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Transient sources of very-high-energy gamma rays are short-lived astrophysical phe-
nomena often associated with catastrophic events that change their brightness over rela-
tively short timescales. The search for and study of such objects, especially in the TeV
energy regime, has the possibility to shed light not only on the physics at play within the
enigmatic, chaotic environments that produce such emission, but also to answer several re-
maining questions in fundamental physics. In this dissertation, we leverage the sensitivity
and characteristics of the High-Altitude Water Cherenkov (HAWC) Observatory in pursuit
of gaining insight into these areas.

The HAWC Observatory, located on the side of the side of the Sierra Negra volcano
in Puebla, Mexico at an altitude of 4,100 m above sea level, is an extensive-air-shower
array sensitive to gamma rays from ~0.1 to >100 TeV that has been in operation since
March of 2015. It has a wide field of view of ~2 sr at any one time and, combined with its
large operational duty cycle (>95%), observes 2/3 of the sky every day. HAWC operates

using the water-Cherenkov detection technique with 1,200 photomultiplier tubes (PMTs)



in two different sizes to detect Cherenkov emission from secondary air-shower particles.
Herein, we present an improved characterization for the larger of these two PMT models
for inclusion within the Monte Carlo simulation of the HAWC Observatory, as well as the
custom testing apparatus designed and constructed for this purpose.

With HAWC’s wide field of view, near-continuous uptime, and large archival dataset,
it serves as an ideal observatory with which to search for transient sources of all kinds. We
apply these advantages to perform searches for two types of transient sources— Primordial
Black Holes (PBHs) and Gamma-Ray Bursts (GRBs). The first of these, a search for
emission signatures of evaporating PBHs, is performed on 959 days of HAWC data for
remaining lifetimes of 0.2, 1, 10, and 100 s, assuming radiation development according
to the Standard Emission Model. We show that previous attempts to perform searches for
transient searches similar to PBHs with HAWC were oversampling at detrimental levels
and improve upon that method to achieve greater statistical rigor. Finding no significant
emission for any duration, we place upper limits at the 99% confidence level on the local
burst rate density.

For the second of these source types, we apply the low-energy improvements recently
made to the HAWC data reconstruction procedure to search for very-high-energy emission
within the first 0.1, 1, 10, and 100 s of emission for 93 GRBs within HAWCs field of view
at their reported Ty over the first 7 years of HAWC operations. This search is performed
using permutations of four different assumed redshift values and four different assumed
spectral indices. Finding no significant emission for any duration under any set of assump-
tion parameters, we place upper limits at the 95% confidence level on the intrinsic flux
for all GRBs. For those GRBs with external flux models available from other gamma-ray
detectors, we compare the HAWC limits to those models in order to constrain the possible
emission in the TeV regime with respect to that at lower energy values. We also perform a

follow-up execution of this analysis with start times shifted to match external model start



times which differed from Ty. Again finding no significant emission, we place upper limits
at the 95% confidence level on the intrinsic flux for all parameter sets and for all external
start times for those GRBs HAWC was most likely to have seen.

Finally, we speculate about the future of searches for PBHs and GRBs with the next-
generation wide-field-of-view instrument, the Southern Wide-field Gamma-ray Observa-

tory (SWGO), presenting projected performance for these two types of transient sources.
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Distribution of the p-values dfipgy andHmogel as well asHpkg andHgata

for all four remaining lifetimes in this searchipgy corresponds to a burst

rate density of = 10* pc 3yr 1. The vertical dashed black line indicates

Pthr, the passing threshold for data inclusion in this analysis. To the right

of this line is the so-called “ ducial region,” wherein the statistical rigor

of the data and background used could be veri ed independently of the
analysis. Note that both theyg & Hppy distributions were drawn from

a sample much larger than the duratiorHgf, and were scaled to match

this duration, yielding smooth, well-behaved distributions. Figures (a), (b),
and (c)fromRef. 64. . . . . . .. ... 123
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An example, using the 10 s data and background histograms, showing the
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Intrinsic ux 95% CL upper limits F g5) for a search duration of 1 s for

