to generate sets of cor-
related input parameters for PSF simulations. In this chapter, we describe benchmark tests of these
generated parameters. These tests aim to quantify how simulations run with PSF-WEATHER-STATION
parameters compare to earlier generations of atmospheric PSF simulations with uncorrelated input
parameters (Section . In particular, we examine the role of environmental input parameters,
such as wind speeds and wind directions at different altitudes, on the atmospheric PSF statistics.
This is motivated by the observation, in both ground layer measurements and GCM weather data,
of persistent wind directions over the Rubin site (see Figure and Figure ; it is important to

understand what, if any, effect this may have on PSF size and shape correlations.

4.2 Simulation study

This validation study compares atmospheric PSF simulations for Rubin Observatory generated with

input parameters set in three different ways.

1. psrws: In the first case, input parameters are generated for Cerro Pachén using PSF-WEATHER-
STATION with the data summarized in Figure Six phase screens are used; the altitudes
are allowed to vary according to the C2 scheme described in Section

2. BENCH: As a second case, we use as a benchmark the input atmospheric parameters used
in the DESC Data Challenge 2 (DC2) image simulations (The LSST Dark Energy Science

5
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Collaboration et al., |2021b)). For each of six phase screens, the wind speed and direction are
drawn from uniform distributions between 0-20m/s and 0-360°, respectively. Small (~10%)
Gaussian variations around the turbulence integrals from |[Ellerbroek (2002) are introduced,

but the associated six altitudes remain fixed between simulations.

3. MATCH: As a third case we use the same values of input parameters as in BENCH — except for
the wind directions, which are matched to the correlated wind directions used in PSFWSEI The
motivation for this MATCH simulation is to identify whether differences between distributions
of PSF parameters for the first two cases are mainly driven by the highly correlated wind

directions in PSF-WEATHER-STATION.

In Figure are shown the distribution of wind speed and directions corresponding to each
of the three cases described above (PSFWS, BENCH, and MATCH). As expected, in the left panels
the distributions of wind speed for BENCH and MATCH are consistent with each other; in the right
panels, the distributions of wind directions for PSFWs and MATCH are identical. The distribution of
FA wind speeds for PSFWS extends to values three times than BENCH. The PSFwWS wind direction
distributions in both GL and FA are very peaked, both at similar values of ~270deg, but the FA
peak is broader. The distributions of input turbulence integrals are shown in Figure the values
for PSFws are the distributions labeled PSF-WEATHER-STATION (solid grey), and BENCH and MATCH
both use the distributions labeled “DESC DC2” (dash black).

For each of the three cases (PSFWS, BENCH, and MATCH), we simulate one 30-second, 3.5- deg?
exposure (the expected exposure time and area for Rubin LSST) for each of the 531 time points
in the six months of ERA5 and site telemetry data. Each triplet of simulations has the same
outer scale (drawn from a truncated log normal distribution with median of 25m and used for
all phase screens), the same random seed for generating phase screens, and the same atmospheric
seeing (drawn uniformly from 0.6 to 1.6 arcsec). The contribution of seeing from each phase screen
varies according to the turbulence integrals used for that case (PSF-WEATHER-STATION outputs
for psFws; randomized [Ellerbroek| (2002) for BENCH and MATCH). The distributions of values of
simulation parameters that are common across the three simulation types are shown in Figure [{.2]
Seeing FWHM and r( are functions of wavelength; the values shown correspond to A = 500 nm but
all simulations were drawn at the mean i-band wavelength A\ = 754.06 nm. Given this observing
wavelength and a value of Ly, the FWHM and 7y from the distributions in Figure are converted
to the von Kdrmédn FWHM and r( for that exposure via Equation [2.26] and Equation [2.29]

All simulations described here are generated with the GalSinﬂ software library (Rowe et al.,
2015). We use the same GalSim implementation as described in [The LSST Dark Energy Science
Collaboration et al.| (2021b]), which follows ray-tracing methods developed in|Jee & Tyson! (2011)) and

1 Although the altitudes of the FA screens are not exactly the same in BENCH and PSFws, this has little impact
because the wind directions are so strongly correlated across phase screens.
%https://github.com/GalSim-developers/GalSim
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Figure 4.1: Summary of wind speed and direction input values to the three types of simulation input
parameters: PSFWS (solid red), BENCH (dashed blue), MATCH (dotted yellow). Top panels are values
for the ground layer (GL) screen, and bottom panels summarize values for all free-atmosphere (FA)

layers.
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Figure 4.2: Summary of common input parameters to the three types of simulations. The histograms
show, left to right, the input seeing FWHM in arcsec, the Fried parameters ry, and the outer scale
Lg. Vertical red lines show the value of each parameter used for the PSFWS representative example.
The seeing and Fried parameter values are given at A = 500 nm.



7T8S8CHAPTER 4. IMPACT OF WIND ON SPATIAL CORRELATIONS IN ATMOSPHERIC PSF

Peterson et al.| (2015)). The simulation includes, for each photon, a refractive kick proportional to
local instantaneous phase screen gradients to treat large scale turbulence and a statistical “second
kick” treatment of small scale turbulence. We do not enable any chromatic effects, the optics is
treated as a perfect Airy function, and the sensor is simulated as a perfect photon collecting grid.

No background light is included.

PSF images are generated at 50k random locations across the field of view with a pixel resolution
of 0.2 arcsec. Each PSF is drawn with sufficient photons (10°%) such that Poisson fluctuations are
not significant and then convolved with a Gaussian of 0.35 arcsec FWHM to account for the PSF
contribution from optics and sensors. To avoid issues related to overlapping PSF images, each PSF
is generated and measured individually on a 50 x 50 pixel grid and its second moments measured
with the GalSim implementation of the HSM adaptive moments algorithm (Hirata & Seljak, [2003)).

To compare only the effect of the difference in environmental parameters between PSFWS and
BENCH, the PSFWS simulations are run with six phase screens, but their altitudes are allowed to
vary according to the C2 scheme described in Section See Figure and Figure for the

distributions of turbulence integrals and layer altitudes used in the simulation.

We ran an additional fourth type of simulation, which I call RANDOM, as a control set. In the
RANDOM simulations, the PSF size and ellipticity distributions match those of the atmospheric PSF
simulations; however, the size, ellipticity, and orientation of each PSF is chosen randomly to provide
a spatially uncorrelated control sample. As with the other simulation types, we generated a set of
531 “exposures” with 10* PSFs in each exposure. These simulations will not generally be included

in the discussion since they are intended only as a null test of certain calculations.

For each of the simulation inputs — PSFWS, MATCH, or BENCH — we expect the simulated tur-
bulence to imprint structure in the distribution of PSF parameters across a given exposure. As an
example of the PSFWs input, we display in Figure [£.3] the spatial distribution of the PSF size relative
to the mean size (left panel) and the PSF shape (|e| and orientation, right panel) of the simulated
PSF's for a single exposure generated with one of the PSFWs parameter sets (the representative ex-
ample described in Section and depicted by the dark curves and dots in Figure. The PSF

parameters are clearly correlated across the field of view and the correlations are not isotropic.

In the following sections, we quantify these correlations and their anisotropy for each type of
simulation inputs. We compare ensemble statistics across exposures for each simulation type, with a
focus on the spatial two-point correlation functions of PSF size and shape. All 2PCF's were computed
using the open-source TreeCorr software packageﬂ Results for isotropic 2PCF's are presented in
Section [4-3} we generalize to anisotropic 2PCFs in Section [£4] In particular, we are interested the
dependence on particular input weather parameters of these two-point correlation functions; this is
discussed in Section 5]

Shttps://rmjarvis.github.io/TreeCorr
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Figure 4.3: Spatial distributions of PSF ellipticity (right) and PSF size relative to mean size (left)
across a simulated 3.5- deg? exposure generated with the PSF-WEATHER-STATION input parameters
for the representative example depicted by the dark curves and dots in Figure The orientation
of each line in the left plot corresponds to the orientation of the major axis of the PSF shape, while
the length and color contrast are proportional to the magnitude of the ellipticity e.

4.3 Simulation results for isotropic correlation functions

Two-point correlation functions of galaxy shapes were introduced and discussed in Section we
will use precisely the same formalism for the analysis of PSF shapes below. We are also interested in
2PCF's of PSF size; because using a PSF of the wrong size can lead to large bias in shear estimation,
correctly measuring and interpolating the sizes over the field of view is a crucial part of the PSF
estimation pipeline (Section .

The 2PCF of sizes is simpler than that of shapes, since size is a scalar rather than a spinor with

two components. We define the size two-point correlation function as
C(0) = (904 dap) (), (4.1)

where 0o is the deviation in PSF size o from the mean in that exposure, (a,b) denote a pair of PSFs,
and the angle brackets indicate an average over all pairs at each separation 6.

This size correlation C(6), measured on the PSFWS representative example, is shown in the left
panel of Figure [£.4] as a function of separation 6 in arcminutes. The right panel shows a summary
of C(0) for all simulation types and exposures. For each simulation type, the median value of C(0)
over the 531 simulations is plotted as a curve. In addition, the central 50 percentiles of values for
PSFWS are indicated by the shaded region.

The RANDOM result in Figure [£.4] is consistent with zero for all separations, as expected. Com-

pared to BENCH and MATCH, the PSFWS simulations show lower correlation at small separations,
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Figure 4.4: Isotropic two-point correlation functions of PSF size variation (Equation |4.1)) for the
representative PSFWS simulation (left) and the ensemble of simulations (right). The ensemble median
correlations are shown as curves in the right figure for all simulation types: PSFWS (solid red), BENCH
(dashed blue), MATCH (dotted yellow), and RANDOM (dot-dash black). The shaded area shows the
25th to 75th percentiles of PSFWs simulations (i.e., the central 50 percentiles).

which could be due to the higher free-atmosphere wind speeds in PSFWs: higher wind speeds indi-
cate that more air passes over the telescope aperture during an exposure, lowering correlations overall
by introducing more variation in optical turbulence. This effect is discussed further in Section [4.5

where we address why this difference in correlations is observed only at smaller separations.

We now return to the two-point correlation function of shape parameters presented in Sec-
tion [1.2.2)

£+ (0) = (erer L exex)(0). (4.2)

In addition, we will use the decomposition of &4 (#) into E- and B-modes from Schneider et al.| (2022))
described in Section [L.2.4t

£:(0) = €£(0) £ €2 (0) + &P (4.3)

The ambiguous modes §imb account for the modes that cannot be uniquely separated into E- or

B-modes due to the finite range of angular separations for which we have information.

These eight 2PCFs (£4(0), €£(0), ¢£(0), £€mP(0)) for the representative PSFWS simulation are
shown in Figure The upper panels show &, (0) (left) and £_(#) (right), middle panels show the
pure E- (red) and B- (black dotted) mode correlations, and lower panels show £2™P(6). There are
a few key differences between these results and the galaxy shape 2PCFs due to cosmic shear (see
Figure and Figure Firstly, there is a strong B-mode signal in &, () (in fact, the E- and
B-modes are practically indistinguishable), and £_(6) is approximately zero everywhere—these two

statements are not independent since, as discussed in Section m &_(0) approximately represents
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the difference between the E- and B-modes.

Secondly, the ambiguous mode §imb(9) has a nonzero constant value, as well as a quadratic
increase at large separations that is expected because of lack of information about £ (0) at large 6. A
constant value in ambiguous mode indicates a nonzero average shear, as described in Section [1.2.4
and also leads to a positive offset in {4 (6). More specifically, the constant value of gimb(e) is equal
to 72, for average shear magnitude vo. In the example shown in Figure the constant value of
Eimb corresponds to an average shear of approximately 2.5 x 1073, This relatively large average
shear contributes to &4 () being strictly positive in the range 6 < 100 arcmin shown in the top left
panel in Figure despite the negative correlations one expects at certain scales (and in particular
orientations) due to stripe-like patterns in the PSF of an exposure (see Figure . In comparison,
we defined the PSF size variation do to have zero mean per exposure, and its 2PCF (shown in
Figure does cross zero at the largest separations.

In contrast to £9mP(6), £7mP(6) is zero at all separations, which indicates that at small angular
scales, both 2PCFs of PSF shape can be completely separated into F- and B-modes.

Many of the above observations for a single simulation continue to hold for the ensemble of
simulations. In Figure [£:6 we compare each of the eight PSF shape 2PCFs across the different
simulation types, where the reported result for each simulation type is the median correlation value
over all exposures, as in Figure We have now separated the F- and B-modes into separate rows
and the y axes of the right panels span only 10% of the corresponding panels on the left; otherwise
the layout of the figure is the same as for Figure

As noted previously, the PSFWS correlations have lower values at smaller separations, with the
difference decreasing at larger separations. The E- and B-modes for each simulation type are nearly
identical, and £_(6) is very small, here on the order of 107%. The constant value of §imb for
separations less than ~ 30 arcmin indicates a nonzero average shear for the median case; however,
the 25th percentile (lower border of shaded region) is very close to zero, so we expect roughly 25%

of the data has a negligible average shear.

4.4 Simulation results for anisotropic correlation functions

In the previous section we discussed the isotropic two-point correlation functions of simulated PSFs.
However, as noted previously, the PSF in each exposure is clearly not isotropic (see Figure
for example). In this section, we generalize the study of simulated exposures to anisotropic two-
point correlation functions. Since the results from Section showed £_(6) amplitudes negligible
compared with £, (#), in what follows we include only results for the £, shape correlation functions.

In Figure [£.7] we illustrate two ways of representing anisotropies in the 2PCF. The upper panels
show the PSF parameter variation over the focal plane for the PSFWS representative example. Over-

lain on both these panels is a pair of sources (black points) and two (equivalent) ways of specifying
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Figure 4.5: Isotropic two-point correlation functions of PSF shape for the PSFWS representative
example. Within each column, the correlation £() is shown in the uppermost panel, its E (red)
and B (black) mode decomposition in the middle, and the ambiguous correlation in the lower panel.
The left and right columns show results for & (6) and {_(8), respectively.
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Figure 4.6: Isotropic two-point correlation functions of PSF shape for all simulation types. Within
each column, the correlation £(6) is shown in the uppermost panel, with its E, B, and ambiguous
mode decomposition in the panels below. The left and right columns show the ensemble median
values for £, (0) and &_(0), respectively. The red shaded region shows the 25th to 75th percentiles
for the PSFWS results.
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the vector separating them: the Af,, A, components (left) and the vector magnitude § and angle
a (right). Note that we measure « relative to the +y-axis on the focal plane, to match the definition
of the wind direction ¢—all simulations are run at zenith, so the +y-axis points North.

