THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF ASTRONOMY AND ASTROPHYSICS

BLACKCAT SHORT BURST DETECTION EXPECTATIONS VIA PROMPT AND
EXTENDED EMISSION SIMULATION

LUKE ROYER
SPRING 2026

A thesis
submitted in partial fulfillment
of the requirements
for baccalaureate degrees
in Astronomy and Astrophysics and Physics
with honors in Astronomy and Astrophysics

Reviewed and approved* by the following:

Derek Fox
Professor of Astronomy and Astrophysics
Thesis Supervisor

William Brandt
Professor of Astronomy and Astrophysics
Honors Adviser

*Signatures are on file in the Schreyer Honors College.



Abstract

Launched in January 2026 and currently undergoing on-orbit validation, Penn State’s Black
Hole Coded Aperture Telescope (BlackCAT) is a NASA-funded CubeSat (6U) mission dedicated
to high-energy transient discovery and wide-sky X-ray monitoring. While BlackCAT’s rate of burst
detections, and expected redshift distribution, for long-duration gamma-ray bursts (long bursts)
have previously been estimated from high-fidelity simulations using prototype flight software, the
rate of detections and observed redshift and luminosity distributions for short-duration gamma-
ray bursts (short bursts) have not. While expected to account for a distinct minority (10%)
of BlackCAT gamma-ray bursts, the short bursts are of particular scientific interest due to their
origins in compact object mergers. Such compact object mergers have the potential to be detected
as gravitational wave events, as with the multimessenger transient GW 170817 / GRB 170817A,
and have been shown to be important sites of r-process nucleosynthesis. Through modeling of the
short burst population, using template burst lightcurves and spectra from the Swift BAT catalog,
and applying BlackCAT prototype flight software as in previous studies, we explore BlackCAT’s
sensitivity to short GRBs and derive predicted redshift and luminosity distributions. These are not
only the first simulations of short burst detection for BlackCAT but, to our knowledge, the first
simulations of the detectability of short bursts by X-ray instrumentation of any sort that explore
the detectability of short bursts with and without the extended, softer emission that is observed to
accompany a significant fraction of short bursts. We find an expected rate of 2.8 detected bursts per
year on-orbit for BlackCAT. Accounting for the extended emission of some short bursts increases
detection sensitivity by a factor of ~4, allowing these bursts to be detected to greater distances and

lower luminosities.
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Chapter 1

Introduction



1.1 Gamma-Ray Bursts

Gamma-ray bursts (GRBs) are defined observationally as brief bursts of hard X-ray to gamma-
ray emission from cosmic sources, with durations of milliseconds to minutes (and in the most
extreme cases, hours; Levan et al. 2014). The brightest such bursts, occurring at a rate of roughly
twice per day over the full sky (Paciesas et al., 1999), outshine the summed emissions of the
remainder of the gamma-ray sky when active. GRBs have an isotropic sky distribution and a
non-Euclidean flux distribution (Meegan et al., 1992), which was used to argue in favor of their
cosmological origins — and extreme luminosities — prior to the identification of the first afterglow
and host galaxy (e.g., Paczynski 1992).

Availability of prompt arcminute-scale GRB localizations via the Beppo-SAX mission, be-
ginning in 1996 (Boella et al., 1997), rapidly led to the discovery of GRB afterglow emission
(Mészaros & Rees, 1997; Costa et al., 1997): long-lived multiwavelength (X-ray to radio) counter-
parts that rise quickly to a peak and then decay, in piecewise power-law form, over the subsequent
hours, days, weeks, and months. GRB afterglows, in turn, enabled precise localizations, host
galaxy identifications, and extensive counterpart studies, rapidly confirming their cosmological
distances (van Paradijs et al., 1997), yielding the first GRB redshift (Metzger et al., 1997), and ul-
timately, multiple GRB-associated supernovae including GRB 980425/SN 1998bw (Galama et al.,
1998; Kulkarni et al., 1998) and GRB 030329/SN 2003dh (Stanek et al., 2003).

This confirmed the nature of some GRBs as collapsars (MacFadyen & Woosley, 1999): Mas-
sive stellar explosions that generate high-luminosity, highly-relativistic (Lorentz factor I' > 100)

jetted outflows while simultaneously exploding as type Ibc supernovae (Woosley & Bloom, 2006).

1.2 The Nature of Short Bursts

However, as noted by observers and theorists at the time, prior to the launch of the Swift mission

in November 2004, no afterglows, host galaxies, associated supernovae, nor counterparts of any



kind had been identified for any short-duration GRBs (hereafter short bursts).

The division of the GRB population into two classes: long-soft and short-hard, or simply “long”
and “short,” was proposed early on via KONUS Venera data (Mazets et al., 1981), and confirmed
with high confidence in the first BATSE catalog (Kouveliotou et al., 1993). Since the Beppo-SAX,
Rossi X-ray Timing Explorer (Swank, 1999), and HETE-2 (Pizzichini et al., 2004) missions all
localized GRBs using coded-aperture X-ray instruments, the shorter durations and harder spectra
of the short bursts led to much reduced X-ray fluences by comparison to the long bursts, and hence,
very infrequent short burst detections by these facilities.

The launch of Swift (Gehrels et al., 2004), along with a bright short burst fortuitously caught
by HETE-2 (Villasenor et al., 2005), finally brought the afterglow revolution to the short burst
population in 2005. The first short burst afterglow and host galaxy studies immediately confirmed
the contrasting nature of the short burst population (Fox et al., 2005): short burst prompt and
afterglow luminosities were lower, and short bursts were often found among old stellar populations
and in the outskirts of galaxies; hence, they could not (all) be associated with massive, short-
lived stars. Moreover, none of the short bursts exhibited associated supernovae, to deep limits.
A consensus thus quickly emerged that short bursts were likely due to compact object mergers
— binary neutron star or neutron star + black hole systems, driven to their final coalescence by
gravitational radiation, as suggested early on by Eichler et al. (1989); for a review, see Berger
(2014).

The Swift mission, with its sensitive BAT instrument, automated X-ray and UV/optical follow-
up capability, and 20+ year mission lifetime, along with persistent global follow-up campaigns,
has since accumulated a significant catalog of short burst afterglow detections, including 79 with
redshift measurements from afterglow or host galaxy spectroscopy which will be used in this pa-
per. These observations have clarified the short bursts’ luminosity and redshift distributions (e.g.,
Ghirlanda et al. 2016) and provided extensive support to these fundamental observational distinc-
tions between long and short bursts.

