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Abstract

Radial velocity (RV) exoplanet detection is undergoing an ongoing race to reach higher
and higher levels of precision, motivated by the need to detect Earth-mass planets in the
habitable zone. Lunar and atmospheric scattering of sunlight, which results in systematic
errors in stellar radial velocity (RV) measurements, can significantly degrade the 10 cm
s~! sensitivity required to detect and characterize terrestrial exoplanets in or near habitable
zones of Sun-like stars. With mask-based or template-based cross-correlation techniques,
the addition of low-level spectral contamination introduces systematic noise into the veloc-
ity measurements.

The NEID (NN-EXPLORE Exoplanet Investigations with Doppler spectroscopy) pre-
cision RV instrument for the WIYN (Wisconsin-Indiana-Yale-NOIRLab) 3.5 m telescope
serves as an ongoing resource for the community to explore and evaluate correction tech-
niques. For these next-generation instruments to achieve 10 cm s~ ! precision on the most
interesting exoplanet systems, dark skies may be required, even though “bright time” has
traditionally sufficed for RV science. Dr. Arpita Roy at STScl had worked on the simula-
tions to minimize solar contamination’s impact to very low levels before the NEID spectro-
graph started taking data.

I worked on radial velocity data taken by the NEID Spectrograph to estimate the range
of RV measurement error induced by scattered sunlight contamination as compared to the
predictions in [Roy 20]. I demonstrate the effectiveness of different correction techniques,
using simultaneous spectrometer sky fibers that are expected to reduce this source of error
to below the photon-noise limit of typical stellar observations. I worked to verify the as-
sumptions of the previously done simulations and checked for any further corrections or the
addition of more factors in the mitigation process. I also plan to work on it further using
coherent fiber bundles (CFBs) and we plan to publish the follow-up paper to ([Roy 20])
and provide definitive guidance to the exoplanet community on the precision achievable in

a range of sky brightness conditions.
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Chapter 1

Introduction

1.1 Exoplanets

1.1.1 History

Humans have long speculated whether there are other Earth-like planets and advanced civ-
ilizations there by gazing up at the stars. Although it has long been known that our solar
system contains planets in addition to Earth, no one on Earth knew for a very long time
whether the stars they saw in the night sky had any planets. Yet, we now have the tech-
nological means to discover planets orbiting other stars for the first time in human history.
The discovery of exoplanets has led to a revolution in astronomy and astrophysics that has
been underway for the past 30 years. In essence, an “exoplanet” is any planet that is lo-
cated outside of our solar system. The discovery of exoplanets has created a whole new
paradigm for astronomical investigation. One of humanity’s most fundamental questions is
”Are we alone in the universe?” The finding of exoplanets may provide an answer to this
query. In addition to this fundamental one, there are other intriguing questions such as how
many different kinds of exoplanets are there. Are planets that are like Earth common in
the universe or in our galaxy? How do these planets form? What elements are present in
their atmospheres? Which planet types can develop around binary stars? the list is endless.
Only in the past 30 years have we really started on our adventure to discover other, far-off
worlds through exoplanet exploration. The first planetary mass body outside of our solar
system was discovered in 1992 ([Wolszczan 92|]) near a pulsar. This was followed by the
first unequivocal finding of an exoplanet, 51 Pegasi b, around a main sequence star in 1995
([Mayor 935]]). Exoplanet research became more prevalent as a result of this finding, which

sparked numerous further discoveries in the years that followed.
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Figure 1.1: Cosmic Milestone: NASA Confirms 5,000 Exoplanets (Image credits:

nasa.gov)

1.1.2 Definition

Due to difficulties in the definition of a planet, especially at the extremities, such as for
Jupiter size or larger planets, the International Astronomical Union (IAU) 2003 extra-solar
planet working group recommended a definition ([Perryman 14]). The star-planet mass
ratio has been added to the definition of ‘exoplanet’ as a result of discussion within the TAU
Commission F2“Exoplanets and the Solar System,” necessitating the hierarchical structure
observed in our Solar System for an object to be referred to as an exoplanet. Additionally,
if they meet the mass ratio condition, objects with planetary mass orbiting brown dwarfs
are now regarded as exoplanets. As a result, the following is the IAU Commission F2

Exoplanets and the Solar System’s definition of an exoplanet as of August 2018.

“Objects with true masses below the limiting mass for thermonuclear fusion of
deuterium (currently calculated to be 13 Jupiter masses for objects of solar metallic-
ity) that orbit stars, brown dwarfs or stellar remnants and that have a mass ratio with
the central object below the L / Ls instability (M/M_ ..., < 2/ (25 + v/621) =~ 1/25)
are ‘planets’, no matter how they formed. The minimum mass/size required for an ex-
trasolar object to be considered a planet should be the same as that used in our Solar
System, which is a mass sufficient both for self-gravity to overcome rigid body forces
and for clearing the neighborhood around the object’s orbit.”

The astonishing total of exoplanets discovered as of April 29, 2023, stands at 5338, and
that figure is rising almost daily. The Kepler spacecraft has enabled the majority of these
detections ([Borucki 11]]). After the launch of the Transiting Exoplanet Survey Satellite
(TESS) mission, this figure has also significantly increased ([Ricker 14]]). With the James
Webb Space Telescope, an ambitious scientific project that builds on the legacy of earlier

space-based telescopes to push the boundaries of human knowledge even further in order
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to address the questions of life beyond our solar system, it is anticipated that numbers will

increase even more remarkably.

1.1.3 Types

Depending on its composition, each form of planet has a different internal and outer ap-

pearance.

1. Gas giants are planets that are similar in size or even far larger than Jupiter or Saturn,
the largest planets in our solar system. Within these broad groups is much diversity.
For instance, hot Jupiters, which are gas giants that orbit their stars so closely that
their temperatures surge into the millions of degrees, were among the first planet

kinds to be discovered (Fahrenheit or Celsius).

2. The size of Neptunian planets is comparable to that of Uranus or Neptune in our
solar system. Although their internal compositions are expected to vary, all of them
will have rocky cores and outer atmospheres that are dominated by hydrogen and

helium.

3. Typically, terrestrial planets with or without atmospheres are referred to as super-

Earths. They are lighter than Neptune yet have a mass greater than Earth.

4. Terrestrial planets are smaller than Earth and made of carbon, silicate, water, or
rock. It will be discovered through further research whether some of them have at-

mospheres, oceans, or other evidence of habitability.

— n&\sj\
e | (RSN

What's Out There? Exoplanet Types

Neptune-Like
Similar to Uranus or Neptune

Super Earth

b More massive than Earth,
" ligher than Negune
Gas Giant & A ,  Temestrial
Similar to Jupiter or Satum t Rocky, in Earth's

v size range

For more information, pleasa visit exoplanets.nasa.gov.