As in the isotropic case, we find the anisotropic 2PCF by averaging over all pairs of PSFs in an
exposure—however, we now average over all pairs with a given separation vector. For instance, the
panels in the second row in Figure show the 2PCFs for PSF shape (left) and size (right) as a
function of separation-vector components Af, and Af,. We use the same symbols as in the previous
section to denote the anisotropic 2PCFs for shape and size; however, rather than being functions of
6, they are now functions of two variables — e.g., {4 (A6, Af,). Since the 2PCF is agnostic under
interchange of two PSFs within a pair, the function is symmetric under 180-degree rotations in the
Af,, Af, plane.

We are interested in quantifying the dominant orientations of anisotropy in these 2PCFs—for ex-
ample, the orientations of the two distinct stripes of stronger correlation we see in both {1 (A8, Af,)
and C(Af,, Af,) in the panels in the second row in Figure Therefore, we transform the 2PCF's
into polar coordinates, separation 6 and angle « (illustrated in the top right panel of Figure
The transformed functions £, (0, «) and C(6, ) are shown in the panels in the bottom two rows for
two ranges of 6: 12 to 120 arcmin, and 1.5 to 6 arcmin. The angle a on the horizontal axis spans
only 180 deg because of the symmetry discussed above. This transformation of coordinates allows
us to visually associate stronger correlations for a particular value of o with vertical stripes in polar
plot.

The maximum separation # shown in the third row of panels (§ = 120 arcmin) is close to the
largest scales probed in cosmic shear analyses, as shown in the figures for DES and KiDS-1000 in
Section (We cannot probe the largest scales used in cosmic shear analyses because of the limited
size of the field of view of each simulated Rubin-like exposure.) The minimum separation 6 shown
in the bottom row of panels (§ = 1.5arcmin) corresponds to the smallest scales typically included
in current analyses of cosmic shear. We separate these regions because we use higher resolution in
separation 6 to calculate the 2PCF at small values of 6 than for large values of 6, since it would be
unnecessarily computationally expensive to use high resolution for the larger separations.

In the remainder of this section we display 2PCFs in only polar coordinates. We first discuss
the analysis of the anisotropic two-point correlations functions at “large-scale” separations of ~

100 arcmin and then turn to “small-scale” separations of ~ 1 arcmin .

4.4.1 Large-scale separations of ~ 100 arcmin

In Figure we display the ensemble median values of the 2PCF's for shape (£, (6, «), left) and
size (C(0, a), right) for separations € in the range 12 to 120 arcmin, for the set of simulations of each
type: PSFWS (top), MATCH (middle), and BENCH (bottom). (This is similar to the analysis described
in Section for the isotropic 2PCF.) For both the PSFws and MATCH simulations, there is a very
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Figure 4.7: Tllustration of anisotropic two-point correlation functions for the PSFWS representative
example, for PSF shape (left column) and PSF size (right column). The top panels show simulated
PSF parameters across the field of view overlain with diagrams of an example pair of points (black
dots) and the separation between them, in Cartesian (left) and polar (right) coordinates. The panels
in the second row show the dependence of the 2PCFs on the Cartesian coordinates Af, and Af,.
The panels in the bottom two rows display the same 2PCFs, but transformed into polar coordinates
(separation € versus angle «) for two ranges of 6: 12 to 120 arcmin, and 1.5 to 6 arcmin.
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Figure 4.8: The median value of the anisotropic two-point correlation functions at separations 6
in the range 12 to 120 arcmin, for PSF shape £, (0, «) (left) and size C(0, «) (right), for the three
simulation types: PSFWS (top), MATCH (middle), and BENCH (bottom).

apparent dependence of the shape and size 2PCF's on «; in particular, both the PSF shape and size
median values peak near the same value of a. In contrast, the median values of the 2PCFs for the
BENCH simulations show no evidence of an a-dependence.

Given this visual evidence of dependence on « of the median 2PCF value, we quantify the
anisoptropy as illustrated in Figure [f.9]for the PSFWs representative example. We average the 2PCF
over a range in separation 6 to construct a one-dimensional 2PCF, as a function of «, from the two-
dimensional version. We choose a 6 range of 12 arcmin spanning § = 108 arcmin to 6 = 120 arcmin,
indicated by the horizontal dashed lines in the top panels in Figure The « range is separated
into 30 bins in which we average the values of £, (6, «) (or C(8, «)) within the range in 6. The results
of this calculation, denoted &4 («) and C(«), are shown in the bottom panels. We find the bin in
« at which this maximum occurs and label it a,.x. We repeat this procedure for the anisotropic
2PCFs for each of the simulated exposures, obtaining a set of one-dimensional functions &, («) each
with an associated value of auay, and similarly for C(a).

We now determine the ensemble median values of 4 («) and C(a) over each set of 531 simu-
lations; these are shown in the left and right panels of Figure for each of the three types of
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Figure 4.9: Illustration of method to find the orientation of maximum correlation at separations of
~100arcmin for the anisotropic 2PCFs £, (0, a) (left) and C(6,«a) (right). The top panels show
the same two-point correlation functions as the third row of panels in Figure [1.7] The points in the
bottom panel correspond to the average value of the 2PCF for 6 between 108 and 120 arcmin (the
region between the horizontal lines in the top panels), in 6- deg bins in . The vertical dashed lines
indicate the angle amax at which £ (a) and C(«) take on their maximum values.

simulations. The strong anisotropy for PSFWs and MATCH, but no evidence of a-dependence for
BENCH, is consistent with Figure [f.8 Furthermore, the values of o at which the median values of
the 2PCF's peak (=~ 120deg) are consistent for both the PSF shape (left) and size (right), and for
both PSFWS and MATCH.

In Figure we plot the distributions of the 531 values of quax for PSF shape (left) and size
(right) for each simulation type. The distributions of a,a.x for both shape and size are strongly
peaked around 120deg for PSFwS and MATCH, while the BENCH histogram is consistent with a
uniform distribution. The fact that the distributions for MATCH are much more consistent with
PSFWS than BENCH indicates that the orientation of anisotropies in the 2PCF is dominated by the
matched wind directions. We will explore this link to wind direction in the next section, but we first

show the results of anisotropic correlations at separations of ~ 1 arcmin .

4.4.2 Small-scale separations of ~ 1 arcmin

We now repeat the analysis described above for the anisotropic correlations at separations of ~
In Figure we display the ensemble median value of the 2PCF over the set of
simulations of each type: PSFWS (top), MATCH (middle), and BENCH (bottom). For both PSF shape

1 arcmin .

(left) and size (right) the amplitude of the median 2PCF value dominates the color scale, and any
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Figure 4.10: Ensemble median values of £, (o) (left) and C(«) (right) averaged over separations 6
between 108 and 120 arcmin and in 6-deg bins in «. Results are shown for three simulation types:
BENCH (blue triangles), MATCH (gold diamond), and PSFWs (red dots).
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Figure 4.11: Histogram of amax values for &1 (o) (left) and C(«) (right) at large separations ¢ =
(108 — 120) arcmin, for the three types of simulation: BENCH (blue dashed), MATCH (gold dotted),
and PSFWS (red solid). The width of each aax histogram bin covers 12 deg — i.e., twice the width

of the bins in « used for the two-point correlation functions &, () and C(«).
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Figure 4.12: The median value of the anisotropic two-point correlation functions at separations of
~ larcmin , for PSF shape £, (0, «) (left) and size C(6,a) (right), for the three simulation types:
PSFWS (top), MATCH (middle), and BENCH (bottom).

variation with angle a here is small in comparison. We will examine the anisotropy in the same way
as above — by calculating a one-dimensional 2PCF in « for each simulated exposure and finding its
maximum.

Figure illustrates the method for the PSFWS representative example. For small separations,
we average the 2PCF over a range of § between 3 and 6 arcmin (the region between the dashed black
horizontal lines in the top panels of the figure). Since there are fewer samples of the 2PCF at these
separations than were available for separations of ~ 100 aurcminEl7 we use bins more coarsely sampled
in «; the resolution is now 10deg per bin for a total of 18 bins.

The « dependence in this one-dimensional version of the 2PCF is more apparent than in the
upper panels. For this individual example we can draw consistent conclusions between upper and
lower panels: although the overall positive correlation dominates, we are able to see evidence of

anisotropy with the maximum correlation at a =~ 80 — 85deg.

4Since these 2PCFs were calculated in Cartesian coordinates and transformed to polar coordinates, the density
of information at small separations is low and limits the number of a bins we can use while keeping the number of
points in each bin roughly uniform. The resolution could be increased for simulations run with a much higher density
of PSFs.
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Figure 4.13: Hlustration of method to find the orientation of maximum correlation at separations of
~ larcmin for the anisotropic 2PCFs £, (0, a) (left) and C(0, «) (right). The top panels show the
same two-point correlation functions as the bottom panels in Figure [4.7, The points in the bottom
panel correspond to the average value of the 2PCF for 6 between 3 and 6 arcmin (the region between
the horizontal lines in the top panels), in 10deg bins in «. The vertical dashed lines indicate the
angle amax at which £ (a) and C(«) take on their maximum values.

In Figure the results for the median values of the one-dimensional 2PCFs ¢, («) and C(«)
for each set of 531 simulations are shown for each of the three simulation types. The median PSF size
2PCF's (right panel) have a non-uniform dependence on « for the PSFWs and MATCH simulations,
while there is no evidence of such a dependence for the BENCH simulations. There is a weaker «
dependence in the PSF shape correlations (left panel).

Finally, we summarize in Figurethe distribution of the 531 values of oy for each simulation
type, for PSF shape (left) and size (right) for separations of ~ 1 arcmin . As we saw in Figure [{.11] for
separations of ~ 100 arcmin , the distributions for PSFWS and MATCH are strongly peaked and very
similar to each other, for both £; () and C(«). However, the distributions for auyax at separations of
~ 100 arcmin (Figure are narrower, and peak at slightly higher values, than the distributions
for apmax at separations of ~ 1 arcmin , although direct comparisons are complicated by the different

bin sizes in am,ax for the two separations.

4.4.3 Summary of anisotropies in 2PCF's in simulations

The results for both small- and large-scale separations point to a strong dependence of the orientation
of the anisotropy in the 2PCFs on the profiles of the input wind parameters, which were matched

between the PSFWS and MATCH simulations, but were set randomly in the BENCH simulation. In
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Figure 4.15: Histogram of amax values for £, (a) (left) and C(«a) (right) at small separations 6 =

(3 — 6)deg, for the three types of simulation: BENCH (blue dashed), MATCH

(gold dotted), and
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bins in « used for the two-point correlation functions & () and C(«).
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the next section, we explore this dependence in more detail, using the amax values as a summary

statistic of the orientation of anisotropy in the PSF of each exposure.

4.5 Dependence of anisotropies on input wind parameters

In this section, we probe the relationship between simulation input wind directions and the orien-
tations auax along which the anisotropic 2PCFs for the output PSF parameters are maximum. As
described in the previous section, we find auax values for the 2PCF's of both PSF size, C(«), and
shape, &4 (), at two scales — ~ few arcmin and ~ 100 arcmin— for 531 exposures simulated with each
of 3 types of simulations. For wind direction, we use both the direction of the ground layer (GL),
¢(GL), and the direction of the free atmosphere (FA), ¢(FA), defined as the wind vector averaged
over the five FA layersﬂ

In the scatter plots in Figure we plot apax for the shape 2PCF &, (), versus ¢(GL) (left)
and versus ¢(FA) (right), for separations of ~100arcmin (top) and for separations of ~ 1 arcmin
(bottom). The projected histograms in the top row illustrate how the distributions of GL and FA
wind directions are uniform for BENCH simulations and peaked at the same dominant wind direction
for PSFWS and MATCH Simulationsﬂ The projected histograms of ap,ax on the far right are the same
as the left panels of Figure and Figure

The Pearson correlation coefficient for each type of simulation is displayed on each scatter plot.
A strong correlation between auax for separations of ~ 100 arcmin and ¢(GL) (top left scatter plot)
exists for all three types of simulation, regardless of the distribution of ground wind directions. In
contrast, for separations of ~ 1arcmin , there is no evidence for a correlation between a,.x and
¢(GL).

In particular, the correlation is significant for simulations with realistic altitude-dependent FA
wind directions and speeds (PSFWs, p = 0.67 & 0.05) but is roughly consistent with zero when
directions and speeds are chosen randomly with altitude (BENCH, p = 0.10 +0.05). When input FA
wind directions (but not speeds) are matched to those of PSFWS, the correlation coefficient has an
intermediate value (MATCH, p = 0.28 & 0.07). However, even though the correlation coefficients are
statistically quite significant at separations of ~ few arcmin when FA wind directions are correlated
across altitudes, the distributions of ap,a.x have higher variance than those at separations of ~
100 arcmin .

To understand the FA results, we describe the expected angular scale of PSF correlations and a

physical source of anisotropies.

5An equivalent definition is the speed-weighted average direction over the five layers.

6The distributions of ¢(GL) are identical for the PSFWS and MATCH simulations by definition of the “matched”
simulation. The distributions of the altitude-averaged free-atmosphere wind direction ¢(FA) are slightly different for
the PSFWs and MATCH simulations because the profiles of wind speeds are not matched, thereby impacting the average.
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Figure 4.16: Orientation amax at which the shape 2PCF ¢, («) is maximum versus input wind
direction ¢ for each of 531 simulated exposures, for the three types of simulations (BENCH, MATCH,
and PSFWS), for separations of ~ 100 arcmin (middle row) and separations of ~1arcmin (bottom
row). The direction ¢ corresponds to the ground layer wind direction (GL, left column) and the
average free-atmosphere wind direction (FA, middle column). The distributions of the four directions

are shown in the projected histograms.

Correlation coefficients for each type of simulation are

reported for each scatter plot (BENCH in blue, MATCH in gold, PSFWS in red).
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Figure 4.17: Log-log plot of Kolmogorv and von Kdrman turbulence spectral energy density. The
horizontal (bottom) axis is spatial frequency k; the top axes show the spatial distance 1/k and the
associated angular scales 0 as seen from different heights (near ground at 200 m, orange; in the free
atmosphere at 20 km, purple). von Karmén spectra with Ly = 25m (purple) and Ly = 10 m (pink)
are shown, with Ly values indicated by horizontal dotted lines. The Kolmogorov spectrum (Ly = 00)
is shown in blue.

Angular scales

Atmospheric features of a particular physical size that are located at lower altitudes have a larger
angular size in the focal plane than features of the same physical size at higher altitudes. Therefore,
at one instant in time an optical turbulence pattern near the ground results in spatial variations in
the PSF over larger angular separations than the same turbulence pattern located near the top of the
free atmosphere. Consider, for example, turbulence with a scale equal to the median outer scale L.
(The power spectrum flattens for spatial frequencies lower than ~ 1/Lg, as shown in Equation
and Figure For Ly = 25m and a ground-layer screen at a height of 200 m, the angular scale
of turbulence variations is arctan % ~ 400 arcmin; for a phase screen at an altitude of 20km, the
angular scale is arctan % ~ 4 arcmin. This range of angular scales is approximately the same as
the ranges of separation 6 we use to calculate £y () and C(«) in Section and the associated

values of apax.
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Sources of PSF anisotropies and correlations with wind

While wind speeds and directions can change throughout the night, they are typically fairly stable
during the course of an exposure. This is particularly true at Cerro Pachén, where the wind direction
is persistently coming from the sea. During a 30-sec exposure then, we expect air at all altitudes
to be moving coherently; different layers may be translating at different speeds, but in mostly the
same direction. As a consequence, PSF images along the direction of the wind on the focal plane
have “seen” much of the same optical turbulence, although in slightly different combinations due
to wind speed variation with altitude. The shapes of these PSF's will thus be more correlated with
each other than with those in a direction orthogonal to the wind.

