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ABSTRACT

I have developed and demonstrated a novel method to study stellar 
are tem-

peratures in the era of large, ground-based astronomical surveys by taking advantage of

Di�erential Chromatic Refraction (DCR). This e�ect manifests as an apparent, color-

dependent shift in source position towards the zenith of an observer, and must be

corrected for in order to ensure accurate astrometric solutions. Despite this, multiple

studies have shown how DCR can be employed as a tool to extract additional color

information from source astrometry, and this work applies this method to stellar 
ares

for the �rst time. Flares are particularly well suited to this technique due to their

heightened frequency on M dwarfs, stars less massive than the Sun that make up the

majority of stars in our galaxy. Due to their ubiquity across various regions of the

sky, and the dramatic contrast between the red photosphere and blue 
are emission,


ares on M dwarfs o�er an ideal opportunity to use DCR to infer e�ective 
are tem-

peratures across the unprecedentedly large sample of 
ares that will be detected in

next-generation astronomical surveys, such as the Legacy Survey of Space and Time

(LSST) that will be carried out by the Vera C. Rubin Observatory, starting in 2025.

By combining Rubin's high image quality and astrometric precision with the truly

massive amount of data it will produce over 10 years, DCR can be used to carry out

a population-level statistical analysis of stellar 
are temperatures. We additionally

validated this technique on 
are data obtained from an LSST precursor survey called

the Deeper, Wider, Faster Programme, and showed how certain choices made when

modeling the spectral and geometric properties of the 
are could lead to overestimat-

ing the true 
are temperature. Finally, we describe the framework for a value-added

catalog of stellar 
ares detected in the LSST alert stream and data releases.

xxv



Chapter 1

INTRODUCTION

On September 1st, 1859, amateur English astronomer Richard C. Carrington

was engaged in his customary observations of the Sun via projection from the eye-

piece of his 412 inch re
ector onto a glass plate, such that the solar disk formed an

image 11 inches in diameter. Just before noon, he noticed \two patches of intensely

bright and white light" (Carrington, 1859) that appeared at the locations labeled A

and B in Figure 1.1. After noting the time of the event, he rushed downstairs to

call on someone to witness to this unusual occurrence, but upon returning less than

minute later, the bright spots had already vanished. Richard Hodgson, another am-

ateur astronomer, independently observed the same bright spots, which he compared

to the \dazzling brilliance of the bright star � lyrae" (Hodgson, 1859). Carrington

and Hodgson had just recorded the �rst human observation of a solar 
are. Less than

a day later, ground-based magnetometers measured a powerful magnetic storm that

created an electromagnetic pulse so intense that telegraph operators su�ered electric

shocks (Council et al., 2009). Aurorae were observed in both northern and south-

ern hemispheres so bright that onlookers could read a newspaper by their light alone

(Odenwald & Green, 2008). Were a similar event to occur in the modern era, the

disruption to electricity transmission infrastructure would lead to economic losses in

the billions of dollars per day in the U.S. alone (Maynard et al., 2013; Oughton et al.,

2017). Global, sustained blackouts would jeopardize emergency medical services, food

and water transport, wastewater treatment, and 
ood defenses. The blackouts could

last weeks or even months due to the logistics of repairing or replacing high-voltage

transformers. Understanding the physical properties of these eruptive events can help

us harden our defenses and prepare for the next Carrington-level event.
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Figure 1.1: Drawing of sunspots by Carrington (1859). Points A and B label the
initial locations of the bright 
are emission, while C and D indicate their �nal location
minutes later.

1.1 Stellar Flares

Flares such as the one observed by Carrington and Hodgson occur not only on

the Sun but also on other stars as a result of energy released by magnetic reconnection

(Pettersen, 1989). Stellar 
ares, like their solar counterparts, vary signi�cantly in

energy, duration, and luminosity and their progenitor stars likewise vary in spectral

type, rotation period, and surface gravity. However, if the Sun were at a similar

distance as other stars, only the most powerful solar 
ares would even be visible at

optical wavelengths. Stellar 
ares regularly achieve energies 102� 104 times greater than

the most energetic solar 
ares ever observed (Woods et al., 2004, 2006; Notsu et al.,

2019; Okamoto et al., 2021; Cliver et al., 2022; Hayakawa et al., 2023), and how they

accomplish this is one of several open questions in the area of modeling the physical

processes of 
are energy release (see Kowalski 2024 for a comprehensive review). By

studying the connection between 
are properties and the nature of the stars they
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originate from, we can learn about the physics of energy release in stellar atmospheres