all three redshift values considered=0.1, 0.3, and 1), evaluated at both
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Sensitivity of HAWC as a function of burst duration from 2011 to present.
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gz = 20 . This indicates that the current understanding of Bin 0 and Bin
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Gaussian distribution of the same size. The distributions for the remaining
three spectral indices, as well as the three other search durations, are in
agreement with this example. This analysis uses all analysis Binai$

de ned in Section 2.5.1); the distributions for the subsets of bins 0-1 and
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Pass 5. . . . . 155
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GRB 160624A— Prompt Emission[3, 14, 121, 238, 329, 448, 500, 549,
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redshiftz< 0:3, and a break or a cutoff in the XRT-WT Mode spectrum
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ASg Array [70], Whipple [331], and HAWC [64] (this work). Figure
adapted fromRef.332. . . . . ... ... 204
SWGO's sensitivity to a GRB like GRB 190114C, including results from
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fromRef. 151. . . . . . . .. 206

Box diagram of the hardware con guration to measure the two-fold coin-
cidence rate between the light-emitting diode (LED) pulsed at 60 Hz and

the signal from the PMT used to produce th€°FMT results reported in

Section 2.2.1.2. Figure by Robert Ellsworth. . . . . . . ... ... ... .. 208

GRB 150910A[15, 39, 141, 213, 316, 329, 551]. Assuming spectral behav-

ior similar to that seen for GRB 190114C [151, 546], wherein the reported

uence models could be approximately projected as a simple power law

from their reported energies to the TeV energy range, these 100 s HAWC
limits indicate there must be a break or a cutoff in the BAT and XRT-WT
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range, these 10 s HAWC limits indicate there must be a break or a cutoff in

the BAT and XRT-WT Mode spectra before they reach the TeV energy range.212
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GRB 160624A— Prompt Emission[3, 14, 121, 238, 329, 448, 500, 549,

550]. Assuming spectral behavior similar to that seen for GRB 190114C [151,
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jected as a simple power law from their reported energies to the TeV energy
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reported for all redshift, spectral index, and duration model assumptions. .

D.7 95% CL upper limits on the continuous intrinsic ux normalizati¢tys,
for GRB 151205A without known redshift argy = 21:94 at the Ty re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... .. ...

D.8 95% CL upper limits on the continuous intrinsic ux normalizati¢tys,
for GRB 151228B without known redshift argg = 11:258 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... .. ...

D.9 95% CL upper limits on the continuous intrinsic ux normalizati¢iys,
for GRB 160113A without known redshift argy = 29:27 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.10 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 160310A without known redshift argy = 34:077 at theTy re-
ported by theFermiLAT GRB catalog [60]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . . .. . ..

D.11 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 160705B without known redshift almg= 34:8 at theTy reported
by theSwift GRB catalog [329]. Limits are reported for all redshift, spectral

index, and duration model assumptions. . . . .. ... ... ... ....

D.12 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 160821A without known redshift ang, = 25:2383 at the Ty
reported by thé=ermiLAT GRB catalog [60]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . ... ...

D.13 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 161026373 without known redshift agd= 2316 at theT, re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.14 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 161202A without known redshift argg = 30:9222 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...
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D.15 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170101B without known redshift aggd= 32:4 at theT reported
by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are reported

for all redshift, spectral index, and duration model assumptions. . . . . . .

D.16 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170101374 without known redshift aggd= 20:06 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.17 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170115A without known redshift arg} = 5:2404 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... .. ...

D.18 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170206A without known redshift ang, = 10:8773 at the Ty
reported by théermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.19 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170219A without known redshift ang = 31:2 at theTp reported
by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are reported

for all redshift, spectral index, and duration model assumptions. . . . . . .

D.20 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170307A without known redshift argg = 9:50758 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...

D.21 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170318B without known redshift arigd = 28:9962 at theT re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.22 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170526A without known redshift argy = 22:39 at the Ty re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... .. ...

D.23 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170606968 without known redshift ang= 323369 at theTp
reported by thé&ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.24 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170610689 without known redshift aggd= 31:78 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .
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D.25 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170709334 without known redshift angd= 16:8084 at theTp
reported by thé&ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.26 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170810A without known redshift argy = 16:18 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...

