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Since the 1973 announcement of the initial Vela detection of Gamma-Ray Bursts

(GRBs) in 1967, these powerful events have been of significant interest. The study of GRBs

has advanced our knowledge of plasma physics, particle physics, cosmology, among many

other fields. However, even with the advancement in understanding gained through various

detections, both multi-wavelength and multi-messenger, there is still much to be learned

by observing these transients in as many different ways as possible. This dissertation will

explore the development of instrumentation (RIMAS and PRIME), operational software,

data reduction software, and observations aimed at furthering the study of GRBs.

Rapid infrared IMAger Spectrometer (RIMAS) is a near-infrared (NIR) imager spec-

trometer operating in wavelengths from 0.97 to 2.37 µm, and will be installed on the 4.3 m

Lowell Discovery Telescope (LDT) in Happy Jack, Arizona. Among other features, RI-

MAS has four broad band filters (Y, J, H, K), and three spectral modes (spectral resolving

powers, R∼30, 300 and 5000). Completing this instrument required the development, in-

tegration and testing of multiple detector readout systems, cryogenic systems, spectral



and imaging modes, communication systems, and cooling systems. Furthermore, software

needed to be developed to reduce RIMAS data so that it will be ready to contribute to

scientific discoveries shortly after commissioning. Due to the development of this software,

observers will quickly obtain high signal-to-noise exposures, astronomically and photomet-

rically calibrated stacked images, and one-dimensional spectra that are flux and wavelength

calibrated.

PRime-focus Infrared Microlensing Experiments (PRIME) is a 1.8 m telescope with

1.56 square degree field of view (FOV) (0.500/pixel) operating in the NIR (0.82-1.78 µm) lo-

cated in Sutherland, South Africa at the South African Astronomical Observatory (SAAO).

The primary science objective for PRIME is to perform a time-domain survey of the Galac-

tic Bulge for the purpose of observing microlensing events caused by transiting exoplanets.

In doing so, it will support the Nancy Grace Roman Space Telescope (RST) mission by tak-

ing baseline measurements of this field before RST launch, while testing the performance

of RST package H4RG-10 detectors. After RST launch, PRIME will perform simultaneous

observation with RST of the Galactic Bulge to perform parallax measurements. PRIME

is also continuously available for Target of Opportunity (ToO) observations, making it a

powerful tool for observing GRB and gravitational wave (GW) counterparts. Since commis-

sioning in October 2022, PRIME has been observing a time domain survey of the Galactic

Bulge searching for microlensing events, observing high-energy transients (GRBs, X-ray

bursts, GWs, and supernovae), and performing an all-sky survey in J-band. During the

course of this thesis work, the development of PRIME’s camera greatly mirrors that of

RIMAS, with lessons learned shared between them. Most notable in this development is

the integration and testing of PRIME’s detectors and detector readout system. This is the



first instance of these detectors and electronics being used on-sky, and as such required the

development of custom software and thorough testing.

Beyond these instrumentation efforts, photometric and spectroscopic observations

were performed in the optical for various GRB afterglows, GRB host galaxies, and GW

counterpart candidates using LDT’s optical imager, Large Monolithic Imager (LMI), and

optical spectrograph, DeVeny. After the commissioning of PRIME, over 40 high-energy

transients (GRBs, X-ray Bursts, LIGO/Virgo/KAGRA (LVK) probability fields) were ob-

served with the new telescope. These events were observed as soon as possible after initial

detection, and observed over multiple epochs when assessing the evolution of detected

counterparts. Further observations were also obtained when sources were not well local-

ized, and further observations could lead to the detection of variable sources. These have

resulted in the PRIME detection of the brightest GRB of all time, GRB 221009A, the

night after PRIME’s first light, and helped determine that this extreme GRB was powered

by structured jet. PRIME observations of GRB 230307A helped determine that the pro-

genitor system was a lanthanide rich kilonova despite its long duration. Observations and

software developed for LDT during this thesis work searched for and categorized potential

optical GW counterparts, analyzed the environments surrounding GRBs, and searched for

a supernova associated with GRB 221009A.
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Preface

Portions of Chapters 2, 3, and 4 appear in non-refereed SPIE conference proceed-

ings manuscripts[1, 2, 3], and in a successful Swift Guest Investigator proposal[4]. RI-

MAS’s progress has also been presented at meetings of the American Astronomical Society

(AAS)[5].
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Sometimes, if you pay real close attention to the pebbles

you �nd out about the ocean.