The realistic inputs used to generate the PSFWS exposures include these correlated wind speeds
and directions. In the case of BENCH simulations, there is no coherent motion of the turbulence in
the FA because the wind speed and wind direction for each layer is chosen randomly. This results in
a correlation coefficient p consistent with zero between FA wind direction and ayp,.x at separations
of ~fewarcmin. The MATCH simulations have wind directions that are correlated across altitudes,
but speeds are chosen randomly. The random speeds cause turbulence layers to move with greater
differences in speed than the smoothly varying wind profiles in PSFWS, resulting in a suppressed

correlation coefficient for MATCH simulations despite the wind directions being matched with PSFWs.

In Figure we show the same set of histograms and scatter plots as in Figure but now for
the PSF size 2PCF C(«). The results are generally consistent with those for PSF shape. Although
we still see a strong correlation between amax and ¢(GL) at separations of ~ 100 arcmin (upper
left scatter plot), the values of the correlation coefficient are lower than they were for PSF shape,
potentially due to noisier estimates of auyax.

We can also explore the impact that wind speed has on the PSF. In Figure we plot the
variance of each PSF parameter (ellipticity components e, e, and size o) across each simulated
exposure versus the input ground-layer wind speed for that exposure. For each type of simulation
input (PSFWS, BENCH, and MATCH), the variance of all three PSF parameters decreases with in-
creasing ground-layer wind speed v(GL). This is expected because wind moves the phase screens
across the field of view, washing out variations in PSF size or shape due to turbulence structure at
all angular scales; therefore, the higher the wind speed, the more the variations are suppressed.

In Figure[4.20} correlations between variance in PSF size or shape parameters and free-atmosphere
wind speed are found to be weaker. This is expected because, instantaneously, different PSF's across
the focal plane are more likely to sample independent regions of the phase screen with increasing
altitude (see illustration in Figure ; the resulting variance in a PSF parameter is less likely to
decrease due to motion of the screen, compared to the GL screen where different PSFs are more
likely to sample overlapping regions of the phase screen.

These results from Figure [4.19] and Figure help us explain the observation in Section |4.3
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Figure 4.18: Orientation ayayx at which the size 2PCF C(«) is maximum versus input wind direction
¢ for each of 531 simulated exposures, for the three types of simulations (BENCH, MATCH, and PSFWS),
for separations of ~100arcmin (middle row) and separations of ~ larcmin (bottom row). The
direction ¢ corresponds to the ground layer wind direction (GL, left column) and the average free-
atmosphere wind direction (FA, middle column). The distributions of the four directions are shown
in the projected histograms. Correlation coefficients for each type of simulation are reported for
each scatter plot (BENCH in blue, MATCH in gold, PSFWS in red).
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Figure 4.19: Variance of PSF parameters across each simulated exposure versus the input free-
atmosphere (FA) wind speed for that simulation, for the three types of simulations (PSFWS, MATCH,
and BENCH). PSF parameters are the PSF ellipticity components e; (top row) and es (middle
row), and PSF size o (bottom row). The distributions of PSF parameter variance are shown in the
projected histograms on the right.
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Figure 4.20: Variance of PSF parameters across each simulated exposure versus the input ground-
layer (GL) wind speed for that simulation, for the three types of simulations (PSFWs, MATCH, and
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that PSFws has lower median values of isotropic two-point correlation functions at separations of
~larcmin than MATCH and BENCH, while at separations of ~100arcmin the values converged.
The PSFWS have higher average wind speed values in the FA than BENCH and MATCH; according
to Figure this indicates lower variance in the wavefront. As discussed above, the FA most
affects small angular scales—so we expect that higher wind speeds in the FA lead to lower spatial
correlation in the PSF. At the ground layer, the wind speed distribution of all simulation types are
roughly consistent; so the correlation values are similar at separations of ~ 100 arcmin . We can draw
these conclusions because the three simulation types were all generated with identical distributions
of overall seeing and turbulence structure parameters. Therefore, the wind speed and direction, and
relative distribution of turbulence strength with altitude, are the only drivers of differences in PSF

parameter correlation anisotropy between simulation types.

4.6 Summary

In this chapter, we have explored both isotropic and anisotropic two-point correlation functions
of PSF parameters in simulations, and related the input wind parameters in the simulations to
summary statistics of 2PCF anisotropy.

The isotropic 2PCF's of atmospheric PSF shape correlations are found to have E and B modes of
roughly equal magnitude, leading to negligible amplitudes in £ _. The simulated exposures generated
with PSF-WEATHER-STATION parameters (PSFWS) have lower values of median (isotropic) 2PCF, for
both PSF shape and size, than exposures generate with the input parameters used in the DESC
Data Challenge 2 simulations (BENCH). This is especially true at small scales, because wind speeds
in the free atmosphere (FA), which affect smaller angular scales, are much higher on average, and
we find that higher wind speeds decrease overall correlations in the atmospheric PSF.

Comparisons of the anisotropic 2PCF's of PSF parameters, motivated, for example, by striation
patterns observed in the maps of PSF size and shape across an exposure, also show differences among
simulation types: dominant orientations in 2PCF anisotropy are seen over the ensemble of exposures
for PsFWs and MATCH simulations (input parameters identical to BENCH except the wind directions,
which are matched to PSFWS) but not in the BENCH simulations. At both separations of ~ 1 arcmin
and separations of ~ 100 arcmin , there is evidence of correlations between the input wind directions
and the orientation along which the 2PCFs are highest, which we denote ay,ax. In particular, values
of amax at separations of ~ 100 arcmin correlate strongly with the corresponding input ground layer
wind direction for all simulation types. Values of ay,.x at separations of ~ 1arcmin , on the other
hand, have some correlation with the average free-atmosphere wind direction in the PSFws and
MATCH cases (wind directions in these simulations are correlated across altitude), but not in the
BENCH simulations. The fact that the anisotropies in 2PCFs at different angular scales depend on

wind directions at different altitudes can be understood in terms of the different angles subtended
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at different heights by turbulent structure of the same physical scale. High altitude layers imprint
features on scales ~ few arcmin, while low altitude layers affect angular scales of ~ 100 arcmin.

The results of this simulation study raise further questions. Because of the dominant wind
direction at Cerro Pachén, we expect to see a dominant orientation of the anisotropy in the 2PCF
for PSF size and shape with respect to the ground coordinate system, across LSST exposures at
Rubin Observatory. If these persistent anisotropies in the atmospheric PSF are observed in data,
and persist through the coaddition process, it is crucial for weak lensing measurements that we
ensure they can be adequately removed by our PSF modeling and correction algorithms. In the
next chapter, we apply the analyses from this simulation study to observed PSFs in real data, and
in Section [7} we discuss how wind directions map onto different patches of sky observed during the

survey, and the potential impact of resulting PSF anisotropies on PSF modeling for weak lensing.



Chapter 5

Exploration of atmospheric

wavefront data from DECam

5.1 Motivation

The study in Chapter 4] was conducted purely on simulated wide-field atmospheric PSFs. It is
important and interesting to know whether the strong dependence on wind direction of anisotropy
orientation in the spatial correlation of atmospheric PSF is reproduced in data. The challenge is
that real images are affected by not only the atmospheric PSF but also include contributions from
optics and sensors; these components can imprint additional, and different, spatial correlations in the
PSF. In this chapter we attempt to measure spatial correlations in the atmospheric PSF at Cerro
Telolo Inter-American Observatory (CTIO), an observatory 15km northwest of Rubin and home
to the Dark Energy Camera (DECam), the wide-field camera used for the Dark Energy Survey
(DES). We use a set of wavefront measurements from DECam that were processed to remove optical
contributions, following the method developed in [Davis et al.| (2016). We describe the wavefront
sequences and data processing in Section [5.2] and discuss our analysis of two-point correlation

functions in Section [£.3]

5.2 DECam wavefront sequences

Wavefront measurements can be made using out-of-focus images; these images are of the wavefront
at the primary mirror rather than the (in-focus) point spread function. This image has the shape
of the primary mirror—hence, the colloquial term “donut” image for the annular mirror in the
DECam optical system. The optical contribution to these wavefront data can be estimated and then

subtracted; the residual wavefront should then contain only the atmospheric signal. We summarize

101
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the process of estimating and subtracting the optical contributions to the wavefront from data; the
procedure is described in more detail in |Davis et al.| (2016)). The wavefront image at focal plane
position x, y is a function of pupil coordinates u, v, and can be decomposed into a linear combination

of Zernike polynomialsEI
W(U7’l))[l',y] = Zai(xvy)zi(uav) . (51)

This wavefront is fit to all the donut images in a single exposure; each coefficient a; varies spatially.
After this decomposition of the image, we remove the average value ¢§; of each coefficient, as well as

additional tilt terms for coma (i = 5, i = 6):
ai(z,y) = a;(z,y) — 6 — (Boy + 0y)i=s56 - (5.2)

The atmospheric contribution to the wavefront is expected to vary much more quickly in time than
the optical contribution. We use the approximation that, over a sequence of many out-of-focus
exposures, the optical contribution to a;(z,y) is static and the atmospheric contribution is dynamic
and random; thus, we recover the optical contribution to each coefficient by taking an average over

a series of k exposures:

di(xv y) = <a; (xa y)>k exposures - (53)

Subtracting these contributions from the coefficients for each exposure, we recover coefficients for

the wavefront that are nominally due to only atmospheric effects:
af (z,y) = aj(x,y) — ai(z,y). (5.4)

I did not start with raw out-of-focus exposures; Aaron Roodman kindly supplied processed
wavefront data in the form of the coefficients a;, af, d;, 6;, 8,, and a} (x,y), for four sequences of
1000 30-s exposures. These data are binned over the focal plane into 18 bins per DECam CCD or
a total of 1,116 bins over the 2.2-degree field of view. We reconstruct the atmospheric PSF for each
bin by 1) calculating the wavefront at x, y with Equation [5.1] using the a/ (,y) coefficients, and then
2) taking the Fourier transform of the wavefront to determine the PSF at x,y (see Equation .
We set the focus term (i = 4) to zero during this process in order to get in-focus PSF images rather
than donut images. From these images we measure PSF size and shape, using the HSM algorithm
to calculate weighted second moments as in Chapter [

Results for two of the DECam exposures are shown in Figure The PSF parameters plotted
for one exposure in the top panels show striation patterns characteristic of the atmospheric PSF,
whereas the exposure in the bottom panels shows no such pattern. The magnitude of the PSF

parameters shown here are smaller than we might expect from simulations, with variations on the

1Zernikes are a basis set of polynomials commonly used in optics to describe circular surfaces. We use the Noll
convention here. Polynomials of increasing order ¢ correspond to effects like focus, coma, astigmatism, etc.



5.3. ANISOTROPIC TWO-POINT CORRELATION FUNCTION RESULTS 103

284606 qo_ le—2
u Ial"lt I u ‘I__ E ]
—_— — ¥ ‘l- i 3 5 = =
= 8 iFIE S T e ey o i'l:i- " R |
: L ] Y|
e = "'=“|-'.;':. 100 o —..E‘:"!'"OGJ
& = - W Dl =
> b [t F Rt g R
© s} : -5 ST 1
L |I“T | 1 [ | k] N
804568 1,3 le—3
T \ \ T 4
E 8 . B0
: : ; ;
— ;(E; 0 Q 0 Q
S —
o) B —2
< : S -9
—60 n L 11 H-1.0 ! 1l | | 1l —4
-60-30 0 30 60 -60-30 0 30 60 -60-30 0 30 60
6y (arcmin) 6y (arcmin) 6y (arcmin)

Figure 5.1: PSF moments, mapped across the field of view, for two exposures (284606 from 20140212
i band, top; 804568 from 20181218 z band, bottom); PSF size variation from mean size (left),
PSF ellipticity component e; (middle) and es (right). Moments are measured from reconstructed
atmospheric PSFs using HSM.

order of 1072 rather than 10~2 (see for example Figure or find the average expected magnitudes
given the correlation function amplitudes in Sectionand Section. This could indicate that the
optical-subtraction process described above has also removed some of the atmospheric contributions
to the wavefront.

The four series of exposures that we analyze in this chapter were recorded in different bands
(i,g,7,2) on three different nights. Measurements of the observing conditions—seeing and wind—
over the course of observing are shown in Figure plotted as a function of time from the start of
the exposure series. Atmospheric seeing data from the DIMM at CTIO was not available for all the
nights. Based on available data, the dominant wind direction at CTIO appears to be approximately

from the North.

5.3 Anisotropic two-point correlation function results

Following the analysis in Section[£.4] we calculate anisotropic two-point correlation functions for PSF
size, C(0, «), and shape, 4 (6, ) from the PSF moments of each DECam exposure. The binning of
the data across the field of view allow only a coarse estimate of the 2PCF; we probe intermediate

scales of ~ 10 arcmin, which is in the middle of the ~ 1 to 100 arcmin range analyzed in Section
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Figure 5.2: Telemetry values recorded at CTIO as a function of time since beginning of each series of
exposures. The panels from top to bottom show wind speed v, wind direction ¢, and seeing FWHM.
Each series of exposures is identified by a number representing the date (yyyymmdd) and denoted
by different color points: series 20140212 ¢ band in red, 20151026 r band in orange, 20181218 g band
in teal, and 20181026 z band in black.
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Figure 5.3: Two-point correlation functions of PSF size (C(6, «), top) and shape (£ (6, ), bottom)
for PSF moments shown in Figure (284606 from 20140212 ¢ band, left; 804568 from 20181218 2
band, right).

The 2PCFs for the example exposures in Figure are shown in Figure The left panels of
Figure [5.3] show the 2PCF's for the exposure in the top panels of Figure 5.1} we see the striation
patterns in PSF parameters reflected in the structure of the 2PCF. The 2PCFs in the panels on
the right (corresponding to the exposure shown in the bottom panels of Figure have barely any
structure, reflecting the fairly uniform values of the PSF parameters. As expected from the mag-
nitude of variation in the PSF parameters shown in Figure [5.1] the correlation function amplitudes

are smaller, especially for PSF size, than we see in simulated atmospheric PSFs.