Figure 1.2: Exoplanet Types Infographic (Image credits: nasa.gov)



1.2 Detection Techniques

1.2.1 Radial Velocity

A hot, star-hugging gas giant planet that was identified in 1995 was thought to be roughly
half the size of Jupiter. Its four-day orbit caused it to pull on its parent star so ferociously
that, once astronomers learned what to look for, observatories on earth could see the star’s
wobble. This swift giant, also known as 51 Pegasi b, was discovered at the beginning of
what is sometimes referred to as the “classical” period of planet discovery. One planet after
another was discovered using the early method of tracking moving stars, many of which
were massive “hot Jupiters” with tense, irradiating orbits.

The radial velocity” of a star is measured using the wobbling technique. As a star
moves a little bit closer to us and then a little bit farther away from us, the wavelengths
of starlight are alternately compressed and stretched. These gyrations are brought on by

gravitational forces from planets in orbit.

1.2.2 Transit Spectroscopy

Planet hunting entered what may be referred to as the “modern” era thanks to Kepler
(2009-2018). Kepler positioned itself in an orbit that followed the Earth and then focused
on a narrow region of the sky. It spent four years gazing at that region.

There were 150,000 stars in that modest region. Kepler was watching for minute drops
in the brightness of individual stars brought on by planets passing in front of them. “Transit
technique” is what it is termed. Once a planet has been discovered, its orbital size may be
determined using the star’s mass and period, which measure how long it takes the planet
to complete one orbit. The same method is used by NASA’s Transiting Exoplanet Survey
Satellite, which was launched in 2018, to study large areas of our sky. Exoplanets have
been found and additional details about them have been revealed, from planetary weather
maps to components in atmospheres to mass characterizations, thanks to the usage of space
telescopes like Spitzer and Hubble.

As our eyes in space get more acute, it allows us to examine the atmospheres of very far-
off planets. The light collected by the telescopes can be analysed to determine the makeup
of the atmospheres of exoplanets. Consider a prism: when white light is shone through it,
it separates into a rainbow of colours. The colour bands of this spectrum can be scanned by
scientists like a bar code to identify the substances that are present.

As light from a star passes through the atmosphere of an orbiting planet and eventu-
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ally arrives at our telescopes, either in space or on the ground, it is a process known as
“transit spectroscopy”’, which provides information about where the light has been. Using
spectroscopy, the Hubble Space Telescope has found helium and water vapour in planetary
atmospheres. After its launch in 2021, the James Webb Space Telescope should provide

more thorough profiles of exoplanet atmospheres.

TRANSIT LIGHT CURVE

Figure 1.3: Exoplanet Detection by Transit Method (Image credits: nasa.gov)

1.2.3 Direct Imaging

To discern surface features, a single pixel of light directly acquired from an exoplanet will
not be sufficient. The next best thing, however, will be provided by exoplanet atmospheric
profiles and maybe by signs of gases indicating the presence of life. In the past, huge plan-
ets that are still so hot from their recent birth, that they are still self-luminous, have mostly
been the subject of such “direct photographs” of exoplanets. One of the most remarkable
is a movie made by astronomers using data from Hawaii’s Keck Observatory, which shows
four exoplanets orbiting the star HR 8799. The coronagraph and the starshade, two tech-
nologies that are now undergoing rapid development, would be used by the next generation
of space telescopes to look for direct photographs of exoplanets.

The coronagraph is designed to reduce the intense starlight so that the planets circling
the stars can be seen. And it all happens inside the telescope, where a network of masks,
prisms, and detectors work together to block out brightness. The telescope has self-flexing
mirrors that flex in real time as it collects light that has travelled tens of light years from an
exoplanet thanks to thousands of small, piston-like actuators. These “deformable mirrors”
reduce starlight and improve the clarity of the planet’s light by making up for minor defects

in telescope optics.
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Figure 1.4: NASA’s Webb Takes Its First-Ever Direct Image of Distant World (Image cred-

its: nasa.gov)

The starshade is a different method of snuffing out starlight. This baseball diamond-
sized, sunflower-shaped spacecraft would unfurl like an origami piece. Its unusual shape
would obscure starlight and dampen any stray light that could otherwise leak around the
edges when parked far from a space telescope. The starshade concept is being improved by

NASA scientists in order to be taken into consideration for a potential future mission.

1.2.4 Gravitational Microlensing

Another technique for finding planets makes use of a phenomenon that Einstein first the-
orised: the power of gravity to bend and twist starlight. The light from a background star
that passes directly behind a star in the foreground will be amplified by the star’s gravity.
When a background star passes in front of the foreground star, the star will appear to a
correctly placed telescope as a spike in light intensity; the planet will show as a second,
smaller spike. This method, now utilised by ground telescopes, will be used by NASA’s

Nancy Grace Roman Space Telescope to find exoplanets.

1.2.5 Astrometry

Astrometry is used to look for the periodic wobble that a planet induces in the position of
its parent star. The minimum detectable planet mass gets smaller in inverse proportion to
the planet’s distance from the star. From the ground, the Keck telescope is being equipped
to measure angles as small as 20 micro-arc seconds, leading to a minimum detectable mass

in a 1 AU orbit of 66M,,,, for a solar-mass star at 10 pc.
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Figure 1.5: Demonstration of the principles of microlensing (Image credits: nasa.gov)






Chapter 2

Radial Velocity Method

2.1 Introduction

The majority of what we know about the skies comes from data that has been encoded in
different types of light. Even though studies of meteorites, in situ measurements of the
solar system by space probes, the detection of high energy particles, and more recently ob-
servations of astronomical neutrinos and gravitational waves have all contributed to many
significant advances, the vast majority of astronomical observations are still made by ex-
tracting as much information from photons as possible.

Due to this limitation, some characteristics of stars and galaxies are considerably easier
to ascertain than others. Although distances can frequently only be approximated, positions
on the sky can be measured with extreme accuracy. The situation is typically flipped for
the time derivatives of these numbers; whilst motions of objects in the plane of the sky may
be undetectable due to the immense distances involved, radial velocities may frequently be

determined with high accuracy. Since a large portion of astronomy is concerned with the

| T

Figure 2.1: Radial velocity method of exoplanet detection(Image credits: nasa.gov)

motions of objects as a result of their mutual gravitation, radial velocity measurements are
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naturally a key component of this field of study. They have shown the existence of invisible
planets, dark matter, and the expansion and acceleration of the universe itself. They tell us

the masses of everything from moons in the solar system to stars and galaxies.

2.2 Measuring Radial Velocities

When ions, atoms, and molecules in stellar atmospheres imprint numerous absorption lines
on starlight, we are able to calculate or quantify the remaining wavelengths of these lines
using atomic physics. These lines are Doppler shifted to their observed wavelengths by a
star’s radial motion. The Doppler formula then allows astronomers to calculate the relative
radial speed between the star and the observatory that measured the light, v, via the redshift

Z:
_ Aobs — Arest o 1

A‘rest B Y(l +Vr/c)
Here c is the speed of light and v is the relativistic factor 1/(1- (v/c)?).