Terry Pratchett, Lords and Ladies
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Chapter 1: Introduction

1.1 Gamma-ray Burst Background

Gamma-ray Bursts (GRBs) are de�ned by how they are observed; they are brief
 -ray

events (a few to tens of seconds) that are many magnitudes brighter than the background


 -ray sky outshining even the sun. GRBs occur daily, and have an electromagnetic (EM)

output in a few seconds comparable to the Sun's output over the order of 1010 years.

Studying GRBs gives an insight into physics occurring at much higher energies than can

be observed in laboratories on Earth. Furthermore, the brightness of these events makes

them observable at high redshifts outshining quasars and galaxies. This makes them useful

as line-of-sight probes into the early universe.

1.1.1 History

The �rst three pairs of Vela satellites were launched in 1963 to monitor the Earth for

nuclear weapons testing that would violate the Nuclear Test Ban Treaty.[6] These satellites

�rst detected a strong 
 -ray signal in 1967.[7] In 1973, Klebesadel et al. informed the com-

munity of this detection along with their determination, through triangulation, that these


 -rays were not from nuclear weapons testing on Earth, but were in fact cosmic in origin.[7]
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Due to the di�culty in locating 
 -rays, follow-up observations by other instruments were

not able to be performed during this period.

Nearly 25 years after the initial discovery announcement, in 1991, the Compton

Gamma Ray Observatory (CGRO) was launched. The Burst and Transient Source Ex-

periment (BATSE) instrument on the CGRO showed that these GRBs are isotropically

distributed [8], and therefore are not limited to the Milky Way. This is well demonstrated

in the plot shown in Figure 1.1. During the 9-year lifespan of CGRO, over 2700 GRBs

were observed giving a rate of� 1 per day.[9] Observing the light curves for this population

by the T90 values (the time over which the burst emits 5% to 95% of its counts), showed

(Figure 1.2) that there were two distinct populations of GRBs with T90 durations: less than

2 s, and greater than 2 s.[10] These populations are referred to as short GRBs (sGRBs),

and long GRBs (lGRBs) respectively. Furthermore, using BATSE light curves, the Band

function was empirically derived, which showed the GRB spectrum could be �t by joining

two power laws.[11]

Later, BeppoSAX was the �rst satellite to detect GRBs in X-rays [12] using its

Wide-Field Camera to observe the fading X-ray counterpart to the Gamma-Ray Burst

Monitor (GRBM), and thus have much better localization of a few arcminutes. This im-

proved localization led to the �rst observations of an afterglow a few hours later via optical

telescopes.[12, 13]

In 2004, Swift observatory launched [14], with the Burst Alert Telescope (BAT),

X-Ray Telescope (XRT) and Ultraviolet/Optical Telescope (UVOT). BAT is capable of lo-

calizing detected bursts within� 30 [14], and then autonomously slews the XRT and UVOT

common boresight towards the detected source and can localize a detected X-ray coun-
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Figure 1.1: GRBs detected by the BATSE instrument during the CGRO 9 year mission
projected in Galactic Coordinates. As can be seen here, there is no increased density of
GRBs located in the Milky Way's galactic plane. Image sourced fromhttps://gammaray.
nsstc.nasa.gov/batse/grb/skymap/images/fig2_2704.pdf .

Figure 1.2: Histogram of the measured T90 values of GRBs observed by BATSE. As can
be seen here, there are 2 distinct populations below and above 2 s. Image sourced from
https://gammaray.nsstc.nasa.gov/batse/grb/duration/images/4b_t90.gif .
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terpart within � 300[15] using XRT and to sub arcseconds with UVOT [16] for a detected

UV/optical counterpart 1. Swift observes� 100 GRBs per year [17], and quickly providing

their locations has allowed the community to quickly and e�ectively perform follow-up ob-

servations. This has allowed the community to study both GRBs and their host galaxies

throughout the electromagnetic spectrum. These multi-wavelength observations have led

to important breakthroughs in understanding GRBs, such as measuring the redshifts, de-

tecting that lGRBs can be produced by extreme Type Ic SNe [18], and showing the cooling

of the afterglow is achromatic [19].