In addition, Swift studies have established the presence of “extended emission” in the X-ray



band following the prompt emission of some short bursts (Kaneko et al., 2015). This emission
rises to a peak following the prompt emission of the burst, lasts for an extended period of seconds
to hundreds of seconds, and exhibits a distinct and softer spectrum. The varying properties of bursts
with and without extended emission suggests the possibility of distinct progenitors, or progenitor
systems, for these two classes of short burst (Troja et al., 2008). For purposes of this project, which
seeks to establish detection rates of short bursts, we remain agnostic as to whether the two classes

of short burst have distinct origins, simulating both classes and exploring the detectability of each.

1.3 Short Bursts as Gravitational Wave Sources

The compact binary merger model of short bursts promised a unique application for these
events: Bursts that occur near enough to Earth, during an active observing run of one or more sen-
sitive gravitational-wave observatories, should be accompanied by a transient gravitational wave
(GW) signal. Such binary inspiral + merger events have long served as a key target population
motivating the construction and operation of GW facilities, which today include the Laser Inter-
ferometer Gravitational Wave Observatory (LIGO; Abbott et al. 2009), the Virgo Interferometer
(Virgo; Accadia et al. 2012), and the Kamioka Gravitational Wave Detector (KAGRA; Abe et al.
2022). Models of binary stellar evolution — from binary star formation through the full process
of stellar evolution, including two supernovae — and observations of binary neutron star systems
in the Galaxy were used to estimate the cosmic rate of compact binary mergers (e.g., Kalogera
et al. 2004) and establish the target strain sensitivity of & < 1072! for these facilities. The strain,
h = 0¢/¢, characterizes the strength of a gravitational wave at Earth, as the change in length §¢
observed over a distance ¢, where ¢ = 4 km for the LIGO facilities.

In 2015, during a commissioning period before the start of its first observing run at this tar-
get sensitivity, LIGO detected the GW 150914 compact binary merger event, the GW signal of a
merging binary black hole system at 440 Mpc distance (Abbott et al., 2016). Since the two merg-

ing black holes had masses of 36 M, and 29 M, respectively, the generated GW signal was much



stronger than for a binary neutron star merger; the maximum neutron star mass is likely about
3 M, with typical masses in the range 1.4 M, to 1.8 M. Mergers of massive binary black holes,
being detectable to much greater distances than neutron star mergers, do not have to occur at a
greater volumetric rate to dominate the event rate for GW facilities. And indeed, over the sub-
sequent months and years, GW events were detected at an increasing rate during LIGO + Virgo
observing runs, thanks to steadily improving sensitivities, and consisted almost entirely of binary
black hole mergers. Such mergers are not anticipated to yield a bright associated electromagnetic
(EM) signal since, in most cases, the black holes merge as purely gravitational objects, without
any associated matter or strong EM fields to generate a GRB or other EM-bright counterpart.

At 12:41:04 UTC on 17 August 2017, the LIGO detectors were operating in a nominal state
and observed a nearly 30 s long GW inspiral and merger event, GW 170817, consistent with a
binary neutron star merger at a distance of 44 Mpc (Abbott et al., 2017a). The masses of the two
components of the merger were estimated at 1.3 M to 2.3 M and 0.8 M, to 1.4 M, respec-
tively, consistent with one or both objects being neutron stars; bright associated EM emission from
this event thus seemed possible. The Virgo detector did not detect the GW signal, but as it was
observing in a nominal and sensitive state at the time, its data contributed useful constraints on the
direction and polarization of the GW signal.

Roughly 2s after the merger, the Fermi Gamma-ray Burst Monitor (GBM; Meegan et al.
2009) and INTEGRAL SPI-ACS (Rau et al., 2005) gamma-ray instruments detected a short burst,
GRB 170817A, with a position consistent with the GW localization (Abbott et al., 2017b).

Joint analyses of the GW and EM datasets provided guidance to ground-based observers as
to the sky location and distance to the event. One of the most promising known galaxies con-
sistent with these constraints, NGC 4993, was soon observed by astronomers, and a new optical
source, SSS17a, identified (Coulter et al., 2017). This proved to be the “kilonova” counterpart to
GW 170817, which subsequently manifested as an afterglow visible across the EM spectrum, from
radio to X-ray, and became in all likelihood the most-observed transient astronomical source since

SN 1987A (Margutti & Chornock, 2021).



This singular transient, the first GW+EM multimessenger event, thus provided dramatic con-
firmation of the compact binary merger model for the short bursts. Moreover, an enormous range
of scientific insights followed from the merger detection and subsequent follow-up observations

(for a review, see Margutti & Chornock 2021); to summarize, briefly and incompletely:

* The early optical emission was observed to consist of two “kilonovae” — nuclear decay-
powered subrelativistic outflows (Metzger, 2020) — one fast and hot (a blue kilonova), and the
other slower and cooler (a red kilonova), demonstrating that binary neutron star mergers are
important sites of heavy element production — specifically, sites of r-process (rapid, neutron-

rich) nucleosynthesis (Evans et al., 2017; Siegel, 2019);

* The short burst was found to have been observed off-axis, consistent with its very low lumi-
nosity — it exhibited an average flux, but was by far the nearest short burst ever seen. The
rise and decay of its afterglow emissions thus tested the jetted afterglow model of GRBs in

a unique and valuable regime (Margutti et al., 2017; Lamb et al., 2019);

* Analyses of the GW data provided constraints on the radii, masses, and tidal deformabilities
of the two neutron stars, and hence, the structure of neutron stars and properties of their
ultradense interiors — or as the topic is also known — the neutron star equation of state (Abbott

et al., 2018);

* Measurement of the GW strain at Earth, combined with the known recession velocity of the
host galaxy NGC 4993, provided a direct estimate of the Hubble constant, free of cosmolog-
ical model assumptions (apart from the galaxy’s peculiar velocity) and independent of other

astronomical measurements (Abbott et al., 2021);

* The speed of GW propagation — the speed of gravity — was constrained to be very near the

speed of light, as otherwise the two signals would not have been coincident at Earth.

The fantastic harvest of scientific insights from GW 170817, and the promise of future such

multimessenger detections, thus centers on: (1) Physical characterization of the prompt event,



yielding insights into the properties of ultradense matter, General Relativity and strong field grav-
ity, and the formation of jets and outflows from compact binary mergers, including off-axis prop-
erties of these phenomena; (2) Observational studies of kilonova outflows, which promise insights
into r-process nucleosynthesis and the properties of neutron-rich high-Z isotopes; and (3) Astro-
physical applications of the events, which pinpoint the locations and environments of compact
object mergers as well as (individually!) giving direct estimates of the cosmic expansion rate or

Hubble constant.