—1 2.1

Absolute radial velocities, which are measurements of radial velocity made with refer-
ence to the “laboratory” in this way, are the cornerstones of our knowledge of the dynamics
of the Galaxy and the expansion of the Universe. The accuracy of these observations is
constrained by the spectrograph’s wavelength calibration and knowledge of complication
factors such internal motions of the emitting material and redshifts resulting from gen-
eral relativity. Absolute radial velocities of stars are often accurate to within 100 m/s
([Chubak 12f]). Differential radial velocities, or the change in redshift between two epochs,
can be used to obtain more accurate observations. Differential measurements have the ad-
vantage that certain uncertainties (like those resulting from systematic effects, imperfectly
known rest wavelengths, or the model of the emitting material) will have an equal impact
on all measurements made with a particular instrument or technique, and so differences
between measurements are not adversely affected by them. As a result, measurements of
the change in the absolute redshift of a star’s spectral characteristics can be made with more

than two orders of magnitude higher precision.

2.2.1 Barycentric Motion

The barycentre is defined as the centre of mass for two or more bodies orbiting one another.
In the context of the Solar System, the barycentre is its centre of mass. While observations
are usually taken by observatories on Earth, it is important to correct them to ensure they
reflect measurements taken in an inertial frame moving in tandem with the barycentre. This
is necessary because the Earth itself rotates at a speed of 300 m/s and moves at a speed of 30

km/s around the Sun. Thus, any observatory on Earth trying to measure the radial velocity
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Figure 2.2: Radial velocity method (Image credits: nasa.gov)

of even a perfectly stable star would find variations over a diurnal or annual period because
of this motion. Making a barycentric adjustment or correction accounts for this motion.

The motion of the barycentre is given by the barycentric velocity, which is frequently
much greater than the motions of the stars in their orbits, and the barycentric correction
for stars moving as a result of planets can be four or five orders of magnitude greater. So,
practically speaking, the challenge of radial velocity precision is one of measuring modest
redshifts extremely precisely, frequently to one part in 10* or better, rather than one of
measuring very small redshifts.

Thankfully, the velocity of the Earth has been extensively investigated and quantified
for tasks requiring far greater accuracy than exoplanet discovery. The Jet Propulsion Labo-
ratory and others maintain ephemerides (tables describing the positions of celestial bodies
as functions of time) for the Earth in the barycentric frame, allowing for highly accurate
predictions of the orientation of the Earth into the future (and measurements of orientations
are available, for example, through the International Earth Rotation Service). Lastly, all
contemporary observatories offer accurate timekeeping, enabling later barycentric correc-

tion algorithms to tag observations with the proper time stamp.

2.2.2 Precise Radial Velocities

Absorption cell spectroscopy and spectrograph stabilisation are the two main techniques
of precise radial velocimetry used to find and describe exoplanets via the reflex velocities

of their host stars. They differ mostly in how the spectrograph is calibrated. The spec-
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trograph’s wavelength calibration is the main factor limiting the accuracy of differential
redshift measurements. A single pixel shift corresponds to a change in radial velocity of
1 km/s in typical RV spectrographs, which resolve starlight with a power of R = A /AL ~
50,000-100,000. As giant planets would alter the velocities of their host stars by orders of
tens of m/s, this corresponds to a precision of 10~2 pixels, while for discovering Earth-mass
planets it needs to be a few orders of magnitude better than that. As typical astronomical
detector pixels are 15 pum across, one is measuring star line “motions” to within a few
nanometers.

Spectrographs used in astronomy are not this steady. The spectrograph can be used for a
variety of purposes because the majority are multipurpose instruments with plenty of mov-
able elements that are activated. From night to night, a given wavelength of light cannot
usually be expected to land much closer to its normal position than a pixel (or year to year).
The answer is to use a combination of differential method, calibration, and stabilisation.
During the course of several nights, precise differential measurements were possible be-
cause of the stabilisation and calibration process. Since then, this method has been utilised
to the fullest extent possible. Modern stable radial velocimeters employ cryostats and vac-
uum chambers to precisely regulate the vibration, temperature, and pressure of spectro-
graphs. The remaining, inevitable changes in the spectrograph are monitored using emis-
sion sources like laser frequency combs, which are locked to atomic clocks and offer nearly
perfect wavelength references. These changes can result from slow changes in the crys-
talline structure of the metals involved or irregular thermal outputs from the detector elec-

tronics.

2.2.3 Radial Velocity Jitter: Spurious Doppler Signals

The motions of gas in stellar atmospheres and across the differentially spinning star disc
result in absorption, emission, scattering, and other phenomena that are observed in stellar
spectroscopy. In addition to an actual center-of-mass movement of the star itself, the lines’
shape and centroid positions will change as a result of numerous other factors. This phe-
nomenon, known as jitter, can occur throughout a range of timelines, amplitudes, and noise
distributions. Spotty, quickly revolving, and low-gravity stars are most affected.

This not only presents the more pernicious problem of false detections around these stars,
a problem that has dogged the field since its inception (e.g. [Queloz O1]]), but also ren-
ders detection sensitivity progressively worse for younger and more developed stars. Many
avoidance and mitigation strategies are needed to find a solution to the issue of finding

planets with Doppler amplitudes close to or below the level of the jitter.
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Chapter 3

Solar Contamination

The desire to find Earth-mass planets in the habitable zone has sparked an ongoing strug-
gle for ever-higher accuracy measurements in the field of radial velocity (RV) exoplanet
detection ([Kopparapu 13]). Doppler reflex signals of 10 cm s—1 are produced by such
terrestrial-mass planets circling Sun-like stars, and this nominally determines the preci-
sion objective for several next-generation equipment and surveys. Formerly insignificant
sources of error become prominent at these levels of scrutiny, necessitating significant ad-
vancements in both instrument design and analytical methods ([Fischer 16]). This is the
domain of “extreme” precision spectroscopy. It is now necessary to conduct in-depth re-
search on and take precautions against a number of previously unidentified events that im-
pact spectral line profiles. Building ever-larger telescopes has been a current astronomical
trend. Because telescope time is continuously in demand, careful planning of observations
is required due to the high operational costs of very enormous telescopes. To understand
how long an exposure is required for a given observation with a specific signal to noise
ratio, more precise predictions and estimates of the sky background are therefore required.
The predicted sky background from various sources is computed by the ESO model using
basic principles.