The �nal observational breakthrough covered here is the �rst high-signi�cance EM

and gravitational wave (GW) multi-messenger observation of a sGRB bySwift, Fermi,

INTEGRAL and other EM instruments alongside LIGO, GRB/GW 170817. This multi-

messenger observation conclusively showed the origin of sGRBs to be from binary neutron

star mergers.[20] This discovery has led to great interest in studying short GRBs as the

physics of these events can be explored using EM and GW observations.

1.1.2 Afterglow Discoveries

Prompt to late afterglow observations are needed to gain detailed understanding of

GRBs, including the high energy physics taking place, and the local environments of these

events. As discussed earlier in this chapter, thanks to improved localization of GRBs start-

ing with BeppoSAX detection of the X-ray afterglow from the GRB detected by BATSE,

and continued with projects likeSwift, many of the recent GRB discoveries have come from

studying the afterglow. TheBeppoSAX afterglow X-ray detection's improved localization

1X-ray and UV/optical counterparts are not always detectable
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of GRB 970228 [21] led to the �rst detection of a GRB's optical counterpart [12], and the

�rst measurement of a GRB's redshift, z=0.695,using the Keck telescopes [22]. Another

big step forward was accomplished when the extremely bright GRB 030329 was detected

by the High Energy Transient Explorer satellite (HETE), which managed to report its 20

localization within 73 minutes of initial detection. This quick localization and reporting led

to the detection of the counterpart in the optical and radio [18]. Multi-wavelength coverage

of this GRB's afterglow led to measurement of the redshift, z=0.1685, the detection of an

associated supernova, and the establishment that lGRBs can be produced by extreme Type

Ic SNe. Hubble Space Telescope (HST) observations of the error box regions for lGRBs

show that they occur in UV-bright star-forming regions of host galaxies, which suggests

that lGRBs are associated with extremely massive stars and are restricted to galaxies with

very little chemical evolution.[23]

The launch of Swift has led to a number of multi-wavelength GRB discoveries. The

rapid reporting of detections and localizations fromSwift has allowed the community to

make numerous discoveries. This includes the �rst precise localization and redshift mea-

surements of sGRBs [24], the identi�cation of the highest redshift GRB [25] (z = 9:4),

a population of low-luminosity GRBs associated with SNe [26, 27], and detailed multi-

wavelength light curves (e.g. [28]).

A key attribute of GRBs measured through follow-up observations of afterglows is

their redshift. GRBs with measured redshifts span 0:0085� z � 9:4 with mean redshift

�z � 2:5 as helpfully collated by Greiner.2 This range and mean is heavily susceptible to

selection bias, instrumental and astrophysical, as outlined by Coward et al. [29]. Among

2https://www.mpe.mpg.de/ ~jcg/grbgen.html
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other instrument selection biases (position in the sky, GRB localization, galactic extinction,

and source angular distance from the Sun), there is bias towards afterglows that can be

observed in the optical, whereas some of the highest redshifts of GRBs (GRB 090423 and

GRB 090429B) have been measured by NIR instruments despite no optical counterpart

detection by UVOT. This optical bias extends speci�cally into redshift-dependent selection

e�ects involving: Malmquist bias, redshift desert, and host galaxy extinction. Malmquist

bias arises from telescope and instrument sensitivity, which are favored to observe GRB

afterglows with bright luminosity functions. The redshift desert extends from 1:3 < z < 3

where it is more di�cult to observe absorption and emission spectra in the optical. Within

the redshift desert, the main rest-frame optical features from host galaxies (e.g. the [O III]

� 3727 line, H� , and H� ) become more di�cult to detect as they move to the IR. Finally,

there are GRBs whose afterglows are likely obscured by host galaxy extinction. [30, 31,

32, 33] These \dark burst" afterglows are measured in the NIR, and occur in high redshift

galaxies with evidence of dust extinction.