1.4 The BlackCAT CubeSat

Launched January 11, 2026, the Black Hole Coded Aperture Telescope (BlackCAT) is a 6U
CubeSat mission. The onboard science instrument is a 15.8 cm focal length coded-aperture tele-
scope utilizing 4 Speedster-EXD550 hybrid CMOS detectors placed in an array. The coded aper-
ture is constructed with gold-plated nickel, consisting of an array of elements in the open (no
metal) or closed (17 pum of nickel and 8 pum of gold) state. Approximately half of the elements
are in the closed state, placed in a randomly generated pattern. The closed elements can attenuate
X-rays below ~ 20 keV. The detectors will be sensitive to soft X-rays between 5 — 20 keV.
Images formed through the coded aperture indicate the direction of the photons’ travel, increasing
positional accuracy. This construction produces an effective field of view (FOV) of 0.85 steradians
with an estimated positional accuracy of 40” to 55”. A summary of important mission parameters

is presented in Table 1.1 (Colosimo et al., 2024).

Mission Parameter Value
Platform 6U CubeSat
Energy Band 0.5-20 keV
Effective Area (at 5 keV) 7.7 cm?
Field of View 0.85 sr
Source Localization 40" to 55"
Duty Cycle ~ 76%

Table 1.1: A collection of expected mission parameters for the BlackCAT CubeSat mission
(Colosimo et al., 2024). The field of view is reported for the partially coded mask.



BlackCAT has been launched into a dawn-dusk Sun-synchronous low-Earth orbit. This pro-
vides thermal stability and near-continuous solar power, while allowing ready access to the night-
time sky. The main disadvantage of the orbit is regular passage through regions of low geomagnetic
rigidity near the magnetic poles and South Atlantic Anomaly, during which high charged particle
backgrounds prevent high-sensitivity X-ray observations. BlackCAT plans to maintain a mostly
anti-Sun pointing, enabling transient discovery and X-ray source monitoring over a significant
fraction of the night-time sky for ground-based observers. The satellite will observe using stepwise
stares, alternating slews and fixed pointings, to accommodate Earth-limb and thermal management
pointing constraints; effective observation time on-orbit is also affected by these slews. The on-
orbit duty cycle, after excluding active slews and portions of the orbit affected by high particle

backgrounds, is estimated to be 76% (Colosimo et al., 2024).

1.5 Goals

BlackCAT is designed as a wide-sky X-ray monitor and high-energy transient discovery mis-
sion. Its primary scientific objective is to discover GRBs from high redshift (z > 3.5) and provide
prompt sub-arcminute positions for follow-up observations. Since long bursts are more energetic
than short bursts, and since BlackCAT offers a relatively soft bandpass compared to the Swift BAT
(0.5-20 keV vs. 15-150 keV), we expect the relative fraction of short bursts to be reduced below
the ~10% fraction observed in the BAT sample. As with the Swift sample, we also expect the short
burst fraction to decline toward higher redshifts, z > 3.5.

Nonetheless, BlackCAT short burst studies promise to be of scientific value, for several reasons:

* The nearest short bursts, those that will be detected as GW events from D < 120 Mpc, have

the potential to be very bright, and thus easily detected.

* We have previously estimated that GW 170817 / GRB 170817A, a short burst with extended
emission which was not very bright due to being observed off-axis, could nonetheless have

been recovered at ~3.5¢0 significance in ground analysis of BlackCAT data.



* The presence of softer extended emission episodes in many Swift BAT short bursts encour-
ages us to evaluate the X-ray detectability of short bursts with extended emission, which has

not previously been done.

* All short bursts detected by BlackCAT, no matter their distance or redshift, will be located
in the night sky and localized to 1’ precision in real time, with alerts provided to follow-up

observers. They therefore promise to be fruitful targets for follow-up observations.

Follow-up studies of short bursts at z > 0.03 are useful for understanding the burst afterglows
and jets, their host galaxies and subgalactic environments, and their redshift and luminosity distri-
butions. Short bursts at z < 0.5 can be studied in detail with JWST to search for and characterize
any kilonova emission, and associated signatures of r-process nucleosynthesis.

In this paper, we aim to test BlackCAT’s sensitivity to short bursts, and estimate the rate of
short burst detections along with their luminosities and redshifts. Drawing on theoretical studies
of the burst population, we create a model of the short burst population. Sampling from our model,
we aim to determine the observed distributions and the predicted rate of detected short bursts.
Using Swift BAT template light curves and spectra for each simulated burst, we execute the flight
software trigger for the BlackCAT instrument to determine the observed significance of the event.
We then analyze the complete set of detected short bursts to derive the expected detection rate
and redshift and luminosity distributions for BlackCAT. Finally, by simulating the prompt and
extended emission of short bursts with extended emission separately, as well as together, we are

able to characterize BlackCAT performance with respect to these features.
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2.1 Swift Burst Properties

To accurately capture the behavior of real-world short GRBs, our simulations are derived from
events observed by the Swift BAT instrument. For simulation purposes, a burst’s distance is chosen
via its cosmological redshift. Since this is an important aspect of our rescaling method, only bursts
with a well-defined redshift are chosen. A catalog of 79 bursts is selected as templates. Table 2.2
summarizes the burst properties described below.

For each burst, several parameters are required for their use in random light curve genera-
tion. The output light curve of BAT analysis is used as a template for rescaling. We use the flux
light curve assuming a non-evolving spectral behavior. In order to ensure that we use statistically
significant data, the cutoff signal-to-noise ratio is SNR = 5.

The start and stop times for each light curve are taken to be the range where “good” bins -
as defined by the Swift Burst Analyser (Gehrels et al., 2004) - are found. In some cases, a burst
occurred with extended emission. In these situations, the start, cut, and stop times needed to be
determined. As an initial guess, the split between prompt and extended emission was taken to be
where the time bin lengths become > 2 seconds, to a maximum of ¢.,; = 2 seconds. These were
checked visually and adjusted manually where necessary. Figure 2.1 illustrates an example burst
and its time values.