D.27 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170823A without known redshift argy = 24:38 at the Ty re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.28 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 170830A without known redshift ang, = 30:7796 at the Ty
reported by the MAXI GRB catalog [483, 484]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . ... ...

D.29 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 171027A without known redshift argg = 21:7556 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.30 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 171120A without known redshift argy = 3:494 at theTy re-
ported by theFermiLAT GRB catalog [60]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . . .. . ..

D.31 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 171123A without known redshift argy = 14:92 at the Ty re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.32 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180103090 without known redshift agd= 14:26 at theT, re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.33 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180113B without known redshift argg = 12608 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.34 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180511437 without known redshift aggd= 31:87 at theTy re-
ported by theermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .
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D.35 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180617872 without known redshift aggd= 15:45 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.36 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180721A without known redshift argg = 24:7634 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...

D.37 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180722A without known redshift argy = 11:23 at theTy re-
ported by the MAXI GRB catalog [483, 484]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . ... ...

D.38 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 180905A without known redshift argg = 24:2509 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... .. ...

D.39 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 181002A without known redshift argy = 19:91 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.40 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 181008269 without known redshift aggd= 281 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.41 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 181228A without known redshift armg = 9:16 at theTy reported
by theSwift GRB catalog [329]. Limits are reported for all redshift, spectral

index, and duration model assumptions. . . . .. ... ... ... ....

D.42 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190106866 without known redshift ang= 27:2281 at theTy
reported by théermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.43 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190215A without known redshift amgl = 22:5 at theTg reported
by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are reported

for all redshift, spectral index, and duration model assumptions. . . . . . .

D.44 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190226515 without known redshift angd= 33:7914 at theTyp
reported by thé&ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .
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D.45 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190319353 without known redshift aggd= 27:39 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.46 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190724A without known redshift ang, = 323551 at theTyp
reported by the IPN GRB cataldg Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...

D.47 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190822705 without known redshift ang= 27:5191 at theTy
reported by thé&-ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.48 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 190910A without known redshift argy = 3213 at the Ty re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.49 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 191027A without known redshift ang, = 18:9435 at theTp
reported by thé&ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.50 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 191031D without known redshift armg = 18:2122 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...

D.51 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 191101A without known redshift arg} = 9:0854 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.52 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 191117B without known redshift argy = 3229754 at the Ty
reported by théermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.53 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 191228A without known redshift argg = 283031 at theTp re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.54 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 200131A without known redshift argg = 19:4578 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...
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D.55 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200228B without known redshift arig = 324597 at theTy re-

ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... .. .. 426
D.56 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200310A without known redshift argy = 31:88 at theTy re-

ported by the MAXI GRB catalog [483, 484]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . . .. .. .. 428
D.57 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200313A without known redshift ang, = 22:1889 at the Ty

reported by thé&-ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. . . 431
D.58 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200514A without known redshift argg = 0:53 at theTy reported

by the MAXI GRB catalog [483, 484]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... ... ... 433
D.59 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200514B without known redshift argy = 34:53 at theTy re-

ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. . . 436
D.60 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200716C without known redshift argg = 155639 at the Ty

reported by thé=ermiLAT GRB catalog [60]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . . ... ... 441
D.61 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200915846 without known redshift agd= 26:63 at theT, re-

ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. . . 443
D.62 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 200922718 without known redshift ang= 27:9564 at theTy

reported by théermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. . . 445
D.63 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 201029A without known redshift argl = 28:9 at theT reported

by theSwift GRB catalog [329]. Limits are reported for all redshift, spectral

index, and duration model assumptions. . . . ... ... ... ....... 448
D.64 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,

for GRB 210208A without known redshift ang, = 30:7796 at theTp

reported by théNTEGRALGRB catalog [453]. Limits are reported for all

redshift, spectral index, and duration model assumptions. . . . . ... ... 450
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D.65 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 210305A without known redshift ang = 325 at theTp reported
by theSwift GRB catalog [329]. Limits are reported for all redshift, spectral

index, and duration model assumptions. . . . .. .. .. ... ......

D.66 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 210323B without known redshift argg = 5:90428 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . . ... ... ...

D.67 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 210404141 without known redshift ang= 331922 at theTy
reported by thé&-ermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .

D.68 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 210421A without known redshift argy = 19:38 at the Ty re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. ... .. ...

D.69 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 210422A without known redshift argy = 23:22 at theTy re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...
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for GRB 220408A without known redshift argg = 31:1312 at theTp re-
ported by theSwift GRB catalog [329]. Limits are reported for all redshift,

spectral index, and duration model assumptions. . . . . .. .. ... ...

D.74 95% CL upper limits on the continuous intrinsic ux normalizatiéiys,
for GRB 220411A without known redshift argy = 32328 at theTy re-
ported by theFermi GBM GRB catalog [121, 238, 549, 550]. Limits are

reported for all redshift, spectral index, and duration model assumptions. .
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Chapter 1: Introduction

The very-high-energy Universe is full of violent, enigmatic sources, the observation
and study of which can provide insights into physics at energies beyond those achievable
by terrestrial accelerators. Within this cosmic landscape, there is an abundance of observed
and proposed transient phenomena. These transient sources are short-lived astrophysical
phenomena resulting from the most extreme events occurring in our Universe, producing
very-high-energy gamma rays with variability over relatively short timescales ranging from
a fraction of a second to a few years. We look to these kinds of objects as windows into
the physics within the catastrophic environments from which they were produced, as well
as probes of the big questions in fundamental physics, e.g., the nature of dark matter.

In order to have the best chance of catching the whole of these unpredictable short
events, one must necessarily leverage the observational powers of a wide- eld-of-view
gamma-ray observatory with a duty cycle as close to 100% as possible. With such an in-
strument, it would be possible to catch the full duration of emission from a transient source
were its tenure less than the transit time, identify transient phenomena starting or occur-
ring within its eld of view, and perform real-time and archival follow-up observations
of sources identi ed by complementary experiments. To perform meaningful analyses of
transient phenomena, such an observatory must boast a large effective area such that its
sensitivity to transients is likewise excellent, and must be able to determine the energy and
direction of emissions with good resolution. Such requirements make the High-Altitude

Water Cherenkov (HAWC) Observatory an ideal instrument with which to explore the very-



high-energy transient sky.

This dissertation presents various efforts not only to improve the understanding of tran-
sient astrophysical phenomena and the physics topics into which they are ideal for pro-
viding insight using data from the HAWC Observatory, including searching for as-yet-
uncon rmed sources, but also to improve the quality of the HAWC Observatory itself for
all future analyses. Towards these goals, we present two transient source searches— a
search for emission from evaporating PBHs and a search for very-high-energy radiation
within the rst 100 s of emission from a sample of GRBs from which no signals in the
TeV regime have been previously detected. We also present a novel characterization of the

R7081-HQE Hamamatsu {®MT.

The remainder of this rst chapter presents an introduction and overview of gamma-
ray astronomy, providing a foundation for the processes responsible for emissions in this
regime. We introduce a sampling of the various source types that populate the very-high-
energy gamma-ray sky and highlight the transient sources we hope to detect with the analy-
ses contained in this work— PBHs and GRBs. We also present an overview of the detection
techniques used within this eld, especially those applied by the HAWC Observatory.

Chapter 2 introduces the HAWC Observatory, including its hardware components and
the motivation behind design choices as they pertain to transient observations. We describe
a custom PMT testing apparatus that was designed & built and the characterization of the
10°PMT used by HAWC—performed for implementation within the detector Monte Carlo
simulation—that was completed using this apparatus. We then describe the data handling
of HAWC including monitoring and data reconstruction methods across two passes. These
data reconstruction methods are compared to identify the improvements gained by the new
pass, especially in the context of transient analyses.

In Chapters 3 and 4, we present the core of this work: the two transient source analyses.



The rst of these is a search for signals of evaporating PBHs in Chapter 3. We de ne what
a PBH is and introduce the principles forming the expected spectrum from PBHs. We
describe speci c statistical methods implemented to improve this analysis with respect to
previous similar transient analyses within the HAWC Collaboration and make suggestions
for future work of this nature. This chapter also elaborates as to the primary sources of
systematic uncertainty within HAWC analyses.