1.1.3 The \Fireball" Model

The dominant model used for interpreting GRB observations has been the jet-like

�reball shock model for decades [34]. While initial theories for GRBs assumed spherical

symmetry, this model did not provide the required e�ciency to generate the powerful events

that have been observed. The \�reball" in this context is \an optically thick plasma whose

temperature exceeds the electron rest mass and which can producee� pairs and photons in

equilibrium with a baryonic plasma."[35] The �reball model for GRBs involves a compact in-
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ner engine where injected
 -rays are trapped by electron-positron pair production.[36] This

�reball then expands as it cools, causing acceleration of the baryons within this region. As

the plasma becomes optically thin, the baryonic matter interacts with the external medium

creating shocks that reconvert the expansion kinetic energy into radiative energy.[37, 38]

In this model (represented in Figure 1.3), the expansion occurs in multiple shells with

di�erent Lorentz factors, and the internal shocks between these shells create high energy


 -rays via either synchrotron emission or inverse-Compton up-scattering.[36] This �rst part

would be observed as prompt emission of
 -rays and X-rays.[39] The relativistic jet would

then experience an external shock when interacting with the surrounding ambient medium,

causing a longer lived afterglow emission across the EM spectrum.[37]

The central engine for a collimated ultra-relativistic structured jet requires a very

large amount of angular momentum. This requires a rapidly spinning compact source,

likely an accreting black hole [40, 41, 42], but possibly a rapidly spinning neutron star [43].

The existence of the two populations of GRBs based on T90 shown in Figure 1.2, suggests

the existence of two di�erent progenitors for sGRBs and lGRBs. The leading progenitor

for sGRBs are two merging compact objects including at least one neutron star.[44] This

was long suspected to be the case for this population [17], and was con�rmed with the near

simultaneous detection of GW 170817 in which a NS-NS merger was detected by LIGO,

and short GRB 170817A was detected by Fermi and INTEGRAL.[20, 45] The kilonova

and afterglow associated with this GW event were then detected bySwift, and other EM

instruments.[20, 45] Long GRBs are typically associated with the extreme core-collapse

supernova of a massive star (hypernova), which was determined through measurements

discussed in§ 1.1.2. These are not strict associations, as demonstrated by GRB 230307A,
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Figure 1.3: Depiction of the �reball model for GRBs. In this image it shows black
hole acting as a compact engine powering a jet of ultra-relativistic particles that is re-
leased in several shells. This then shows how collisions between these shells can cre-
ate internal shocks, causing 
uctuations in the released photons. It also shows external
shocks created when the jet collides with the external ambient medium, which then cre-
ates the afterglow. Image Credit: By NASA/Goddard Space Flight Center/ICRAR. -
https://en.es-static.us/upl/2019/11/gamma-ray-burst-mechanism-lg.jpg

for which the optical/IR counterpart was classi�ed as a lanthanide-rich kilonova despite its

long duration.[46]

1.1.4 Afterglow Observations and the \Fireball" Model

As discussed above, the �reball model has been a key framework in understanding

GRBs. Each of its components have mechanisms that need to be veri�ed, and quanti�ed

with observation. Afterglows provide powerful insight into these mechanisms. Depending

on the jet collimation angle, the jet-break time can be observed in the optical/IR, as

8



accomplished for the brightest GRB of all time, GRB 221009A [47]. Also, the rise and

peak of the GRB afterglow are observable in the optical/IR, whereas the rise and peak of

the X-ray afterglow are obscured by the tail of the higher energy
 -ray prompt emission. As

discussed above, lower energy photons are assumed to be from the reverse shock, thus the

optical/IR afterglow is assumed to correspond to the decelerating radius of the expanding

�reball. The �reball Lorentz factor at the time of the peak afterglow, td, is half the initial

Lorentz factor, � 0.[48] Using this method for inferring the deceleration radius, the radii

of both GRB 060418 and GRB 060607A is� 1017 cm, and the initial Lorentz factor

is � 0 � 400, thus con�rming the highly relativistic nature of these �reballs.[49] With

this Lorentz factor calculation, the total isotropic energy of the burst,E iso can also be

derived [50], along with a correlation between isotropic luminosity, peak energy emission,

and � 0 [51]. It is worth noting that E iso is a standard quantity that is calculated assuming

that the observed energy is isotropic, but this is not a statement of the actual emitted

energy or that the energy is really emitted isotropically.