These 2PCFs are fairly representative of the whole sample; a few 2PCFs have fairly obvious
structure similar to those in the panel on the left, while others are mostly isotropic. The method of
finding amax from Section .4 does not behave well on these images—many of the 2PCFs do not have

a dominant orientation that can be identified, and others exhibit a strong correlation in stripes that
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do not pass through the center of the 2PCF map. We conducted a simple hand scan of the 2PCF
plots to identify those with visible anisotropies, and coarsely estimated their ay,.x orientation. We
matched any evident orientations of anisotripies in the images with the closest of ten orientations
that were overlaid as lines on the images at evenly separated angles. Two participants independently

scanned all images and their results were broadly consistent.

For those of 2PCF images identified as having visible anisotropy (~ 40% of images), we denote the
hand-estimated orientation of this anisotropy as Gmax. The results are summarized by the unfilled
histograms in Figurefor the orientations of PSF size correlations (top) and PSF shape correlations
(middle) along with the associated ground wind directions (shaded histograms). Scatter plots of
orientations &y versus the wind direction are in the bottom row. The estimated orientations dpax
have been projected from the image plane to local ground coordinates according to the altitude and

azimuth of each exposure. We see little evidence of correlation in any of the exposure series.

The 2PCFs of individual exposures are noisy and many have very low signal. Stacking the
2PCFs from multiple exposures (similar to the ensemble analysis from Section might boost a
signal of some common correlation if such a signal exists. Stacking the simulated 2PCFs in the
previous chapter was straightforward since all exposures were simulated in a common coordinate
system (local ground coordinates) since simulations were run at zenith. In data we need to account
for the varying telescope pointings throughout the image series. The 20151026 r-band data set
was an engineering test designed to measure the wavefront of the optical system as the telescope
swept through a wide range of altitude angles; we do not pursue stacking the 2PCF plots for these
images. The top two panels in Figure [5.5] show the altitude and azimuth angles for the remaining
three image series. We estimate the change in the image coordinate system from these altitude and
azimuth angle ranges by projecting a direction, fixed in ground coordinates, into image coordinates
for each telescope pointing. These results are shown in the bottom panel of Figure[5.5] We determine
that the =~ 10-20° change over the course of each exposure series is an acceptable amount of rotation

for our stacking purposes, given this is roughly the size of one angle bin in Figure

Figure shows the results of stacking the 2PCFs of PSF shape (top) and PSF size (bottom)
for each of the three image series. The solid black lines correspond to the ground wind direction,
averaged over the course of each observation and projected to the coordinates of the average telescope
pointing during observation. There is no consistent relationship between the angle of these lines and
the orientation of the 2PCF anisotropies. The scale of the angular separations probed by these
2PCFs are in between those analyzed in Section [£.5] so it is not clear whether the ground wind
direction or the free-atmosphere wind direction is the relevant point of comparison. We do not
have measurements of the free atmosphere wind direction, but we can use the weather forecasting
data as an estimate—we use a wind profile from the night of 2018/12/18 from the NOAA Global
Forecasting System (GFS). The average direction from this profile is shown in all panels in Figure[5.6]

as a dotted black line, projected in the same way as the ground wind direction. There is no consistent
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Figure 5.6: Stacked two-point correlation functions of PSF shape (top) and size (bottom) for three
exposure series (20181218 g band, left; 20140212 ¢ band, middle; 20181218 z band, right). Overlaid
lines correspond to wind directions: solid black lines are the average ground layer wind direction,
projected to the sky according to the average telescope pointing for each series; dotted lines for all
panels is the 3AM wind direction on 2018/12/18 from the NOAA GFS Analysis, averaged across
the free atmosphere and projected to the sky according to the average telescope pointing for each
series.

relationship between this estimated free atmosphere wind and any anisotropies the stacked 2PCF

images.

5.4 Discussion

The analysis of two-point correlation function anisotropy in DECam wavefront data showed no
evidence of the dependence on wind direction found in Chapter [ We discuss here the significant
limitations of this analysis. As briefly discussed in Section [5.2] it is likely that the data processing,
which aimed to remove static components of the wavefront, also removed wavefront contributions
from the atmosphere that were common across the field of view. This would include effects on large
scales from the ground layer, which were largely responsible for the persistent anisotropies found in
simulation; thus it is perhaps not surprising that the ground wind direction was not predictive of
anisotropies in the 2PCFs from the processed DECam data. On the small scales, we are limited

by the binning of the data we received; each bin is ~3arcmin wide, so we are not sensitive to
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correlations at the separation distances found to be related to the free atmosphere wind direction.
Given these complications in the data, it is not possible to draw conclusions about the presence,
or lack thereof, of correlations between the two-point correlation functions of the PSF at CTIO with

the wind directions at the time of observation.

Future work

It is possible that the atmospheric signal removed in the procedure described in Section [5.2] can
be added back into the data, after static contributions have been removed. This signal would
be in the §; terms — i.e., the average Zernike amplitude for each exposure. However, the out-of-
focus images described here were recorded with the active optics system (necessarily) turned off,
which means the §; terms may contain significant optical distortions to the wavefront as well as
the atmospheric components. The optical wavefront estimated from the wavefront decomposition
described in Section can also be used to remove the optical PSF from in-focus (active optics on)

images (Davis et al., [2016)); an analysis of this type of data may be promising to explore.



Chapter 6

Temporal evolution of the PSF at

Cerro Pachon

6.1 Motivating questions

The work described in the thesis so far has focused on exploring the spatial correlations in the
PSF across a wide field of view—in particular the spatial correlations we might expect for Rubin
Observatory. Temporal correlations in the PSF are also of relevance. The following two related

questions motivate the analysis described in this chapter.

1. Rubin has shorter exposures than previous wide-field galaxy surveys—30s for each VisitE] The
atmospheric PSF is very dynamic and featureful on short time scales due to the nature of
turbulent structure in the atmosphere. The first step to interpolating and correcting for the
PSF, before measuring shear from galaxy images, is to model the size and shape of the PSF
itself. How quickly during an integrating exposure do these dynamic features “average out” in

the atmospheric PSF to leave a smooth and stable intensity profile?

2. On what time scale does the PSF stay correlated with itself? In other words, how much
temporal correlation (in contrast to spatial correlation across the focal plane) do we expect

between the values of the PSF parameters in back-to-back Rubin exposures?

To explore these question we use short-exposure images from the Zorro speckle imager, an in-
strument mounted at Gemini South observatory (near Rubin, on Cerro Pachén). The Zorro speckle

imager on Gemini South (and its identical companion, 'Alopeke, on Gemini North) is used primarily

1t is still to be decided whether these 30-s images will be divided into two 15-s “snaps” or a single 30-s exposure.

111
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for validation and characterization of exoplanet targetsﬂ Speckle imaging enables direct observa-
tion of binary star systems with separations from 0.02 to 1.2 arcsec; via speckle interferometry, the
individual stellar masses and binary orbital periods can be estimated from their color, separation,
and position angles. Speckle instruments deliver images with high temporal and spatial resolutions;
these features are necessary for the interferometric studies of exoplanet candidates, but also provide

the opportunity for novel analyses of the turbulent atmosphere on short time scales.

We describe the Zorro instrument and data in more detail in Section In Section we
describe how we simulate speckle observations using PSF-WEATHER-STATION parameters. The PSF
analysis is described in Section[6.4] The main results are presented in Section [6.5] followed by further

studies in Section Conclusions are summarized in Section

6.2 Fast PSF images from the Zorro speckle imager

In this section, we summarize the thorough description of the Zorro speckle imager and capabilities
from |Scott et al| (2021). The Gemini telescope provides an input beam to Zorro; the beam is
collimated and split, through a dichroic element (break at 674 nm), into “red” and “blue” beams—
see Figure [6.1] These beams each pass through a filter wheel and into a camera; the simultaneous

operation of two optical channels is a key aspect of the instrument for exoplanet follow-up.

A speckle image from Zorro, with the settings for the data we will describe in this thesis, consists
of a 256 x 256 pixel region, centered on the star (or binary stars) of interest. With the approximate
pixel scale of 0.01 arcsec pixel ™!, these images are ~ 2.5 arcsec on a side. In addition to the high
spatial resolution of the detectors, the Zorro instrument is capable of very short exposures due to
the camera specifications. The red and blue beams are imaged by two identical Andor iXon Ultra
888 EX EMCCD cameras. These have electron-multiplying CCDs (EMCCD): before CCD readout,
photoelectrons in these detectors are accelerated in a high-voltage region containing hundreds of
electrodes. The impact ionization creates an avalanche of additional charge, and the signal can be
amplified up to several thousand times. In electron-multiplying mode the detectors are sensitive to
single photons and have read noise of < 1 electron (because the exposures are so short, the dark
current is negligible). The CCDs are frame-transfer CCDs, operating shutterless with high-speed

readout. In this way, Zorro can take series of 60 ms exposures with fast 20 MHz readout.

Transmission curves for different components of the instrument are shown in Figure [6.2} the
observations described in this thesis use the narrow filters centered at 562 nm and 832nm. Curves

for the dichroic element, the Gemini telescope, and the EMCCDs are also shown.

2The exoplanet targets are from the NASA Kepler, K2, and Transiting Exoplanet Survey Satellite (TESS) missions,
and those discovered by precision radial velocity and other measurements.
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Figure 6.1: Instrument diagram showing components of the Zorro imager with main parts labeled.
The dichroic element splits light into two beams, which pass through red and blue filters and are
then imaged by the EMCCD cameras. Figure from [Scott et al.| (2021).
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Figure 6.2: Transmission curves for various components of the Zorro instrument mounted on Gemini
South. The dichroic element divides the incoming beam at 674 nm into a blue channel (dark grey
curve) and a red channel. Each channel is instrumented with a filter wheel with two narrow-band
filters for speckle observations; the data discussed here use the filters with transmission curves
centered at 562nm (light green) and 832nm (dark red). Figure from [Scott et al.| (2021)
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6.2.1 Zorro observations and targets

For the case of speckle interferometery, a single observation corresponds to data taken during one
minute of observation: 1000 of these short 60 ms-exposure images. For bright targets and point-
source calibration stars (which we refer to as “PSF standard stars” ), one observation may be sufficient
for the interferometery analysis; fainter targets (to be classified as either single or binary systems)
require a set of multiple minute-long observations to reach the desired signal-to-noise ratio Howell
& Furlan| (2022). We will use observation to refer to a series of exposures, regardless of how many

exposures (1000 or more) it is composed of. The data used here correspond to
e 117 observations of PSF standard stars each with an observation length of 60s;
e 61 observations of fainter science targets each with an observation length of 300s.

All data were taken between May 2019 and November 2019. Both observation types are useful
in different ways: the PSF standard stars are bright, confirmed single sources, whereas the longer
observations of science-target stars give us a longer sampling time of the atmosphere. We have
simultaneous observations in both 562 nm and 832 nm filters so we have 2x117 and 2x 80 observations
of PSF standards and science targets, respectively; however, because these observations are sampling

the same atmosphere, they are not independent observations of turbulence structure.

6.2.2 Data selection and processing

The 117 PSF standard-star and 61 faint science-target observations correspond to data that passed
our selection criteria. Since we will eventually fit a model to the intensity profile of these PSFs
images to estimate the PSF parameters (size and shape), we require that we have information about
the wings of the PSF. Therefore, we select data based on the criteria that the PSF size (FWHM)
plus the standard deviation of its centroid motion across the observation does not exceed half the
image (128 pixels). In addition, we select for observations at airmass < 1.3.

We describe two ways that we artificially integrate the exposures before extracting the PSF
parameters from the images. In the first method, we stack exposures from a single observation to
produce images of the PSF for a range of integration times. Figure [6.3| shows a selection of these
integrated images from a randomly selected observation of a PSF standard star. Speckles, formed by
refraction through turbulent structure in the atmosphere, are evident in the single exposure image
in the top left panel. As the integration time increases the speckle structure is washed out and a
smoother PSF profile forms.

The second method is demonstrated in Figure and Figure 6.5 Rather than accumulating
an integration over all exposures within an observation, we bin the 60 ms exposures into shorter
consecutive time intervals and stack the images in each time interval, forming images for back-to-

back exposure times less than the total for the observation. In Figure for example, the same
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Figure 6.3: Example Zorro observation of a PSF standard star in the filter centered at 562 nm.
Individual exposures have been stacked to produce a view of the PSF for integrated exposure times
between 0.06s and 60s.
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Figure 6.4: Example Zorro observation of a PSF standard star in the filter centered at 562 nm.
Individual exposures have been stacked to produce PSF images corresponding to four contiguous
15-s exposures.
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Figure 6.5: Example Zorro observations of a faint science target in the filter centered at 562 nm.
Individual frames from a 300-s observation have been stacked to produce PSF images corresponding
to ten contiguous 30-s exposures.

PSF standard observation as Figure [6.3] is binned into four 15-s integrated exposures. For each
consecutive pair of 15-s images, we can see subtle variations in the shape of the PSF. Figure [6.5
shows the same procedure carried out on a randomly chosen observation of a faint science target,
this time with each image corresponding to a 30-s integrated exposure.

In Figure we show the distributions of measured PSF FWHM and airmass for all the selected
data (grey histograms), separated into PSF standard stars (top panels) and science targets (bottom
panels). The PSF size is measured on each 30-s integrated exposure within the observation; i.e.,
twice for the PSF standard stars and ten times for the science targets. In the next section we will

describe the simulated observations whose distributions are shown in blue hatched histograms.

6.3 Simulated observations

We simulate Zorro-like observations with the GalSim implementation of the simulation method de-
scribed in Chapter [3] using PSF-WEATHER-STATION input parameters corresponding to the location
of the Gemini South observatory and the time period between May 2019 and November 2019 over
which the data were taken. The simulated images match the specifications of the Zorro images: ob-
servation series of 60-ms exposures with 0.01 arcsec pixel scale. The Gemini mirror diameter (8.1 m)

and obscuration (13%) are used as inputs to the simulation. Unlike the PSF simulations described
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in Chapter [4] for which we used the “photon-shooting” method (ray-tracing approximation) in gen-
erating the PSF images, the simulations here use the full Fourier-transform method; including the
wave nature of light is necessary to produce the characteristic speckle patterns of short exposures.
The Fourier method is slower and more computationally intensive than the photon-shooting method;
however, as we are simulating single stars here, rather than the 50k stars per exposure in Chapter [4]

the Fourier method is very computationally tractable.

The simulations were run off zenith, with airmass values chosen from the data distribution (grey
histograms in Figure and azimuth chosen randomly (in simulation the azimuth angle is only
used in the transformation of wind parameters from local ground coordinates to pixel coordinates—
see Section . The outer scale was, for each of six phase screens in the simulation, randomly
chosen from a log normal distribution with median Ly = 25m truncated below 10m and above
100m. We adjust the total seeing from PSF-WEATHER-STATION outputs to match the measured
distribution of atmospheric seeing values at Cerro Pachén from the LSST Science Book (LSST
Science Collaborations & LSST Project, [2009), and use a Gaussian with FWHM= 0.35 arcsec to

account for optical and sensor contributions to the PSF.