In addition to the light curve, each burst requires spectral fits. Because of the differing spectral
behavior between the prompt and extended emission, these are modeled separately. We model the

prompt emission as a cutoff power-law:

E —

N,(E) = Ny (—) ¢~ B/ B, 2.1)
Eo

where E is the pivot energy, « is the power-law index, E.,; is the cutoff energy, and [V, is a nor-

malization factor. When available, spectral parameters for the burst prompt spectra are taken from

existing literature. Since we are using a nonstandard temporal window, however, we determine the
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Light Curves for GRB 211211A
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Figure 2.1: An example of light curve timing values fgart, tcut, and tenq. Shown is the mask-
weighted event light curve for GRB 211211A. Top: Prompt emission binned to At = 0.016 sec-
onds with ¢+ and t.,; indicated by red vertical dashed lines. Middle: Prompt emission binned
to At = 0.16 seconds with ., and t.; indicated by red vertical dashed lines. Bottom: The total
light curve binned to At = 0.16 seconds with ¢..¢ and t.,; indicated by red vertical dashed lines
and t.,q indicated by a vertical yellow dashed line.
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spectral normalizations directly using Xspec!. In cases when a cutoff power-law fit is not found in
the literature, we find a 90%-confidence lower-limit on the cutoff energy via y? analysis of the BAT
data. The BAT burst spectrum is binned to a minimum of 5 counts per channel above background,
a best-fit cutoff power-law model is determined, and the steppar procedure is used to tabulate
the variation in x? versus E., with E.,; fixed and the other spectral parameters (normalization
and power-law index) free to vary at each step. The 90%-confidence lower-bound on E.,; is then
determined by interpolation as the value that results in a constrained x? that is Ay? = 2.3 above
the best-fit (minimum) value.

In the case that a burst has extended emission, we fit the extracted extended emission spectrum
over the appropriate temporal interval with a simple power-law:

B —B
N.(F) x (E}) , (2.2)
with /3 set to the time-averaged BAT index after the cutoff time, as determined by the Swift Burst
Analyzer.

Each burst’s bolometric luminosity was found by integrating the prompt emission spectrum
between 1keV and 10* keV, corrected for cosmological redshift. For bursts without spectral fits
from the literature, the cutoff energy used was the median of the energy distribution function
(Eq. 2.4) above the 90%-confidence lower limit. Note that the spectral cutoff energy is related to

the observed peak energy E, = E..+(2 — «).

2.2 Short Burst Populations

Following the model of Ghirlanda et al. (2016), we use a flat ACDM cosmology where Hy =
70km s~! Mpc! and ©,,, = 0.3. We consider the results from their case with no correlations and

no minimum luminosity. They find a parameterized redshift distribution of short GRBs

Ixspec webpage: https://heasarc.gsfc.nasa.gov/docs/software/xspec/index.html
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14+ piz

U T

(2.3)

This follows a time-delayed cosmic star formation rate, accurately representing the time nec-
essary for merger events to occur. The normalization is taken to be ¥, = 0.20 & 0.05 Gpc™® yr~!
consistent with their results. We opt to work with the observable peak energy £,. In their paper,

Ghirlanda et al. (2016) assume a broken power law form of the probability distribution:

(Ep/Enb)_ala E, < Epp;
P(Ep) o (2.4)
(Ep/Ep,b>_a2= Ep > Ep,b'

There exists a correlation between the peak energy and the total luminosity of the burst. The

adopted F,—L relation is:
log,,(E,/670keV) = qy + my log,o(L/10>* erg s1). (2.5)

Table 2.1 gives the reported parameters for the Ghirlanda et al. (2016) SGRB population mod-

els.

Parameter Mean Value 68% C.1.

a; 0.53 (0.2,1)

a2 4 (1.9,4.4)
E, 1600 (880, 2000)
my 0.84 (0.58,0.88)

qy 0.034 (—0.069,0.18)

D1 2.8 (0.59,3.7)

D2 3.5 (0.94, 4)

Zp 2.3 (1.7,3.2)

Table 2.1: Short Gamma Ray Burst population parameters as defined by Ghirlanda
et al. (2016) Provided are the mean value and the 68% Confidence Interval.

In their paper, Ghirlanda et al. (2016) discuss detectable SGRB rates for the local universe. The
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following procedure replicates these results; however, as we are simulating the full-universe rate,
we need to integrate their distribution out to a much higher redshift (¢ = 30). To do so, we adopt

the cosmological equations laid out in Wright (2006). The cosmological volume integral is:

Y1 — cos2¢/
V(< z) = 47 R3 / %@bdw’ (2.6)
0
where ) = /|1 — Qt|Z(2), Ry = (¢/Hy)/\/|1 — o], and Z(z) is the comoving distance

divided by the Hubble radius (¢/Hy):

z d
Z(2) = / % 2.7)
o (
The function X is defined by:
X =Q,(14+2)+ Q142>+ Qu /(1 + 2)* + (1 — Qer), (2.8)

with Q4 = 0.7, Q, = 4.165 x 107°/h2, and h = Hy/100 km s~* Mpc~*. To avoid numerical
instabilities, we use €2 = 0.99.

Computing Z for every step of the volume integration would be unnecessarily taxing on com-
putational resources. Instead, we opt to compute Z at integer steps from z = 0 to z = 31 and
utilize a cubic spline interpolation. In addition, Eq. 2.3 is in terms of z while the integration is
with respect to 1. To account for this, the inverse function of ¢ was used: z(v)) = ¢¥~(¢)) =
Z7 Y0/ \/]1 — Quor]). Again, a cubic spline interpolation is used to find the inverse function Z~'.

The final integration is then:

1+ piz(¢) " 1 " 1 — cos 2y’
L+ (2(¢)/2)™ 1+ 2(¢) 2

P
po = 4T R3W, / dy/ (2.9)
0

Note the extra term of (1+2z)~! accounts for the cosmological correction to the redshift distribution.

Integrating out to z = 30 gives a rate of py = 365 4= 19 yr~!. In the 0.85 steradian field of view of



BlackCAT, we therefore expect 24.7 + 1.3 detectable bursts per year to occur.

2.3 Burst Parameter Table

16

Table 2.2 presents the observed and derived parameters for the short bursts used as templates

in our simulations.