(Hawley et al., 1995b; Osten & Wolk, 2015) and how stellar magnetism evolves as

stars age and their rotation speed slows (Barnes, 2003; Angus et al., 2019; Davenport

et al., 2019). Studying 
ares on magnetically active, rapidly rotating stars can also

provide insight into the conditions of the early solar system, when the sun rotated faster

(Maehara et al., 2012) and highly energetic solar 
ares were more common. In recent

years, 
ares have also garnered interest from the exoplanet community, as radiation

from stellar 
ares, especially in the UV band, has been shown to have a deleterious

impact on ozone concentrations in planetary atmospheres (Tilley et al., 2019; Ramsay

et al., 2021), and the blackbody temperature of 
ares is an important component for

models of exoplanet atmospheres.

Space-based observatories such asKepler (Borucki et al., 2003) and the Transit-

ing Exoplanet Survey Satellite (TESS, Ricker et al. 2010) have measured the brightness

of 
ares in exquisite detail, combining high cadence observations with extreme photo-

metric precision to enable long baseline observations of 
ares across a broad population

of 
are stars. However, 
ares also present a major source of variability in ground-based,

wide-�eld photometric surveys such as the Zwicky Transient Facility (ZTF, Bellm et al.

2019), the All-Sky Automated Search for Supernovae (ASAS-SN, Shappee et al. 2014),

and the upcoming Legacy Survey of Space and Time (LSST, Ivezi�c et al. 2019). While


ares are typically detected sparsely in these surveys, the order of magnitude increase

in 
are detections that these surveys a�ord o�ers an opportunity to study 
are demo-

graphics for an unprecedented sample of detections.

1.1.1 Stellar Atmospheres and Magnetic Reconnection

A 
are occurs when stellar magnetic �eld lines recon�gure and release energy

into the stellar atmosphere. Because the Sun is the best-studied 
are star, models of


are generation are informed by models of magnetic reconnection on the Sun, and the

Solar-Stellar analogy is useful one for understanding the physical mechanisms under-

lying stellar 
are production. While there exist important distinctions between solar
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versus stellar models of 
are emission that remain active areas of study, the solar model

remains useful as a case study to describe the origin of 
ares.

Several fundamental models for 
ares as a result of magnetic reconnection on

the Sun have been proposed (Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp

& Pneuman, 1976) that share a common general description of the phenomenon and

are collectively referred to as the CSHKP model (Shibata & Magara, 2011). In the

CSHKP model, the magnetic �eld lines extend through the convective zone, where the

bulk motion of conductive plasma forces the magnetic �eld into thin, twisted 
ux tubes.

As these tubes emerge from the surface, the �eld-aligned electric current distorts the

magnetic structure into a sheared arcade, a schematic of which is shown in Figure 1.2.

In regions where magnetic cells of opposite polarity come into contact along the demar-

cation between the positive and negative regions, referred to as the polarity inversion

line (PIL), the emergence of �eld lines from below the surface produces a �lament of

coronal plasma that is parallel to the PIL and therefore unstable. The chain of events

leading up to the 
are begins with the eruption of this �lament within the magnetic

structure that \stretches" the structure outward, forming a current sheet where posi-

tive and negative �eld lines approach each other. As the oppositely-aligned lines come

into contact, they rapidly recon�gure to a lower-energy, relaxed state and reconnect

at several \X-points", accelerating ambient charged particles toward the surface of the

sun.

Energy is released following the magnetic reconnection in the form of ther-

mal conduction, mass ejection, magneto-hydrodynamic (MHD) wave propagation, and

the acceleration of ambient charged particles. Although the ejection of plasma away

from the star in the form of a coronal mass ejection (CME) is often observed concur-

rently with the 
are, the term refers exclusively to the electromagnetic component of

the event, which is produced chie
y by the thermalization of the chromospheric and

photospheric plasma by the acceleration of charged particles into nonthermal beams

(Shibata & Magara, 2011).