1.2 Thesis Overview

This thesis focuses on the development of instrumentation, software, and observa-

tions with the aim of studying GRB counterparts in the NIR. The instrumentation e�ort

has been quite successful as PRIME is already on-sky observing transients, and RIMAS

has been accepted by Lowell Observatory pending a few minor adjustments. Each of the

data reduction pipelines for these instruments have been completed, and the imaging data

reduction software is already in use.
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Chapter 2 { RIMAS Instrumentation Most of this thesis work is concentrated on

developing, testing and characterizing RIMAS so that it can be deployed to LDT and used

to study transients. RIMAS is an imager spectrometer operating in the NIR (0.97-2.37µm),

and is designed speci�cally to follow-up detections made bySwift. Using its simultaneous

multi-band observations, it can quickly identify and classify objects in imaging mode, and

then can quickly switch to one of its spectral modes to gain further valuable information

about transients. This chapter discusses the e�ort to get RIMAS to the point where

it will be mounted to the telescope and acquiring observations as accomplished through

the development and testing of detector systems, imaging and spectral modes, cryogenics,

cryogenic mechanisms, and housekeeping electronics. Furthermore, each of these items

needed to be fully characterized in order to understand the quality of data expected from

RIMAS, and ensure reliability of the instrument. Through these e�orts, RIMAS has become

a much more sensitive and reliable instrument that will be installed on LDT within the

next few months.

Chapter 3 { RIMAS Data Reduction A key component of preparing RIMAS to be

immediately useful after commissioning is the development of data reduction software prior

to deployment. RIMAS required development of three types of data reduction software:

detector data reduction, spectral data reduction, and photometry data reduction. The

detector data reduction software is key to creating single images from sample-up-the-ramp

(SUTR) frames with the lowest possible noise levels. This reduction is done by integrating

tools and methods developed for Nancy Grace Roman Space Telescope and James Webb

Space Telescope (JWST) that use multiple techniques to remove correlated noise, and arti-

facts from cosmic rays. This software is well integrated into the data acquisition software,
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making its use seamless for observers. Spectral data reduction creates both wavelength and


ux calibrated spectra from the initial images taken of these spectra. The spectral data

reduction was based o� of code already developed for IGRINS [52], another ground based

NIR cross-dispersed spectrograph. Adapting this for RIMAS involved precise calibration of

the echelle spectrograph, and heavy edits to the overall code. Photometry data reduction

software calibrates each set of exposures for 
ux and astrometry. RIMAS's pipeline was

developed in Vicki Toy's thesis work [53], but was heavily updated during the course of

this thesis as well.

Chapter 4 { PRIME Instrumentation This chapter discusses the development, test-

ing, commissioning, and operation of the camera for the PRIME telescope. PRIME is

a 1.8 m telescope with 1.56 square degree FOV (0.500/pixel) operating in the NIR (0.82-

1.78µm) located in Sutherland, South Africa at the South African Astronomical Observa-

tory (SAAO).[3, 54, 55] After a couple of years of development, the PRIME camera was

commissioned in October 2022. Since then PRIME has been carrying out a time domain

survey of the Galactic Bulge searching for microlensing events, following up high energy

transients (GRBs, X-ray bursts, gravitational waves, and supernovae), and performing an

all-sky survey in J-band. The instrumentation and software e�orts described in this chap-

ter greatly overlap with RIMAS instrumentation e�orts as they were developed in parallel.

There were a lot of lessons learned from each project that were able to inform the other.

This overlap has led to the development of two robust instruments.

Chapter 5 { Final Considerations This chapter summarizes the goals and e�orts made

in this thesis. It also discusses future work that should be done so that the primary projects,

RIMAS and PRIME, can reach their full potential in studying GRBs.
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Chapter 2: RIMAS Instrumentation

2.1 Overview

Rapid infrared IMAger Spectrometer (RIMAS) is a 
exible tool for a variety of imag-

ing and spectroscopic studies that require fast reaction (�t / 3 min) in the near infrared

(NIR), such as GRB afterglows.[56, 57] It will acquire these observations using the Lowell

Discovery Telescope (LDT)2.1, a 4.3 m telescope operated by Lowell Observatory in Happy