The second transient analyses in Chapter 4 is a search for very-high-energy emission
within the rst 100 s of a sample of 93 GRBs. We introduce the classi cations of GRB
types and emission models, including proposed methods for the production of the highest-
energy emission that could be constrained with a successful observation. The motivation
for the selection of the source sample is explained and the permutations of spectral pa-
rameters to be considered are laid out. Models are generated for each parameter set for
every GRB and compared against external spectral ts from other experiments under the
assumption of GRB behavior similar to that seen for GRB 190114C to provide constraints
on assumed TeV emission. Additionally, a follow-up search motivated by the observation
of GRB 221009A is performed for shifted time windows for those GRBs within the sample
that HAWC was most likely to have observed.

Finally, in Chapter 5, we consider the future of searches for PBHs and GRBs, both
within the context of the HAWC Observatory, as well as its proposed counterpart in the

Southern Hemisphere, the Southern Wide- eld Gamma-ray Observatory (SWGO).

1.1 Gamma-Ray Astronomy

It is impossible to disentangle the study of gamma rays of cosmic origin from that of
cosmic rays. First discovered by Victor Hess in 1912 using his balloon ights, cosmic

rays are charged particles that have been accelerated to very-high energies from sources in



outer space. As Hess increased the altitude of his balloons, his measurements of the rate
of ionization in the atmosphere above 1 km continuously increased relative to that at sea
level, leading him to conclude that this radiation must be coming from space [262]. This
discovery opened a new window with which to view the Universe.

Cosmic rays have been detected across over ten orders of magnitude in energy— from
1 GeV to over 18 EeV. The species of these high energy particles are primarily hydrogen
nuclei, i.e., protons (87%), 10% are helium nuclei, 2% are electrons, and 1% are heavier
nuclei [563]. Despite extensive studies across the vast cosmic ray energy spectrum for
more than a century, no known single source has been identi ed as responsible for their
emission.

Due to their charge, cosmic rays are de ected by interstellar magnetic elds between
their progenitors and the Earth. This presents a signi cant challenge in determining the
sources of detected cosmic rays with any accuracy. Luckily, within the environments
where cosmic rays are formed and interact, there is also the production of gamma rays
by nuclear and high-energy, non-thermal processes. These gamma rays are electrically
neutral and therefore do not experience any de ection of their trajectories, making them an
ideal messenger with which to study cosmic sources and glean information on the origin,
acceleration, and propagation of cosmic rays.

In astrophysics, gamma rays are generally de ned as photons with energies larger
than 100 keV, stretching all the way into the PeV with the recent 1.4 PeV detection by
LHAASO [142], making gamma rays the widest electromagnetic band. Within this large
distribution of energies, we can de ne specializations, the energy range and primary detec-
tion mechanism of which are determined by the dominant process through which a gamma
ray interacts with matter. The low-energy (LE) range frot00 keV to 1 MeV primarily
interacts through the photoelectric effect and is detected by balloon or satellite experiments;

the medium-energy (ME) range fromlL MeV to 30 MeV primarily interacts through the



Compton effect and is detected by satellite experiments; the high-energy (HE) range from
30 MeVto 100 GeV primarily interacts through pair production in a scintillating mate-
rial and is also detected by satellite experiments; the very-high-energy (VHE) range from
100 GeV to 100 TeV interacts primarily through pair production in the atmosphere
and is detected with ground-based Cherenkov telescopes; and the ultra-high-energy (UHE)
range above 100 TeV primarily interacts through pair production in the atmosphere or at-
mospheric uorescence and is also detected with ground-based arrays [440]. These meth-
ods differ signi cantly from the traditional observational techniques in astronomy using
lenses and mirrors, but they enable the study of physics at energies not achievable even by
terrestrial accelerators.

While gamma rays do not suffer from de ection within interstellar magnetic elds, ob-
serving them does pose a few unique challenges. The cosmic rays that began this journey
are themselves the primary source of background for gamma-ray analyses, as will be cov-
ered in Sections 2.5.3.1 and 2.6. Additionally, because gamma rays cannot be focused using
re ection or refraction [534], it requires very careful computational approaches to improve
the signal-to-noise ratio of gamma detections as well as to resolve individual sources. Fi-
nally, gamma rays can suffer from absorption by either the material surrounding the source
or the Intestellar Medium (ISM). Very-high-energy photons of extragalactic origin, such
as those of interest for one of the analyses contained within this work, can be attenuated
considerably on the EBL (as will be discussed in Section 1.3.2.1), limiting the achievable

observational volume.