In the impulsive phase of solar 
ares, the resolved emission regions are broadly
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Figure 1.2: Schematic of the CSHKP reconnection model for 
ares on the surface of
the Sun, reproduced from (Shibata et al., 1995).

classi�ed as \ribbons" or \kernels" to distinguish between elongated and compact mor-

phologies, respectively. In the CSHKP two-ribbon model, the footpoints of the mag-

netic arcade form a pair of extended bright regions on either side of the PIL that

spread apart from each other as their mutual distance from the PIL increases, which

is explained by reconnection of larger and larger magnetic loops with increasingly

separated footpoints. During the gradual phase, the ribbons also gradually shrink

lengthwise along the PIL on a timescale signi�cantly longer than the radiative cooling

(Qiu, 2009), an evolutionary property that will become relevant in Chapter 4.
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The deposition of energy into the chromosphere and photosphere from the elec-

tron beams results in a wide range of emission, though the near-ultraviolet (NUV)

and optical radiation remains the least well understood. As the particle beams spiral

along both halves of the 
are loop, they produce gyrosynchrotron radio and microwave

emission at frequencies greater than 2 GHz (e.g., Bastian et al. 1998; Alissandrakis

1986). In the standard model for 
are X-ray emission, known as the collisional cold

thick target (CTTP, Brown 1971) model, the electrons in the beams undergo free-free

interactions with chromospheric protons at the apex of the magnetic loop structure,

producing nonthermal, bremsstrahlung hard X-rays. At the magnetic footpoints, the

chromosphere is heated to millions of kelvin, then evaporated into and con�ned within

the magnetic loop. Here, the thermal, ablated chromospheric plasma radiates the

energy away as soft X-rays and EUV. While the exact origin of theT � 10; 000K NU-

V/optical emission in stellar 
ares remains an active area of investigation, it is thought

to be thermal emission radiated at both chromospheric and photospheric heights in the

vicinity of the footpoints (Kowalski, 2024).

1.1.2 Statistical Properties of Stellar Flares

Stellar 
are rates and their trends with covariant stellar properties such as spec-

tral type, age, and rotation period are an important measurement across a broad ar-

ray of applications, from coronal heating in the Sun (Hudson, 1991) to characterizing

sources of variability in time domain surveys, (e.g., Hilton et al. 2010; Berger et al.

2013; Hawley et al. 2016; Webb et al. 2021). An important tool in characterizing

stellar 
are activity is the 
are frequency distribution (FFD), which is a downward

cumulative distribution of 
are rates as a function of their energy, commonly shown in

log-log space. The FFD was introduced by Lacy et al. (1976) in a statistical analysis

of 386 
ares on 8 UV Ceti stars (see Figure 1.3 for the FFDs of 
are star YZ CMi and

EV Lac), and its use in 
are studies remains favored because 
ares are stochastic and

vary across many orders of magnitude in frequency and energy. The FFD is commonly

modeled with a power law model:
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Q(> E ) = N
�

E
E0

� �

; (1.1)

with power law index � , and N total 
ares with energy greater than or equal to the

detection completeness limitE0 observed in some duration �t. Fitting a power law

to 
are FFDs implies an inverse relationship between 
are energy and frequency, with

highly energetic 
ares occurring much less frequently than weaker ones. The power

laws are typically �t to a range of intermediate energies as both the high and low

energy ranges are subject to undersampling (e.g., Paudel et al. 2021).

Figure 1.3: Flare frequency distribution (FFD) of 
ares: a downward cumulative dis-
tribution of 
are rates as a function of their energy. The left plot shows the distribution
of 
ares observed on 
are star YZ CMi, Figure 11 from Lacy et al. (1976). The right
plot shows the distribution of 
ares and the associated 1� uncertainty (shaded region)
on 
are star EV Lac, Figure 5 from Paudel et al. (2021).

The Kepler mission (Borucki et al., 2003) brought about a transformation in

white light 
are rate studies thanks to its high photometric precision and long-baseline

monitoring of a large number of stars. UsingKepler 2-minute cadence observations of


are star GJ1243, Davenport et al. (2014) described the temporal morphology of over

6100 individual 
are events using a canonical 
are template with a rise modeled as

a fourth-order polynomial and a decay phase modeled with a sum of two exponential

functions. Shibayama et al. (2013), Davenport (2016), Van Doorsselaere et al. (2017),

and Yang & Liu (2019) present catalogs ofKepler stellar 
ares and o�er statistical
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analyses of 
ares rates across a wide range of spectral types and rotation periods.

Clarke et al. (2018) used widely separated binaries in the originalKepler catalog as

coeval laboratories to test 
are rates as magnetic activity tracers in the age-rotation-

activity paradigm and demonstrated the elevating e�ect on 
are rates due to \spin-up"

by unresolved companions.