In this part, I thoroughly explain the sky elements incorporated into the ESO model as
well as the sampling strategy we used to produce multi-dimensional grids of model spectra.
This ESO Model further forms the basis for the ‘Brightness Tool’ I used for sky background

calculations.
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3.1 Types of Light

3.1.1 Zodiacal Light

Zodiacal light, also known as the ecliptic or plane of the zodiac, is a band of light in the
night sky that is believed to be sunlight reflected from cometary dust. In the tropics, where
the ecliptic is roughly vertical, the light is plainly seen in the west after dusk and in the
east before dawn. It is best visible at mid-northern latitudes in the morning in September
and October and in the evening in February and March. At a position 30° from the Sun to
roughly 90° on the ecliptic, the zodiacal light can be seen visually following it. According
to photometric observations, the band extends to the area opposite the Sun, where a faint
augmentation known as the gegenschein, or counterglow, is discernible. All portions of the
sky include some zodiacal light, which is a continuation of the Sun’s F-corona. The ESO

model varies the zodiacal light as a function of ecliptic coordinates and airmass.

3.1.2 Scattered Moonlight

The scattered moonlight is the most prominent natural source of brightness in the night
sky and is also the main cause of sky background noise. For accurate estimate of the
sky background, a trustworthy moonlight model is essential. Also, a lot of observers are
attempting to characterise faint objects by spectroscopy, and astronomers would be able to
forecast which spectral features are observable within a specific exposure time if they had
a precise understanding of the background spectrum. We boost the telescope scheduling

efficiency by refining the dispersed moonlight model within a sky background model. Most
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Figure 3.1: Example of the scattered lunar light (Image credits: [Yoachim 16])
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of the sunlight that shines on the Moon’s surface and a small amount of earthlight are
reflected back as moonlight. A template library of scattered moonlight is built in the ESO
Model by considering Moon-Sun separations of 0° to 180° in 15° steps, and moon altitudes
from 15° to 90°; ([Yoachim 16]). Then the expected spectrum is computed on a grid of 29
positions across the sky. This is a HEALPix grid (with an ngg. of 4, resolution of ~15°),
based on altitude and azimuth (relative to the moon), where pointings with an airmass
greater than 2.6 are ignored. This results in a total of 2,262 template spectra for the scattered

moonlight. Examples of the scattered moonlight spectra are shown in Figure 3.1.

3.1.3 Airglow

An atmospheric emission of light known as airglow, also called nightglow, occurs on plan-
ets. Even if the impacts of starlight and diffused sunlight from the far side are eliminated,
the night sky on Earth never truly darkens due to this optical phenomenon. Self-illuminating
gases are the source of this phenomenon, which is unrelated to either sunspot activity or the
magnetism of the Earth.

The recombination of atoms that were photoionized by the Sun during the day, lumi-
nescence from cosmic rays striking the upper atmosphere, and chemiluminescence, which
is primarily caused by oxygen and nitrogen reacting with hydroxyl free radicals at heights
of a few hundred kilometres, are all processes that contribute to airglow. Because of the
glare and light scattering during the dayj, it is not visible. A ground observer may be able to
see airglow at night if it is light enough, and it typically has a bluish appearance.

The airglow is assumed to be a function of airmass and solar activity as measured by

solar radio observations.

3.1.4 Scattered Starlight

The ESO model utilises a mean spectrum for the dispersed starlight because it makes up a

relatively small portion of the sky background. This element only depends on airmass.
The gas molecules and dust in the interstellar medium absorb and scatter starlight, like

all other types of electromagnetic (EM) radiation. The atomic and molecular makeup of the

inter-stellar matter (ISM) affects these activities.

3.1.5 Atmospheric Emission Lines

Although the airglow and emission lines change during the night and with the seasons, the
variance is just 10-20 %. “For scheduling observations, the variation in background caused

by airmass and distance to the moon should swamp any effects from the skylines fading
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during the night,” ([Yoachim 16]). The lower atmosphere is included for completeness
even though it only emits in the IR. The ESO Model takes template spectra with airmasses
ranging from 1 to 2 with steps of 0.1 and furthermore an airmass of 2.5 under the assumption
that the atmospheric emission is solely a function of airmass. The upper atmosphere, lower
atmosphere, and dispersed star light are unified into a single component in the calculations

in the ESO Model code because they only differ as a function of airmass.

3.1.6 Twilight

The ESO sky model does not include a component for sunlight scattered by earth’s atmo-
sphere. The twilight sky brightness is difficult to compute from first principles. While
scattered moonlight can be computed via a single or double scattering model, the solar twi-
light comes from multiple scatterings, thus there is no simple analytic model for computing
the solar twilight from first principles and models must instead rely on Monte Carlo radia-
tive transfer simulations.

Rather than computing radiative transfer, ESO Model advises fitting a simple empirical
model to the twilight flux. Data from the all-sky camera as well as other sites show that
after the Sun’s altitude drops below ~ -10° , the twilight flux decays exponentially with
solar altitude. The total sky brightness is well fit by an exponential decay plus a zeropoint

offset.

3.2 Effect of Solar Contamination on RV Measurements

Due to the large reduction in our capacity to measure intrinsic stellar line profiles caused by
spectral pollution, spectral contamination is still a major problem for calculating RV error
estimates ([Pepe O8]]). The worst example of contamination is when spectral patterns in the
superimposed light are present. These features can both contaminate specific line forms
and cause an erroneous velocity signal to be generated across the ensemble of lines. This
is made worse by the fact that the movement of the star and the Earth-based observatory
over time frequently introduces relative shifts between the contaminant and source spectra.
For seeing-limited equipment, there are no hardware alternatives to completely minimise
the effect of background sky brightness on RV observations. In reality, it is frequently
necessary to determine the contaminant’s amount from the same observations that must be
adjusted for the effect. It is theoretically possible to counteract this, but it is impractical
given competition from other subfields like extragalactic and cosmological investigations.

Blended light from partners or unfavourable backdrop objects have been known to provide

misleading false positives, necessitating careful handling (e.g., [Wright 13]). We concen-
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trate on scattered or reflected sunlight, which is practically always present in observed
spectra from ground-based detectors at some degree, as opposed to the incidental charac-
ter of these contaminants. The degree of this contamination is affected by a number of
variables, such as the brightness of the sky, target-moon separation, lunar phase, ecliptic
latitude, zenith angle, and solar cycle phase ([Krisciunas 97]). This error source has largely
been mitigated by avoiding the following observations so far: (1) those made in the twi-
light; (2) those made during a full moon or when the target is close to the moon; and (3)
those made in cloudy skies or cirrus clouds ([Pepe 08]]; [Seager 10]).

For the modern equipment operating in the > 1 m/s accuracy zone, ensuring that the sky
backdrop is faint (>7-10 magnitudes fainter as a general rule of thumb) has mainly been
sufficient ([Pepe 08]]). The possibility of doing solar contamination correction for Doppler
measurements at the 10 cm s~! level has not yet been reached. In weighted mask-based
([Pepe 02]]) or high signal-to-noise ratio (S/N) template-based cross-correlation for radial
velocity measurement, the presence of scattered sunlight in observed spectra can be a two-
fold source of error, affecting both “peak pulling” and the introduction of more complex
and time-variable structure in the cross-correlation function (CCF) or %2 space.