1.2 Gamma-Ray Emission

Gamma rays provide an ideal window into the non-thermal Universe, that is, the pro-

duction of photons in this energy regime are produced by fundamental interactions among



the particles themselves rather than from blackbody radiation. The mechanisms by which
this non-thermal radiation is brought about can be classed as either leptonic (involving
electrons & positrons) or hadronic (involving, primarily, protons), depending on the type
of interacting particles. The leptonic non-thermal processes include bremsstrahlung, syn-
chrotron radiation, and inverse Compton scattering, while the hadronic process of interest
is neutral pion §°) decay.

Figure 1.1 shows how these mechanisms contribute to the SED of a photon with re-
spect to one another and their energy production. The contribution from bremsstrahlung is
typically subdominant in cosmic radiation in the energy range of interest to the HAWC Ob-
servatory and as such is not explicitly identi ed here, but is very relevant for the detection

method under which HAWC operates.

Figure 1.1: The features of a photonic spectral energy distribution. At lower energies, the contribu-
tion is primarily due to synchrotron radiation, but pion decay and then inverse Compton scattering
dominate as one moves up in gamma-ray energies. Figure reproduced from Ref. [492].



1.2.1 Bremsstrahlung

At its most basic level, the process by which radiation is emitted due to the acceleration
of a charge in the Coulomb eld of another charge is known as bremsstrahlung, or braking
radiation [459]. This mechanism has the potential to produce GeV gamma-ray photons
from high-energy protons and TeV gamma-ray photons from high-energy electrons. An
illustration of this process is shown in Figure 1.2. This process is also, as will be discussed
in Section 1.4.2.1, responsible for the creation of secondary photons within gamma-ray-

initiated extensive air showers (EASS).

Figure 1.2: A schematic of the bremsstrahlung process, wherein an X-ray can be seen to be emitted
by the de ection of the electron within the Coulomb eld of, in this case, a nucleus. Figure by
Teledyne ICN.

From the perspective of observing TeV astrophysical sources, this radiation is the pho-
tons emitted when high-energy electrons lose energy through interaction with the electric

eld of another charged particle present in the interstellar gas. We can express the energy



loss rate of an electron due to non-relativistic bremsstrahlung as [492],

= =P B (1.1)

whereEe is the energy of the electrom, is the mass of the proton,is the number density
of the ambient gas, ang, is the radiation length of the electron— the distance over which
the electron's energy falls tbe of its original value.

At very-high energies, this energy loss rate is proportionabtd, whereG= (1
(ve)?) ™ andve is the velocity of the electron. Although for protons, bremsstrahlung
is responsible for producing a majority of the gamma rays with energigsseV [225],
the electron contribution to theTeV energy regime where HAWC performs the majority
of its science is expected to be subdominant [58]. This mechanism is still important to
understand, however, both for its relevance in gamma-ray-initiated EAS and in forming a

foundation for synchrotron radiation.

1.2.2 Synchrotron Radiation

It is a known fact of physics that particles accelerated in a magnetic eld will radiate.
Synchrotron radiation (sometimes referred to as magnetobremsstrahlung), occurs when rel-
ativistic charged particles are moving within a magnetic eld. Being the lightest charged
particles, electrons (and positrons, where applicable) account for essentially all the ob-
served synchrotron radiation.

Modifying the familiar Lorentz force relations to be relativistic, for the electron mass

me and electron charge we can write [459],

dv_ e
Gmea— Ev B : (1.2)



SinceGmgjvj= Gmew?r for an orbit radius, we can express the angular gyrofrequency as,

B
wg = Gem—ﬁ : (1.3)

whereB is the strength of the magnetic eld. Assuming that the electron energies follow a

simple-power-law distribution, from this we can write the critical frequemngyat which

an electron with energl¢g will produce electromagnetic radiation [492],
E 2WB .