The simulations needed for this study are of significantly longer exposure times than those in
Chapter [} 60s and 300s compared to 30s. This has the potential to be a computational problem
depending on the phase screen setup of the simulation. As described in Chapter [3 the simulations
use phase screens (2D arrays) that are translated over the telescope aperture, according to some
wind speed, during the course of the exposure. The phase screens typically “loop” — i.e., they use
periodic boundary conditions (PBC); otherwise, as described in Appendix [C] the storage demands
of the large arrays can become prohibitive. We explore the effect of the PBC method in Appendix[C]
and determined that this method does not introduce bias in the parameters of simulated PSFs when
compared to those from simulations run with phase screens large enough to avoid PBC (no looping).

This enables us to simulate observations of 300s, which would otherwise be too memory-intensive.

The simulated observations are processed in the same way as the Zorro data, including the
selection based on size and centroid motion. We ran ~ 150 simulations of both standard-star and
science-target observations; we randomly sampled from those that passed the selection step to match

the number of datasets.

The distributions of PSF size and airmass for the simulated observations are shown in Figure [6.6]
as blue hatched histograms. The simulated PSFs are smaller on average than those in the Zorro
data. This could be due to a real optical contribution in the Zorro images that is larger than the
optical component we assumed in the simulation — a Gaussian with FWHM of 0.35 arcsec. Another
possibility is that there is significantly more image motion in the data than the simulated images—
this is described in more detail in Section [6.6.21

Figure [6.7, Figure [6.8] and Figure [6.9) show simulated data processed in the same ways as the
Zorro data in Figure [6.3] Figure [6.4] and Figure [6.5] The most stark difference between the sets of
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Figure 6.7: Example simulation of a series of speckle images for a wavelength of 562 nm. Individual
exposures have been stacked to produce a view of the PSF for integrated exposure times between
0.06s and 60s.
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Figure 6.8: Example simulation of a speckle series at A = 562 nm; individual exposures have been
stacked to produce PSF images corresponding to four contiguous 15-s exposures.

figures is the background level—in all cases, the white end of the color scale in the images is fixed
at zero. This difference is due to the fact that the simulated observations are generated without
a background level. The simulated PSF images in Figure retain features from the speckles for
longer integrated exposure time than the data—the 15-s image still has some visible patterns within
the central core. The 30-s PSF images in Figure on the other hand, show much less variability
over the 300s than the data in Figure [6.5

6.4 PSF parameter fitting

In the previous section, we made some qualitative observations on the behavior of the PSF by in-
specting the series of PSF images produced by binning or gradually integrating individual exposures.
To draw more quantitative conclusions, we extract information about the PSF parameters—we again
use PSF size and shape. In this section, we describe the parameter fitting method and explore its
performance and results on both data and simulation.

There are two general ways to estimate the size and shape parameters of the PSF: second moments
and profile fitting. In Chapter [f] for example, we used weighted second moments. In this case, we
will use profile fitting, which is motivated by the potential to use the high-resolution profiles from
the Zorro data to compare the performance of various models of PSF profiles—e.g. Kolmogorov
and von Karman profiles, which are the analytic shapes predicted for an infinite exposure through
Kolmogorov or von Karméan turbulence, respectively. We performed the fitting with the LMFIT
PYTHON packageﬂ using GalSim implementations of Gaussian, Kolmogorv, and von Karman profiles.
The fit parameters are the PSF size (FWHM), shear parameters e; and es, a background level (1-2
orders of magnitude lower than the signal), total flux, and centroid location z,y on the image. We

note that the analyses in this chapter use a slightly different definition of ellipticity than the previous

Shttps://1mfit.github.io/lmfit-py/
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Figure 6.9: Example simulation of a series of speckle observations of a fainter star at A = 562 nm.
Individual frames from a 300-s observation have been stacked to produce PSF images corresponding
to ten contiguous 30-s exposures.

1-q
14+q°
of the minor to major axes of the ellipse described by the second-moment matrix (see Equation [1.27]).

chapters—the magnitude of ellipticity here is defined as |e| = where ¢ is the ratio of the length

The von Kédrman profile has an additional fit parameter, the outer scale L.

We ran preliminary tests with simulated images of a simple Kolmogorov profile. We generated
200 of these images, each with a different realization of Poisson noise, and ran our fitting method
on each. The distributions of the best-fit values for the PSF parameters and the background level
are shown in Figure the vertical line on each plot indicates the input value for the simulations.
The PSF shape parameters, as well as flux and centroid x, y (not shown), are robustly recovered, but
we see a systematic underestimation of the background level and an overestimation of PSF FWHM.
These parameters are degenerate to some degree—their values in the fit are negatively correlated
with a correlation coefficient of p ~ —0.4. Nevertheless, as the bias in estimated FWHM values is
only = 0.01 arcsec (compared to the true FWHM of 0.60 arcsec), we deem this fitting method to be
accurate enough for our purposes in this chapter.

We ran a similar fitting test with von Karman images and a von Karman profile fit; in this case,
the Ly and background parameters are highly degenerate, with a correlation coefficient of p ~ 40.75.
This indicates that Ly most affects the wings of the PSF. Therefore, the PSF wings are confounded
with background level, and we cannot reliably recover a Ly estimate from these images; we focus on

Gaussian and Kolmogorov (Ly = c0) profile fitting in what follows in this chapter.

We compare the fits to Gaussian and Kolmogorov profiles on the Zorro data and simulations.

1

The Kolmogorov profile is defined in Fourier space, for spatial frequency k in radians™", as the
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Figure 6.10: Fit parameters recovered from test simulations of Kolmogorov PSFs with different
random noise realizations. Black vertical lines indicate true values input to the simulations.

transfer function

T(k) oc e”PH)/2, (6.1)

where D(k) is the wavefront phase structure function (see Section [2.3]and Equation [2.23] or Roddier

(1981)): ”
D(k) :6.88( Ak ) . (6.2)

2’7‘(’7‘0

In Figure we show images for 1-s exposures for a PSF standard star for Zorro data (left top
image) and simulations (left bottom image), and the corresponding fits to Gaussian (middle column)
and Kolmogorov (right column) profiles. The bottom row in each panel shows the “pull” of the model
and data, defined as the difference between the best-fit model and the data (model value minus data

value), divided by the square root of the data, where the data is the number of detected photons.
For the fits to data in the top panel of Figure the Kolmogorov seems to better capture the

bright core and heavier wings in the data than the Gaussian model, whose pull image shows rings
of alternating under- and over-estimation of flux with increasing radius. The simulation fit results
(bottom panel) are more consistent for the Gaussian and Kolmogorov models but the Gaussian
model appears to perform marginally better. Away from the core, we observe higher pull in the
simulation than the data; this is likely in part due to smaller pixel values, thus smaller values in the
pull denominator, at those locations. In both cases, the pull distributions exhibit the small-scale

speckle patterns in the images, which the smooth profiles do not model.

In Figure we show the results of fits to 60-s exposures of PSF standard stars. The speckles
in the data have been nearly washed out at this exposure time and the observations drawn from
Figure [6.11] are more obvious in the pull distributions. The Kolmogorov fit to the data performs
better than the Gaussian model, while the Gaussian model better describes the simulated image. One

dimensional profiles through the center of each image are shown in Figure for the 1-s and 60-s
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Figure 6.11: PSF profiles for a 1-s exposure (at A = 562nm) for (a) Zorro data and (b) simulation.
From left to right in the top panels are images of the PSF, the best-fit Gaussian model, and the
best-fit Kolmogorov model. The bottom plots show the “pull” for each fit, defined as the difference
between the best-fit model and the data, divided by the square root of the data, where the data is
the number of detected photons.
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Figure 6.12: PSF profiles for a 60-s exposure (at A = 562nm) for (a) Zorro data and (b) simulation.
From left to right in the top panels are images of the PSF, the best-fit Gaussian model, and the
best-fit Kolmogorov model. The bottom plots show the pull distribution for each model.
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Figure 6.13: One-dimensional slice through PSF profiles (grey points) and best-fit models (Gaussian,
red; Kolmogorov, teal) for (a) Zorro data and (b) simulation. Top and bottom panels for each of
data and simulation show the PSF profiles for 1-s and 60-s exposures, respectively.
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images for data (top panels) and for simulation (bottom panels). These show more clearly the width
and height of model profiles compared to the measured or simulated profile. For a 60-s exposure, the
Gaussian model in red cannot capture both the wings and the central peak accurately—to match
the width of the peak the Gaussian would necessarily underestimate the flux in the tails—and so
compromises on both in the fit.

For the rest of this chapter we use PSF parameter measured on images using the Kolmogorov
profile model (for both data and simulation), as it more accurately describes the data and is more

physically motivated than the Gaussian model.

6.5 Time scales of PSF variation

We outlined questions of interest for Rubin Observatory regarding the temporal behavior of the at-
mospheric PSF in Section With the PSF parameters measured from both Zorro and simulated
images of varying exposure times, as described in the previous sections, we are now equipped to ex-
plore how 1) the atmospheric PSF evolves with exposure time (Section and 2) the atmospheric
PSF is temporally correlated with itself (Section .

6.5.1 Smoothing

We will first explore the evolution of the PSF during an integrating exposure using measurements
of the PSF on a series of images such as those shown in Figure [6.3] and Figure [6.7] Because the
short exposure images are significantly noisier for observations of faint science targets, we include
only the PSF standard-star observations in this analysis. Apriori we expect the atmospheric PSF
ellipticity to decrease with integration time since the shape of an instantaneous PSF depends on
the structure of turbulence that the wavefront passed through; because the structure is rapidly and
randomly changing, the integrated PSF should get rounder. However, we do not expect the size of
the instantaneous PSF to vary significantly over the course of an exposure because the size is set not
by the specific structure of turbulence but by the spatial scales of variation of the turbulence field
(ro and Lg). One effect that could increase the PSF size with integration is image motion, caused
by evolution of the wavefront “tilt”, which leads to motion of the centroid of the PSF.

Scatter plots of the PSF ellipticity components e; and es for each PSF standard-star observation
are plotted in Figure for Zorro data (top) and simulations (bottom), for integrated exposure
times of 0.06, 1.1, 14, 37, and 60s. The cloud of points in each scatter plot shrinks in size with
increasing exposure time, as we expect. However, we find that the spread in e; and es, and therefore
the magnitude of the ellipticity, is significantly larger in Zorro data than in simulations across all
exposure times; in other words, the simulated PSFs are much rounder, on average.

We investigate the ellipticity dropoff with exposure time, and the difference between data and

simulation, further in Figure [6.15] The PSF ellipticity magnitude e is now plotted as a function
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Figure 6.14: Scatter plots of PSF shape parameters e; and eq for observations (top) and simulations
(bottom) of PSF standard stars, with increasing exposure times from 0.06s to 60s, from left to
right. Observation wavelengths are A = 562 nm (blue points) and A = 832nm (red points).

of integrated exposure time, where the data points correspond to the median ellipticity across all
observations at approximately logarithmically increasing exposure times. The shaded regions show
the 25th to 75th percentiles of the measurements. We observe that the spread in ellipticity magni-
tude is much larger in Zorro data (top panel) than in the simulations (bottom panel). The Zorro
measurements in the redder filter show more elliptical PSFs on average than those in the bluer filter;
this is consistent with smaller PSF sizes expected at longer wavelengths.

Each curve on the plot is a power-law fit to the median ellipticity e as a function of exposure
time fexp, of the form

e(texp) = DTS

exp*

(6.3)

The value of the exponent from the fit is a =~ —0.1 for the Zorro data and a ~ —0.2 for the
simulations—i.e., we find that the PSF ellipticity decreases fractionally more quickly in simulations
than in Zorro data, in addition to having lower values at all exposure times.

Figure shows the evolution of PSF size with increasing integrated exposure time. As we saw
in Figure the median PSF size (as well as the spread in sizes) is larger for Zorro data than in
the simulations for all exposure times. The Zorro data show a slight increase in median PSF size
over the course of the exposure, while in simulation the median size is approximately constant. This
difference could be due to image motion being relatively larger in the data; we discuss the impact
of image motion in Section [6.6.2 The relative size of the PSF in the different filters follows the

expected trend in both data and simulation—i.e., the median size is smaller for redder wavelengths.



128 CHAPTER 6. TEMPORAL EVOLUTION OF THE PSF AT CERRO PACHON

Data
0.08 - a=—0.10; A =832nm |
a = —0.10; A = 562 nm

© 0.06 [ A 2 e i
iy ® - & @
= a o
E a ®
= =
S004p ° ® ° o 5 o = & 8
= @ © o) o ) _

0.02 - -

Il
T
Simulation
0.08 - o =—0.21; A =832nm 7

a = —0.19; A = 562 nm

v 0.06 |
o
e

20004 4
5]

i (]
0.02 £ g 23 ® - i
g 2 o °
O
o
1 1 Il O 9 Q C
1071 10" 1ot

Exposure time (s)

Figure 6.15: PSF ellipticity magnitude e as a function of increasing exposure time (from 0.06 s to 60's)
in Zorro data (top) and simulations (bottom) for PSF standard-star observations. Dots represent
the median ellipticity and shaded regions span the 25th to 75th percentiles of the ellipticity values.
For each observation wavelength (A = 562nm, blue; A = 832nm, red), the curves show the best-fit
power law; the corresponding values of the best-fit exponent a are shown in the figure labels.
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Figure 6.17: PSF size (left) and shape parameters e; (middle) and ey (right) for Zorro data (top)
and simulations (bottom) for PSF standard-star observations. In each scatter plot, each point
corresponds to the values of PSF parameters for two consecutive 30-s exposures with the PSF
parameter measured from the first 30-s exposure plotted on the horizontal axis, and the parameter
from the following 30-s exposure on the vertical axis.

6.5.2 Temporal correlations

We now address the second question introduced in Section how correlated are parameters of
the PSF from one exposure to the next? Following the same reasoning described in the previous
section, we expect the PSF size to be very temporally correlated and the PSF shape to be mostly
random from one exposure to the next.