([Roy 20])) carefully evaluated how solar light contamination may affect RV measurements
and investigated how a simultaneous sky fibre can help. A dedicated sky fibre is included
in a number of new instruments, such as NEID ([Schwab 16]) and KPF (]|Gibson 18]]), for
the correction of telluric absorption and emission lines and the elimination of scattered sun-
light. Even when there is a direct impact on RV precision, the sky fibre in these systems is
highly spectrally scattered, making it challenging to evaluate even very low levels of solar
pollution.

[Roy 20] investigated the feasibility of replacing the sky fibre with broadband sky images
from coherent fibre bundles for scenarios of very faint sky with low S/N in the sky fi-
bre (CFBs). CFBs are primarily employed in the NEID fibre head for target acquisition,
but they also offer an intriguing alternate channel for measurements of the brightness of
the sky. Efforts were made to keep the simulations applicable to next-generation spectro-
graphs with limited viewing. Parameters were based, where specification was required, on
the NEID spectrograph, which was installed on the 3.5m WIYN telescope at Kitt Peak.
These calculations can therefore be easily modified for use with other instruments by mak-
ing adjustments for the telescope aperture, the size and form of the fibre, the instrument’s

bandpass and resolution, and the anticipated sky conditions.
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3.3 NEID

NEID (NN-EXPLORE Exoplanet Investigations with Doppler Spectroscopy)is an optical
EPRYV (Extreme Precision Radial Velocity) Spectrograph on the WIYN 3.5-meter Telescope
at Kitt Peak National Observatory, Arizona, USA. The name NEID is derived from the word
meaning “to see” in the native language of the Tohono O’odham, on whose land Kitt Peak
National Observatory is located. The NEID fiber head comprises sky fiber, science fiber,
cal fiber, and coherent fiber bundles (CFBs). The wavelength coverage for NEID is 380-
930 nm (continuous coverage). Resolution for NEID is ~110,000 in “High Resolution”
mode and ~70,000 in “High Efficiency” mode. NEID uses a dedicated sky fiber to directly
sample the solar contamination spectrum at a resolution identical to the target spectrum
unlike other spectrographs like HARPS.

The NEID fiber head comprises sky fiber, science fiber, cal fiber, and coherent fiber bundles
(CFBs). The science fiber focuses on the target star while the sky fiber focuses on the
sky region around the target star. CFBs also look at the sky region but are on a different
detector. These fibers are expected to reliably correct for the scattered sunlight noise. The
solar contamination spectrum is directly sampled by instruments like NEID at a resolution
that is the same as the target spectrum using a specialised sky fibre. The science and sky
fibres should have comparable levels of sky flux because they are of the same size and are

separated by only a modest distance (22 on-sky in the case of NEID, Figure 3.2).
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Figure 3.2: NEID high-resolution (HR) mode port adapter fiber head that collects light
from the telescope for transportation to the spectrometer. Left: image of the as-built fiber
head being installed with NEID; Middle: diagram showing the relative placement of the
coherent fiber bundles (CFBs) around the science fiber, as well as the position of the sky

fiber. Right: Magnified CFB image from the manufacturer.
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3.3.1 NEID Data Reduction Pipeline (DRP)

Source: NEID-DRP 1.2.0 documentation
The NEID Data Reduction Pipeline (NEID-DRP) processes data obtained with the NEID
Precision Radial Velocity Spectrometer at 3.5 m WIYN Observatory on Kitt Peak.

Three levels of data products are generated:

* Level 0: Raw data produced by the NEID instrument control system at the WIYN

observatory.
* Level 1: Extracted, wavelength calibrated spectra.

* Level 2: Derived products, including radial velocites, activity indicators, and telluric

models.

NEID GTO (Guaranteed Time Observations) data is obtained at night by professional ob-
servers operating the spectrometer in a Queue based mode. During daytime hours, from
9:30 to 15:30 MST, the spectrograph uses its solar telescope feed to automatically obtain a
continuous stream of solar spectra, with a cadence of 55 s/exposure, followed by ~30 s of
readout.

Calibration data is primarily obtained in two large blocks each day from 16:00 - 18:30 MST,
and from 6:30 - 9:00 MST. Data transfers automatically from Kitt Peak to NExScI twice
per day, following completion of these calibration seqeuences. After arrival at NExScl,
validation checks are performed to ensure data integrity, and the data is ingested into the
NExScI archive.
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Chapter 4

Methodology

4.1 Cross-Correlation Function(CCF)

The cross correlation function between two different signals is defined as the measure of
similarity or coherence between one signal and the time delayed version of another signal.
Cross-correlation functions (CCFs) yield the measurements of radial velocity (RV). The
extracted wavelength-calibrated spectra produced in level 1 files are used to calculate the
radial velocity (RV) of each observation. RVs are derived by cross correlating target spectra
with a weighted numerical stellar mask based on spectral type ([Baranne 96|, [Pepe 02]]).
The NEID pipeline currently uses the public release of the ESPRESSO masks. While mask
lines are historically selected empirically for RV stability, the mask width is set by the reso-
lution of the instrument to cover approximately 1 pixel (in the case of NEID, this translates
to 1 km/s).

The module operates on each echelle order to produce individual cross-correlation func-
tions (CCFs) that are stored in extension 12 of the level 2 files. These are fit with Gaussians
to produce order-by-order RV measurements that can be used to scrutinize chromatic be-
haviors. The order-by-order CCFs are then summed, and the sum is fit by a Gaussian to
measure a single RV value for the observation. This aggregate value is stored in the level 2

header, along with the corresponding measured uncertainty, and the BJD_TDB.
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Cross-correlation with Weighted Mask Measuring Radial Velocity
Via Gaussian Fitting
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Figure 4.1: Cross Correlation Function. The order-by-order CCFs are summed, and the
sum is fit by a Gaussian to measure a single RV value for the observation. (Image credits:

NEID DRP)

4.2 Correcting for Solar Contamination:

The usage of the sky fibre and other auxiliary data must be optimised across the observing
circumstances of the telescope location, therefore solar contamination correction will need
to be a crucial algorithmic component of next-generation RV pipelines. Now I discuss that
the extent of adjustment that may be made, and inherent drawbacks to account for this effect

in the coming sections via two methods.