1.1.3 Flare Rates and Exoplanet Habitability

The e�ect of repeated 
aring on exoplanet atmospheres has generated renewed

interest in stellar 
ares as factors in habitability studies. While the ubiquity of M dwarfs

makes them convenient places to search for habitable worlds (Tarter et al., 2007), their

higher levels of UV and X-ray 
ux from 
ares could hinder the development of life

on worlds circling M dwarfs. Segura et al. (2010) analyzed the impact that the Great

Flare of AD Leo (Hawley & Pettersen, 1991) would have on the atmospheric chemistry

of an Earth-like planet within the habitable zone. They found that the harmful UV

photons are absorbed through photodissociation of ozone in the atmosphere before

reaching the surface. However, they acknowledge that because the atmosphere may

not return to equilibrium before another 
are occurs, repeated 
aring could result in

ozone depletion over time. Indeed, using 1D photochemical and radiative-convective

models, Tilley et al. (2019) found that while repeated EM-only 
ares have little e�ect

on the ozone column, proton events and CMEs associated with 
ares have a destructive

e�ect on ozone concentration. Figure 1.4 shows the fractional change in ozone column

depth over time for 
ares of three di�erent energy classes and for various inter
are

durations. They �nd that one AD Leo-like 
are per month is su�cient to deplete

99.9% of the O3 column of an Earth-like planet within � 8 years.

Stellar 
ares have also been studied as potential catalysts for prebiotic chemistry

on Earth-like planets, making them not only life-threatening but also potentially life-

giving. Rimmer et al. (2018) used a sample ofKepler 
are stars from Davenport

(2016) to compute the amount of UV 
ux from 
ares that would be required to trigger

abiogenesis, the process by which life arises from simple organic compounds. Using
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Figure 1.4: O3 evolution driven by repeated 
are-associated proton events reproduced
from Tilley et al. (2019). In each panel, the authors show the impact of a single proton
event of each energy as well as that of EM+proton simulations for 100 
ares at speci�c
inter
are frequencies between 2 hours and 1 year, as indicated. Top: at the 
are energy
of 1030:5 a 1 day period (blue solid line) is likely to occur for a planet orbiting GJ1243;
the dash-dotted blue line extrapolates the predicted O3 loss rate. Middle: Carrington
equivalent proton events at 1031:9 erg. The dash-dotted red line predicts O3 evolution
for the most likely frequency experienced at a GJ1243-orbiting planet. Bottom: a high
energy 
are equivalent to that observed on M3 star AD Leonis (Hawley et al., 1995a)
at 1034 erg.
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abiogenesis zones adapted from Tilley et al. (2019) and Rimmer et al. (2018), G•unther

et al. (2020) and Ramsay et al. (2021) constructed FFDs from 
ares observed by TESS

and indicate regions within the energy-frequency space where the 
are rate would

facilitate abiogenesis and where irreversible ozone depletion would occur. Adapting

Rimmer et al. (2018), G•unther et al. (2020) de�nes the 
are rate minimum below

which the 
aring UV 
ux is not su�cient to trigger abiogenesis as,

� � 25:5 day� 1

�
1034erg

EU

� �
R�

R�

� 2 �
T�

T�

� 4

; (1.2)

where EU is the 
are energy in the JohnsonU band, R� is the stellar radius, andT�

is the stellar e�ective temperature. Using Equation 1.2, Figure 1.5 shows the 
are

rates of stars in the G•unther et al. (2020) sample, with ozone depletion zones shaded

in red and abiogenesis zones shaded in green. They �nd that 14 stars, 11 of which

are M dwarfs, ful�ll the minimum 
are rate and energy needed to trigger abiogenesis.

Other studies have highlighted the importance of the blackbody temperatures of 
ares

in modeling their impact on exoplanet atmospheres. Froning et al. (2019) and Loyd

et al. (2018) found that FUV temperatures in excess of 40,000 K increase the rate

of photodissociation in exoplanet atmospheres by a factor of 10-100. Studies that

characterize 
are FFDs and temperatures across a broad range of stellar spectral types

and rotation periods will be important for informing the search for habitable worlds,

which was identi�ed as a priority area by the Astro2020 Decadal Survey (National

Academies of Sciences & Medicine, 2021).