Ne = GZnB: R

o (1.4)

From the relativistic Larmor formula, we can say that charged particles emit electro-
magnetic radiation with their power given by [459, 492],

2
dE _ 2e2G4 eB

P= @ T 2® ome

2
V3 = érécbfszB2 ; (1.5)
whererg is the Larmor radius ant is a given speed v=. Assuming an isotropic

distribution of velocities, we can write the energy loss rate for the electron as [459],

dE_ 4 2 _
a— éSTCb GZUB . (16)

Here, st = 8ré=s is the Thomson cross section abg = B=gp is the magnetic energy
density.

Returning to the power-law assumption for electron energies, we can see that the spec-
tral energy distribution of the photonsﬁég—% u B@*1D wherea = (ae 1)=2is the gamma-
ray spectral index as it relates to the spectral index of the parent electrons. Synchrotron
radiation produces photons from the infrared to the X-ray regime, as seen on the left side

of Figure 1.1.



1.2.3 Neutral Pion Decay

The hadronic process of interest for the non-thermal gamma radiation is pair produc-
tion from neutral pion decays. These neutral pions are produced by spallation events—
collisions of high-energy nuclei (most commonly protons)—which decay to produce gamma
rays via,

p°! g+g; (1.7)

where each photon has enely= ﬂg—z = 67:5MeV in the rest frame of the pion (*Iny,

being the rest mass of the pion. Settmg 1, we perform a Lorentz transformation into

the lab frame to determine the photon energies achievable and determine how this process
contributes to those energies seen by HAWC. In the lab frame, the pidm ha%)ﬂ and

G= %‘— wherep, andE, are the momentum and energy of the pion, respectively, such that
we may write [492],

Eq= GEg+ bGpy cosq (1.8)

with respect to the photon’s momentumy,, and the angle between the photogs, both
in the pion rest frame.
We obtain the shape of the energy spectrum of the emitted photons by differentiating

Equation (1.8) with respect to cqs,

dN  dN dcosg = 1
dEy dcosy dEy;  2bGp,

(1.9)

The photon energy spectrum from this hadronic mechanism rises steeply b2@iwMeV
and traces the energy of the parent protons involved in the spallation events at energies
greater than a few GeV [492]. Neutral pion decay is the primary production method for

gamma rays above 1 GeV until inverse Compton begins to dominate in the TeV regime,
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as seen in Figure 1.1 [225].

1.2.4 Inverse Compton Scattering

Inverse Compton (IC) scattering, the process by which high-energy electrons scatter off
low-energy photons, transferring energy from the electrons to produce high-energy gamma-
ray photons, is the primary form of energy loss for electrons & positrons at the energies
most relevant to studies by the HAWC Observatory [128]. This mechanism may be de-
scribed in two distinct regimes depending on the energy of the incoming photon in the rest
frame of the election: the Thomson regime and the Klein-Nishina regime.

In the Thomson regime, where the incident photon energsatis esGe  mec?, the
recoil of the electron is negligible. For an interaction that occurs with photons of a radiation
eld density of u,g, We can express the energy radiated by an electron with respect to the
energy density of the radiation in the rest frame of the moving electron (*) as [492],

dE
g - STCUad (1.10)

Boosting this into the lab frame, we can express the net power lost by the electron that is

converted into increased radiation as [459],

d Erad
dt

= STClUag & 1+ 1=b? 1 (1.11)

Since we know tha® 1= G’b?2, we can write,

d 4
Peomp= %ﬂ = 3STCCD Urag ; (1.12)

which looks remarkably similar to Equation (1.6) found for ultra-relativistic electrons by
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synchrotron radiation. This is because the energy loss rate depends on the electron acceler-
ation in its rest frame, not if the source of that acceleration is due to motion of the electron
through the magnetic eld (synchrotron) or due to the electric elds of the electromagnetic
waves incident upon the electron (IC) [492]. Building from the knowledge gained in Sec-
tion 1.2.2, we can express the photon spectral energy distribution in the Thomson regime

(Ge  mec?) as,

dN 2 1
2 .
EgE MWE, 2 ; (1.13)

wherea = (ae 1=2is the gamma-ray spectral index as it relates to the spectral index of the
parent electronsa), also the same as was seen for synchrotron emission.