We focus on 30-s exposures in this section, to match the Rubin exposure time. We begin with
the PSF parameters measured from back-to-back 30-s exposures from the PSF standard-star ob-
servations. The correlations between parameters in successive exposure are shown in Figure [6.17
As expected the PSF sizes (left panels) show strong correlation—tighter in simulation than data,
consistent with the results in Figure The scatter in this relation for data increases for larger
PSFs. PSF shape parameters e; and e; show a strong correlation between successive exposures for
the Zorro data, while there is no evidence of correlation in simulations, where the spread in shape
parameters is much smaller. Note that even for Zorro data, the evidence for correlation would be
much weaker if we considered for the first 30 s only values of |e;| that are comparable to the values

observed in simulations.
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science targets. Pearson correlation coefficients for each parameter are evaluated across pairs of 30-s
exposures within each of 61 300-s observations. Points show median correlation and shaded regions
span the 25th to 75th percentiles (estimated with a jackknife method).
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We explore the unexpected correlations in PSF ellipticity further using the 61 faint science-target
observations. We divide the 300-s total observation time into 10 consecutive 30-s PSF images. We
calculate Pearson correlation coefficients between each pair of 30-s PSF images, with the jackknife
methodﬂ The results are shown in Figure where the correlation coefficients have been plotted
as a function of the separation At between the beginning of one 30-s exposure and the beginning of
a later 30-s exposure. The points are the median correlation coefficient over all jackknife samples
for all pairs of PSF's separated by the value of At, and the shaded regions span the 25th to 75th
percentiles of those same samples.

The simulation results (right panels in Figure are consistent with our prior observations
(based on Figure Figure and Figure : the small variations in PSF size, which
we observed to be highly correlated between consecutive 30-s exposures, remain highly correlated
between non-consecutive 30-s exposures; the (small) variations in PSF ellipticity component show
no significant correlation between any pairs of 30-s exposures.

The data results (left panels in Figure show very different trends from the simulation.
The PSF size correlation decreases throughout the 300s, with a final correlation coefficient of p ~
0.87—still highly correlated, but significantly less than in simulation. A possible explanation for
the different behavior of the PSF in simulation versus data might be that the turbulent phase in
simulation phase screens are all drawn with precisely the same 1y value; thus there is no cause for
evolution in PSF size. However, in reality r( is a local spatial average and, therefore, wavefronts
at different points in time during an exposure can sample turbulence with varying ro. While the
temporal correlation coefficients for the shape parameters in simulation are consistent with zero, the
shape parameters in data are strongly correlated in time; although they decrease with increasing
At, after 270s the median correlation coefficient is still > +0.75.

This result—persistent temporal correlations in PSF ellipticity—is not consistent with our ex-
pectations or simulations. Before drawing conclusions from these high correlation values, a thorough
investigation of potential systematic effects would be necessary. Though our goal in this work is
to understand aspects of the atmospheric PSF, other effects are unavoidable. The Zorro data were
recorded with an optical instrument, which contributes an optical PSF. Other potential sources of
noise or bias are present in a real telescope—for example, telescope “shake” due to wind, deforma-
tions in the optical system due to gravity, dome seeing, etc. We identify and explore some of these

potential contributions to the PSF in the next section.

6.6 Further studies: weather conditions and centroid motion

In this section we extend the analysis of the Zorro data, and simulated observations, beyond the

temporal behavior of the PSF. We first relate measured PSF parameters to observing conditions (the

4We repeatedly calculate the correlation coefficient over a subsample of the data, leaving just one datapoint out
of the sample each time. The jackknife is similar to, but predates, the bootstrap method.
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Figure 6.19: Distribution of wind speeds v (left) and directions ¢ (right) for data measured by the
Gemini South weather tower within 5 minutes of associated observation (grey shaded histograms) and
for simulations generated with input wind parameters from PSF-WEATHER-STATION (blue hatched
histograms).

wind speed and direction at the time of observation/simulation, and airmass) and then thoroughly

investigate the impact of image motion on PSF parameters.

6.6.1 Dependence of PSF parameters on observing conditions

We saw in Chapter[d]that the spatial correlation of the atmospheric PSF depends on both wind speed
and direction. Do parameters of individual PSFs also have such a dependence? We explore this
question using PSF parameters measured from 30-s observations and simulations of PSF standard
stars. The wind speed and direction at Gemini South are recorded by the weather tower every five
minutes; therefore, we are able to match each Zorro observation with a measurement of wind speed
and direction taken within 2.5 min of the images.

The wind speed and direction distributions are shown in Figure for both the Gemini South
data (grey shaded histogram) and simulation input (blue hatched histogram). The distributions are
mostly consistent—Dby design, since PSF-WEATHER-STATION drew from the Gemini South weather
tower records for these simulations. The distributions of wind speed are slightly different, with
the simulation reaching higher speeds than the observations: Gemini South doesn’t operate with
winds much higher than 10m/s due to wind shaking the dome. The vast majority of observations
(and simulations) were taken when the wind direction was ~ 300 degrees (wind blowing from the
ocean), and a few were taken with wind direction a2 120 degrees (wind blowing from the mountains
to the ocean). In data, we expect warmer, more turbulent air when the wind is blowing from the
mountains compared to from the sea. The simulation, on the other hand, does not capture any

potential differences in turbulence strength and air temperature due to wind origin. Therefore, if
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the wind origin has an impact on any PSF parameters, we expect to see it only in the data.

We compare the PSF size, ellipticity magnitude, and image motion with the wind speed and
direction in Figure For this plot only, we plot PSF size adjusted for airmass (PSF size scales
as airmass raised to a power of 0.6). We characterize the overall amount of image motion within an
exposure using the standard deviation of the PSF centroid position, where the position is measured
on stacks of five 60-ms exposures for a more robust estimate. Since we are interested in any potential
dependences on wind direction, we color-code the points according to whether the wind is direction
is onshore (¢ > 240 degrees; teal) or offshore (¢ < 240; orange). The correlation coefficients on each

panel use both teal and orange data and are calculated with a jackknife method.

In all panels of Figure [6.20] wind speeds tend to be lower when the wind is offshore; in fact,
offshore winds do not exceed ~ 7.5 m/s. This trend is interesting to note; however, the wind direction

does not appear to have a significant effect on the PSF parameters shown in this figure.

The PSF size in data shows a positive but weak correlation with wind speed (p = +0.4 £0.1,);
no significant correlation is observed in simulation. This could be explained by wind shake in the
telescope, a phenomenon not present in the simulation; however, we do not observe a significant
correlation between image motion and wind speed (bottom left) in the data, which we would expect
if this were the case. The PSF shape in data has a correlation coefficient consistent with zero,
while in simulation there is a weak negative correlation, which is expected: because higher-speed
winds blow turbulence more quickly across the aperture, the resulting PSF's have seen less correlated
turbulence leading to smaller values of ellipticity. Image motion in the data does not show a clear
dependence on wind speed, while in simulation there is a very weak and not very significant negative
correlation—similarly to the case of PSF shape, the wavefront may have smaller overall “tilt” when

it has seen turbulent phases that are less correlated.

The size and shape of the PSF may also depend on the airmass of the observation; at larger
airmass, light travels through a larger volume of air, which can increase the size of the PSF (as
discussed in Chapter [2). The PSF shape can also be affected because light is refracted by the
atmosphere slightly more, or less, depending on wavelength; this effect, called atmospheric chromatic
disperion, smears the PSF slightly along the zenith direction. However, because the Zorro filters
are rather narrow, this effect is likely too small to measure on the ~200 PSFs analyzed here,
given the many other sources of variation in PSF shape. We compare the PSF shape and size to
airmass in Figure [6.2I} PSF parameters are measured on the first 30-s image for both types of
target observations for Zorro data and for simulation. We do not observe a clear dependence of the
values of either PSF parameter on airmass. Though we expect PSF size to depend on airmass, it is
not the only determining factor; a large variation in atmospheric seeing could obscure the airmass
dependence. The lack of dependence of PSF shape on airmass is somewhat reassuring, in that the

we do not see evidence of distortions related to telescope pointing.
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Figure 6.20: PSF parameters (size, top; ellipticity e, middle; standard deviation of centroid position,
bottom) versus wind speed at the time of observation for Zorro data (left) and for simulations (right).
The color of each point indicates the wind direction ¢: teal points correspond to dominant on-shore
wind directions (see peak around 300° in Figure ; orange points correspond to off-shore winds

(peak around 120° in Figure [6.19)).
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Figure 6.21: PSF size and shape parameters from (left) all Zorro observations (both PSF standard
stars and faint science targets) and (right) simulations. PSF size (FWHM; top row) and shape (e;
bottom row) are plotted against airmass. The PSF parameters are measured from the first 30s of
the observation in A = 562nm (blue points) and A = 832nm (red points).

6.6.2 Impact of centroid motion

We now further investigate the impact that image motion has on measured PSF parameters, both
as an exploration and as a search for potential systematic effects in the data. Image motion for
each observation is evaluated as described in the previous section: the PSF position is measured on
stacked images of 0.3 s total integration time, so that the position is measured 100 times during a
30-s exposure and 200 times during a 60-s exposure. In this section we use only observations of PSF

standard stars.

Statistics of these positions, as measured on 60-s observations from data and simulation, are
shown in Figure the mean radial distance from the center of the image (left) and the standard
deviation of the positions (right). The standard deviation of the positions across each observation
quantifies the amount of image motion. The simulations exhibit shorter mean distances from the
center of the image than the data, which is not surprising given possible imperfections in telescope
pointing in data but not in simulations. Simulations show reduced image motion compared to data;
the peak in simulation values is roughly half that of the data. None of the panels show evidence
of wavelength dependent differences in position or motion; the mean positions in the blue and red
filters in the data are 0.15arcsec and 0.16 arcsec, respectively, and 0.06 arcsec and 0.05 arcsec in

simulation.
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Figure 6.22: Distributions of mean (left histograms) and standard deviation (right histograms) of the
radial distance of the PSF centroid from the center of the image across each of 117 60-s observations,
for all Zorro observations of PSF standard stars (top) and simulated PSFs (bottom). Observation
wavelengths are A = 562nm (blue shaded histograms) and A = 832nm (red shaded histograms).

It is not just the standard deviation of centroid position that is of interest, but also the frequency
of the motion—are there particular time scales on which the PSF is moving? A frequency analysis
could reveal any periodic motion, such as telescope shake, that is present in the data. Power spectral
densities (PSD) of image motion, for each of the 60-s observations, are shown in Figure for (a)
data and (b) simulation. Curves for observations in the blue (centered at 562 nm) and red (centered
at 832nm) filters are plotted in blue (bottom panels) and red (top panels), respectively. We do
not see peaks in the power spectrum at any particular frequency other than at very low frequencies
of ~0.025Hz (period of ~40s). This peak is visible in both simulation and data, so we do not
attribute it to effects not included in the simulations — e.g. telescope shake.

For the remainder of this section we relate PSF parameters to image motion; for relevance to
Rubin exposure times, we use only 30-s, rather than 60-s, exposures. In Figure [6.24] we show scatter
plots of measured PSF size (FWHM) and ellipticity magnitude e versus the standard deviation of
centroid position within each 30-s exposure, for data (left) and simulation (right). There is evidence
that PSF size is correlated with image motion in both data and simulation; in both cases, an increase
in PSF size from 0.5 arcsec vs 1 arcsec is associated with a 0.05 arcsec increase in standard deviation
of position—this is, very roughly, a 10% effect. The PSF ellipticity e, on the other hand, decreases as
image motion increases. There are two reasons we might expect this. As image motion increases the

size of the PSF, its ellipticity will decrease because convolution with an effective PSF due to motion
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Figure 6.23: Power spectral density (PSD) for the PSF centroid motion over 60-s observations for
(a) Zorro data and (b) simulations for A = 562nm (blue curve) and A\ = 832nm (red curve).
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Figure 6.24: PSF size and shape parameters from (left) Zorro observations of PSF standard stars
and (right) simulations. PSF size (FWHM; top row) and shape (e; bottom row) are plotted against
standard deviation of the PSF centroid motion. The PSF parameters are measured from both 30-s
exposures in each 60-s observation in A = 562 nm (blue points) and A = 832nm (red points).

makes the image rounder. The PSF shape in simulation, however, has the opposite dependence on
centroid motion compared to data. However, as we have already seen, the ellipticity magnitudes are
very different in data and simulation, with the average value of e being about an order of magnitude
smaller in simulation than in data. Since the simulated PSF's are already fairly round, more centroid
motion possibly serves to imprint more ellipticity rather than smoothing it out.

Up to this point we have treated image motion as a scalar quantity—how much is the position
moving—without considering the image coordinate directions along which the PSF centroid position
moves. Rather than the ellipticity magnitude, for this comparison we use the shape parameters ey,
describing PSF shape along image coordinates x and y, and ez, describing shape along the 45-degree
line. If image motion were the only driver of ellipticity, we expect that e; and es are set by centroid
motion along the relevant axes. For example, if the PSF centroid moves mostly along the = axis
we expect a PSF with e; > 0 and e; = 0. Or, if the PSF moves only on the x = y line, we expect
eo > 0 and e; = 0. To quantify the image motion along image coordinates = and y, we calculate
the second central moments of PSF centroid position: variance in the x-direction (02,) and the
2
Yy
Scatter plots of PSF shape parameters versus centroid second moments in data are shown in

y-direction (o7, ), as well as the covariance between x and y, ogy.

Figure[6.25] with correlation coefficients estimated using a jackknife resampling method. We capture

excess motion along either = or y by the difference of 02, and o2,. There is evidence of modest

yy-*
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statistically significant positive correlation between e; and o2, — 02, , and between ey and o2

vy Yy
Although increased image motion in data decreases PSF ellipticity overall, motion of the PSF centroid

along specific image directions acts to increase the relevant ellipticity component.
The scatterplots for simulation are shown in Figure we note that the axis limits are different

from those in the figure for data. The correlation results are similar for simulation and data, although

2

and between e and o3, ,

the correlation coefficients between e; and o2, — o2 are larger and more

Yy’
significant in simulation than in the data.

6.7 Wavelength dependence of PSF size

The size of the PSF is a wavelength-dependent quantity, as briefly discussed at the end of Sec-
tion The dependence on wavelength X is described by a power law, FWHM o AP. For pure
Kolmogorov turbulence, b = —0.2; as the outer scale decreases, the magnitude of b is predicted to
increase, with measured values as low as —0.4. The Zorro data provide an opportunity to measure
this power-law exponent, since the simultaneous measurements in two filters mitigates potential
contamination from time-dependent effects, allowing a direct measurement of . For a PSF FWHM

measured in filters centered at wavelengths A, and Ay,

_ log(FWHM,) — log(FWHM,.)

b= log(Ay) — log(Ar)

(6.4)

We calculate this value for each pair of simultaneous 30-s PSF's from observations of PSF standard
stars. Results are plotted as a function of FWHM,, in the left panel of Figure [6.27} we use the PSF
size as a proxy to probe the dependence of b on Ly. The projected histograms on the right show
distributions of the calculated values of b in data (grey shaded histogram) and simulation (hatched
blue histogram). The median measured values are b = —0.22 from data (grey line) and b = —0.18
in simulation (blue line). The Kolmogorov prediction is marked with the orange dashed line.

This measurement is very sensitive to systematic changes in PSF size. For example, the light
from each filter is measured on a different camera; therefore, small changes in the pixel scale for each
camera can skew the median measured b. We have used the pixel scale as calibrated during the first
half of 2019 as described in |Scott et al.| (2021); however, it is likely to drift during the 6-month span
that our data covers (May through October)—indeed, the calibration values listed for the latter half
of 2019 show a 3% decrease in pixel scale in the red filter and a 0.7% increase in the blue filter. Our
estimated magnitude of b would increase if this effect were taken into account (see Equation .