Jack, Arizona. RIMAS is a fully cryogenic instrument and operates simultaneously along

two optical arms: one covering H and K bands (HK) and the other covering Y and J bands

(YJ). RIMAS is designed for photometry, low resolution spectroscopy (spectral resolving

power, R� 30 and 300), and moderate resolution spectroscopy (R� 5000). Where spectral

resolving power, R, is a measurement of the ability of a spectrograph to resolve features

in an observed spectrum, and is de�ned in Eq. 2.1 where� is the wavelength and � �

is the smallest di�erence in wavelengths that can be resolved. It accomplishes this using

a continuously running Stirling cryocooler, a dichroic mirror, Y, J, H and K broadband

�lters, two Volume Phase Holographic (VPH) gratings, ZnSe grisms with cross dispersers,

and HgCdTe Astronomy Wide Area Infrared Imager (HAWAII) 4k x 4k Readout with Ref-

erence Pixels and Guide mode (H4RG) detectors, shown in Figure 2.6. RIMAS is a 
exible

tool with both imaging and spectral modes available. Commissioning of this instrument is
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scheduled to begin during the �rst half of 2025.

R =
�

� �
(2.1)

Throughout the course of working on this thesis, much has been done to complete

this instrument. This has involved replacing RIMAS's previous science detectors, readout

electronics, cryocoolers, vacuum gauge, temperature monitor and controllers, communica-

tions equipment, cryogenic mechanisms, cold plate, and optical bench based on testing and

desired improvements. Various upgrades were also made during RIMAS's development,

the ba�ing was enhanced to improve background, the R� 300 spectral mode was added,

insulation was improved, the electronics mounting was completed, and the water cooling

system was added. Discoveries during integration also necessitated the replacement of the

cold plate and optical bench. During all of these replacements, upgrades, developments

and repairs, the entire system was characterized, tested, and brought to the point of being

ready for deployment at LDT. This involved measuring detector properties, characterizing

the dispersion from the spectrographs, analyzing the image quality, measuring the thermal

regimes, and measuring �lter backgrounds. Although there are always more improvements

that can be done, RIMAS has become ready for deployment during the course of this thesis

work.
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Figure 2.1: Photographs of the LDT observatory and telescope, and a map showing LDT's
location in Happy Jack, Arizona outside of Flagsta�, Arizona.

2.2 RIMAS project background

2.2.1 Science Goals

RIMAS is designed speci�cally to identify and study high-redshift GRBs detected by

Swift.[56, 57] RIMAS's NIR multicolor imaging [58] and spectroscopy modes make it well

suited to this task. The imaging mode has a �eld of view (FOV) of 30x30, which is well suited

to Swift BAT localizations (error diameter 10 to 50 [59]). This allows for RIMAS follow-up

observations beforeSwift XRT localization, 500diameter, is available. If the detected GRB

afterglows are bright enough, RIMAS can quickly (tens of seconds) switch to one of its

spectroscopy modes. With spectral resolving power options across three di�erent orders of

magnitude, RIMAS is well suited to maximizing the data that can be acquired from any
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individual event.

Rapid follow-up using multiple observation methods is crucial for identifying a new

transient and promoting additional follow-up from other instruments within the General

Coordinates Network (GCN). GRB afterglows can be quickly identi�ed via multicolor pho-

tometry and spectroscopy. Furthermore, spectroscopy can identify the redshift of an object

and help illuminate the type of transient being observed. This is especially helpful when fol-

lowing up potential electromagnetic counterparts of LIGO/Virgo/KAGRA (LVK) events,

in order to determine whether the observed distance is within the LVK's detected distance

range, and easily rule out other transients such as supernovae (SNe).

A good case study of interesting science that can be achieved with RIMAS can be

found in our successfulSwift cycle 20 proposal.[4] In this proposal, we outline how RIMAS

spectra of high redshift GRB afterglows can be used as line-of-sight probes (Figure 2.2)

to study the intergalactic medium (IGM) at high redshifts (z & 7), which will be used to

study the epoch of reionization through measurements of the neutral hydrogen fraction.