GRB tstart teut tend z log L E, Ny o B | Note | Ref.
231117A | —0.384 1.256 | 0.257 | 53.255 | 400 13.422 1.15 f 1
211211A | —0.192 13.008 | 140.968 | 0.0763 | 52.496 | 646.8 | 22.420 1.30 1.55 | af 2
211023B | —0.436 1.644 | 0.862 | 51.316 | >52 0.032 1.34

210919A 0.048 0.388 | 283.648 | 0.2415 | 52.207 73 6.870 1.08 3.22 g 3
210726A | —0.076 2.000 | 037 | 50.168 41 0.282 0.23 f 4
210323A | —0.204 0.496 | 721.936 | 0.733 | 53.721 | 1826 0.661 0.89 2.66 5
201221D | —0.140 0.260 | 1.045 | 52.139 108 0.397 0.20 6
200907B | —0.488 0272 | 056 | 51.508 | >164 0.103 0.46 b
200522A | —0.044 0.616 | 0.554 | 51.490 78 0.443 0.54 7
200411A | —0.108 0.392 0.7 52.793 | 420 0.432 0.64 a 8
200219A | —0.280 0.590 | 307.800 | 0.48 | 51.147 | 1387 0.005 0.65 1.79 9
191031D | —0.076 0.324 | 320.944 0.5 53.040 | 856 0.554 0.42 1.06 10
181123B | —0.044 0.414 | 40344 | 1.754 | 53.113 | >127 0.232 0.43 0.71 a
180805B | —0.216 0.704 | 157.264 | 0.661 | 50.727 | 346 0.006 0.50 2.08 11
180727A | —0.056 1.264 2 52.042 | 67.6 0.076 0.59 12
180618A | —0.096 2216 | 57.216 | 0.544 | 52.031 | 2290 0.014 0.63 2.22 a 13
180418A 0.004 2,664 | 1.55 | 54.055 | 329 1.278 1.20 14
170728B | —0.180 0.900 | 40.640 | 1.27 | 53.066 160 0.417 1.13 | —0.74 a 15
170428A 0.144 0.504 | 045 | 53292 | 1134 0.918 0.53 16
170127B | —0.060 0.440 | 842.120 22 54.061 688 0.249 0.67 2.98 17
161104A | —0.124 0.096 | 0.79 | 52251 | >72 1.902 0.80 a,c,e
161001A | —0.268 2232 | 44452 | 0.67 | 52.244 | 437 0.127 0.46 1.39 a 18
160821B | —0.008 0392 | 0.16 | 49.237 | 463 0.229 0.11 19
160624A | —0.160 2.000 | 0.483 | 52.022 | 800 0.063 0.40 a 20
160525B | —0.018 0.352 | 560912 | 0.64 | 50.837 >8 11.470 1.73 2.21 c
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GRB tstart teut tend z log L E, Ny « B | Note | Ref.
160411A | —0.152 0.608 | 160.928 | 0.82 | 51.451 161 0.104 | —0.26 0.65 a 21
160410A | —0.060 2.800 | 82.800 | 1.717 | 52.407 | 1416 0.004 0.71 2.64 22
160408A | —0.052 0.518 | 121.328 1.9 54593 | 914 0.901 0.76 4.10 23
160303A | —0.104 0.416 | 40.456 1 51.953 | >101 0.202 0.63 427

151229A | —0.204 2.296 1.4 54.038 | 97.1 4.293 1.19 24
150831A | —0.068 1.032 | 81.112 | 1.18 | 53.275 | 564 0.231 0.50 1.81 25
150728A | —0.060 1.008 | 841.848 | 0.46 | 50.046 >1 9.887 1.96 1.12 | ab
150423A | —0.046 0.224 | 1.394 | 52478 | >65 0.507 0.71

150120A | —0.428 1.032 | 40.872 | 046 | 53.095 130 4.123 1.43 3.48 26
141212A | —0.034 0.146 | 0.596 | 52.705 | >70 0.347 0.14 a,c
140930B | —0.200 1.100 | 1.465 | 54.255 | 1302 0.427 0.60 a 27
140903A | —0.040 0.340 | 0.35 | 50.890 >7 87.819 1.87

140622A | —0.308 0.332 | 0.959 | 55.305 44 87.819 1.74 a,g 28
140129B 0.176 1.216 | 281.496 | 043 | 50316 | >50 | 40.372 2.24 3.62 b
131004A | —0.240 1.120 | 0.717 | 51.357 | >18 | 25.904 1.72 c
130822A | —0.012 0.078 | 0.154 | 50.601 | >65 1.968 0.80 a,c,e
130716A | —0.056 0.424 | 80.584 2.2 53.254 | 635 0.035 0.23 1.21 d 29
130603B | —0.048 0.272 | 0.3564 | 53.487 | 894.96 | 4.134 0.73 a 43
130515A | —0.036 0.284 | 721.724 0.8 51.893 | 410 0.039 0 1.61 30
121226A | —0.240 0.560 | 280.840 | 1.27 | 51.797 | >56 2.700 1.31 3.07

120804A | —0.176 1.784 | 41.784 1 53.656 | 135 4.610 0.89 1.96 31
120630A | —0.200 0.900 0.6 50932 | >36 0.652 1.03 a
120305A | —0.058 0.132 | 0.225 | 51.492 | >88 3.250 0.68 a
111117A 0.016 0.556 | 2.211 | 53517 | 440 0.123 0.39 a 32
110402A 2.280 4920 | 117.320 | 0.854 | 53.651 | 1025 0.941 1.29 2.17 33
101224A | —0.046 0.304 | 641.584 | 0.4536 | 52.468 | 330 0.774 0.83 1.16 34
101219A | —0.036 1.164 | 0.718 | 51.906 | 490 0.039 0.22 35
100816A | —0.400 1.680 | 537.640 | 0.8035 | 53.190 148 2.155 1.00 1.81 36
100625A | —0.094 0.336 | 40.456 | 0.452 | 50.188 | 509.2 0.002 0.64 3.59 37
100206A | —0.050 0.120 | 761.640 | 0.4068 | 52.031 506 0.189 0.18 3.29 a 38
100117A 0.016 0.296 | 631.496 | 0.92 | 48.951 287 0.000 0.14 1.74 39
090515A | —0.060 0.052 | 481.012 | 0403 | 52.017 | >41 6.357 0.80 2.12 | ac.e
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GRB tstart teut tend z log L E, Ny « B | Note | Ref.
090510A | —0.016 0.344 | 280.904 | 0.903 | 53.667 | 3990 0.116 0.66 2.38 f 40
090426A | —0.064 0.976 | 2.609 | 54.264 | 176.84 | 1.177 1.00 f 43
080905A 0.032 0.512 | 0.1218 | 49.939 | 57895 | 0.018 0.13 43
080123A | —0.004 0.676 | 120.796 | 0.495 | 52.962 | 104.65 | 4.291 1.20 2.85 c 43
071227A | —0.644 1.736 | 281.736 | 0.383 | 50.707 | >112 0.287 0.80 2.56 | ae
070809A | —0.100 1.040 | 801.760 | 0.2187 | 49.752 | >10 5.084 1.52 3.32 a
070729A | —0.168 1.128 | 401.928 | 0.52 | 51.139 | >45 0.084 0.47 2.66 a
070724A | —0.100 0.530 | 481.320 | 0.457 | 50.760 | >19 3.849 1.33 4.27 a
070714B | —0.792 1.288 | 90.288 | 0.92 | 52.765 | 2150.4 | 0.035 0.86 2.90 43
070429B | —0.308 0312 | 721.752 | 0.904 | 51.666 | >13 5.622 1.31 1.18 a
061217A | —0.144 0.244 | 721.664 | 0.827 | 51.951 | >56 0.112 0.40 1.92 | ac
061210A | —0.050 0.070 | 102.720 | 0.4095 | 52.241 | >106 5.240 0.71 1.98 a
061201A | —0.028 0.892 | 161.052 | 0.111 | 50.194 | >153 0.386 0.58 1.37