When the electrons are ultra-relativistic and the incident photon energy no longer satis-
es Ge  meC?, the recoil of the electron can no longer be neglected and we must instead
operate in the Klein-Nishina regime. In this ultra-relativistic limit, we must now use the
Klein-Nishina cross section for photon-electron scattering [492],

2,2
_ Pre
SKN =

1
n2n+ > (1.14)

wherehis the Planck constamnt is the radius of the electron, ands the photon frequency.

In this Klein-Nishina regime@  mec?), the SED of the photon becomes,

dNg
2 e :
EQE H Eg elnkg ; (1.15)
whereag, the spectral index of the photon, is the same as that of the electron with which
it scattered 492. This emission, when starting from an infrared/X-ray photon population,
corresponds to photons in the TeV energy range, as shown on the right side of Figure 1.1.

It is possible for IC scattering of synchrotron radiation to occur by the same popula-

tion of charged particles that produced it. When this happens it is known as synchrotron

12



self-Compton (SSC), wherein the processes of synchrotron radiation and IC scattering are
strongly correlated— an increase in sychrotron radiation results in an increase in the num-
ber density of target photons for IC [492]. This process is proposed as a possible emission

mechanism for VHE photons from GRBs (as will be discussed in Section 4.1.1).

1.3 Gamma-Ray Sources

There are multiple classes of astrophysical objects that can emit gamma rays in the
VHE, GeV-TeV energy range. These sources are typically divided into two categories—
either Galactic or extragalactic—depending on whether or not they originate within the
Milky Way. Within these categories, we can additionally classify sources as being steady-
source, constant emitters of gamma rays, or transient, emitting gamma rays only for a short
period of time. We highlight here a sampling of Galactic and extragalactic source types
that are of interest to the members of the HAWC Collaboration and include a special focus
on transient sources, which may be either Galactic or extragalactic in origin, as they are the
subject of the analyses comprising the core of this work.

A comprehensive list of all observed gamma-ray sources, of which there are 300 at
the time of writing, can be found within the TeVCatan “online catalog for TeV As-
tronomy.” [552]. The locations of all known TeV emitters at time of writing is shown in
Figure 1.3. Some examples of these VHE source targets include supernovae, Supernova
Remnants (SNRs), pulsars, Pulsar Wind Nebulae (PWNe), compact object binaries (e.g.,
black holes, neutron stars), Active Galactic Nuclei (AGN), Fast Radio Bursts (FRBs), and
GRBs. Proposed emitters of gamma rays, not included in the TeVCat but often targets of
much study for gamma-ray observatories, include such objects as the Sun, dwarf galaxies,

and PBHs.

Yhttp://tevcat.uchicago.edu/
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Figure 1.3: Locations of all known TeV gamma-ray sources at time of writing from the TeVCat
(Galactic coordinates). The different colors represent different kinds of sources, as shown in the
legend on the right. The Galactic plane—the horizontal line in the center of the plot—contains
the majority of the TeV emitters due to the dense nature (and proximity) of this region. Figure
reproduced from Ref. 552.

1.3.1 Galactic Sources

Our own Milky Way Galaxy has a rich collection of gamma-ray emitting sources. One
of the most well-known classes of Galactic sources are Supernova Remnants (SNRs). An
SNR is the leftover structure that results when a massivelgtar 8M ) reaches the end
of its life and explodes in a violent supernova, releasing up &5 &€y of energy [225].

This surge of kinetic energy forms a shock wave which bounds the SNR and consists of
both the ejected material from the supernova and the ISM it sweeps up. Supernova Rem-
nants produce gamma rays throygfhdecay when protons that have been accelerated by
this shock wave interact with atoms in the ISM and are thought to be the dominant source
of accelerated cosmic rays as they are capable of accelerating protons up to PeV energies,
enough power to explain the cosmic-ray ux observed on Earth [492, 548]. The rst astro-
physical gamma-ray source to be identi ed was an SNR— the Crab Nebula, detected by the

Whipple Observatory 10 m telescope at tisel@vel in the 1980s [556]. Due to the mostly
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