Understanding both the precise time history and the sources responsible for cosmic reion-

ization remains one of the most sought-after goals of modern cosmology. The discovery

of Gunn-Peterson troughs, spectral absorption due to neutral hydrogen, in the spectra of

z & 6 quasars (QSOs [60]) implied at least a modest neutral hydrogen fraction (xH I ) at

this time. However, observations of the cosmic microwave background (CMB [61]) indicate

a signi�cantly larger characteristic reionization redshift (zreion � 10). It may be possible

to reconcile these two seemingly contradictory observations if reionization were to occur

slowly with a large degree of small-scale variation. Many more sightlines are needed to test

this hypothesis, something not possible for QSOs with current instrumentation.[4]
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Figure 2.2: Diagram showing how GRB afterglows can be used as a line-of-sight probe to
study the CGM, IGM, etc. between the observer and the GRB location. As can be seen
here, the light emitted from the GRB afterglow interacts with the matter in this sight-
line. This interaction is then observed in the observed afterglow spectrum. Image credit:
https://www.astro.umd.edu/ ~pgatkine/research.html
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While both QSOs and the CMB have been used to study reionization for some time,

long-duration 
 -ray bursts (GRBs) are a relatively new probe of the high-redshift universe

(e.g. [62]) as studying the absorption features in their afterglow spectrum will illuminate

the composition of the IGM. GRBs o�er several theoretical advantages over QSOs for

constraining xH I near the epoch of reionization. First, though short-lived, their afterglow

emission can signi�cantly outshine even the brightest QSOs (e.g. [63, 64, 65]). Second, the

power-law afterglow spectral energy distributions are signi�cantly simpler to model than

QSOs, leading to more precisexH I measurements [66]. Third, GRBs are not biased towards

the most massive halos [66] because they result from the core-collapse of a single massive

star.[4]

Thanks to more than 20 years of painstaking e�ort from the community, we are �nally

on the cusp of using GRBs to make meaningful measurements of the neutral hydrogen

fraction at cosmologically interesting redshifts (z & 7). The discovery of GRB 090423 atz �

8:2 [67, 68], the most distant spectroscopically con�rmed source in the universe (Figure 2.3),

along with the measurement of a photometric redshift ofz � 9:4 for GRB 090429B [25],

unambiguously establish that GRBs explode and are detectable at the relevant redshifts

of interest. In fact, we have relatively precise constraints on the rate of such events from

unbiasedSwift samples: approximately a few percent of theSwift population resides atz &

7 (1{2 events per year; [69, 70]). Furthermore, high signal-to-noise ratio (SNR) spectroscopy

of the z = 5:913 GRB 130606A andz = 6:33 GRB 140515A (Figure 2.3) enabled strict upper

limits on the neutral hydrogen fraction from the pro�le of the Lyman-� red damping wing

for the �rst time [71, 72, 73, 74].[4]

Despite these remarkable successes, as a community we still lack the ultimate prize:
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Figure 2.3: Left panel : NIR spectrum of the afterglow of thez = 8:2 GRB 090423 [67],
obtained with ISAAC on the VLT at a full 16 hr after the burst trigger time. While the
sharp break in the spectrum (consistent with that obtained from broadband photometry)
indicates a redshift ofz � 8:2, the low SNR precludes meaningful constraints onxH I . Right
panel : Redshift evolution of the IGM from GRBs and quasars. Recent observations of
GRB 140515A (blue and red [74]) and GRB 130606A (cyan and green [71]) are compared
with limits from quasar observations. Even with just a small number of sightlines, GRBs
can provide powerful constraints at redshiftsz . 6. However, thus far, no high SNR
spectra of a GRB afterglow has been obtained at a redshift directly probing the epoch of
reionization (z & 7).

meaningful constraints onxH I at a redshift of interest for reionization (z & 7). Given that

Swift has likely detected& 15 events over the course of its lifetime at these distances,

the bottleneck is clear: a lack of promptly available NIR imaging and spectroscopy on

moderate/large aperture telescopes. Atz & 7, rest-frame Lyman-� is redshifted into the

observer-frame NIR. While many promptly available optical facilities automatically re-

spond to Swift GRB alerts, the number ofreadily availableNIR imagers, and, to an even

larger degree, spectrographs, is remarkably small [GROND, NIRI (Gemini), X-SHOOTER