1.1.4 Current State of Flare Temperature Studies

Previously, 
are temperatures have been measured via long baseline spectro-

scopic monitoring campaigns of speci�c 
are stars, or through serendipitous overlap

between photometric surveys in di�erent photometric bands. Given that in-situ mea-

surements of stellar 
are temperatures are not feasible, 
are temperatures are tradi-

tionally inferred from multi-wavelength observations via one of two ways. In the �rst,

a \color" temperature of a blackbody function is �t to a ratio of two 
uxes. From
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Figure 1.5: Flare rates from the �rst TESS data release from G•unther et al. (2020).
F, G, and K stars are shown in orange, early M dwarfs in red, and late M dwarfs in
black. Photometric rotators (stars with detectable rotation in their light curves from
modulation due to starspots) are represented with solid points, while other stars are
shown with hollow points. Solid lines are linear �ts to the log-log FFD of each star.
Red shaded regions are derived from Tilley et al. (2019) and de�ne energy-frequency
regions where ozone layers cannot survive, with a 0.1 
ares per day region threshold
(lighter red) separated from a conservative 0.4 per day threshold area (darker red).
Green shaded regions are derived from Rimmer et al. (2018) and denote the minimum

are energy and rate required to catalyze prebiotic chemistry. The authors note that
\Fourteen stars, including nine early M dwarfs and two late M dwarfs [...] ful�ll the
criteria of prebiotic chemistry. [...] exoplanets around 100 stars, including only 15 M
dwarfs, might su�er from ozone depletion."

(Hawley et al., 1995b), the e�ective temperature can be solved by equating the ratio

of the right-hand side of

f 0
�; Model = ( �B � (T
are ) � S�;q ) X 
are

R2
star

d2
(1.3)

to the 
are-only ratio, where B � is the Planck function, S�;q is the surface 
ux of the
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quiescent star,Rstar is the radius of the star, andd is the distance to the star. The result

for T
are is then used to solve for the �lling factorX 
are , which is the fractional area

of the visible stellar disk that is 
aring. The second option is to �t Planck functions

directly to 
are-only spectra by numerically deriving maximum likelihood parameters

through non-linear least squares,e.g., Kowalski et al. (2013).

However, acquiring a large number of high quality, multiwavelength observations

of 
ares across a diverse sample of 
are stars is a signi�cant challenge. Because M

dwarfs have intrinsically high 
are rates, they have been disproportionately targeted by

monitoring campaigns, leaving 
are properties on K and G dwarfs undercharacterized

in comparison. Additionally because such campaigns must target speci�c stars, it is

di�cult to improve 
are temperature statistics across populations of 
aring stars, and

only a handful of high energy 
are temperatures have been measured this way at high

time resolution. Because of this di�culty, 
are temperatures are often approximated

by a �xed temperature T = 9,000-10,000 K blackbody in studies conducted in broad

optical bands (e.g., Osten & Wolk 2015, Shibayama et al. 2013). Despite this, several

studies have identi�ed signi�cant uncertainty in the e�ective temperatures of stellar


ares, of which we will highlight several: Kowalski et al. (2013) found, among a sample

of simultaneous, high-cadence spectra and photometry of 20 M dwarfs, continuum

emission best �t by blackbody temperatures ranging fromTef f � 9000� 14; 000 K.

Howard et al. (2020) used simultaneous TESS and Evryscope (Law et al., 2015) data

to construct high-cadence, time-resolved temperature pro�les of 42 \super
ares" (i.e.,


ares with energies� 1033 erg Tarter et al. 2007; G•unther et al. 2020), 43% of which

reached peak temperatures above the 14,000 K upper limit found by Kowalski et al.

(2013). Berger et al. (2023) used FUV/NUV 
ux ratios measured by NASA's Galaxy

Evolution Explorer (GALEX, Morrissey et al. 2007) and found that the assumption of

a 9,000 K blackbody continuum would underpredict FUV 
ux for 179 out of 183 
ares

in their sample. Maas et al. (2022) found in a study of two 
ares on TRAPPIST-1,

notable as a host of seven habitable-zone exoplanets (Gillon et al., 2017), temperatures

colder than the canonical expectation.
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Furthermore, while blackbody emission consistent with photospheric heating

has been observed over optical wavelengths (� > 4000�A) during the initial impulsive

rise phase, non-blackbody-like spectral features, including emission lines and an excess

of NUV and blue optical 
ux have also been observed (Hawley & Pettersen, 1991;

Kowalski et al., 2013, 2019). These features, which appear even more strongly in the

subsequent decay phase, suggest the emission cannot be attributed to a homogeneous

layer of stellar material at a �xed temperature (Kowalski et al., 2013). Sophisticated

radiative-hydrodynamic software capable of modelling chromospheric condensation as

a result of high energy electron beam 
ux (Allred et al., 2015; Kowalski et al., 2015),

has shown success in reproducing the observed spectral features. While still an area

of active study, the diversity of features in 
are spectral energy distributions (SEDs)

challenges the interpretation of the 
are as a static blackbody.