Image motion can lead to an error in the calculated value of b by increasing the PSF size for
both wavelengths, as we observed in Section [6.6.2] and thus reducing the apparent dependence of
PSF size on wavelength. If image motion is introduced by a non-atmospheric source, this effect

would also systematically decrease the calculated magnitude of b. We do not have an estimate of
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Figure 6.25: PSF shape parameters e; (top) and ez (bottom) versus second central moments of
the per-exposure PSF centroid position distributions for Zorro observations of PSF standard stars.
Centroid o3, — o2, (left) and o2, (right) are calculated from z and y PSF positions measured on
200 PSF images for 0.3-s exposures. PSF shape parameters are measured from the 60-s integrated
exposures. Pearson correlation coefficients are reported for observations at A = 562 nm (blue points)
and A = 832nm (red points) for each panel.
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Figure 6.26: PSF shape parameters e; (top) and ey (bottom) versus second moments of the per-
exposure PSF centroid position distributions for simulated observations of PSF standard stars.
Centroid o3, — o2, (left) and o2, (right) are calculated from z and y PSF positions measured on
200 PSF images for 0.3-s exposures. PSF shape parameters are measured from the 60-s integrated
exposures. Pearson correlation coefficients are reported for observations at A = 562 nm (blue points)
and A = 832nm (red points) for each panel.
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Figure 6.27: Measured values of the power law exponent b for the wavelength dependence A\® of PSF
size (FWHM), as a function of PSF size at A = 562nm. Each pair of simultaneous observations in
narrow filters centered at A = 562 nm and A\ = 832nm are used to estimate a value of b. Estimated
values of b from Zorro observations of PSF standard stars (grey circles and shaded histogram)
and simulations (blue crosses and hatched histogram) are shown in the scatter plots and projected

distributions. The median value of the exponent in data is b = —0.22 (grey line) and in simulation
is b = —0.18 (blue line), while the prediction from pure Kolmogorov turbulence (infinite outer scale)
is b = —0.20 (orange dashed line). See text for a discussion of potential systematic uncertainties in

these values of b.

the systematic uncertainties on our estimates of b, since the impact of both of the above effects on

the value is difficult to quantify.

6.8 Summary and future work

In this exploratory study we found high temporal correlation in PSF size across both data and
simulation, and high temporal correlation in PSF shape in data but not in simulation. Analysis of
image motion over the course of an exposure showed that the PSF size and shape at the end of the
exposure both depend on the motion. In particular, image motion contributed about 10% to the
PSF size in both data and simulation. Increased magnitude of image motion decreased the PSF
ellipticity magnitude in data, but motion of the PSF centroid along specific directions increases the

relevant ellipticity component, in both data and simulation.
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Future work

We found no evidence of particular sources of image motion in a frequency analysis; however, the
data showed much more motion than the simulated observations. To mitigate contamination from
contributions to this motion from telescope mis-centering, for example, we could stack the images by
aligning the PSF centroid of each image. Comparison with the results presented here may provide

insights into some of the discrepancies between data and simulation we observed.



Chapter 7

Conclusions and future work

7.1 Summary

In this thesis, I have described my work on modelling and characterizing key aspects of the atmo-
spheric point spread function: its anisotropic spatial correlations across a wide field of view during a
single exposure, its dependence on atmospheric parameters (wind speed, wind direction, turbulence
strength — all as a function of altitude), and its temporal evolution, including temporal correlations.
These studies address the goal of making accurate and precise measurements of cosmic shear with
large-field surveys such as the Legacy Survey of Space and Time (LSST) at Rubin Observatory. A
challenge for making unbiased measurements of two-point statistics of galaxy shapes is the develop-
ment of PSF modeling and interpolation methods that accurately capture the anisotropic two-point
correlations for PSF size and shape on different scales across the field of view. Robust and high-
fidelity simulated images provide an important tool for developing and testing improved methods

for PSF correction that perform to the desired accuracy for Rubin.

In Chapter 3| we presented a new software tool (PSF-WEATHER-STATION) for producing high-
fidelity correlated weather and turbulence parameters as input to atmospheric PSF simulations,
enabling realistic images of point spread functions across a wide field of view. The PSF-WEATHER-
STATION software package, configurable to any observatory, is public at https://github.com/
LSSTDESC/psf-weather-station| and includes installation instructions, documentation, and tu-

torial notebooks.

In Chapter 4] we used realistic, altitude-dependent weather and turbulence input provided by
the PSF-WEATHER-STATION package to simulate the atmospheric PSF across the Rubin Observatory
field of view and characterize the predicted two-point correlation functions (2PCFs) we can expect
for LSST. We explored the impact of the realistic weather conditions input to the simulations on

summary statistics of the two-point correlation functions, and found:
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1. The variance in PSF size and shape across a single exposure decreases as wind speed increases.

2. The values of the 2PCFs for PSF shape in a single exposure are of the same order as (or
larger than) the expected 2PCF's for cosmic shear over the range of angular separations used

in cosmic shear analyses: ~ few arcmin to ~ 100 arcmin.

3. There exist dominant wind directions at Rubin Observatory, which in turn lead to dominant
orientations of anisotropies in the 2PCF that is relevant for studies of cosmic shear (£ ).
At scales ~ 100 arcmin, these anisoptropies are due to strong correlations with ground-layer
wind direction; at scales ~ few arcmin, they are due to correlations with free-atmosphere wind
direction. These results can be understood in terms of the different angles subtended at

different heights by turbulent structure of the same physical scale.

Large scale correlations are more easily modeled than small scales, so the realistic treatment of
correlations in the upper atmosphere is important for development of new algorithms.

In Chapter [5| we repeat the 2PCF analysis on several exposures from the camera used for the
Dark Energy Survey (DECam), and find that the wavefront method for removing optical PSF effects
likely also removes part of the static atmospheric signal that leads to persistent correlations.

Finally, in Chapter [6] we explore time-dependent aspects of the PSF using novel speckle-image
datasets recorded at the Gemini South Observatory (near Rubin Observatory) and compare these
images with simulations generated with PSF-WEATHER-STATION parameters as input. We find in-
consistencies in temporal correlations in PSF shape between data and simulation. We demonstrate

that image motion plays an important role in generating PSF ellipticity.

7.2 Future directions for this work

7.2.1 PSF modeling and interpolation

We are now using PSF-WEATHER-STATION to generate simulations of LSST-like images of PSFs. We
are exploring different modeling and interpolation algorithms for the PSF profiles (polynomial fits,
Gaussian process interpolation), and measuring residual correlations. The next step for the LSST
Dark Energy Science Collaboration will be to propagate residual correlations to cosmology. This
work will allow us to set requirements on the accuracy we must achieve when using stars to model
and interpolate the PSF across the focal plane and will inform further development of state-of-the-art
algorithms.

The discussion in this thesis has focused solely on the second moments of the PSF—size and
ellipticity—but accounting for higher-order moments of the PSF during PSF modeling and inter-
polation will be necessary to achieve the stringent requirements on cosmic shear for future surveys
such as Rubin LSST (Zhang et al., [2021} 2023).
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7.2.2 Impact of persistent on-sky correlations on co-added images

Because of the dominant wind direction at Cerro Pachén, we expect to see a dominant orientation
of the anisotropy in the 2PCF for PSF size and shape with respect to the ground coordinate system,
across LSST exposures at Rubin Observatory. The mapping of wind direction on the ground onto
sky coordinates for each exposure depends on the pointing of the telescope. Therefore, the degree
to which the dominant orientation in the ground coordinate system will wash out when exposures
for a single field on the sky are combined depends on the observing strategy for the survey. Using
the observing strategy for the 300-square-degree DESC DC2 simulation, we find that the dominant
wind direction will translate to a persistent on-sky anisotropy; further study is needed to understand
the implications for the full LSST survey. PSF simulations produced with PSF-WEATHER-STATION

input can be used to study this question for a particular survey strategy.

7.2.3 Exploring impact of weather patterns on the atmospheric PSF

We have a tool, PSF-WEATHER-STATION, to link weather at the observatory with the atmospheric
PSF. There are weather patterns on large time scales that will impact the weather at Rubin Ob-
servatory to some extent, such as el Nino and la Nina. These refer to the large scale warming, or
cooling, of surface water in the Pacific, resulting in periods of increased, or decreased, temperature
and rainfall along the Western coast of South America, lasting from a few to tens of months. These
periods are predictable months in advance; understanding their impact on the PSF at Rubin could
potentially be used to inform the observing strategy of Rubin LSST. Based on meteorological records
of these phenomena, we can use PSF-WEATHER-STATION to draw on archival weather forecasting data

products during these periods and predict the resulting changes in the PSF.

7.2.4 Characterizing atmospheric turbulence using speckle images

In our analysis of the speckle data from the Zorro instrument we have utilized the high temporal
resolution; the high spatial resolution of the images remains unexplored. Fully resolved speckles
from refraction through atmospheric turbulence, like those imaged with Zorro, contain information
about the structure of that turbulence. Parameters of turbulence (e.g. 79, Lg) could potentially be

measured from a Fourier analysis of the speckle patterns.

Zorro has been regularly taking data since going online in 2019; those data are available on the
Gemini archive. Once we understand and quantify sources of systematic errors in the temporal
and/or spatial analysis of the speckle data, we could leverage the large quantity of data to conduct

statistically significant analyses.
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7.2.5 More precise numerical modeling of the summit environment

The atmospheric PSF simulations described in this thesis have higher fidelity than previous simu-
lations developed for ground-based, wide-field observatories; however, many approximations in the
treatment of turbulence remain. The approximations we have used are not valid near the ground
where turbulence is complex and non-Kolmogorov due to topographical effects and sources of heat.
Precise numerical simulations of turbulence in the telescope environment are possible using either
Reynolds-averaged numerical simulations and large-eddy simulations. These simulations are ex-
tremely expensive both in human and computer time — it is unrealistic to run these models for
anything close to nightly.

Instead, one can run a grid of these expensive simulations, sampling from the relevant envi-
ronmental parameters of temperature, wind direction, and wind speed, as well as variable dome
configurations: whether baffles are in place, and the strength of the inside fans. A Gaussian process
emulator to interpolate the 5-dimensional surface can be trained on these simulation results for fast
queries. This is still an expensive process: before simulations can be run, the simulation mesh of the
local topography must be set up and validated and dependence on boundary conditions understood.
An understanding of the accuracy desired from the numerical simulations—for example, the amount
of acceptable error in modeled turbulence given an accuracy requirement on the resulting PSF—is

an important prerequisite for an undertaking of this computational complexity.

7.3 Conclusion

We have many challenges on the road to fully leveraging the statistical promise of the Rubin LSST
data for high-precision measurements of cosmic shear. Vera C. Rubin Observatory is in final stages
of construction; commissioning of the telescope and camera is underway and soon the system will
collect its first “on sky” photons. The commissioning period is an exciting opportunity to explore,
test, and improve the capabilities of our instruments and algorithms before the survey begins in

earnest!



Appendix A

Global Forecasting Models for

psf-weather-station

As summarized in Section 3.2 multiple organizations around the world produce high-quality weather
models and forecasts; we focus here on those from the European Centre for Medium-Range Weather
Forecasts (ECMWF) and the National Oceanic and Atmospheric Administration National Centers
for Environmental Prediction (NOAA NCEP). Data products from these global models can be very
useful for studies of the atmosphere for astronomical applications. Here we summarize the types of
data available and considerations for their use in atmospheric PSF simulations.

Both ECMWF and NCEP make available two types of data: (1) analysis products are the best
estimate of the state of the atmosphere, produced by combining a numerical weather prediction model
with a variety of observations through a process called data assimilation; (2) forecast products are
the numerical predictions (based on initial analysis products) for some time into the future. Analysis
and forecast data are available in real-time (of use for weather forecasting) and as reanalysis data
products: state-of-the-art data assimilation and numerical modeling methods applied to archival
data (highly relevant for long-term climate monitoring)[ﬂ

The 5th generation ECMWF reanalaysis (ERA5) catalog covers the time period from 1940 to the
present and is extensively documentecﬂ (Hersbach et al [2020). ERA5 analyses are available hourly,
with forecasts initialized at 00h and 18h UTC. At the time of writing, all ECMWF archival data
(including ERA5) and subsets of real-time forecasts are available publicly under creative commong’]

All NOAA NCEP data are available publicly; real-time forecasts are from the Global Forecast
System (GFS), and several reanalysis efforts are available for specific time periodeﬂ The NCEP

LAll available atmospheric reanalysis datasets are summarized at |https://reanalyses.org/atmosphere/
comparison-table

“https://confluence.ecmwf.int/display/CKB/ERA5

Shttps://www.ecmwf.int/en/forecasts/accessing-forecasts/licences-available

“https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
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analysis products are available every 6h.

Data products are output on a uniform grid over the Earth’s surface, with resolution 31km
~ 0.28° for ERA5 and NCEP GFS, and 2.5° for NCEP reanalysis.

Data products are available at heights corresponding to specific levels of pressure rather than
specific altitudes. Since higher spatial resolution in the vertical direction allows for more accurate
capture of important wind gradients in the atmosphere, we use the output type with densest vertical
coverage — called model levels. ECMWF uses 137 model levels. NCEP uses 127 for the period since
February 3, 2021, and 64 prior to that time. Model levels follow terrain at the Earth’s surface,
and the conversion to altitude uses temperature and specific humidityﬂ This conversion has been
implemented in PSF-WEATHER-STATION following ECWMF documentation and example code.

We choose to use ECMWF data products because the temporal and spatial resolution of available
data is higher than for NCEP. In addition, ECMWF documentation is more detailed and accessible.

Shttps://confluence.ecmuf .int/display/CKB/ERA5%3A+compute+pressure+and+geopotential+on+model+
levels),2C+geopotential+height+and+geometric+height
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Appendix B

Gallery of simulated PSF

parameter correlations

In this appendix, we provide a more extensive gallery of outputs from the simulations, based on Ps-
FWS inputs, described in Chapter 4] Similar to Figure in the main text, Figure Figure
Figure and Figure [B.4] together show PSF shapes and their spatial two-point correlation func-
tions from 32 randomly sampled simulated exposures. Each simulation output is summarized in
a trio of panels: “whisker” plots showing PSF ellipticity—the orientation of each line corresponds
to the orientation of the major axis of the PSF shape, while the length and color contrast are
proportional to the magnitude of the ellipticity e—across the focal plane (top), and the two-point
correlation function of PSF shape, £ (6, «), at ~ 100- arcmin separations (middle) and ~ 5- arcmin
separations (bottom). The color scales are common across each pair of 2PCF images.