(VLT)]. Without NIR capabilities, which RIMAS is designed to provide, it is nearly im-

possible to distinguish between events that are optically faint because they are obscured

by dust (a signi�cant fraction of the Swift population; [69, 70, 75]) and true high-redshift

GRBs, let alone measurexH I from the red wing of Lyman-� .[4]
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2.2.2 Design

RIMAS is designed to allow for quick and e�cient observations across multiple modes

and spectral bands. This design is complimented by the design of LDT's Ritchey-Chr�etien

cube, which allows for the installation of �ve continuously operating instruments.[76] These

instruments can be switched between using its deployable fold mirrors. By choosing one of

these fold mirrors to be dichroic, it is possible to simultaneously operate optical and NIR

instruments.[77] Due to this design, RIMAS receives NIR light (Figure 2.4), wavelengths>

0.97µm, from LDT while observations with LDT's optical imager, LMI, are simultaneously

available.

Once this light is received from LDT, it takes the path shown in Figures 2.5 and 2.6.

First, it passes through the CaF2 window, into the dewar where all components are kept at

cryogenic temperatures around 90 K. At this point, a number of apertures can be selected

using the aperture wheel in Figure 2.7[b]. The open aperture for imaging, the short (600) slits

for all spectroscopic modes with varying widths (0.600, 1.200and 2.500) for di�erent seeing,

a long slit (insert dimension here) for low resolution spectroscopic modes, and a blank for

calibrations. The slits are re
ective and mounted at an angle so that the re
ection can

be seen by the slit viewing optics. This allows for the location to be viewed while spectra

are being acquired, and allows for quick alignment of the spectrograph with the target.

Directly after the aperture, there is an auxiliary �lter wheel (Figure 2.7[c]) that allows

for any 1 inch �lter to be installed based on an observer's science case. At the moment,

multiple narrow band �lters that were available in the lab are installed, another blank

and an extra K band �lter are included to test the system. Next, the light is collimated
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through a �ve-lens assembly. It is then split along the two optical arms with 0.97µm

through 1.35 µm re
ecting towards the YJ �lter/grating wheel and the 1.35 µm through

2.37 µm light continuing towards another mirror and the HK �lter/grating wheel. Both

�lter/grating wheels (Figure 2.7[a]) contain two broadband �lters and an open slot for

imaging, a VPH grating (R � 30), a VPH grating and prism assembly (R� 300), and

an echelle grating assembly. The broadband �lters along the YJ path are Y and J, and

the broadband �lters along the HK path are H and K. The �ltered or dispersed light is

then focused by another �ve-lens assembly and detected by an H4RG-10 detector. The

detectors are each on a focusing stage that allow for movement of the detector along the

beam. There is a steep drop-o� in the detectors' Quantum E�ciency (QE) around 2.5µm

so any longer wavelength light passing through the dichroic mirrors is unlikely to cause any

issues with instrument performance.[78]

2.3 Detector Background

Throughout this thesis work, there is a lot of discussion and exploration of NIR

detectors. To aid with this, a brief description of how these detectors work, detector

attributes, and detector readout systems are included in this section.

2.3.1 Detector Array Description

These arrays have two types of pixels, photosensitive and reference. The photosen-

sitive pixels make up the vast majority of the array, and are the pixels used to gather

observations. The reference pixels are not photosensitive, but are designed to electrically
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Figure 2.4: Model of LDT's instrument cube showing the beam coming into the cube and
NIR light re
ecting o� of a dichroic mirror into RIMAS's aperture. RIMAS's electronics
rack is also shown mounted to the cube.
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Figure 2.5: Model of RIMAS's optical path after receiving light from LDT lightly edited
from John Capone's thesis [79]. As can be seen here, the beam from the telescope passes
through (1) the aperture wheel located in the telescope's focal plane, (2) passes through
the auxiliary �lter wheel directly behind the aperture wheel, (3) becomes a parallel beam
after traveling through the 5 lens collimator assembly, and (4) is split by wavelength into
shorter (YJ) and longer (HK) wavelengths by a dichroic mirror. Each of these two beams
then travel through (5) a �lter and grating wheel, (6) are refocused by a 5 lens camera
assembly, and (7) �nally reach the detector located in the camera assembly's focal plane.
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