4.3 Using Sky Fiber/Direct Sky Fiber CCF Subtraction

4.3.1 Theory of Method

Sky correction has already been tried in the realm of precise RV measurements by directly
subtracting the CCF of the scientific fibre spectrum from the CCF of the sky fibre spectrum.
Figure 4.2 depicts this method’s overview. Direct CCF subtraction is a straightforward yet
effective method that makes use of the inclusion of a sky fibre with the same fibre size
and cross section as the science fibre (and hence a very similar line spread function). In
a real instrument, the two fibres may have slightly differing throughputs and aberrations,
which makes a relative scaling between the CCFs necessary before subtraction. Although
it was primarily intended as a coarse correction of strong moonlight contamination to save
some observations, this method has been successfully applied to the SOPHIE spectrograph
([Barge 08]; [Hebrard 08]]; [Pollacco 08]; [Bonomo 10]; [Santerne 11al, [Santerne 11b]).
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[Bonomo 10] also points out that the CCF bisectors, a technique frequently employed to
identify spectral contamination ([Wright 13]]) or stellar activity problems ([Robertson 14])
in RV observations, quickly show peak tugging from moonlight contamination. By dividing
the science fibre CCF by the sky fibre CCF in simulated scenarios ([Roy 20]), this correc-
tion approach can be tested. This significantly lessens the contamination effect, reducing
the worst RV errors from ~ 100 m/s to ~ 10 cm/s. This residual inaccuracy is caused by
noise in the removed sky fibre CCF as well as a change in the mean velocity recorded after
CCEF subtraction (residual peak tugging from sky) and an increase in the standard deviation
of the measured noise distribution.

Sky fiber CCFs become dominated by read noise as the sky gets darker, and do not actually
correct for it. The fact that contamination mistakes are already minimal when the sky is
dark, however, masks this effect. Even after performing 1000 realisations for each combi-
nation of star and sky, anomalies in the contours still exist because these minor changes are

challenging to measure, even on simulated spectra.
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Figure 4.2: Overview of the direct sky fiber cross-correlation CCF subtraction technique.
Note that the spectrum and CCF continuum levels are matched for illustrative purposes

only; in reality, the sky fiber has a much lower flux level. (Image credits: [Roy 20])

4.3.2 Usage of the Method

For direct sky subtraction method:

* I chose four targets, ie HD9407, HD127334, HD185144, TIC325554331 for my

project mainly because these had the most abundant data out of all the stars observed
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using NEID.

* The NEID Data Reduction Pipeline (DRP) by defaut calculates CCF for the science
fiber. I modified the pipleine to calculate CCF for the sky fiber data.

* I ran the CCF function on the sky fiber data of the above mentioned four targets.

* Ideally as predicted before commissioning of the instrument, the CCF on the sky fiber
should have shown a scattered light contamination signal, but we didn’t observe the

signal due to high noise in the sky fiber data.

* Hence directly subtracting the sky fiber CCF from the science fiber CCF was not
going to be helpful. This led me to explore the other methods.

4.4 Using Theoretical Sky Contamination/ Model Sky Sub-

traction

4.4.1 Theory of Method

A different approach to removing contamination entails subtracting a noiseless (or ex-
tremely high S/N) model sky spectrum from the science fibre spectrum using the flux cap-
tured in the sky fibre as the basis (see Figure 4.3). The absolute brightness of the sky is
directly correlated with the continuous level of the sky fibre CCF:

. constant
SkyBrightness = 2.5 x log(CCFcontinuum> 4.1)

With this technique, we may quantify the continuum level and RV position of the dispersed
sunlight with relation to the target star by fitting the sky fibre CCF with a gaussian. Since
the sky spectrum is roughly travelling at the barycentric velocity, the CCF centre can either
be set or subject to strict constraints during peak fitting. A noiseless model sky spectrum is
scaled to the appropriate flux level using the anticipated sky brightness. The same synthetic
spectrum that was utilised to create the injected sky spectrum is employed in this idealised
scenario. For improved line-spread function (LSF) matching, this model should really be
derived from a library of high-S/N observations of the local twilight sky, preferably made
through the science fibre itself.

The model sky spectrum is subtracted from the science fibre spectrum to provide a final
CCEF of the corrected target spectrum. This method also significantly lowers the solar con-
tamination impact, resulting in the worst RV errors dropping from ~100 m/s to ~1 m/s.
However, it does not perform as well as a straightforward subtraction of the sky fibre CCF

because the extra processes of measurement, translation, and spectrum interpolation can
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result in minute errors.

In situations where direct CCF subtraction is inappropriate, such as when the sky and
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Figure 4.3: Overview of the model sky subtraction technique. Note that the spectrum and
CCF continuum levels are matched for illustrative purposes only; in reality, the sky fiber

has a much lower flux level. (Image credits: [Roy 20])

science fibres have different geometries or spectral resolutions, this technique may be es-
pecially helpful. In low-sky background levels where it is challenging to distinguish the
continuum, using the sky spectrum CCF to scale the template solar spectrum may be more
advantageous than using the recorded sky spectrum directly. To make sure that the model
spectrum matches the genuine sky spectrum based on site, airmass, moon phase, and other

observable variables, there is an additional load.

4.4.2 Brightness Tool

We call the sky brightness code as ‘Brightness Tool’ developed by Arvind Gupta (Penn

State University) that computes flux from sky coordinates and time stamps.

* It takes input as input-time, input-ra (right ascension), inputdec (declination), input-

loc (location), equinox="J2000’.

e It calculates and returns the twilight and scattered moonlight contributions to sky
brightness in magnitudes / (arcsec)? and the corresponding radial velocity precision

in cm/s.

* It has various functions like:
calc_moon() which calculates the moonlight contribution to sky brightness.

calc_twilight() which calculates the twilight contribution to sky brightness.
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calc_positions() which calculates the various parameters like moon phase angle,
moon zenith angle, target zenith angle, target-moon distance , target-Sun azimuth,
target airmass and solar altitude.

sky_brightness() which finally gives us the sky brightness contributed by twilight

and moonlight and radial velocity precision.

4.4.3 Correcting the Brightness Tool

We encountered a bug in the brightness tool such that the moon position in the function

was inconsistent from our independent calculations. The bug was that the moon angle was

calculated with respect to the moon, Sun and the star. But we wanted to calculate the

moon angle with respect to the moon, observatory and the star. Hence I fixed this bug and

corrected the brightness tool to be used for calculations.

4.4.4 Usage of the Method

I build a test pipeline which involved the following steps.

When direct sky fiber CCF calculation didn’t help us in observing a scattered solar

light contamination signal, I tried the theoretical calculation method.
I read both a solar file data and a target star sky fiber data observed during NEID.

I used the brightness tool (after debugging it) by modifying it further according to my

requirements to calculate the total sky brightness for different target stars.

I used the total sky brightness and also the exposure time for that particular sky bright-
ness value calculated as inputs to my function called calc_snr(). I made this function
calculate the expected signal to noise ratio for a given target for particular tempera-
ture, wavelength, v-magnitude of star and the exposure time. It also calculates the
signal to noise ratio for the solar file data. It returns the expected snr for the target

star at given conditions and the ratio between the expected snr and the calculated snr.

I used ccf_retrieve() to take input as ccf of the solar data and the ratio between the
science and sky fiber data. This function then scales down the solar file ccf using
this ratio value and return the scaled down solar ccf, which is thus my theoretical
prediction of the solar light contamination in the sky fiber data for a particular target

for particular mask.