Currently, there exists a need for large-scale, population level characterization

of 
are temperature demographics that remains unmet. The wealth of 
are detections

in wide-�eld time domain surveys o�ers an opportunity to construct a sample of 
are

temperature measurements that can meet this need, and surveys such as the upcoming

Legacy Survey of Space and Time that will be carried out by the Vera C. Rubin

Observatory will produce an unprecedented number of total 
are detections over its

10 year mission. However, 
ares are a challenging target for most survey cadences due

to their brief duration compared to many other types of variability. For example, a

survey of 
are durations in Kepler by Yan et al. (2021) found a median rise time of 5.6

minutes and median decay time of 22.6 minutes. Events like these are sampled sparsely

in time domain surveys, making traditional modes of characterization challenging. The

value of these detections depend on our ability to interpret them, and this dissertation

will demonstrate a technique with which a 
are temperature can be measured, even

when the 
are is only detected in a single image, by exploiting atmospheric refraction.
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1.2 Di�erential Chromatic Refraction

Light traveling from one medium into another experiences a change in direction

at the boundary between the two media known as refraction, which is responsible for

everyday optical phenomena such as mirages over a hot road or the bent appearance

of a straw resting in a glass of water. A description of the phenomenon is formalized

in the following equation

n1 sin(� 1) = n2 sin(� 2) (1.4)

wheren1;2 are the indices of media 1 and 2,� 1 is the angle of incidence, and� 2 is the

angle of refraction. The law came to be known as Snell's Law, after Dutch astronomer

Willebord Snellius but was �rst formalized centuries earlier by the Persian scholar Ibn

Sahl in the 10th century (Papadopoulos, 2017). The index of refractionn varies with

the wavelength of incident light as shown by Cauchy's Equation, which in its most

general form is

n(� ) = A +
B
� 2

+
C
� 4

+ :::; (1.5)

where A, B , and C are coe�cients to be �t to measured refractive indices at given

wavelengths for a speci�c material, though typically the �rst two terms are a su�cient

approximation. The law of refraction also applies to light from astronomical sources as

it passes from the vacuum of space into Earth's atmosphere. At sea level, with dry air

(P = 760 mm Hg, T = 15 � C), the wavelength dependence of the index of refraction

of Earth's atmosphere is given by Edl�en (1953) and Coleman et al. (1960).

[n(� ) � 1]106 = 64:328 +
29498:1

146� (1 � m=� )2
+

255:4
41� (1 � m=� )2

; (1.6)

where � is the wavelength of the incident light in microns. Because atmospheric re-

fraction is wavelength-dependent, blue photons are refracted by a larger angle than red

photons from the same source, causing them to land on slightly di�erent locations of

a detector { an e�ect known as di�erential chromatic refraction (DCR). The direction
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of the refraction is towards the zenith of the observer, therefore astrophysical sources,

which have a �nite size on the detector due to the Point Spread Function (PSF), ap-

pear both shifted towards and blurred along the zenith direction. The e�ect is more

pronounced for sources at larger zenith angles and when observed in short-wavelength

bands. A rule of thumb for estimating DCR refraction angles is that sources appear 1

arcsecond closer to zenith for every degree of zenith angle (Sullivan & Reiss, 2015).1

Figure 1.6 shows the di�erential refraction between two monochromatic beams as a

function of zenith angle and wavelength. For the LSST photometric bands, the emis-

sion wavelengths is set to the extreme ends of a given bandpass, so that this represents

a worst-case DCR scenario.