061006A | —23.240 | —21.240 | 111.720 | 0.4377 | 51.313 | >203 0.884 0.84 2.27

060801A 0.028 1.988 | 1.131 | 52.000 | >80 0.226 0.68 c

060614 —2.320 | —0.320 | 214.960 | 0.125 | 52.254 | 302 6.141 1.57 2.27 41
060502B | —0.024 0.126 | 0.287 | 51.076 | >40 2.003 0.84 c
051227A 0.032 1.952 | 133.232 0.8 51.088 | >77 0.326 0.99 1.92 b
051221A | —0.056 1.864 | 0.5465 | 53.516 | 402 4.225 1.08 42
051210A | —1.264 2.000 2.5 52320 | >49 0.178 0.84 a
050724A | —0.160 0.920 | 155.720 | 0.258 | 50.531 | >36 5.434 1.25 2.23 a
050509B | —0.060 0.048 | 0.226 | 50.848 | >92 1.375 0.80 a,c.e
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GRB tstart teut tend z log L E, Ny « B | Note | Ref.

Table 2.2: Observed and derived parameters of short bursts in our catalog. Burst start, cut, and
end times Zgiart, teut, and fenq are in seconds relative to the BAT burst trigger time; log luminosities
log L are in erg s~ over the restframe bandpass of 1keV to 10* keV; spectral peak energies F, are
in keV. Literature pivot energies use £y = 100 keV while fits made with Xspec use £y = 1 keV.

Table Notes: “Automated burst analysis results as to start, cut, and stop times were considered suboptimal,
and corrected by manual analysis. Spectral analyses were then carried out using the revised time intervals.
5The automated peak energy minimization failed to find a fit due to the fit being insensitive to a parameter,
causing the Monte Carlo Markov Chain to proceed too slowly. The gaussian deltas were adjusted by a factor
of 100 to allow the chain to find a fit in sufficient time. “The automated peak energy minimization failed
to find a satisfactory x? value due to a nonlinearity in the st eppar data. These bursts showed a global
minimum in the steppar data, which we adopt as a lower limit on E,,. 9The automated peak energy
minimization failed to find a satisfactory x? value due to a nonlinearity in the steppar data. No clear
minimum was present, so the data were interpolated over the nonlinearity to find the appropriate critical
x? and lower limit on E,. “The best fit parameter for the prompt emission index was found to be o > 2,
which gives a nonphysical (negative) F,. We fix the power-law spectral index of the prompt emission at
o = 0.8 before proceeding with our analysis. / Literature peak energies were reported alongside a
Band spectral fit. As peak energies are observable, we adopt a cutoff power law with the spectral
index equal to the low-energy Band index. In the BlackCAT band, this is sufficiently accurate. 9
Only an an observed peak energy is reported without a corresponding fit. Xspec is used with £,
fixed to find the remaining fit parameters.

Table References: 'Svinkin et al. (2023); 2Mangan et al. (2021); Minaev et al. (2022); *Veres & Fermi-
GBM Team (2021); ®Shan et al. (2024); SHamburg et al. (2020); “Fong et al. (2021); ®Bissaldi et al. (2020);
9 Lii et al. (2020); °Mailyan et al. (2019); '"Hamburg et al. (2018); °Lien et al. (2018); 3Jordana-Mitjans
et al. (2022); '“Rouco Escorial et al. (2021); Kozlova et al. (2017); 6Tsvetkova et al. (2017); 17 Veres &
Meegan (2017); ®Frederiks et al. (2016a); '? Acciari et al. (2021); 2°0’Connor et al. (2021); ?'Roberts &
Hui (2016); 2?Frederiks et al. (2016b); *Roberts (2016); 2*von Kienlin & Meegan (2015); 2*Golenetskii
etal. (2015); 25von Kienlin & Burns (2015); 2" Golenetskii et al. (2014); 2®Sakamoto et al. (2014); **Foley &
Meegan (2013); 39Golenetskii et al. (2013); 3'Berger et al. (2013); 32Sakamoto et al. (2013); 3*Bhat (2011);
34McBreen (2010); 3°Golenetskii et al. (2010a); >Golenetskii et al. (2010b); >"Bhat (2010); **von Kienlin
(2010); 3?Paciesas (2010); “°Leonov et al. (2022); * Yang et al. (2022); *2Jin et al. (2007); 43D’ Avanzo
et al. (2014)
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3.1 Peak Energy Sampling

As discussed in the previous chapter, there were cases in which a burst did not have a recorded
prompt spectral fit with a cutoff power-law form. In these cases, we derived 90% confidence lower
limits on the peak energy. Each time one of these bursts was called during the simulation, a new
peak energy was selected from the assumed probability distribution (see Equation 2.4) via the
inverse cumulative distribution function. The 90% confidence lower limit was used as the lower
bound of the random selection.

Choosing the peak energy from the observed distribution ensures that the simulated collection
of this case accurately represents the true population of short GRBs. The maximum sampled peak
energy is set to 10° keV, ensuring that no nonphysical models are being selected from the tail of
the distribution function. This process has the added benefit of producing further variety in the

population of simulated bursts while obeying physical constraints.