I also incorporated functions from the prv/CCF (a private repository for NEID) to fit

the gaussian to the ccf to calculate the mean of the radial velocity.
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* I subtracted the modelled solar ccf from the science fiber data and got the corrected

ccf and derived radial velocity from it

* | then called all these functions by just giving the target star data as input and the
pipeline I built automatically did all the calculations and gave me as results:
1) The overplots of expected solar light contamination containing scaled-down solar
ccf and the sky fiber data ccf.
2) RV (radial velocity) before the correction.

3) Radial velocity after the correction.

* I also ran CCF code on science fiber of solar file convolved with not just G2 but M2

and K2 espresso masks as well.

In this way, I developed a a test pipeline code to predict expected sky contamination, for a
given star with a mask of choice, from a solar spectrum convolved with a given mask. Thus,
I also got the difference my pipeline is making in radial velocity calculations by correction

using sky fiber data for particular category of stars.

Using Theoretical Sky Contamination/ Model Sky Subtraction

Test Pipeline Summary|

Read a solar file & a target Used Brightness Tool; debugged and
star sky fiber data file, modified (based on my requirements);
observed using NEID l'

Obtained Total Sky Brightness from Brightness

Tool and found the corresponding exposure
time value for it in in the star datafile

=

calc_snr()
To calculate expected SNR for a given target and the SNR

for solar file data.

1

Ratio between the expected SNR and the calculated SNR

1
Scaled down ccf_retrieve()
lar CCF — To scale down the solar file ccf using this ratio value.
solar Input is CCF of solar data and the ratio from ccf_snr()

Figure 4.4: Test Pipeline
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Chapter 5

Results & Discussions

5.1 Results

The work during this project helps to conclude the following points:

5.1.1 Comparison of Scaled Solar CCF with the sky fiber data of a few

targets

* Obtained the cross-correlation function (CCF) of the scattered light in the sky fiber
of NEID data.

* Asexplained in depth in the Methodology section, I built up a pipeline to theoretically

calculate the solar light contamination for a given star with a given mask.
* This pipeline also helped me compare the model ccf with the fiber data ccf.

* For m-dwarfs (i.e., Barnard’s star/TIC325554331), a scattered solar light signal was
observed, which matched our theoretical prediction of solar contamination signal
using G2 mask convolved solar spectrum, but it was higher by a scaling factor of

around 5.

* In the exact same conditions as mentioned in the last point, for spectrum observed

during dark sky, no signal was seen, thus confirming that sky fiber is working.

* For solar type stars, even on a dark sky, when no contamination signal was expected,

we could still see a signal as shown in the plots attached, especially Figure 5.4

* For solar type stars (like HD9407), the signal we obtained from sky fiber was orders
of magnitude stronger than what we expected. This was found to be fiber to fiber

scattered light contamination.
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Note: Here in the attached figures, 1 have shown the overplots of the scaled solar ccf and
the sky fiber data ccf for different target stars. The mask I used in CCF calculations is
G2.espresso (the one used for sun-like stars) irrespective of the star types. It is for visual-
ization purposes to see the maximum level of solar contamination signal. But for calculation
of corrected ccf and RV, I use the right mask corresponding to the target star, ie, G2 mask

for G2 stars and M2 mask for m-dwarfs, etc.

5.1.2 Corrected Radial Velocity

After obtaining the predicted values of sky contamination and the modelled ccf, I was also

able to obtain:

The corrected CCF after subtraction of the uncorrected science ccf and modelled sky

ccf.

Radial velocity of the science fiber data, i.e., radial velocity for the uncorrected CCF.

Radial velocity of the corrected CCF.

The difference in the radial velocity for a particular mask for a star with a particular

spectral type.

Here I have tabulated the RV (before and after correction) calculated for an m-dwarf, ie,
Barnard’s star during the bright and dark sky observations. Note: For subtraction of CCFs,
I used the same mask as that of the star type for CCF calculation; here I used M2.espresso
mask for m-dwarf (TIC325554331/Barnard’s star).

RV (km/s) (uncorrected) RV (km/s) (corrected) RV difference (cm/s)
0.12 0.12 -9.06
0.12 0.12 -28.74
0.12 0.12 -11.59
0.12 0.12 -8.46
0.11 0.11 -17.80

Table 5.1: Table showing radial velocity calculations for TIC325554331 for bright sky

observations
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RV (km/s) (uncorrected) RV (km/s) (corrected) RV difference (cm/s)
0.12 0.12 -4.73e-10
0.12 0.12 -9.35e-10
0.12 0.12 -4.64e-9
0.09 0.09 -2.31e-8
0.12 0.12 -6.60e-9

Table 5.2: Table showing radial velocity calculations for TIC325554331 for dark sky ob-

servations
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5.2 Discussions

1. In the results,we saw that for solar-type stars, the signal we obtained from sky fiber
was orders of magnitude stronger than what we expected. Detailed analysis showed
that scattered starlight in the science fiber is overwhelming the signal in the sky fiber
ccf if the spectral type of the star is close to the Sun. This was found to be fiber-to-
fiber scattered light contamination. It shows that there are some limitations of the sky

fiber, and we need to come up with a better technique or method to mitigate the issue.

2. Thus, the pipeline I developed works well, as confirmed by the m-dwarf dataset.
Now I need to design a method to predict the sky fiber contamination in solar-like
stars using the sky fiber data in M type star observations as well as work this out
using the coherent fiber bundles (CFB) data. The reason for using CFBs is that they
are called as proxy sky fibers because they also focus on the sky around the target
star. But CFBs are located on a different detector, hence fiber-to-fiber scattered light

contamination could be avoided which seems to have affected our sky fiber data.

Therefore I will further subtract the sky fiber CCF from the science fiber CCF for the
masks with the right spectral types, thus correcting for the contamination. Hence aiming
to mitigate the deleterious effects of solar contamination on RV precision. Thus the work
intends to aid in identifying terrestrial planets in the habitable zones (HZs) of other stars.

And here I discuss the details of the two points highlighted above:

5.2.1 Limitations of the Sky Fiber

The usage of a simultaneous sky fibre is a prerequisite for both of the sun contamination
correction methods discussed in the Methodolgy section. The CCF subtraction technique
also depends on the similarity between the science and sky fibers (or the ability to transform
the LSF and chromatic variability between the two). There may be instances, though, where
a sky fibre is either not accessible (in some devices, one must choose between calibration
light and sky lighting in the contemporaneous fibre) or the sky fibre itself has contamination

problems. The sky fibre is contaminated mostly at two different points.

1. The first occurrence takes place at the port adapter fibre head (Figure 3.2) and is
brought on by the stellar PSF’s wings spreading into the sky fibre’s coverage region
(22" separation). The sky fibre receives an extra 0.001 percent of contaminated flux
for a V=12 star at a sky brightness of 17 mag (arcsec)™2; when the sky dims
to 21.45 mag arcsec™? (typical for WIYN dark time at zenith), this rises to 0.08

percent. Given the intention to sample the same (or a neighbouring) region of sky,
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contamination at the port fibre head is inevitable regardless of the device. Better
seeing naturally lessens the impact of this effect, but the fact that it changes depending

on the observing environment complicates modelling efforts.