DCR was �rst pointed out as an important consideration for slit spectroscopy

by Filippenko (1982), who showed that failing to align the slit with the direction of

refraction leads to a signi�cant 
ux loss. DCR also presents a major source of artifacts

for di�erence image analysis (DIA), a technique commonly used to detect and study

transient phenomena. In DIA, two images, ascienceimage andtemplate image, are

subtracted from each other after alignment and matching of their PSF, as described

by Alard & Lupton (1998). The template can be a single image, or more commonly, a

coaddition of images from the same survey that approaches the maximum achievable

image quality. The impact of DCR on di�erence image analysis was �rst established

by Tomaney & Crotts (1996), who showed that the subtraction of images at di�erent

airmasses causes \dipole"-like artifacts in the di�erence images. Alcock et al. (1999)

developed a method to correct for DCR in di�erence images of the Galactic bulge by

creating per-pixel color maps of each �eld and interpolating the pixel values in the

template images based on the calibrated color map pixel values, the air mass of the

observation relative to the reference image, and the parallactic angle of the observation.

1 This approximation is agnostic of wavelength because airmass dominates the overall
contribution to DCR.
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Figure 1.6: Maximum DCR over a range of zenith angles and wavelengths. Each
wavelength is treated as the midpoint of a variable-width �lter whose transmission
width is obtained by interpolating with a cubic spline the widths of the LSSTugrizy
�lters. The max DCR is then taken to be the di�erence in refraction for monochromatic
sources placed at the two edges of the �lter centered at that wavelength. The midpoints
of each LSST �lter are indicated by the white lines.

1.2.1 E�ects on the Point Spread Function

As stated previously, DCR presents as not merely a bulk shift of source location

on the sky, but also as an elongation of the PSF in the zenith direction. Meyers &

Burchat (2015) describes the three wavelength-dependent features of the PSF that must

be corrected to avoid systematic biases in galaxy shape measurement. The �rst two

e�ects are the �rst- and second-moment shifts due to DCR, which act as an additional
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convolutional kernel k(R) applied in the zenith direction. R is the refraction term

de�ned as

R(�; Z ) = h(� ) tan(Z ) (1.7)

where h(� ) depends on source wavelength and index of refraction, the latter also de-

pending on air temperature, humidity, and vapor pressure of the air in the telescope

dome, given by Edl�en (1953) and Coleman et al. (1960). The kernelk is de�ned as

k(R) =
p� (� (R; Z ))

�
� d�

dR

�
�

R
p� (� )d�

(1.8)

where � (R; Z ) is the inverse of Equation 4.9 andp� (� ) is the distribution of source

photons that arrive at the detector, determined by the product of the source SED with

the total system throughput. This kernel is described by its �rst moment

�R =
Z

k(R)R dR (1.9)

and second central moment, or variance

V =
Z

k(R)(R � �R)2 dR (1.10)

The e�ect of the kernel k(R) on the PSF are a uniform shift of the centroid in the

direction of zenith by R and a stretch of the second central moment byV, solely along

the zenith direction.

In addition to DCR, Kolmogorov turbulence in the atmosphere leads to a linear

PSF size� that scales as� / � � 1=5 (Fried, 1966). This wavelength-dependent seeing

manifests as an isotropic contraction or dilation of the PSF. To summarize, the PSF

dependence on source wavelength manifests in three forms:

1. DCR �rst-moment shift { bulk shift of the centroid in the zenith direction.

2. DCR second-moment shift { elongation of the PSF in the zenith direction.

3. Chromatic seeing { Linear isotropic contraction or dilation of the PSF.
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Meyers & Burchat (2015) additionally caution that the above transformations of the

PSF do not commute, and must be applied in the proper order. The correct sequence

is dilation followed by shift, since the opposite order would exaggerate the overall shift.

1.2.2 Precedents for DCR-aided inference in Astronomy

While DCR is commonly regarded as a nuisance parameter for the reasons

outlined earlier, previous studies have leveraged DCR as a tool to study a wide range of

phenomena. Kaczmarczik et al. (2009) used DCR to calculate \astrometric redshifts"

of quasars observed by the Sloan Digital Sky Survey (SDSS, Fukugita et al. 1996).

This is possible because the SEDs of identical quasars at di�erent redshifts will have

di�erent e�ective wavelengths (and therefore experience di�erent amounts of DCR)

through a given �lter as strong emission lines shift into and out of the �lter range. By

modeling the expected positional o�set in each SDSS band as a function of redshift

(see Figure 1.7), they use o�sets of observed quasars to break degeneracies in the

photometric reshift estimates. Comparing against spectroscopically obtained redshifts

of the same quasars, they show that adding astrometric \colors" to the photometric

information increases the fraction of correctly identi�ed reshifts by 9%. Yu et al. (2020)

applied this concept in the context of LSST, using simulations of the survey to show

that at nearly all redshifts, the signal-to-noise ratio of redshift-induced DCR surpasses

3� in one or both of theug bands.