3.2 Light Curve Generation

We follow the simulation methods laid out in Colosimo et al. (2024) For each simulated burst,
a random luminosity and redshift are chosen from their respective distribution functions. The
redshift is pulled directly from the time-delayed cosmic star formation rate W(z) (Equation 2.3). To
find a luminosity, a random peak energy is chosen from the assumed probability distribution ¢(E,)
(Equation 2.4) and a luminosity is found from the £, — L correlation (Equation 2.5). Random
values are taken between 0 < z < 30 and 0.1keV < E, < 10° keV.

Once the £, — L correlation is evaluated, a template burst is selected from among the 10 catalog
bursts with the closest luminosities. Selecting from a nearby luminosity ensures that the burst’s
temporal shape sufficiently matches with the energy output. If the burst has an extended emission,
the burst’s light curve is split into two curves at the cut time. In the case that the template burst

does not have a literature cutoff power-law spectral fit, the peak energy is randomized, as discussed
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in Sec. 3.1.

The light curve’s temporal components are scaled by the redshift factor (1 + 2, )/(1 + 2),
accounting for cosmological time dilation. The flux is scaled to the new luminosity (L., /L), the
new cosmological luminosity distance (D, /Dy, new), and a normalization factor corresponding to
the bandpass K-correction. The K-correction is found by integrating the prompt spectrum over the
standard BAT bandpass (15— 50 keV) and the redshift-scaled bandpass (1 + 2y, )/ (1+2) x (15—

50 keV). For consistency, we assume a standard flat ACDM cosmology (see Section 2.2).
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Figure 3.1: An example of a simulated light curve. The initial parameters are log L. = 52.495 and
z = 0.0763. The new parameters are log L., = 52.394 and z,,.,, = 2.269. Top Left: The template
burst GRB Top Right: The scaled simulated total light curve. Bottom Left: The scaled simulated
prompt emission light curve. Bottom Right: The scaled simulated extended emission light curve.

In addition to the light curve, the prompt spectra are rescaled. The peak energy is scaled by the
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redshift factor, accounting for time dilation. The power-law spectra have no factors that scale with
new luminosity or redshift, so the extended spectra remain unchanged.

The scaled spectra are used to find the flux conversion factors in the BlackCAT detection band-
passes. This is done by comparing the integrated detection bandpass to the BAT bandpass of the
appropriate spectrum. For the case with no extended emission, there is one output light curve
and set of flux conversion factors. For the case with extended emission, there were three outputs:

prompt only, extended only, and the total light curve.

3.3 Burst Detection Simulations

Each simulated light curve was run through prototype flight software to mimic the detection
methods of the BlackCAT instrument. To have the highest chance of flagging a detection, we
consider a large number of triggers spanning a variety of timescales and energy ranges. For each
event, 70 total triggers are run, covering 10 timescales between 0.125 and 64 seconds and 7 energy
bands within the 0.5 — 20 keV sensitivity range of BlackCAT.

The bursts are uniformly distributed across the 0.85 sr field of view of BlackCAT. For each
trigger, we use the simulated burst’s light curve as the template to test the response. The light
curve is sampled to the corresponding time interval, and the photon flux is rescaled to the trigger’s
energy range using the spectral model. In the case that the light curve has an extended emission,
the prompt photons are sampled with the cutoff power-law spectrum while the extended photons
are sampled with the simple power-law spectrum.

With burst photons have sampled, the cosmic X-Ray background is modeled as a broken power-
law spectrum. The model is taken from Comastri et al. (1995) and Moretti et al. (2009). Back-
ground photons are sampled within the trigger’s energy range.

A burst must fulfill several requirements to be considered a successful detection.

1. In the full-detector light curve, we require the burst to have at least 10 successfully detected

counts. This sets a minimum significance of the burst’s light curve.
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2. Both the burst photons and background photons are used to simulate pixel counts. This is
done by deconvolving the counts onto the detector via the mask pattern. The deconvolu-
tion produces a sky image for each trigger. Within the images, peaks are identified with a

minimum image significance of 4.50.

3. The reconstructed image position of the burst must match — within a tolerance of 1° — the
input position that was randomly selected when the bursts were uniformly distributed across

the detector FOV.

4. The burst must be the most significant candidate peak in the field of view. We flag the

detection in the case that the burst is dominated by a background fluctuation.

The MAXI Solid-state Slit Camera (SSC) all-sky X-ray maps (Nakahira et al., 2020) are used to
simulate X-ray point sources and diffuse emission. Random pointings are taken from the predicted
BlackCAT flight path. For each pointing, the MAXI background count rate within the bandpass
of the trigger is determined. The significance is scaled by the square root of the original assumed
background rate to the MAXI measured rate:

/ Bz‘

R =K

3.1
Byiaxi

where £’ is the corrected significance, « is the initial significance, B; is the initial background rate,
and Bjsax7 is the point-source background rate. Burst detections are considered successful to be

when the aforementioned conditions are met and the point-source corrected significance ' > 6.5.
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4.1 Simulation Results

We simulate a short burst population appropriate to 100 years of exposure for the BlackCAT
coded-aperture instrument, so that the resulting per-year burst rate estimates will be effectively
free of Poisson uncertainties. To quote results in terms of time on-orbit, we correct the simulation-
derived detection rates for the anticipated 76% duty cycle (Sec. 1.4) of BlackCAT due to active
slewing and time spent in high particle-background portions of the orbit. This represents a conser-
vative approach, since the detectors and burst-detection software will operate continuously, and it
will remain possible for the spacecraft to detect particularly bright bursts during these periods.

For the full 100-year simulation, we find that a total of 113 prompt-only bursts are detected and
257 bursts with extended emission are detected. Over the duty-cycle corrected 100-year simulation,
we get a corrected detection rate of 2.8 short gamma-ray bursts per year. The rate is lower than the
predicted long burst detection rate of 41.7 or 43.0 bursts per year for the weak and strong evolution
cases, respectively, of Colosimo et al. (2024). This is expected, as mentioned previously, due to
the ~10% fraction of short bursts in the Swift BAT catalog, and the softer bandpass of BlackCAT.
Over the expected lifetime of BlackCAT, this rate will produce a useful collection of bursts for

astrophysical studies.

4.2 Observed Redshift Distribution

It is of interest to investigate the expected redshift distribution of detected short gamma-ray
bursts. As described in Sec. 2.2, the simulated population of detectable short bursts followed a
redshift distribution derived from a time-delayed cosmic star formation rate. By definition, our
simulations use observed events as the basis for light curve generation. Deriving our distribution

from theoretical models reduces the impact of observational biases.
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Redshift | Detection Rate
2>0 2.81 yr !
z>3.5 0.20 yrt
z2>4.5 0.08 yr—t
2>6 0.02 yr—1

Table 4.1: A collection of selected cumulative burst detection rates at given threshold redshifts.
Rates are reported for all bursts detected beyond the indicated z.