2. Cross-contamination between fibre traces on the detector, which is brought on by
low-level wings of the cross-dispersion profile, is the second and more serious cause
for concern. The leakage of starlight from the same echelle order into the sky fibre
(intraorder contamination), which is predicted to occur at 1073 to 1077 levels, is not
particularly troublesome in the CCF correction approach because it effectively yields
a primary CCF peak that is somewhat diminished. However, the function of star
brightness has a significant impact on attempts to measure sky brightness from the
sky fibre. Interorder contamination increases significantly at the red end of the NEID
bandpass as the distance between the sky fibre and the next-door calibration order
decreases to about ~7 pixels (as opposed to about ~80 pixels at the blue end). The
light from the calibration source (laser frequency comb, etalon, or emission lamp)

quickly overpowers any attempts to measure the spectrum of the sky fibre.

5.2.2 Simultaneous Broadband Correction using CFBs

Simultaneous broadband measurements can offer significant redundancy and may end up
being the only practical choice for the darkest skies due to the low flux levels and worries
about contamination in the sky fibre. This technique samples the background sky using
broadband imaging, preferably quite close to the target object, to determine the amount of
dispersed solar irradiance. By doing this, a solar contamination estimate is produced that is
independent of the high-resolution sky spectrum, which may be noisy. Figure 5.5 depicts
the method in broad strokes. Many astronomical observatories use CFBs for target acquisi-
tion, guiding, and maintaining focus because they are flexible image guides with large fields
of view compared to typical spectrograph fibres ([Ramsey 03[]; [Newman 04]; [Smee 13]];
[Yan 16]). Three CFBs are placed around the science fibre in the port adapter fibre head for
NEID.

Figure 3.2 displays an enlarged view of a single CFB as well as the relative positioning
of the CFBs in relation to the science and sky fibres in NEID. The CFBs collect a signifi-
cant amount of sky light concurrently with science observations. Bright stars floating into
their frames of view are given additional redundancy by the existence of three bundles. The
CFBs are a crucial addition to the sky fibre since they are resistant to worries of cross-
contamination on the detector, despite the fact that contamination from stellar light at the

port adapter fibre head can also damage them (15” separation from science fibre).
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Figure 5.5: Overview of the simultaneous broadband correction technique. Note that the
spectrum and CCF continuum levels are matched for illustrative purposes only; in reality,
the sky fiber has a much lower flux level. (Image credits: [Roy 20])

The CFBs offer a fresh and effective method for correcting solar contaminant via concur-
rent broadband sky imaging. A scaling link can be established between the CCF continuum
and the absolute sky brightness in the V-band by examining CFB images in conjunction
with the science fibre observing the comparatively bright sky. Thus, the sky brightness
level observed from the CFB can be utilised to create a noiseless model sky spectrum and

subtract it from the science spectrum.
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Chapter 6
Summary

Solar light contamination from lunar and atmospheric scattering of sunlight, results in sys-
tematic errors in stellar radial velocity (RV) measurements. It can significantly reduce the

10 cm s~ !

sensitivity required to detect and characterize terrestrial exoplanets in or near
habitable zones of Sun-like stars ([Roy 20]]). NEID is an optical extreme precision radial
velocity spectrograph on the WIYN 3.5-meter Telescope at Kitt Peak National Observa-
tory, Arizona, USA. The NEID fiber head comprises sky fiber, science fiber, cal fiber, and
coherent fiber bundles (CFBs). The science fiber focuses on the target star while the sky
fiber focused on the sky region around the target star. CFBs also look at the sky region but
are on a different detector. These fibers are expected to reliably correct for the scattered
sunlight noise.

CCFs yield the measurements of radial velocity (RV). RVs are derived by cross-correlating
target spectra with a weighted numerical stellar mask based on spectral type. The order-
by-order CCFs are then summed, and the sum is fit by a Gaussian to measure a single RV
value for the observation. The CCF of the sky fiber is computed by cross-correlation with a
numerical mask. Sky fiber CCF is subtracted from the CCF of the science fiber spectrum.
The final target RV is derived from the resultant corrected target CCF.

Using a brightness tool, I calculated sky contamination for more abundant target data. Fol-
lowing [Roy 20], I modified the pipeline configuration to get CCF for sky fiber. Plots are
attached in the Results section. I ran CCF code on science fiber of solar file convolved with
not just G2 but M2 and K2 espresso masks as well. I made a test pipeline code to predict
expected sky contamination for a given star with a mask of choice, from a solar spectrum
convolved with a given mask.

So I obtained the CCF of the scattered light in the sky fiber of NEID data. For solar type
stars, the signal we obtained from sky fiber was orders of magnitude stronger than what we
expected. This was found to be fiber to fiber scattered light contamination. For m-dwarfs,

a scattered solar light signal was observed, which matched our theoretical prediction of so-
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lar contamination signal using G2 mask convolved solar spectrum, but it was higher by a
scaling factor of around 5. In the exact same conditions, for spectrum observed during dark
sky, no signal was seen, thus confirming that sky fiber is working.

Detailed analysis shows that scattered starlight in the science fiber is overwhelming the sig-
nal in the sky fiber ccf if the spectral type of the star is close to the Sun. Thus I need to
design a method to predict the sky fiber contamination in solar like stars using the sky fiber
data in M type star observations. I also plan to explore the CFBs which haven’t been worked
upon yet, as they are expected to not have the fiber-to-fiber scattered light contamination
like the sky fibers. Thus the pipeline is working well and I am able to obtain the corrected
radial velocity. I need to further subtract the sky fiber CCF from the science fiber CCF for
the masks with the right spectral types for all observed targets as well, thus correcting for
the contamination. Hence I aim to mitigate the deleterious effects of solar contamination on
RV precision. Thus the work intends to aid in identifying terrestrial planets in the habitable

zones (HZs) of other stars.
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Appendix A

Radial Velocity of Planets around

Sun-like Stars

This table lists a few typical examples for planets with different masses and semi-major axes
orbiting a solar-mass star. As one can see, the search for exoplanets with the RV technique
requires a precision of at least ~30 m/s to detect giant planets. Towards lower masses, a
precision of ~1 m/s is necessary to access the domain of Neptune-like planets and super-

Earths, while measurements at ~0.1 m/s would be able to reveal the Earth. ([Lovis 10])

Planet a(AU) Kj (m/s)
Jupiter 0.1 89.8
Jupiter 1.0 28.4
Jupiter 5.0 12.7
Neptune 0.1 4.8
Neptune 1.0 1.5
Super-Earth (5 Mg) 0.1 1.4
Super-Earth (5 Mg) 1.0 0.45
Earth 0.1 0.28
Earth 1.0 0.09

Table A.1: Radial velocity signals for different kind of planets around solar-mass stars;
([Lovis 101])
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