DCR o�sets have also been shown to bene�t supernovae studies in the LSST.

Lee et al. (2024) leveraged DCR to obtain astrometric redshifts of Type Ia supernovae

(SNe) detected in the Deep Drilling Fields of the LSST (see section 2.2). Using the

SuperNova ANAlysis software (SNANA, Kessler & Brout, 2020) as a framework for sim-

ulations, they generate an ensemble of multiband SNe light curves that include SED

models produced by the SALT3 software (Kenworthy et al., 2021). For each SNe,

they calculate the predicted DCR o�set from the SED model and compare them to

simulated o�sets using a� 2 minimization across a grid of redshifts and light-curve

parameters. The resulting posterior probability distribution over redshift was used to
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Figure 1.7: Predicted deviation in quasar position as a function of redshift for the �ve
SDSS bands. A template spectrum from Vanden Berk et al. (2001) is used to compute
the synthetic colors used in the calculation. In each panel, the deviation is shown
for airmass 1.1, 1.25, and 1.4 by the the dotted, dashed, and solid lines, respectively.
Figure and caption reproduced from Kaczmarczik et al. (2009).

extract the 50th percentile of the posterior and the redshift with the highest poste-

rior probability (PDFPeak). By combining the astrometric redshifts with photometric

redshifts of both the SNe (from light curve �tting via LCFIT+Z, Kessler et al. 2010)

and host galaxies (from the Extended LSST Astronomical Time-series Classi�cation

Challenge simulation, Narayan & ELAsTiCC Team 2023), they show signi�cantly im-

proved overall redshift estimates. Comparison of the DCR-derived redshifts versus the

simulated spectroscopically-derived redshifts are shown in Figure 1.8 for the \perfect"

case without any statistical or systematic uncertainties.

As these studies show, DCR is a powerful tool for discovery when deployed
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Figure 1.8: Comparison of DCR-derived Type Ia SNe redshifts (zDCR ) versus simulated
spectroscopic redshifts (zspec). The right panel is the same as the left, except zoomed
to z > 0:6 The outlier fraction � 0:10 is de�ned as the fraction wherej� zj > 0:10, where
� z � zdcr � zspec

1+ zspec
. Figure and caption reproduced from Lee et al. (2024).

on survey data with excellent astrometric precision. Rubin Observatory, with it's 3.2

gigapixel camera, will soon carry out its mission to deeply map the southern sky in

extreme detail over 10 years, producing the largest astronomical dataset to date. How-

ever, Rubin is a solely photometric survey and will detect far too many transient events

to follow up spectroscopically. Nonetheless, the resolution and exquisite image quality

of the LSST images will enable measurements of DCR. By exploiting DCR, Rubin can

indirectly obtain spectral information from single-band photometry, bene�ting studies

of various types of astrophysical phenomena, including, as this dissertation will show,

M dwarf (dM ) 
ares. As such, an overview of Rubin Observatory, the Legacy Survey

of Space and Time, and the expected rate of 
are detections therein is needed to set

the stage for the rest of this work.

The remainder of this thesis will proceed as follows. Chapter 2 will describe the

Rubin Observatory and it's primary mission, the Legacy Survey of Space and Time.

Chapter 2 will additionally provide the expected rate ofdM 
ares in the 10-year LSST.

Chapter 3 will lay out the methodology for using DCR to study temperatures of 
ares

detected in the LSST, explain the challenges encountered in discovering 
are-related
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DCR in current surveys, and provide technical recommendations for supporting DCR-

aided survey science. Chapter 4 will showcase the poster child for 
are studies with

DCR, a 
are detected by the Dark Energy Camera in 2015, and explain how we use the

observations of this 
are to derive the �rst stellar 
are temperature pro�le measured

using DCR. Chapter 5 sets the stage for how we will deploy this method on the data

produced by Rubin by describing the LSST data products and their expected timeline

of availability, how we will �lter the massive volume of \alerts" that LSST will produce

by leveraging a community of alert brokers, and lastly describe the database schema

for a catalog of stellar 
are temperatures that will be developed using theAstroDB

toolkit.
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