As one of BlackCAT’s main science goals, we investigate the instrument’s high-redshift uni-

verse (2 > 3.5) sensitivity for gamma-ray burst events. Figure 4.1 shows the expected cumulative

rate for bursts above a redshift z. Table 4.1 provides selected values for the rates above threshold

redshifts.
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Figure 4.1: Shown is the cumulative detection rate above the threshold z for the full simulation

population.

Based on our simulation’s successful triggers, we expect that BlackCAT should be sensitive

to events in the high-redshift universe. The information provided by these distant bursts will be
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critical for better understanding the population of short gamma-ray bursts and their host galaxies.
On the other hand, local-universe detections are excellent candidates for compact object mergers
and thus gravitational wave event counterparts. With these results, we expect BlackCAT to con-
tribute to exploring the early universe and assisting with the ever-growing field of multimessenger

astronomy.

4.3 The Effect of Prompt vs. Extended Emission

In addition to simulating the full population of bursts (both with and without extended emis-
sion), further simulations were run to assess the case with extended emission present. In the full-
population simulation, bursts with two-part light curves were run such that each corresponding
region (prompt or extended) was scaled by its respective spectrum (cutoff power-law or simple
power-law). For the collection of bursts with extended, two additional simulations were run: one
with only the prompt region and one with only the extended region. This gives insight into Black-
CAT’s triggering method’s sensitivity to the two types of emission.

Over the course of the 100-year simulation (corrected for the 76% duty cycle of BlackCAT),
257 bursts are found that contain both prompt and extended emission. 65 bursts are detected when
looking at prompt emission alone. Simulating solely extended emission, 199 were successfully
found. Comparing total light curve detection to prompt-only light curve detection suggests that the
presence of extended emission increases the rate by a factor of ~ 4. This is expected as BlackCAT
is a soft X-ray instrument, looking primarily at lower energy photons. Because of the extended
emission’s typically softer spectra, we anticipate that BlackCAT should be more sensitive to this

part of the light curve.
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Figure 4.2: Shown is the cumulative detection rate above the threshold z. The population of bursts
in this plot are only those with extended emission present. Plotted in blue is the cumulative detec-
tion rate for extended-only emission. Plotted in red is the cumulative detection rate for prompt-only

emission.

Because of BlackCAT’s increased sensitivity to extended emission, we should expect that its
presence should impact the detected redshift population. Figure 4.2 shows the redshift distributions
for prompt only and extended only in the collection of bursts where extended emission is present.
As expected, we see an overall increased rate of detection across all redshifts for light curves con-
taining solely extended emission as compared to solely prompt. Additionally, our results indicate
that BlackCAT may be more sensitive to extended emission at very high redshifts, though the small

sample size at these large values results in greater uncertainty in these regions.
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5.1 Conclusions and Future Work

Since initial observations of gamma-ray bursts, much work has been done to understand their
physical properties and astronomical utility. The identification of GRB afterglows allowed for
precise positioning and follow-up observation. Analysis of this data provided host galaxy identifi-
cation, accurate redshifts, and supernova counterparts. Further work revealed a bimodal separation
of the GRB population about the ~ 2 second duration. Long-soft bursts have been identified as
collapsar-type events; short-hard bursts are most likely the result of compact object mergers. The
likely progenitor of short gamma-ray bursts provides an exciting opportunity to use their observa-
tions to probe the most extreme environments in our universe via multimessenger astronomy. As
gravitational wave counterparts, they promise insights into ultradense matter, General Relativity
and strong gravity, r-process nucleosynthesis, and the cosmic expansion rate.

The BlackCAT instrument is a 6U CubeSat designed to search for high-redshift gamma-ray
bursts in the soft X-ray band (0.5-20keV). Utilizing a coded-aperture mask, we expect accu-
rate sub-arcminute source localizations of 40” to 55" at 90%-confidence. With a wide FOV of
0.85 sr, BlackCAT will provide a significant catalog of well-positioned X-ray transient events. Its
dawn-dusk Sun-synchronous orbit enables a persistent anti-Sun pointing, with detected transients
generally well-laced for ground-based follow up observations.

We run a comprehensive set of simulations to test the detection sensitivity of BlackCAT to
merger-type short gamma-ray bursts. To model the population of bursts, we sample light curves
from the Swift BAT instrument. Where applicable, we make the distinction between the prompt and
extended emission regions of the light curves. These have distinct spectral behavior, and fits are
found to model this difference. The light curves are scaled to a redshift and luminosity taken from
theoretical distributions provided by Ghirlanda et al. (2016). Integrating the redshift distribution
over the cosmological volume integral (Wright, 2006), we find the expected rate of detectable
bursts. A 100-year sample is generated and analyzed by testing the significance of 70 potential

triggers of varying timescales within the BlackCAT sensitivity range. Scaling for point source and



32

diffuse background via a BlackCAT pointing plan, we obtain successful detections.

Through our simulations, we find an expected detection rate of 2.8 short gamma-ray bursts per
year across all redshifts. BlackCAT is designed to search for bursts in the high-redshift universe.
Our results show that, given a long enough mission time, we may expect to see bursts out to
z 2 6. In addition, we investigate the effect of prompt and extended emission on BlackCAT’s
sensitivity. We find that BlackCAT is more sensitive to extended emission across all redshifts, and
the presence of extended emission may increase the potential redshift a burst can be seen from.
This is expected, as extended emission has a notably softer spectrum, giving a better chance of
being seen by BlackCAT’s soft X-ray detectors.

Further investigations into the detection expectations for the high-redshift universe may prove
useful. Because of the lower event probability at early times, our uncertainty begins to increase
significantly beyond 2z ~ 4 for the 100-year simulation. A longer, dedicated simulation in the
high-redshift regime may show more accurately what we expect for the detection of early mergers
and the effect that prompt and extended emission may have on distant event sensitivity.

The successful launch of BlackCAT earlier this year is an exciting step in gamma-ray burst
astronomy. High redshift detections of GRBs will prove valuable to characterizing the population
of these high-energy events in the early universe. Accurate nearby burst detections will create
opportunities for swift gravitational wave counterpart observations. The work resulting from this
mission will shed light on some of the most extreme events in our universe and prove a useful tool

for astrophysics, nuclear physics, and cosmology.
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