The wind speeds and directions are indicated by the white vertical lines: the value of the angle
corresponds to the wind direction, and the length of the line is proportional to the wind speed. The
ground wind is shown on the ~ 100 arcmin separation image; the line length is relative to a wind
speed of 25m/s for the full height of the plot. The speed-weighted average direction of the free
atmosphere wind is shown on the ~5arcmin panels; the line length is relative to a wind speed of
65m/s.
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Figure B.1: Summary of simulated PSF shapes for eight PSFWs simulations. See text for details.
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Figure B.2: Summary of simulated PSF shapes for eight PSFWSs simulations. See text for details.
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Figure B.3: Summary of simulated PSF shapes for eight PSFWs simulations. See text for details.
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Appendix C

Simulation tests

The atmospheric simulation methods described in Section become intractable in the long
exposure regime: for an exposure time 7', one must generate phase screens that are of size ~ T' X Uax,
where vpax is the maximum speed for any of the simulated altitudes; typical values from PSF-
WEATHER-STATION are vnmax &~ 50m/s. In GalSim, a square array of optical turbulence strength
values—i.e., phase shifts—sampled from the von Kérmén power spectrum is stored in memory.
The spatial resolution of these phase screens is given by the screen_scale parameter, whose value is
roughly that of the Fried parameter, 0.1 — 0.2m. For a nominal Rubin exposure time of T' = 30s,
we thus need to store a set of phase screen arrays of dimension N2, with N ~ 1500m/0.1 m = 10*.
This memory use scales as T? (since N ~ T). Therefore, going from an LSST exposure to a DES
exposure, for example, results in a factor of ~3 longer exposure time or a factor of 9 increase
in memory requirement. This is just doable on computing clusters with large memory allocations;
however, longer exposure times such as the 300 s simulations described in Chapter [6] or more modest
memory availability, would present significant hurdles.

In this appendix, we describe two different approximation methods that reduce memory require-
ments. We ran simulations to quantify the effect of each approximation on the PSF statistics relative
to the standard simulation method, which we denote as the “full” simulations.

The first approximation method uses GalSim-native periodic boundary conditions for the phase
screens. The phase screens are smaller than T X vya.y; when the simulation runs out of phase
screen during the exposure, it simply loops back to the beginning — wrapping the phase screen. We
refer to this method as a “wrap” simulation. This method allows a significant reduction in memory
requirements, since one can use phase screens that are multiple times smaller than T' X vy,.5; however,
the wrapping of the phase screen could introduce extraneous spatial correlations due to repeated
ray tracing through the same atmosphere — or at least similar atmosphere, depending on the exact
details of the wrapping and boundary condition implementation.

The second approximation uses the linearity in exposure time to reduce memory: given identical
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Figure C.1: Maximum memory usage in GB (left) and CPU runtime in seconds (right) for the three
sets of 50 test simulations (full, split, and wrap). For each set in each panel, the median value is
shown in red, the box spans a range that includes the two middle quartiles of values (i.e., the central
50%), and the error bars span all the data. Two runtime outliers (with runtimes ~ 10000s) are not
shown for the full simulation.

phase screens, simulating several short back-to-back exposures and stacking the resulting PSFs
should give the same result as one continuous exposure. Our implementation of the back-to-back
exposure method is approximate: the phase screen in the first short simulation is a cutout (i.e.,
a subsection) of the single, full phase screens, and the screens for the remaining exposures are
randomly generated from the same power spectrum—it is nontrivial to do otherwise given the
variety of wind directions, pixelization, and the delayed instantitation of the phase screen arrays in
GalSim. This method might result in a less correlated PSF than the wrap method, and relative to
the full simulation, but would decrease memory use linearly in the number of separate exposures
(which we call splits) used. We will refer to this method as: “split”.

We simulated 50 exposures of 10,000 PSFs on an LSST-size focal plan (3.5 deg) for each of the
three methods (full, split, wrap). Other than the approximations described above, each of the 50
exposures was set up identically for the three cases. The total exposure time for each simulation was
30s; this was divided into three 10-s exposures in the split condition. The boundary conditions in
the wrap method were set such that the phase screen “wrapped” a maximum of three times during
the 30-s exposure; i.e., the maximum phase screen size was 108 X Upax.-

The simulations were run on 12 CPUs at the Stanford research computing cluster, Sherlockﬂ
The memory and computational costs for the three simulation setups are summarized in Figure

with memory usage in the left panel and runtime in the right panel. A simple calculation predicts

Thttps://www.sherlock.stanford.edu
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Figure C.2: Standard deviation of each component of PSF ellipticity across the focal plane for each
of the modified simulations (vertical axis) versus the result for the full simulation (horizonatal axis).
Blue dots: split simulations, red triangles: wrapped simulations.

that the split scenario will need ~ 3 times as much memory as the wrapped simulation, and the full
scenario ~ 9 times more. The results in Figure are roughly consistent with this estimate, but the
medians (in red) show a shallower dependence with factors of ~2 and ~5 more memory than the
wrapping method, for split and full simulations respectively. Computational cost comparison aside,
we must also verify whether the relevant PSF statistics for the modified simulations are consistent
with those for the full simulation.

We illustrate two metrics of spatial correlation of PSF parameters in Figure We plot the
standard deviation across the field of view of the PSF ellipticity parameters e; (left) and ey (right)
for each exposure. The results of the modified simulations are plotted against the same quantity from
the full simulation. Both approximations show some random scatter but correlations between the
full and modified results exists. The second metric of spatial correlation we consider is the dominant
orientation of the spatial two-point correlation functions of PSF parameters, as described in detail
in Section [£4] In Figure [C.3] we show the difference, between the modified and full simulations,
in correlation orientations in e;, ez, and PSF size 0. The results for most simulations for both
approximation methods lie in the peak near 0 difference in angle, and the tails of the residual
distributions are roughly symmetric.

Taken together, these results show that modifications to the atmospheric PSF simulation method
that optimize computational efficiency (with either the split or wrapping scheme) introduce some

scatter, but no significant bias in the distributions of PSF spatial correlations, both in orientation
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Figure C.3: Summary of 2PCF directions, as described in Section Each histogram shows the
difference in 2PCF direction, in degrees, between the modified and full simulations. Blue: split, red:
wrap.

and magnitude. Therefore, we deem it reasonable to use either of these methods. For the simula-
tions described in this thesis we will use the wrapping method due to its superior computational
performance, although we use a larger maximum phase screen size than in the tests described in

this section.



Appendix D

Exploration of adaptive optics

telemetry

As we have seen throughout this thesis, it is important to model atmospheric contributions to the
PSF accurately; current methods rely on simulations of atmospheric turbulence. In this appendix we
describe an early exploratory project published in [Hébert et al.| (2018]). Here we use data from the
Gemini Planet Imager (GPI) to validate these atmospheric turbulence simulations and explore the
simulation input parameter space. The GPI instrument uses adaptive optics (AO) to successfully
image exoplanets at Gemini South, less than 2km from the LSST site on the Cerro Pachén ridge
in Chile. The signals recorded by the GPI AO system can be used to reconstruct wavefronts at the

pupil, which can then be compared to the simulation-based predictions.

D.1 Wavefront data from adaptive optics instrumentation

The GPI adaptive optics system consists of a Shack-Hartmann wavefront sensor and two micro-
electricalmechanical system (MEMS) deformable mirrors (Macintosh et al., [2007). Over a 60s GPI
exposure, the wavefront sensor uses 2x2 quad-cell centroiding to measure the slope of the wave-
front on a 48x48 grid of subapertures (18 cm sampling). These measurements and corrections are
performed at 1kHz speed in the AO control system.

The phase of the wavefront is reconstructed in Fourier modes. High frequency and low frequency
modes are separated and corrected by the tweeter and woofer deformable mirrors, respectively
(Poyneer & Dillon, [2008)). By saving the commands sent to these mirrors, one can later reconstruct
the phase of the wavefront at the pupil (Snyder et al., |2016]).

The reconstructed wavefront telemetry from GPI can provide information about the atmospheric

conditions and parameters at Cerro Pachéon. In particular, by comparing simulated wavefronts to
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these data, we can validate certain aspects of atmospheric simulations (e.g., in GalSim). In addition,
the data can serve to inform the choice of input simulation parameters. To explore the effect of
various parameters, we calculate the temporal power spectrum of the wavefront, as well as the

variance of the phase across the pupil. The datasets used here are 20s or 30s long.

D.2 Simulated wavefronts

The results discussed here are from simulations of three layers of atmosphere, each of which uses
Von Kérmén turbulence (von Kérman,|1948) with an outer scale of Ly = 25 m. Unless specified, the
simulations used Taylor’s frozen-flow hypothesis (Taylor, [1938). The parameters for the turbulence
and wind for each layer are given in Table 1. The altitude and Fried parameter ry for each layer
are taken from median seeing atmospheric measurements at Cerro Pachén (Snyder et al., [2016).
The wind speed for each layer is drawn randomly from a uniform distribution between 0 and the

maximum wind speed, which increases with altitude as shown in the table.

For comparison with the AO telemetry data, simulations were generated for continuous integrated
exposures of 20 or 30 second, depending on the data of interest. The simulation time step used was
1ms, to match the cadence of the GPI AO system. To test dependence of wavefront variation on
turbulence strength, a second set of simulations was generated with Fried parameters a factor of
23/5 smaller than those listed in Table (i.e., with turbulence strength C2 a factor of 2 smaller).
For a third set of simulations, we used the original values of rg shown in the table, but modified the
“frozen-flow” hypothesis by introducing atmospheric boiling (Srinath et al.l [2015): every 10 time
steps (i.e., every 0.01s), a small fraction 1 — « of the turbulence amplitude in the phase screens is
replaced by a random realization of Van Karméan turbulence. The fraction used here is a = 0.99,
so that 1% of the phase is replaced. In each of the three sets of simulations, wind directions were
drawn randomly for each turbulence layer. The simulations were run with different numbers seeding

the random generation of wind parameters/turbulence screens.

Table D.1: Simulation parameters for the three turbulence layers. The wind speed for each layer is
drawn randomly from a uniform distribution between 0 and the maximum wind speed.

Layer altitude [km] | max wind speed [m/s] | rg [cm]
0 10 19
0.5 20 43
7.6 30 36
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Figure D.1: Histograms of the wavefront variance across the telescope aperture computed for each
kHz sample for GPI data and two simulations with different Fried parameters (20,000 variances
corresponding to 20s total time). The solid bold histogram corresponds to the average variance in
each bin for 10 data sets or 100 simulations while the shaded region indicates the +1o spread.

D.3 Probing turbulence parameters

The variance of the reconstructed wavefronts across the telescope pupil provides one measure of the
strength of turbulence. For GPI AO wavefront data and for GalSim simulations, we compute the
variance at each point in time and then histogram the variance for a set of time samples. The peak
of such a histogram is a measure of the average turbulence strength, and the spread indicates how
much the strength varies over the total time — 20 s for this analysis.

Three variance histograms are plotted in Figure for reconstructed GPI wavefront data, and
for two simulations with turbulence strengths that are different by a factor of two, as described
above. The solid bold histogram of each color corresponds to the average variance in the bin for
10 datasets (gray) or 100 simulations (orange and red), and the shaded regions indicate the +1lo
(standard deviation) spread in the values of the variance in each bin. We see that in the simulations,
the distribution of wavefront variance depends strongly on the value of g, and that the simulation
with stronger turbulence (ryp ~ 10.2 cm) is a much better match to these datasets than (ro ~ 14.3 cm).
Rather than quote the ry values for each of the layers in the simulation, we report the effective Fried
parameter. For a set of atmospheric layers indexed by i, the effective Fried parameter is given by:
(o).

While ry is an important parameter in determining the turbulence strength, we see that in both
the simulations (with fixed values of rg) and the data the variance has a wide spread about the peak

value.



D.3. PROBING TURBULENCE PARAMETERS 163

Zg, astigmatism x

slope=-3.31

slope=-2.59

slope=-2.74|

10° -
10° -

107 b

PSD [um?/Hz]

10 B

10° H — simulation, a=1.0 | "R

ool simulation, «=0.99
—— GPI telemetry

10—1 1 1 I 1
10 10° 10! 10? 10°

f [Hz]

Figure D.2: Temporal power spectral density for Zernike coefficient Zg for GPI data (gray) and two
sets of simulations (boiling off in red; boiling on in purple). The slopes are extracted by fitting a
power law to the approximately linear region of the curves between 2 Hz and 40 Hz. Each pale line
is the PSD from one simulation/dataset, and the average of the ten is shown in bold.

The amount of power at each temporal frequency — called the power spectral density (PSD) — is

another way of characterizing turbulence (Snyder et all [2016). In particular, we can compare the

slopes of the PSDs for data and simulations with the power law slope expected for a Kolmogorov
turbulence model. As outlined in Ref [78] we decompose the wavefronts from reconstruction of
GPI telemetry and from simulations into Zernike functions, a complete basis set of orthogonal
functions describing optical aberrations. The PSDs are then computed for each Zernike coefficient.
As an example, we plot in Figure the PSD for the coefficient corresponding to Zg, as smoothed
periodograms. The dark and pale curves correspond to the mean and spread, respectively, for ten
realizations of two simulations — boiling off (a« = 1.0) and boiling on (o = 0.99) — and ten datasets.

The expected slope of the power spectrum for spatial Kolmogorov turbulence is —% ~ —3.67.
We expect the temporal power spectrum to have this same value due to the correspondence between
spatial and temporal evolution of turbulence screens. We compare the Kolmogorov slope with those
calculated from the PSDs in Figure for data and for the two simulations. We fit the slopes
from the middle region of the spectrum (2 to 40 Hz) where the curves are approximately linear. In
this region, the simulation with no atmospheric boiling is the closest to Kolmogorov, but its slope is
less steep than the —13—1 prediction — perhaps due the presence of an outer scale, or the finite nature

of the 20-second interval. Either of these factors could suppress power at low frequencies, reducing
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the overall slope. The GPI data slope has an even weaker dependence on frequency than this first
simulation. However, we find that adding atmospheric boiling to the simulation results in better
agreement with the data. Varying the boiling parameter o could lead to a closer match, as could

varying other parameters that influence the PSD slope — e.g. the outer scale.

D.4 Summary

A significant concern in the comparison of data and simulation is the lack of knowledge about correct
input parameters for the atmospheric simulations — e.g., wind speed, wind direction, variation with
altitude, etc. GPI telemetry from a wider range of seeing conditions could potentially guide this
choice, especially when combined with data from seeing monitors and wind information from the
National Oceanic and Atmospheric Administration (NOAA) databases. In particular, these data
could inform a realistic range of simulation inputs to improve the study of PSF parameter behavior.
In general, a greater range of parameters in both observational datasets and simulations will enable
a more systematic study of the simulation input parameters and the asymptotic PSF behavior. We

have addressed the concluding thoughts from this early exploratory study in the rest of this thesis.
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